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A B S T R A C T  

 

Despite considerable research investigating the role of adenosine in protecting the heart 

against myocardial ischaemia-reperfusion injury, the specific roles of individual sub-

types of adenosine receptors (ARs) remains unclear. Furthermore, the role of 

inflammation in ischaemia-reperfusion injury, and its interaction with adenosine in the 

myocardium, is also unclear. This thesis outlines a series of studies aimed at clarifying 

the role of adenosine (specifically A1ARs) in protecting the ischaemic heart. I also aimed 

to clarify the role of inflammatory processes in the heart, during both ischaemia-

reperfusion and exacerbated systemic inflammation. 

The predominant model employed to study myocardial ischaemia-reperfusion throughout 

this thesis is the Langendorff perfused isolated mouse heart. Surprisingly, and despite 

widespread use, relatively few papers have characterised fundamental properties of this 

valuable model, and perhaps as a result considerable variation exists in both 

methodological approaches and outcomes with this technically challenging preparation. 

Initially, we therefore compared responses to ischaemia in hearts perfused with 1.35 and 

2 mM free Ca2+, and in hearts paced at 420 and 600 beats per minute (bpm). We also 

assessed ischaemic tolerance in male vs. female mice over an age range of 8, 16, 20 and 

24 wks. The results from this study indicate that differences in Ca2+ concentration in 

buffer, or variations in heart rate, do not exert major effects on final outcomes from 

ischaemia-reperfusion but do generate some qualitative shifts in ischaemic responses 

consistent with predicted actions of both Ca2+ and metabolic (heart) rate. Moreover, we 

present the first evidence of early (within 16 weeks of age in males) age-dependent 
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changes in ischaemic tolerance in the model, and suggest that tight regulation of the age 

of mice used in studies of ischaemia-reperfusion will significantly reduce variability in 

experimental outcomes. 

Having characterised fundamental properties in the Langendorff isolated heart model, 

work in Chapters 4,5 and 6 assessed the roles of the A1 adenosine receptor (A1AR) in 

protecting against ischaemia-reperfusion injuries. The roles of the endogenous and 

exogenous A1AR activation in protecting against ischaemic contracture (and relationship 

between contracture and post-ischaemic outcomes) were first assessed, with data 

revealing that adenosinergic inhibition of contracture is solely A1AR-mediated and is 

‘supra-physiological’ (ie. evident only with significant periods of pre-ischaemic AR 

agonism or enhanced A1AR density). As such, ischaemic contracture appears insensitive 

to locally generated adenosine, potentially due to rapidity of contracture development vs. 

the finite time necessary for expression of AR-mediated cardioprotection. Moreover, 

whilst protection against ischaemic contracture was associated with improved post-

ischaemic outcome, modification of contracture is not a pre-requisite for improved 

outcome post-ischaemia. 

Having clarified the role of A1ARs in modifying ischaemic contracture, the impact of 

A1AR and adenosine deaminase (ADA) knockout or deficiency on ischaemic outcome 

was characterised (Chapters 5 and 6). Neither genetic manipulation modified baseline 

contractility, though heart rate was reduced in ADA-deficient mice (in keeping with 

enhanced adenosine levels). Removal of the A1AR abolished A1AR-mediated 

bradycardia in response to 2-chloroadenosine (confirming the phenotype), without 

altering sensitivity of A2AR-mediated coronary dilation. Similarly, functional A1AR and 
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A2AR sensitivities were unaltered by ADA deficiency. Tolerance to ischaemia was 

limited by the removal of the A1AR, with reduced contractile recovery (by ~25%) and 

enhanced lactate dehydrogenase (LDH) efflux (by ~100%). Contractile effects of A1AR 

deficiency involved worsened peak systolic pressure development with no change in 

diastolic dysfunction. In contrast, ADA deficiency modestly improved tolerance (as did 

A1AR overexpression), with a primary effect on diastolic dysfunction (but not systolic 

pressure). Protection with ADA deficiency was eliminated by simultaneous removal of 

the A1AR. Non-selective agonism (10 µmol/L 2-chloroadenosine) protected wild-type 

and A1AR deficient hearts, supporting protection via sub-types additional to A1ARs. 

These data are the first demonstrating that the removal of the A1AR limits intrinsic 

ischemic tolerance, and that ADA deficiency is protective. The normal function of the 

A1AR appears to be enhancement of peak contractility and limitation of cell death, with 

little effect on diastolic dysfunction. Reduced diastolic dysfunction is only apparent with 

enhanced A1AR agonism or expression.  

In Chapter 7, the extent to which ‘intrinsic’ inflammatory processes might impact on 

contractile recovery from ischaemia in isolated myocardium was assessed. Isolated 

myocardium possess a significant number of cells capable of modulating inflammation, 

including mast cells, macrophages, and myocytes themselves. Both immunomodulating 

agents and cytokine knockout mice were used to assess potential contributions of intrinsic 

inflammatory responses to injury in this model. The pro-inflammatory compounds 

formyl-Met-Leu-Phe (FMLP) and anti-inflammatory amiprilose HCl, ser-Leu-Ile-Gly-

Arg-Leu-NH2 (SLIGRL), S-(1,2,-diacarboxyethyl) glutathione (DCE-GS) and 

benzyloxycarbonyl-Ala-Ser-Thr-Asp-fluoromethylketone (Z-Z-ASTD-FMK) were 
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infused into hearts isolated from C57/BL6 mice. Additionally, functional recoveries were 

assessed in TNFα, IL-10, IL-6, nNOS and eNOS knockout, and IGF transgenic mice. 

Amiprilose was the only inflammatory modulator to alter outcome: both left ventricular 

(LV) diastolic and systolic dysfunction were exacerbated by this agent. In terms of gene 

modified models, baseline coronary flow was significantly higher in IL-6 and IL-10 

knockout mice, and  IL-6 and eNOS KO mice displayed significant improvements in 

absolute recovery of LV developed pressure (though neither of these effects were evident 

when recovery was normalised to baseline function). Both TNFα and IL-6 knockout 

reduced LV diastolic dysfunction during reperfusion. Coronary flow at the end of 

reperfusion was significantly improved in IL-6 and eNOS knockout mice. IGF transgenic 

mice displayed a ~25% increase in heart weight:body weight ratio, and significant 

impairment in post-ischaemic recovery (in both LV diastolic pressure and developed 

pressure). Results from these studies collectively suggest that there is indeed an influence 

of inflammatory modulation on isolated myocardium subjected to ischaemia-reperfusion, 

with a predominantly deleterious functional consequence (with some of these injurious 

mechanisms amenable to modulation to improve outcome). However, evidence of an 

inflammatory response, combined with a lack of protection with A2AAR agonism 

obseved in isolated hearts (459) tends to exclude a role for A2AARs in mediating anti-

inflammatory effects in cells resident to isolated hearts. 

Finally, in Chapter 8, the role of the A2AAR in modifying exacerbated systemic 

inflammatory responses was assessed using a murine model of endotoxemia. The impact 

of Adora2a knockout (A2AAR KO) in a model of acute endotoxemia was studied in both 

young and aged and male and female mice, in an attempt to assess for age and gender 
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dependencies of inflammatory responses and phenotype effects of A2AAR KO. Young (3-

4 months) and aged (10-11 months) mice were injected with 40 mg/Kg LPS or an 

equivalent volume of normal saline and sacrificed 12 or 24 hours later. The phenotype 

associated with A2AAR KO (in this setting) was strongly dependant on gender and age. 

No young animals (male or female, KO or wild-type) died following LPS challenge. 

However, aged, male, A2AAR KO mice displayed an 80% mortality rate vs. only 20% in 

aged wild-type mice. This contrasted outcomes in aged females, where mortality was 

20% in wild-type mice and 0% in A2AAR KO mice. Thus, while A2AAR KO increased 

mortality in males, it has little to no effect in females. Gender dependence of the A2AAR 

KO phenotype was also evident in young mice: haemoglobin and hematocrit levels were 

both elevated in young male (but not female) A2AAR KO mice treated with LPS while 

leukocyte and platelet levels were elevated in young male (but not female), A2AAR KO 

injected with saline. Interestingly, there was no reliable pro- or anti-inflammatory effect 

associated with A2AAR deletion in response to LPS. Importantly, however, Adora2a-/- 

mice exhibited a ~6 fold increase in cardiac troponin I (cTnI) levels after LPS challenge 

indicating a significant cardioprotective role for the A2AAR in the setting of endotoxemia. 

These data are the first to demonstrate that: males appear less able to compensate for loss 

of the A2AAR than females (in the context of inflammatory challenge), and this effect 

becomes more prominent with age; A2AARs play a significant cardioprotective role in 

sepsis. 

In summary, the data presented in this thesis reports: a primary role for the A1AR in 

mediating adenosinergic cardoprotection in isolated mouse hearts, although roles for 

other adenosine receptor sub-types are also implicated; the existance of an inflammatory 
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response in isolated mouse hearts despite being devoid of blood borne inflammatory 

cells; significant benefit via the A2AAR in animals and hearts subjected to endotoxaemia, 

with a significant gender dependancy of the impact of A2AArs in this setting.
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Cardiovascular disease (CVD) currently kills more Australians than any other disease 

group. Moreover, the incidence of CVD is predicted to increase as the population shifts 

towards an age-heavy distribution, and the number of people with risk factors for CVD 

increases (1). The proportion of Australian adults with risk factors is currently high 

(Table 1-1), and as it stands 90% of Australians have at least one risk factor for heart 

disease: 

Table 1-1: Incidence of risk factors for heart disease in Australia (1). 

Risk Factor for Heart Disease Percent of Australians with Risk Factor 

Excess body fat 60% 

Inactivity 54% 

Elevated blood cholesterol 51% 

Elevated blood pressure 30% 

Cigarette smoking 20% 

Excessive alcohol consumption 10% 

Diabetes 8% 

 

The incidence of both morbidity and mortality associated with CVD is still high despite a 

fall in CVD-related mortality in hospitals: heart, stroke and cardiovascular disease killed 

50294 people in 2002, and affects 1.10 million Australians (1). Thus, there is a pressing 

need to enhance our understanding of cardiovascular disease processes and to develop 

new therapies to treat cardiovascular disease. 

One of the principle components of many CVD’s is cardiac ‘ischaemia’. Myocardial 

ischaemia is defined as an insufficiency of blood supply to the heart (relative to demand), 

and can be due to constriction or obstruction of flow. The causes of myocardial ischaemia 
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are numerous, including coronary artery occlusion, thromboembolism, open-heart 

surgery, transplant and sepsis. Regardless of the cause, the consequences of ischaemia are 

the same: disruption of the balance between energy supply and demand necessitating 

anaerobic catabolism, with assiciated accumulation of a variety of toxic compounds 

causing injury to cells and triggers multiple pathways involved in oncotic and apoptotic 

death. Paradoxically, whilst reperfusion remains the definitive ‘treatment’ for ischaemia 

essential for preventing cell death, the reinstitution of blood flow causes further 

irreversible injury to cells still viable at the onset of reperfusion. Understanding the 

processes involved in triggering and mediating damage/death, and in countering these 

responses may inform clinical approaches to managing and treating ischaemic disorders 

 

1.1.  ADENOSINE 

The heart is not defenceless in the face of ischaemia-reperfusion. There are many 

mechanisms initiated by the heart in response to ischaemic insult in an attempt to delay 

and reduce injury. These mechanisms are initiated when the heart senses an imbalance 

between energy supply and demand. Adenosine is the end result of the breakdown of 

adenosine triphosphate (ATP) for energy supply and, as such, will be one of the first 

metabolites increased with disruption of the energy supply/demand balance. It therefore 

is of little surprise that receptors exist for adenosine that are involved in modifying 

cellular energy utilisation. Stimulation of these receptors initiates both immediate (within 

seconds) and long-term (hours to days) changes in heart function, cellular metabolism 

and even heart structure to restore balance. In this section of the thesis, adenosine 
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formation and mechanisms by which it affords protection in the setting of ischaemia-

reperfusion will be discussed.  

 

1.1.1.  ADENOS INE F ORM AT ION AND S AL VAGE 

Cardiomyocytes rely almost entirely on aerobic metabolism to form ATP as an energy 

source for contraction and homeostasis. With utilisation of ATP, adenosine is formed 

from repeated dephosphorylation:  

ATP  Adenosine diphosphate (ADP) + inorganic phosphate (Pi)  adenosine 

monophosphate (AMP) + Pi  adenosine + Pi.  

Because of the myokinase equilibrium, large shifts in the immediate precursor (AMP) can 

occur with very little change in ATP:  

[ATP]

[ATP]
K[AMP]

2

mk !=  

To a lesser extent, adenosine is also formed via the hydrolysis of S-adenosyl homocystine 

(SAH) by SAH-hydrolase, known as the transmethylation pathway, contributing 10-25% 

of adenosine formation under normoxic conditions (111, 359). Once formed, adenosine 

can accumulate within the cell or be released, and be either rephosphorylated by 

adenosine kinase to AMP, deaminated to inosine by adenosine deaminase. Extracellular 

adenosine can interact with surface receptors, be transported back into cells or 

deaminated extracellularly. Minimal formation and rapid salvage maintain low tissue 

levels of adenosine: 0.04-0.1 µm in the cytosol (540); 0.1 - 0.5 µm in interstitial fluid 
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(385, 601); 0.1 - 1.0 µm in blood (415). Moreover, a half-life of 2-3 s in blood ensures 

adenosine acts locally and does not exert effects remote from sites of formation 

Under ischaemic conditions, adenosine formation can increase 50-fold in both 

cardiomyocytes and endothelial cells (418). Ischaemic increases in adenosine occur 

primarily via repeated ATP dephosphorylation, with SAH hydrolysis enhanced only ~1.5 

fold (418).  However, it is also known that the adenosine kinase reaction is inhibited 

during de-energisation with ischaemia or hypoxia, greatly facilitating net adenosine 

release during these insults. Once adenosine diffuses from cells into the interstitial space, 

it is then either washed out via the vasculature (during reperfusion) or taken up into 

myocardial or vascular cells where it can be salvaged to AMP or metabolised to inosine 

and hypoxanthine. Hypoxanthine can be converted to AMP (a slow process) but more 

often is converted to xanthine and uric acid, with coupled ROS formation causing injury 

to cells. This overall process is summarised in Figure 1-1. 
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Figure 1-1: Pathways of adenosine formation and salvage. Grey arrows represent 
pathways inhibited during ischaemia. Broken arrows represent slow pathways of salvage. 
Abbreviations: Adenosine triphosphate (ATP); Adenosine diphosphate (ADP); 
Adenosine monophosphate (AMP); Inosine monophosphate (IMP); 5’ nucleotidase 
(5’NT); Adenosine Kinase (AK); Adenosine Deaminase (ADA); Reactive oxygen species 
(ROS); guanine monophosphate (GMP); S-adenosylhomocysteine (SAH) 
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1.1.2.  ADENOS INE RGIC CARDIOP ROTE CT ION 

A Note on Experimental Design and Interpretation 

Before reviewing literature in the field of adenosinergic protection, some limitations 

inherent to the studies reviewed, and in experimental results presented in this thesis, need 

to be raised. 

The first issue concerns the relatively recent development of the invaluable tool of 

knockout and transgenic mouse models. The generation of most knockout or transgenic 

mice involves crossing mice from two genetically different backgrounds. This ensures 

greater reproductive capacity and higher quality embryos for injection (533, 564). The 

mouse strain is then ‘backcrossed’ onto one inbred strain, typically for 6 generations 

resulting in >99% homogeneity (533). However, repeated biased selection for the 

modified gene (to continue back crossing) increases the risk of genes flanking the gene of 

interest also migrating to the backcrossed strain. These ‘hitch-hiker’ genes have potential 

to cause aberrant phenotypes. Whilst not specifically documented in adenosine receptor 

knockout mice, ‘hitch-hiker’ gene effects are evident in other knockout models (47, 172, 

274), and may explain early unpredicted phenotypes in A3AR knockout hearts. 

Furthermore, phenotype can be dependant on the strain to which it is back-crossed (533, 

633). This phenomenon, and methods for minimising this effect, have been reviewed 

(533, 633). Additionally, life long modification of a gene in a pathway with redundancy 

and/or compensatory mechanisms can obscure acute effects of gene deletion. 

Another limitation of both gene deletion and use of receptor antagonists is ‘opening’ of 

regulatory feedback loops. As will be discussed in detail in this thesis, adenosine 
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formation is regulated in a negative feedback loop: formed as a result of imbalance in 

energy supply or demand and initiating mechanisms to restore balance. When feedback to 

this signal is inhibited, the stimulus remains and as the insult to the heart becomes more 

severe with the loss of protective feedback, the signal is enhanced. This increase in levels 

of adenosine can activate other protective receptor subtypes, potentially compensating for 

inhibition of the receptor of interest. 

Unfortunately, these issues regarding gene-modification and receptor antagonism are not 

always taken into consideration in the analysis and interpretation of experimental data. 

They are thus raised here to highlight potential complications in the interpretation of 

studies within the literature (and in our own work). 

 

Adenosinergic Cardioprotect ion 

The protective effects of adenosine were originally attributed to its potent vasodilatory 

and bradycardic effects, and the ability of these responses to restore the balance between 

tissue energy supply and demand. Subsequent observations of adenosinergic 

cardioprotection under conditions of constant heart rate (145) and constant flow (459), 

have drawn the focus of research to powerful signalling pathways that exert protective 

effects independent of these functional changes. Adenosine has 4 known receptors; the A1 

adenosine receptor (A1AR), the A2A adenosine receptor (A2AAR), the A2B adenosine 

receptor (A2BAR), and the A3 adenosine receptor (A3AR). 

Non-specific adenosine receptor agonists and antagonists are presented in Table 1-2. 
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Table 1-2: Some non-selective adenosine receptor agonists and antagonists. Note: the 
A2BAR has the lowest affinity for adenosine and is often not assessed experimentally. 

Compound Species Ki at A1  Ki at A2a  Ki at A2b  Ki at A3 Reference 

Agonist 

Adenosine Rabbit 28 nM n.a. n.a 532 nM (221) 

 rat 10 µM 30 µM n.a 1 µM (242) 

2-CAD rat 300 nM 80 nM n.a. n.a. (394) 

NECA Human 14 nM 20 nM 330nM 6.2 nM (292) 

Antagonist 

8-SPT rat 3.2 nM 57 nM 2.2 nM >100 nM (165) 

BW-1433 rat 5.8 nM 238 nM 30.3 nM 12300 nM (165) 

 

Adenosinergic protection against different aspects of myocardial ischaemia-reperfusion 

has been observed in multiple animal models, including dogs (228, 441, 469, 475, 651), 

pigs (362), rabbits (437, 583, 662, 663), rats (136, 164) and mice (145, 461). Among 

other things, adenosine decreases cellular death (145, 461, 662) including apoptosis (179, 

541), improves contractile function (145, 475, 583, 662), delays onset of ischaemic 

contracture (150, 327), decreases accumulation of toxic metabolites (150), and inhibits 

inflammatory cell mediated cellular injury (95, 258, 320, 398, 552, 661). 

Although endogenous adenosine created during ischaemia-reperfusion is sufficient to 

confer receptor-mediated protection (375, 461, 491, 517, 662, 663, 667), further increases 

in endogenous (287, 288) or exogenous (171, 228, 327, 437, 459, 583) adenosine do 

confer additional benefit, suggesting sub-maximal protection normally afforded by these 

receptors in response to myocardial ischaemia-reperfusion. This is an important point, 
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particularly in the context of the debated role of endogenous adenosine in mediating 

cardioprotection. 

The timing or temporal properties of adenosinergic protection has been subject to 

considerable debate. Lasley and colleagues (321) have raised the possibility that pre-

ischaemic adenosine receptor activation is essential for adenosinergic protection. Whilst 

there are certainly many studies that support this concept (322, 324, 362, 371, 475, 651), 

there are also reports of adenosine-mediated protection post-ischaemia (27, 136, 145, 

164, 461, 583, 661-663). The discrepancy in the literature regarding ‘timing’ appears not 

to be species-dependant (136, 164, 320, 322, 475, 651, 661), nor does it appear to be 

dependant on the measure of injury with conflicting results in measures of cell death 

(145, 362) and functional recovery (145, 475, 662). 

Flood and colleagues (145) raised the possibility that differences in the timing of 

adenosinergic cardioprotection may be dependant on the model of ischaemia-reperfusion 

studied. They postulated that anti-inflammatory responses mediated by adenosine in vivo 

(responses thought to be minimal in blood-free preparations) might play an important role 

in temporal limitations in  adenosine-mediated protection. This theory certainly has merit: 

blood-free models of ischaemia-reperfusion reliably display post-ischaemic adenosinergic 

protection (136, 145, 164, 461) with few studies observing temporal constraints (322). 

Literature regarding in vivo models, however, remains divided. Whilst many studies in 

vivo observe a lack of exogenous adenosine-mediated protection post-ischaemia (362, 

371, 475, 583, 651), a similar number of studies do find a role for adenosinergic 

protection post-ischaemia (27, 661-663). A unifying explanation of the mechanisms 

underlying these temporally distinct effects of adenosine in vivo remains elusive.  
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Adenosine Receptor Expression in Myocytes 

Determining the level of adenosine receptor expression in hearts is problematic due to 

lack of specificity of adenosine receptor antibodies. Unpublished work undertaken in our 

laboratory by Dr Kevin Ashton has examined levels of mRNA expression in a mouse 

myocyte cell line (HL-1) compared with whole hearts (Table 1-3). Though it cannot be 

assumed that levels of mRNA expression correlate directly with protein levels, mRNA 

levels provide some guide to relative expression differences in the absence of truly 

specific antibodies for adenosine receptors. 

Table 1-3: mRNA expression of adenosine receptors in whole hearts and myocytes 

Transcript Whole 
Hearts* 

HL-1 mouse cell 
line* 

Myocyte protein 
expression confirmed? 

Adora1 340 000 370 000 Yes (384) 

Adora2a 225 000 250 000 No 

Adora2b 32 000 700 No 

Adora3 18 000 15 000 No 

* Copies per µg cDNA 

These data suggest highest expression of A1AR and A2AAR  in whole heart and myocytes 

with potential A2BAR expression on non-cardiac cells of the heart and low-level A3AR in 

cardiac cells. 

 

Adenosine A1 Receptor Mediated Cardioprotection 

A1AR expression in the myocardium is highest in cardiomyocytes (384), though they are 

also expressed on coronary smooth muscle (573), and these receptors are coupled to Gi 
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and G0 proteins (209). The A1AR mediates negative chronotropy, dromotropy, activation 

of ATP sensitive potassium (KATP) channels (611, 636), inhibition of adenyl cyclase 

activity (530, 611), abrogation of adrenergic effects, stimulation of glycolysis and 

neutrophil adherence. A number of commercially available agonists and antagonists exist 

for the A1AR (Table  1-4). 

Table 1-4: Selected A1AR agonists and antagonists 

Compound Species Ki at A1 
receptor nM) 

Fold-selectivity 
over (receptor) 

with next 
highest affinity 

Reference 

Agonist 

CPA Human 1 194 (A3) (73) 

CCPA Human 0.2 2000 (A2A) (293) 

CHA Human 1 500 (A2A) (243) 

R-PIA rabbit 1 49 (A3) (220) 

Antagonist 

Rabbit 1 1120 (A3) (220) 
DPCPX 

Human 17 62 (A3) (73) 

8-SPT Rabbit 430 87 (A3) (220) 

Given the relatively high affinity of adenosine for A1ARs (Table 1-2), elevation in 

endogenous adenosine concentrations during ischaemia should be sufficient to provide  

A1AR mediated protection. Accordingly, some antagonist studies have confirmed a role 

for A1ARs during ischaemia-reperfusion in isolated hearts (327, 461, 663). Within the in 

vivo field, however, the role of the A1AR protection during ischaemia-reperfusion 

remains unclear. A full spectrum of cardiovascular modification is observed with A1AR 

antagonism: cardioprotection (147, 430); exacerbation of injury (651); and a lack of any 

demonstrable A1AR-mediated effect (581, 663). It has been suggested that inhibition of 
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neutrophil activation and chemotaxis (24) may may be a mechanism by which A1AR 

antagonism provides protection though why such an effect, if legitimate, is inconsistent 

also remains unclear. 

Earlier research suggested a dominant role for exogenous A1AR activation in 

adenosinergic cardioprotection, based on use of agonists such as CHA (322, 325) and R-

PIA (321, 327). These agonists, however, were later shown to have low A1AR subtype 

specificity at the concentrations used in these experiments, and effects may have involved 

activation of other adenosine receptor subtypes (Table 1-4).  

Nonetheless, exogenous A1AR activation with selective agonists at appropriate 

concentrations does confer protection against ischaemia-reperfusion, confirming selective 

A1AR mediated protection and again, suggesting sub-maximal activation of this receptor 

by endogenous adenosine. A1AR agonism confers protection in multiple models, 

including isolated cardiomyocytes (427, 542), isolated perfused hearts  (136, 155, 268, 

322, 327, 363, 407, 463), and in situ myocardium (362, 651).  

Inconsistencies do, nonetheless, exist in terms of  A1AR mediated cardioprotection. 

A1AR agonism does not always afford protection (393, 459, 461, 663) and as mentioned 

previously, cardioprotection with antagonism (as opposed to agonism) of A1ARs has also 

been observed (147, 430). Lasley and colleagues (326), however, have presented 

evidence for an interesting phenomenon that may account for differing sensitivities of 

cardiac A1ARs. They observed translocation of A1ARs from caveolae to the plasma 

membrane upon adenosine receptor stimulation. Caveolae are cholesterol/sphingomyelin-

rich domains of plasma membranes that contain high densities of signalling molecules 



 - 13 - 

(78, 503, 535). It is interesting to note that receptor activation commonly induces 

migration to cavaolae, increasing sensitivity to the  receptor (78, 503, 535), whilst A1AR 

agonism results in migration from caveolae to the plasma membrane, decreasing 

sensitivity (326). This is certainly an interesting phenomenon worthy of investigation, 

and determining the importance of translocation from caveolae in variability of responses 

to A1AR agonism warrants further testing. 

Another contentious issue in the field of A1AR research is the ability of A1ARs to 

modulate coronary vascular or aortic tone. Several studies have observed vasoconstriction 

in aortic rings with A1AR agonism (403, 471, 546), though this effect is not reliably 

observed (222). Tawfick et al (572), recently observed increased baseline flow in 

adenosine Adora1 knockout hearts and suggested that A1ARs normally limit A2AAR and 

A2BAR mediated coronary vasodilation. However, findings of this paper contrast with 

studies in this thesis, and are discussed in more detail Chapter 4.  

 

Adenosine A2 A Receptor Mediated Cardioprotection 

 A2AARs are expressed on a variety of inflammatory cells, platelets, endothelial cells and 

vascular smooth muscle cells (611). Confirmation of expression of A2AARs in cardiac 

myocytes, however, remains indirect. Many studies verify expression of Adora2a mRNA 

(115, 343, 379, 548, 642), as does our own data (Table 1-3), and pharmacological 

stimulation of A2AARs mediates cAMP changes in isolated myocytes, providing 

‘functional’ evidence for myocyte A2AAR expression (115, 343). 
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A2AARs couple to Gs proteins to stimulate adenylate cyclase (530, 611), trigger 

vasodilation (2, 18, 37, 212, 423, 444, 530), activate KATP channels (4, 664), increase 

contractile responses to ß-adrenergic stimulation (580), inhibit platelet aggregation (517), 

and inhibit neutrophil activation, adherence and superoxide generation (664). The binding 

affinities of specific A2AAR agonists and antagonists are presented in Table 1-5.  

Table 1-5: A2AAR agonists and antagonists, their binding affinities and selectivity. 

Compound Species Ki at A2a 
receptor (nM) 

Fold selectivity 
over (receptor) 

with next 
highest affinity 

Reference 

Agonist 

CGS21680 Human 27 40 (A3) (292) 

ALT146e Canine 44 71 (A2A) (177) 

ALT193 Canine 45.8 218 (A2A) (177) 

Antagonist 

ZM241385 Human 1.4 22 (A2B) (352) 

 

Whilst A2AAR antagonism can effectively block responses to exogenous agonists (271, 

371), it has no apparent effect on injury during ischaemia-reperfusion in vivo (283, 286). 

This suggests A2AARs are not normally activated by adenosine during ischaemia-

reperfusion and/or are not involved in tissue protection. The latter is however, 

inconsistant with observation of protection with A2AAR agonists in vivo. 

