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Abstract  

Protecting hearts from damage sustained during myocardial ischaemia and 

reperfusion remains an ongoing challenge. Despite successful findings with animal 

models, the task of trialling and effectively translating experimental findings from 

laboratory to patients has proven difficult, therefore treatments and clinical therapies are 

still urgently needed to protect the heart and improve cardiac functional outcome. 

Previous research has implicated adenosine and opioid receptor participation in the 

protective response preceding or following myocardial infarction, with evidence of 

potential cross-talk between receptors. This project aimed to investigate whether A1 

adenosine (A1AR) and δ-opioid receptor (δ-OR) dependent cytoprotection and 

prosurvival kinase activation in murine hearts share common dependencies on „cross-

talk‟ between both G-protein coupled receptor (GPCR) sub-types and whether these 

responses involve a common Matrix Metalloproteinase (MMP) and Epidermal Growth 

Factor Receptor (EGFR) dependent signalling pathway. This was achieved via four 

inter-related in vitro studies.   

Study 1: Healthy mouse hearts were cannulated in a Langendorff mode enabling 

the coronary circulation to be perfused. Hearts were subjected to 25 minutes of global 

(zero-flow) ischaemia followed by 45 minutes of aerobic reperfusion. The groups 

investigated included untreated control hearts, hearts receiving the selective A1AR 

agonist CCPA (± DPCPX, a selective A1AR antagonist, or BNTX, a selective δ-OR 

antagonist) and hearts receiving the selective δ-OR agonist BW373U86 (± DPCPX, a 

selective A1AR antagonist, or BNTX, a selective δ-OR antagonist). Agonists were 

applied 5 minutes pre-ischaemia and the antagonists were administered 10 minutes prior 

to agonist treatment. Cardiac functional outcomes were assessed via changes in 

coronary flow, left ventricular (LV) end diastolic pressure and pressure development, 
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and ±dP/dt (± differentials of pressure change with time – indexing lusitropic and 

inotropic state). Cell death outcomes were also assessed via lactate dehydrogenase 

(LDH) release.   

Treatment with either the selective A1AR agonist CCPA, or the selective δ-OR 

agonist BW373U86, significantly reduced (p≤0.0001 vs. CTRL) LV end-diastolic 

pressure following ischaemia/reperfusion. Recovery of LV developed pressure (LVDP) 

was significantly increased following A1AR activation via CCPA (p≤0.0001 vs. CTRL) 

or δ-OR activation via BW373U86 (p≤0.001 vs. CTRL). Ventricular contractility  

(+dP/dt) and relaxation (-dP/dt) were also significantly improved with both CCPA 

(p≤0.0001 vs. CTRL, p≤0.01 vs. CTRL) and BW373U86 (p≤0.001 vs. CTRL, p≤0.001 

vs. CTRL). Treatment with CCPA, but not BW373U86, significantly improved the 

recovery of coronary flow rate at the termination of reperfusion (p≤0.01 vs. CTRL).  

LDH release (corresponding to cell death) was significantly reduced by both CCPA and 

BW373U86 (p<0.05 vs. CTRL, p<0.05 vs. CTRL). A1AR or δ-OR inhibition, via the 

selective antagonists DPCPX and BNTX respectively (applied alone), did not 

significantly affect the recovery of functional outcomes or cell death relative to control. 

These results show that cardioprotection against ischaemic injury is induced with 

activation of A1ARs and δ-ORs, and that endogenous levels of receptor agonists may 

not be sufficient to induce this response. Protection with CCPA was abolished via 

cotreatment with either the selective A1AR antagonist DPCPX or the selective δ-OR 

antagonist BNTX. Conversely protection with BW373U86 administration was negated 

by co-treatment with either BNTX or DPCPX. This reveals that A1AR dependent 

cardioprotection is reliant on the activation of δ-ORs, and δ-OR mediated protection is 

dependent on A1AR activity, confirming essential cross-talk.   

Study 2: Perfused hearts from study 1 were snap-frozen in liquid nitrogen  
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following the termination of reperfusion. Hearts were homogenised and fractioned to 

yield cytosolic proteins. Total and phosphorylated levels of Erk1/2 and Akt were 

subsequently assessed via western immunoblot. Both A1AR and δ-OR stimulation via 

CCPA and BW373U86 (respectively) did not significantly influence Erk1/2 

phosphorylation. Akt phosphorylation, on the other hand, was increased by both CCPA 

and BW373U86; although only the latter effect achieved statistical significance (p<0.01 

vs. CTRL). The A1AR antagonist DPCPX had minimal effect on Erk1/2 and Akt 

phosphorylation when applied alone. Alternatively inhibition of the δ-OR via BNTX, 

applied alone, was found to increase both Akt and Erk1/2 phosphorylation, a response 

in conflict with the existing literature.  

Co-treatment with the A1AR antagonist DPCPX or the δ-OR antagonist BNTX 

did not significantly influence Erk1/2 signalling compared to controls. Alternatively Akt 

phosphorylation was reduced by ~50% relative to control when hearts were co-treated 

with DPCPX or BNTX applied in conjunction with either the A1AR agonist CCPA or 

the δ-OR agonist BW373U86. These results imply that both A1ARs and δ-ORs together 

are necessary to induce protective Akt signalling during ischaemia/reperfusion with 

either receptor agonist.   

  Study 3: To assess the roles of EGFRs and MMPs in A1AR and δ-OR responses, 

agonist studies with CCPA and BW373U86 were repeated with co-treatment with the 

EGFR antagonist AG1478 or the MMP inhibitor GM6001. Functional and 

cytoprotective outcomes were assessed in perfused hearts subjected to 

ischaemiareperfusion. The protective response observed with either A1AR and δ-OR 

stimulation was negated via co-treatment with either AG1478 or GM6001. A1AR and δ-

OR dependent recovery of end diastolic pressure, LV developed pressure, +dP/dt and -

dP/dt were all repressed via EGFR or MMP inhibition. Moreover, the cytoprotective 
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response conferred by δ-OR activation was completely abolished via co-treatment with 

AG1478 or GM6001, providing evidence that adenosinergic and opioidergic protection 

within the myocardium involves an EGFR and MMP dependent pathway.   

Study 4: Western blot analysis was used to assess changes in Erk1/2 and Akt 

expression and phospho-regulation in hearts treated with CCPA or BW373U86 in the 

presence of AG1478 or GM6001. Due to time constraints, data collected previously in 

our lab was used in this research; therefore the effect of EGFR and MMP inhibition on 

A1AR dependent Erk1/2 and Akt signalling was assessed in whole heart rather than 

cytosolic fractions. In these hearts, administration of CCPA significantly elevated both  

Erk1/2 and Akt phosphorylation, a response negated via co-treatment with either  

AG1478 or GM6001 (p≤ 0.05 vs. CCPA). Infusion of the selective δ-OR agonist 

BW373U86 did not significantly alter Erk/1/2 expression or phosphorylation in 

cytosolic fractions. Despite this, co-treatment with AG1478 reduced Erk1/2 

phosphorylation by ~50% compared to the agonist alone (p ≤ 0.05 vs. BW373U86), 

suggesting an EGFR dependent mechanism. Surprisingly co-treatment with GM6001 

did not significantly influence δ-OR mediated Erk1/2 activity. Akt phosphorylation was 

increased by more than 60% with BW373U86 (p≤0.05 vs. CTRL) and this response was 

abolished via treatment with the selective EGFR antagonist AG1478 or the selective 

MMP inhibitor GM6001. This provides further evidence that adenosinergic and 

opioidergic protective signalling during ischaemia-reperfusion requires the activity of  

EGFRs and MMPs.   

Conclusions: As a whole, the present study confirms an essential interaction 

between ARs and ORs in the heart, with kinase signalling and tissue protection via 

either A1ARs or -ORs exhibiting common and essential dependencies on activity of 

both receptors. The basis of this intriguing response remains unclear, although we show 
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that both receptors engage distal kinases (and cardioprotection) in an MMP/EGFR 

dependent manner, adding an additional level to this novel cross-talk. This research 

provides further insight into cardioprotective receptor interactions in the heart, 

potentially leading to the development of new pharmacotherapeutics and improved 

outcomes for cardiovascular disease patients. Further research is needed to clarify the 

mechanism behind adenosinergic and opioidergic cross-talk and cardioprotection, 

potentially exploring membrane signalling, temporal expression of kinases, existence of 

A1AR/δ-OR dimers/oligomers, and concepts such as dual agonism and potential 

signalling thresholds for protection.   
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CHAPTER 1:  

INTRODUCTION  

  

  

  
1.0 INTRODUCTION  

  

1.1  Cardiovascular Disease  

Cardiovascular disease (CVD) remains the greatest global killer, resulting in 

higher mortality than any other cause (2). A study conducted by the National Heart 

Foundation of Australia in 2012 revealed that 30% of deaths in Australia were attributed 
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to CVD and that almost half of these were a result of ischaemic heart disease (IHD) (3). 

In regards to both lives and expenditure, CVD has been described as Australia's most 

costly disease, placing an immense burden on the health system each year (3). In 

20122013, the Pharmaceuticals Benefits Scheme paid 1.8 billion dollars on 

cardiovascular system medications, equating to 21% of total benefits provided (3). 

Although CVD remains prevalent in today's society, the overall death rate has declined 

by approximately 80% in the last 50 years (2). In addition, hospitalisation rates have 

reduced slowly over the past decade, likely attributed to major advances in treatment 

and reductions in risk factors such as smoking (4). In spite of this, CVD remains the 

second largest attributer to disability and premature death (2). The elderly are more 

significantly impacted by CVD, with more mortalities and hospitalisations occurring in 

this cohort (2). This may be due to the fact that endogenous and exogenous protective 

measures that would usually improve the recovery of a damaged heart appear 

ineffective in the aged myocardium (5,6). Therefore the prevalence of this disease will 

only increase as the elderly population continues to grow (2).  

   The most common form of CVD is ischaemic heart disease (IHD) (7), where 

occlusion of the coronary arteries limits myocardial blood supply, depriving the tissue 

of oxygen and nutrients and ultimately resulting in an acute myocardial infarction  

(AMI) (7). There are currently no clinical therapies in place to protect the heart from 

infarction  following ischaemia (other than rapid reperfusion). Instead the primary focus 

is on limiting or eliminating controllable risk factors such as hypertension and high 

cholesterol (7). It is suggested that maintaining a healthy lifestyle and reducing 

preventable risk factors such as smoking, alcohol consumption, physical inactivity and 

poor diet is the most effective form of cardioprotection per se (7), however many of 

these risk factors remain prevalent in society (3). Therefore adjunctive treatments and 
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clinical therapies are still urgently needed to improve the hearts response to myocardial 

ischaemia and in turn limit progression to subsequent heart failure.  

  

1.2 Ischaemic Heart Disease  

Ischaemic heart disease is the most prevalent form of CVD, attributing to 12.8% 

of all deaths in 2008 (8). Occlusion of the coronary arteries limits myocardial blood 

supply, depriving the tissue of oxygen and nutrients (8), resulting in cell death and AMI 

if sustained for more than a few minutes. A key contributing factor of IHD  is the 

development of atherosclerotic plaques (9); categorised as a chronic inflammatory 

condition, atherosclerosis results when excessive levels of circulating cholesterol and 

lipids accumulate in the blood vessels supplying the heart, developing into fatty plaques 

(8). Multiple inflammatory markers have been identified in contributing to the 

progression of atherosclerosis, including CRP and cytokines such as IL-1, IL-6 and 

TNF-α. It is suggested that the presence of these markers is associated with an enhanced 

risk for IHD (9). The progression of atherosclerosis to IHD often involves the 

exacerbation and rupture of atherosclerotic plaques, resulting in a thrombotic occlusion, 

ischaemia and likely infarction (10).   

  

  
1.2.1 Myocardial Ischaemia  

Ischaemia can be defined as a deficiency of blood flow, and therefore oxygen 

and substrates, which may involve functional constriction or actual obstruction of a 

blood vessel (11). Myocardial ischaemia more directly refers to inadequate circulation 

of blood to the myocardium, commonly the result of coronary artery disease (CAD) 

(11). Ischaemia may also be initiated surgically when required (e.g. coronary artery 

bypass graft surgery (CABG), heart transplant) (12). During ischaemia, reductions in 
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myocardial blood supply, and corresponding oxygen deprivation, induces anaerobic 

metabolism and abrupt biochemical and metabolic changes within the myocardium (8). 

The absence of oxygen inhibits oxidative phosphorylation, resulting in the production of 

inorganic phosphate and lactate, adenosine triphosphate (ATP) depletion, mitochondrial 

membrane depolarisation and the inhibition of myocardial contraction (8). These 

processes are exacerbated by the breakdown of any available ATP (8).  The 

accumulation of inorganic phosphate and lactate during ischaemia leads to intracellular 

acidosis, with elevations in intracellular protons promoting Na+/H+ ion exchange and 

contributing to intracellular Na+ overload. In response, reverse activity of the Na+/Ca2+ 

ion exchanger leads to an intracellular Ca2+ overload as the cell extrudes Na+ (8). 

Intracellular Ca2+ overload promotes electrical and mechanical abnormalities in cardiac 

tissue, inducing arrhythmias and limiting force of contraction (13). Moreover, necrotic 

myocyte death can occur within the first minutes of ischaemia, while later apoptotic 

death may arise, involving increased permeability of the mitochondrial permeability 

transition pore (mPTP), release of pro-apoptotic proteins and the cleavage of specific 

caspases (for more information on ischaemic cell death refer to section 1.2.3). The only 

way to counter these negative effects is by promoting aerobic metabolism, achieved by 

reintroducing oxygenated blood to the myocardium via reperfusion. Paradoxically, the 

process of myocardial reperfusion can itself induce further tissue damage, known as 

reperfusion injury (14).   

  
  
1.2.2 Myocardial Reperfusion  

“Early myocardial reperfusion using either thrombolytic therapy or primary 

percutaneous coronary intervention (PPCI) remains the most effective treatment strategy 

for limiting myocardial infarction (MI) size, preserving cardiac function and reducing 

the on-set of heart failure” (14). However, this process is itself damaging, possibly 
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resulting in a lethal reperfusion injury, in which cardiomyoctytes that were viable after 

ischaemia undergo cell death as a result of reintroduced blood supply (14). Paradoxical 

reperfusion injury refers to “a causal event associated with reperfusion that had not 

occurred during the preceding ischemic period and can be entirely attenuated by an 

intervention given only at the time of reperfusion” (15). Currently there are no effective 

treatments for ischaemia-reperfusion injury (8), therefore it is vital that protective 

mechanisms be identified to improved cardiac outcome and reduce the prevalence of 

disease.   

Tissue reperfusion may cause damage in a variety of ways, including the less 

severe and reversible induction of arrhythmias and myocardial stunning, and the more 

serious micro-vascular obstruction (the inability to reperfuse a previously ischaemic 

region) and lethal reperfusion injuries (8), which may account for up to 50% of the final 

MI size (16). The incidence of reperfusion arrhythmias is substantially lower than those 

occurring during ischaemia and can be readily treated. Similarly, myocardial stunning 

(during reperfusion) resolves spontaneously and is sensitive to inotropic agents (15). 

Lethal reperfusion injuries pose the greatest threat against recovery of function during 

ischaemia/reperfusion. Mechanical disruption of the sarcolemma is likely the endpoint 

of immediate lethal reperfusion injury, inducing hypercontracture of the myofibrils (15). 

Reperfusion induced hypercontracture involves the accumulation of intracellular Ca2+, 

rapid normalization of tissue pH and intracellular hyperosmolarity, leading to 

sarcolemmal disruption (15). Histological analysis of the infarcted myocardium reveals 

that infarcts are composed almost exclusively of contraction band necrosis, indicative of 

enhanced myocyte contracture, with evidence that this occurs during the first minutes of 

re-oxygenation (15). Myocyte re-energisation (resulting from mitochondrial 

reoxygenation), simultaneously initiates recovery of the cellular cation balance and 

stimulates myofibril hypercontracture, inducing lethal reperfusion injury. Reperfusion, 
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and the associated increased oxygen availability, induces reactivation of the electron 

transport chain, leading to the generation of reactive oxygen species (ROS). These ROS 

damage the sarcoplasmic reticulum, causing a Ca2+ influx and the opening of the mPTP 

(8). Another key contributing factor to lethal reperfusion injuries is enhanced 

intracellular osmolality, brought on by cytosolic Na+ overload, with the Na+/H+ 

exchanger essential in this process. This leads to cellular uptake of water and a 

corresponding increase in intracellular pressure, promoting mechanical stretch of the 

sarcolemma. In turn, the increased sarcolemmal fragility renders the cell thus more 

susceptible to damage by osmotic stress (15). Furthermore, the activation of the Na+/H+ 

exchanger can restore intracellular pH, contributing to mPTP opening and enhanced 

myocardial contracture (8). Altogether, oxidative damage, myofibril hypercontracture 

and opening of the mPTP, which stimulates apoptotic cell death, are thought to be the 

primary mediators of ischaemia-reperfusion injuries (8). The extent of cell death during 

and after ischaemia and reperfusion is the primary determinant of cardiac outcome (17), 

therefore reducing this death is vital. However, the challenge of trialling and effectively 

translating experimental findings from laboratory models to patients has proven 

significant.   

  

1.2.3 Cell Death with Ischaemia/Reperfusion  

Ischaemia/reperfusion triggers myocyte death via both necrotic and apoptotic 

pathways, with both influenced by mitochondrial stability and permeability (18).  

Apoptosis may be initiated via both intra- and extra-cellular mechanisms. The extrinsic 

pathway is initiated by tumour necrosis factor-alpha (TNF-α) and Fas-ligand binding to 

a transmembrane death receptor, resulting in the formation of the death inducing 

signalling complex (DISC). The DISC triggers a cascade of caspase cleaving, leading to 
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the downstream cleavage and activation of caspase-3 and caspase-7, triggering 

apoptosis (18).  Intrinsically initiated apoptosis can be triggered by various ischemic 

stimuli, including DNA damage, ROS overproduction and Ca2+ overload. An imbalance 

of pro- and anti-apoptotic proteins during ischaemia results in the permeabilisation of 

the outer mitochondrial membrane (OMM), triggering the release of cytochrome c and 

pro-apoptotic proteins into the cytosol. Cytosolic cytochrome c forms a complex with 

caspase-9, referred to as an apoptosome, which triggers the cleavage of caspase-3 and 

caspase-7. This apoptosome-mediated caspase cleavage leads to apoptosis, resulting in 

cell shrinkage and the accumulation of degradable apoptotic bodies (18).  

Alternatively, necrosis, or „unregulated cell death,‟ occurs during the early 

stages of reperfusion (19). During ischaemia, intracellular Ca2+ overload, as well as the 

accumulation of inorganic phosphate and lactate, leads to cellular oedema during 

reperfusion, resulting in cell rupture and a pronounced inflammatory response (18). 

Ultimately, oxidative stress and Ca2+ overload lead to the opening of the inner 

mitochondrial membrane of the mPTP, releasing death-inducing factors into the cytosol. 

Additional ATP depletion and mitochondrial swelling results in permeabilisation or 

ultimately rupture of the OMM, releasing pro-apoptotic proteins and triggering necrosis  

(18).   

   

1.3 Cardioprotection  

In a simple sense, the word 'cardioprotection' refers to “all mechanisms that 

contribute to the preservation of the heart by limiting or preventing myocardial damage” 

(12). However cardioprotection commonly refers to endogenous mechanisms and 

exogenous therapeutic strategies that reduce or inhibit myocardial damage induced by 

ischaemia-reperfusion (12). These protective responses may have great clinical 
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significance, limiting the damage sustained from ischaemia/reperfusion injuries (eg. 

AMI) and the subsequent progression to heart failure, as well as reducing myocardial 

damage sustained during coronary artery bypass graft (CABG) surgery, also involving 

ischaemia/reperfusion (12). Due to the aging population and prevalence of 

comorbidities in today‟s society, higher-risk and more complicated patients are being 

subjected to surgery, resulting in mortality rates of up to 20% (12). Additionally 1 in 5 

patients that undergo CABG surgery have a peri-operative myocardial infarction (12), 

leading to adverse clinical outcomes, further highlighting the necessity of  these 

protective measures. Cardioprotection may also prove advantageous in patients 

receiving heart transplants, and those at high risk of infarction (12).  