Given the anti-inflammatory roles of A2AARs, it is unsurprising that protection afforded 

by exogenous A2AAR agonism depends largely on the model studied. A2AAR agonism 

protects against ischaemic injury in in vivo models of ischaemia-reperfusion in dogs (258, 

509, 661), swine (320), and rabbit (436), with few reports to the contrary (651). However, 

A2AAR agonism offers no protection in blood-free models of ischaemia-reperfusion in 
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mouse (459), rat (136, 322, 327) and guinea pig tissues (166). Although there are two 

reports of cardioprotection with A2AAR agonism in isolated rat (363) and rabbit (72) 

hearts, results from these experiments must be interpreted in light of key experimental 

limitations. Both of these studies were undertaken at a fixed and low coronary pressure 

(<40mmHg), and hearts posessed pre-ischaemic function indicative of  resultant under-

perfusion. Peart et al (459) subsequently provided evidence that a decrease in coronary 

perfusion pressure (associated with vasodilation) can affect an aparent improvement in 

functional outcome from ischaemia via Gregg related effects. Whilst there are also 

reports of positive inotropic effects of A2AAR agonism in isolated myocytes (115, 642), 

this effect is not evident in intact hearts (322, 459, 475). It is therefore probable that 

‘protective’ effects of A2AAR agonism seen in isolated hearts at constant, low pressure 

(72, 363) can be attributed to indirect functional effects of decreased coronary perfusion 

pressure rather than direct cardioprotection. This is confirmed in a recent study (631).  

 

Adenosine A2 B Receptor Mediated Cardioprotection 

Detailed study of A2BARs has been impeded by a lack of specific agonists and 

antagonists in previous years (Table 1-6). Though not ideal, A2BAR-mediated effects 

have been derived by comparing observations with NECA, which activates A1AR, 

A2AAR and A2BARs at low nanomolar concentrations (133, 134), with effects of specific 

A1AR and A2AAR agonists. The role of A2BARs in mediating a given effect can be 

further confirmed with use of selective antagonists at other receptor subtypes (Table 1-6). 
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It should be noted that this sort of inferential or subtractive analysis is far from optimal, 

and the results from these experiments must be interpreted with these limitations in mind.  

Table 1-6: Specific A2BAR antagonists and their binding affinities. 

Compound Species Ki at A2b 
receptor (µM) 

Fold selectivity 
over (receptor) 

with next highest 
affinity 

Reference 

Antagonist 

MRS1754 Human 1.97 uM 200 (A1) (280) 

MRS 1706 Human 1.39 uM 80 (A1) (280) 

Enprofylline Human 6.3 5 (A2A) (352) 

MRE2029F20 Human 3.2 nM 36 (A1) (31) 

AS96 Human 11 nM 91 (A1, A2A, A3) (604) 

 

While A2BAR expression has been confirmed in coronary endothelial cells (443) and 

cardiac fibroblasts (50, 119), evidence for A2BAR expression in cardiomyocytes remains 

indirect (343). There is some evidence to suggest that A2BARs may play a role in aortic 

vasoconstriction (275, 567), vasodilation of the coronary vasculature (437, 486), and in 

augmenting myocyte contractility (343). Given the very low affinity of the A2BAR for 

adenosine (Table 1-2), it seems unlikely that this receptor is normally activated except 

perhaps under severe pathological conditions. Accordingly, application of A2BAR 

antagonists to isolated mouse hearts has failed to modify the functional outcome from 

ischaemia-reperfusion (656). However, Adora2b knockout mice have not yet been 

studied in terms of ischaemic tolerance and cardiac phenotype. Interesingly, A2BAR 

selective agonism (538) and Adora2b deletion (personal communication, J.Linden) 

blocks ischaemic preconditioning, suggesting a non-redundant permissive role for 

A2BARs in this process.  
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It has also been suggested that the A2BAR may play a beneficial role in long term 

recovery from ischaemia-reperfusion through modulation of fibroblast remodelling (50, 

119). A2BAR activation inhibits fibroblast proliferation and synthesis of protein and 

collagen (80) via inhibition of MAP kinase pathways (120). Thus, fibrotic remodelling 

and hypertrophy may be limited by post-ischaemic activity of A2BARs. 

 

Adenosine A3 Receptor Mediated Cardioprotection 

Despite its relatively recent discovery (1293), a considerable amount of research has been 

undertaken on A3ARs, employing a number of  highly potent and selective agonists and 

antagonists (Table 1-7). A3ARs couple to Giα2, Giα3, Gqα proteins (290, 450) and are 

known to modulate KATP channel activity and couple to phospholipase signalling, PKC 

and MAPK cascades. 

Mast cells possess the highest number of A3ARs in rodent species, and receptor 

activation stimulates mast cell degranulation (500). In human and dog mast cells, 

however, A2BAR  seems to be expressed in place of the A3AR (25).  

Paradoxically, despite strong evidence of a protective role in ischaemia-reperfusion, 

expression of A3ARs in the heart seems to be exceedingly low. Protein is not detectable 

in cardiomyocytes via radioligand binding or northern blots (39), and only very sensitive 

PCR approaches have been successful in identifying mRNA expression in mouse (Table 

1-3), dog (25), rabbit (353, 619) and rat (666) cardiomyocytes. Cardioprotection with a 
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very low receptor density suggests very efficient coupling of A3ARs to powerful 

protective signalling mechanisms.  

Table 1-7: A3AR agonists and antagonists, binding affinities and selectivity 

Compound Species Ki at A3 
receptor 

Fold selectivity over 
(receptor) with next 

highest affinity 
Ref 

Agonist 

2Cl-IB-MECA Rat 0.33 nM > 1400 (A2A) (240) 

Human 11 nM > 10 (A1) (291) 
IB-MECA 

Human 2 nM > 10 (A1) (73) 

Antagonist 

Human 31 nM > 1300 (A1 and A2A) (240) 
MRS 1191 

Rat 1.42 uM > 28  (A1) (248) 

MRS 1097 Human 0.51 µM > 200 (A1) (241) 

MRS 1067 Human 0.56 µM > 34 (A2A) (269) 

MRS 1220 Rat 0.065 nM > 80 (A2A) (281) 

 

Interestingly the actions of A3ARs in the context of tissue protection are biphasic, 

showing protective effects with low level stimulation (23, 26, 100, 105, 165, 179, 226, 

373, 591), and deleterious effects (associated with increased apoptosis) with high level or 

prolonged stimulation (240, 527, 528). There is considerable evidence to suggest that 

A3ARs mediate protection primarily through modification of inflammatory processes, 

including neutrophil function (257). Stimulation of A3ARs expressed in murine mast cells 

induces vasodilation via histamine release (600), and may also inhibit A2AR mediated 

dilation in isolated hearts (566). 

Pharmacological inhibition of A3AR activation fails to modify intrinsic ischaemic 

tolerance in isolated cardiomyocytes (492) and in isolated hearts (464, 659). This 
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suggests the A3AR is not normally engaged or effective during ischaemia-reperfusion. 

Paradoxically, however, deletion of A3ARs confers protection in the murine heart (75, 

221). This may reflect inhibition of pro-inflammatory effects associated with A3AR 

agonism in resident mast cells. However, there is also evidence to suggest that this 

knockout model has been insufficiently ‘backcrossed’ to eliminate hitchhiker gene effects 

(170). Whilst it is also possible that protective redundancy could have masked the 

deleleterious effects of A3AR receptor deletion, it is unlikely that any compensation 

would be so extensive as to manifest a protective phenpotype. 

Despite emphasis on the anti-inflammatory role of the A3AR receptor, there is 

nonetheless evidence of direct myocardial protection in isolated myocytes and isolated 

hearts. Exogenous A3AR agonism is protective in human atrial muscle (73), and  chick 

(456, 542, 548), rat (373, 492) and rabbit (19, 619) myocytes.  Moreover, 

cardioprotection (not associated with increased reflow) has been observed in isolated 

hearts from rats (226, 373, 578, 579), mice (145, 194, 459, 463, 656), rabbits (221, 588, 

590, 591), and guinea pigs (372). Interestingly, additive cardioprotection against 

ischaemia-reperfusion injury can be seen in A1AR transgenic mice with A3AR agonism, 

suggesting dissimilar or parallel pathways of protection with A1 and A3ARs (194). 

Furthermore, whilst high up-regulation of A3ARs is lethal in embryos (660), low to 

moderate up-regulation of A3ARs confers protection against ischaemia-reperfusion (39, 

97) associated with limited ATP depletion post ischaemia (97). In vivo studies have 

confirmed a protective role for A3ARs in rabbits (26, 589, 591), dogs (23) and mice 

(187), associated with decreased neutrophil accumulation (187). A3AR mediated 
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cardioprotection is evidenced by decreased oncosis (23, 26, 226, 373, 591), apoptosis (26, 

100, 105, 165, 179, 373), and increased post ischaemic function (166, 372, 656). 

 

1.1.3.  ME CHANISM S OF ADE NOSINE RE CE PT OR S IGNAL LING 

Much remains unclear regarding adenosinergic protective signalling pathways coupled to 

the varied AR subtypes. However, studies support the scheme shown in Figure 1.2.  

Summarising the scheme:  

A1  PLC  PKC MAPK  KATP 

A3  PLD  PKA MAPK  KATP 

Pathways of A2AR mediated protection are less clear, though all adenosine receptors can 

couple to MAPK signalling. End-effectors remain debated but may include mitochondrial 

and sarcoplasmic KATP channels, and perhaps the mitochondrial permeability transition 

pore (MPTP).  

It should be noted that the signalling scheme in figure 1.2 is somewhat stylised and 

accumulating evidence indicates substantial complexity in these paths with multiple 

interactions between up- and downstream elements and parrallell paths so that the literal 

picture becomes very complex. Adrenergic signalling pathways, however, are not the 

focus of this thesis and Figure 1.2 is intended to give only a brief overview of pathways 

involved. 
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Figure 1-2: Schematic representation of multiple signaling pathways and “mediators” 
potentially involved in acute adenosinergic cardioprotection. DAG, 1,2-diacylglycerol; 
MPTP, mitochondrial permeability transition pore; p53, tumor suppressor protein p53 ; 
PA, phosphatidic acid; PC, phosphatidylcholine; PDE, phosphodiesterase; PIP2, 
phosphatidylinositol-(4,5)-diphosphate; PKG, protein kinase G; eNOS, endothelial NO 
synthase; MAPK, mitogen-activated protein kinase; MAPKK, Mitogen-activated protein 
kinase kinase; MEK, MAPK kinase; PLD, Phospholipase D; PLC, Phospholipase C; TK, 
tyrosine kinase; PI3K, phosphoinositide 3-kinase; GC, gluanylate cyclase; PKG, protein 
kinase G; kATP, ATP-dependant mitochondrial potassium channel. Adapted from (202, 
209)  
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1.2.  INFLAMMATION AND ISCHAEMIA-REPERFUSION INJURY 

The inflammatory response, normally an essential part of defence against infection,  is 

initiated in response to myocardial ischaemia-reperfusion. Whilst it may be argued that 

the inflammatory response is vital to healing and scar formation (in the early hours of 

reperfusion), it is suggested that it may enhance injury to the heart.  

The inflammatory response during reperfusion is complex, involving multiple signalling 

cascades with redundancy, pleiotropy, synergism and antagonism all involved.  

Responses differ between disease states, cell types, genders, and age groups. Whilst there 

are many reports of protection afforded by limiting inflammatory responses in animal 

models, these treatments often fail to translate well into the clinical setting. Notable 

failures include TNFα and corticosteroids: whilst in vivo animal studies suggested 

therapeutic benefit for both approaches (188, 345), clinical trials were disastrous, with 

increases in mortality precluding completion of the trials for both therapies (15, 84, 485). 

Failure of such studies highlights the need for a detailed understanding of the processes 

involved in inflammation and its control in the setting of ischaemia-reperfusion. 

The following will focus on the basic elements of inflammation, relevant to both acute 

myocardial-ischaemia-reperfusion injury and potential effects of adenosine. 
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1.2.1.  INFL AMM AT ORY CE LLS  AND T HE ACUTE INFL AM MAT ORY 

RES P ONSE 

Platelet Activation.  

Adherent to endothelial cells within 2 minutes of reperfusion, platelets are also involved 

in the early inflammatory process (644). Platelet recruitment is mediated by the binding 

of P-selectin to P-selectin glycoprotein ligand-1 (PGSL-1) (265, 389), expression of 

which is induced by thrombin (377, 446), complement (568), cytokines (452, 582, 594) 

and ROS (82). Platelet adhesion precedes and potentiates neutrophil, T-lymphocyte and 

monocyte recruitment (313, 499, 504, 644), and contributes to the no-reflow phenomenon 

(whereby coronary reflow is prevented) (644). Though they have no nucleus, platelets 

have many of the relevant capabilities of leukocytes, including cytokine release (63) and 

ROS generation (146, 381). Accordingly, platelet depletion in vivo confers protection 

against ischaemia-reperfusion injury (525).Stimulation of adenosine receptors appear to 

inhibit platelet function (350), and this may thus contribute to adenosinergic protection. 

 

Mast Cell Responses 

Mast cells are increasingly recognised as key players in post-ischaemic injury. Described 

as ‘troublemakers devoid of redeeming biological value’ (162), mast cells are responsible 

for many pro-inflammatory responses seen in early reperfusion. They release pre-formed 

TNFα (152, 182, 617), renin (368), ROS (152) and histamine (152), and a portion of 

these factors is likely released during ischaemia (152, 617). Mast cell degranulation can 

be stimulated by A3AR activation (349) and C5a (237, 349, 457), C3a (310), PAF(310) 
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and superoxide (310). Manipulating mast cell degranulation during ischaemia-reperfusion 

yields mixed results. Whilst stabilisation of mast cells is predominantly protective (175, 

250, 273, 368, 454, 621), associated with a decrease in ROS (273) and TNFα (175), this 

is not always observed (77, 598). Further work is clearly required as these cells possess 

the capacity to modify the myocardial ischaemia-reperfusion response and ouctome. As 

already discussed, adenosine receptors can directly modify mast cell function (25, 500) 

and thus modulation of mast cell function my contribute to or modify effects of adenosine 

in ischaemia-reperfusion. 

 

Leukocyte recruitment 

Sequestering of leukocytes is central to the prolonged inflammatory response, and 

involves four phases: tethering, rolling, adhesion, and transmigration. This overall 

process is mediated by several families of adhesion molecules, including selectins, 

integrins, and the immunoglobin superfamily. 

The tethering of leukocytes to endothelial cells is predominantly mediated by selectins. 

The selectin family consists of P-selectin expressed on platelets and endothelial cells, L-

selectin expressed on leukocytes and endothelial cells, and E-selectin expressed on 

endothelial cells. L-selectin is constitutively expressed, and is functional on endothelial 

cells (67, 616), while P-selectin is stored in Weibel-Palade bodies and expressed on 

endothelial cells and platelets in the first minutes of reperfusion (610). It is likely that 

these two selectin family members are responsible for tethering of leukocytes to 

endothelial cells immediately following reperfusion, whereas E-selectin is not expressed 
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until 4-6 hrs after cytokine stimulation (610) and is thus unlikely to impact on early 

events. 

Firm adhesion of leukocytes is predominantly attributable to members of the 

immunoglobulin superfamily, including ICAM-1 on endothelial cells and LFA, MAC-1 

and p150,95 on leukocytes (610). Adenosine receptor activation has been shown to 

reduce leukocyte recruitment (350), and so again, these inflammatory cells may be a 

target of adenosinergic protection. 

 

T Lymphocytes 

An excellent recent study reveals a key early role for T lymphocytes in ischaemia-

reperfusion injury. T-cells contribute to ischaemia-reperfusion injury in other tissues, and 

may be crucial in the heart. Lymphocte cytokines including those involved in recruitment 

and signalling are elevated in post-ischaemic hearts. Linden and colleagues recently 

confirmed an essentiol role for CD4+ T-cells in infarct development post-ischaemia 

(348), a response targeted by A2AAR adenosine receptors (351). This interesting research 

clarifying the role of A2AARs in inflamation is discussed in more detail later in this 

literature review. 
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1.2.2.  EARLY CYT OKINE ACT IVIT Y 

Reactive Oxygen Species 

Reactive oxygen species (ROS) are molecules with unpaired electrons with potential to 

cause irreversible changes in lipids and proteins. Under normoxic conditions, ~5% of 

oxygen consumed is converted to ROS (398, 625), which is quenched by ROS scavengers 

such as glutathione peroxidase, superoxide dismutase (SOD) and catalase (398, 625). In 

reperfusion injury, this balance is disrupted as endothelial and other cells release the 

initial and immediate ‘burst’ of ROS, triggering an inflammatory response (569). This 

inflammatory response stimulates recruitment and activation of neutrophils, resulting in a 

prolonged, secondary release of ROS (569). 

There is a significant body of evidence suggesting a role for ROS in mediating 

reperfusion injury. ROS are detected in post ischaemic myocardium within minutes of 

reperfusion (167, 305, 668, 669) and infusion of ROS into normoxic hearts mimics 

dysfunction seen in reperfusion, including diastolic dysfunction, depression of developed 

pressure, Ca2+ overload and loss of high energy metabolites (569). 

Aside from direct injury to myocardial cells, ROS play a role in potentiating 

inflammatory responses seen in ischaemia-reperfusion, by inducing both pro-

inflammatory cytokines (526) and increasing expression of rolling and adhesion 

molecules (5, 57, 317, 518). 

Whilst protection afforded by antioxidant pre-treatment (76, 81, 117, 251, 366, 400, 429, 

626) or overexpression of endogenous antioxidants (81, 620) suggests a deleterious role 
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for ROS, there is also evidence that protection is short-lived (161, 482, 597), and 

confirmation of protection in the clinical setting remains elusive (141, 422). 

There is considerable evidence that adenosinergic pre-treatment reduces ROS formation 

(150, 468, 602, 640) primarily through A1ARs (427, 468). KATP channel inhibition is 

likely the end effector of protective A1AR signalling limiting  ROS formation and 

damage (427). 

 

Complement Activation 

Complement activation occurs within 15 minutes of reperfusion (487) and is probably 

initiated by mitochondrial-derived cardiolipin released from injured cardiomyocytes (219, 

261, 303, 304, 465, 467, 487, 488, 547). Though there is evidence that the complement 

cascade follows both classical (174, 261, 405) and alternate (174, 466) pathways, it has 

been suggested that the classical pathway dominates (174, 261, 405). The first evidence 

of an injurious role for the complement cascade came from use of cobra venom (219, 

369, 383, 466, 624) associated with a decrease in leukocyte adherence (154, 489). 

Subsequent studies have confirmed cardioprotection with complement inactivation (484, 

520).  

There is little direct evidence to suggest adenosinergic modulation of the complement 

cascade. There is, however, evidence that adenosine is released in response to the 

deleterious effects associated with activation of the complement cascade (109). 
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TNFα   

TNFα is a trimeric 17 kDa polypeptide protein expressed as a 26 kDa membrane 

precursor (Type II) from which the 17kDa subunit is cleaved (type I) (3). Though most 

cell types don’t express TNFα, the presence of TNFα expressing macrophages in nearly 

every organ in the body makes it ubiquitous (21, 562). In the heart, however, TNFα is 

also expressed by cardiomyocytes (176, 266) that also possess both TNFα receptors: 

TNFR-1 and TNFR-2 (585). TNFα has dual and opposing activities, inducing both 

apoptosis and proliferation (135) and simultanously increasing ROS formation and the 

expression of ROS scavengers (3).  

As mentioned previously, whilst TNFα has shown great promise in experimental models 

of ischaemia-reperfusion, translation into the clinical setting has been problematic. TNFα 

expression is rapidly induced during ischaemic insult (122, 218, 236, 282, 328), peaking 

within 30 minutes of reperfusion (282), and evidence exists for both protective and 

injurious actions. There has been a suggestion of short-term protection afforded by TNFα 

through induction of heat shock protein (HSP) 72 (378), which is protective in the setting 

of acute myocardial ischaemia-reperfusion (380, 652). Furthermore, TNFα may act 

directly, via receptor activation, to depress contractile function reducing metabolic 

demand (445) through modification of both L-type Ca2+ channels (309) and attenuation 

of Ca2+ release from the sarcoplasmic reticulum (652), an effect that, importantly, is fully 

reversible.  

The injurious mechanisms of TNFα activity include two main effects: activation of 

inflammatory pathways involving interleukins (113) and NO (139); and induction of 
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apoptosis (29, 88, 308, 409) via caplin/caspase 12 (29) and sphingolipid (308) pathways. 

TNFα also stimulates oxidative stress (409) which may mediate further mitochondrial 

dysfunction (550). 

Consistent with the dual activity of TNFα, literature regarding TNFα based intervention 

has been conflicting. Exogenous TNFα protects isolated cardiomyocytes (426) and 

isolated hearts against myocardial ischaemia-reperfusion injury, associated with increased 

MnSOD (122). Moreover, TNFR1 and TNFR2 double knockout mice display a 40% 

increase in infarct size (314). It has also been suggested that TNFα may play a protective 

role in ischaemic preconditioning (537).  

In contrast, infusion of anti-TNFα antibodies is protective in isolated hearts (68, 188, 

374), and deletion of the gene encoding TNFα is protective in vivo, associated with a 

decrease in both NFκB activation and adhesion molecule expression (374). There is also 

experimental evidence indicating no role for TNFα in acute ischaemia-reperfusion, but a 

possible pathologic role in hypertrophy (543). The basis of conflict regarding TNFα 

awaits clarification. It is nonetheless clear TNFα does play some role in modifying 

ischaemia-reperfusion outcome. 

Adenosine reduces TNFα release in response to both pro-inflammatory stimuli (56, 201, 

455) and in ischaemia-reperfusion (68, 402) acting through A1 (201), A2 (201) and 

A3ARs (56, 201). Given the (admittedly mixed) evidence of TNFα effects on ischaemic 

responses, this modulation might contribute to adenosine effects in ischaemia-

reperfusion. 
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Interleukin-10 

Interleukin 10 (IL-10), also described as cytokine synthesis inhibitory factor (608), is 

increased in myocardial infarction in the clinical setting (524), where it plays a 

predominantly anti-inflammatory role. In in vivo animal models, expression in the heart is 

highly dependant on reperfusion, and peaks within 5 hours (153). IL-10 is produced by 

activated TH2 cells (416), stimulated monocytes (416, 481), fibroblasts (481) and mouse 

(but not human (272)) neutrophils (435). In the heart, T lymphocytes are the primary 

source of IL-10, but a small subset of macrophages are also capable of expressing IL-10 

(153).  

The action of IL-10 is dependant on cell type. In macrophages, IL-10 decreases  IL-1α 

(106), IL-1β (106), TNFα (44, 106), IL-6 (106, 563), IL-8 (106) and ROS formation (44). 

In neutrophils, IL-10  supresses TNFα (74), IL-1β (74), IL-8 (74, 270), IL-12 (74), MIP-

1α and β (270), ROS formation (71) and prevents apoptosis (74, 91, 204, 272). 

Additionally, in vivo IL-10 downregulates ICAM-1 expression  to limit neutrophil 

recruitment (204). Interestingly, IL-10 is also a powerful autoregulator significantly 

decreasing its own production (106). With respect to long term recovery and remodelling, 

IL-10 modulates expression of metalloproteases (315, 481) and contributes to mast cell 

growth and function (347, 574). 

Given this powerful anti-inflammatory influence, it not surprising to find that IL-10 

offers cardioprotection against ischaemia-reperfusion injury in vivo associated with a 

decrease in neutrophil accumulation (204). Research into the ability of adenosine to 

regulate IL-10 production have been limited to the study of  isolated inflammatory cells 
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subjected to pro-inflammatory stimuli. Nonetheless, this research indicates that adenosine 

post-transcriptionally potentiates IL-10 production (353, 433), an effect largely attributed 

to A2A (277, 353) and/or A2BARs (433). 

 

Interleukin 6 

Interleukin-6 (IL-6) is a 185 amino acid polypeptide (539), increased in patients 

experiencing myocardial infarction (234, 263). Production of IL-6 is stimulated by CRP 

(607, 614), TNFα (85, 125, 470, 502), IL-1 (34), C5a (411), and A3AR activation (614). 

IL-6 can be expressed by leukocytes (404), vascular smooth muscle cells (360), 

monocytes (189) and myocytes (189). In reperfusion injury, mononuclear cells are the 

primary source of IL-6, followed by a small subset of myocytes (189). 

In experimental models of ischaemia-reperfusion, IL-6 expression is up-regulated within 

15-30 minutes of reperfusion (311, 502) and peaks within 3 hrs (311). IL-6 stimulates B 

cell differentiation (225), T lymphocyte (361), monocyte (168), and natural killer cell 

(364) activation. In myocytes, IL-6 up-regulates ICAM-1 expression to aid in the 

recruitment of leukocytes (654) whilst also priming neutrophils for an oxidative burst 

(276). Additionally, IL-6 acts through up-regulation of NO synthesis to modify Ca2+ 

handling (285), and protectively and reversibly depress contractile function. IL-6 induced 

NO also preserves mitochondrial function (536). 

The IL-6 knockout mouse has been used to study the role of endogenous IL-6 in 

myocardial ischaemia-reperfusion. Under conditions of either permanent occlusion (157) 
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or transient ischaemia (102) in vivo, IL-6 deletion does not modify mortality, infarct size 

or function, suggesting a redundant role (if any) in myocardial ischaemia-reperfusion, 

though it did abrogate protective effects of preconditioning (102, 157). Exogenous IL-6 is 

protective in vivo decreasing both necrosis and apoptosis suggesting a predominantly 

protective role (395) 

Though there is, again, a relative paucity of data regarding the role of adenosine in 

modulating cytokine expression in ischaemia-reperfusion, there is evidence from studies 

of isolated cells stimulated with LPS that adenosine up-regulates IL-6 production (53, 

614) through A1 (614), A2 (53) and A3ARs (614). 

 

Insulin Like Growth Factor 

Insulin like growth factor (IGF) is a 77 amino acid polypeptide primarily responsible for 

mediating the effects of growth hormone (267). Expressed by myocytes, endothelial cells 

and vascular smooth muscle cells (267), both IGF and its receptor (IGF-1R) are up-

regulated in patients with myocardial infarction (16). Interestingly, in humans, decreased 

IGF levels correlate with decreased lifespan (89, 181, 247, 260, 476), and increased IGF 

levels are associated with a favourable cardiovascular profile (247). In animal models, 

however, the relationship is reversed, with depression of IGF expression resulting in 

longer lifespans in association with modulation of oxidative stress (227). 

IGF protects against apoptosis and necrosis (267), increases proliferation of vascular 

smooth muscle cells (51), and increases NO production by both vascular smooth muscle 
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cells (421, 658) and endothelial cells (595). Exogenous IGF confers protection against 

ischaemia-reperfusion in vivo (64) and in isolated hearts (101). Furthermore, transgenic 

overexpression of IGF reduces in vivo ischaemia-reperfusion injury long term through 

modulation of both necrosis and apoptosis (342). To date, the IGF knockout mouse has 

not been assessed for ischaemic tolerance. Thus whilst exogenous IGF may be beneficial, 

the actual role of endogenous IGF remains unclear. The role of adenosine in modulating 

IGF expression in myocardial ischaemia-reperfusion also remains unclear. 

 

Nitric Oxide Synthase 

Originally known as endothelial derived relaxing factor (158), the roles of nitric oxide 

(NO) and its synthetic enzyme nitric oxide synthase (NOS) in ischaemia-reperfusion have 

been studied extensively. Considered predominantly protective (48, 252), NO causes 

vasodilation (449), positive inotropy at low concentrations (295, 609), and negative 

inotropy at high concentrations (30, 58, 565, 609). NO possesses anti-inflammatory 

properties, decreasing platelet (159, 249) and neutrophil (249, 334, 425, 627) 

accumulation and activation. NO also has a direct cardioprotective mechanism on both 

endothelial  cells (249, 627) and myocytes (249). NO can also quench ROS (128, 249), as 

well as decrease ROS formation (128). 

Though NO has a predominantly protective role, its deleterious role has been attibuted to 

its reaction with superoxide to form peroxynitrite via the following pathway (36, 391, 

622): NO + O2
-  ONOO- + H+  ONOOH 
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Ths may certainly be elevant under conditions of excess NO formation, however, there is 

some evidence to the contrary (428, 515, 565, 635). The majority of the literature does 

confirm cardioprotection afforded by NO both in vivo (224, 249, 334, 335, 425, 505, 532, 

627) and in isolated hearts (10, 622). 

NO is produced by three NOS isoforms classified by Ca2+ dependance: Ca2+ dependant 

neuronal NOS (nNOS) and endothelial NOS (eNOS) and Ca2+ independent inducable 

NOS (iNOS) (390). nNOS, iNOS and eNOS are produced by the genes NOS1, NOS2 and 

NOS3, respectively. (390). Myocytes produce all NOS isoforms; nNOS (514) specifically 

in the sarcoplasmic reticulum (643), iNOS (643) and eNOS (514). In addition, eNOS is 

expressed by endothelial cells (390), and platelets (390) whilst iNOS can be induced in 

almost every cell type (420). 

nNOS deletion results in a baseline positive inotropy, negative luistropy, increased heart 

rate (259) without modification of coronary flow (22, 516, 554). Despite a decrease in 

leukocyte infiltration in vivo (253), deletion of NOS1 does not alter recovery from 

ischaemia-reperfusion in vivo or in isolated hearts (253, 554). 

Gene-manipulation studies targeting NOS2 suggest an injurious role for iNOS. 

Transgenic overexpression of iNOS results in increased peroxynitrite production, and 

animals display a sudden death phenotype associated with bradyarrythmia (419). 