Ischaemic pre- and post-conditioning, involving non-lethal bouts of 

ischaemiareperfusion applied prior to or following ischaemic insult, respectively, are 

considered the „gold standard‟ of cardioprotection (12). Ischaemic pre and post-

conditioning enhances the release of G-protein coupled receptor (GPCR) agonists such 

as adenosine, opioids, bradykinin and catecholamines, which in turn activate pro-

survival kinase and „reperfusion injury salvage kinase‟ (RISK) pathways, inhibiting 

pro-death pathways converging on mitochondrial targets (17). The receptor involvement 

and downstream signalling involved in cardioprotection is an intriguing area of 

research, especially considering pre- and post-conditioning can be induced 

pharmacologically via administration of specific GPCR agonists such as exogenous 

adenosine (20,21) and morphine (22-24), which stimulate their corresponding receptors 

to elicit protection. It has been shown however, that these protective strategies may be 

less effective in the aged and diseased myocardium and that pharmaceutical interactions 

and environmental factors may also negate these beneficial effects (17), though 

mechanisms behind these effects are yet to be defined.   
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1.3.1 Ischaemic and Pharmacological Pre-Conditioning   

In 1986, Murray and colleagues found that antecedent brief ischaemia applied to 

the myocardium could protect against the adverse effects of subsequent more prolonged 

ischaemia, and significantly reduce infarct size (25). Using a canine model, 

investigators subjected hearts to four repeated relatively short periods of 10 min 

ischaemia, interspersed with short periods of reperfusion, revealing that while ATP 

levels diminished in the first cycle of ischaemia, they were unexpectedly preserved in 

subsequent ischaemic episodes (26); this mechanism was termed ischaemic 

preconditioning (IPC). In a subsequent study, Murry et al. reported that IPC 

significantly reduced infarct size following myocardial ischaemia, to a quarter of the 

size in controls (7% vs. 29%). In this experiment, IPC consisted of 4 cycles of 5 minute 

ischaemia/ reperfusion applied prior to prolonged ischaemia (40 minutes) (25). These 

results have been replicated in different models, across different species, all reporting 

similar levels of myocyte protection (27-30).   

Liu and colleagues were the first to demonstrate that the protection observed in  
IPC is receptor mediated, implicating adenosine receptors (ARs) in this response (31). 

Subsequent research has reported that administration of an adenosine receptor 

antagonist, applied prior to preconditioning stimuli, can abolish the protection induced 

by IPC (32). Moreover,  it was found that preconditioning can be induced 

pharmacologically via exogenous adenosine receptor agonists, providing further 

evidence of adenosinergic involvement (29,33). Subsequent research has identified 

opioid receptors as key mediators in the protective response to ischaemia/reperfusion, 

with evidence in both IPC (34-36) and pharmacological preconditioning (35,37,38). 

Indeed, a number of distinct GPCRs have been implicated in IPC, raising the possibility 

that combined activation of multiple receptors is needed to surpass a protective 
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„threshold‟, and/or that multiple GPCRs may interact through some form of cross-talk 

in inducing protection.  

  

1.3.2 Ischaemic and Pharmacological Post-Conditioning   

More recent studies have provided evidence of post-ischaemic protection, 

involving non-lethal cycles of transient ischaemia/re-oxygenation applied at the onset of 

reperfusion, referred to as „ischaemic post-conditioning‟ (39). In 2003, Zhao and 

colleagues were the first to report the successful application of ischaemic 

postconditioning, limiting lethal reperfusion injury in experimental AMI  

(40). Subsequent research revealed that postconditioning diminished cardiomyocyte 

apoptosis and contracture, coronary endothelial dysfunction, microvascular injury, 

tissue oedema, and organelle dysfunction (40,41), with protection observed across 

species (39). It is suggested that ischaemic post-conditioning is governed by 3 key 

factors; the delay after which the first re-occlusion is established; the duration and 

number of re-occlusions; and the duration of the interspersed reperfusion (39). As in 

IPC, both adenosine and opioid receptors have been implicated in ischaemic 

postconditioning, with antagonism of these receptors abolishing protection (24,42-44). 

Additionally, administration of exogenous agonists at these receptors mimics protection 

observed with ischaemic post-conditioning (23,24,45-47). In terms of applicability or 

utility, post-conditioning appears more clinically relevant. This is due to the fact that 

post-conditioning stimuli can be applied post infarct (with AMI inherently 

unpredictable, thus limiting utility of IPC), and may limit time-dependent progression of 

myocardial damage, as is summarised in Figure 1.  
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1.4 Adenosine Receptors in Cardioprotection  

  
1.4.1 Adenosine Receptor Overview  

   Found ubiquitously throughout the body, adenosine receptors (AR) have key 

regulatory roles in the cardiovascular system (48,49). Adenosine levels rise (both intra- 

and extra-cellular) in response to physiological and pathological stimuli (50-55), 

activating ARs on the cell surface. These GPCRs mediate multiple actions in the 

cardiovascular system (CVS), including regulating myocardial rate (56-58), conduction 

(59,60), contraction and adrenergic control (61-65), coronary vascular tone (66-68), 

inflammation (69), myocardial substrate metabolism (52,70-73), growth and 

remodelling (74-78), as well as cytoprotection and resistance to cellular injury and death 

(53,79,80). Adenosine released with stress or insult protects the heart against injury, 

however release is not restricted to conditions of stress or injury, being susceptible to 

even mild perturbations in energy state (81). The adenosinergic system has been proven 

to regulate cardiovascular formation, development, physiological function and 

  

  

  

  

  

  

  
  
  
  
  
  

Figure 1:   Summary of the temporal characteristics of pre -   a nd post - 
conditioning stimuli, opioid receptor involvement, effects on myocardial I – R  
outcomes and the potential influences of common co - morbidities   ( 204 )   
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resistance to stress, implicating AR's as potential targets for emerging 

pharmacotherapeutics (81).  

  

1.4.2 Adenosine Receptor Subtypes  

   The AR family is comprised of four sub-types (A1, A2A, A2B, A3) all of which are 

expressed within the heart (57,82). The subtypes can be differentiated according to 

distribution (regionally and across species), affinity for adenosine, regulatory effect on 

adenylate cyclase, potential for cross-talk and their ability to become desensitised (81). 

As this research will focus primarily on the A1 sub-type, it will be the predominant 

focus in this review.   

  

 A1 Adenosine Receptor  

   The A1AR is the most highly conserved across species (83). It is expressed 

throughout the body with highest levels occurring in the brain, spinal cord, adrenals and 

atria with intermediate levels in the ventricles (84). Deviations in expression can be 

observed across organ systems, as well as regionally within the heart itself. For 

example, atrial A1AR concentrations far exceed levels within the ventricular 

myocardium, supporting data suggesting a role for A1ARs in mediating cardiac impulse 

generation and conduction (60). Regulation of expression can be induced by hypoxia or 

oxidative stress, increasing Adora1 expression, the gene encoding the A1AR, in a NF-κβ 

dependent manner (85). Additionally, it has been shown that adenosine itself may 

regulate expression via a feedback mechanism; up-regulating expression in response to 

a reduction in adenosine concentration and corresponding decline in A1AR agonism 

(86). Having the highest affinity for adenosine, the A1AR plays an essential role in the 

cardiovascular system (83). It induces it's effects via interactions with G-proteins and 
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the regulation of adenylate cyclase, often coupling to Gia to inhibit adenylate cyclase, 

and modulating the activities of K+ and Ca2+ channels (79).   

  

A2A Adenosine Receptor  

   The A2A receptor subtype also possesses a high affinity for adenosine and is 

widely distributed throughout the body (81). Like A1AR‟s, A2AAR‟s are expressed 

highest in the brain and intermediately in the heart and vasculature. A2AAR‟s are 

expressed in relatively large concentrations on cardiac fibroblasts; this mediates growth 

and fibrosis (75). These receptors also play a large role in coronary vessels, influencing 

dilation via the manipulation of endothelium (87,88) and smooth muscle cells (89).  

Expression of A2AARs can be induced via inflammatory mediators in both macrophages 

(90) and epithelium (91). Hypoxia can also trigger an increase in A2AAR expression in 

the pulmonary endothelium, involving a hypoxia response element (92).   

Agonism of the A2AAR enhances adenylate cyclase activity and increases cAMP levels, 

achieved by coupling to the Gs protein via the third intra-cellular loop (81).  

Furthermore, other GPCRs may interact with A2AARs, influencing signalling pathways  

(81). It has been found that A2AAR may form oligomers with A1AR, dopamine D2 (93), 

metabotropic glutamate 5 (94), N-methyl-D-aspartate (NMDA) as well as the cannabinoid 

CB1 receptor (95), although these interactions have not been evident in myocardial tissue.  

  

A2B Adenosine Receptor  

This receptor has the lowest affinity for adenosine and is expressed ubiquitously 

at low levels (83).  Its expression is low in the vasculature, heart and brain and relatively 

higher in the colon, cecum and bladder (83). It has been theorised that A2BAR 

expression is restricted to cells of microvasculature origin (96,97).   
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The A2BAR interacts with Gsa to induce adenylate cyclase activity but may also act on 

Gq/11 to enhance phospholipase C (PLC) signalling (81). Research reveals A2BAR 

expression in both myocytes (98,99) and fibroblasts (75), mediating cardiac functional 

changes and fibrosis. Mouse and rat models indicate that A2BARs also impact coronary 

vascular function, mediating vasodilation (100,101) via nitric oxide (NO) and 

ATPsensitive potassium  (KATP) channels (102,103).  

  

A3 Adenosine Receptor  

   The A3AR is the most recently identified subtype, possessing the most variable 

expression pattern across species (83). Expression is widely distributed throughout the 

body, found in a multitude of cell types with the highest expression levels occurring in 

the lung and liver. In contrast myocardial A3AR concentration is extremely low (104). 

Upstream binding sites in the A3AR promoter, such as cAMP response element (CRE) 

and Guanine-Adenine-Thymine-Adenine (GATA), play key roles in inducing and 

regulating A3AR expression. Despite limited evidence of A3AR expression in the heart 

and vasculature, A3AR's appear to be functional in myocytes, coronary arterial (105) 

and other vascular smooth muscle (106). Like A1AR, this receptor subtype is able to 

couple to Gi proteins, inhibiting adenylate cyclase activity. A3ARs may also interact 

with Gq/11 proteins, regulating PLC and Ca2+ handling (81).   

  

1.4.3 Role of Adenosine Receptors in the Cardiovascular System  

Fluctuations in adenosine levels, and therefore corresponding adenosine receptor 

activity, play an important role in cardiovascular control, influencing cardiac impulse 

generation and conduction, contractility, adrenergic responsiveness, coronary tone and 

cardiac substrate utilisation (81). Adenosine has also been found to be a key modulator 

of inflammation, regulating the function of multiple inflammatory cell types (69). The 
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ability of adenosine and adenosine receptors to influence these functions is crucial to 

adenosine mediated cardiovascular growth and remodelling as well as resistance to 

injurious insult (81) (Figure 2).  

  

Impulse Generation and Conduction  

Cardiac impulse generation and conduction is regulated by A1AR's, which are 

expressed at high concentrations in the atria (107). A1AR activation inhibits impulse 

generation in the SA and AV nodes and the His-Purkinje system, resulting in negative 

chronotropy. Adrenergic responses are also inhibited by A1AR activation (61,63,65), 

resulting in further electrophysiological changes. Delayed conduction is another 

outcome resulting from AR activation. These dromotropic effects are restricted to the  

AV node, prolonging P-R and A-H intervals and inducing AV block (108,109).  

  

Rate Control  

It has also been shown that A1ARs can modulate basal heart rate (57); this is  
supported via AR deletion and over expression studies which induced tachy- and 

bradycardia respectively. Additional studies provide evidence of A3AR mediated rate 

control, with A3AR gene deletion negating the chronotropic response brought on by 

A1AR activation (56). Conversely, deletion of the gene encoding the A2AAR resulted in 

a repressed heart rate (58). These findings indicate that the A1AR and the A3AR play a 

role in reducing heart rate, while the A2AAR is responsible for elevating heart rate. 

Although these receptors have been implicated in this response, agonist studies revealed 

that chronotropic responses were insensitive to A3AR and A2AAR activation, possibly 

indicating cross-talk between receptors (81).  
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Inotropic and Adrenergic Control  

While A1ARs do not directly modify ventricular contracture (110), they reduce 

the inotropic effects of β-adrenergic receptors (β-AR). There is evidence that inhibition 

of cAMP and PKA activation and manipulation of the Gs cycle are key to this response 

(62,111). Adenosine also acts via A1ARs to inhibit the release of noradrenaline from 

cardiac nerves (112), further limiting cardiac over-stimulation in ischaemic (20) and 

post-ischaemic (113) myocardium. ARs may also directly influence myocardial 

contraction via the A2AAR (64,114) and A2BAR (82), both displaying positive inotropic 

actions in mammalian myocardium. Additionally there is evidence that cardiac 

contractile function may be modulated by multiple receptor interactions, and 

mechanisms of feedback control - for example while A2AARs directly increase 

contractility, they also negate the anti-adrenergic responses of  A1ARs (82).  

  

Coronary Vascular Control & Vasoprotection  

Coronary vascular function can be mediated by all AR sub-types and mRNA  
expression for all four ARs is present in coronary vessels (66), protein expression on the 

other hand is limited to A1ARs, A2AARs and A2BARs (66). ARs have a vast array of 

actions on the vascular system, including vasculogenesis, angiogenesis, vessel 

remodelling and vasoprotection. During ischemia, AR agonism leads to reductions in 

coronary dysfunction (67), while antagonism further enhances coronary vascular injury 

(68). In humans, the A2ARs play key roles in mediating vasoregulation and function 

(88,100,115-119). Both the A2AAR and the A2BAR are expressed in smooth muscle and 

endothelium, and contribute to vascular dilation (88,100,115-119). There is evidence of 

A1AR mediated coronary control, however unlike the A2 receptors, it is found to induce 

vasoconstriction (117,120).  
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Control of Myocardial Substrate Metabolism  

The ARs have been implicated in modulating myocardial substrate metabolism, 

with modifications in glucose and fatty acid utilisation during sympathetic activation 

and under conditions of stress (81). There is evidence of AR activation enhancing 

glucose uptake (70,71,73,121,122), amplifying the effects of insulin (123-125).  

Additionally, locally released adenosine has been found to stimulate glucose utilisation 

in both hypoxic (70,72) and normoxic (72) tissue, supported by data studying the effects 

of AR antagonism. Additionally Fraser et al. found that A1AR activation may partially 

inhibit glycolysis, limiting the damage resulting from post-ischaemic injury (126). 

These findings are in contrast to previous research implicating AR-mediated glucose 

uptake in protection via preconditioning (73,127).   

  

Control of Myocardial Growth and Remodelling  

Another function of adenosine is the modulation of cardiovascular growth and 

remodelling via modulation of cardiac fibroblasts, alterations in the extracellular 

matrix (ECM) as well as endothelial and smooth muscle growth and death. 

Transcripts for all AR-subtypes are present in cardiac fibroblasts (75), however 

A1 and A3AR transcripts are expressed at extremely low levels.  The A2BAR is 

expressed at the highest concentration and has been identified in repressing both 

cardiac fibroblast proliferation and collagen synthesis (74,77,78), potentially 

limiting unfavourable fibrosis/remodelling and reducing the risk of heart failure.  

Inflammatory processes may also be subject to modulation following AR 

activation. During cardiac remodelling, AR agonism leads to reductions in cytokine 

generation in invading and resident inflammatory cells (69), as well as modifying 

cytokines produced in cardiac fibroblasts and myocytes. Matrix metalloproteinases 
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(MMP's) have also been identified in playing a critical role in inflammation-dependent 

remodelling (128-130).  

  

Control of Vascular Growth and Remodelling  

Together with modulating myocardial growth, adenosine is able to regulate 

vascular growth (131), playing a role in both angiogenesis and vasculogenesis. It is 

expected that local adenosine regulates 50–70% of the angiogenic response to ischaemia  

(131),  involving all AR subtypes (132). In vivo studies confirm that both local (133135) 

and exogenous (136,137) adenosine are able to stimulate ARs and induce myocardial 

capillary proliferation. These different effects may involve mediation of endothelial, 

smooth muscle, fibroblast and immune cell types (138). Stimuli such as hypoxia and 

ischaemia are pro-angiogenic, enhancing adenosine concentrations and modifying AR 

expression patterns (81). Moreover, vascular cell death can also be regulated by 

adenosine. Endothelial apoptosis can be inhibited by both the A1AR (139) and A2AAR 

(140). Alternatively smooth muscle apoptosis may be induced via A2BAR activation 

(141).  
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Figure 2: Simplified depiction of proposed regulatory roles of adenosine and ARs 
in modulating/optimizing the balance between myocardial energy „supply‟ and 
„demand‟ (upper panel), and the impact of ARs in ameliorating injury and 
promoting adaptation (lower panel) during and following myocardial insult. 
Responses may be modified in disease states. Receptor involvement is shown. *, 
supported in human tissue; †, supported in animal model studies; ‡, 
speculative/debated (56).  
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1.4.4 Role of Adenosine Receptors in Cardioprotection  

There is evidence identifying adenosine as a key mediator of cardioprotection 

during ischaemia and reperfusion (53,80,142-144). Myocardial adenosine concentration 

is elevated during and following ischaemia, resulting in the activation of AR-dependent 

protective signalling, limiting cellular injury and death (53,80). Further, ischaemic pre- 

and post-conditioning is abolished in the presence of AR antagonists  

(32,44,47,145,146). All AR sub-types have been linked to cardiac protection and are 

implicated in reducing cellular dysfunction and infarction via both pre and 

postconditioning (80,147). Ischemia/reperfusion injuries promote cellular dysfunction 

via a range of processes including oxidative stress, inflammation, innate immunity, 

ionic and energetic perturbations as well as an interplay between cell repair vs. cell 

death pathways (45,142,145,148-152). This damaging process relies on a positive 

feedback system involving the initial myocardial damage, resulting inflammatory 

response and the consequential apoptotic and oncotic cell death. These processes are 

targets for AR mediated cardioprotection. Cytoprotection within myocardial tissue itself 

is believed to be in part attributed to the agonism of GPCRs and the ensuing activation 

of pro-survival  

RISK pathways (147). Signalling molecules such as Akt, Erk1/2, protein kinase C 

(PKC) and phosphoinositide 3-Kinase (PI3K) (45,142,145,148-152) along with 

downstream ATP-sensitive potassium (KATP) channels (45,79,153,154) have all been 

implicated in this process (Figure 3).   

More recent data identifies the involvement of MMP-dependent transactivation 

of epidermal growth factor receptors (EGFR) during adenosinergic cardioprotection (1). 

Evidence provided by Germack and colleagues (155) further validates a role for EGFR 

during the AR response to injury in neonatal myocytes.  
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Adenosinergic cardioprotection is thought to be mediated via mitochondrial 

function and inhibition of the mPTP (143), potentially inhibiting oxidative damage 

(156,157), glycogen synthase kinase 3 beta (GSK3β) (147,148,158), PKC activation and 

mitochondrial KATP channel opening (156). The A1AR may induce cardioprotection via 

beneficial modulation of autophagy (159). Activated by kinase signalling in response to 

AR activation, autophagy removes intracellular aggregates and organelles, including 

dysfunctional mitochondria (159). Alternatively, the A2AAR is responsible for much of 

the inflammatory component of  cardioprotection, modulating an array of immune cells 

and processes (160).   

Research indicates that intrinsic AR activity may be used as a measure of myocardial 

ischaemic outcome (99,161-164), and data reveals that AR antagonism may also 

exacerbate ischaemic injury, increasing infarction in rabbit (21,165,166) and mouse 

  

  

  Figure 3 :  Summary of the Reperfusion Injury Salvage Kinase (RISK) signalling  
pathway: Activators, downstream mediator and end targets  (160)   
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hearts (167). Additionally, Du and colleagues observed that administration of allosteric 

enhancers of AR activity resulted in a reduced infarction (168), suggesting that 

endogenous  adenosine levels are enough to engage yet not effectively activate 

protective ARs. It is worth noting that adenosinergic cardioprotection may be a time 

dependent process, with sub-type specific signalling occurring at different intervals 

during ischaemia and reperfusion. The A1AR is predominately responsible for the 

response seen during ischaemia, as well as in the pre-ischaemic state  

(33,79,166,169,170). Interactions between the pre-ischaemic and post-ischaemic 

receptors may be critical in preventing cellular injury (80,147). It has been theorised 

that both A2A and A2BAR's may be essential for pre-ischaemic A1-mediated protection 

(171,172). Additionally, A1AR agonism during pre-conditioning may promote the 

postconditioning effects of the A2BAR (171,172), sensitizing this usually low-affinity 

receptor to participate in protection during reperfusion (145,150). In summary, there is a 

substantial amount of evidence implicating ARs in ischaemic pre and post-conditioning, 

involving an interplay between sub-types, regulatory molecules, signalling pathways 

and the ischaemic insult itself (31,33,79,127,153,170,173-175).   

  

1.4.5 Role of Adenosine Receptors in Pre-conditioning   

   Adenosine receptors have been widely evidenced in cardioprotection prior to and 

during ischaemia, implicated in both pharmacological (33) and ischaemic (21) 

preconditioning. Endogenous adenosinergic cardioprotection is thought to arise during 

ischaemia, with evidence that broad spectrum AR antagonism negates AR-mediated 

protection when applied during ischaemic insult (21). There is a substantial amount of 

evidence implicating ARs in ischemic pre-conditioning (21), with the A1AR identified 

as a key mediator in this process (20,32,153,176). Additionally, data indicates the 
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involvement of the A3AR (29,161), or an interplay between the A1 and A3AR (176,177), 

in the protective response preceding ischemia. The role of the A1AR in IPC was further 

validated by Tsuchida and colleagues, who found that A1AR antagonism prior to 

ischemia negated the protection inferred by IPC and that agonism of this receptor 

repressed infarct development (173). Furthermore, Liu and colleagues provide evidence 

that adenosine released during the preconditioning occlusion stimulates cardiac A1ARs, 

leaving the heart protected against infarction even after the adenosine has been 

withdrawn (31). Thornton and colleagues showed that infusion of the selective A1AR 

agonist CCPA reduced infarct development when applied prior to but not following 

ischaemia (33), implicating this receptor in pharmacological preconditioning. 

Subsequent research from Liu et al. implicates the A3AR in pharmacologically induced 

preconditioning (29). It was found that treatment of hearts with N6-[2-

(4aminophenyl)ethyl] adenosine (APNEA), an A3AR agonist, afforded cardiac 

protection equal to that of conventional IPC and that inhibition of the A3AR (via a non-

selective antagonist) negated this protective response (29). The work of Tracey and 

colleagues supports Liu‟s findings, demonstrating that selective A3AR activation 

induces cardioprotection in the rabbit heart, with the degree of A3AR-mediated 

protection similar to that provided by A1AR stimulation or IPC (161). Furthermore, 

A1AR and  

A3AR dependence in pre-conditioning has been evidenced in the human myocardium 

(154,178-180). A study investigating isolated human right atrial trabeculae revealed that 

treatment with non-selective adenosine receptor antagonist 8-sulfophenyltheophylline 

(8-SPT) negated protection provoked by IPC, and that A3AR agonism induced similar 

protection to that of IPC (179), providing evidence of these receptors in both ischaemic 

and pharmacological preconditioning. Another study utilizing human atrial trabeculae 
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provided evidence of pharmacological pre-conditioning with exogenous adenosine, 

implicating KATP channels in this response (154,180). In addition, the work of Carr et al.  

implicates the A1 and A3AR in protection against ischaemia/reperfusion in human 

tissue, inducing protection paralleling that of IPC (178). AR activity may also contribute 

to post-conditioning responses (145,149,165,175), with evidence of A1 and A2BAR 

involvement (145,149). During pre-conditioning, A1AR agonism results in PKC 

activation (21,33,166,167,169,170), which in turn sensitises the A2BAR, allowing this 

normally low-affinity receptor to participate in protection during reperfusion  

(145,149,150).   

  

1.4.6 Role of Adenosine Receptors in Post-conditioning   

Post-conditioning can be implemented during or following reperfusion, with 

evidence of A2A (42,181), A2B (99) and A3AR (181) involvement in mice. This is 

consistent with data analysing reperfused rabbit hearts, indicating that protection via 

both pre and post-conditioning can be inhibited via A2BAR antagonism (145,150). 

Postconditioning can be initiated pharmacologically, via adenosine receptor agonism 

(47), or by ischaemic post-conditioning, involving non-lethal bouts of ischaemia/re-

oxygenation applied after the onset of reperfusion (12). Kin and colleagues provide 

evidence that ischaemic post-conditioning involves endogenous activation of A2A and 

A3, but not A1AR subtypes (181) and the work of Morrison et al. indicates that the 

protective effects of ischaemic post-conditioning are attenuated by both selective 

A2AAR antagonism and targeted deletion of the gene encoding A2AARs, negating 

postischaemic functional recovery, cTnI release, and phosphorylation of Akt and 

ERK1/2 (42). Additionally, Xi and colleagues suggest that A2A and A2B adenosine 

receptors work in unison to illicit post-ischaemic pharmacological protection in rat 
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hearts treated with a selective A2A/A2B adenosine receptor agonist (47). In contrast, 

Cohen and Downey suggest that conditioning stimuli may converge on PKC 

sensitization of A2BARs, promoting A2BAR-dependent protection in reperfusion (143). 

It is possible that early  

A1AR and A2AAR activity could modify A2BAR functionality, with recent evidence of  

AR subtype interactions in cardioprotection (171,182).  It was found that A2AAR and 

A2BAR stimulation is necessary for the cardioprotective effects of A1AR agonism in the 

rat myocardium (182). This was supported by the findings of Zhan and colleagues, who 

implicate A2AAR/A2BAR dependence in A1AR mediated protection in mice (171). 

Understanding these receptor interactions would provide greater insight into myocardial 

cytoprotective signalling, potentially leading to enhancements in the development of 

emerging pharmacotherapeutics.   

Additional research has provided evidence of A1AR involvement in 

postconditioning. Bibli and colleagues revealed that both non-selective and A1 

adenosine receptor agonism, but not A2AAR or A3AR, provided protection similar to 

that of ischaemic post-conditioning, with evidence of Akt involvement (183). The 

findings of Xi and colleagues further support A1AR involvement in post-ischaemic 

protection, revealing that the infarct sparing effect of ischaemic postconditioning is 

abolished in A1AR knock-out (KO) mice (184). Furthermore, Lu and colleagues provide 

evidence of A1AR involvement in pharmacological post-conditioning, implicating 

Mitochondrial KATP channels in this process (185). Subsequent research revealed that 

selective-A1AR agonism significantly reduced re-oxygenation-induced lactate 

dehydrogenase (LDH) release compared to controls, a reliable indicator of cell death 

(186). Moreover it was found that inhibition of large-conductance Ca2+-activated 

potassium channels abolished the protection conferred by A1AR activation, implicating 
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these channels in pharmacological post-conditioning (186). Adenosinergic 

postconditioning has been evidenced in humans undergoing heart valve replacement  

surgery, administration of adenosine through an arterial catheter immediately after the 

aorta cross-clamp was removed (adjunct to high-potassium cold blood myocardial 

protection) was associated with diminished troponin I release, less inotropic drug use 

and shorter periods of Intensive Care Unit (ICU) stay, revealing a feasible and well 

tolerated intervention (187).  

    

1.5 Opioid Receptors  

  
1.5.1 Opioid Receptors Overview  

   The opioid receptor system, composed of the δ (vas deferens), κ  

(ketocyclazocine), μ (morphine) opioid receptors (OR) and their endogenous ligands 

(endorphins, dynorphins and enkephalins) may be essential in both cellular and 

organism stress resistance (188). This system has been linked to organ responses to 

stress, mammalian hibernation, metabolic protection (51,55) (189) and may even 

mediate beneficial cardiac responses to physical activity (190). The opioid receptor 

system appears to play a key role in both cardiac pre- and post-conditioning and may be 

vital in the adaptive response to physiological and pathological stimuli  

(24,35,36,43,158). In fact it has been theorised that the use of OR-dependent analgesics 

and anaesthetics may already augment protection in patients suffering 

ischaemiareperfusion (38,191). Myocytes are a major site for opioid peptide synthesis 

and release  

(192,193), both of which are enhanced with ischaemia (50,51,194) and exercise (24). 

This variability in myocardial synthesis and release of opioid peptides may also be 

influenced by cardioprotective interventions as well the aged and diseased heart (195).  
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1.5.2 Opioid Receptor Sub-types  

   The three primary opioid receptor subtypes - µ-, κ- and δ-ORs (195) - can be 

differentiated according to their distribution (both regionally and across species), 

endogenous ligands, binding affinity and analgesic properties (196). In the past, the 

primary focus on these receptors has centred on pain management and the analgesic 

effects of opioid receptor agonists applied pharmacologically (196). More recent data 

has identified the opioidergic system as a key mediator in stress resistance and 

cardioprotection (195). The δ- and  κ-OR are expressed at high concentrations in the 

heart (197), where they participate in the regulation of β-adrenoceptor signalling and 

responses, excitation-contraction coupling and cardiogenesis (188,198). All three OR 

sub-types are expressed in the human myocardium (199,200), mediating their actions 

via coupling to Gi/o and inhibiting adenylate cyclase activity, negating cAMP production 

and associated signalling (201). Regulation of receptor expression may be attributed to 

caveolar localisation, internalisation and receptor trafficking (202-206). It is worth 

noting that this internalised receptor trafficking is a sub-type specific mechanism, 

however the specific details of this process are yet to be established (205). The 

expressional regulation of opioid receptors may also be influenced by conditions of 

stress or injury, with evidence of both enhanced transcription and expression of δ-ORs 

during ischaemia-reperfusion (207).  

  

Delta Opioid Receptors (δ-OR)  

   A significant amount of research has localised δ-ORs to cardiomyocytes, where 

they mediate multiple actions via stimulation of endogenous opioid peptides. δ-ORs are 

expressed on both atrial and ventricular cardiomyocytes across various mammalian 
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species, including humans (207). δ-OR engagement and the associated signalling plays 

a vital role in the cardiovascular system, mediating the alleviation of adrenergic 

signalling (208), baro-receptor mechanism (209), vagal bradycardia (210), cardiac 

output (211) and cardioprotective signalling mechanisms (195). Activated by 

endogenous and exogenous opioids, δ-ORs mediate their responses via activation of 

protein kinase signalling cascades, inhibiting adenylate cyclase and downstream cAMP 

signalling (198,212,213). Like many GPCRs, δ-OR desensitization results after 

prolonged agonist stimulation and can lead to distinct tolerance profiles (206,214). This 

is particularly relevant in regards to therapeutic drug development and the consideration 

of beneficial vs. untoward side effects (201,214). δ-ORs have been widely evidenced in 

cardioprotection, contributing to both ischaemic pre (27,28,35,158,215) and post 

(216,217) conditioning. These δ-OR mediated preconditioning effects may involve 

transactivation of EGFRs (1,144) and cross-talk with adenosine receptors (213,218). It 

is also reported that δ-OR mediated protection may be dependent on caveolar function, 

with co-localization of both receptors and signalling elements within these 

microdomains (203). Protection mediated via δ-ORs is said to involve; PKC activation  

(219,220); ROS generation (144); NOS activation (220); PI3K/Akt, Src kinase and 

MAPK/ERK1/2 signals (23,144,221,222); JAK2/STAT3 signalling and 

phosphoinhibition of GSK3β (23,221); mammalian target of rapamycin activation (23); 

and mitochondrial ATP-sensitive potassium (mKATP) channel activity (219,223,224).   

   

Kappa Opioid Receptor (κ-OR)  

The expression of κ-ORs has been widely reported in myocardial tissue, with 

equal distribution between the atria and ventricles (207,225). Additionally, expression 

of κ-ORs can be modified under pathological conditions, with κ-OR mRNA found to be 
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up-regulated in myocardial area at risk pig hearts (207). Like δ-ORs, κ-ORs induce their 

actions via coupling to Gi/o, inhibiting adenylate cyclase and cAMP production to 

repress downstream signalling (201). Activation of this subtype has been reported to 

induce anti-infarct and anti-arrhythmic effects, contributing to cardioprotective 

responses via a range of mechanisms (215,218,226-228). Using an in vitro murine 

model of ischaemia-reperfusion, Peart and colleagues revealed that κ-OR agonism (via 

U50,488) significantly reduced infarct size when applied prior to but not after 

reperfusion (229), supporting the participation of these receptors in pharmacological 

preconditioning. It is suggested that this protective response requires the activation of 

downstream signalling via the PI3K pathway (229) and mitochondrial KATP channels 

(35,215,230,231). Previous research has reported opioidergic regulation of cellular ionic 

fluxes, with evidence of κ-OR dependent inhibition of Ca2+ channels (212). Liu and 

colleagues evidence the essential involvement of heat shock protein-70 (HSP70) 

expression in κ-OR mediated IPC (226,232). In addition, κ-OR mediated protection may 

involve enhancements in myocardial Ca2+ homeostasis (226). Furthermore, recent 

evidence suggests that κ-OR stimulation can induce anti-inflammatory actions in 

response to ischaemia/reperfusion, potentially involving reductions in Toll-like receptor 

4 and NF-κB expression (233). Kappa-ORs have also been linked to remote 

preconditioning responses in rats, with plasma levels of κ-OR-selective dynorphin 

increasing with remote ischaemic preconditioning (rIPC) (234).  

  

Mu Opioid Receptor (µ-OR)  

Although µ-OR are absent in adult myocytes of some species, µ-OR are 

expressed in the human myocardium (199,235). µ-OR expression appears to be 

dependent upon developmental stage and species; for example µ-OR expression has 



52  
  

been evidenced in neonatal rat myocytes (236) whereas gene expression and ligand 

binding studies reveal no expression in adult tissue (237,238). However, research 

investigating the effects of partly selective µ-OR agonists provide functional evidence 

of µ-OR cardiac expression (38,191). The actions of µ-ORs parallel that of the other two 

sub-types, inhibiting adenylate cyclase and negating cAMP signalling (201). Despite 

relatively limited myocardial expression, µ-OR have been found to contribute to the 

protective response to ischaemia/reperfusion (38,191,239-241). Treatment of rats with 

the short acting µ-OR agonist remifentanil induced protection and limited infarct 

development following ischaemia/reperfusion, this mechanism was augmented via 

treatment with antagonist for δ-ORs, κ-ORs and µ-ORs (241). Whether this response 

involves non-specific effects of µ-OR agonists, multiple opioid receptor sub-types or 

non-cardiac µ-ORs is yet to be elucidated. Evidence suggests that the anti-infarct effects 

of µ-ORs are peripherally mediated; the anti-infarct actions of the partly selective µ-OR 

agonist fentanyl were abolished via antagonism of peripheral, but not central, opioid 

receptors (239). Conversely, the anti-arrhythmic effects of µ-ORs appear to be at least 

partly mediated by central myocardial opioid receptors (239). Inflammatory repression 

may also be crucial in µ-OR mediated cardioprotection (240,241); morphine induced 

pre-conditioning significantly enhanced neutrophil endopeptidase activity in rats 

subjected to ischaemia/reperfusion (240). In addition, myocardial µ-ORs have been 

identified in clinical IPC during CABG surgery (38,191), Wong and colleagues 

established that increased doses of remifentanil resulted in increased infarct sparing 

effects during CABG surgery, suggesting that a short period of high dose remifentanil 

before cardiopulmonary bypass confers a preconditioning effect over and above that 

provided by fentanyl (191). In addition, research identifies µ-ORs in pharmacological 

post-conditioning responses, with morphine treatment increasing post-ischaemic 
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recovery of function (155, 156); however this response may involve the engagement of 

other opioid receptor sub-types (14).   

  
1.5.3 Role of Opioid Receptors in Hibernation  

Opioid concentrations have been found to rise during mammalian hibernation, 

inducing an immensely protective state, limiting energy consumption and tissue damage 

during substantial periods of nutrient deprivation and hypothermia in a δ-OR dependent 

manner (189,224,242). During hibernation, physiological functions such as heart rate 

and metabolism are slowed, resulting in a distinct state of energy conservation 

(243,244). Mammalian hibernation is associated with intracellular acidosis, hypoxia and 

diminished energy stores, conditions that parallel that of ischaemia. This induces 

hypoxia tolerant myocytes that are significantly resistant against injury and death, 

limiting necrosis and preserving inotropic reserve, contractile function and energy 

metabolism during prolonged ischaemia (244). The protective effect of hibernation has 

been linked to an increase in endogenous opioid peptides and engagement of δ-ORs 

(189,224,242,243). This hibernation response is similar to that of IPC, involving ATP 

sensitive potassium (KATP) channel opening (224). Studies investigating hypothermia 

and cardioplegia reveal that agonism of the δ-OR provided additional protection, 

whereas δ-OR antagonism inhibited this cardioprotective response (50,194,245,246). 

Moreover, hibernation may be induced pharmacologically (in summer-active ground 

squirrels) by the delta-opioid peptide [D-ala2, D-leU5]-enkephalin (DADLE), which 

acts as an anti-ischaemic agent, enhancing the survival of peripheral organs such as the 

kidneys, liver, lungs and heart (247,248). Many studies have linked endogenous opioids 

and the ensuing activation of δ-ORs to the protective response observed in mammalian 

hibernation (50,194,245-250) paralleling IPC and myocardial protection from ischaemic  

injury.   
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1.5.4 Role of Opioid Receptors in Cardioprotection   

   A substantial amount of evidence implicates the δ- and κ-OR in 

cardioprotection, triggering adaptive stress resistance in response to ischaemia/hypoxia  

(36,54,215). There is some controversy surrounding the role of the μ-OR in 

cardioprotection, however a small number of clinical trials have provided evidence of 

morphine or remifentanil induced protection in cardiopulmonary bypass or coronary 

angioplasty patients (38,191). Despite all three OR's being implicated in stress 

resistance (197), this research project will predominantly focus on the δ-OR sub-type, 

therefore it will be the prime focus of this review.    

    Opioid receptors may be harnessed as determinants of ischaemic tolerance  

(51,55). Opioid levels rise in response to hypoxia (51,55) and their relative expression 

levels may influence stress resistance across species and between organs (197). 

Furthermore, recent evidence implicates the δ-OR in sustained opioid receptor agonism 

and the associated prolonged and powerful protective response (52,251-253). 

Mammalian hibernation, exercise-dependent cardioprotection and ischaemic 

conditioning responses can all be influenced by the opioidergic system, emphasising the 

potential value of these receptors in cardioprotection.    

    Opioidergic cardioprotection parallels that of the adenosinergic system, 

involving multiple phosphokinases, the generation of ROS, mitochondrial K+ channel 

modulation and inhibition of mPTP (17,254,255). Additionally pro-survival signalling 

may be induced, involving TNF-a dependent activation of STAT3 signalling (254,256). 

Opioid receptors can also influence cellular ionic fluctuations, with evidence of direct 

induction of K+ channel opening by δ- and κ-OR's (212,257). As a whole, mitochondrial 
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preservation, repression of apoptotic signalling and conservation of gap junction 

function are the primary mechanisms of opioidergic cardioprotection.   

It has been evidenced that intrinsic opioid receptor activation is associated with 

myocardial ischaemic pre (27,28,36,212,223,258-260) and post conditioning 

(22,24,43,54), with OR antagonism negating these responses (34-36,215,261). Schultz 

and colleagues revealed that the beneficial effects of IPC in the rat myocardium were 

alleviated by OR antagonism, induced via naloxone (36). Additional research has 

correlated increased δ-OR expression and enhanced release of endogenous opioid 

peptides with both early and late phase IPC (219,262). These findings are further 

validated by multiple murine studies, indicating that selective δ-OR antagonism 

exacerbates infarct development and that δ-OR agonism mimics the protective response 

observed in IPC (35,215). The signalling response resulting from acute OR activation 

mirrors that of conventional pre-conditioning, involving the activation of RISK 

pathways via PI3K, involvement of ROS, inhibition of pro-apoptotic effectors and 

mitochondrial targets (144,213,263,264).   