Furthermore, studies in NOS2 knockout mice suggest either no role (255) or an injurious 

role for iNOS (132, 358, 501). Deletion of iNOS results in preserved cardiac function 

(132, 358, 501), decreased apoptosis (358, 501) and decreased mortality (132, 501). 
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Whilst eNOS knockout mice display no differences in baseline function (32, 142, 190), 

ischaemia-reperfusion studies in isolated hearts suggest no role (142, 264) or a protective 

(554) role for eNOS: in vivo, deletion of eNOS is injurious both short term (254) and long 

term (508) though there is also evidence to support a redundant role for eNOS (142, 264) 

due to compensatory superinduction of iNOS (264). 

There is considerable evidence suggesting a role for NO in adenosinergic 

cardioprotection from ischaemia-reperfusion. Inhibition of NO production has been 

demonstrated to inhibit adenosinergic cardioprotection (38, 648),  although this effect 

cannot always be detected (72, 460). Nonetheless, adenosine up-regulates NO production 

in endothelial cells (340, 341, 442, 645), smooth muscle cells (232) and myocytes (233, 

645), acting through A2A (340, 341) and possibly A2BARs (341) to increase NO 

production, and A1ARs to decrease NO production (340). Interestingly, it would appear 

that, at least in endothelial cells, adenosinergic modification of NO formation is mediated 

by eNOS rather than iNOS (645). 

 

 

1.2.3.  ADENOS INE AND T HE INF L AM M AT ORY RES PONS E 

As already noted briefly, adenosine may impact on multiple components of the 

inflammatory response. Consequently, adenosinergic modulation of inflammation has 

received considerable attention in recent years. Levels of extracellular adenosine seen 

during ischaemia-reperfusion are sufficient to mediate pro-inflammatory responses 
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through high affinity A1 receptors, and anti-inflammatory responses via lower affinity 

A2A, A2B and A3 receptors. 

In terms of cardioprotection in vivo, it is often difficult to disassociate direct anti-

inflammatory effects from alternate mechanisms of cardioprotection (which will in any 

case decrease pro-inflammatory stimuli). For this reason, investigation of both in vivo and 

in vitro adenosinergic modulation of inflammation and cardioprotection is essential. 

 

The A1AR and Inflammation in Ischaemia-Reperfusion 

As already mentioned, the A1AR is predominantly associated with pro-inflammatory 

responses. A1ARs are expressed on neutrophils and promote neutrophil adherence (93, 

95, 256). However, in vivo studies of A1ARs suggest that the beneficial effects of A1ARs 

outweigh deleterious pro-inflammatory effects. Moderate (30-fold) overexpression of the 

A1AR (649), or A1AR agonism (362, 651), is associated with cardioprotection and 

decreased neutrophil accumulation. Whilst it may seem suggestive of an anti-

inflammatory role for the A1AR, decreased neutrophil accumulation more likely reflects 

reduced injury to myocytes and thus a reduced stimulus for neutrophil accumulation.  

Though A1ARs may be predominantly pro-inflammatory, there is some evidence to 

suggest a negative regulatory role in apoptosis. Again in the A1AR transgenic mouse, 

transcriptional changes associated with inhibition of apoptosis are observed including 

down-regulation of NFκB (318) and caspase 8 (479). 
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The A2 AAR and Inflammation in Ischaemia-Reperfusion 

The A2AAR is expressed in many cells involved in inflammatory responses, including 

leukocytes (94, 553), platelets (603), and cardiomyocytes (279, 642). Furthermore, 

A2AAR receptor expression is upregulated in neutrophils subjected to pro-inflammatory 

stimuli (148), and plays the primary role in adenosinergic inhibition of inflammation in 

myocardial ischaemia-reperfusion injury. As already noted, protective effects of A2AAR 

agonism in isolated hearts are not reliably observed (136, 459) , and improvement in 

functional outcome, if any, is small (72, 363, 371) and likely attributable to 

vasodilatory/Gregg-related effects (72, 363). In the in vivo setting, however, the response 

is entirely different: potent cardioprotection against myocardial ischaemia-reperfusion 

can be seen with A2AAR agonism (65, 258, 320, 398, 587). Cardioprotection is evidenced 

by a decrease in necrosis (258, 320, 398) associated with a decrease in leukocyte 

infiltration (95, 258, 320, 398, 552, 661), and inhibition of leukocyte inflammatory 

responses (553, 612), including neutrophil degranulation (52, 483) and toxicity (552). 

In addition to modulation of inflammatory cells, A2AAR stimulation surpresses release of 

cytokines, including iNOS (587), NFkB (which plays a role in apoptosis) (365, 587), and 

interleukins (54). A2AARs also mediate protective effects via vasodilation (338, 370, 398, 

531), and suppression of adhesion molecule expression reduces reperfusion injury in 

vascular endothelium (634).  

It is thought that anti-inflammatory effects of A2AARs are primarily attributable to cAMP 

regulation. However, whilst there is a significant body of evidence supporting cAMP 
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regulation by A2AARs (46, 115, 343, 544, 642), this is not reliably observed (213, 279, 

529, 630, 642). 

Whilst in vivo studies are suggestive of a protective role for A2AAR agonism, determining 

the role of distinct cell types mediating anti-inflammatory responses remains challenging. 

There is some evidence implicating A2AARs in modification of monocyte/macrophage 

activity, yet the presence of functional A2AAR receptors in these cell types cannot be 

confirmed (432). Determining cell subtypes responsible for A2AAR mediated protection 

has been the focus of some elegant and interesting new work by Yang et al. Using the 

Adora2a knockout and chimeric mice lacking A2AAR expression in bone marrow derived 

cells, they investigated the relative contribution of these cell types in A2AAR mediated 

cardioprotection (650). Interestingly, in mice where the A2AAR was absent only in bone 

marrow, protection afforded by A2AAR agonism (ALT146e) was abrogated (650), 

suggesting that the anti-inflammatory capabilities of the A2AAR are limited to these cells.  

They then went on to examine a more specific subtype of bone marrow derived cells 

(lymphocytes and B cells) using RAG-1-KO mice. In this model, reperfusion injury was 

attenuated and A2AAR agonism is ineffective (348, 650). CD4+ T cells from donor mice 

infused into the RAG-1 mice restored injury to the heart, which could then be abrogated 

with A2AAR agonism (348, 650). Furthermore, Adora2a deletion in donor CD4+ T cells 

blocks protective effects seen with A2AAR agonism. This exciting new works suggests 

that a small population of CD4+ T-cells, present within minutes of reperfusion, may be 

responsible for initiating an inflammatory response that can be attenuated with A2AAR 

agonism (348, 650). Furthermore, it suggests that A2AAR mediation of inflammatory 
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responses in other cell types (eg macrophages and neutrophils) may be the result of 

modification of CD4+ cells and not a direct effect of A2AAR agonism in these cell types. 

 

The A2 BAR and Inflammation in Ischaemia-Reperfusion 

Whilst the A2BAR has received minimal attention in the past, due in part to both the low 

affinity of this receptor for adenosine and a lack of selective agonists and antagonists, 

there is exciting new evidence suggesting that this receptor may be involved in regulating 

even basal inflammatory states. Studies of the Adora2b knockout mouse have revealed an 

increased inflammatory status under basal conditions, including increased TNFα, ICAM, 

P- and E-selectin expression, with accompanying increases in leukocyte adherence (646). 

Interestingly, this effect is not observed in A2AAR knockout mice, the receptor thought to 

be primarily responsible for adenosine mediated anti-inflammatory responses (440).  

A2BARs also interact with IFNγ, a major activator of macrophages (28, 43), in a negative 

feedback loop: IFNγ stimulates increased A2BAR expression which, in turn, suppresses 

IFNγ production (638). In a more long term role, A2BAR depresses VEGFA secretion 

from neutrophils and inhibits migration (615), and promotes endothelial barrier function 

(337). 

To date, there has been no literature published investigating the cardiac phenotype in 

Adora2b knockout micein vivo, however a pro-inflammatory basal state in these 

knockout mice has renewed interest in this often neglected adenosine receptor subtype. 
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The A3AR and Inflammation in Ischaemia-Reperfusion 

A3AR stimulation of mast cell degranulation (149, 191, 193, 477, 522, 600) may be the 

exception to the rule of adenosinergic cardioprotection. As discussed previously, mast 

cell degranulation is one of the first process in inflammation, initiating and potentiating 

the recruitment of other inflammatory cells. Study of adenosine-mediated mast cell 

degranulation is, however, complicated by poor species homogeny in receptor expression. 

A3ARs are expressed in mouse and rat mast cells and induce degranulation (500), but not 

in the human and dog (25). Mast cell degranulation in response to A3AR activation has 

been observed in mouse (500, 637) and guinea pig (248) mast cells and in rat hearts (149, 

191, 193, 600), though direct confirmation of A3AR mediated mast cell degranulation in 

mouse hearts has not been confirmed. Aside from a role in mast cell degranulation, A3AR 

activation on macrophages curbs inflammation by suppressing TNFα production (56). 

 

1.3.  SYSTEMIC INFLAMMATORY RESPONSE SYNDROME 

Another highly relevant inflammatory senario, involving cardiac changes and adenosine 

receptors, is sepsis. Since a component of this thesis addresses a sepsis model, a brief 

description of sepsis and relevant adenosine effects follows. 

Sepsis occurs in around 11% of all ICU admissions in Australia (137), and is associated 

with a high mortality rate (~30% of all patients with sepsis) (49). Cellular injury 

associated with sepsis is not caused by the infection itself but the inappropriate and 

prolonged inflammatory response resulting in neutrophil accumulation, multiple organ 

dysfunction and ultimately organ failure and death (49). A review of the mechanisms of 
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septic injury is beyond the scope of this thesis but has been addressed recently in an 

excellent review (138). 

A beneficial inflammatory response enables the destruction of invading pathogens 

without significant ‘collateral damage’, and as such, responses to invading pathogens are 

tightly regulated, involving both pro- and anti-inflammatory elements. As a maladaptive 

response to inflammatory stimuli, progression of shock sepsis also involves two opposing 

reactions: an initial systemic inflammatory response syndrome (SIRS) followed quite 

rapidly by a compensatory anti-inflammatory reaction (CARS) that is as large, if not 

larger, than the initial inflammatory response (49).  

Therapeutic potential in sepsis lies in restoring balance in inflammatory responses, where 

the host is able to combat invading pathogens but ‘collateral damage’ is restricted.  

 

1.4.  EXPERIMENTAL ISSUES IN MODELS OF SEPSIS 

Prior to discussing the role of adenosine receptors in sepsis, some issues in experimental 

design need to be acknowledged. Firstly, there are many models of sepsis which have 

important strengths and limitations in their contribution to this field. Models of sepsis can 

be classified into three categories: a single dose of an inflammatory stimulus (eg. 

Lipopolysaccharide, LPS or concanavalin A Con A); injection of live bacteria (eg. 

Escherichia Coli); or disruption of the integrity of the intestinal/peritoneal barrier (eg. 

cecal ligation and puncture). Buras et al (66) provide an excellent detailed review of the 

strengths and limitations of animal models of sepsis. For the purposes of this thesis, 
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animal models will be reviewed, with an emphasis on relevance to the study of Adora2a 

knockout mice, in Chapter 8. 

The use of inert pro-inflammatory stimuli such as LPS or Con A causes both SIRS and 

CARS (332), though mice are significantly more resistant to LPS than humans (90). This 

technique is highly reproducible with little variation between labs, although differential 

responses in strains have been observed (592). Whilst low variability is an advantage of 

this technique, it might also be considered a disadvantage as it fails to replicate 

heterogeneity in responses to sepsis seen in the clinical setting. Moreover, a single bolus 

injection of a high concentration of LPS results in an acute hypodynamic state rather than 

a series of complex hemodynamic changes as seen in human sepsis (66). Finally, use of 

inert inflammatory stimuli precludes assessment of the host’s ability to control live 

infection. 

Whilst it might seem more pertinent to inject live bacteria rather than an inert 

inflammatory stimulus, high doses of bacteria often fail to colonise and replicate once 

within the host, and are usually rapidly lysed (96), rendering this model more akin to 

introducing a pro-inflammatory stimulus with the additional disadvantage of greater 

inter-laboratory variability (66).  

The third model of sepsis, disruption of the integrity of the caecum, involves one of two 

methods: simple ligation and puncture with extrusion of faecal matter; or the introduction 

of a stent to ensure continual extrusion of faecal matter. Whilst these two models may 

seem more relevant, they are not without limitations. Without a stent, containment of the 

faecal matter within an abscess often occurs (376, 629). Abscess formation is not a 
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hallmark of sepsis and treatments effective in this model of sepsis do not always translate 

well into clinical settings. Furthermore, both of these techniques have high intra- and 

inter-laboratory variability, and reproducing results can be problematic (66). 

Agonists and antagonists are effective tools in determining the role of adenosine 

receptors in sepsis. Whilst some receptor ligands provide considerable specificity, it 

should be noted that when using bolus injections, systemic concentrations of these 

compounds are difficult to accurately predict and are rarely measured.  More recently, 

studies in sepsis have included the use of antagonists to confirm the specificity of 

agonists. Results in in vivo experiments without these negative controls should be 

interpreted with caution. 

Finally, study limitations mentioned in section 1.1.2 of this thesis are as relevant to 

studies of sepsis as they are to studies of ischaemia-reperfusion, and should be considered 

when interpreting results from studies of sepsis. 

 

1.5.  AGE, GENDER AND SEPSIS 

With a mean age at admission of sepsis patients in Australia of ~60 years (137), age is a 

significant risk factor for sepsis (14, 388). This trend is paralleled in America, where 

increases in the incidence of sepsis actually exceed increases in the aging population 

itself (387). Intolerance to septic insult with age is also evident in murine models of 

sepsis (45, 83, 493, 494, 571), associated with an increase in circulating TNFα levels 

(83). It is interesting to note that even low levels of LPS challenge (sublethal) result in a 

heightened inflammatory and anti-inflammatory responses in aged mice (83, 493). 
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Although more controversial, gender also seems to be a factor in both incidence and 

outcome of sepsis. Males appear to be both more susceptible to sepsis (35, 289, 438, 628) 

and have a higher resulting mortality rate (35) though this association is not always 

evident (13, 438, 628). Males also have a lower tolerance in murine models of sepsis 

(129, 512, 657). Howerver, there is evidence to suggest that this effect may be strain 

dependant (592). 

 

1.6.  ADENOSINE AND SEPSIS 

As already noted, inflammatory responses are usually an essential part of defence against 

infection. When this response becomes inappropriately prolonged, a self-directed assault 

on cells results in local tissue hypoxia and derangement in cellular respiration. In recent 

years, a new paradigm of immunity has emerged emphasising recognition of cellular 

distress (rather than self and non-self) as both instigator and inhibitor of 

inflammatory/immune responses (396, 534); inflammatory responses are triggered by 

cellular distress caused by infection, and inhibited by cellular distress caused by an 

excessive inflammatory response. Adenosine is perfectly positioned as a key regulatory 

agent in this new model. As has been discussed, adenosine’s close relationship with 

cellular energy state, and its short extracellular half-life, make it an acute reporter of local 

cellular distress. Furthermore, adenosine can mediate pro-inflammatory responses at low 

concentrations (through high affinity A1 receptors) and anti-inflammatory responses at 

higher concentrations (via lower affinity A2A, A2B and A3 receptors). Indeed, plasma 

concentrations of adenosine, inosine and hypoxanthine are increased in patients with 
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sepsis (239), and plasma adenosine concentrations can be considered predictive of 

mortality (386). 

Whilst in vivo animal work suggests that exogenous adenosine itself has too short a half 

life in vivo to provide anything more than a brief window of protection (455), the 

adenosine receptor pathway shows promise as an avenue for therapeutic intervention. 

Indeed, adenosine kinase inhibition (increasing net adenosine formation) (140) and 

adenosine analogues (455) protect mice against LPS induced sepsis. Adenosine also 

down-regulates TNFα production in cardiac myocytes (613), peripheral mononuclear 

blood cells (PMBC) (124), monocytes (53) and macrophages (455)   

 

1.6.1.  THE ROL E OF T HE A1  ADE NOS INE RE CEP T OR IN SEPS IS 

Due to observations of increased neutrophil adherence with A1AR activation (93, 95, 

256), the A1AR has primarily been considered a pro-inflammatory receptor, and 

relatively little research has been published addressing the role of this receptor in sepsis. 

Considering this pro-inflammatory role and the high affinity of A1ARs for adenosine, 

A1ARs may serve as a reporters of cellular distress associated with initial bacterial insult. 

Accordingly, A1AR knockout mice demonstrate increased mortality in response to caecal 

ligation and puncture induced sepsis (163). Though there is also some evidence that 

A1AR agonism reduces inflammation in response to LPS stimulation in vivo and in RAW 

macrophages (201), this effect is only seen with high agonist concentrations, suggesting 

potential activation of other adenosine receptor subtypes. 
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1.6.2.  THE ROL E OF T HE A2 A ADE NOS INE RE CE P T OR IN SE PSIS 

The A2AAR is considered the most potent anti-inflammatory receptor of all adenosine 

subtypes, in both cardiac (613) and inflammatory cells (52).  Inflammatory stimuli up-

regulate Adora2a mRNA production in human monocytes (62, 277) and PMBC (70), 

presumably generating increased receptor expression. Moreover, A2AAR stimulation 

inhibits inflammatory cytokine release from PMBC (52), macrophages (199, 201), 

monocytes (353), T cells (17, 231) and neutrophils (93). 

Whilst A2AAR antagonism fails to modify mortality in acute models of endotoxemia 

(LPS- or Con A- induced) (551), Adora2a knockout mice show increased mortality (365, 

440) and up-regulation of pro-inflammatory cytokines, including TNFα, IL-6, IL-12 and 

NFκB (431, 440). Mortality in models of acute sepsis can also be reduced by A2AAR 

agonism, even if delayed up to 24 hrs post insult (551).  

Interestingly, in recent studies by Nemeth et al (431) and Lee et al (330), Adora2a 

deletion was protective against caecal ligation and puncture induced polymicrobial sepsis. 

This highlights an important limitation of A2AAR agonism. Whilst A2AAR agonism may 

play a beneficial role in modulating ‘collateral damage’ in sepsis, excess or complete 

inhibition of the inflammatory response may retard bactericidal capabilities, resulting in a 

maladaptive phenotype. The timing (and perhaps extent) of treatment will therefore be a 

key determinant of the success of A2AAR manipulation in sepsis. 
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1.6.3.  THE ROL E OF T HE A2 B ADENOS INE RE CEP T OR IN SE PSIS 

Until recently, there was little evidence for mediation of inflammatory responses by 

A2BARs in sepsis. As mentioned previously, whilst there are no specific agonists for 

A2BARs, information regarding the role of A2BAR have been derived from studies 

employing agonists and antagonists with varying levels of specificity. This approach 

suggested a role for A2BAR in suppressing inflammation only in the absence of A2AARs 

(306).  

Adora2b knockout mice generated recently by Yang et al (646), have given new insight 

into the role of this receptor in modulation of inflammation. Adora2b knockout mice 

displayed a 2-fold increase in expression the key inflammatory instigators TNFα and IL-

6. Knockout mice also display increased expression of adhesion molecules and increased 

leukocyte rolling and adhesion. Furthermore, LPS stimulated Adora2b knockout mice 

displayed an amplified up-regulation of both TNFα and IL-6 (646). Finally, Adora2b 

knockout bone marrow cells donated to irradiated, wild type mice, also resulted in a pro-

inflammatory phenotype which was not evident in Adora2b knockout mice receiving 

A2BAR wild type donor cells. This suggests a role for A2BARs exclusive to bone marrow 

derived cells (646). This knockout strain, however, was only back-crossed for 4 

generations resulting in only 80% homology with the C57BL/6J strain to which they were 

back-crossed (646). Further backcrossing to increase homology is needed to confirm this 

phenotype. 
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1.6.4.  THE ROL E OF T HE A3  ADE NOS INE RE CEP T OR IN SEPS IS 

Considerable confusion exists regarding the role of A3ARs in sepsis. The anti-

inflammatory properties of A3 receptors are suggestive of a beneficial role in sepsis. 

Alternatively, pro-inflammatory effects mediated by mast cells could support a 

deleterious role for A3ARs. Studies with IB-MECA have suggested a role for A3ARs in 

modulating inflammatory responses in sepsis (200, 201, 330). Abrogation of these effects 

with either Adora2a gene deletion (199) or A2AAR antagonism (551), however, 

highlighted a lack of specificity with the high concentrations of IB-MECA (>200µg/kg) 

used in previous experiments. A recent paper by Lee et al however, has contradicted this 

hypothesis. They were unable to modify the effects of IB-MECA (500µg/kg) in A1 or 

A2AAR knockout mice (330). 

 Study of the Adora3 knockout mouse has helped to clarify the role of A3ARs in sepsis. 

Adora3 gene deletion had no effect on LPS induced sepsis whilst effectivly blocking 

protective effects of exogenous receptor activation (180, 500). However, a loss of 

tolerance to CLP has been observed (330).  
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Overall, while we know adenosine receptors modify outcome from ischaemia-

reperfusion, thir precise roles and functions remain unclear. Moreover. The roles of 

inflammatory processes, and their modulation by adenosine receptors, are also 

incompletely understood (though evidence implicates adenosine receptor control of 

inflammation in reduction of injury). This thesis will examine further the roles and 

interaction between adenosine receptors and inflammatory processes in cardiac injury and 

protection 
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C H A P T E R  2 .  G E N E R A L  M E T H O D S  
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2.1.  ISOLATED HEART MODEL 

2.1.1.  LANGENDORFF-MODE PE RF US ED IS OL AT E D HE ART  M ODE L 

Mice were anaesthetised with an intra-perotineal injection of sodium pentobarbital 

(50mg/kg), and a surgical plane of anaesthesia was evidenced by a lack of pedal 

withdrawal. A thoracotomy was performed and the hearts were rapidly excised into ice-

cold perfusion buffer. The aorta was cannulated on a shortened and blunted 21G needle 

and a retrograde perfusion initiated at a constant pressure of 80 mmHg. The left ventricle 

was drained using an apical polyethylene drain. A fluid filled balloon measuring 11 mm 

in length, connected to a pressure transducer (ADInstruments, Castle Hill Australia), was 

placed in the left ventricle after removal of the atrial appendage. Coronary flow was 

measured using an inline Doppler flow probe (Transonic Systems Inc., Ithaca, NY, 

U.S.A.). Flow and left ventricular pressure (LVP) were recorded using a MacLab data 

acquisition system (ADInstruments, Castle Hill Australia). Ventricular pressure was 

digitally processed using Chart 3.6.3 (ADInstruments, Castle Hill Australia) to determine 

systolic, diastolic and developed pressure as well as heart rate and the pressure 

derivatives –dP/dt and +dP/dt. Electrical pacing at 420 bpm was initiated at 15 min 

equilibration (unless indicated otherwise) to standardise heart rate between groups. Hearts 

were immersed in warmed perfusate in a jacketed bath. The temperature of perfusate 

during equilibration/reperfusion, and the temperature of the organ bath during ischaemia, 

were maintained at 37.4ºC and 37.0ºC respectively. Temperature was monitored using 

Physitemp TH-8 digital thermometer (Physitemp Instruments Inc, Clifton, NJ, U.S.A.). 

Perfusate volume between the compliance chamber and the heart was minimised and the 
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rate of recycling buffer via the overflow exceeded 10x basal coronary flow (1-5mL/min) 

to avoid degassing of stagnant buffer (Figure 2-1). 

The following modified Krebs buffer was used in all experiments unless indicated 

otherwise (in nM): NaCl,  119; Glucose, 11; NaHCO3, 22; KCl, 4.7; MgCl, 1.2; KH2PO4, 

1.2; EDTA, 0.5; Pyruvate, 2. Buffer was equilibrated with 95% CO2, 5% O2 at 37.0°C 

giving a pH of 7.4 and was filtered in line using a Sterivex-HV filter (Millipore, Bedford, 

MA, U.S.A.) 
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Figure 2-1: Schematic of Langendorff perfusion set up.  
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2.1.2.  LDH ASS AY 

Lactate dehydrogenase (LDH) was used as a marker of oncotic or necrotic cell death. On 

cell membrane disruption, intracellular elements including LDH are released into 

extracellular compartments and washed out from hearts. One of two commercially 

available assays was used; the Sigma LDH assay (Product number DG1340-K) or the 

Roche Cytotoxicity Detection Kit (product number 11 644 793 001). The method of LDH 

analysis was kept constant within studies and for statistical comparisons, and only varied 

between projects that were not compared statistically. For all assays, coronary effluent 

was collected from mouse hearts and stored at -80°C until analysis. Total post ischaemic-

efflux was calculated as the product of concentration reached in the reperfusion effluent 

(IU or nmoles per mL) and the total reperfusion volume (mL.g-1 wet weight). 

 

Sigma LDH assay 

The determination of LDH activity is based on either the oxidation of NADH+ to NAD+ 

or the reduction of NAD+ to NADH+ as outlined in the following reaction. This reaction 

is catalysed towards equilibrium (ie. in both directions) by LDH.  

 

+++
+!! "#++ NADLactateHNADHPyruvate

LDH  
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In this kit, the substrates pyruvate and NADH are provided in an acidic buffer and as a 

result, LDH catalyses the oxidation of NADH to NAD+ according to the following 

reaction. 

 

+++
+!!"!++ NADLactateHNADHPyruvate

LDH  

 

The reduction in NADH over a given time is directly proportional to LDH concentration 

and results in a decrease in NADH absorbance at 340 nM. LDH concentration was 

calculated using the following formula: 

 

SVLP

TVA
ActivityLDH

!!

!!"
=

22.6

1000  

 

Where: 

∆A = Change in absorbance per minute 

TV = total volume (mL) 

SV = sample volume (mL) 

6.22 = absorptivity of NADH at 340 nm (mM) 

LP = light path (1 cm) 

1000 = conversion factor for units/mL to units/L 
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Roche LDH assay 

The Roche LDH assay is based (in part) on the same reaction as the Sigma assay. In this 

kit, the substrates NAD+ and lactate are provided and LDH catalyses reduction of NAD+ 

to NADH and H+. In a second reaction, the substrate tetrazolium salt is converted to 

formazan salt by an additional catalyst (not LDH). NADH derived from the first reaction 

is the substrate limiting the second reaction. This process is summarised in the following 

reactions where the substrates provided are underlined: 

 

+++
++!!"!+ HNADHPyruvateNADLactate

LDH  

++!!!!!! "!++
#

++ NADFormazanHNADHSaltmTetrazollu
LDHnotCatalyst )(

 

 

Formazan formed in this reaction displays broad absorption at 500 nm whereas 

tetrazollium shows no significant absorption at this wavelength. This reaction occurs in a 

96 well plate and the concentration of LDH was calculated from an equation generated 

from standards run on each plate.  

 

2.1.3.  PURINE EFF L UX 

Myocardial purine efflux was measured in selected experiments, from samples taken both 

prior to ischaemia and throughout reperfusion. Effluent was stored at -80°C until required 

for HPLC analysis. Samples were separated on a LC18s Supelcosil 5µ column (25cm x 

4.6mm) utilising a buffer gradient delivered via two 510 Waters pumps (controlled by a 

Waters 480 gradient controller). Buffer A was 50 nM KH2PO4 in 3% methanol in water, 
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and buffer B was 50% methanol in water. Purines eluted from the column were detected 

with a Waters Photodiode array (PDA) detector. Millenium software was used for data 

collection and analysis. Normoxic purine efflux was calculated as the  product of 

coronary flow (mL.min-1.g-1) x effluent concentrations (nmoles per mL). Total post-

ischaemic efflux was calculated as the product of purine concentration  (nmoles per mL) 

and the total reperfusion volume (mL.g-1 wet weight). 
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3.1.  ABSTRACT 

Relatively few papers have characterised fundamental properties of the Langendorff-

mode perfused isolated heart model, and considerable variation exists in the approach and 

outcomes with this technically challenging model. Moreover, there is still considerable 

debate regarding the impact of basic physiological settings such as buffer Ca2+ 

concentration and the rate at which hearts are paced, on function, viability and ischaemic 

responses. We therefore compared responses to ischaemia in hearts perfused with 1.35 

and 2 mM free Ca2+, and in hearts paced at 420 and 600 beats per minute (bpm). We also 

assessed ischaemic tolerance in male vs. female mice over an age range of 8, 16, 20 and 

24 wks. All hearts were subjected to 20 minutes of ischaemia followed by 60 minutes of 

reperfusion. Pre-ischaemic LV developed pressure in hearts perfused with 2 mM free 

Ca2+ and paced at 420 bpm was 145±2 mmHg. Lowering Ca2+ to 1.35 mM or pacing 

hearts at 600 bpm lowered contractile function to 126±5 and 108±3 mmHg respectively, 

but did not significantly alter recoveries from ischaemia. There were no differences in 

normoxic function between genders, while LVDP was elevated in 24 vs. 8 wk.. males. In 

male hearts, post-ischaemic recovery of left ventricular function was significantly 

reduced with age: post-ischaemic diastolic dysfunction increased from 25±3 mmHg at 8 

wks. to 40±4, 47±3, and 47±3 mmHg at 16, 20 and 24 wks., respectively; recovery of LV 

pressure development declined from 74±5 mmHg at 8 wks., to 57±7, 47±5 and 53±5 

mmHg at 16, 20 and 24 wks., respectively. Intolerance evolved later in females: diastolic 

dysfunction was not significantly altered until 20-24 wks. (27±3 mmHg at 8 wks. vs. 