  

1.5.5 Role of Opioid Receptors in Pre-Conditioning   

    Activation of δ- and κ-ORs can be induced pharmacologically and has 

been linked to ischaemic pre-conditioning (27,28,35,158,215), identifying these 

receptors as logical targets for enhancing myocardial I-R tolerance when ischaemia is 

planned or predictable (eg. during surgical intervention or in high-risk patients) (197). 

Protection mediated by the δ-OR is thought to involve a signal cascade including PKC 

(28,220), PI3K/Akt, Src kinase and MAPK and Erk1/2 signals (23,147,221,222). 

Additionally,  
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ROS generation (144),  NOS activation (220), mKATP channel activity (223,224), 

JAK2/STAT3 signalling and inhibition of GSK3B (23,221) have all been implicated in 

δ-OR mediated pre-conditioning. These signalling pathways may induce protection via 

the regulation or interaction with numerous effectors, including pro-apoptotic (Bax, 

Bad) and anti-apoptotic (Bcl-2, P70s6K) proteins (17,265,266).  

Research indicates that OR antagonism, initiated either prior to (36) or during 

ischemia (261), can abolish the protection observed from IPC. Therefore intrinsic opioid 

receptor engagement must be vital in both triggering the initial response and mediating 

delayed protection observed in IPC.  This response has been also evidence clinically in 

the human myocardium. Tomai and colleagues reported that treatment with the opioid 

receptor antagonist naloxone negated the beneficial effects of IPC during coronary 

angioplasty (34).   

The κ-OR has also been implicated in IPC. Wang and colleagues found that 

while intrinsic δ-OR activity diminished infarct development, intrinsic κ-OR activity 

reduced both infarct development and arrhythmogenesis in pre-conditioned rat hearts 

(35). In addition, these researchers revealed enhanced protection and reduced infarct 

size with pharmacological preconditioning via selective κ- and δ-OR agonism (35). It is 

thus suggested that δ-ORs and κ-ORs may have both overlapping and unique functions 

that contribute to protection observed with preconditioning responses (195). The µ-OR 

has also been implicated in pharmacological pre-conditioning during coronary artery 

bypass graft surgery (CABG).  Pre-treatment with remifentanil, a selective µ-OR 

agonist, resulted in a reduction of circulating troponin I (TnI) levels in off-pump CBAG  

(38) and a reduced concentration of CK-MB in on-pump CABG (191).   

Similar to „conventional pre-conditioning‟, the heart can also be protected through 

exercise, which may also involve ORs. This parallels the mechanisms observed in IPC, 



57  
  

involving enhanced antioxidant activity (267,268), RISK-dependent Erk1/2 (269,270), 

Akt (270), HSP27 (270), AMPK (270), inhibition of GSK3β (269,270), EGFR 

expression (270) and KATP channel involvement (271,272). It has previously been 

reported that the anti-infarct effect of 5 days treadmill training can be negated by δ-OR 

antagonism (190), identifying this receptor as a key mediator of this protective response.   

  

1.5.6 Role of Opioid Receptors in Post-Conditioning   

    Alternatively, opioidergic post-conditioning may have more clinical 

relevance, this is due to its applicability in both surgical ischaemia and AMI (197). This 

can be induced pharmacologically via opioid receptor agonism at the onset of 

reperfusion, involving all three sub-types (197). The effects of post-conditioning are 

similar to that of pre-conditioning and are not additive, supporting common mechanisms 

(22).  

Opioidergic post-conditioning is associated with activation of the RISK pathway 

(255,256), NO/cGMP/PKG signalling (43) KATP channel opening and inhibition of the 

mPTP (43,158,255,256) ultimately limiting cell death. However there are relatively few 

studies investigating the signalling intermediates that are crucial to opioidergic 

postconditioning. Despite this, there is evidence implicating the δ-ORs in the protective 

response seen during reperfusion (54). Morphine has also proven to induce 

postconditioning following surgery (273,274), however the response observed via μ-OR 

agonism may be due to the engagement of δ- or κ-OR's (197). Several studies evidence 

the ability of opioidergic post-conditioning to induce ischaemic tolerance, involving 

reduced inflammation, oxidative stress and Ca2+ accumulation while preserving 

endothelial function (216,275,276). You and colleagues identified a reduction in infarct 

size and apoptosis, via up-regulation of anti-apoptotic Bcl-2, in response to 
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postischaemic OR activation and JAK/STAT signalling (277). Additionally some 

opioids possess free-radical scavenging abilities and can be up-regulated following ROS 

exposure. In fact there is even evidence coupling δ-OR post-conditioning to ROS 

signalling in cardiomyocytes subjected to ischaemia/reperfusion (216). Furthermore, 

Forster and colleagues found that δ-OR mediated post-conditioning limited infarct 

development in rabbits via Akt and Erk1/2 signalling and that this mechanism is 

dependent upon EGFR transactivation (217).   

  

1.5.7 Role of Opioid Receptors in Sustained Ligand-Activated Protection (SLP)  

  Similar to hibernation, opioid receptor activity can induce prolonged shifts in 

cardiac stress resistance in response to sustained opioid receptor agonism 

(46,52,251253). This has distinct clinical advantages, potentially enhancing 

prophylactic therapy in high-risk patients and limiting time-dependent progression of 

injury during or following cardiac transplant surgery (197). Data reveals that the 

irreversible δ-OR agonist, fentanyl isothiocyanate (FIT), can induce long-lasting 

protection in animal models (46), implicating the δ-OR in this process. Additionally, 

long-term opioid receptor agonism may stimulate sustained ligand-activated protection 

(SLP), inducing greater protection then acute opioid treatment (46,52,251-253) or 

conventional preconditioning (253). Once again, the δ-OR sub-type has been implicated 

in this protective mechanism, which potentially involves acute AR activation (253) and 

caveolin-3 overexpression (278). Mechanistically different to conventional pathways of 

ischaemic pre and post-conditioning, SLP can be induced via sustained δ-OR agonism 

and the activation of the PI3K pathway, converting ORs from inhibitory to stimulatory 

coupling, further mediated by β2-AR/Gs/PKA dependent signalling (279). A murine 

study investigating the myocardial effect of 5 days of morphine treatment revealed a 
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stress resistant phenotype associated with repression of inflammatory and immune 

pathways and induction of natriuretic peptides and sarcomeric elements (280). 

Additionally, SLP was found to modify cell stress, growth and development pathways, 

while conventional protective molecules remained generally unaffected (280). These 

findings may have great clinical significance, as unlike acute conditioning responses,  

SLP has proven effective in both the aged (251) and diabetic myocardium (281).   

  

1.6 Epidermal Growth Factor Receptors (EGFR) – Transactivation by 

GPCRs  

   Epidermal growth factor receptors (EGFR) are receptor tyrosine kinases (RTK) 

that exert essential functions in mammalian development and maintenance of adult 

tissue, regulating cell proliferation, survival, differentiation and migration (282). 

Activated by growth factors, EGFRs are essential for the development, growth and 

homeostasis of multicellular organisms. Growth factors are required for cell-cell 

communications, with a  fundamental role in embryonic tissue induction, fate 

determination, cell survival, apoptosis, tissue specialization and cell migration (282). 

Initiated via agonist binding on the cell surface, EGFRs transduce extracellular signals 

through the activation of intracellular messengers or directly through receptor 

translocation to the nucleus. The epidermal growth factor family of RTKs is comprised 

of four structurally related sub-types, these being the ErbB1, ErbB2, ErbB3 and ErbB4 

receptors (282). Unlike the ErbB2 and ErbB3 sub-types, the ErbB1 receptor (referred to 

simply as EGFR) has the ability to both bind ligands and autophosphorylate C-terminal 

tails through functional intracellular tyrosine kinase domains (282), identifying this 

receptor as a novel pharmacological target. The EGFR consists of a single chain 

transmembrane glycoprotein, activated via the binding of a soluble ligand to the 
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receptor ectodomain, promoting homo- and hetero-dimer formation between receptors. 

Receptor dimerization leads to the activation of the intracellular tyrosine kinase domain 

and phosphorylation of the C-terminal tail. The consequent phosphotyrosine residues 

then activate components of intracellular signalling pathways to influence 

developmental and physiological functions. The Ras/MAPK, PLC/PKC, PI3K/Akt, and 

JAK/STAT pathways (Figure 4) have all been implicated in EGFR-dependent signalling  

(282).   

   EGFRs have been reported to interact with other cell-surface receptors, with 

evidence of EGFR and GPCR cross-talk. GPCR agonism can transactivate EGFRs 

through stimulation of cell surface matrix metalloproteinases (MMPs), leading to 

cleavage of membrane-bound epidermal growth factor (EGF) family precursors like 

heparin-binding EGF-like growth factor (HB-EGF) (283,284). Subsequent research has 

provided additional evidence of EGFR cross-talk (1,285,286). Yamauchi and colleagues 

report that growth hormone stimulation of Janus tyrosine kinase 2 (Jak2) leads to 

phosphorylation and activation of EGFR (285) and Civenni and colleagues determined 

that the ligands Wnt1 and Wnt5a are able to indirectly transactivate EGFR and activate 

the Ras/MAPK pathway in mammary epithelial cells, likely by encouraging 

MMPdependent cleavage of membrane-bound EGFR ligands (286).  

    It has been established that EGFRs play an essential role in cardiovascular 

development and function, with evidence of involvement in the regulation of electrical 

excitability (287). More recent evidence has implicated EGFRs in the protective 

response to myocardial ischaemia and reperfusion (1,288). Williams-Pritchard and 

colleagues found that the protective response elicited by either A1AR agonism or IPC 

was abolished via co-treatment with the EGFR antagonist, Tyrphostin AG1478. 

Additionally this response was negated via MMP or HB-EGF ligand inhibition, 
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suggesting that A1AR- and IPC-mediated functional protection is entirely EGFR and 

MMP dependent, potentially involving the HB-EGF ligand (1). Intriguingly, application 

of these antagonists failed to significantly influence myocardial responses to 

ischemiareperfusion when applied alone, suggesting limited contributions of basal 

EGFR, MMP, or HB-EGF activities to ischemic tolerance. This is suggestive of 

receptor cross-talk between myocardial EGFRs and specific GPCRs associated with 

protective signalling  

(e.g. adenosine and opioid receptors).   

  

1.7 Matrix Metalloproteinase (MMP)  

Matrix metalloproteinases (MMPs) exert their function in the extracellular 

environment, degrading both matrix and non-matrix proteins (289), and participating in 

EGFR transactivation. Exhibiting fundamental roles in morphogenesis, wound healing and 

tissue repair and remodelling, MMPs have been associated with the protective response to 

injury, with evidence of involvement in myocardial infarction, and in progression of 

diseases such as atheroma, arthritis, cancer and chronic tissue ulcers (289-292). Additional 

evidence has identified MMPs ability to alter cell–matrix and cell–cell interactions, 

releasing growth factors bound to the ECM, making them available for cell receptors 

(289). Regulated degradation of the extracellular matrix (ECM) is an essential process 

in morphogenesis and tissue remodelling, with dysfunction leading to the progression of 

many diseases (289). Uncontrolled ECM remodelling of the myocardium and 

vasculature is linked to numerous cardiovascular disorders, including atherosclerosis, 

stenosis, LV hypertrophy, heart failure, and aneurysm (290-292), identifying MMPs as a 

logical target for therapeutic interventions.   

   Twenty-three MMPs have been discovered in humans, most of which have 

negligible activity in „normal‟ tissue (293). However under conditions of stress, 
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signalling molecules such as inflammatory cytokines, growth factors and hormones, as 

well as cell–cell and cell–matrix interactions, can all influence MMP transcription and 

expression (293). Matrix remodelling can also be endogenously influenced by tissue 

inhibitors of metalloproteinases (TIMPs), neutralising the function of MMP‟s. 

Therefore a balance between MMPs and TIMPs is essential for adequate ECM 

remodelling during tissue injury (293). Research investigating MMP gene knockout 

mice revealed that  

MMP-2 and MMP-9 play key roles in cardiac rupture after myocardial infarction (294- 

297). Moreover, Williams-Pritchard and colleagues recently provided evidence that 

MMP inhibition (via GM6001), can abolish the protective response to 

ischaemia/reperfusion induced by A1AR agonism or IPC (1), implicating MMPs in both 

pharmacological and ischaemic pre-conditioning. It is suggested that cardioprotection 

from pre- and post-conditioning requires MMP dependent cleavage of the HB-EGF 

ligand to transactivate the EGFR (1), with evidence of MMP dependence in 

adenosinergic (1) and opioidergic (144,298) pre-conditioning. .   

  

1.8 Receptor Crosstalk  

   Receptor interactions may be essential in both opioidergic and adenosinergic 

cardioprotection, with cross-talk evident within the opioid and adenosine receptor 

family (150,185,(213,299) and with other GPCRs (208,300). These interactions are 

often indirect, such as the co-regulation of downstream signalling paths, modulation of 

agonist concentration or sensitisation/desensitisation (197). Alternatively, data suggests 

the presence of direct cross-talk via physical receptor-receptor interaction and GPCR 

polymerisation (156,208,300,301).   



63  
  

   Interactions between adenosine receptor subtypes appears to be crucial to the 

myocardial protection induced by these receptors. The negative inotropic response 

mediated by the A1AR can be inhibited by activation of the A2AAR (82,302,303); A1AR 

mediated bradycardia is reliant on A3AR activity, which has been found to possibly 

inhibit coronary A2AAR responses (304); and A2AR-mediated vasodilation can be 

repressed via activation of the A1AR in both murine aorta (120) and human coronary 

arterioles (117). As well as interactions between its own members, the adenosine 

receptor system also interacts with other GPCRs to elicit cardiovascular control. In fact 

AR and OR cross-talk appears to be essential in the cardiac preconditioning effects of 

intrathecal opioids (305).  

    Furthermore, there is a substantial amount of evidence coupling δ-ORs 

and βARs in the control cardiovascular function and cardioprotection. β2-ARs and δ-

ORs have be shown to form heterodimers and co-expression of ORs has been shown to 

affect β2-AR trafficking (306). Additionally β2-AR blockade can negate the protective 

effects of δ-OR activation in both cell culture and isolated heart models (301). Although 

the opioid and β-adrenergic systems exhibit contrasting regulatory mechanisms in the 

myocardium, research suggests they are intricately entwined (208,279,300,301,306). 

Adenosine receptors have also been coupled to β-adrenergic signalling 

(62,63,65,111,112,307), however the exact mechanism of interaction is yet to be 

identified. Activation of the A1AR can negate the inotropic actions of β-adrenoceptors 

via inhibition of cAMP and PKA activation (62,111) and modulation of Gs cycling  

(307). A1AR dependent attenuation of β-adrenergic responses may also involve 

PLC/PKC dependent signalling (61,63,65). Additionally, adenosine receptors have been 

shown to negate noradrenalin release from cardiac nerves, repressing adrenergic activity 

(112). Chandrasekera and colleagues provide evidence that A1ARs can form 
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constitutive heterodimers with both β1 and β2-ARs, resulting in altered receptor 

pharmacology, functional coupling, and intracellular signalling pathways (308). A1AR 

and β-AR heterodimerization leads to increased ligand binding affinity of both β1 and 

β2-ARs and enhanced receptor dependent Erk1/2 phosphorylation (308). Intriguingly, 

A1AR, β2-AR, but not A1AR, β1-AR heterodimers, were associated with reductions in β-

adrenergic cAMP production, demonstrating A1AR-dependent inhibition of β2-AR 

signalling (308).  

Furthermore, co-immunoprecipitation studies conducted with human heart tissue lysates 

provide evidence of endogenous A1AR, β1-AR, and β2-AR heterodimers (308).  

Undoubtedly, there is distinct association between adenosine receptors and β- 

Adrenergic signalling (62,63,65,111,112,307), precisely how this interaction contributes 

to cytoprotection and resistance to ischaemia/reperfusion is yet to be determined.   

  

1.8.1 Adenosine and Opioid Receptor Crosstalk  

   There is a great deal of evidence supporting specific cross-talk between 

adenosine and opioid receptors in cardioprotection. Research indicates that the 

antistunning effects of fentanyl were negated by adenosine A1AR antagonism (309). 

Additionally, research suggests that there are converging pathways and receptor 

crosstalk between specific A1AR and δ-OR dependent cardioprotection (45). Peart & 

Gross (2005) reported that the anti-infarct effects of opioid receptor agonists can be 

negated by A1AR antagonism (213). Conversely the protection observed from enhanced 

endogenous adenosine can be repressed by δ-OR antagonism (213), implying common 

signalling pathways are involved. Other research suggests that ischaemic 

preconditioning may involve an interplay between the δ-OR, κ-OR and the A1AR (299). 

It has been reported that the cardioprotection resulting from rIPC as well as 
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pharmacological protection via intrathecal morphine involves cross-talk between the 

δOR and the A1AR (299,305). Furthermore opioidergic SLP has been associated with 

adenosine receptor activation and caveolin-3 overexpression (278). However, while 

A1AR and δ-OR cross-talk is apparent in the cardioprotection observed from acute 

agonism, SLP appears to engage alternative pathways. Protection via various 

adenosinergic stimuli was additive with δ-OR-mediated SLP (253). In addition, cardiac 

specific expression of A1ARs augmented enhanced protection when applied in 

conjunction with SLP; this is distinct from IPC, which is unable to afford protection via 

cardiac adenosine receptor over-expression (253). It has been suggested that 

adenosinergic stimuli may remain additive with SLP due to opiate-induced sensitization 

of adenosine receptors (310), and that protection with adenosine is uniquely 

PI3K/Aktindependent (311). This data suggests that there are distinct opioid and 

adenosinergic signalling pathways during sustained protection, contrast to acute 

conditioning responses.   
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  Data also supports an essential role of EGFR's in cardiac protection, with A1AR 

or δ-OR induced kinase signalling found to be EGFR-dependent (1). This is supported 

by additional studies, revealing that cardioprotection induced by adenosine and δ-ORs 

requires the activity of both EGFRs and MMPs (1). In cardiac myoblasts, both A1AR 

and δ-OR mediated kinase signalling (and the ensuing protection against ischaemic 

injury) appears to be directly EGFR and MMP dependent (1). These findings suggest 

that both the δ-OR and A1AR may engage a common MMP/EGFR-dependent pathway 

to co-activate cardioprotective signalling (1) (Figure 4).  However, this remains to be 

clearly established. This research will assess the dependency of EGFRs and MMPs in 

both adenosinergic and opioidergic cardioprotection, providing greater insight into this 

response.    

  

  

Figure 4:   Intracellular signal paths coupled to the   adenosine and   opioid receptors and implicated  
in cardiac stress signalling   and  protection   (204)   
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CHAPTER 2:  

AIMS & OBJECTIVES                  
2.0 AIMS & OBJECTIVES  

  

The aim of this study is to investigate whether A1AR and δ-OR dependent 

cardioprotection and pro-survival kinase activation share common dependencies on 
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„cross-talk‟ between both GPCR groups, and whether these responses involve a 

common MMP and EGFR dependent pathway.  

It is hypothesised that A1AR or δ-OR activation will enhance survival kinase 

signalling and ischaemic tolerance, and that these protective responses will be repressed 

following antagonism of either receptor alone (cross-talk). Additionally it is 

hypothesised that EGFR or MMP inhibition will negate the cardioprotective response to 

A1AR or δ-OR activation, demonstrating a role for EGFR transactivation in the 

interrelated A1AR or δ-OR responses.   

  

2.1 Study 1: Effects of A1AR and δ-OR stimulation and inhibition on 

cardiac functional outcome and cell death:  

Study 1 aims to achieve the following:  

i. To assess the effects of selective A1AR or δ-OR activation (via CCPA 

and BW373U86, respectfully) on cardiac functional outcome and cell 

death following ischaemia-reperfusion in whole hearts.  

ii. To assess the potential role of A1AR and δ-OR cross-talk (CCPA in the 

presence of BNTX or BW373U86 in the presence of DPCPX) on cardiac 

functional outcome following ischaemia-reperfusion in whole hearts.  

  

  
A murine model is used to assess functional myocardial abnormalities. Mouse 

hearts are cannulated in a Langendorff mode enabling the coronary circulation to be 

perfused. The hearts will be subjected to 25 minutes of ischaemia followed by 45 

minutes of reperfusion. The groups being investigated in this study include untreated 

control hearts, hearts receiving the selective A1AR agonist CCPA (± DPCPX or BNTX) 
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and hearts receiving the selective δ-OR agonist BW373U86 (± DPCPX or BNTX), with 

agonists applied 5 minutes pre-ischaemia and antagonist compounds administered 10 

minutes prior to agonist treatment. Using the above method, cardiac functional outcome 

will be assessed via changes in baseline function and recoveries of contractile function 

and coronary flow after ischaemia. Cell death outcomes will be also be assessed via 

LDH release. This study should provide crucial information on receptor interactions in 

the cardiovascular system and how they relate to cytoprotection.   

  

2.2 Study 2: Effects of A1AR and δ-OR stimulation and inhibition on  

Erk1/2 and Akt expression and phospho-regulation in the myocardium   

Study 2 aims to achieve the following:  

i. To assess the effects of selective A1AR and δ-OR activation (via CCPA 

and BW373U86, respectfully) on downstream cardioprotective Erk1/2 

and Akt signalling in intact hearts.   

ii. To assess the potential role of A1AR and δ-OR cross-talk (CCPA in the 

presence of BNTX or BW373U86 in the presence of DPCPX) on 

downstream cardioprotective Erk1/2 and Akt signalling in intact hearts.  

  

Perfused hearts from study 1 will be used to assess the effects of A1AR and δOR 

agonism on downstream protective kinase signalling. Sub-sets of perfused hearts from 

study 1 will be centrifuged to enrich for cytosolic components. This fraction will be 

subjected to western blot analysis to assess for changes in Akt and Erk1/2 expression 

and phospho-regulation. This study should provide insight into downstream 
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mechanisms involved in adenosine and opioid receptor cross-talk in the heart and how it 

relates to cardioprotection.  

  

2.3 Study 3: Effect of EGFR and MMP inhibition on A1AR and δ-OR  

mediated functional responses in myocardium   

Study 3 aims to achieve the following:  

i. To assess the role of EGFRs (via antagonism with AG1478) in A1AR or 

δ-OR effects on cardiac functional outcome and cell death in intact 

hearts subjected to ischaemia/reperfusion.  

ii. To assess the role of MMPs (via inhibition with GM6001) in A1AR or 

δOR effects on cardiac functional outcome and cell death in intact hearts 

subjected to ischaemia/reperfusion.  

  

2.4 Study 4: Effect of EGFR and MMP inhibition on A1AR and δ-OR  

mediated signalling responses in myocardium   

Study 4 aims to achieve the following:  

i. To assess the role of EGFR (via inhibition with AG1478) in A1AR or 

δOR effects on Erk1/2 and Akt signalling in intact hearts subjected to 

ischaemia/reperfusion.  

ii. To assess the role of MMP (via inhibition with GM6001) in A1AR or δ- 

OR effects on Erk1/2 and Akt signalling in intact hearts subjected to 
ischaemia/reperfusion.  
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To assess the effects of EGFR and MMP antagonism on A1AR and δ-OR 

responses, agonist studies are repeated with co-treatment of AG1478 or GM6001. 

Perfused hearts subjected to ischaemia and reperfusion will be employed to assess 

functional and cytoprotective outcomes. Western blot analysis will be used to assess for 

changes in Erk1/2 and Akt expression and phospho-regulation in whole hearts cotreated 

with AG1478 or GM6001. These studies will help validate an essential role for  

EGFR's and MMP's in A1AR and δ-OR mediated cardioprotection.   
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CHAPTER 3:  

RESEARCH METHODS  
  

  

  

  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
3.0 RESEARCH METHODS  
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3.1 Animal Ethics  

All experiments that were performed are approved in accordance with the policy 

guidelines of The Animal Ethics committee of Griffith University, which is accredited 

by the Queensland Government, Department of Primary Industries and Fisheries under 

the guidelines of the “The Animal Care and Protection Act 2001, section 757”.   

  

3.2 Study 1: Effects of A1AR and δ-OR Activity on Cardiac Functional 

Outcome and Cell Death:  

3.2.1 Langendorff Perfusion and Ischaemia/Reperfusion Protocol   

In this study, hearts were removed from healthy male C57/B16 mice at 12-14 

weeks of age, anaesthetised with 60 mg/kg sodium pentobarbital. Hearts were then 

excised into ice cold perfusion fluid and the aorta cannulated to perfuse coronary 

circulation in a Langendorff mode at a constant pressure of 80 mmHg with a modified 

Krebs-Henseleit buffer. Perfusate was equilibrated to provide a pH of 7.4 and PO2 of 

600 mmHg at the tip of the aortic cannula over a 1-5 ml/min flow range. A fluid filled 

balloon and pressure transducer was utilised to maintain a left ventricular (LV) 

enddiastolic pressure of 5 mmHg during stabilisation. Hearts were then immersed in 

warm perfusate in a water-jacketed chamber at 37° C. All functional data was recorded 

at 1 KHz on an 8 channel MacLab data acquisition system (ADInstruments, Castle Hill, 

Australia) connected to an Apple iMac computer. The LV pressure signal was digitally 

processed to yield peak systolic, diastolic and developed pressures, + and -dP/dt and 

heart rate. Exclusion criteria included a coronary flow > 5 ml/min, fluctuations in 

contractile function, a LV systolic pressure <100 mmHg or significant cardiac 

arrhythmias.   
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Following 20 minutes of normoxic stabilisation, hearts were switched to 
ventricular pacing at 420 beats/min, normalising rate to permit comparison of 
ratedependent measures of inotropic and lusitropic state. Baseline measurements were 
recorded after a further 10 minutes before subjecting the hearts to 25 minutes of 
normothermic global zero-flow ischemia followed by 45 minutes of aerobic reperfusion. 
Pacing was terminated on initiation of ischemia and resumed after 1.5 minutes of 
reperfusion. Groups studied include untreated control hearts (n=8), and hearts receiving 
a dose of the A1AR agonist CCPA (n=8) or the δ-OR agonist BW373U86 (n=6), 
initiated 5 minutes pre-ischaemia. These interventions were repeated in hearts co-treated 
with the A1AR antagonist DPCPX (n=6 for CCPA, n=6 for BW373U86) or the δ-OR 
antagonist BNTX (n=6 for CCPA, n=6 for BW373U86). The antagonists were applied 
10 minutes prior to agonist treatment. Changes in baseline contractile function, coronary 
flow, diastolic pressure and pressure development was assessed. A list of study groups 
can be found below and a list of buffer recipes can be found in Appendix 5.   

Group No.  Intervention  Receptor Actions  
1  CONTROL  -  
2  CCPA  A1AR Agonist  
3  BW373U86  δ-OR Agonist  
4  DPCPX  A1AR Antagonist  
5  BNTX  δ-OR Antagonist  
6  CCPA + DPCPX  A1AR Agonist  +  A1AR Antagonist  
7  BW373U86 + DPCPX  δ-OR Agonist  +  A1AR Antagonist  
8  CCPA + BNTX  A1AR Agonist  +  δ-OR Antagonist  
9  BW373U86 + BNTX  δ-OR Agonist  +  δ-OR Antagonist  
10  CCPA + AG1478  A1AR Agonist  +  EGFR Antagonist  
11  BW373U86 + AG1478  δ-OR Agonist  +  EGFR Antagonist  
12  CCPA + GM6001  A1AR Agonist  +  MMP Inhibitor  
13  BW373U86 + GM6001  δ-OR Agonist  +  MMP Inhibitor  

Table 1: Study Groups and Receptor Actions  

  

  
3.2.2 Cellular Death via Lactate Dehydrogenase (LDH) Efflux  

Heart perfusate was collected (on ice) from the initiation of reperfusion and two 

1 ml Eppendorf tubes were collected for each heart and stored at -80°C. LDH is released 

upon cell lysis; therefore by measuring the amount of LDH in the perfusate the amount 

of cell death can be estimated. A Promega CytoTox 96® Non-Radioactive Cytotoxicity 

Assay was used to detect the enzymatic reaction of lactate and NAD+ to Pyruvate and  
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NADH (catalysed by LDH). This results in the conversion of iodonitrotetrazolium violet 

(INT) to a red formazan product. Using a 96-well plate reader the absorbance of each 

sample was measured at a wavelength of 490nm. The amount of colour formed and 

corresponding absorbance reading is proportional to the amount of LDH released and 

therefore cell lysis. Absorbance data was correlated to a standard curve of known LDH 

concentrations and converted into LDH units for analysis.   

  

3.3 Study 2: Effects of A1AR and δ-OR activation on Erk1/2 and Akt 

expression in myocardium:   

This study assessed the effects of A1AR and δ-OR agonism and inhibition on 

protective kinase signalling following ischaemia and reperfusion. Cytosolic heart 

fractions from study 1 were used to assess the expression and phospho-regulation of Akt 

and Erk1/2 signalling in response to A1AR activation (via CCPA) or δ-OR activation 

(via BW373U86).  

   Additionally the kinase signalling response was examined with co-treatment of 

the A1AR antagonist DPCPX or the δ-OR antagonist BNTX, applied with both primary 

interventions (CCPA ± DPCPX; CCPA ± BNTX; BW373U86 ± DPCPX; BW373U86 ± 

BNTX).  

  
  

3.3.1 Homogenisation and Fractionation Protocol  

Sub-sets of perfused hearts were snap frozen in liquid N2 immediately following 

ischaemia/reperfusion and stored at -82° C. Once defrosted, each heart was placed on an 

ice block and the left ventricle was trimmed, weighed and shredded using a scalpel 

blade. The ventricular tissue samples were homogenised using the Next Advance Bullet 
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Blender ® Gold using a 2:1 ratio of lysis buffer to heart sample. Homogenised tissues 

were centrifuged at 600 G for 10 minutes (4°C) to pellet the nucleus. The supernatant 

was removed and subjected to ultracentrifugation at 37000 RPM for 1.5 hours (4°C) to 

enrich for cytosolic and membrane components. The recipe for the lysis buffer can be 

found in Appendix 5.   

  

3.3.2 BCA Protein Analysis  

Cytosolic lysates were diluted with Kinexus buffer (1:5) and protein 

concentrations were estimated using a Pierce BCA kit. Using a 96-well plate, a BCA 

assay was performed on each sample and the absorbance measured at 540 nm. Using a 

standard curve, aliquots were prepared to yield a protein concentration of 30 µg/µl. The 

aliquots were stored at -80°C before assessing Erk1/2 and Akt expression and 

phosphorylation via western immunoblot. The Kinexus buffer recipe can be found in 

appendix 5.   

  

3.3.3 Western Immunoblotting  

Cytosolic samples were defrosted on ice and combined with equal parts loading 

dye (2x) before denaturing proteins on a heat block at 95°C for 5 min. 30 µl of each 

sample was loaded into specific wells on hand-cast 10% acrylamide gels. A Thermo 

Scientific PageRuler Plus protein ladder (2 µl) was loaded in a well at each end of every 

gel, ensuring a space was left between the ladder and sample. Further, 30 µl of an 

internal standard was additionally added to every gel. Protein separation was achieved 

by running gels at 150 V for 60 minutes. Proteins were then transferred to a PDVF 

membrane at a constant voltage of 75 V for 2 hours. Succeeding transfer, membranes 

were washed in 1X tris-buffered saline (TBS) for 5 minutes and blocked in Odyssey 
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blocking buffer for 3 hours at room temperature with gentle agitation. Following 

blocking, membranes were washed in 1X TBS for 5 minutes before incubation with the 

specific primary antibody (dilution; 1:1000) for approximately 18 hours overnight at  

4°C (with gentle agitation). The membrane was then subjected to a wash cycle involving 

4x 5 minute rounds of tris-buffered saline and Tween 20 (TBST) and 1x 5 minute round 

of TBS, before incubation with the corresponding secondary antibody (dilution;  

1:30000) for 2 hours at room temperature in the dark (Secondary AB is light sensitive). 

The wash cycle was then repeated (4x 5 mins TBST / 1x 5 mins TBS) and the 

membranes were placed between 2 layers of tissue paper and paper towels and left to 

dry overnight. The following day the membranes were visualised using a Licor Odyssey 

Infrared Imaging System (Millennium Science, Mulgrave, Australia). Protein 

densitometry data was collected for each sample and normalised to GAPDH (1:5000) to 

account for loading inconsistencies. Each sample was then normalised to the internal 

standard loaded on the same gel. A ratio of phosphorylated to total protein was 

calculated for each sample and the average was calculated for each study group. A table 

of groups studies, antibodies used, buffers used and a western blot image can be found 

in Appendices 1, 2, 5 and 4 respectively.  

  

  
3.4 Study 3 & 4: Effect of EGFR and MMP inhibition on A1AR and 

δOR responses:  

This study relied on protocols executed in sections 3.2 and 3.3. Using the same 

method as study 1, hearts were exposed to co-treatment with the EGFR inhibitor AG147 

(n=6 for CCPA, n=6 for BW373U86) and the MMP inhibitor GM6001 (n=6 for CCPA, 

n=6 for BW373U86). Following ischaemia and reperfusion the cardiac functional 

outcome and cell death were assessed (refer to sections 3.2.1 and 3.2.2 respectively). 
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The hearts were then homogenised and their cytosolic compartments fractioned for 

investigation, excluding study 4 which relied on whole hearts investigated in a previous 

project (refer to sections 3.3.1 and 3.3.2). The use of these hearts from previous research 

was due to sample loss and time constraints. Although cytosolic fractions would have 

been ideal, the previous methods utilized were the same as the current study. Western 

blot analysis will be used to assess for total and phosphorylated levels of Erk1/2 and Akt  

(refer to section 3.3.3)   

  

3.5 Statistical Analyses  

All data was analysed through GraphPad Prism 6 and all values are expressed as 

mean ± SEM. For the purposes of this study, data points outside ± 2 standard deviations 

of the mean were considered outliers and removed. A multi-way analysis of variance 

was employed to contrast groups, with post-hoc Newman-Keuls test to identify specific 

treatment effects. Evidence of statistical significance was accepted for P≤0.05.  

  

  

  
  

  

  

  

CHAPTER 4:  
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RESULTS  

  

  

  

  

  

  

  

  

  
4.0 RESULTS  

  

4.1 STUDY 1: Effects of A1AR and δ-OR activity on cardiac functional  

outcomes following ischaemia/reperfusion  

  

4.1.1 Effects of A1AR and δ-OR activation and inhibition on cardiac functional 

outcomes following ischaemia/reperfusion:  

Murine hearts were cannulated in a Langendorff mode enabling the coronary 

circulation to be perfused. After 20 minutes of normoxic stabilization, the hearts were 

subjected to 25 minutes normothermic global zero flow ischaemia followed by 45 

minutes of aerobic reperfusion. Selective receptor agonists were applied 5 minutes prior 

to ischaemia and throughout reperfusion. Baseline measures were made immediately 

prior to initiation of ischaemia, and the relative (%) recoveries after 45 minutes 
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reperfusion was calculated for LV developed pressure (LVDP), +dP/dt, -dP/dt and 

coronary flow rate.   

Following ischaemia and reperfusion, untreated control hearts exhibited 

increased end diastolic pressure (EDP) and reduced LVDP, +dP/dt, -dP/dt and coronary 

flow. Treatment with the either selective A1AR agonist CCPA, or the selective δ-OR 

agonist BW373U86, significantly reduced (p≤0.0001 vs. CTRL) LV EDP following 

ischaemia/reperfusion (Figure 5A) compared to controls.  Recovery of LVDP was 

significantly increased following A1AR activation via CCPA (p≤0.0001 vs. CTRL) or 

δOR activation via BW373U86 (p≤0.001 vs. CTRL) (Figure 5B). Similarly, LV 

contractility (+dP/dt) and relaxation (-dP/dt) were also significantly improved with both 

CCPA (p≤0.0001 vs. CTRL, p≤0.01 vs. CTRL) and BW373U86 (p≤0.001 vs. CTRL, 

p≤0.001 vs. CTRL) (Figure 5C, 5D). Furthermore, treatment with CCPA, but not 

BW373U86, significantly improved the recovery of coronary flow rate at the 

termination of reperfusion (p≤0.01 vs. CTRL) (Figure 5E). LDH release  

(corresponding to cell death) was significantly reduced by both CCPA and BW373U86 

(p<0.05 vs. CTRL, p<0.05 vs. CTRL) (Figure 5F). A1AR or δ-OR inhibition via the 

selective antagonists DPCPX and BNTX, respectively, did not significantly affect 

functional outcomes or cell death relative to control (Figure 5). These results suggest 

that cardioprotective responses can be induced via the activation of A1ARs and δ-ORs, 

and that endogenous levels of receptor agonists within the heart itself may not be 

sufficient to induce this response.    



81  
  

 
  



82  
  

4.1.2 Effects of A1AR activation in conjunction with δ-OR inhibition on cardiac 

functional outcomes from ischaemia/reperfusion (AR/OR cross-talk):  

Receptor cross-talk was assessed via co-treatment with the selective δ-OR 

antagonist BNTX during selective A1AR agonism with CCPA (Figure 7). Additionally 

hearts were co-treated with CCPA and the corresponding A1AR antagonist, DPCPX 

(Figure 6). Receptor antagonists were applied 10 minutes prior to agonist treatment and 

throughout reperfusion. All functional outcomes measured were significantly improved 

via treatment with CCPA (Figure 6, 7). This response was abolished via co-treatment 

with the selective A1AR antagonist DPCPX (Figure 6). Furthermore, the protective 

response observed with A1AR stimulation was completely negated via co-treatment 

with the selective δ-OR antagonist BNTX (Figure 7). This indicates that the A1AR 

dependent cardioprotection is reliant on the activation of δ-OR‟s.    

  

4.1.3 Effects of δ-OR activation in conjunction with A1AR inhibition on cardiac 

functional outcomes from ischaemia/reperfusion (OR/AR cross-talk).  

Receptor interactions were assessed via co-treatment with the selective A1AR 

antagonist DPCPX during selective δ-OR agonism with BW373U86 (Figure 7). In 

addition, hearts were co-treated with BW373U86 and the corresponding δ-OR 

antagonist BNTX (Figure 6). All functional outcomes measured, excluding recovery of 

flow rate, were significantly improved via treatment with BW373U86 and the ensuing 

activation of δ-ORs (Figure 7). Inhibition of these receptors via co-treatment with 

BNTX hindered this response (Figure 7). Moreover, the protective response observed 

via δ-OR stimulation was completely abolished via co-treatment with the selective 

A1AR antagonist DPCPX (Figure 7). These results further support receptor cross-talk, 

revealing that δ-OR mediated protection requires the simultaneous activation of A1ARs.  
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Figure 4. Antagonism of the A AR and d-OR abolishes A 
 Figure 6. Antagonism of the A1AR and 1 δ-OR abolishes A1AR and 1AR- and d-OR-dependent functional 

protectionδ-OR-dependent functional protection  
(respectively) from ischaemia/reperfusion(respectively) from ischameia/reperfusion.: Hearts were untreated or 
treated with the selHearts were untreated or treated with the selective Aective A1AR agonist [100nM 1AR agonist [100 
nM cyclopentyladenosine (CCPA] applied alone or cocyclopentyladenosine (CCPA)], applied alone or co-administered 
with the selective A-administered with the A1AR antagonist [100nM 1AR antagonist [100 dipropylcyclopentylxanthine 
(DPCPX)].  Additionally hearts were treated with thenMDipropylcyclopentylxanthine (DPCPX)]. Additionally hearts 
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were treated with d-OR agonist [1 uM BW373U86] applied δ-OR agonist [1μM BW373U86] appliedalone or co-
administered with the selective d-OR antagonist [1 uM 7-Benzylidenenaltrexone (BNTX)]. Data is shown for alone or 
co-administered with the selective δ-OR antagonist [benzylidenenaltrexone (BNTX)]. Data is shown for recovery of post-
ischaemic recovery of left ventricular end diastolic pressure (A), left ventricular developed pressure (B), +dP/dt 
(C),LV end diastolic pressure (A), LV developed pressure (B), +dP/dt (C), -dP/dt (D), coronary flow (E) and LDH  

release (cell death) (F). Data is expressed as means ±SEM. * -dPdt (D) and flow rate (E) and LDH release (cell death) (F). 
Data is expressed as means ± SEM. * p = <0.05 vs CTRL.p≤0.05 vs. CTRL. *** p≤0.001 vs. CTRL. **** p≤0.0001  

vs. CTRL. # *** p = <0.001 vs CTRL. **** p = <0.0001 vs CTRL.p≤0.05 vs. CCPA. † p≤0.05 vs. BW373U86. # p = 
<0.05 vs CCPA.† p = <0.05 vs BW373U86 
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Figure Figure 5. Duel antagonism of the A7. Dual Antagonism of the A11AR and d-OR via DPCPX or BNTX abolishes AAR 
and δ-OR via DPCPX or BNTX abolishes 1AR- and d-OR-dependent functionalA1AR- and δ-OR-dependent  

functional protection protection from ischameia/reperfusion.from ischaemia/reperfusionHearts were untreated or treated with 
the selective A: Hearts were untreated or treated with the selective A1AR agonist [1001 nMAR agonist [100cyclopentyladenosine 

(CCPA)]nM cyclopentyladenosine (CCPA] applied alone or co, applied alone or co-administered with the selective d-OR antagonist 

[1 uM-administered with the δ-OR antagonist [benzylidenenaltrexone (BNTX7-Benzylidenenaltrexone (BNTX)]. Additionally 
hearts were treated with the selective d-OR agonist [1 uM BW373U86] applied)]. Additionally hearts were treated with the δ-OR 
agonist [1μM BW373U86] applied alone or co-administered walone or co-administered with the selective Aith the A1AR 
antagonist [100nM dipropylcyclopentylxanthine (DPCPX)]. 1AR antagonist [100 nMDipropylcyclopentylxanthine (DPCPX)]. Data 
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is shown forData is shown for recovery of LV end diastolic pressupost-ischaemic recovery of left ventricular end diastolic pressure 
(A), left ventricular developed pressure (B), +dP/dt (C), -dPdtre (A), LV developed pressure (B), +dP/dt (C), -dP/dt (D), coronary 
flow (E) and LDH release (cell death) (F). Data is expressed as means ±SEM. * (D) and flow rate (E) and LDH release (cell 
death) (F). Data is expressed as means ± SEM. * p = <0.05 vs CTRL. ** p p≤0.05 vs. CTRL. p≤0.01 vs. CTRL. *** p≤0.001 vs. 
CTRL. **** p≤0.0001= <0.01 vs.  