26±3, 36±3 and 39±3 mmHg at 16, 20 and 24 wks., respectively); LV pressure 

development was not reduced until 20 wks. (76±6 mmHg at 8 wks. vs. 73±7, 55±5 and 
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56±6 at 16, 20 and 24 wks., respectively). The results from this study suggest that 

differences in Ca2+ concentration in buffer or variations in heart rate, do not exert major 

effects on final outcomes from ischaemia-reperfusion but do generate some qualitative 

shifts in ischaemic responses. Moreover, we present evidence that tight regulation of the 

age of mice used in studies will also significantly reduce variability in experimental 

outcomes following ischaemia-reperfusion. 
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3.2.  INTRODUCTION 

The predominant model used throughout this thesis is the Langendorff-mode perfused 

isolated mouse heart, in which hearts are cannulated via the aorta, the coronary arteries 

perfused at a fixed pressure with a modified krebs-heinselet fluid, and left ventricular 

function assessed via a fluid filled balloon held at a fixed volume (ie. work is isovolumic 

in nature). This technique provides a high throughput and reliable approach to acquisition 

of data on contractile function and cellular injury to the heart under normoxic conditions 

or with ischaemia-reperfusion. Furthermore, the relatively recent adaptation of this 

technique to isolated mouse hearts allows for the utilisation and interrogation of the 

numerous transgenic and knockout mice now available (and of interest).  

Despite a few papers characterising this relatively new model (210, 555, 558), there is 

still considerable variation in functional measures. Baseline function (LV developed 

pressure) varies between 40-70mmHg (81, 414, 448) up to >130 mmHg (210, 235, 519, 

632) and functional recoveries from ischaemia itself are often ‘too good’ (approaching 

100% of pre-ischaemic function) or ‘too poor’ (<20% of pre-ischaemic function), with 

these extremes precluding significant modification of recovery by experimental 

interventions (264, 513, 554, 641).  

Here we investigate the functional impact of early age differences, Ca2+ concentration 

and heart rate on baseline function and responses to ischaemia-reperfusion in an attempt 

to identify factors underlying variation in this model. 
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3.3.  METHODS 

Investigations conformed to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication no. 85-23, revised 

1996). 

All mice were anaesthetised with 50 mg/kg sodium pentobarbitone administered 

intraperitoneally, a thoracotomy performed, and the hearts isolated, cannulated and 

perfused in a Langendorff-mode isolated perfusion system as described in the Methods 

section of this thesis. The following modified Krebs buffer was used in all experiments, 

unless indicated otherwise; (in nM) NaCl,  119; glucose, 11; NaHCO3, 22; KCl, 4.7; 

MgCl, 1.2; KH2PO4, 1.2; EDTA, 0.5; CaCl, 2.5; pyruvate, 2. 

All hearts were allowed to stabilise for 15 minutes before ventricular pacing (420 bpm in 

control hearts) followed by a further 15 minute stabilisation period. Hearts were then 

subjected to global normothermic ischaemia for 20 minutes followed by 60 minutes of 

aerobic reperfusion.  

 

Assessment of effects of early age related effect on function and 

ischaemic tolerance. 

Previous studies from our laboratory have shown an age-related loss of ischaemic 

tolerance in isolated murine hearts within 8 months of age (632). As a natural progression 

of this work, we wished to determine more specifically the age at which tolerance to 

ischaemia-reperfusion begins to decline. Functional recovery was therefore assessed in 
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hearts isolated from male and female mice in the following age groups: 8 weeks (male 

n=11, female n=9), 16 weeks (male n=6, female n=7), 20 weeks (male n=10, female 

n=11) and 24 weeks (male n=11, female n=9).  

 

Assessment of free Ca2 + levels and heart rate on contractile function and 

ischaemic tolerance. 

The levels of free Ca2+ used in the Krebs Henseleit buffer are designed to reflect free Ca2+ 

levels in plasma. Originally employed values of ~2.5 mM, reflect ‘total’ plasma Ca2+ 

levels with ‘free’ Ca2+ estimated to be around ~1.35 mM. We aimed to assess the 

functional consequence of differing Ca2+ on ischaemia-reperfusion injury. Hearts 

perfused with buffer containing 2.5 mM CaCl2 (as used in experiments in subsequent 

chapters; n=13) were compared to those reperfused with buffer containing 1.85 mM 

CaCl2 (n=9). Free Ca2+ is calculated as the total concentration of Ca2+ in the buffer minus 

the concentration of  the chelator EDTA (0.5 mM in both buffers).‘Free’ Ca2+ levels were 

therefore 2.0 and 1.35 mM, respectively.  

Balancing the need to replicate in vivo physiological conditions against inevitable 

changes when using isolated heart preparations is problematic. Whilst it may seem more 

relevant to pace hearts at a ‘physiological’ 600 bpm, intrinsic heart rates in isolated hearts 

are significantly lower (~420 bpm). We therefore aimed to compare contractile functional 

and ischaemic tolerance in hearts paced at 420 bpm compared with 600 bpm. Hearts were 

equilibrated for 15 at intrinsic rates followed by 15 minutes of pacing at 420 or 600 bpm 
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at which point pacing was stopped and ischaemia initiated for 20 minutes. Pacing was 

resumed at 2 minutes reperfusion and continued throughout the reperfusion period. 

 

3.4.  RESULTS 

Early age related changes in functional ischaemic tolerance 

Males had a significantly greater body weight vs. females in  all age groups studied. Body 

weight in both males and females increased significantly with age (data not shown). 

Baseline LV developed pressure in 24 wk. males was significantly higher vs. 8 wk. 

males, while all other groups displayed similar baseline function (Figure 3-1). In males, 

the extent of ischaemic contracture was more severe in 16, 20 and 24 groups vs. 8 week 

hearts (Figure 3-2). Contracture in all female groups remained unchanged with age. 

Post-ischaemic LV diastolic dysfunction was exacerbated in males by 16 weeks of age, 

peaking at 20 weeks of age (Table 3-1a). Depression of LV force development was not 

depressed until 20 weeks of age (Figure 3-1b and c). Coronary flow at the end of 

reperfusion remained largely unaffected by age (Figure 2-1b).  

The age-related decline in functional tolerance to ishaemia-reperfusion was not evident 

until 24 weeks of age in females. Greater ischaemic intolerance was evident in terms of 

end-diastolic pressure, developed pressure (absolute, but not when normalised to 

baseline) (Figure 3-1), and coronary flow (Figure 3-2b). By 24 weeks of age, there were 

no significant differences between males and females in final recoveries from ischaemia-

reperfusion. 
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Table 3-1: Functional parameters measured after 30 minutes of equilibration.  

Experimental group EDP 
(mmHg) 

LVDP 
(mmHg) 

Flow Rate 
(mL/min/g) 

Control (n = 37) 

8 week male, [Free Ca2+] = 2mM, HR = 420 
3 ± 1 145 ± 2  24 ± 1 

[Free Ca2+] = 1.35mM, HR = 420 (n = 9) 4 ± 1 126 ± 5 * 
2.2 ± 0.1 

mL/min† 

[Free Ca2+] = 2mM, HR = 600 (n = 10) 4 ± 1 108 ± 3 * 21 ± 2 

8 week female (n = 8) 6 ± 1 151 ± 8 31 ± 4 * 

16 week Male (n = 6) 4 ± 1 158 ± 7 23 ± 3 

16 week Female (n = 7) 4 ± 1 144 ± 10 23 ± 3‡ 

20 week Male (n = 10) 5 ± 1 154 ± 6 18 ± 3 

20 week Female (n = 11) 5 ± 1 136 ± 6 20 ± 2‡ 

24 week Male (n = 11) 4 ± 1 168 ± 7* 25 ± 2 

24 week Female (n = 8) 5 ± 1 141 ± 3 18 ± 3‡ 

Values are means ± SE. † no heart weight available (hearts were snap frozen for analysis; 
thus flow is given in absolute units and not normalised to mass). * p < 0.05 vs. control, ‡ 
p < 0.05 vs. 8 wk. female 



 - 66 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1: Functional consequences of early age and gender related changes. End 
reperfusion values are shown for: (A) left ventricular end diastolic pressure, (B) left 
ventricular pressure and (C) left ventricular pressure normalised to pre-ischaemic 
function. Recoveries were assessed in 8 week (male n = 11, female n = 9), 16 week (male 
n = 6, female n = 7), 20 week (male n = 10, female n = 11) and 24 week (male n = 11, 
female n = 9) hearts. * p < 0.05 vs. 8 wk. control, † p < 0.05 vs. male. 
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Figure 3-2: Functional consequences of early age and gender related changes. End 
reperfusion values are shown for: (A) peak ischaemic contracture, (B) coronary flow. 
Recoveries were assessed in 8 week (male n = 11, female n = 9), 16 week (male n = 6, 
female n = 7), 20 week (male n = 10, female n = 11) and 24 week (male n = 11, female n 
= 9) hearts. * p < 0.05 vs. 8 wk. control, † p < 0.05 vs. male. 
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Impact of Ca2 + concentration on function and ischaemic tolerance 

Predictably, reduced Ca2+ concentrations in the Krebs-Heinselet buffer resulted in lower 

pre-ischaemic contractile function (Table 3-1). Both systolic and developed pressures 

were ~15% lower in hearts perfused with 1.35 mM vs. 2 mM free Ca2+ (Table 3-1). 

During ischaemia, hearts perfused with buffer containing lower free Ca2+ also displayed a 

reduction in severity of contracture (Figure 3-3). In terms of absolute recoveries, hearts 

perfused with lower Ca2+ levels displayed no prolonged differences in most functional 

measures. However, low  Ca2+ significantly improved both end diastolic pressure and 

developed pressure within the first 10 minutes of reperfusion. Nonetheless, +dP/dt and 

developed pressure (normalised to pre ischaemic function), were both improved 

significantly throughout reperfusion in low Ca2+ hearts (Figures 3-4, 3-5).  
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Figure 3-3: Functional responses to 20 min global ischamia and 1 hr reperfusion in 
control hearts with 2mM free Ca2+ (n=14) and in low Ca2+ hearts with 1.35mM free Ca2+ 
(n=9). Left Ventricular diastolic pressure (upper) and coronary flow (lower) are shown. * 
p < 0.05 vs. control, # p < 0.05 vs. pre-ischaemic values, † all values after 15 min 
ischaemia p < 0.05 vs. pre-ischaemic values. 
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Figure 3-4: Functional responses to 20 minutes global ischaemia and 1 hour reperfusion 
in control hearts with 2mM free Calcium (n=14) and in low Ca2+ hearts with 1.35mM 
free Ca2+ (n=9). Left ventricular developed pressure (A) and left ventricular developed 
pressure normalised to baseline function (B) are shown. Note that all values during 
ischaemia and reperfusion differ from pre-ischaemic values with the exception of 1 minut 
reperfusion in low Ca2+ hearts (p < 0.05). * p < 0.05 vs. control. 
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Figure 3-5: Functional responses to 20 minutes global ischaemia and 1 hour reperfusion 
in control hearts with 2mM free Calcium (n=14) and in low Ca2+ hearts with 1.35mM 
free Ca2+ (n=9). The pressure derivatives +dP/dt (A) and –dP/dt (B) are shown. Note that 
all values during ischaemia and reperfusion differ from pre-ischaemic values (p < 0.05). * 
p < 0.05 vs. control. 
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Figure 3-6: Functional responses to 20 minutes global ischaemia and 1 hour reperfusion 
in control hearts with 2mM free Calcium (n=14) and in low Ca2+ hearts with 1.35mM 
free Ca2+ (n=9). Systolic pressure is shown. Note that all values during ischaemia and 
reperfusion differ from pre-ischaemic values with the exception of 1 minute reperfusion 
in low Ca2+ hearts (p < 0.05). * p < 0.05 vs. control. 

 

 

Functional consequences of heart rate on ischaemic tolerance 

Pacing at 600 vs. 420 bpm significantly depressed LV systolic and developed pressures 

under normoxic conditions (Table 3-1, Figures 3-7, 3-8). Thus RPP was also reduced 

(Figure 3-9). No significant differences in post-ischaemic recoveries were observed 

between the 600 vs. 420 bpm groups for any of the variables assessed (Figures 3-7, 3-8, 

3-9). 
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Figure 3-7: Functional responses to 20 minutes global ischaemia and 1 hour reperfusion 
in hearts paced at 420 Beats per minute (bpm) and heats paced at 600 bpm. Left 
ventricular Diastolic (upper) and Systolic (lower) pressure is shown. Note that all values 
during ischaemia and reperfusion differ from pre-ischaemic values(p < 0.05). * p < 0.05 
vs. control. 
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Figure 3-8: Functional responses to 20 minutes global ischaemia and 1 hour reperfusion 
in hearts paced at 420 Beats per minute (bpm) and hearts paced at 600 bpm. Left 
ventricular developed pressure (A) and left ventricular developed pressure normalised to 
baseline pressure (B) is shown. Note that all values during ischaemia and reperfusion 
differ from pre-ischaemic values(p < 0.05). * p < 0.05 vs. control. 
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Figure 3-9: Functional responses to 20 minutes global ischaemia and 1 hour reperfusion 
in hearts paced at 420 Beats per minute (bpm) and hearts paced at 600 bpm. Rate pressure 
product (A) and coronary flow normalised to baseline (B) is shown. Note that all values 
during ischaemia and reperfusion differ from pre-ischaemic values (p < 0.05). * p < 0.05 
vs. control.
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3.5.  DISCUSSION 

In the current study, we report a significant difference in the age of onset of ischaemic 

intolerance in males and females. Intolerance becomes evident in males as early as 16 

weeks of age whilst females enjoy consistant protection against ischaemia-reperfusion 

until 20-24 weeks of age. Additionally, we report a significant decrease in normoxic 

contractile function in hearts perfused with buffer containing 1.35 mM free Ca2+ and, 

seperately, in hearts paced at 600bpm when compared to ‘control’ hearts perfused with 

buffer containing 2mM free Ca2+ and paced at 420 bpm. While heartrate does not impact 

on post-ischaemic recovery, there are some qualitative and quantitative effects of Ca2+ on 

ischaemia-reperfusion responses. 

 

Early age related changes in ischaemic tolerance 

It is interesting to note that many studies report age (or body weight) ranges for ‘young’ 

control age groups that span those studied in this chapter (81, 183, 519, 641). 

Alternatively, these values are not reported (184, 244, 559, 560). It therefore seems likely 

that mice within an experimental group may display different age-related tolerances to 

ischaemia-reperfusion, potentially increasing variation in ischaemic outcomes in these 

studies.  

Sexual maturity in mice occurs at  ~2 months of age, thus changes in ischaemic tolerance 

in the current study should be considered distinct from changes associated with  early 

maturation. In terms of vascular injury, it would appear that the severe reduction in 

coronary flow observed with more advanced age in mice (632) is not evident in the 
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groups in this study. Reductions in coronary flow resulting from ischaemia-reperfusion in 

the current study were most evident in 20 wk. males (15±2 mL/min/g at the end of 

reperfusion). Previous studies from this laboratory document severe reductions in 

coronary flow (evident from around 18-28 months of age) to ~8mL/min/g (632). The 

early loss of tolerance to ischaemia-reperfusion revealed here should therefore be 

considered largely independent of changes in vascular dysfunction.  

Sexual maturity in C57 mice occurs at 4-6 weeks of age in mice, and loss of reproductive 

capabilities occurs at around 32-40 weeks of age. The loss of ischaemic tolerance 

reported in females by 24 weeks of age suggests that a menopause-related decrease in 

estrogen cannot be the sole instigator of intolerance to ischaemia-reperfusion in ageing 

females. 

The mechanisms underlying gender-based disparities in ischaemic tolerance remain 

unclear. The bulk of research examining gender-based differences has focused on 

protective roles for estrogen. This hypothesis has been largely based on the supposition 

that the incidence of coronary vascular disease in women increases with the onset of 

menoupause, an effect ascribed to declining estrogen levels. This supposition has, 

however, been recently challenged (490, 596). A more thorough examination of 

epidemiological evidence reveals that whilst females do enjoy protection from 

cardiovascular disease, this effect is not subject to ‘rebound’ with menopause (which 

would be expected if estrogen was directly cardioprotective), but rather, the incidence of 

mortality is only ‘delayed’ by ~5 years in females (355, 490, 596). The attractive but 

overly simplistic hypothesis of estrogenergic protection is slowly being replaced with a 

richer and complex reality of both protective and deleterious roles for both estrogen and 
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testosterone (playing different roles) in males and females (355, 490, 596). Furthermore. 

it is also being recognised that these changes occur across the entire lifespan culminating 

in a ‘head start’ for males but a similar progression of cardiovascular disease processes 

for both genders (355, 490, 596).  

From the viewpoint of experimental design, the present findings show that strict 

definition of age ranges will decrease variance in function and ischaemic tolerance. 

Moreover, gender differences do emerge at early ages, and so should also be considered 

in experimental design. 

 

Impact of lowered Ca2 + and heart rate on ischaemic tolerance 

The buffer [Ca2+] used in isolated mouse heart studies  range from 1.2-1.3 (33, 81, 160, 

190, 192) up to 2.0-2.5 mM (60, 142, 262, 367, 461, 473, 639). Here we show that 

lowering Ca2+ concentrations in the perfusion buffer significantly reduces baseline 

contractile function, as predicted based on the inotropic role of Ca2+ in myocytes. The 

reduction in ischaemic contracture in hearts perfused with buffer containing lower Ca2+ 

levels was alsonot surprising given the suggestion of a significant role for Ca2+ in 

contracture development (196, 215, 229, 506), discussed in detail later in this thesis.  This 

observation lends further support to the role of Ca2+ dependent processes in ischaemic 

contacture. 

In terms of post-ischaemic recovery, decreased Ca2+ changed the pattern of recovery, 

although for most variables final outcome was not substantially altered. Prolonged 
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improvements were evident in +dP/dt, and in developed pressure normalised to baseline 

function (as a percentage). An improvement in +dP/dt in ‘low Ca2+’ hearts may reflect a 

reduction in Ca2+ overload known to contribute to ischaemia-reperfusion injury (196, 

215, 229, 506). With regards to recovery of developed pressure, it is difficult to tease out 

direct protective effects of lowered Ca2+ levels from its effect on pre-ischaemic function. 

In terms of absolute recovery of contractile function, Ca2+ concentration has no 

significant impact, and improvement in % LV developed pressure in hearts perfused with 

lower Ca2+ concentrations likely reflects depression of pre-ischaemic function and thus 

metabolic rate. Such minimal differences in functional recovery suggest that either Ca2+ 

concentration may be applicable to the study of isolated-perfused hearts. 

Work from our laboratory has characterised a biphasic response to increased pacing rate 

(210). Heart rate and developed pressure share a positive correlation at heart-rates less 

than 420 bpm after which ischaemic function declines with increasing heart-rate. This 

suggests that a heart rate of 420 bpm best matches the limited metabolic capabilities of 

isolated hearts due in part to denenervation and the low oxygen carrying capacity of 

crystaloid buffers. To address the issue of pacing at a more ‘physiologically relevant’ 

heart rate, we compared functional recoveries in hearts paced at 420 bpm with hearts 

paced at 600 bpm. However, whilst we confirm the predictable depression of pre-

ischaemic function in hearts paced at 600 bpm, tolerance to ischaemia-reperfusion was 

not significantly altered .  

LV developed pressure in intact hearts is similar to that of humans (~120mmHg). It is 

interesting to note that pacing hearts at the more physiological 600 bpm decreased 

function to a more physiologically comparable value, which may better reflect in vivo 
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conditions. Certainly, as inferred by RPP, hearts paced at 600 bpm are doing significantly 

more work than those paced at 420 bpm.  

Since the change in heart rate did not alter ischaemic recovery (despite different 

metabolic rates), one might conclude that effects of lowered Ca2+ on tolerance are 

thereforenot due to differences in metabolic rate, but likely reflect the role of Ca2+ in 

injury pathways. 

 

3.6.  CONCLUSION 

In the present study, have added to the growing body of work characterising the 

technically challenging Langendorff-mode perfused isolated mouse heart model. Our 

findings suggest that tight regulation of the age of mice used in studies will significantly 

reduce variation in ischaemic tolerance. Furthermore, the use of the more 

‘physiologically relevant’ free Ca2+ concentration of 1.35 mM or pacing at 600 bpm 

(compared to 2 mM free Ca2+ and pacing at 420 bpm, used throughout this thesis) does 

not significantly modify post-ischaemic outcome.  
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4.1.  ABSTRACT 

While inhibition of ischaemic contracture was one of the first documented 

cardioprotective actions of exogenously applied adenosine, it is not clear this is a function 

of endogenous adenosine generated during ischaemia. Relevance of delayed contracture 

to post-ischaemic outcome is also unclear. We assessed the abilities of endogenous vs. 

exogenous adenosine to modify contracture (and post-ischaemic outcome) in C57/Bl6 

mouse hearts. Untreated hearts developed peak contracture (PC) of 85±5 mmHg at 

8.9±0.8 min, with time to reach 20 mmHg (time to onset of contracture; TOC) of 4.4±0.3 

min. Adenosine (50 µM) delayed TOC to 6.7±0.6 min, as did pre-treatment with 3 µM 2-

chloroadenosine (7.2±0.5 min) or 50 nM of A1 adenosine receptor (AR) agonist CHA 

(6.7±0.3 min), but not A2AAR or A3AR agonists (20 nM CGS-21680 or 150 nM Cl-IB-

MECA, respectively). Adenosinergic contracture inhibition was eliminated by A1AR 

gene knockout (KO), mimicked by A1AR overexpression, and was associated with 

preservation of myocardial [ATP]. This adenosine-mediated inhibition of contracture 

was, however, only evident after prolonged (10 or 15 min) and not brief (3 min) pre-

treatment. Ischaemic contracture was also insensitive to endogenously generated 

adenosine, since A1AR KO, and non-selective and A1AR selective  antagonists (50 µM 8-

sulfophenyltheophylline and 150 nM DPCPX, respectively), all failed to alter intrinsic 

contracture development. Finally, delayed contracture with A1AR 

agonism/overexpression or ischaemic 2,3 butanedione monoxime (BDM;  targeting Ca2+ 

cross-bridge formation) was linked to enhanced post-ischaemic outcomes. In summary: 

adenosinergic inhibition of contracture is solely A1AR-mediated; the response is ‘supra-

physiological’, evident only with significant periods of pre-ischaemic AR agonism (or 
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enhanced A1AR density); ischaemic contracture appears insensitive to locally generated 

adenosine, potentially due to rapidity of contracture development vs. the finite time 

necessary for expression of AR-mediated cardioprotection.  
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4.2.  INTRODUCTION 

Adenosine is an important component of the hearts‘ intrinsic protective arsenal (136, 211, 

461, 480). However, precise protective functions of endogenous adenosine in the heart 

and vessels remain unclear. Exogenous adenosine inhibits a variety of pathologies 

associated with ischaemia-reperfusion, including stunning, arrhythmogenesis, coronary 

dysfunction, infarction, and apoptosis (126, 209, 417). Limited evidence also supports 

modulation of these abnormalities by endogenously generated adenosine (for review see 

(209)). Inhibition or delay of ischaemic contracture development was one of the earliest 

documented cardioprotective actions of adenosine (126), and numerous studies have 

subsequently confirmed adenosinergic inhibition of this process (136, 150, 246, 323, 325, 

327). Nonetheless, whether this is a normal protective function of locally generated 

adenosine is not known. It is relevant, in this respect, that studies of adenosinergic 

contracture inhibition universally employ significant periods of AR agonist pre-treatment 

prior to ischaemic insult. Beneficial effects may therefore reflect a 'pre-treatment' or 

preconditioning-like effect (albeit without an intervening washout or recovery period). 

Moreover, whether this effect is important in adenosinergic improvements in post-

ischaemic outcome is unclear. Ischaemic contracture does appear to impact on post-

ischaemic recovery (545, 569, 584), and limitation of contracture development is 

therefore predicted to be beneficial.  

 The aim of the current study was to specifically test the hypothesis that inhibition 

of ischaemic contracture is not a normal function of endogenously generated adenosine, 

and that pre-ischaemic AR activation is necessary to evoke this protection (ie. reflects a 

pharmacological preconditioning-like effect). To test this hypothesis we examined the 
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impact of exogenous vs. endogenous adenosine on contracture development in hearts 

from wild-type and genetically modified mice overexpressing (206, 393) or lacking (480) 

cardiac A1ARs. We additionally assessed relationships between contracture inhibition 

and post-ischaemic outcome. 

 

4.3.  METHODS 

Perfused heart preparation.  

 Investigations conformed to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication No. 85-23, revised 

1996). Experiments were undertaken in male wild type C57/Bl6 mice (2-4 months of age, 

n=232), transgenic mice (C57/Bl6 background) overexpressing cardiac A1ARs (393) 

(n=9), and A1AR gene knockout (KO) mice (480)(51) (n=18) were anaesthetized with 50 

mg/kg of sodium pentobarbitone administered intra-peritoneally. Experiment were 

performed as described in the methods section and outlined by us in detail previously 

(210, 211, 461, 463). Hearts were perfused with a modified Krebs bicarbonate buffer 

containing (in mM): NaCl, 118; NaHCO3, 25; KCl, 4.7; KH2PO4, 1.2; CaCl2, 2.5; 

MgSO4, 1.2; EDTA, 0.6; and with either 11 mM glucose or 11 mM glucose + 2 mM 

pyruvate as exogenous substrates. Addition of pyruvate delays development of 

contracture during ischaemia (143) (see below). The perfusion fluid was saturated with 

95% O2 and 5% CO2 at 37°C (yielding a pH of 7.4 and a PO2>550 mmHg at the aortic 

cannula), and was continuously filtered via a 0.45 µ in-line filter. The left ventricle was 

vented with a polyethylene drain to prevent fluid accumulation and an intra-ventricular 

balloon introduced for assessment of contractile function, as described previously (210). 
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Coronary flow was monitored via an ultrasonic flow-probe in the aortic perfusion line 

connected to a T106 flowmeter (Transonic Systems Inc, Ithaca, NY, USA). Functional 

data were recorded at 1 KHz on a 4 channel MacLab data acquisition system 

(ADInstruments, Castle Hill, Australia). Ventricular pressure was digitally processed to 

yield systolic and diastolic pressures and heart rate.  

 

Ischaemia-reperfusion protocol.    

After instrumentation all hearts were introduced into a water-jacketed chamber 

superfused with warmed buffer at 37°C, ensuring stable temperature throughout the 

protocols. Following a 20 min stabalisation period at intrinsic heart rate, hearts were 

switched to electrical pacing at 420 beats/min and stabilized a further 10 min. Hearts were 

excluded from analysis at this time if they met one of the following criteria: i) left 

ventricular systolic pressure <100 mmHg; ii) coronary flow ≥5 ml/min; iii) fluctuating 

(unstable) contractile function; or iv) significant arrhythmias. Baseline functional 

measurements were made before subjecting hearts to 20 min global normothermic 

ischaemia. In some cases, where relationships between contracture development and 

post-ischaemic outcome were assessed, hearts were subsequently reperfused for 45 min 

(see below). In all hearts electrical pacing was stopped on induction of ischaemia, and in 

reperfused hearts was resumed after 2 min of reperfusion (210). 
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Experimental groups.    

Two series of experiments were performed, in hearts perfused with glucose as sole 

exogenous substrate and in hearts perfused with glucose+pyruvate (displaying delayed 

intrinsic contracture development). In glucose groups, contracture development was 

monitored in untreated wild-type hearts (n=14), and in hearts treated with 50 µM 

adenosine (n=10), 10 µM 2-chloroadenosine (non-selective AR agonist; n=9), 50 nM 

CHA (A1AR specific agonist; n=10), 150 nM Cl-IB-MECA (A3AR specific agonist; 

n=10), 10 nM CGS21680 (A2AAR specific agonist; n=9), 5 µM EHNA (adenosine 

deaminase inhibitor; n=9), 50 µM 8-SPT (non-specific antagonist; n=10), 150 nM 

DPCPX (A1AR specific antagonist; n=9), 50 µM adenosine plus 50 µM 8-SPT (n=10), 

or 50 µM adenosine plus 150 nM DPCPX (n=10). Agonist and antagonist infusions were 

commenced 10 min prior to ischaemia. To examine temporal requirements of AR 

activation we also compared the abilities of 3 (n=8), 10 (n=10) or 15 min (n=9) periods 

of adenosine pre-treatment (50 µM) to limit contracture development. Preliminary 

experiments confirmed functional AR activation within the first minute of infusion, as 

evidenced by coronary vasodilatation (A2AAR agonism) and A1AR-mediated bradycardia 

(data not shown). 