CTRL. # vs CTRL. *** p = <0.001 vs CTRL. **** p = <0.0001 vs CTRL. # p = <0.05 vs CCPA.p≤0.05 vs. CCPA. † p≤0.05 vs. 
BW373U86.  † p = <0.05 vs BW373U86. 

  
4.2 STUDY 2: Effects of A1AR and δ-OR activity on the expression and 

phospho-regulation of protective signalling molecules (Erk1/2, Akt)  

following ischaemia/reperfusion  

  

4.2.1 Effects of A1AR and δ-OR activation and inhibition on Erk1/2 and Akt 

expression and phospho-regulation following ischaemia/reperfusion.   

Hearts from study 1 were snap-frozen in liquid nitrogen following the 

termination of reperfusion. Hearts were homogenised and fractioned to yield cytosolic 

proteins and aliquoted to a concentration of 30 µg/ml. Total and phosphorylated levels 

of Erk1/2 and Akt were subsequently assessed via western immunoblot. Duplicate 

signal values were averaged for both total and phosphorylated proteins. These arbitrary 

values were then standardized to a loading control (GAPDH) and to an internal standard 

(same sample loaded on every gel) to account for differences between gels. A ratio of 

phosphorylated to total protein was calculated for each sample and the mean and 

standard error was determined for each study cohort. Unexpectedly, neither A1AR nor 

δOR stimulation via CCPA and BW373U86 (respectively) significantly influenced the 

phosphorylation of Erk1/2 (Figure 8A, 9A). Akt phosphorylation was increased by both 

CCPA and BW373U86; however only the latter achieved statistical significance (p<0.01 

vs. CTRL), increasing Akt phosphorylation by 50% relative to control (Figure 8B). The 

A1AR antagonist DPCPX was found to have minimal effect on Erk1/2 and Akt 
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phosphorylation when applied alone (Figure 8). Alternatively, inhibition of the δ-OR 

via BNTX was found to increase both Akt and Erk1/2 phosphorylation (p≤0.01 vs.  

CTRL, p≤0.05 vs. CTRL) (Figure 9). This response with BNTX is in conflict with the  

literature.   
 A B 
 150 150 

 100 100 

 50 50 

 0 0 

Figure 8. Expression and phospho-regulation of protective signalling molecules (Erk1/2, Akt) in  
Figure 6. Expression and phosphoregulation of protective signalling molecules (Erk1/2, Akt) in 
responseresponse to A to A1AR activation and inhibition following ischaemia/reperfusion:AR 
activation and inhibition following ischaemia/reperfusion . Hearts were untreated or Hearts were 
treated with the 1selective A1AR agonist [100nM cyclopentyladenosine (CCPA]. Additionally hearts were 
treated with the A1AR antagonist [100nM dipropylcyclopentylxanthine (DPCPX)]. Data is presented as a 
1AR agonist [100 nM cyclopentyladenosine (CCPA)]. untreated or treated with the selective A 
ratio of phosphorylated to total proteinAdditionally hearts were treated with the A1AR antagonist [100 nM 

Dipropylcyclopentylxanthine relative to control (%). (A) depicts Erk1/2 phosphorylation, (B) depicts Akt 

phosphorylation. Data is expressed as means ±SEM. ) 
(DPCPX)]. Data is presented as a ratio of phosphorylated to total protein, relative to control (%). (A 
depicts Erk1/2 phosphorylation, (B) depicts Akt phosphorylation. Data is expressed as means ± SEM. 
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Figure Figure 7. Expression and phosphoregulation of protective signalling molecules (Erk1/2, Akt) in9. 

Expression and phospho-regulation of protective signalling molecules (Erk1/2, Akt) in 
responseresponse to d-OR activation and inhibition following ischaemia/reperfusion . to δ-OR 
activation and inhibition following ischaemia/reperfusion: Hearts were untrHearts were untreatedeated 
or treator treated with the selective d-OR agonist [1 uM BW373U86].  Additionally hearts were treated with 
theed with the selective δ-OR agonist [1μM BW373U86]. Additionally hearts were treated with the δOR 
antagonist [benzylidenenaltrexone (BNTX). d-OR antagonist [1 uM 7-Benzylidenenaltrexone (BNTX)]. Data 
is presented as a ratio of phosphorylatedData is presented as a ratio of phosphorylated to total proteinto total 
protein, relative to control (%). (A) depicts Erk1/2 phosphorylation, (B) depicts Akt relative to control (%). 
(A) depicts Erk1/2 phosphorylation, (B) depicts Akt phosphorylation. Data is expressed as means 
phosphorylation. Data is expressed as means ± SEM.  * p = <0.05 vs CTRL. ** p = <0.001 vs CTRL.±SEM. * 
p≤0.05 vs. CTRL. ** p≤0.001 vs. CTRL.  

  

  
4.2.2 Effects of A1AR activation in conjunction with δ-OR inhibition on Erk1/2 and 

Akt expression and phospho-regulation following ischaemia/reperfusion (AR/OR 

cross-talk).  

A1AR stimulation via CCPA marginally reduced Erk1/2 and enhanced Akt 

phosphorylation; however significance was not observed (Figure 10). Co-treatment 

with the selective A1AR antagonist DPCPX or the selective δ-OR antagonist BNTX did 

not significantly influence Erk1/2 signalling (Figure 10A), challenging previous 

research. Alternatively Akt phosphorylation was reduced by ~50% relative to control 

when hearts were co-treated with CCPA + DPCPX or CCPA + BNTX (Figure 10B), 

however only the change with CCPA+DPCPX proved statistically significant (p≤0.05 

vs. CCPA). These results suggest that the A1AR and δ-OR are involved in the protective 

activation of Akt during ischaemia/reperfusion.  

  

4.2.3 Effects of δ-OR activation in conjunction A1AR inhibition on Erk1/2 and Akt 

expression and phospho-regulation following ischaemia/reperfusion (OR/AR cross- 

talk).   
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Stimulation of δ-ORs via BW373U86 did not significantly influence Erk1/2 

phosphorylation (Figure 11A). In contrast, activation of the δ-OR enhanced Akt 

phosphorylation by more than 50% relative to control (p≤0.05 vs. CTRL) (Figure 11B). 

When this agonist was applied alongside its corresponding antagonist (BNTX), the 

response was repressed, reducing Akt phosphorylation by more than 50% relative to 

BW373U86 alone (p≤0.05 vs. BW373U86) (Figure 11B). With respect to Akt, 

crosstalk was observed via co-treatment with the A1AR antagonist DPCPX, repressing 

the kinase signalling response observed with δ-OR activation (Figure 11B). Conversely,  

Erk1/2 phosphorylation was not significantly influenced by BW373U86, applied alone 

or in conjunction with either antagonist (BNTX, DPCPX) (Figure 10A). Unexpectedly, 

co-treatment with BW373U86 and BNTX increased the phosphorylation of Erk1/2 by 

more than 30% relative to control; however this was not found to be significant (Figure  

10A).   
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Figure Figure 8. Expression and phosphoregulation of protective signalling molecules (Erk1/2, Akt) in10. 

Expression and phospho-regulation of protective signalling molecules (Erk1/2, Akt) in 

responseresponse to A to A1AR activation 1AR activation in conjuction with d-OR inhibition followingin 

conjunction with δ-OR inhibition following  
ischaemia/reperfusion:ischaemia/reperfusion . Hearts were untreaHearts were untreated or treated with 

the selective Ated or treated with the selective A1AR agonist [100nM 1AR agonist [100 nM 

cyclopentyladenosine (CCPA] applied alone or co-administered with the selective A1AR antagonist  

cyclopentyladenosine (CCPA)] applied alone or co-administered with the selective A1AR antagonist-OR 

antagonist  
[100nM dipropylcyclopentylxanthine (DPCPX)] or the selective δ 
[100 nM Dipropylcyclopentylxanthine (DPCPX)] or the selective d-OR antagonist [1 uM 

[benzylidenenaltrexone (BNTX)].  Data is presented as a ratio of phosphorylated to total protein 7-
Benzylidenenaltrexone (BNTX)]. Data is presented as a ratio of phosphorylated to total protein, 

relative to control (%). (A) depicts Erk1/2 phosphorylation, (B) depicts Akt phosphorylation. Data is 
relative to control (%). (A) depicts Erk1/2 phosphorylation, (B) depicts Akt phosphorylation. Data is 
expressed as means expressed as means ± SEM.±SEM. # p# p = <0.05 vs CCPA.≤0.05 vs. CCPA  
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Figure Figure 9. Expression and phosphoregulation of protective signalling molecules (Erk1/2, 
Akt) in11. Expression and phospho-regulation of protective signalling molecules (Erk1/2, Akt) in 
responseresponse to d-OR activation in conjuction with A to δ-OR activation in conjunction with 
A1AR1AR inhibition following inhibition following ischaemia/reperfusion:ischaemia/reperfusion 
. Hearts were untreated or treatHearts were untreated or treated with the selective d-OR agonist [1 uMed 
with the selective δ-OR agonist [1μM  
BW373U86]BW373U86] applied alone or co-administered with the selective d-OR antagonist [1 uM 
applied alone or co-administered with the selective δ-OR antagonist  
[benzylidenenaltrexone (BNTX7-Benzylidenenaltrexone (BNTX)] or the selective A)] or the selective 
A1AR antagonist [100nM 1AR antagonist [100 
dipropylcyclopentylxanthine (DPCPX)]nMDipropylcyclopentylxanthine (DPCPX)]. Data is presented as 
a ratio of phosphorylated to total. Data is presented as a ratio of phosphorylated to total protein relative to 
control (%). (A) depicts Erk1/2 phosphorylation, (B) depicts Akt phosphorylation. Data is protein, 
relative to control (%). (A) depicts Erk1/2 phosphorylation, (B) depicts Akt phosphorylation. 
expressed as means Data is expressed as means ± SEM. * p = <0.05 vs CTRL.±SEM. * p≤0.05 vs. 
CTRL. # p≤0.05 vs.# p = <0.05 vs BW373U86. BW373U86  

4.3 STUDY 3: Effect of EGFR and MMP inhibition on A1AR and δ-OR  

functional responses following ischaemia/reperfusion  

  The protective response observed from A1AR and δ-OR stimulation was negated 

via co-treatment with the EGFR antagonist AG1478 (Figure 12) or the MMP inhibitor 

GM6001 (Figure 13). A1AR and δ-OR dependent recovery of end diastolic pressure,  

LV developed pressure, +dP/dt and -dP/dt were all repressed via co-treatment with 

AG1478 or GM6001, providing evidence that adenosinergic and opioidergic protection 

within the myocardium requires an EGFR and MMP dependent pathway. Although 

δOR activation via BW373U86 failed to significantly enhance the recovery of flow, 

cotreatment with AG1478 or GM6001 reduced flow by approximately 20% compared 

to the agonist applied alone (Figure 12E, 13E). Alternatively, A1AR stimulation via 

CCPA was shown to significantly improve flow    (p≤0.01 vs. CTRL), and this response 

was completely abolished with co-treatment of AG1478 or GM6001 (p≤ 0.05 vs. 

CCPA)  

(Figure 12E, 13E), providing further evidence of EGFR/MMP dependent signalling. 

Administration of BW373U86 resulted in substantial reductions in perfusate LDH 

concentration, indicative of reduced cell death (Figure 12F, 13F). This cytoprotective 

response was abolished via co-treatment with either AG1478 or GM6001 (p≤0.05 vs.  
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BW373U86) (Figure 12F, 13F).  Due to time constraints, the influence of EGFR or  

MMP inhibition on A1AR-mediated cell death responses was not able to be evaluated.   
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4.4 STUDY 4: Effect of EGFR and MMP inhibition on A1AR and δ-OR  
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signalling responses following ischaemia/reperfusion  

  Due to time constraints, some data collected previously in our lab was used in 

this component of the research project (specifically, Erk1/2/Akt signalling in response 

to CCPA ± AG1478 or GM6001). The effect of EGFR and MMP inhibition on A1AR 

dependent Erk1/2 and Akt signalling was assessed in whole heart lysates rather than 

cytosolic fractions. In these hearts, administration of CCPA significantly elevated both 

Erk1/2 and Akt phosphorylation (Figure 14). This response was negated via 

cotreatment with wither AG1478 or GM6001 (p≤0.05 vs. CCPA) (Figure 14). In 

cytosolic fractions, infusion of the selective δ-OR agonist BW373U86 did not 

significantly alter Erk/1/2 expression and phosphorylation (Figure 15A). Despite this, 

co-treatment with  

AG1478 reduced Erk1/2 phosphorylation by ~50% compared to the agonist alone (p≤  

0.05 vs. BW373U86) (Figure 15A), suggesting an EGFR dependent mechanism.  

Surprisingly, co-treatment with GM6001 did not significantly influence Erk1/2 activity 

(Figure 15A). Unlike Erk1/2, Akt phosphorylation was increased by more than 60% 

with BW373U86 (p≤0.05 vs. CTRL) and this response was abolished via treatment with 

the selective EGFR antagonist AG1478 or the selective MMP inhibitor GM6001 

(Figure 15B). This provides further evidence that adenosinergic and opioidergic 

cardioprotection requires (at least in part) the activity of EGFRs and MMPs.   
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Figure Figure 12. A14. A11ARAR dependent functional protection from ischameia/reperfusion 
requires the activity-dependent expression and phospho-regulation of protective signalling 
molecules (of the EGFR and MMPs.Erk1/2, Akt) requires the activity of EGFRs and MMPs.Hearts 
were untreated or treated with the selective A Hearts were untreated or treat1AR agonist [100 nMed with 
the selective Acyclopentyladenosine (CCPA)] applied alone or co-administered with the selective EGFR 
antagonist [1001AR agonist [100nM cyclopentyladenosine (CCPA] applied alone or co-administered with the 
EGFR antagonist [100nM Tyrphostin AGnM Tyrphostin AG-1478 (AG1478)] or the selective MMP antagonist 
[1 uM GM6001 ]. Data is presented-1478 (AG1478)] or the MMP inhibitor [1µM GM6001]. Data is presented 
as a ratio of phosphorylated to total proteinas a ratio of phosphorylated to total protein, relative to control 
(%). (A) depicts Erk1/2 phosphorylation, relative to control (%). (A) depicts Erk1/2 phosphorylation, (B) 
depicts Akt phosphorylation. Data is expressed as means (B) depicts Akt phosphorylation. Data is 
expressed as means ± SEM. * p = <0.05 vs CTRL. # p = <0.05 vs±SEM                              

* p≤0.05 vsCCPA.. CTRL. # p≤0.05 vs. CCPA  
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Figure 15. δ-OR-dependent expression and phospho-regulation of protective signalling molecules  
Figure 13. d-OR dependent functional protection from ischameia/reperfusion requires the(Erk1/2, Akt) 

requires the activity of EGFRs and MMPs. Hearts were untreated or treated with the activity of  the 
EGFR and MMPsselective δ-OR agonist [1μM BW373U86] . Hearts were untreated or treated with the 
selective d-OR agonistapplied alone or co-administered with the EGFR antagonist  
[1[100 uM BW373U86] applied alone or co-administered with the selective EGFR antagonist [100 nMnM 

Tyrphostin AG-1478 (AG1478)] or the MMP inhibitor [1µM GM6001]. Data is presented as a ratio of 
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Tyrphostin AG-1478 (AG1478)] or the selective MMP antagonist [1 uM GM6001 ]. Data is shown 
forphosphorylated to total protein relative to control (%). (A) depicts Erk1/2 phosphorylation, (B) depicts 
post-ischaemic recovery of left ventricular end diastolic pressure (A), left ventricular developed 
pressureAkt phosphorylation. Data is expressed as means ±SEM  * p≤0.05 vs. CTRL. # p≤0.05 vs. 
BW373U86  
(B), +dP/dt (C), -dPdt (D) and flow rate (E). Data is expressed as means ± SEM. * p = <0.05 vs CTRL. # 
p = <0.05 vs BW373U86.   

  

  

5.0 DISCUSSION  

  

  

  

  

  

  

  

  

  

  
5.0 DISCUSSION  

 The present study indicates that cytoprotective and kinase signalling responses to A1ARs 

and -ORs are inter-dependent, exhibiting essential requirements for activity of the 
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alternate receptor. The signaling and protective responses to both receptors involve 

MMP/EGFR-dependent signalling, which may contribute to apparent AR/OR crosstalk 

(though precisely how co-activation of common signalling could underpin essential 

A1AR/-OR crosstalk reported here is unclear). These findings have important 

implications regarding adenosine and opioid receptor pharmacology, and control of 

myocardial stress-resistance.   

  

5.1 Agonism of the A1AR or δ-OR triggers myocardial protection  

Activation of adenosine and opioid receptors by the selective A1AR agonist 

CCPA and the selective δ-OR agonist BW373U86 (respectively) significantly improved 

the recovery of almost all functional parameters assessed (Figure 5). Cell death was 

significantly reduced in hearts treated with CCPA or BW373U86 with respect to 

control.  

A1AR and δ-OR responses were abolished by both A1AR and δ-OR antagonists 

(application of an antagonist at either the A1AR or the -OR negated the 

cardioprotective response of both receptor types), revealing an essential requirement for 

activity of the alternate receptor (Figure 6,  7).  

The degree of protection is similar for both receptor stimuli, though CCPA was 

found to provide moderately greater protection compared to -OR activation (with 

BW373U86) for  the majority of outcomes; EDP, LVDP, +dP/dt and flow (Figure 5).  

Responses to adenosine receptor agonism support findings of previous research.  

Thornton and colleagues found that pre-treatment with the highly selective A1AR 

agonist CCPA improved the recovery of mean arterial blood pressure and reduced 

infarct development in rabbits subjected to regional coronary ischaemia and substantial 

reperfusion (33). This response was more recently evidenced in the murine 
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myocardium. It was found that A1AR agonism via CCPA reduced LV diastolic 

dysfunction by approximately 50% and almost doubled pressure development following 

25 minutes ischaemia (1). Zhan and colleagues found that A1AR agonism improved 

cardiac functional outcome and limited infarct development following ischaemia/  

reperfusion, with this response repressed in A2AAR or A2BAR knockout (KO) mice, 

implicating the A2ARs in A1 mediated cardioprotection (171). The ability of the A1AR 

to modulate inotropic state may be due to inhibition of β-adrenergic receptors, 

modifying ventricular contraction (62,111). Adenosinergic repression of cardiac 

overstimulation in the ischaemic myocardium may also involve inhibition of 

noradrenaline release from cardiac nerves (112), as well as an interplay between 

multiple receptors and signalling molecules, including sub-types within the adenosine 

receptor family itself (82,303,307).   