A 50 µM exogenous adenosine concentration was chosen for most of the study, based on 

prior concentration-response data for this model (211), demonstrating that this exogenous 

concentration is required to ensure maximal activation of different AR sub-types in this 

model. This vascular concentration markedly exceeds interstitial levels (which the cardiac 

ARs are exposed to) achieved during infusion owing to rapid and extensive cellular 

transport and catabolism of infused adenosine (307, 319). We also undertook a basic 
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concentration-response analysis in which we assessed and compared the abilities of 0.5 

µM (n=7), 10 µM (n=8) and 50 µM (n=10) adenosine to inhibit contracture development 

in glucose-perfused hearts.  

Hearts supplied with glucose+pyruvate as substrates exhibit an intrinsically prolonged 

time for ischaemic contracture to develop (143), permitting assessment of the roles of AR 

agonism under conditions of slowed/prolonged contracture development.  Responses 

were monitored in wild-type hearts which were either untreated (n=10) or treated with 50 

µM adenosine (n=9), 10 µM 2-chloroadenosine (n=7), 50 µM 8-SPT (n=9), or 150 nM 

DPCPX (n=8).  

To further examine the role of endogenous adenosine we also studied contracture 

development in hearts from A1AR deficient mice (480) that were either untreated (n=10) 

or subjected to AR agonism (non-selective) with 10 µM 2-chloroadenosine (n=8). This 

analogue was chosen as a more stable agonist (reducing the impact of potential 

differences in altered adenosine handling/metabolism in wild-type vs. gene modified 

hearts). Contracture was also studied in hearts overexpressing cardiomyocyte A1ARs 

(393) (n=9). 

In the final experiments, relationships between post-ischaemic outcomes and contracture 

development were examined in glucose+pyruvate perfused hearts subjected to 20 min 

ischaemia and 45 min reperfusion from the following groups: untreated hearts (n=8); 

hearts treated with 50 µM adenosine (n=9); hearts treated with 150 nM Cl-IB-MECA 

(n=8); hearts overexpressing A1ARs (n=9); hearts in which A1ARs were absent (n=8); 

and hearts treated with 5 mM of the Ca2+ desensitizer 2,3-butanedione monoxime (BDM) 
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during ischaemia only (n=7). This agent (at ≤5 mM) inhibits Ca2+-activated cross-bridges 

without altering Ca2+ transients or ATP levels. We therefore assessed its actions to test 

both for Ca2+-dependent contracture, and to identify the impact of a reduction in 

ischaemic contracture on post-ischaemic outcome. In this latter experiment contractile 

function was monitored during BDM infusion, and ischaemia was immediately induced 

upon detecting a 5 mmHg fall in systolic force (as the agent exerts a negative inotropic 

action). The agent was not infused during reperfusion. In addition to monitoring 

contractile function, coronary venous effluent was collected over the duration of 

reperfusion in untreated and BDM treated hearts, and analysed for lactate dehydrogenase 

(LDH) content (a marker of cell death), as described previously (211, 463, 480).  

 

Myocardial energy metabolites.    

We assessed the effects of adenosine treatment on myocardial ATP and phosphocreatine 

(PCr) levels prior to and at the end of the ischaemic insult. Briefly, hearts were untreated 

or received 50 µM adenosine, and were snap frozen in liquid N2 either immediately prior 

to ischaemia (n=8 and 7 for untreated and adenosine treated, respectively) or at the end of 

20 min of ischaemia (n=7 and 8 for untreated and adenosine treated, respectively). The 

frozen tissue was stored at -80°C until powdered and extracted in perchloric acid and 

neutralized extracts analysed for ATP and PCr content via reverse-phase HPLC, as 

outlined in detail previously (206, 211). Tissue metabolite content is expressed as µmol/g 

wet weight. 
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Statistical analyses.   

Baseline functional data, time to onset of contracture (TOC; the time for diastolic 

pressure to reach 20 mmHg), peak contracture (PC; the maximal level of contracture 

achieved during ischaemia), and post-ischaemic functional recoveries were compared via 

one-way ANOVA. Where significant inter-group differences were detected in ANOVAs, 

a Newman-Keuls post-hoc test was employed for specific comparisons. Efflux of LDH in 

untreated and BDM treated hearts was assessed via Students t-test. Significance was 

accepted for P<0.05. All data are presented as means ± S.E.M. 

 

4.4.  RESULTS 

Effects of AR agonism on normoxic function and ischaemic contracture.    

Normoxic contractile function was similar in all groups (Table 4-1), and not significantly 

altered by any of the adenosine agonists (despite an insignificant trend to higher pressure 

development with adenosine). Adenosine, 2-chloroadenosine and EHNA all significantly 

increased coronary flow. Upon initiation of ischaemia ventricular pressure development 

rapidly dissipated, with no detectable systolic force development beyond ~2 min. 

Subsequently, end-diastolic pressure increased (contracture) reaching a peak value (PC) 

of ~80 mmHg after 10 min in untreated glucose-perfused hearts (Figure 4-1). The time 

for pressure to reach 20 mmHg (defined as time to onset of contracture or TOC) was ~4.5 

min (Figures 4-1 to 4-3). Perfusion with glucose+pyruvate delayed and reduced 

contracture development, with TOC prolonged to ~8.5 min and PC reduced to ~52 

mmHg (Figure 4-4). 
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Adenosine, 2-chloroadenosine and selective A1AR agonism all significantly prolonged 

TOC, with modest (if any) effects on PC (Figures 4-2, 4-3). Inhibitory effects of 

adenosine were concentration-dependent, evident at 0.5 µM and increasing with 10 and 

50 µM adenosine (Figure 4-2). These inhibitory effects of adenosine were evident in both 

glucose (Figure 4-3) and pyruvate supplemented hearts (Figure 4-4). Interestingly, there 

was a trend to reduced PC with adenosine treatments in glucose-perfused hearts (Figure 

4-3), which was not apparent in the presence of pyruvate (Figure 4-4). In contrast to 

adenosine and A1AR agonism, neither A2A nor A3AR agonism modified contracture 

development (Figure 4-4). Enhancement of endogenous adenosine with EHNA (an 

inhibitor of adenosine deaminase) also prolonged TOC (Figure 4-3), as did 

cardiomyocyte A1AR overexpression (Figure 4-5). Effects of exogenous adenosine were 

inhibited by co-treatment with either a non-selective (8-SPT) or A1AR selective 

(DPCPX) antagonist  (Figure 4-3).  

The effects of adenosine pre-treatment on contracture were not due to alterations in ATP 

or PCr content at the onset of ischaemia (Figure 4-6). Neither metabolite was modified by 

adenosine pre-treatment in normoxic hearts. However, ATP (but not PCr) content at the 

end of 20 min ischaemia was moderately but significantly enhanced in adenosine treated 

vs. untreated hearts. Impairment of ischaemic contracture with adenosine is thus 

associated with preservation of myocardial ATP (Figure 4-7).  
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Table 4-1: Pre-ischaemic contractile function and coronary flow in all experimental 
groups 

Experimental Group LV Developed Pressure 
(mmHg) 

Coronary Flow 
(ml/min/g) 

Glucose   
Untreated (Control) (n=14) 137±7 26±2 

50 µM Adenosine (n=10) 146±8 36±5* 

3 µM 2-Chloroadenosine (n=9) 142±6 34±4* 

50 nM CHA (n=10) 135±8 23±3 

20 nM CGS21680 (n=9) 145±5 38±4* 

150 nM Cl-IB-MECA (n=10) 148±5 29±3 

5 µM EHNA (n=9) 135±3 36±3* 

50 µM 8-Sulfophenyltheophylline (n=10) 130±8 20±4 

150 nM DPCPX (n=9) 133±5 22±4 

   
Glucose+Pyruvate    

Untreated (Control) (n=10) 122±9 22±2 

50 µM Adenosine (n=9) 129±4 37±1* 

3 µM 2-Chloroadenosine (n=7) 131±7 33±4* 

50 µM 8-Sulfophenyltheophylline (n=9) 119±9 19±3 

150 nM DPCPX (n=8) 120±4 20±2 

A1AR KO (n=10) 126±5 25±2 

A1AR Overexpression (n=9) 130±5 25±2 

5 mM BDM (n=7) 118±4 25±3 

Functional parameters were measured immediately prior to induction of global ischaemia. 
All values represent means ± S.E.M. *, P<0.05 vs. Untreated. 
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Figure 4-1: Ventricular diastolic force during global normothermic ischaemia in the 
absence and presence of 50 µM adenosine. Adenosine infusion was commenced 10 min 
prior to ischaemia. Hearts were supplied with glucose as substrate. Values represent 
means ± S.E.M. *, P<0.05 vs. untreated hearts. 
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Figure 4-2: Concentration-dependent actions of adenosine on ischaemic contracture 
development in glucose-perfused hearts. Adenosine was applied 10 min prior to 
ischaemia. Data are provided for time to onset of contracture (TOC) (A), and the peak 
level of contracture (PC) achieved during ischaemia (B). All hearts were supplied with 
glucose as sole substrate. Values represent means ± S.E.M. *, P<0.05 vs. untreated hearts. 
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Figure 4-3: Effects of AR agonism and antagonism, and adenosine deaminase inhibition, 
on ischaemic contracture development in glucose-perfused hearts. Agents were applied 
10 min prior to ischaemia. Data are provided for time to onset of contracture (TOC) (A), 
and the peak level of contracture (PC) achieved during ischaemia (B). All hearts were 
supplied with glucose as sole substrate. Values represent means ± S.E.M. *, P<0.05 vs. 
untreated hearts;  †, P<0.05 vs. adenosine treated hearts in the absence of antagonist. 
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Figure 4-4: Effects of AR agonism and antagonism on ischaemic contracture 
development in glucose+pyruvate perfused hearts. Agents were applied 10 min prior to 
ischaemia. Data are provided for time to onset of contracture (TOC) (A), and the peak 
level of contracture (PC) achieved during ischaemia (B). All hearts were supplied with 
glucose as sole substrate. Values represent means ± S.E.M. *, P<0.05 vs. untreated hearts. 
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Figure 4-5: Effects of A1AR overexpression or gene deletion on contracture development 
and on protective effects of non-specific AR agonism with 2-chloroadenosine. Data are 
provided for time to onset of contracture (TOC) (A), and the peak level of contracture 
(PC) achieved during ischaemia (B). All hearts were perfused with glucose+pyruvate as 
substrate. Values represent means ± S.E.M. *, P<0.05 vs. untreated wild-type hearts. 
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Figure 4-6: Impact of adenosine and ischaemia on myocardial ATP and PCr content. 
Tissue metabolites were assessed immediately prior to ischaemia and at the end of 20 min 
ischaemia in untreated or adenosine treated (50 µM) hearts. Data are provided for total 
myocardial ATP (A) and PCr (B). Hearts were supplied with glucose as substrate. Values 
represent means ± S.E.M. *, P<0.05 vs. untreated hearts; †, P<0.05 vs. 3 min. pre-
treatment. 
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Figure 4-7: Importance of AR agonist pre-treatment. Treatment with adenosine (50 µM) 
was commenced 3, 10 or 15 min prior to global ischaemia. Data are provided for time to 
onset of contracture (TOC) (A), and the peak level of contracture (PC) achieved during 
ischaemia (B). Hearts were supplied with glucose as substrate. Values represent means ± 
S.E.M. *, P<0.05 vs. untreated hearts; †, P<0.05 vs. 10 and 15 min pre-treatment. 
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Figure 4-8: Relative effects of adenosinergic interventions and ischaemic BDM on 
contracture development and post-ischaemic functional recoveries. Data are shown for 
TOC (A) and peak contracture (B) together with final post-ischaemic recoveries of left 
ventricular developed pressure in hearts untreated or treated with adenosine, Cl-IB-
MECA, or BDM (ischaemia only), hearts overexpressing A1ARs, and A1ARs KO hearts 
untreated or treated with 2-chloroadenosine. Values represent means ± S.E.M. *, P<0.05 
vs. untreated hearts; †, P<0.05 vs. untreated A1AR KO hearts. 
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Responses to endogenously generated adenosine.   

To identify potential effects of endogenous adenosine we tested the abilities of selective 

and non-selective AR antagonists to modify intrinsic rates of contracture development 

(Figures 4-3, 4-4). Neither 8-SPT or DPCPX modified TOC or PC in the absence of 

exogenous AR agonists or in hearts overexpressing A1ARs. A similar concentration of 

DPCPX was previously shown to limit AR-mediated responses to maximally effective 

agonist concentrations (49), and as noted above these treatments both inhibited the 

response to exogenous adenosine. We also assessed contracture development in hearts 

lacking functional A1ARs (Figure 4-5). Neither rate nor extent of contracture 

development differed in A1AR KO vs. wild-type hearts (Figure 4-5).  

 

Importance of pre-treatment in adenosinergic protection against 

contracture.    

A possible explanation for the lack of effect of endogenously generated adenosine on 

contracture (vs. protection with exogenous agonists) is that significant periods of pre-

ischaemic AR activation may be necessary to invoke protection. To test this, we 

compared effects of 3, 10, and 15 min periods of pre-ischaemic AR agonism.  Data in 

Figure 4-7 reveal that a 3 min period of adenosine pre-treatment fails to modify 

contracture development. However, longer 10 and 15 min periods of pre-treatment 

resulted in comparably delayed contracture.  
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Relation between contracture and post-ischaemic function.  

Ischaemic contracture may exaggerate tissue injury and impair post-ischaemic outcome. 

We assessed this possibility by examining the impact of contracture inhibition with BDM 

on post-ischaemic outcome, and relationships between contracture development and post-

ischaemic outcomes in hearts subjected to differing adenosinergic interventions (Figure 

4-8a). Adenosine, 2-chloroadenosine and A1AR overexpression all delayed contracture 

and enhanced post-ischaemic recoveries. In contrast, activation of A3ARs improved 

recovery without modifying contracture, as did non-selective AR agonism in hearts 

lacking A1ARs (Figure 4-8). Thus, inhibition of contracture is not necessary for 

adenosinergic improvements in post-ischaemic outcome (and also, non-A1AR sub-types 

must play a role in enhancing post-ischaemic recovery). Nonetheless, in all cases where 

contracture is delayed (adenosine or 2-chloroadenosine treatment in wild-type hearts; 

A1AR overexpression), post-ischaemic outcomes tend to be higher than in hearts in which 

contracture is unaltered (Figure 4-8), though this does not achieve statistical significance 

in all cases.  More importantly, infusion of BDM prior to and during ischaemia (and not 

during reperfusion) significantly inhibits contracture, and this results in a substantial 

improvement in post-ischaemic contractile recovery (Figure 4-8). Additionally, BDM 

reduced post-ischaemic efflux of LDH (a marker of necrosis) by 40%, from 21±2 IU/g in 

untreated hearts to 13±2 IU/g (P<0.05). Interestingly, while TOC did in many instances 

change in parallel with post-ischaemic outcomes (Figure 4-8a), PC was very poorly 

related to outcomes, changing little if at all with most protective strategies tested (Figure 

4-8b).   
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4.5.  DISCUSSION 

During myocardial ischaemia diastolic pressure gradually rises, a process known as 

ischaemic contracture (or rigor). While its mechanistic basis is still debated, contracture 

(and its modulation) may be relevant to myocardial ischaemic damage and post-

ischaemic recovery (545, 569, 584). Here we show that endogenously generated 

adenosine does not normally modify contracture development, despite the fact that pre-

ischaemic adenosine treatment, acting solely via A1ARs, substantially delays this injury 

process (an effect associated with preservation of myocardial ATP). Myocardial 

ischaemic contracture therefore evolves independently of the actions of local adenosine. 

 

AR-dependent contracture inhibition.   

Largely through the work of Lasley and colleagues, it has become clear that A1AR 

agonism can limit contracture development via Gi-dependent signaling (323, 325, 327). 

Here we unequivocally confirm that adenosinergic inhibition of contracture is solely 

A1AR mediated: contracture is insensitive to A2AAR or A3AR agonism (Figure 4-3) and 

only modified by agents targeting A1ARs (an effect mimicked by A1AR overexpression) 

(Figures 4-3, 4-5); selective antagonism of A1ARs blocks the effects of adenosine (Figure 

4-3); and genetic deletion of A1ARs abrogates adenosinergic inhibition of contracture 

(Figure 4-5). Though we cannot directly test the role of A2BARs (owing to lack of 

selective agonists), collective findings for A1AR KO and antagonism exclude 

contributions from this sub-type. Thus, our data build on and confirm (via different 
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methodological approaches) the prior work of Lasley and colleagues regarding A1AR 

involvement (323, 325, 327). 

Mechanistically, contracture has been considered to involve Ca2+-independent stable 

actin-myosin cross-bridge formation as myocardial [ATP] falls below a critical sub-

millimolar threshold (8, 9, 278, 434, 605). Glycolytically-derived ATP is proposed to be 

uniquely important in delaying the process (59, 98, 284, 447) . A glycolysis-dependent 

Ca2+-independent model is, however, difficult to reconcile with inhibition of ischaemic 

glycolysis and contracture by adenosine (150), contracture in the absence of changes in 

myocardial [ATP] (98), and inhibition of contracture by limiting Ca2+ overload (196, 215, 

229, 506) or Ca2+-dependent cross-bridges (561). Emerging evidence supports 

contributions from Ca2+-dependent cross-bridges (561), consistent with changes in [Ca2+] 

(69, 108, 278, 316), and effects of Mg-ATP and Mg-ADP on Ca2+-dependent cross-

bridge generation (121, 453). From the perspective of adenosinergic protection, 

adenosine and A1ARs inhibit acidosis and Ca2+ overload (150) and preserve cytosolic 

[ATP] and ∆GATP (150, 206) during ischaemia. These effects will limit both Ca2+- and 

energy-dependent cross-bridge formation. The present data confirm that exogenous 

adenosine treatment does significantly preserve ischaemic ATP without modifying ATP 

or PCr content immediately prior to ischaemia (Figure 4-6). Thus, protection with 

exogenous adenosine is not due to an enhancement of pre-ischaemic energy state or ATP, 

but may involve preservation of ATP during ischaemia. Other A1AR actions, including 

inhibition of release and activity of catecholamines (482) could also play a role. 

However, since adenosine also inhibits ischaemic (150) and post-ischaemic glycolysis 

(136), current paradigms of glycolytic dependence of contracture (98, 284, 447) predict 
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contracture acceleration by adenosine. It is possible then that the final effects of 

exogenous adenosine reflect a balance between detrimental vs. beneficial actions.  

We were able to separate the effects of adenosine on onset vs. extent of contracture 

development in pyruvate-supplemented hearts (Figure 4-4). This distinction is likely 

indicative of differing mechanisms underlying the two aspects of contracture: onset is 

determined by the point at which glycolytic flux/ATP generation ceases and cytosolic 

[Ca2+] accumulates (59, 98, 284, 354, 447); subsequent development of contracture is 

governed by the quantity of ATP then available to myosin ATPase (8, 55, 59, 98). Since 

onset and extent of contracture are dictated by differing (though related) mechanisms, 

adenosine and other stimuli, including pyruvate itself, may selectively or differentially 

modify the two aspects of the contracture process. 

 

No role for endogenous adenosine in modulating contracture.  

Activation of ARs by endogenous adenosine represents one of the hearts intrinsic 

protective responses, providing tolerance to ischaemia (209). We previously showed 

ischaemic resistance correlates with A1AR expression/ functionality, increasing with 

enhanced A1AR expression (206, 393), and declining when A1ARs are ablated (480). In 

terms of the actions of endogenous adenosine, early observations of AR agonist-mediated 

contracture inhibition (126, 327) implicated contracture inhibition in protection afforded 

by adenosine. Indeed, our data show contracture inhibition occurs with as little as 0.5 µM 

exogenous adenosine (Figure 4-2) which, as a result of rapid catabolism and transport, 

will increase interstital adenosine to substantially less than 0.5 µM. Since we previously 
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showed that interstital adenosine accumulates beyond this concentration in ischaemic 

mouse hearts (461), sufficient endogenous agonist would appear to be present to trigger 

the A1AR response. However, although we unequivocally confirm A1AR specificity of 

this effect (Figures 4-3, 4-5), our results reveal (somewhat paradoxically) that the 

response is only evoked by exogenous or artificially enhanced AR activation and not by 

locally generated adenosine. Non-selective and A1AR selective antagonism (Figures 4-3, 

4-4), and A1AR gene deletion, all failed to modify intrinsic rates of contracture 

development  (Figure 4-5).  

It is challenging to identify the function of endogenous autacoids (including adenosine), 

the levels and activity of which are controlled in a negative feedback fashion. Receptor 

antagonism may 'open' the regulatory feedback loop, exaggerating or amplifying the 

initiating stimulus. Although this has been documented in prior studies of myocardial 

ARs (205, 214), it does not explain the current lack of effects of AR antagonism on 

contracture development: protection in response to even greater levels of AR activation 

(with exogenous adenosine) is sensitive to receptor antagonism (Figure 4-3). Thus, lesser 

degrees of AR activation by endogenous adenosine should be even more sensitive to 

antagonists. While lack of effect of receptor antagonism supports no inhibitory effect of 

endogenously generated adenosine, even more conclusive data derives from A1AR 

deletion (shown to eliminate A1AR-mediated responses), which also fails to modify 

contracture development (Figure 4-5).  We conclude, therefore, that while artificially 

enhanced levels of A1AR activity delay ischaemic contracture, this response is not 

normally invoked by endogenous adenosine.  
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The chief question arising from our data is why locally generated adenosine is normally 

unable to activate this specific form of cardioprotection, whereas exogenous AR agonism 

does? One possibility relates to the temporal characteristics of AR-coupled protective 

signaling. Endogenous adenosine is predicted to maximally activate ARs after 10-15 min 

of ischaemia, based on patterns of interstitial accumulation in ischaemic hearts from mice 

(461) and other species (195, 413). Compounding a delay in peak interstitial 

accumulation and AR agonism, kinase cascade activation by adenosine is phasic in both 

cardiac and non-cardiac myocytes, peaking at 5-10 minutes then waning (173, 356, 521). 

Similarly, functional effects of mitochondrial KATP channels (the protective channels 

targeted by ARs and associated kinase cascades) may require ≥5 min to evolve and 

plateau, based on flavoprotein fluorescence measures of mitochondrial redox state with 

KATP channel openers (357).  These summated delays may retard expression of 

cardioprotection by 10 min or more, negating any ability of endogenous adenosine to 

effectively target contracture manifest within the initial minutes of ischaemia (Figure 

4-1). To test this, we compared effects of brief (3 min) vs. prolonged (10 or 15 min) 

periods of adenosine pre-treatment (Figure 4-7). Results demonstrate a necessity to pre-

activate ARs for >3 min (and up to 10 min) prior to ischaemia in order to limit 

contracture development (Figure 4-7). This is not a trivial finding, as it provides an 

explanation for why endogenous adenosine may not immediately protect ischaemic 

myocardium, for the efficacy of prolonged pre-ischaemic AR agonism, and for a 

requirement for prolonged ischaemia in triggering adenosine-dependent preconditioning 

(346). Though the latter is attributed to recruitment of less sensitive ARs (eg. A3ARs) by 
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higher adenosine levels, it is equally plausible this reflects unavoidable temporal delays 

in triggering and expression of AR-mediated cardioprotection. 

An additional or related explanation for differing responses to exogenous vs. endogenous 

adenosine relates to their effects on energy metabolism and ATP during ischaemia. We 

and others have previously shown that exogenous adenosine (150) or A1AR 

overexpression (210) improves energy state and ATP levels during ischaemia, an effect 

predicted to limit development of contracture. We confirm here that ischaemic pre-

treatment with adenosine does enhance ischaemic ATP content, without modifying pre-

ischaemic levels (Figure 4-6). In contrast, there is evidence that blockade of endogenous 

adenosine does not modify early changes in energy state/ATP during ischaemia (12). It 

may be that an inability of endogenous adenosine to modify ischaemic energy 

metabolism also relates to temporal delays in triggering a protective response. Either 

way, the ability of exogenous but not endogenous adenosine to improve ischaemic energy 

state is internally consistent with the ability of exogenous but not endogenous adenosine 

to inhibit contracture.  

 

Impact of delayed contracture on post-ischaemic outcomes and 

cardioprotection. 

Whether the rapidity or extent of contracture development is important in modifying 

post-ischaemic outcome also remains unclear. Prior studies indicate severity (569, 584) 

and longevity (545) of contracture do impact on post-ischaemic recovery. Cross et al. 

(98) documented marked improvement in post-ischaemic outcome when contracture was 
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avoided, irrespective of ischaemic duration (protection attributed to reduced acidosis and 

ion overload). Ischaemic contracture may exaggerate ATP depletion and Ca2+ overload 

during ischaemia (8), and inhibit ATP regeneration on reperfusion (354)(40). 

Nonetheless, contracture and post-ischaemic outcome can be dissociated under specific 

conditions including ischaemic preconditioning (296), and our data demonstrate 

adenosinergic improvements in post-ischaemic recovery can occur independently of 

changes in contracture: A1AR deletion, A3AR agonism, and non-specific AR agonism in 

the absence of A1ARs, all fail to alter contracture yet do modify post-ischaemic outcomes 

(Figure 4-8). Furthermore, cardioprotection via endogenous adenosine is independent of 

changes in contracture development (Figures 4-3, 4-5). Nonetheless, these distinctions do 

not preclude some dependence of post-ischaemic outcomes on contracture: we show that 

whenever contracture is delayed, be it with exogenous agonists, enhanced adenosine 

levels, or A1AR overexpression, post-ischaemic outcomes are uniformly improved 

(Figure 4-8a). A more direct test of this relationship was made with BDM treatment, to 

limit the contractile effects of Ca2+ during but not following ischaemia. The observed 

action of BDM (Figure 4-8) supports a Ca2+-dependent component to contracture, 

consistent with earlier findings of Tani et al. (569) in rats. Importantly, BDM also limited 

cell death and improved contractile recovery during reperfusion (Figure 4-8). These data 

show that selective inhibition of ischaemic contracture does influence post-ischaemic 

functional recovery and cell death. This, in turn, indicates that inhibition of contracture is 

indeed likely to contribute to improvements in post-ischaemic outcome with those 

adenosinergic stimuli that do limit contracture development.  
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We observed a more consistent relationship between post-ischaemic outcomes and onset 

vs. peak level of contracture (Figure 4-8b). Since onset is dictated by cessation of 

glycolysis and ATP generation (59, 98, 284, 354, 447), this parameter directly reflects the 

ischaemic period hearts are critically de-energized for, and over which they accumulate 

H+ and Na+. As outlined by Cross et al. (98), when glycolysis is not maintained greater 

acidosis evolves and exaggerates subsequent reperfusion injury by enhancement of Na+-

H+ (and thus Na+-Ca2+) exchange. Thus rapidity of contracture onset may be more 

relevant to injury than extent of contracture, which is determined by the quantity of ATP 

then available for hydrolysis by myosin ATPase. This is in agreement with prior 

correlations between the period of contracture and the degree of post-ischaemic recovery 

(545).  

 

4.6.  CONCLUSION  

 The current findings reveal that adenosinergic contracture inhibition only occurs when 

AR activity is artificially augmented prior to ischaemic insult, either with agonist pre-

treatment, pre-ischaemic inhibition of adenosine catabolism, or enhancement of cardiac 

A1AR density. Inhibition of contracture is not normally influenced by endogenously 

generated adenosine, possibly as a result of the rapidity of contracture development vs. 

the finite time necessary for evolution of AR-triggered cardioprotection. Our data 

unequivocally confirm A1AR dependence of this inhibitory response, using a 

combination of pharmacological and genetic interventions. While our data also suggest 

this  'pharmacological' response (evident only with exogenous adenosine) involves 

preservation of ischaemic ATP, the mechanistic basis of the effect requires further 
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investigation. Finally, although contracture inhibition plays no role in cardioprotection 

mediated by endogenous adenosine, reductions in contracture development with 

exogenous adenosinergic stimuli are nonetheless likely to contribute to improved 

myocardial outcomes. 
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5.1.  ABSTRACT 

 

Adenosine receptors may be important determinants of intrinsic ischaemic tolerance. 

Genetically modified mice were used to examine effects of global A1 adenosine receptor 

(A1AR) knockout (KO) on function and ischaemic tolerance in perfused mouse hearts. 

Baseline contractile function and heart rate were unaltered by A1AR KO, which was 

shown to abolish the negative chronotropic effects of 2-chloroadenosine (A1AR-

mediated) without altering A2 adenosine receptor-mediated coronary dilation. Tolerance 

to 25 minutes global normothermic ischaemia (followed by 45 minutes reperfusion) was 

significantly limited by A1AR KO, with impaired contractile recovery (reduced by 25%) 

and enhanced lactate dehydrogenase (LDH) efflux (increased by 100%). Functional 

effects of A1AR KO involved worsened systolic pressure development with little to no 

change in diastolic dysfunction. In contrast, cardiac specific A1AR overexpression 

enhanced ischaemic tolerance with a primary action on diastolic dysfunction. 

Nonselective receptor agonism (10 µM/L 2-chloroadenosine) protected wild-type and 

also A1AR KO hearts (albeit to a lesser extent), implicating protection via subtypes 

additional to A1ARs. However, A1AR KO abrogated effects of 2-chloroadenosine on 

ischaemic contracture and diastolic dysfunction. These data are the first demonstrating 

global deletion of the A1AR limits intrinsic myocardial resistance to ischaemia. Data 

indicate the function of intrinsically activated A1ARs appears primarily to be 

enhancement of postischaemic contractility and limitation of cell death. 
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5.2.  INTRODUCTION 

The heart possesses protective or retaliatory mechanisms providing tolerance to insult 

such as ischaemia-reperfusion. These may represent targets for therapeutic manipulation 

of ischaemic tolerance and, conversely, alterations in these mechanisms could underlie 

changes in outcome with aging and/or disease. We and others have been studying the role 

of the purine nucleoside adenosine and its receptors in modulating injury during 

ischaemia-reperfusion (209, 417, 540). There are currently 4 known and potentially 

protective adenosine receptor (AR) sub-types encoded by distinct genes: the A1, A2A, 

A2B, and A3ARs.(156, 350) All are G-coupled, with A1, A2A, and A3Ars possessing 

higher affinities for adenosine whereas the A2BAR has a relatively low affinity. While 

contentious (209), there is a suggestion the AR system is an integral component of the 

hearts intrinsic protective arsenal, limiting damage during (327, 461, 663) and/or 

following ischaemic challenge (662). Although this is consistent with benefit via 

adenosine receptor agonists (209, 327, 350, 417, 540, 611), effects of adenosine receptor 

antagonism (to unmask responses to endogenous adenosine) are equivocal, with studies 

supporting (136, 461, 491, 517, 583, 662) and refuting (24, 288, 577) a role for 

endogenous adenosine in dictating myocardial resistance to ischaemia. Some of this 

controversy may stem from inherent limitations in pharmacological approaches to 

abrogating receptor-mediated responses: these attempts can be hampered by potentially 

poor antagonist selectivity or potency, and/or potentiation of local agonist levels as a 

result of opening the feedback loop linking “signal” (adenosine generation in this case) to 

tissue “response” (protection of cellular homeostasis) (205, 214, 392). An alternative now 

available is assessment of selective gene deletion which, coupled with  omplementary 
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analysis of effects of transgenic overexpression, may facilitate assessment of the specific 

role of the protein in wild-type tissue (99, 123, 245). In this study we document for the 

first time the ability of genetic removal of the A1AR to modify intrinsic tolerance to 

ischaemia. 

 

5.3.  METHODS 

Investigations conformed to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication No. 85-23, revised 

1996).  

 

Experimental Animals 

A1AR knockout (A1AR KO) mice (Jackson Laboratories, Bar Harbor, Me) were 

generated and genotyped as described previously (556), with genotypes determined via 

PCR analysis of genomic DNA. All mice were on a mixed 129sv/C57BL/6J background 

and phenotypic comparisons were performed among littermates. Details of generation of 

C57/BL/6J mice selectively overexpressing cardiac A1ARs have been reported previously 

(556). Hearts for this study were isolated from young (2 month) mice from the following 

groups: A1AR KO (n=20); wild-type littermates (n=24); A1AR overexpression (n=15); 

and wild-type C57/ BL/6J (n=16). 

All mice were anaesthetised with 50 mg/kg sodium pentobarbitone administered 

intraperitoneally, a thoracotomy performed, and hearts excised into ice-cold perfusion 

fluid for cannulation and perfusion on a Langendorff-mode perfusion system (210, 461), 
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as described in prior chapters. Hearts were stabilised at intrinsic rate a further 10 minutes 

before acquiring concentration-response curves for 2-chloroadenosine–mediated A1AR 

and A2AAR dependent bradycardia and coronary dilation respectively. Concentration-

response curves were acquired in unpaced normoxic hearts from A1AR KO (n=6), wild-

type littermates (n=7), A1AR overexpressing mice (n=7), and wild-type C57/BL/6J mice 

(n=7), as described previously (207). Chronotropic and vasodilatory responses were 

scaled as a percentage of baseline values, and data were analysed via nonlinear regression 

to acquire individual pEC50 values, as outlined previously (144, 207). In ischaemic 

studies, hearts were stabilized for 20 minutes at intrinsic heart rate before pacing at 420 

bpm followed by a further 10 minutes stabalisation period (210, 461). Baseline 

measurements were then made, and hearts were subjected to 25 minutes global 

normothermic ischaemia followed by 45 minutes aerobic reperfusion. Coronary venous 

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

activity. Total LDH efflux during reperfusion was expressed as international units (IU) 

per gm wet weight, and has been previously shown to correlate with measures of oncotic 

injury/infarction in this model (463). Ischaemic responses were assessed in A1AR KO 

(n=7) and wild-type littermate (n=9) mice, and A1AR overexpressing (n=8) and wild-type 

littermate (n=9) mice. Effects of adenosinergic cardioprotection with 10 µM of the 

nonselective agonist 2-chloroadenosine were also assessed in wild-type (n=8) and A1AR 

KO hearts (n=7) subjected to 25 minutes ischaemia and 45 minutes reperfusion. Based on 

concentration-response data in Figure 5-1, 3 µM 2-chloroadenosine is required to 

maximally activate a functional A1AR response (less for an A2AR response). Thus, in an 

attempt to achieve near-maximal activation of all adenosine receptor subtypes in all 



 - 117 - 

murine lines studied, we used a 10 µM agonist concentration. Although it is feasible 

prolonged treatment with high concentrations of 2-chloroadenosine might induce 

adenosine receptor-independent actions (because it is a substrate for nucleoside 

transporters), this is unlikely to be an issue in the current acute studies. The 10  µM 

concentration is equivalent to or less than functional EC50 values for 2-chloroadenosine 

activation of adenosine receptor responses in cardiovascular and other cell types (6, 11, 

87, 458, 567) recent studies confirm this concentration induces receptor-mediated actions 

in cardiomyocytes and cardiac fibroblasts (mimicked by selective receptor agonists 

and/or blocked by adenosine receptor antagonists) (20, 147, 430, 511), and our 

preliminary experiments (data not shown) confirmed acute chronotropic and vasodilatory 

responses to 10  µM 2-chloroadenosine were sensitive to 100  µM of the competitive 

receptor antagonist 8-sulfophenyltheophylline. 

 

Data Handling and Statist ics 

In concentration-response analyses, chronotropic and vasodilatory responses to 2- 

chloroadenosine were scaled as % of maximum response, and data from individual 

experiments fit to the following equation using non-linear regression (Statistica 

programme, Statsoft, Tulsa, OK, USA):  
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Where:  

A = pre-infusion flow or heart rate, 

B = functional variable at infinite dose 

pEC50 = –log of the molar concentration of agonist generating 50% of the maximum 

observed response.  

Experimental data are presented as mean ± SEM. Baseline functional data, pEC50 values, 

final recoveries and post-ischaemic LDH efflux were analysed via one-way ANOVA. 

Time course functional data during reperfusion were compared via two-way ANOVA for 

repeated measures. When significant differences were detected in ANOVA tests, a 

Newman-Keuls post-hoc test was employed for specific comparisons. A value of P<0.05 

was considered significant in all tests.  

 

5.4.  RESULTS 

Normoxic Function 

There were no differences in baseline contractile function or coronary flow between 

groups (Table 5-1). However, intrinsic heart rate was reduced in A1AR-overexpressing 

hearts. Concentration response analysis confirmed A1AR KO abrogates A1AR mediated 

bradycardia without altering sensitivity of A2AAR mediated vasodilation (Figure 5-1). 

Conversely, A1AR overexpression increased the sensitivity of A1AR-mediated 

bradycardia without altering coronary responses. The pEC50 values for the different 

responses are provided in Table 5-1. 
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 Table 5-1: Pre-Ischaemic Functional Parameters, and Sensitivities (pEC50s) for 2-

Chloroadenosine-Mediated Bradycardia (A1AR-dependent) and Coronary Vasodilation 

(A2AR-dependent), in Hearts from Each Experimental Group. 

Treatment WT Litter 
Mate (n=17) 

A1AR KO  
(n=14) 

A1AR TG  
(n=8) 

WT Litter-
Mate  (n=9) 

Heart Rate 
(beats/min) 366±9 379±7 330±7* 369±8 

LVDP      (mmHg) 133±3 130±3 130±7 139±5 
+dP/dt (mmHg/s) 6543±195 6575±202 6581±363 6702±308 
-dP/dt (mmHg/s) 4497±93 4194±112 4115±202 4390±154 
Coronary Flow 

(mL/min/g) 22.3±1.9 22.2±1.1 20.8±1.0 23.0±1.1 

pEC50 for A1AR 
Bradycardia 6.6±0.1 (n=7) No response 

(n=6) 6.5±0.1 (n=7) 7.6±0.1* 
(n=7) 

pEC50 for A2AAR 
Dilation 7.6±0.1 (n=7) 7.7±0.1 (n=6) 7.5±0.1 (n=7) 7.4±0.1 (n=7) 

Values are means ± SEM. Function was measured after 30 min stabalisation prior to 
ischaemia, except for heart rate (measured after 20 min stabalisation, prior to pacing). 
The pEC50 values represent -log molar concentrations of 2-chloroadenosine producing 
50% of the maximal response. WT, wild-type; TG, transgenic. *, P<0.05 vs. WT Litter-
mates. 
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Figure 5-1: Effects of A1AR KO and transgenic A1AR overexpression on cardiac and 
vascular sensitivity to adenosine receptor agonism with 2-chloroadenosine. (A) A1AR-
mediated bradycardia. (B) A2AAR-mediated coronary dilation. Responses are shown for 
hearts from A1AR KO (n=6) and wild-type litter mate (n=7) mice, and for hearts from 
transgenic (TG) mice overexpressing cardiac A1ARs (n=7) and their wild-type littermates 
(n=7). Values are means ± SEM. *, P<0.05 vs. corresponding wild-type. 
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Ischaemic tolerance in the A1 AR KO mouse 

Deletion of A1ARs significantly reduced ischaemic tolerance. Recovery profiles for 

hearts subjected to 25 minutes ischaemia and 45 minutes reperfusion are depicted in 

Figure 5-2. Effects of A1AR KO were evident in terms of reduced systolic pressure with 

little change in diastolic dysfunction (Figure 5-2). Thus, left ventricular pressure 

development was depressed (Figures 5-2, 5-3). Deletion of the A1AR did not modify the 

rate of contracture development during ischaemia (time to reach 20 mm Hg diastolic 

pressure) (210) (Figure 5-3b), but significantly worsened cellular damage indicated by 

postischaemic efflux of LDH (Figure 5-3c). Conversely, A1AR overexpression enhanced 

ischaemic tolerance (Figures 5-2, 5-3), with the primary contractile effect being reduced 

diastolic dysfunction (Figures 5-2, 5-3a). Overexpression of A1ARs only improved 

systolic function during the initial minutes of reperfusion (Figure 5-2). Ischaemic 

contracture development was also reduced by A1AR overexpression (Figure 5-3b), in 

contrast to lack of effect of A1AR KO on this parameter.  

Treatment of wild-type and A1AR KO hearts with the nonselective agonist 2-

chloroadenosine improved postischaemic outcomes in both groups (Figure 5-3). 

However, the protective actions of the agonist were significantly reduced in A1AR KO 

versus wild-type hearts (Figure 5-3). Furthermore, beneficial effects of 2-chloroadenosine 

on diastolic dysfunction and ischaemic contracture observed in wild-type hearts were 

abrogated by A1AR KO (Figure 5-3b). 
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Figure 5-2: Effects of manipulation of A1AR expression on post-ischaemic recoveries for 
(A) left ventricular diastolic pressure, (B) systolic pressure, and (C) developed pressure. 
Data are shown for recoveries in hearts from A1AR KO (n=7) and wild-type (WT) litter 
mate (n=9) mice, and for hearts from transgenic (TG) mice overexpressing cardiac 
A1ARs (n=8) and their wild-type littermates (n=9). Values are means ± SEM. *, P<0.05 
vs. corresponding wild-type
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Figure 5-3: Effects of manipulation of A1AR expression, and the non-selective adenosine 
receptor agonist 2-chloroadenosine, on ischaemic and post-ischaemic outcomes. (A) Final 
recoveries for left ventricular (LV) diastolic and developed pressure. (B) Rate of 
ischaemic contracture (time for diastolic pressure to reach 20 mmHg during ischaemia). 
(C) Post-ischaemic LDH efflux during 45 min reperfusion. Outcomes are shown for 
hearts from A1AR KO (n=7) and wild-type (WT) litter mate (n=9) mice, and for hearts 
from transgenic (TG) mice overexpressing cardiac A1ARs (n=8) and their wild-type 
littermates (n=9). Effects of 10 µM 2-chloroadenosine were assessed in hearts from 
A1AR KO (n=7) and wild-type litter mate (n=8) mice. Values are means ± SEM. *, 
P<0.05 vs. corresponding wild-type groups; †, P<0.05 vs. untreated hearts. 
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5.5.  DISCUSSION 

The role of endogenous adenosine and adenosine receptors in determining intrinsic 

tolerance to ischaemic insult remains controversial. Many studies do not observe effects 

of adenosine receptor antagonists on ischaemic outcome in various species (24, 116, 288, 

577). Moreover, there is even evidence A1AR blockade actually improves outcome from 

ischaemia (233, 459). In contrast, there is some support for a role for endogenously 

generated adenosine in protection of ischaemic myocardium (136, 461, 491, 517, 583, 

662, 663), and in modulation of processes impinging on recovery from ischaemia (118, 

120). Several explanations may account for varied findings with antagonists, the most 

likely involving mixed selectivity and potency of agents used and the fact that an 

antagonist applied to any system in which the signal is coupled to the response (as with 

adenosine) will likely generate an elevation in the signal (ie, opening the feedback loop). 

This has been verified in prior work (205, 214, 392). On the other hand, it is also 

important to note that generally observed cardioprotection with adenosine agonists(136, 

209, 327, 344, 463, 540, 583) indicates the intrinsic adenosine response must normally be 

submaximally (if at all) engaged. In assessing potential roles of adenosine receptors, an 

alternate and relatively selective approach involves gene deletion of receptor protein. In 

this study, we provide the first evidence that genetic  deletion of the A1AR significantly 

limits the ability of mouse myocardium to withstand injury during ischaemia/reperfusion 

(Figures 5-2, 5-3). Conversely, cardiac A1AR  overexpression confers enhanced 

tolerance, as documented previously (393). These data collectively provide strong 

support for a role of A1ARs in determining intrinsic tolerance to ischaemia/reperfusion. 

Effects of A1AR KO are evident in terms of reduced systolic dysfunction and oncotic 
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injury, with little effect on diastolic dysfunction (Figures 5-2, 5-3). This contrasts effects 

of A1AR overexpression, which are manifest as reduced diastolic contracture with little 

change in systolic pressure (except during initial reperfusion). Thus, effects of receptor 

deletion do not mirror effects of receptor overexpression. Rather, data suggest responses 

mediated by a highly overexpressed receptor may be abnormal or “supraphysiological” 

and/or that functional effects of A1ARs vary with the level of activation during insult. 

This is consistent with effects of 2-chloroadenosine, which did reduce postischaemic 

diastolic dysfunction, an action ablated by A1AR KO (Figure 5-3). These data indicate 

the A1AR is responsible for  ‘adenosinergic’ reductions in diastolic dysfunction, but that 

the response is evident only with enhanced levels of agonism. Selective actions of A1ARs 

on systolic versus diastolic function are consistent with prior observations regarding 

A1AR antagonism, revealing that postischaemic A1AR activation improves systolic force 

without altering diastolic dysfunction, whereas intraischaemic A1AR activation limits 

diastolic dysfunction in addition to improving systolic force (461). Extent (and timing) of 

A1AR engagement likely dictates relative effects on diastolic versus systolic dysfunction. 

Development of ischaemic contracture was also unaffected by A1AR KO, but was limited 

by A1AR overexpression and 2-chloroadenosine. The latter response was again abrogated 

by A1AR KO (Figure 5-3). Thus, adenosinergic limitation of ischaemic contracture is 

A1AR dependent but evident only with exaggerated receptor agonism or expression. This 

agrees with early work of Lasley et al (327) demonstrating A1AR agonist– mediated 

protection against ischaemic contracture in rat, and prior data demonstrating negligible 

effects of A1AR blockade on contracture development in mice (461). Although 2-

chloroadenosine–mediated protection against contracture and diastolic dysfunction is 
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abrogated by A1AR KO (Figure 5-3), supporting A1AR-dependent effects of the agonist 

on diastolic function, the analogue still exerted some beneficial actions in A1AR KO 

hearts. This is reflected in improved systolic function together with reduced LDH efflux 

(Figure 5-3). These effects, refractory to A1AR KO, implicate a protective function for 

receptor subtypes distinct from A1ARs. Prior evidence that exogenous A3AR but not 

A2AAR agonism is cardioprotective in the model studied here (344, 463), and that A3AR 

protection selectively enhances systolic function and reduces cell death, argues for a 

potential role for this subtype in the remaining protection with 2-chloroadenosine. 

However, this remains to be directly assessed, and we cannot exclude a potential role for 

the less well-studied A2BAR.  

The role of the A1AR in regulating coronary flow remains contentious. A1ARs may 

induce vasoconstrictive effects at low concentrations (403, 471, 546), though not reliably 

(222), and thus may play a role in negative regulation of coronary flow (471, 472). In a 

recent paper using the same A1AR KO mouse (556) and isolated heart model, Tawfik et 

al (572) reported significant increases in baseline coronary flow and developed pressure 

with A1AR KO. Additionally, they reported enhanced vasodilation in response to 

adenosine, NECA, CGS21680 and CCPA in A1AR KO hearts. This contrasts our data 

where baseline changes and modification of concentration response curves to 2-

chloroadenosine were not detected.  

Several concerns exist regarding the paper by Tawfik et al (572). Firstly, though Tawfik 

and colleagues reported increased baseline coronary flow in A1AR KO mice, these 

differences were not at all evident in their concentration-response curves. Secondly, 

Tawfik et al observed no bradycardia response to adenosine in either wild-type or KO 
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hearts (572), an effect robustly detected in other publications (211, 382, 459, 461). 

Furthermore, vasodilation observed in response to CCPA, and loss of bradycardic effects 

at micromolar concentrations, are not evident in other publications (410). Importantly, 

reports of increased flow in response to adenosine and NECA in A1AR KO mice seem to 

simply reflect differing baseline flows rather than changes in sensitivity or response 

amplitude. Inspection of thir data indicates EC50 values are unchanged, and it appears that 

percentage increases in coronary flow are not modified. Finally, the use of a student’s t-

test or an ANOVA in their study to assess data repeatedly measured from the same heart 

is statistically invalid and incorrectly inflates the ‘n’ value and increases the risk of type 1 

error (falsely identifying significant differences). 

Two study limitations relevant to the current study bear mention before closing. As with 

all gene deletion studies, adaptations may occur to compensate for life-long absence of a 

targeted protein. Although it may be fruitful to focus on such adaptations (see for 

example, Godecke et al (178) and Warth and Barhanin (623), they also complicate 

interpretation of phenotypic outcomes. We have assessed, in part, obvious changes in 

other adenosine receptors, verifying that A1AR deletion selectively abrogates an A1AR 

response (bradycardia) without modifying A2AAR sensitivity (Figure 5-1). However, we 

recognise the possibility of undetected compensatory changes contributing to the A1AR 

KO phenotype. The second limitation relates to the fact that we focus on responses in the 

isolated buffer-perfused heart. This was deliberate, to assess more directly the myocardial 

phenotype, because A1AR protection is primarily “direct” and mediated via 

cardiomyocyte receptors (209, 611). However, adenosinergic protection in vivo 

additionally involves modulation of blood cells and related inflammatory responses (209, 
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540, 611). We therefore cannot ascertain potential effects of A1AR deletion on these 

extracardiac responses. However, these responses are predominantly A2AR-dependent 

(209, 611) and thus not predicted to be substantially modified by A1AR KO. In addition, 

intrinsic A1AR-dependent protection during  ischaemia/reperfusion in vivo may involve 

actions of adenosine generated within neutrophils, platelets, and other blood-borne cells. 

Thus, this extracardiac component will be absent in the present model, potentially leading 

to an underestimation of the normal effectsof A1AR activation by endogenously 

generated adenosine.  

 

5.6.  CONCLUSION 

In summary, the current analysis of the effects of A1AR KO supports an important 

function of A1ARs in dictating intrinsic myocardial resistance to ischaemia/reperfusion. 

Effects of A1AR deletion suggest these receptors normally play a role in enhancing 

postischaemic contractility and limiting cell death, with little effect on abnormalities in 

diastolic function. Finally, reduced yet significant protection via the nonselective agonist 

2-chloroadenosine in A1AR KO hearts implicates a significant cardioprotective response 

mediated via adenosine receptors additional to the A1AR.  
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6.1.  ABSTRACT 

Adenosine deaminase (ADA) may be multifunctional, regulating adenosine levels and 

adenosine receptor (AR) agonism, and potentially modifying AR functionality. Herein we 

assess effects of ADA (and A1AR) deficiency on AR-mediated responses and ischaemic 

tolerance. Methods: Normoxic function and responses to 20 or 25 min ischaemia and 45 

min reperfusion were studied in isolated hearts from wild-type mice and from mice 

deficient in ADA and/or A1ARs. Neither ADA or A1AR deficiency significantly 

modified basal contractility, although ADA deficiency reduced resting heart rate (an 

effect abrogated by A1AR deficiency). Bradycardia and vasodilation in response to AR 

agonism (2-chloroadenosine) was unaltered by ADA deficiency, while A1AR deficiency 

eliminated the heart rate response. Adenosine efflux increased 10- to 20-fold with ADA 

deficiency (at the expense of inosine). Deletion of ADA improved outcome from 25 min 

ischaemia, reducing ventricular diastolic pressure (by 45%; 21±4 vs. 38±3 mmHg) and 

lactate dehydrogenase (LDH) efflux (by 40%; 0.12±0.01 vs. 0.21±0.02 U/g/min 

ischaemia), and enhancing pressure development (by 35%; 89±6 vs. 66±5 mmHg). 

Similar protection was evident after 20 min ischaemia, and was mimicked by the ADA 

inhibitor EHNA (5 µM). Deletion of ADA also enhanced tolerance in A1AR deficient 

hearts, though effects on diastolic pressure were eliminated. Deficiency of ADA does not 

alter sensitivities of cardiovascular A1 or A2ARs (despite markedly elevated [adenosine]), 

but significantly improves ischaemic tolerance. Conversely, A1AR deficiency impairs 

ischaemic tolerance. Effects of ADA deficiency on diastolic pressure appear solely 

A1AR-dependent while other ARs or processes additionally contribute to improved 

contractile recovery and reduced cell death. 
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6.2.  INTRODUCTION 

Despite knowledge of its enzymatic properties and cellular localisation, the specific 

physiological functions of adenosine deaminase (ADA; EC 3.5.4.4) in different tissues 

are unclear (92). This contributes, in part, to an incomplete picture regarding the genesis 

of the disease phenotype with human ADA deficiency (217). It is thought two ADA 

isoforms exist (ADA1 and ADA2).  These enzymes (present within plasma, the cytosol, 

and cell membranes), regulate intra- and extracellular levels of adenosine through 

hydrolytic deamination to inosine. This, in turn, regulates levels of AR agonism(462), 

and may also facilitate provision of substrate for the potentially damaging xanthine 

oxidase reaction (640). The enzyme also catalyses deamination of 2-deoxyadenosine 

which itself lacks known physiological roles, yet its accumulation expands the deoxy-

ATP pool, inhibiting DNA synthesis and triggering apoptosis. Furthermore, adenosine 

and 2-deoxyadenosine accumulation inhibits S-adenosylhomocysteine (SAH) hydrolase, 

which may modify APO-1 mediated death (406) and inhibit transmethylation reactions 

through SAH accumulation. Absence of reductions in ADA may therefore generate 

beneficial (protection via AR agonism; purine pool preservation; reduced radical 

generation) and/or detrimental actions (deoxy-ATP and SAH accumulation; apoptosis). 

In addition, ADA has been implicated in non-enzymatic regulation of A1 and A2AR 

functionality (151, 197, 216, 586). Studies of non-cardiac tissues indicate cell surface 

ADA interacts with ARs (557), facilitating high-affinity ligand binding (86, 197, 557, 

586), and AR internalisation/desensitisation(130, 507) The global aim of this study was 

to undertake an initial characterisation of the cardiovascular phenotype arising from ADA 

deficiency. Specifically, we assessed the effects of ADA deficiency (with and without 
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A1AR deletion): i) cardiovascular function; ii) adenosine and purine catabolite formation; 

iii) A1 and A2AR-mediated responses; and iv) myocardial tolerance to ischaemia-

reperfusion. 

 

6.3.  METHODS 

Investigations conformed to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication No. 85-23, revised 

1996). 

 

Experimental animals 

The ADA (41, 42) and A1AR(556) deficient mice were generated as described 

previously. Dual ADA/A1AR deficiency was generated by mating ADA with A1AR 

deficient mice. Genotypes for all lines were determined by PCR analysis of genomic 

DNA in a manner similar to that outlined recently (655). All mice were on a mixed 

C57BL6/129sv background, and phenotypic comparisons were performed against wild-

type littermates. All ADA and ADA/A1AR deficient mice were maintained for 2 months 

on weekly intraperitoneal injections of 5 U polyethylene glycol (PEG) conjugated ADA 

(as in replacement therapy for ADA deficient humans) (655). The PEG-ADA supplement 

was then withdrawn and animals sacrificed for heart studies after a further 2 weeks. 

Preliminary zymogram analysis of blood samples revealed an absence of detectable ADA 

after 2 weeks of PEG-ADA withdrawal (data not shown). This is consistent with data 

demonstrating that the half life of PEG-ADA in mice is ~4 days (40). For this study 
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hearts were isolated from: ADA deficient (n=20); A1AR deficient (n=14); ADA/A1AR 

double deficient (n=21); wild-type littermate (n=24); and wild-type C57/BL/6J (n=17) 

mice. 

 

Experimental protocol 

Mice were anaesthetised with intraperitoneal tribromoethanol (Avertin), and hearts 

isolated and perfused on a Langendorff-mode isolated perfusion system at a pressure of 

80 mmHg, as described in Chapter 2. After 15 min stabilisation at intrinsic heart rate, 

hearts were paced at 7 Hz and stabilised a further 15 min.  Baseline measurements were 

made, and hearts subjected to 20 or 25 min of ischaemia and 45 min reperfusion. Pacing 

was stopped on induction of ischaemia and resumed at 2 min reperfusion. We also 

examined effects of pharmacological inhibition of ADA with 5 µM erythro-2-(2 hydroxy-

3-nonyl)adenine (EHNA) - EHNA was infused into wild-type hearts for 10 min prior to 

20 min ischaemia and for 10 min of reperfusion. Responses to ischaemia-reperfusion 

were compared to those for untreated C57/Bl6 hearts. 

Coronary venous effluent was collected prior to ischaemia (normoxic efflux), over the 

initial 2 min of reperfusion (washout of extracellular purines accumulated during 

ischaemia) and for the remaining duration of reperfusion. Effluent samples were stored at 

-80°C until enzymatic analysis for lactate dehydrogenase (LDH) activity, or HPLC 

analysis of purine metabolites (adenosine, inosine, hypoxanthine, xanthine, uric acid) as 

outlined in Chapter 2. Efflux of LDH efflux throughout reperfusion was expressed as U/g 

wet weight per min of ischaemia. Coronary venous purine efflux was expressed as 

nmoles/min/g wet weight. 
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To assess functional A1 and A2 receptor sensitivities in wild-type and ADA deficient 

hearts, we acquired concentration-response curves for bradycardia and vasodilatation in 

response to 2-chloroadenosine. This stable analogue was specifically chosen to avoid 

complications associated with differing catabolism of adenosine in ADA deficient vs. 

wild-type hearts. After stabilisation hearts were subjected to incremental concentrations 

of 2-chloroadenosine (~2 min at each concentration), and changes in heart rate or flow 

assessed (144). Concentration-response data for individual hearts were fit to a single 

receptor site logistic equation for absolute values for flow or heart rate, using the 

Statistica program (Statsoft, Tulsa, OK, USA):   
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Where:  

A = the pre-infusion rate or flow 

B = the value at infinite dose 

EC50 = the concentration generating 50% maximal responses. 

 

Statistics 

Data are presented as mean±SEM. Baseline data, EC50 values, final recoveries, and 

purine and LDH effluxes were analysed via a multi-factorial ANOVA. Functional 

responses throughout reperfusion were compared via a multi-factorial repeated measures 
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ANOVA. When significant differences were detected, a Newman-Keuls post-hoc test 

was employed for specific comparisons. A P<0.05 was considered indicative of 

significance. 

 

6.4.  RESULTS 

Effects of ADA ±  A1AR deficiency on normoxic function and purine 

levels 

There were no significant differences in baseline contractile function or coronary flow 

between groups (Table 6-1), though there was a tendency for higher flow (by ~20%) in 

ADA deficient and ADA/A1AR double deficient hearts. On the other hand, ADA 

deficiency reduced intrinsic heart rate (prior to ventricular pacing). This bradycardia was 

abrogated by dual deletion of A1ARs (Table 6-1). 