Coronary flow was significantly enhanced with A1AR stimulation, increasing to 

rates higher than pre-ischaemia (107±6%, p≤0.01 vs. CTRL) (Figure 5E). This is 

consistent with the findings of Maczewski & Beresewicz, who found that A1AR 

agonism via N6-cyclohexyladenosine (CHA) reduced coronary vascular dysfunction 

following ischaemic injury and that antagonism of this receptor (via DPCPX) negated 

this response (67). KATP channel opening appears crucial to this protection, with KATP 

inhibition abolishing both IPC- and CHA-mediated responses (67). Interestingly, both 

A1 and broad spectrum adenosine receptor antagonism, via DPCPX and 8-

psulfophenyltheophylline (SPT) respectively, did not influence the protection conferred 

by IPC, suggesting that A1AR activation during IPC alone may not reach a threshold 

sufficient to induce protection (67). It is suggested that this protective mechanism may 

involve multiple receptor interactions, specifically between subtypes within the 

adenosine receptor family. There is evidence that the A1AR may inhibit 

A2ARdependent relaxation (120), and that A2AR vascular responses can be augmented 
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in hearts lacking A3ARs (304). There is also evidence of A3-dependent vasoprotection, 

with A3AR agonism attenuating reperfusion injury by reducing neutrophil-endothelial 

interactions, independent of A1AR activity (312).   

The amount of cell death following ischaemia/reperfusion is the primary 

determinant of myocardial ischaemic outcome (80), therefore it is important to assess. 

Significant reductions in LDH efflux were observed in hearts treated with CCPA, 

indicative of diminished cell death (Figure 5F). This is consistent with the findings of 

Zhao et al. who report that administration of adenosine alone or the selective A2AR 

agonist CGS21680 significantly reduced the amount of cell death in dogs subjected to  

60 minutes of descending coronary artery occlusion and 6 hours of reperfusion (313). 

Furthermore, the work of Kin and colleagues indicates that post-conditioning 

significantly limited cell death and reduced infarct size in isolated mouse hearts, with A3 

and A2A, but not A1AR, antagonism abolishing this protection, suggesting that 

endogenous activation of A3 and A2AARs is required to induce ischemic 

postconditioning (181).  

The protective response resulting from AR agonism is attributable in part to G 

protein-coupled activation of pro-survival RISK signalling paths (143,147,314,315), 

involving Akt, Erk1/2, PKC and PI3K (145,148-151) and converging on inhibition of 

the mPTP among other targets (67,153,154). Germack and Dickson found that the 

preconditioning effect of adenosine requires the A1 and A3, but not the A2AARs, 

involving anti-apoptotic signaling via the MEK1/ERK1/2 pathway in neonatal rat 

cardiomyocytes (151). Additionally A3AR agonism has been shown to prevent 

myocardial reperfusion injury by inhibiting mPTP opening through the inactivation of 

GSK3β at reperfusion, mediated via the PI3K/Akt signal pathway (148). Kuno and 

colleagues suggest that the activation of the A2BAR at reperfusion can induce 

protection; however this response requires pre-ischemic PKC-mediated sensitisation of 
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adenosine receptors, so that endogenous adenosine may activate A2BAR dependent 

signalling during reperfusion (150). Auchampach and Gross reported that A1AR 

antagonism (via DPCPX) abolished the protection afforded by IPC in the canine heart 

(153). Additionally these researchers identified adenosine receptors in pharmacological 

preconditioning, revealing that pre-treatment with a combination of adenosine and 

dipyridamole significantly reduced infarct size following ischemia/reperfusion, with this 

response repressed via KATP channel antagonism, suggesting that activation of A1ARs 

provokes myocardial preconditioning in the canine heart via KATP channel opening 

(153).   

The functional response observed with BW373U86 administration is also 

consistent with previous research, indicating that selective δ-OR antagonism 

exacerbates infarct development and that δ-OR agonism mimics the protective response 

observed in IPC (35,215). Patel and colleagues reported that δ-OR agonism, via 

SNC121 (SNC), mimicked the protection afforded by IPC, implicating this receptor in 

pharmacological pre-conditioning (203). Moreover, Shen and colleagues provided 

evidence that δ-OR agonism protects cultured rat cardiomyocytes from apoptosis during 

ischaemia/reperfusion, involving activation of the MEK/ERK1/2 pathway (222).  

Pharmacological preconditioning via δ-OR activation is also evident in the human 

myocardium, mimicking the effects of IPC and attributed in part to the opening of 

mitochondrial KATP channels (223). Schultz and colleagues further implicated δ-ORs in 

pharmacological preconditioning, demonstrating that δ-OR stimulation confers 

protection via Gi/o proteins and KATP channels in the intact rat heart (219). The work of 

Cohen and colleagues assessed the effects of selective δ-OR stimulation via DADLE, 

revealing reduced infarct development and enhanced phosphorylation of protective 

kinases such as Akt and Erk1/2, with EGFR antagonism abolishing this response (144).  
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The δ-ORs have also been linked to post-conditioning responses, with δ-OR 

agonism during reperfusion significantly reducing infarct size via PI3K-dependent 

phosphorylation of GSK3β (23). Additionally, Fuardo and colleagues found that 

administration of morphine and DADLE, in early reperfusion, protected the human 

myocardium (in vitro) against ischaemia/reperfusion injury, involving the inhibition of 

mPTP opening (54). The mechanisms of opioidergic cardioprotection likely involve 

manipulation of mitochondrial viability, repression of apoptotic signalling and 

conservation of gap junction function (17,254,255). Additionally, opioid mediated 

upregulation of free radical scavenging (in response to ROS exposure) may contribute 

to protection (316,317). This is consistent with the work of Tsutsumi and colleagues, 

who found that reduced infarct size following δ-OR agonism (via SNC-121) requires 

ROS signalling to trigger pharmacological post-conditioning (216). Another study 

performed by these researchers supports caveolae-dependence in opioidergic 

cardioprotection, demonstrating that opioid-induced preconditioning is dependent on 

caveolin-3 expression, and that endogenous protection in caveolin-3 overexpressing 

mice is opioid dependent (204). Furthermore, Patel and colleagues found that δ-OR 

localization to caveolae is essential for opioidergic protection in cardiac myocytes, 

again implicating an important role for the caveolin-3 protein (203). Caveolae have been 

shown to serve as a signalling platform for many GPCRs, including ORs (202) and it 

has been suggested that OR‟s may localize to caveolae during ischaemia/reperfusion, 

where they co-immunoprecipitate with caveolin-3 to participate in protective signalling 

(202).  

EGFRs have also been found to localise to caveolae  in isolated rat cardiomyocytes 

(318). It is suggested that components of the pathway that link EGFRs to Erk1/2 may be 

organised within caveolar microdomains, with evidence of caveolin-3 dependence  
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(318). Additionally, previous  research provides evidence of reduced cell death with 

δOR agonism (compared to I/R alone), consistent with the findings of the current study 

(203). It is worth noting that although the agonists and antagonists were sub-type 

specific, the involvement of other receptors cannot be ruled out. It is also relevant that 

the A1AR and its protective effects have been linked to shifts in caveolin localisation, 

consistent with interactions/cross-talk with the -OR.   

  

5.2 Dual antagonism of A1AR and -OR responses: evidence of  

essential receptor crosstalk  

Intriguingly, application of the A1AR antagonist DPCPX, or the δ-OR antagonist  

BNTX, negated the cardioprotective response resulting from agonism of either receptor 

(A1AR or δ-OR); that is co-treatment with the δ-OR antagonist BNTX completely 

attenuated the protection invoked by A1AR activation (Figure 7) and application of the 

A1AR antagonist DPCPX negated δ-OR mediated responses (Figure 7). This suggests 

that myocardial A1AR and -ORs are intimately inter-related, exhibiting an essential 

requirement for the activity of the other receptor in triggering functional protective 

responses. This has been demonstrated previously by Peart & Gross, who showed that 

the anti-infarct effects of opioid receptor agonists can be negated by A1AR antagonism 

and that conversely, the protection observed from enhanced endogenous adenosine can 

be repressed by δ-OR inhibition in an in vivo rat model of infarction (213). Data 

suggests that cross-talk with adenosine receptors is essential in opioid receptor mediated 

cardioprotection, with opioid receptors in turn contributing to adenosinergic protection 

(45,213,299,305,309,319). Kato and colleagues showed that the anti-infarct effects of 

fentanyl were abolished by A1AR antagonism (309). Furthermore it has been reported 
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that adenosine receptors are essential to the myocardial protection associated with 

intrathecal morphine (305). Some report that the beneficial effects of IPC requires the 

activity of δ-ORs, κ-ORs and A1ARs (299), though the precise mechanism of 

interaction remains unknown.   

The unusual bi-directional and positive interaction between ARs and ORs 

(whereby activity of both is apparently essential to responses mediated by either receptor) 

has some precedents in myocardial tissue. Barki-Harrington et al. reported that either 

angiotensisn II receptor type 1 (AT1) or a ß-adrenoceptor (β-AR) antagonism exerted dual 

inhibition of responses mediated by both receptor types (320). While not directly assessed, 

this was interpreted as evidence of in vivo receptor heterodimerisation in cardiac cells, a 

potential explanation of A1AR/-OR crosstalk. Though there is no evidence of native 

A1AR/-OR dimers in vivo, Cheng and colleagues studied coexpression of A1AR and δ-

OR in CHO cells, in which A1ARs were shown to heterologously desensitize δ-OR 

mediated kinase signalling and induce δ-OR phosphorylation (321). Whether the current 

data are manifestations of a myocardial A1AR/-OR heterodimer (or higher order 

oligomer/mosaic) is unknown. Importantly, while A1ARs and -ORs may dimerise when 

artificially co-expressed in CHO cells, the outcome is functionally distinct from that 

observed here (321). Other AR heteromers are antagonistic in nature, or may be 

asymmetrically synergistic (i.e. ligation of one receptor is required for functionality of the 

other, but not vice versa). However, it is apparent that a reciprocal (symmetrical) and 

positive interaction exists between A1AR and -ORs in the murine myocardium (Figure 

7).   

There is evidence of AR/OR interactions in other systems (305,321-324), though 

again these are  largely inhibitory rather than positive, with A2AAR activity countering δ-

OR responses in nervous tissue (323), and A1AR activity crucial to μ-OR synaptic control 
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(322). One study reports on effects of A1AR and δ-OR co-expression in CHO cells, where 

A1ARs heterologously desensitize δ-OR mediated kinase signalling and induce δ-OR 

phosphorylation (321). These data contrast the essential positive interaction between 

native A1ARs and δ-ORs in cardiac tissue (45,213). There is nonetheless some evidence 

for positive interactions between AR/OR pairs in other models: Kaster et al. report that 

anti-depressant actions of A1 and A2ARs involve κ- and μ-OR activities (324), while 

remote conditioning effects of intrathecal OR activation require peripheral and central  

AR signalling (305). The basis of such interactions has not been determined but may 

involve AR/OR dimerisation, transregulation of receptor expression (325-328) or ligand 

levels (329,330), and co-activation of downstream signalling pathways.  

  

5.3 Agonism of the A1AR or δ-OR triggers protective downstream 

signalling molecules (Akt) to induce myocardial protection   

The signalling response resulting from acute AR or OR activation mirrors that of 

conventional pre-conditioning, involving the activation of RISK pathways via PI3K, 

involvement of ROS, inhibition of pro-apoptotic effectors and mitochondrial targets 

(213,263,264,314). Pro-survival signalling molecules Akt and Erk1/2 have been 

associated with adenosinergic and opioidergic cardioprotection and resistance to 

ischaemic insult (45,46,142,145,147,149,151,222,331). These proteins were therefore 

identified as logical targets to assess the influence of adenosine and opioid receptors on 

downstream signalling. The results of the present study reveal that administration of 

BW373U86, but not CCPA, significantly enhanced Akt phosphorylation (p<0.01 vs. 

CTRL) (Figure 8B, 9B). A1AR activation (via CCPA) was associated with an increase 

in phosphorylated Akt (+19.24% vs. CTRL) however this was not statistically 

significant (Figure 8B). Although not as remarkable as in prior research, this data is 
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somewhat consistent with previous findings, suggesting that adenosinergic and 

opioidergic cardioprotection requires the agonism of GPCR's and the ensuing activation 

of pro-survival RISK pathways (147), activating signalling molecules such as Akt to 

induce downstream protection (45,142,145,148-152). Past research has indicated that 

pre-treatment with CCPA more than doubled Akt phosphorylation in HL-1 myocytes, 

mimicking that of IPC (1). Additionally Wang and colleagues implicate enhanced Akt 

signalling in the protective response observed with DADLE postconditioning and δ-OR 

agonism (332).   

Investigation of these downstream signalling molecules may provide another 

basis for AR and OR cross-talk. In the current study, administration of an antagonist at 

either receptor resulted in dual antagonism, substantially reducing the amount of 

phosphorylated Akt with respect to agonist treatment alone. Co-treatment with BNTX 

reduced A1AR mediated Akt phosphorylation by approximately 60% (Figure 10B). 

This dependence of the alternate receptor was again evidenced by administration of the  

A1AR antagonist DPCPX, negating the protection conferred by δ-OR stimulation  

(Figure 11B).   

Intriguingly, application of the A1AR antagonist (DPCPX) applied alone did not 

significantly influence Akt phosphorylation (and functional responses) with respect to 

the control (Figure 8), suggesting that endogenous agonists levels are insufficient to 

implement this protective response. A substantial amount of research has investigated 

the role of intrinsic myocardial adenosine and how it influences myocardial ischaemic 

outcomes. Previous studies have found that deletion of the A1AR increases infarction 

development in mice (21,165,166) and that antagonism of these receptors worsens 

ischaemic outcomes in murine myocardium (167). However, it has been suggested that 

intrinsic myocardial adenosine levels are enough to engage but not effectively activate 

protective adenosine receptors in the heart; this is supported by reduced infarct 
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development with allosteric enhancers of AR activity, sensitizing these receptors to 

local agonists (168). Moreover, Sharma and colleagues showed that enhanced 

endogenous adenosine may require the activity of myocardial opioid receptors to induce 

protection (319).   

Conflicting evidence arises with respect to Erk1/2 expression and 

phosphoregulation. It was found that neither A1AR nor δ-OR activation significantly 

influenced Erk1/2 activity in this model, contrasting previous research (Figure 8A, 9A). 

Forster and colleagues indicated that δ-OR mediated post-conditioning (via DADLE) is 

associated with enhanced Erk1/2 (and Akt) phosphorylation in isolated rabbit hearts 

(217). Additionally, Williams-Pritchard and colleagues reported that A1AR agonism in 

mouse hearts (via CCPA) enhanced Erk1/2 phosphorylation two to three fold following 

25 minutes ischaemia (1). However initial time-course analysis revealed that Erk1/2 

phosphorylation peaked after 5-10 minutes of A1AR stimulation, potentially providing 

context to the current study. This temporal expressional profile of Erk1/2 during 

ischaemia/reperfusion suggests that post-reperfusion analysis of Erk1/2 expression and 

phosphorylation may not be an accurate representation of Erk1/2 signalling in 

cardioprotection. With respect to the current research, it is possible that Erk1/2 signalling 

peaked during ischaemia or the early stages of reperfusion and was therefore not detected 

in post-reperfusion analysis. Solenkova and colleagues provided evidence that although 

PI3K activity is required long into the re-oxygenation period, Erk1/2 activity is only 

necessary in the first few minutes of reperfusion (149), and that MEK1/2 (and therefore 

Erk1/2) antagonism abolished A1AR-mediated cardioprotection when applied 5 minutes 

prior to, but not 10 minutes into reperfusion (149). It is apparent that Erk1/2 

phosphorylation, and therefore activation, is a time-dependent process, peaking during 

ischaemia or early reperfusion and diminishing over time (1,149). With respect to the 

current study, it is possible that A1AR and δ-ORs induced transient Erk1/2 
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phosphorylation at an early stage and that minimal phosphorylated protein remained at 

the termination of reperfusion. Although by no means conclusive, literature suggests that 

Erk1/2 signalling peaks during the initial or early stages of ischaemia or reperfusion (149) 

and that Akt may exhibit different temporal properties, potentially involving an 

enhanced/prolonged period of phosphorylation. It is possible that Erk1/2 phosphorylation 

occurring in the early stages of ischaemia/reperfusion may still contribute to post-

conditioning responses; however additional research would be required to determine this. 

The initial protective state induced by IPC is transient and only lasts for 1-2 hours 

following IPC in animal studies (31,333). This is known as „classical‟, or „first window‟ 

preconditioning (334). In addition to immediate conditioning responses, subsequent 

research has provided evidence of „late phase‟ preconditioning, providing a „second 

window‟ of protection (334-336). Protection arising from late phase preconditioning re-

appears after 24 hours post-ischaemia and can last up to 72 hours, requiring no additional 

stimulus. Although this second window of protection is more prolonged than classical 

preconditioning, its influence on myocardial stress resistance is not as potent (335,336). 

Future research might assess the time-dependent activation of protective signalling 

molecules, assessing expression profiles at multiple stages during ischaemia and 

subsequent reperfusion.  

While changes in Akt phospho-regulation observed in this study are consistent  
with involvement in cardioprotection, we did not specifically test for Akt/Erk1/2 

dependence of A1AR and δ-OR mediated protection (through use of selective kinase 

pathway inhibitors for example). In this respect, while Akt is broadly considered 

protective, and Erk1/2 is often considered a beneifical kinase, there is both positive and 

negative data regarding Akt/Erk1/2 involvement in cardiac protection. For example, 

cotreatment with the Akt antagonist LY294002 completely aboloished the opioidergic 

protection observed from DADLE administration. Gross and colleagues found that 
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pretreatment with the irreversible PI3K inhibitor wortmannin completely abolished the 

protection conferred by δ-OR agonism (46). Additional research has provided evidence 

of JAK2 regulation of PI3K-dependent Akt signalling in opioidergic cardioprotection, 

with administration of the JAK2 inhibitor AG-490 negating the protection afforded by 

both morphine and fentanyl isothiocynate (FIT), a δ-OR agonist (221). Furthermore, 

protection in response to AR activation can be blocked by antagonsits of PI3K and 

MEK1/2, preventing activation of Akt and Erk1/2 respectfully (149). Park and colleagues 

determined that cardioprotection induced via A3AR agonism could be negated by PI3K 

(thus Akt) inhibition (148). The findings of Germack and Dickson show that 

administration of the MEK1 inhibitor PD 98059 abrogated protection induced via A1 and 

A3AR agonism, with the latter being PI3K-dependent, implicating both Erk1/2 and Akt 

in adenosinergic cardioprotection. Nonetheless, additional research found that protection 

associated with A1AR activity was independent of Akt, alternatively suggesting that 

increases in protein kinase B (PKB) phosphorylation via a tyrosine kinase-dependent 

pathway may be involved (155). Other research implies that protection observed from 

ischaemic postconditioning is unrelated to RISK signalling and independent of Erk1/2 

and Akt activation (337). Anaesthetized pigs subjected to postconditioning (via 6 cycles 

of 20/20 seconds of reperfusion/re-occlusion) exhibit reduced infarct size with respect to 

immediate full reperfusion (IFR); however RISK phosphorylation did not differ between 

study groups. Furthermore, PI3K inhibition reduced RISK phosphorylation in both post-

conditioned and IFR hearts, however postconditioning still elicited enhanced protection 

(with respect to IFR), independent of RISK activity (337). Thus, while tissue protection 

and myocardial kinase signalling responses are related across groups, displaying common 

sensitivities to A1AR/-OR agonists and antagonists (and MMP/EGFR inhibitors), our 

data is only circumstantial or  
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associative evidence of Akt and Erk1/2 involvement in A1AR and -OR  

cardioprotection.  