Infusion of 2-chloroadenosine generated a comparable negative chronotropic response 

(A1AR-mediated) in wild-type and ADA deficient hearts (Figure 6-1a). Simultaneous 

deletion of A1ARs abolished this bradycardia, confirming A1AR dependence. Coronary 

vasodilatation (A2AAR-mediated in this model (144)) in response to 2-chloroadenosine 

was comparable in wild-type, ADA deficient and ADA/A1AR double deficient hearts 

(Figure 6-1a). Table 6-2 provides mean pEC50 values for the different groups, confirming 

no effects of ADA deficiency on functional A1 or A2AR sensitivities.  

Normoxic venous adenosine efflux was increased ~10-fold by ADA deficiency, 

accompanied by a significant reduction in efflux of inosine and its catabolites 



 - 136 - 

(hypoxanthine, xanthine, uric acid) (Figure 6-2). Nonetheless, considerable quantities of 

these latter metabolites were still generated prior to ischaemia in ADA deficient hearts. 

Table 6-1: Normoxic functional parameters 

Group 
 

Heart Rate 
(beats/min) 

LVDP 
(mmHg) 

+dP/dt 
(mmHg/s) 

-dP/dt 
(mmHg/s) 

Coronary Flow 
(mL/min/g) 

WT Litter Mates 
(n=17) 

366±9 133±3 6543±195 4497±93 22.3±1.9 

ADA Deficient 
(n=14) 

323±10* 133±3 7024±413 4023±125 26.1±2.0 

A1AR Deficient 
(n=14) 

379±7 130±3 6575±202 4194±112 22.2±1.1 

ADA/A1AR  
Double Deficient 

(n=16) 

360±9 138±5 6882±343 4072±193 26.6±2.1 

Values are means ± SEM. Function was measured after 30 min stabilisation, except for 
heart rate which was measured after 15 min stabilisation (prior to pacing). WT, wild-type. 
*, P<0.05 vs. WT Litter-mates; †, P<0.05 vs. ADA deficiency alone. 

 
 

 

Table 6-2: Effects of ADA deficiency on sensitivities of A1AR-mediated bradycardia and 
A2AR-mediated coronary dilation. 

 

Group 
 

A1AR pEC50 
 

A2AR pEC50 
 

WT Litter Mates 
(n=7) 

6.7±0.1 7.6±0.1 

ADA Deficient 
(n=6) 

6.7±0.1 7.5±0.1 

ADA/A1AR 
Double Deficient 

(n=6) 

- 7.5±0.2 

Values are means±SEM. Functional sensitivities are depicted as pEC50 values, calculated 
from concentration-response data (shown in Fig. 1). Values for A1AR-mediated 
bradycardia were not calculated for ADA/A1AR double deficient hearts due to absence of 
detectable responses. There were no significant differences between pEC50 values 
between groups. 
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Figure 6-1: Effects of ADA and ADA/A1AR double deficiency on A) bradycardia 
(A1AR-mediated), and B) coronary dilation (A2AR-mediated) with 2-chloroadenosine. 
Concentration-response curves were acquired in hearts from wild-type litter mate (n=7), 
ADA deficient (n=6) and ADA/A1AR deficient (n=6) mice. Values are means ± SEM. *, 
P<0.05 vs. baseline; †, P<0.05 vs. wild-type.
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Effects of ADA and A1 AR deficiency on ischaemic responses 

Deletion of ADA improved functional tolerance to 20 and 25 min ischaemia (Figure 6-3), 

without substantially modifying final recovery of coronary flow (Figure 6-3c). Effects of 

ADA deficiency included an improvement in diastolic pressure (Figure 6-3a), leading to 

enhanced pressure development (Figure 6-3b). Washout of LDH (reflecting oncosis) was 

also reduced (Figure 6-4). Treatment of wild-type hearts with the ADA inhibitor EHNA 

mimicked cardioprotection evident with ADA deficiency (Figure 6-5). Beneficial effects 

of ADA deficiency were still evident in the absence of functional A1ARs (Figures 6-3, 6-

4). However, simultaneous deletion of A1ARs abolished the effects of ADA deficiency 

on diastolic pressure (Figure 6-3a). Deficiency of A1ARs alone significantly impaired 

recovery from ischaemia, specifically repressing pressure development without major 

effects on diastolic pressure (Figure 6-3). Efflux of LDH was almost doubled by A1AR 

deficiency (Figure 6-4).  

Cardioprotection with ADA deficiency was associated with a 20-fold increase in 

adenosine accumulation during ischaemia/early reperfusion (reflected by washout over 

the initial 2 min of reperfusion) (Figure 6-2b). While this was paralleled by reduced 

accumulation of inosine and its catabolites, substantial quantities of the latter were still 

generated during ischaemia-reperfusion in ADA deficient hearts (Figure 6-2).
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Figure 6-2 :Effects of ADA deficiency on venous efflux of adenosine and inosine (Ino) + 
hypoxanthine (Hyp) + xanthine (Xan) + uric acid (UA), under A) normoxic conditions, 
and B) over the initial 2 min of reperfusion following 25 min ischaemia. Measures were 
made in hearts from wild-type (n=7) and ADA deficient (n=6) mice. Values are means ± 
SEM. *, P<0.05 vs. normoxic; †, P<0.05 vs. wild-type. 
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Figure 6-3: Effects of ADA and A1AR deficiency on post-ischaemic recoveries of A) left 
ventricular diastolic pressure, B) left ventricular developed pressure, and C) coronary 
flow. Recoveries after 45 min reperfusion are shown for hearts from wild-type litter mate 
(n=9 and 8 for 20 and 25 min, respectively), ADA deficient (n=7 and 8 for 20 and 25 
min, respectively), A1AR deficient (n=7 for both 20 and 25 min), and ADA/A1AR double 
deficient (n=8 and 7 for 20 and 25 min, respectively) mice. Values are means ± SEM. *, 
P<0.05 vs. wild-type; †, P<0.05 ADA or A1AR deficient vs. ADA/A1AR double 
deficient.
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Figure 6-4: Post-ischaemic LDH efflux following 20 or 25 min ischaemia in hearts from 
wild-type litter mate  (n=9 and 8 for 20 and 25 min, respectively), ADA deficient (n=7 
and 8 for 20 and 25 min, respectively), A1AR deficient (n=7 for both 20 and 25 min), and 
ADA/A1AR double deficient (n=8 and 7 for 20 and 25 min, respectively) mice. Values 
are means ± SEM. *, P<0.05 vs. wild-type; †, P<0.05 ADA or A1AR deficient vs. 
ADA/A1AR double deficient. 

 

Figure 6-5: Protective actions of the ADA inhibitor EHNA in hearts subjected to 20 min 
ischaemia and 45 min reperfusion. Shown are (from left to right) recoveries for left 
ventricular diastolic and developed pressures, and total post-ischaemic efflux of LDH, 
respectively. Data were acquired in wild-type C57/Bl6 mice untreated (n=9) or treated 
with 5 µM EHNA (n=8). Values are means ± SEM. *, P<0.05 vs. wild-type.
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6.5.  DISCUSSION 

The full extent of the cardiovascular impact of ADA deficiency is unclear, and the 

functions of ADA in the heart remain incompletely defined. The physiological role of 

ADA is likely to centre on its ability to regulate intra- and extracellular [adenosine], 

thereby modulating intrinsic AR agonism. However, reduced levels of ADA may also 

adversely impact on AR-mediated responses (151, 197, 216, 557, 586), and low ADA has 

been linked to myocardial ischaemic disorders (299, 300). In this study we show that 

absence of ADA: enhances normoxic and ischaemic adenosine levels 10- to 20-fold; 

generates A1AR sensitive reductions in heart rate; fails to modify A1 and A2AR 

sensitivities despite elevated endogenous adenosine; and enhances myocardial tolerance 

to ischaemia-reperfusion via A1AR dependent and independent processes. Our data also 

confirm a non-redundant role for A1ARs in enhancing ischaemic tolerance, and reveal an 

important role for IMP vs. AMP catabolism in ischaemic purine loss.   

 

Effects of ADA deficiency on cardiovascular function and A1/A2 AR 

sensitivity 

Phenotypic effects of ADA deficiency may provide clues regarding physiological 

functions of the protein, and of endogenously generated adenosine. Intrinsic heart rate fell 

with ADA deficiency (Figure 6-1), an effect abolished by A1AR deletion (which alone 

does not alter rate). These data confirm A1AR-mediated bradycardia in response to 

elevated endogenous adenosine, yet indicate that basal adenosine levels are insufficient to 

activate bradycardia (since A1AR deficiency failed to alter rate). This is consistent with 

concentration-response data (Figure 6-1), confirming relatively low sensitivity of A1AR-
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mediated bradycardia. In terms of the vasculature, we observe an insignificant increase in 

coronary flow (~20%) in ADA and ADA/A1AR double deficient hearts (Table 6-1), 

consistent with vascular sensitivity to endogenous adenosine, yet inconclusive regarding 

the potential role of endogenous adenosine in controlling coronary vascular tone 

(admittedly in a denervated preparation). The lack of a major flow change in the isolated 

organ is not due to a restricted capacity to dilate since normoxic flow (20-25 ml/min/g) is 

~50% of the maximum achievable in this model (210).  

Curiously, we detect no shifts in functional A1 or A2AR sensitivities with ADA 

deficiency (Figure 6-1). This was unexpected since elevated adenosine (which generates 

bradycardia) is predicted to down-regulate ARs. This, in turn, suggests absence of ADA 

could interfere with/limit the AR down-regulation normally associated with enhanced AR 

agonism (110, 331). Preserved AR sensitivity may be relevant to human ADA deficiency, 

since recent studies suggest enhanced AR activity is important in genesis of the disease 

phenotype (217). There may be a failure in AR down-regulation with ADA deficiency, 

negating desensitisation that normally limits detrimental effects of prolonged agonism. 

There is evidence that membrane-bound ADA does facilitate AR internalisation (130, 

507).  

The lack of a shift in A1/A2AR sensitivity is also relevant to proposed non-enzymatic 

functions of ADA in modifying AR functionality (151, 557). Recent work indicates ADA 

interacts with A1ARs, facilitating ligand binding and effector activation in neuronal 

(586), smooth muscle (86), fibroblast (586), and kidney cells (557). Similar effects on 

A2AAR activity have been detected in lymphocytes and CHO cells (216). Whether this 

action is relevant in hearts is unknown: immunohistochemical data suggest membrane-
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ADA complexes occur predominantly within exocrine glands and absorptive epithelia 

(114), and cell membrane ADA-protein interactions may differ in rodents vs. other 

species (238, 510). Nonetheless, extracellular ADA activity is detected in mammalian 

myocardium (399). Absence of ADA protein in the current model (where the majority of 

the ADA gene is ablated) would negate any such effect, reducing AR sensitivity. Thus, 

absence of a shift in A1/A2AR sensitivities with ADA deficiency tends to argue against a 

function of ADA in directly regulating AR sensitivity in cardiovascular tissue.  

 

Effects of ADA deficiency on ischaemic tolerance and purine catabolism 

In terms of harnessing adenosinergic protection, it is appropriate to target ADA since 

phosphorylation of adenosine by adenosine kinase is normally inhibited during 

ischaemia/hypoxia (107). Prior studies employing pharmacological agents support 

enhanced ischaemic tolerance when ADA activity is acutely suppressed (112, 397, 462). 

This may arise from enhanced adenosine and AR activation (462), purine salvage (112), 

reduced xanthine oxidase activity (223, 640), or non-specific effects of inhibitors 

(including phosphodiesterase inhibition) (92, 203). Our data are the first to describe 

protection with selective absence of ADA (Figures 6-3, 6-4). We also show this 

protection is mimicked by ADA inhibition with EHNA (Figure 6-5), which (whilst not 

conclusive) indicates the effects of EHNA are indeed due to ADA inhibition vs. other 

non-specific effects (92, 203). 

The ~20-fold elevation in adenosine during ischaemia/reperfusion with ADA deficiency 

(Figure 6-2) should significantly enhance AR agonism and protective signalling (208, 

540). This is evidenced by elimination of the effects of ADA deficiency on diastolic 
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pressure by A1AR deletion (Figure 6-3). Our group has previously found that enhanced 

A1AR activity selectively limits diastolic injury in this model (459, 462). While inhibition 

of protection in ADA deficient hearts by simultaneous A1AR deletion agrees with 

pharmacological data supporting AR-dependent protection with ADA inhibition (462), 

other processes may contribute to protection, including reduced xanthine-oxidase derived 

ROS (223, 640) and enhanced purine salvage (112). In terms of xanthine-oxidase, the 

current data show this reaction remains active and will still generate considerable ROS in 

ADA deficient hearts (Figure 6-2). Moreover, these data demonstrate that IMP hydrolysis 

(the major alternate source of inosine) must be an important source of myocardial 

purines. This agrees with prior findings of Chen and Gueron (79), who employed 

pharmacological inhibition of ADA to delineate contributions of AMP vs. IMP to purine 

washout in rat hearts. Based on data for wild-type and ADA deficient hearts, we estimate 

that 40-50% of normoxic purine washout and ~30% of post-ischaemic washout stems 

from IMP hydrolysis. Given differences in species, insult, and form of ADA inhibition, 

this estimate is in excellent agreement with a 23% contribution from IMP for anoxic rat 

hearts (79). These estimates, of course, assume only minor potential contributions from 

alternate reactions generating inosine. For example, it is feasible AMP deaminase could 

deaminate some adenosine (412).  

 

Effects of A1AR deficiency on ischaemic tolerance 

Several studies indicate AR antagonism does not modify intrinsic ischaemic tolerance 

(24, 116, 577), and there is even evidence A1AR blockade enhances tolerance (430). 

Alternatively, there is support for protection of ischaemic myocardium (136, 461, 491, 
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511, 663) by endogenous adenosine. Several explanations may account for varied effects 

of antagonists, the most likely involving mixed selectivity and potency of agents 

employed, and the fact that antagonists may exaggerate adenosine formation. The latter 

has been verified previously (214, 392). However, it is nonetheless important to note that 

widely observed cardioprotection with exogenous AR agonists (136, 209, 459, 540) does 

imply sub-maximal AR agonism by endogenous adenosine. An alternate approach to 

identifying the roles of endogenous adenosine involves genetic deletion of proteins 

impacting on adenosine levels (eg. ADA) or responses (eg. A1ARs). In chapters 5 and 6, 

the ability of A1AR deletion to limit myocardial ischaemic tolerance(480). This is 

confirmed again here in hearts subjected to periods of ischaemia producing ~40 and 50% 

reductions in functional outcome (Figure 6-3).  

Effects of A1AR deficiency are evident in terms of improved contractility and reduced 

oncosis, with little to no effect on diastolic pressure (Figure 6-3). Thus, intrinsic A1AR 

agonism selectively improves contractility and limits cell death, whereas only 

exaggerated A1AR agonism (eg. with ADA deficiency) further limits the elevation in 

diastolic pressure. This agrees with preferential effects of A1AR antagonism on systolic 

vs. diastolic pressure in ischaemic hearts (461). Abolition of the effects of ADA 

deficiency on post-ischaemic diastolic pressure by A1AR deletion confirms this form of 

protection is solely A1AR-dependent, consistent with lack of effect of A3 or A2AAR 

agonism on diastolic pressure (459).  

 Only one other group has assessed the impact of A1AR deficiency in ischaemic 

myocardium (513). Schulte and colleagues found no shift in ischaemic tolerance in the 

absence of A1ARs (in a different knockout model). Reasons for differences between their 
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observations and the current data are unclear. However, one issue relates to ischaemic 

outcomes in their study - despite significantly prolonged 40 min ischaemia they observed 

an almost immediate and stable 90% recovery of function (not differing from pre-

ischaemia) (513). This unusual recovery indicates hearts sustained no injury despite a 

prolonged ischaemic insult, at odds with their prior data (339)  and studies from other 

groups [see data reviewed in (461)]. These unusual outcomes raise concerns regarding the 

validity of the model employed.  

 

Study limitations 

Though gene knockout offers distinct advantages, a global drawback to all knockout 

studies is that prolonged absence of a gene product may lead to compensatory changes in 

other proteins/pathways. While unpredicted compensatory responses may provide 

important insights into cellular physiology and signalling (336, 623), they also complicate 

interpretation of phenotypic outcomes. This drawback is, to some extent, limited in the 

current ADA deficient model since animals are maintained on exogenous ADA until 2 

weeks prior to experimentation (655). Moreover, we show no compensatory shifts in 

A1/A2AR sensitivity which would cloud interpretation. Nonetheless, it is important to be 

aware of possible compensatory responses or changes in any knockout model.  

It is also worth noting that rodent tissues may differ from other species in terms of ADA 

interactions with other proteins. On the cell surface ADA associates with the CD26/ 

dipeptidyl peptidase IV glycoprotein, forming an ecto-ADA which may regulate local 

adenosine levels and thus AR activation. However, though CD26/dipeptidyl peptidase IV 
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protein is expressed in cardiac tissue (336), and ecto-ADA activity is evident in 

mammalian myocardium (399), evidence suggests CD26 does not bind ADA in rodent 

tissues (238). 

Finally, in terms of concentration-response analysis in ADA deficient  vs. wild-type 

hearts, there is a possibility of slightly overestimating functional sensitivity to applied 

agonists owing to higher baseline adenosine levels in these hearts. However, this will 

only impact on initial 'threshold' responses to the lowest agonist concentrations, and 

becomes increasingly unimportant at higher applied concentrations. As shown in Figure 

6-1, there are no substantial differences in chronotropic or vascular responses to the 

lowest agonist concentrations. It is therefore unlikely this effect will substantially shift 

the position of the concentration-response curves and thus the derived EC50 values.  

 

Conclusions 

This initial description of the cardiac phenotype in ADA deficient mice reveals A1AR-

mediated bradycardia under baseline conditions (associated with ~10-fold elevations in 

adenosine), yet no shift in functional A1 or A2AR sensitivities. While the basis for 

unchanged A1/A2AR sensitivities in the face of sustained elevations in endogenous 

agonist is not known, this may be relevant to the disease phenotype in human ADA 

deficiency (217). Data also reveal protection against ischaemia-reperfusion with ADA 

deficiency, involving modulation of post-ischaemic diastolic pressure, contractile 

recovery, and cell death. Protection against elevated diastolic pressure is A1AR-

dependent, whereas other AR sub-types or processes must additionally contribute to 

protection against cell death/contractile impairment. Our data also support a major role 
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for IMP hydrolysis in myocardial purine catabolism, and confirm impaired ischaemic 

tolerance in the absence of functional A1ARs. 
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7.1.  ABSTRACT 

Intrinsic inflammatory responses in the heart itself are still not well defined. Isolated 

myocardium possess a significant number of cells capable of modulating inflammation, 

including mast cells, macrophages, and myocytes themselves. The aim of this study was 

to use both immunomodulating agents and cytokine knockout mice to assess potential 

contributions of intrinsic inflammatory responses to injury in isolated perfused 

myocardium subjected to 20 minutes of ischaemia and 60 minutes reperfusion. The pro-

inflammatory compounds formyl-Met-Leu-Phe (FMLP) and anti-inflammatory 

Amiprilose HCl, ser-Leu-Ile-Gly-Arg-Leu-NH2 (SLIGRL), S-(1,2,-diacarboxyethyl) 

glutathione (DCE-GS) and benzyloxycarbonyl-Ala-Ser-Thr-Asp-fluoromethylketone (Z-

Z-ASTD-FMK) were infused into hearts isolated from C57/BL6 mice (10 minutes prior 

to ischaemia and for the first 15 minutes of reperfusion). Additionally, we examined 

functional recoveries in TNFα, IL-10, IL-6, nNOS and eNOS knockout, and IGF 

transgenic mice. Amiprilose HCl was the only inflammatory modulator to alter outcome: 

both left ventricular (LV) diastolic and systolic dysfunction were exacerbated by this 

agent. In terms of gene modified models, baseline coronary flow was significantly higher 

in IL-6 and IL-10 knockout mice, and  IL-6 and eNOS KO mice displayed significant 

improvements in absolute recovery of LV developed pressure (though neither of these 

effects were evident when recovery was normalised to baseline function). Both TNFα 

and IL-6 knockout reduced LV diastolic dysfunction during reperfusion. Coronary flow 

at the end of reperfusion was significantly improved in IL-6 and eNOS knockout mice. 

IGF transgenic mice displayed a ~25% increase in heart weight:body weight ratio, and 

significant impairment in post-ischaemic recovery. Both LV diastolic pressure and 
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developed pressure were impaired. Results from these studies suggest that there is a 

predominantly deleterious functional consequence to inflammatory responses in isolated 

hearts undergoing ischaemia-reperfusion, and that these injurious mechanisms can be in 

modulated to produce a protective effect. 
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7.2.  INTRODUCTION 

The inflammatory response during reperfusion is complex, involving multiple signalling 

cascades with redundancy, pleiotropy, synergism and antagonism. Moreover cytokines 

have autocrine, paracrine and endocrine capabilities, making the determination of cause-

and-effect difficult to isolate. Changes in neutrophil accumulation and release of 

inflammatory cytokines, for example, might be due to direct anti-inflammatory effects, or 

to a reduction in ischaemic injury which will, inevitably, reduce inflammatory responses. 

A considerable amount of work has been undertaken in isolated inflammatory cells, in an 

attempt to gain better control over experimental variables and tease out cause and effect. 

It is therefore of interest to examine the intrinsic inflammatory response of isolated hearts 

(in the absence of blood cells) undergoing ischaemia-reperfusion with the same goals in 

mind. 

The need to define the role of inflammatory processes in modulating tolerance to 

ischaemia-reperfusion is also relevant to the study of adenosinergic cardioprotection. The 

most reliable data available regarding A2AAR agonism in isolated hearts suggests that 

there is no role for this receptor in cardioprotection during ischaemia-reperfusion (459). It 

is therefore of interest to determine if this lack of protection results from an absence of 

inflammatory responses (rendering anti-inflammatory mechanisms redundant) or an an 

absence of cells amiable to the anti-inflammatory effects of A2AARs. 

Whilst severely depleted in terms of inflammatory cells, ex vivo hearts still contain a 

population of inflammatory cells capable of playing a role in ischaemia-reperfusion 

injury. Mast cells and macrophages, for example, reside in similar numbers within 
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isolated hearts (1.7 and 1.9 cells/mm2, respectively) (273). Whilst the role of 

macrophages is considered more important in long term recovery and remodelling, mast 

cells degranulate within minutes of reperfusion releasing pre-formed TNFα (152, 182, 

617), renin (368), ROS (152) and histamine (152). Importantly, both TNFα and histamine 

are known to be released during the ischaemic insult (152, 617). Selected cytokines 

involved in the inflammatory response mounted in response to ischaemia-reperfusion are 

presented in table 7-1  

In addition cardiac and vascular cells also release and respond to inflammatory cytokines. 

It should also be noted that many cells present in isolated hearts, including macrophages 

(198), endothelial cells (198), smooth muscle cells (198) and (most likely) monocytes  

(115, 343, 379, 548, 642), possess functional A2AARs.  

In the present study, we aimed to determine functional consequences of modulating 

inflammation in isolated hearts undergoing ischaemia-reperfusion. We assessed 

contractile responses in isolated hearts infused with both pro- and anti-inflammatory 

compounds. Additionally, we used genetically modified mice to examine the role of 

specific cytokines in the response of  isolated hearts to ischaemia-reperfusion. 
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Table 7-1: Selected inflammatory cytokines, their cellular origin, role in inflammation 
and release in ischaemia-reperfusion. 

Cytokine/ 
receptor Cellular origin Role in inflammation Release in ischaemia-

reperfusion 

TNFα 

Cardiomyocytes 
(21, 562), 

macrophages 
(176, 266) 

Key instigator of 
inflammatory 
cascades (401) 

Released during and after 
ischaemia pealking ~30 

min after reperfusion (282) 

Interleukin 
10 

T lymphocytes, 
macrophages 

(153) 

Anti-inflammatory 
decreases ROS 
formation (312) 

Release highly dependent 
on reperfusion. Peaks 

within 5 hours of 
reperfusion (153) 

Interleukin 
6 

leukocytes 
(404), vascular 
smooth muscle 

cells (360), 
monocytes (189) 

and myocytes 
(189). 

Pro-inflammatory 
stimulating 

inflammatory cell 
activation (225) (168, 
361, 364) and ICAM-

1 expression (654) 

Up-regulated within 15-30 
minutes of reperfusion 

(311, 502) peaking within 
3 hrs (311) 

IGF 

Myocytes, 
endothelial cells 

and vascular 
smooth muscle 

cells (267) 

Protection against 
apoptosis and necrosis 
(267), increasing NO 
production (421, 595, 

658). 

Up-regulated in humans 
with myocardial infarction 

(16) 

nNOS Ubiquitous 
(514) 

NO has anti-
inflammatory 

properties (253) in 
addition to direct 

cardioprotective (249) 
and anti-oxidant 

effects (128) 

NO release is depressed 
within 2-5 minutes of 
reperfusion and this 

depression can last for 
hours (333). NO is also 
quenched by increased 

superoxide release during 
ischaemia-reperfusion 

(333) 
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7.3.  METHODS 

Isolated heart preparation 

Investigations confirmed with the Guide for the Care and Use of Laboratory Animals 

pubished by the US National Institutes of Health (NIH Publication No. 85-23, revised 

1996). 

Hearts were isolated as described in prior chapters and the methods section of this thesis 

(Section 2.1). Modified Krebs bicarbonate buffer contained (in mM): NaCl,  119; 

glucose, 11; NaHCO3, 22; KCl, 4.7; MgCl, 1.2; KH2PO4, 1.2; EDTA, 0.5; pyruvate, 2. 

All hearts were allowed to equilibrate at intrinsic heart-rates for 15 minutes, followed by 

a further 15 minutes of stabilisation at a paced rate of 420 bpm. Hearts were then 

subjected to 20 minutes of ischaemia followed by 60 minutes reperfusion. Previous 

studies from our laboratory have confirmed that this duration of ischemic insult is 

sufficient to cause significant oncotic injury to hearts (210). 

 

Effect of anti-inflammatory compounds in isolated hearts 

We assessed functional consequences of pre-activating resident leukocytes, mast cells 

and macrophages using the compound FMLP applied at 200nM (n=8). We also examined 

the impact of limiting inflammatory responses in isolated perfused hearts using the 

following anti-inflammatory compounds; 2.5µg/mL amiprolose (n=7), 10 µM SLIGRL 

(n=8); 100 µM DCE-GS (n=6) and 3 µM Z-ASTD-FMK (n=6). All compounds were 

infused 10 minutes prior to ischaemia and for the initial 15 minutes of reperfusion. 
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Gene knockout of inflammatory modulators 

In the second phase of this study, we assessed the role of key inflammatory modulators in 

modifying responses to ischaemia-reperfusion via the use of genetically modified mice. 

Experiments were undertaken in the following knockout mice, as described previously: 

TNFα (302), IL-6 (297), eNOS (523) and nNOS (230). As all of these knockout mice 

were back-crossed to a C57/BL6 background for more than 10 generations, we compared 

knockout mice to wild-type C57/BL6 mice purchased from the Herston Medical Research 

Centre. 

Impact of overexpression of IGF on ischaemic tolerance 

Finally, we also examined the impact of overexpression of IGF on ischaemic tolerance in 

isolated mouse hearts. Generation of IGF transgenic mice used in this study has not been 

described previously. Briefly, α myosin heavy chain (αMHC)-mIGF-1 transgenic mice 

were generated in the laboratory of N. Rosenthal, in Boston, USA (now in European 

Molecular Biology Laboratory, Rome) and a colony established at the Animal Resources 

Centre, Murdoch, Perth, Western Australia. The αMHC-mIGF-1 transgenic mice were 

established on an FVB background with rat mIGF-1 cDNA driven by a murine cardiac-

specific aMHC promoter (549). Transgenic mice were generated by standard methods 

and selected by PCR using genomic DNA isolated from tail tip digests:  

IGF-1 sense 5’–TTCCTGTCTACAGTGTCTGTG-3’ 

IGF-1 anti-sense 5’–GAGCTGACTTTGTAGGCTTCA-3’. 
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PCR was performed in accordance with standard PCR amplification protocols. 

Transgenic animals were maintained as heterozygotes. All analyses were performed on 

male mice. 

Statistical analysis 

All data is presented as the mean ± SEM. Where baseline and end-reperfusion values are 

presented (LV diastolic pressure, LV developed pressure and flow), responses were 

compared using a repeated measures ANOVA. Where end-reperfusion alone was 

assessed (% recovery of LV developed pressure, LV systolic pressure and % recovery of 

coronary flow), a one-way ANOVA was used. For all of the abovementioned tests, a LSD 

post-hoc test was used to determine the signifcance of individual comparisons.  

With the exception of body and heart weights which were compared with a one-way 

ANOVA, all functional comparisons between IGF transgenic and wild-type mice were 

assessed using a repeated measures ANOVA. Where significant differences were 

detected, a Newman-Keuls post-hoc test was used to determine individual differences. 