  

5.4 EGFR orchestration of A1AR / -OR triggered signalling and  

protection  

A number of studies  implicate MMP dependent transactivation of EGFR in the 

cardiac protection triggered by GPCRs (144,217,298,338-340),  consistent with the 

findings of the current study. The functional protection observed with A1AR or δ-OR 

agonism was completely abolished in hearts co-treated with the EGFR antagonist 

AG1478 or the MMP inhibitor GM6001 (Figure 12, 13). Additionally, the enhanced 

cytoprotection (reduced cell death) associated with A1AR or δ-OR stimulation was 

abolished via co-treatment with AG1478 or GM6001, resulting in significantly elevated 

cell  death in these hearts compared to agonist treatment alone (via CCPA and 

BW373U86) (Figure 12F, 13F). This suggests that both adenosinergic and opioidergic 

cardioprotection requires a common MMP and EGFR dependent signalling pathway to 

induce protection.   

Transactivation of EGFR appears to contribute to several GPCR-triggered 

responses in different tissues (144,217,298,341,342). Transactivation may involve MMP-

dependent release of an EGFR ligand such as HB-EGF (340), with bound EGFR 

dimerizing to transactivate tyrosine kinase. This can lead to activation of Akt, Erk1/2, 

NOS, and PKG (343) among other targets. These mediators are all implicated in 

GPCRdependent cardioprotection (343-346), including AR (148,149,151,152,155) and 

OR (144,213,263,264) responses. Transactivation of EGFR has been implicated in 

cytoprotection in response to -opioid agonism (144,217) and recent evidence has 
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confimed the involvement of MMPs and EGFRs in adenosinergic protection (1,155). 

Findings for A1AR responses are in agreement with recent data (1). Williams-Pritchard 

and colleagues reported that A1AR- and IPC-mediated functional protection is entirely 

EGFR and MMP dependent, potentially involving the HB-EGF ligand. Additionally it 

was determined that myocardial survival kinase activation (Erk1/2, Akt) by A1AR 

agonism is similarly MMP/HB-EGF/EGFR dependent (1).  The work of  Germack et al. 

indicated that AG1478 blocks A1AR activation of Akt in neonatal myocytes (155) and the 

findings of McNamara et al. provide evidence that A1AR control of airway mucin 

production requires EGFR transactivation (347). Findings for -OR responses are also in 

agreement with prior research (1,144,217).  It has been reported that myocardial 

protection and enhanced Erk1/2 phosphorylation induced by either A1AR or δ-OR 

agonism (via CCPA and BW373U86 respectively) can be abolished by EGFR antagonism 

(via AG1478) (Williams-Pritchard et al. 2008). Additionally, Forster and colleagues 

report that the δ-opioid agonist DADLE protects rabbit hearts at reperfusion through 

activation of the pro-survival kinases Akt and ERK1/2, with this protection dependent on 

EGFR transactivation (217). Furthermore, Cohen and colleagues provide evidence of 

MMP and EGFR dependence in the protection observed from δ-OR agonism (144), 

administration of metalloproteinase inhibitor III (MPI) abolished the infarct sparing effect 

of δ-OR stimulation and pre-treatment with the EGFR antagonist AG1478 negated δ-OR 

mediated pro-survival kinase (Erk1/2, Akt) phosphorylation in whole hearts (144).  

The current data indicates that EGFR or MMP inhibition can negate the protective 

Akt signalling response conferred by A1AR and δ-OR agonism (Figure 14B, 15B). 

Administration of BW373U86 failed to significantly influence Erk1/2 activity, however 

antagonism of EGFRs (but not MMPs), applied in conjuction with δ-OR agonism, 

considerably reduced the amount of phosphorylated Erk1/2 with respect to BW373U86 

alone (p<0.05 vs. BW373U86) (Figure 15A). Although  δ-OR agonism failed to enahnce 
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Erk1/2 phosphorylation, this data suggests that EGFRs may still influence  Erk/1/2 

signalling under conditions of stress.  

Although somewhat inconsistent with the results of the current study (potentially 

due to temporal expression profiles) there is evidence that Erk1/2 phosphorylation can 

promote EGFR activation in a positive feedback manner (348). This raises the possibility 

that A1AR and -OR activities may be required to achieve sufficient amplification of 

EGFR signalling and thus downstream kinase activation. Previous research has suggested 

that a threshold of protein kinase C (PKC) stimulation must be reached before IPC stimuli 

can induce protection (349).  It was found that each cycle of IPC releases multiple receptor 

agonists, such as adenosine and bradykinin,  which have an additive effect on PKC 

stimulation, triggering protective signalling when a threshold is reached. Goto and 

colleagues showed that inhibition of bradykinin reduced PKC stimulation to sub-

threshold levels after 1 cycle of IPC. Intriguingly, when the ischemic stimulus is 

reinforced with four cycles of IPC, additional release of adenosine and other agonists can 

adequately compensate for the absent bradykinin and result in sufficient PKC stimulation 

to exceed the threshold of protection (349). This may have relevance with respect to the 

current study; it is possible that both AR and OR activation are required to exceed the 

threshold of protection. Therefore, inhibiting one receptor may negate the 

cardioprotective effect of the alternate receptor. In this regard, it is possible that 

endogenous agonist for the A1AR, released under conditions of stress, may have an 

additive effect with exogenous δ-OR agonism (and vice versa) to reach threshold levels 

of EGFR transactivation and kinase phosphorylation necessary for expression of 

cardioprotection. This provides another potential basis for adenosine and opioid receptor 

cross talk during ischaemia/reperfusion.   
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5.5 Limitations of the study  

A murine model was employed here, and although this is an appropriate 

mammalian model, it may not be an accurate representation of ischemic heart disease in 

humans, which often involves additional co-morbidities, such as age and diabetes. 

Subsequent studies may benefit by assessing adenosinergic and opioidergic 

cardioprotection and cross-talk in animal models exhibiting one or more of these 

comorbidities.   

In addition, limitations arise with respect to the gender of the study subjects. 

Although this model is an appropriate representation of the mammalian heart, there are 

key cardiovascular differences between male and female mice, and as only males were 

assessed these discrepancies were not taken into consideration.  

Another limitation arises with respect to the differentiation of pre- and 

postischaemic stimuli. As all agonists and antagonists were applied both prior to 

ischaemia and throughout reperfusion, we are unable to determine whether responses 

are a result of pharmacological pre- or post-conditioning, which would be of clinical 

relevance. Future research should consider adding additional treatment groups, 

discriminating between pre- and post-ischaemic receptor activation and inhibition.   

Additionally, the single assessment of protective kinase signalling (at the 

termination of reperfusion) presents another drawback to the study. As previously 

stated, Erk1/2 and Akt phosphorylation may have different temporal properties and 

expression profiles, with peak phosphorylation likely occurring before the cessation of 

reperfusion. Future research should aim to assess the time-dependent activation of 

prosurvival kinases, evaluating the expression profiles at different stages during 

reperfusion.  

Initially this study aimed to examine A1AR- and δ-OR- mediated kinase 

signalling responses in both cytosolic and membrane heart fractions, however due to 
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time constraints and sample loss this was unable to be achieved, with only cytosolic 

fraction assessed. While the freely mobile cytosolic proteins are key to protective 

signalling, assayed here, membrane-related kinase signalling responses are not assessed 

here and could play distinct roles. Furthermore, this additional data might have 

relevance in regards to AR and OR cross-talk, potentially providing information on 

receptor trafficking and compartmentalisation.   

  

5.6 Future Directions  

Future research should aim to further evaluate the mechanism behind AR and 

OR cross-talk: whether this reflects receptor heteromisation and/or the additive effects 

of ARs and ORs in reaching/surpassing a threshold for expression of protection. The 

International Union of Basic and Clinical Pharmacology (IUBCP) criteria for defining 

receptor dimers includes the identification of specific function properties of dimerised 

receptors, evidence of physical associating in native tissue (via electron microscopy or 

energy transfer methods) and gene knockout/knockdown studies to selectively modify 

dimer components (350). Therefore, these criteria should be the focus of future research.   

Additionally, the technique of remote ischaemic pre-conditioning (rIPC) could 

be explored. Remote ischaemic preconditioning (rIPC) refers to the induction of 

protection in a target organ (such as the heart) in response to transient ischaemic 

episodes in a remote tissue or organ (such as a limb) (195). Due to its non-invasive and 

indirect approach, rIPC may have great clinical significance. Often involving cuff 

inflation/deflation of a distant limb, rIPC appears effective across species, however 

outcomes from clinical trials remain inconsistent, with many studies indicating no 

clinical benefit (255,256). Opioid receptors have been identified as key mediators in this 

protective response. It was found that remote preconditioning resulted in the release of 



115  
  

endogenous opioid receptor agonists that could effectively communicate a protective 

signal to a recipient myocardium (351). Additionally ORs have been identified in the 

pre-conditioning response via mesenteric artery occlusion in anaesthetised rats (263). 

This remote conditioning response can be transferred across species, with evidence of 

human plasma dialysates following transient limb ischaemia inducing opioid receptor 

dependent protection in rabbit cardiomyocytes (352,353), making this an intriguing area 

of research.   

In addition, subsequent studies may benefit by assessing the combined effects of 

GPCR agonists on the threshold needed to induce protection. It is possible that the 

combined stimulation of the A1AR and δ-ORs is required to induce protection. 

However, it has been shown that additional release of other agonists can adequately 

compensate for the antagonism of one receptor, resulting in sufficient stimulation to 

exceed the threshold of protection (349). Moreover, this model does not adequately 

explain why protection via one applied agonist requires both receptor subtypes.  

Therefore future research should assess the additive effect of adenosinergic and 

opioidergic pharmacological preconditioning with IPC (or rIPC), determining whether 

this additional stimulus would compensate for antagonism either receptor (e.g. CCPA + 

BNTX + IPC or BW373U86 + DPCPX + IPC). In addition, the additive effect of 

ischaemic postconditioning on pharmacological AR and OR agonism should be 

assessed. Furthermore, the effect of combined agonism of different sub-types with the 

adenosine or opioid receptor family should be evaluated. For example, simultaneous A1 

and A3AR agonism may be needed to induce stimulation past the threshold needed to 

elicit protection during δ-OR inhibition. Conversely, dual agonism of δ- and κ-ORs may 

be necessary to reach the protective threshold during A1AR antagonism.   

Adenosinergic and opioidergic cardioprotection has proven to be less effective 

in the aged and diseased myocardium (6,17,251,255,265,354-356). It is suggested that 
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the threshold needed to induce protection may be higher in these hearts, requiring 

additional stimulation with respect to a healthy heart. Alternatively, exercise may reduce 

the threshold needed to elicit protective signalling. Therefore future studies should 

determine the influence of age and other co-morbidities (e.g. diabetes), as well as 

exercise, on adenosinergic and opioidergic cardioprotection, with respect to the 

protective threshold.  

As previously stated, this study incorporated cytosolic heart fractions only, 

therefore potential membrane Akt or Erk1/2 activity was not evaluated. Further research 

should also seek to assess membrane (or whole heart) AR- and OR-mediated signalling 

responses during ischaemia/reperfusion, relating this back to cytosolic fractions to 

determine variations in spatial cell signalling.   

To further expand on this research, the concept of biased agonism could be 

explored. Although adenosine and opioid receptor stimulation can protect against 

ischaemia/reperfusion experimentally, therapeutic targeting of these receptors for the 

treatment of ischemia-reperfusion injury has been largely unsuccessful. This is in part 

due to the fact that the high concentrations required to elicit protection in the human 

myocardium can have significant influence on haemodynamic effects, inducing 

bradycardia, atrioventricular (AV) block and hypotension (357,358). Baltos and 

colleagues provide evidence that atypical adenosine receptor agonists in native tissue 

can retain cytoprotective signalling in the absence of adverse effects, referred to as 

biased agonism (358).  Another study reported „natural bias‟ of endogenous µ-opioid 

receptor ligands, reporting distinct bias profiles (357). This phenomenon has been 

reported in multiple GPCRs (359,360) , subjectively influencing signalling profiles and 

physiological functions. Biased ligands have been shown to stabilize distinct GPCR 

conformations, promoting interactions with specific transducers such as G-proteins and 

arrestins, resulting in the selective activation of downstream pathways (360). This bias 
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may favour β-arrestin signalling over G-protein coupled signalling (359,360), 

potentially inducing cardioprotective responses independent of adverse effects 

associated with G-proteins (in regards to ischaemia/reperfusion) (358). The biased 

agonism of specific GPCRs may have immense clinical significance, enhancing drug 

development and providing new pharmacological profiles to combat disease.  

  

5.7 Conclusions  

In summary, the present study confirms an essential interaction between ARs and 

ORs in the heart, with kinase signalling modulation and tissue protection via either A1ARs 

or -ORs exhibiting common and essential dependencies on activity of both receptors. 

The basis of this response remains unclear, although we show that both receptors engage 

distal kinases (and cardioprotection) in an entirely MMP/EGFR dependent manner, 

adding an additional level to this novel cross-talk.   

These results confirm that A1AR or δ-OR agoism significanty improves cardiac 

functional outcome and enhances Akt phosphorylation following ischaemia/reperfusion, 

and that application of an antagonist at either the A1AR or the -OR negates the 

cardioprotective and kinase signalling responses of both receptor types, providing a basis 

for cross-talk. Additionally, we found that both EGFR and MMP antagonsim abolishes 

the protection conferred by A1AR or δ-OR stimulation, suggesting this response involves 

the MMP-dependent release of an EGFR ligand (such as HB-EGF), transactivating EGFR 

to contirbute to adenosinergic and opioidergic protective signalling. Late Erk1/2 

phosphorylation was not significantly influenced in this study, potentially due to 

variations in the temporal expression of protective kinases.  

To conclude, the results of the current study provide the first evidence of adenosine 

and opioid receptor crosstalk in isolated perfused hearts. These findings have also layed 
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the ground work for ongoing research, outlining temporal expression of kinases, cellular 

localisation, receptor dimerisation and transregulation of receptor transcription as 

intriguing future directions. Additionally, further investigations may benefit by exploring 

the potential signalling threshold needed to induce protection and the concept of dual 

agonism. From a therapeutic perspective, unravelling these mechanisms may provde an 

avenue for implementing effective adjunctive  

cardioprotection to limit cardiac damage with AMI and surgery.   

  

  

  

  

  
6.0 Appendices  
  

 Appendix 1: Study Groups   

Study Group  Receptor Actions  Study Participation  

CONTROL  -  1, 2, 3, 4  
CCPA  A1AR Agonist  1, 2  

BW373U86  δ-OR Agonist  1, 2  

DPCPX  A1AR Antagonist  1, 2  

BNTX  δ-OR Antagonist  1, 2  

CCPA + DPCPX  A1AR Agonist + A1AR Antagonist  1, 2  

CCPA + BNTX  A1AR Agonist + δ-OR Antagonist  1, 2  

BW373U86 + DPCPX  δ-OR Agonist + A1AR Antagonist  1, 2  

BW373U86 + BNTX  δ-OR Agonist + δ-OR Antagonist  1, 2  

CCPA + AG1478  A1AR Agonist + EGFR Antagonist  3  

CCPA + GM6001  A1AR Agonist + MMP Antagonist  3  

BW373U86 + AG1478  δ-OR Agonist + EGFR Antagonist  3, 4  

BW373U86 + GM6001  δ-OR Agonist + MMP Antagonist  3, 4  
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 Appendix 2: Western Blot Antibodies   

Antibody  Dilution  Species  

Primary (1°)  Antibody  1:1000  Rabbit  
Secondary (2°) Antibody  1:30000  Mouse, Rabbit  

GAPDH  1:5000  Mouse  

  
  
  

 
 Appendix 3: Mouse and heart weights  

Group No.  
Mouse  

 (g)  
Heart  
(mg)  Group No.  

Mouse    
(g)  

Heart  
(mg)  

 CONTROL  CCPA + DPCPX  

1   26.6  162   5  28.5  193  
2  
3  
4  

27.8  182 27.2 
 147  

 27.0  157  

 6  27.9  176  
BW373U86 + DPCPX  

 1  26.6  157  
5   24.9  127   2  26.9  174  
6   25.9  155   3  27.5  171  
7   25.1  133   4  28.4  174.8  
8   24.9  161  5 27.4  252  

6 25.9  167   CCPA  

1  
2  

 27.8  171  
 24.7  145  

CCPA + BNTX  
 1  26.5  175  

3   24.6  136   2  32.4  161  
4   25.5  137   3  30.6  214  
5   22.2  131   4  23.9  134  
6   21.5  122   5  27.4  157  
7   22.8  133   6  26.0  150  

 BW373U86  BW373U86 + BNTX  

1   22.0  131   1  25.1  167  
2   22.9  160   2  30.7  209  
3   21.9  112   3  29.8  152  
4   24.7  122   4  28.2  221  
5   22.6  111   5  30.3  157  
6   20.6  117   6  29.0  194  
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 DPCPX  BW373U86 + AG1478  

1   26.8  169   1  29.1  165  
2   25.4  157   2  26.3  143  
3   24.4  168   3  25.7  138  
4   22.7  134   4  31.3  230  
5   30.0  178   5  29.7  177  
6  
7  
8  

25.3  165 26.0 
 158  

 24.8  171  

 6  29.9  206  
BW373U86 + GM6001  
1 27.3  155  
2 27.6  164  
3 29.2  165  

 BNTX  

1   27.3  176  
2   27.7  183   4  29.5  152  
3   26.8  157   5  29.6  216  
4  
5  

 24.6  203  
 27.1  156  

 6  28.6  179  
      

6   28.4  161        
    

  
    

 CCPA + DPCPX  

1   29.9  242  

2   29.1  181        
3   32.7  239        
4   30.1  217        
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Appendix 5: Buffer Recipes  

  
 Langendorff Perfusion Buffer (KREBs Buffer)   

  1L    

Salt  Sigma Cat#  Molarity (mM)  MW  Grams  

NaCl  S5886  119  58.44  6.954  

Glucose  G5767  11  180.16  1.982  

NaHCO3  S5761  22  84.01  1.848  

KCl  P9541  4.7  74.55  0.350  

MgCl  M2393  1.2  203.3  0.244  

KH2PO4  P9791  1.2  136.1  0.163  

EDTA  E5134  0.5  372.24  0.186  

CaCl  C5080  2.5  147.02  0.368  

Kinexus Buffer (pH7.2) – store at 4°C (fridge)   

 200 mL   

Mops  0.836g  20nM  

EGTA  0.152g  2nM  

EDTA  0.372g  5mM  

NaF  0.252g  30mM  

B-Glycerophosphate  1.728g  40mM  

NaPP  1.064  20mM  

Distilled Water  200mL    

  
  

 
Lysis Buffer – Make fresh every day  

 5 mL   

Leupeptin   5uL of stock  

Pepstatin   25 uL of 200X  

Benzamidine   50 uL of 100X  

PMSF   50 uL of 100X  
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NaO   25 uL of 200X  

Kinexus Buffer   4850 uL  

  
  

 
Running Buffer (10X Stock) – store at 4°c (fridge)  

1L   

Tris Base  30g  

Glycine  144 g  

Distilled Water  To 1000mL  

  
  
  
  

 
Running Buffer (1X) – make on the day of use  

1 L   

10 X Running Buffer  90 mL  
10% SDS  10 mL  

Distilled Water  900 mL  

  
  

 

Transfer Buffer – store at 4°c (fridge)  

 
Tris Base  3g  
Glycine  14.4g  

Methanol  200 mL  

Distilled Water  To 1000 mL  
 

  
  
Appendix 6: Hand-cast Acrylamide Gel Recipes  
  

1 L   
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Western Blot Hand-Cast Gels   

  Stacking Gel (4%)  Resolving Gel (10%)  

40% Acrylamide/Bis  1250 uL  10,000 uL  
0.5M Tris-HCl (pH 6.8)  3150 uL  -  

1.5 M Tris-HCl (pH 8.8)  -  10,000 uL  

10% SDS  125 uL  400 uL  

Distilled Water  7950 uL  19,400 uL  

TEMED  12.5 uL  20 uL  
10% APS  62.5 uL  200 uL  

Total Volume  12,550 uL  40,020 uL  

TEMED and APS will cause gel to set, add directly before filling glass plates.   
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