For all tests, a P value less than 0.05 was considered significant. 

 

7.4.  RESULTS 

Effects of compounds modulating inflammatory function on ischaemic 

tolerance 

Baseline function was similar in all groups (data not shown), and none of the compounds 

infused caused any significant change in function or flow prior to ischaemia (Table 7-2). 



 - 159 - 

At the end of 60 minutes reperfusion, ventricular funtion in control hearts recovered to 

~45% of pre-ischaemic values (Figure 7-1a), accompanied by an increase in LV diastolic 

pressure to ~40 mmHg (Figure 7-1b). Similar recoveries were seen in hearts infused with 

FMLP, SLIGRL, DCE-GS and Z-ASTD-FMK (Figures 7-1, 7-2). The exception was 

amiprilose HCl, which significantly impaired post-ischaemic recovery. Developed 

pressure was reduced to 18 ± 2 % of baseline function whilst the LV diastolic pressure 

was elevated to 70 ± 2 mmHg (Figure 7-1a,c).  

 

Table 7-2: Normoxic functional parameters 

Experimental group EDP 
(mmHg) 

LVDP 
(mmHg) 

Flow Rate 
(mL/min/g) 

Control (pooled) (n = 31) 5 ± 1 153 ± 4 21 ± 2 

Inflammatory modulator compounds 
FMLP (n = 8) 3 ± 1 162 ± 6 22 ± 2 

Amiprilose HCl (n = 7) 4 ± 1 181 ± 2 24 ± 1 
PAR2 AP (n = 8) 2 ± 1 156 ± 4 25 ± 1 
DCE-GS (n = 7) 6 ± 1 144 ± 6 23 ± 1 

Z-ASTD-FMK (n =7) 5 ± 1 148 ± 6 27 ± 2 

Gene Knockout models 
TNFα KO (n =7) 3 ± 1 151 ± 8 28 ± 1 

IL-10 KO (n = 12) 3 ± 2 148 ± 8 31 ± 2* 
IL-6 KO (n = 6) 5 ± 1 162 ± 4 29 ± 1* 
eNOS KO (n =8) 3 ± 1 163 ± 6 2.8 ± 0.3 mL/min † 
nNOS KO (n = 9) 1 ± 2 156 ± 16 3.3 ± 0.2 mL/min † 

IGF transgenic mice 
IGF Wild-type (n = 10) 3 ± 1 159 ± 7 18 ± 1 
IGF Transgenic (n = 8) 2 ± 1 168 ± 6 16 ± 1 

All values represent mean ± SEM. *P<0.05 vs. wt littermate († hearts were frozen for 
analysis and could not be weighed, thus absolute flow is shown). 
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Figure 7-1: Post-ischaemic recoveries of LV function in control hearts (n=11) and hearts 
infused with N-Formyl-Met-Leu-Phe (FMLP) (n = 8), Amiprilose (n=7), Ser-Leu-Ile-
Gly-Arg-Leu-NH2 (SLIGRL) (n=8), S-(1,2,-diacarboxyethyl) Glutathione (DCE-GS)  
(n=6) and benzyloxycarbonyl-Ala-Ser-Thr-Asp-fluoromethylketone (Z-ASTD-FMK) 
(n=6). Left ventricular diastolic pressure (A), developed pressure (B), and developed 
pressure normalised to baseline function (C) are shown at 1 hour reperfusion. Values are 
means ± SEM. * P<0.05 vs. control heart. 
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Figure 7-2: Post-ischaemic recoveries for LV systolic force and coronary flow in control 
hearts (n=11) and in hearts infused with N-Formyl-Met-Leu-Phe (FMLP) (n = 8), 
Amiprolose (n=7), Ser-Leu-Ile-Gly-Arg-Leu-NH2 (SLIGRL) (n=8), S-(1,2,-
diacarboxyethyl) Glutathione (DCE-GS) (n=6) and benzyloxycarbonyl-Ala-Ser-Thr-Asp-
fluoromethylketone (Z-ASTD-FMK) (n=6). Left ventricular systolic pressure (A) and 
coronary flow (B) normalised to baseline flow are shown at 1 hour reperfusion. Values 
are means ± SEM. None of the values presented in this figured were significantly 
different from control values (P>0.05). 
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Ischaemic tolerance in mice with targeted deletion of inflammatory 

cytokines.  

Pre-ischaemic contractile function was similar in all knockout and C57/Bl6 mice.  

However, coronary flow was significantly higher in IL-6 and IL-10 knockout mice (Table 

7-2). In control mice, recovery of LV contractile function at the end of 20 minutes of 

ischaemia and 60 minutes reperfusion was 48±5%, and LV diastolic pressure was 

29±3mmHg (Figure 7-3). Deletion of IL-10 did not significantly modify functional 

outcome. IL-6 and eNOS knockout mice exhibited significant improvements in recovery 

of LV developed pressure (Figure 7-3b), though neither of these effects were evident 

when recovery was normalised as a percentage of baseline function (Figure 7-3c). Both 

TNFα and IL-6 knockout mice displayed protection from ischaemia-reperfusion injury in 

terms of reduced LV diastolic dysfunction (Figure 7-3a). Coronary flow was also 

significantly improved in IL-6 knockout mice when normalised to baseline function 

(Figure 7-4c), whilst eNOS mice displayed an improvement in absolute flow at the end of 

reperfusion (Figure 7-4b).  
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Figure 7-3: Post-ischaemic recoveries of LV function in hearts from C57 control mice 
(n=15) TNFα (n=7), IL-10 (n=11), IL-6 (n=8), eNOS (n=9) and nNOS (n=8) knockout 
mice. Left ventricular diastolic pressure (A), developed pressure (B), and developed 
pressure normalised to baseline function (C) are shown at 1 hour reperfusion. Values are 
means ± SEM. * P<0.05 vs. control heart. 
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Figure 7-4: Post-ischaemic recoveries of LV systolic force and coronary flow in hearts 
from C57 control mice (n=15) TNFα (n=7), IL-10 (n=11), IL-6 (n=8), eNOS (n=9) and 
nNOS (n=8) knockout mice. Left ventricular systolic pressure (A), coronary flow (B), 
and coronary flow normalised to baseline flow (C) are shown at 1 hour reperfusion. 
Values are means ± SEM. * P<0.05 vs. control heart. 
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The impact of IGF overexpression on ischaemic tolerance. 

IGF transgenic animals had similar body weights to wild type littermates. However, mean 

heart weight and heart weight to body weight ratios were ~24% and 25% greater in IGF 

transgenic mice, respectively (Table 7-2). Despite these differences, flow (normalised to 

heart weight) and baseline function were similar in IGF knockout and wild-type mice 

(Table 7-1). Recovery from ischaemia-reperfusion was significantly retarded by 

overexpression of IGF. This was evident in terms of LV diastolic pressure (Figure 7-5a) 

and LV developed pressure (Figure 7-6) with no impact on recovery of coronary flow 

(Figure 7-7). 

 
 

 

 

Table 7-3:  Body weight and heart weight in IGF transgenic and wild-type mice. 

 IGF Wt IGF Tg 

Body weight (g) 29 ± 0.6 29 ± 0.6 

Heart weight (mg) 173 ± 6 214 ± 4* 

Heart:body weight ratio (mg/g) 5.8 ± 0.2 7.3  ± 0.1* 
All values represent mean ± SEM. *P<0.05 vs. wt littermate. 
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Figure 7-5: Effects of transgenic overexpression IGF on post-ischaemic recoveries for 
left ventricular diastolic pressure (A) and systolic pressure (B). Data are shown for 
recoveries in hearts from IGF transgenic (n=8) and wild-type (WT) litter mate (n=10) 
mice. Values are means ± SEM. *, P<0.05 vs. wild-type 
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Figure 7-6: Effects of transgenic overexpression IGF on post-ischaemic recoveries for 
left ventricular developed pressure (A) and developed pressure normalised to baseline 
function (B). Data are shown for recoveries in hearts from IGF transgenic (n=8) and 
wild-type (WT) litter mate (n=10) mice. Values are means ± SEM. *, P<0.05 vs. wild-
type 
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Figure 7-7: Effects of transgenic overexpression IGF on post-ischaemic recoveries for 
coronary flow. Data are shown for recoveries in hearts from IGF transgenic (n=8) and 
wild-type (WT) litter mate (n=10) mice. Values are means ± SEM. *, P<0.05 vs. wild-
type 

 

7.5.  DISCUSSION 

In the absence of blood, inflammatory cells are limited to resident macrophages and mast 

cells. Whilst these cell types are capable of producing inflammatory cytokines, it should 

be noted that myocytes themselves produce inflammatory cytokines including TNFα 

(1746, 1747), IL-6 (96), IGF (1906) and nNOS (1854, 1877) and eNOS (1854) in 

response to stressors such as ischaemia-reperfusion. Isolated hearts should therefore be 

capable of  initiating an intrinsic, albeit less severe, inflammatory response during 

ischaemia-reperfusion which may alter injury and outcome.  

The overarching hypothesis for assessment was therefore that modulation of 

inflammatory cytokines/processes in a blood free myocardial model would alter intrinsic 
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ischaemic tolerance. In the context of this thesis, it was thought that adenosine might in 

addition to regulating ‘extrinsic’ inflammation, target any such responses in increased 

ischaemic tolerance. In general, the findings show some dependance of ischaemic 

tolerance on inflammatory processes, but insufficient to be targeted by or involved the 

more profound effects of adenosine on outcome. 

Our data reveal deleterious functional consequences of inflammatory responses in 

isolated hearts subjected to ischaemia-reperfusion: injury can be reduced with deletion of 

TNFα, or IL-6 and nNOS and exacerbated with transgenic overexpression of IGF, or 

infusion of amiprilose.  

 

Pharmacological modulat ion of inflammation and ischaemic tolerance 

In this component of the study, we report no modulation of functional responses by 

FMLP (Figures 7-1, 7-2), which induces leukocyte (451), macrophage (451), and mast 

cell (7) activation. This confirms findings fromisolated rat hearts (131), though a small 

increase in coronary flow and decrease in heart rate observed in these prior experiments 

was not confirmed in the current study (however, pacing of hearts precluded shifts in 

heart rate).  

While a small population of resident macrophages exists in hearts (273), macrophage 

numbers in vivo do not begin to increase until ~2 days post-reperfusion (570), and are 

thought to play a more pivotal role in remodelling after reperfusion than in the acute 

inflammatory insult. Mast cells, however, are activated within minutes of reperfusion, 
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releasing a barrage of pro-inflammatory cytokines. It is surprising then, that FMLP did 

not exacerbate ischaemic injury. However, it is possible that ischaemia-reperfusion 

induces a maximal inflammatory response, negating the effects of stimulation of this cell 

type pharmacologically. On the other hand, these findings may lead one to conclude that 

activation of such resident cells does not significantly alter ischaemic tolerance. 

Amiprilose is a synthetic monosaccharide which down-regulates expression of cytokines, 

including IL-1, IL-2, LTB4 and prostaglandin E2 (PGE2) (142, 143). In isolated hearts, 

amiprilose significantly exacerbated ischaemia-reperfusion injury, evidenced by both an 

elevated LV diastolic pressure (Figure 7-1a) and impaired developed pressure (Figures 7-

1b,c). Whilst concentrations of 100 mg/mL are toxic in isolated cells, concentrations used 

in the current study (2.5 µg/mL) are far below this, and insufficient to cause toxicity 

(143). Moreover, pre-ischaemic function was not effected by infusion of amiprilose, 

suggesting no non-specific toxic actions. Only one other study has examined the effects 

of amiprilose in hearts under stress, demonstrating no modulation of  coronary restenosis 

in swine (145). The mechanism behind the profound injurious effect mediated by 

amiprilose here (ie. depressed recovery by ~50%) awaits further investigation. 

Protease activated receptor-2 (PAR-2) is a G-protein coupled receptor with pro-

inflammatory effects in many non-cardiac tissues (1971). In the heart, PAR-2 modulates 

aortic and coronary vascular tone in vivo (1972), is protective in isolated rat hearts (208) 

and may play a role in ischaemic preconditioning (940).  We observed no protective 

effects with the PAR-2 selective agonist SLIGRL (1971) (Figures 7-1, 7-2), nor were we 

able to detect modulation of coronary flow (data not shown) as seen in the rat (208, 

1972). One reason for this lack of protection may be the concentration of agonist used. 
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We chose the concentration based on aortic relaxation concentration response curves 

(606), indicating that 10 µM was sufficient for a maximal effect. Protection in isolated rat 

hearts, however, were seen with ‘supra-maximal’ concentrations of 100 µM (208), and it 

is possible that greater concentrations of this agonist may provide protection against 

ischaemia-reperfusion. Nonetheless, one might then question the selectivity of the 

mechanisims involved. 

Relatively little information is available regarding DCE-GS. It is produced in the heart 

and inhibits 48/80 induced histamine release from mast cells in vitro by ~96% (497). 

DCE-GS also inbibits platelet aggregration through upregulation of cAMP (498). DCE-

GS had no demonstrable effect in isolated hearts. This suggests either maximal activity 

by endogenously created DCE-GS or no role for DCE-GS in ischaemic myocardium. 

Endothelial monocyte-activating factor (EMAP) II is secreted by cells undergoing 

apoptosis and is responsible for attracting monocytes and leukocytes presumably to 

phagocytose post-apoptotic cells (294). The EMAP-II inhibitor Z-ASTD-FMK also had 

no effect on ischaemia-reperfusion injury in isolated hearts. This again suggests no role 

for resident macrophages in the first hour of reperfusion in isolated hearts. 

 

Genetic modulation of receptors involved in inflammation 

TNFα  

As already mentioned, TNFα expression by cardiomyocytes (176, 266)  and 

macrophages (21, 562) peaks within 30 minutes of reperfusion. The role of TNFα in the 
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response to myocardial ischaemia-reperfusion is ambiguous. TNFα regulates both pro- 

and anti-apoptotic pathways (135), and simultaneously increases ROS formation and the 

expression of ROS scavengers (3). Experimental evidence aimed at determining the role 

of TNFα has also yielded mixed results. Exogenous TNFα protects isolated hearts (122) 

and myocytes (426), while disruption of TNFα receptor expression has been shown to 

increase infarct size (314). In contrast, infusion of anti-TNFα antibodies or deletion of 

TNFα receptors also confers protection in vivo (188, 374). There is also some evidence 

that TNFα can reversibly reduce contractile function through modification Ca2+ handling 

(309, 652), thereby reducing metabolic demand and protecting the heart (445). In the 

current study, deletion of TNFα receptors reduced post ischaemic LV diastolic 

dysfunction (Figure 7-3a) without improving LV developed pressure (Figure 7-3b) 

suggesting a deleterious role for TNFα (specifically for dictating diastolic function) in 

isolated hearts. We also observed a modest (though in-significant) improvement in 

contractile function in TNFα knockout hearts (Figures 7-3b,c). Whilst a tendancy 

towards improved LV developed pressure with TNFα knockout may be due to loss of 

protective depression of contractile function, a concurrent reduction in LV diastolic 

pressure suggests that endogenous TNFα generated in response to ischaemia-reperfusion 

has injurious properties independent of these mechanisms. 

 

IL-10 

Interleukin-10 is an anti-inflammatory cytokine produced by stimulated monocytes (416, 

481) and fibroblasts (481).  Effects of interleukin-10 are primarily mediated by 
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inflammatory cells including macrophages (44, 106, 563) and neutrophils (71, 74, 91, 

204, 270, 272). Despite a trend towards lowered LV developed pressure (Figures 7-3b,c), 

deletion of IL-10 did not effect functional recovery in isolated hearts (Figure 7-3). Thus, 

we confirm no role for IL-10 in modulating contractile responses in the absence of blood 

borne inflammatory cells. Interestingly, IL-10 knockout mice displayed an increase in 

baseline coronary flow. Whilst there is evidence to suggest that IL-10 inhibits 

vasodilation induced during inflammatory responses, through regulation of iNOS and 

superoxide generation (185, 186), this is the first report of regulation of baseline coronary 

flow by  IL-10, in the absence of an inflammatory response. It is interesting to note that 

there was no modification of absolute or normalised coronary flow at the end of 

reperfusion in IL-10 knockout mice. Studies by Gunnet et al (185, 186) regarding IL-10 

KO were undertaken in carotid arteries isolated from IL-10 knockout and wild-type mice 

injected with LPS. As will be discussed later in Chapter 8 of this thesis, the cardiac injury 

induced by LPS is significanly less severe than that induced by ischaemia-reperfusion. It 

is therefore likely that any protective mechanism initiated by IL-10 to curb vasodilation 

induced by cytokines and/or free radicals may be overwhelmed in this much more severe 

insult. 

 

IL-6  

IL-6 knockout mice displayed significant protection against ischaemia-reperfusion, 

evidenced by a reduction in LV diastolic dysfunction (Figure 7-3a). This suggests a 

deleterious role for this receptor in isolated myocardium. IL-6 expression is known to be 

increased within 15-30 minutes of reperfusion of ischaemic myocardium (311, 502). In 
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vivo studies suggest a redundant role, if any, for endogenous IL-6 in ischaemia-

reperfusion injury (102, 157), whilst exogenous IL-6 is protective (395).  

Aside from its potent and deleterious pro-inflammatory capabilities (168, 225, 276, 361, 

364), IL-6 up-regulates Ca2+ handling via NO (285) to reversibly depress contractile 

function and preserve mitochondrial function (536). In the present study, we observed a 

modest increase in absolute developed pressure (Figure 7-3b) (not evident when 

normalised to baseline function – Figure 7-3c). As with the TNFα knockout mouse, it 

would apppear that the suggestion of IL-6 mediated cardioprotection through reversible 

reductions in contractile function observed elsewhere (285, 536) are independent of 

injurious mechanisms which affect LV diastolic dysfunction.  

Deleterious effects associated with IL-6 have, to date, been associated with its actions on 

blood-borne inflammatory cells (168, 225, 276, 361, 364, 654). However, results from the 

current study suggest that IL-6 possesses injurious capabilities in addition to those 

involving recruited blood cells. 

The increase in baseline coronary flow in the IL-6 knockout mouse is perplexing. IL-6 

regulates NO levels  in a biphasic mannner: upregulation of NOS production is induced 

by low levels of IL-6 whilst high levels supress NO production (647). This regulation, 

however, cannot explain the current findings, and there is little available evidence to 

suggest other mechanisms by which IL-6 might regulate coronary flow. Though the 

mechanisms by which IL-6 regulates coronary tone awaits further investigation, these 

findings highlight the fact that lifelong absence of proteins may generate effects not 

predicted from known ‘acute’ functions of the protein. 
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NOS 

It is now generally accepted that NO affords protection against ischaemia-reperfusion 

injury (10, 224, 249, 334, 335, 425, 505, 532, 622, 627). However, the role of the specific 

isoforms of NOS responsible for NO formation, remains unclear.  

In terms of baseline function, deletion of nNOS or eNOS did not modify coronary flow 

(despite a tendency towards lower flows in nNOS knockout mice). This is in agreement 

with other studies (22, 32, 142, 190, 516, 554), and there is some evidence to suggest that 

upregulation of iNOS may compensate for any loss of NO production by e- or nNOS 

(264). In terms of ischaemia-reperfusion, eNOS knockout mice showed improved 

tolerance to ischaemia-reperfusion evidenced by increased developed pressure (though 

only when normalised to baseline function – Figure 7-3b) and coronary flow (Figure 7-

4b). On the other hand, nNOS deletion did not effect post-ischaemic outcomes.  

These experimental results challenge prior studies supportingno role (142, 264) or a 

protective  role (554) for eNOS (mainly reflected in necrosis rather than functional 

outcome). Some experimental issues exist in these studies, however. Function in 

experiments undertaken by Summeray et al. in Langendorff-mode perfused isolated 

hearts was measured through apical displacement rather than the use of an isovolumetric 

balloon (554), and there is evidence to suggest that this measurement of functional 

recovery is limited in its ability to accurately reflect shifts in ventricular mechanics (210). 

In the study undertaken by Kanno et al (30 minutes of ischaemia and 60 minutes 

reperfusion), control groups recovered ~100% of LV systolic pressure while LV diastolic 

pressure was only elevated to ~24 mmHg (264). A model of ischaemia-reperfusion with 

such minimal functional consequences renders it very difficult to observe an 
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improvement in contractile recovery (264). In contrast, control hearts in the present study 

(with 20 minutes of ischaemia and 60 minutes of reperfusion) recovered only ~60% of 

pre-ischaemic systolic function, with LV diastolic dysfunction of around ~30mmHg. This 

allowed us to observe a 37% decrease in LV diastolic contracture at the end of 

reperfusion (Figure 7-3a), associated with a 16% increase in contractile function with 

eNOS knockout (Figure 7-4a). We would suggest that the results obtained from this study 

are more reliable, as we utilise the more sensitive isovolumetric balloon in place of apical 

displacement, and have sufficient injury to hearts to enable an improvement in recovery. 

Moreover, the degree of injury is more in line with that seen by othes while the Kanno et 

al study could be considered an ‘outlier’. 

 

Transgenic over-expression of IGF  

In the final component of this study, we present the first evidence that chronic cardiac-

specific overexpression of IGF exacerbates ischaemic dysfunction in isolated hearts, 

decreasing contractile function and exacerbating LV diastolic dysfunction. We also 

confirm significant hypertrophy in IGF transgenic mice (342). 

As mentioned previously, decreased IGF levels in humans correlates with reduced 

lifespan (89, 181, 247, 260, 476), whilst in murine models (curiously) this relationship is 

reversed (227). There is prior evidence that exogenous IGF (64) and transgenic 

overexpression of IGF (342) reduces ischaemia-reperfusion injury in vivo, reducing both 

necrosis and apoptosis without improving functional outcome (342).  
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The results from this study in IGF transgenic mice contrast results acquired in vivo. In the 

study of Li et al (342), a decrease in ventricular dilation and magnitude of overload was 

observed in IGF transgenic mice in the region of the heart adjacent to the permanent 

regional occlusion. Whilst  differences are most likely attributable to different 

inflammatory processes in in vivo vs. isolated hearts, they may also be attributed to 

models of occlusion studied. Permanent coronary artery occlusion precludes assessment 

of reperfusion injury (a major and key injury process) and has significantly different 

consequences compared to ischaemia-reperfusion studies. We observed no differences in 

time to onset of ischaemic contracture or peak contracture in IGF transgenic mice, 

suggesting little modification of ischaemic injury in this relatively short duration of 

ischaemia (compared with permanent occlusion).  

There is a single report of exogenous IGF affording protection against ischaemia-

reperfusion in isolated hearts, however experimental conditions and analysis of data by 

Davini et al (101) bring the validity of their results into question. Firstly, left ventricular 

‘function’ was determined by assessing aortic output. Aside from issues in the reliablity 

of studies of ischaemia-reperfusion in unloaded hearts (210), aortic pressure should not 

be considered an appropriate measure of LV function in a retrograde perfusion model. 

Systolic pressure during ejection is largely dictated by the physical makeup of the 

apparatus: a 5-10 µL ejection into a large perfusion apparatus during systole gives a 

pressure signal which is small and dependent upon cannula dimensions and model design 

(169). Similarly, diastolic aortic pressure, when the aortic valve is closed, is set by the 

pre-determined perfusion pressure (assuming a constant-pressure model, though this was 

not defined by Davani et al), and can only be influenced by major changes in the apparent 
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flow rate (eg. an aortic valve leak, tear or very major change in coronary flow). Maximal 

coronary dilation may conceivably reduce this value slightly, but shifts in ventricular 

function cannot, unless the heart goes into such a sustained degree of contracture that the 

ventricular pressure at rest exceeds that in the perfusion system, in which case there will 

be no coronary perfusion and the hearts will suffer sustained ischaemia during the 

'reperfusion' phase. The entire study is poorly designed, described and undertaken. 

Finally, a paired t-test used to assess the significance of differences between control and 

treatment hearts in this prior study (101), would require the same hearts to be used in both 

control and IGF treated groups which, obviously is impossible. 

 

7.5.1.  STUDY L IM ITATIONS AND F UT URE  DIRE CT IONS 

 

Studies in this chapter were designed to determine the extent of infammation present in 

isolated hearts. Through molecular and pharmacological modulation of chemokines and 

their receptors, we were able to modify functional ischaemic tolerance suggesting that 

there is indeed an inflammatory response in isolated hearts. There are, however, key 

experiments required before we can conclude difinitively that there is an inflammatory 

response in isolated hearts. Future experiments will examine effluent from isolated hearts 

for cytokine release. Additionally, we will examine isolated hearts for up- or 

downregulation of inflammatory intermediates. 

Our ability to comment on the effect of modulating inflammatory processes on the 

response to ischaemia-reperfusion would also be enhanced by assessment of markers off 
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cellular injury. We have collected coronary effluent from the experiments presented in 

this study and future experiments will involve assessing Troponin release in these 

samples.  

 

7.6.  CONCLUSION 

The data presented in this study indicate that modulation of inflammation is, in some 

instances, able to affect functional outcome in isolated hearts. This was evident in hearts 

perfused with amiprilose, in TNFα and IL-6 knockout mice, and IGF transgenic mice. 

This indicates that modulation of inflammatory responses in isolated hearts is limited to 

cytokines released in early reperfusion, most likely by mast cells. Moreover, data 

presented in this study suggest that inflammation in the acute phase of ischaemia-

reperfusion plays a predominantly injurious role even in isolated hearts. Future studies 

examining both hearts and effluent from isolated heart experiments will confirm an 

inflammatory respnse. Importantly, having established that there is an active 

inflammatory process involded in ischaemia-reperfusion injury in isolated hearts we can 

(based on previous research excluding a cardioprotective role for A2AARs in isolated 

hearts) tentatively exclude a role for A2AARs in modifying these inflammatory processes. 

It is interesting to note, in terms of adenosinergic cardioprotection, that A2AAR 

(considered the most anti-inflammatory of all adenosine receptors) agonism does not 

confer protection in isolated hearts (459). It might therefore be concluded that protective 

effects of A2AAR agonism in vivo occur independently of effects on resident 

inflammatory cells. To this end, Yang et al (650) have provided evidence that recruited 
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T-cells are singularly responsible for modulating the anti-inflammatory effects of A2AAR 

agonism. The presence of inflammatory processes in isolated hearts during ischaemia-

reperfusion, combined with a lack of A2AAR mediated cardioprotection supports the 

concept of t-cells as mediators of A2AARs anti-inflammatory capabilities. 
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8.1.  ABSTRACT 

Anti-inflammatory effects associated with A2AAR activation are likely to protect against 

excessive inflammatory responses, such as those associated with acute endotoxemia. The 

impact of gender and age on A2AAR mediated responses, however, remains unclear. We 

assessed the impact of Adora2a knockout (A2AAR KO) mice in a model of acute 

endotoxemia testing for age and gender dependencies of inflammatory responses and 

phenotype effects of A2AAR KO. Young (3-4 months) and aged (10-11 months) mice 

were injected with 40 mg/Kg LPS or an equivalent volume of normal saline and 

sacrificed 12 or 24 hours later. The phenotype associated with A2AAR KO (in this setting) 

was strongly dependant on gender and age. No young animals (male or female, KO or 

wild-type) died following LPS challenge. However, aged, male, A2AAR KO mice 

displayed an 80% mortality rate vs. only 20% in aged wild-type mice. This contrasted 

outcomes in aged females, where mortality was 20% in wild-type mice and 0% in A2AAR 

KO mice. Thus, while A2AAR KO increased mortality in males, it has little to no effect in 

females. Gender dependence of the A2AAR KO phenotype was also evident in young 

mice: haemoglobin and hematocrit levels were both elevated in young male (but not 

female) A2AAR KO mice treated with LPS while leukocyte and platelet levels were 

elevated in young male (but not female), A2AAR KO injected with saline. In terms of the 

impact of Adora2a gene disruption on LPS-induced inflammatory responses, A2AAR KO 

mice displayed a sustained elevation in IL-5 and decrease IL-2 levels, vs. wild-type mice.  

IL-4, IFNγ CRP and IL-10 levels were not significantly affected by Adora2a gene 

disruption (despite a tendency towards elevated IL-10 and depressed CRP). Importantly, 

Adora2a-/- mice exhibited a ~6 fold increase in cardiac troponin I (cTnI) levels after LPS 
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challenge, indicating a significant cardioprotective role for the A2AAR in the setting of 

endotoxemia. In summary, these data are the first to demonstrate that: males appear less 

able to compensate for loss of the A2AAR than females (in the context of inflammatory 

challenge), and this effect becomes more prominent with age; A2AARs play a significant 

cardioprotective role in sepsis. 
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8.2.  INTRODUCTION 

Sepsis occurs in around 11% of all ICU admissions in Australia (137) and is associated 

with a high mortality rate (~30%) (49). Inappropriately excessive and prolonged 

inflammatory responses inevitably involve a self-directed assault on cells (49, 138), 

elevating many markers of cellular distress, including adenosine (239). In recent years, a 

new paradigm of immunity has emerged emphasising recognition of cellular distress 

(rather than self and non-self) as both instigator and inhibitor of inflammatory/immune 

responses (396, 534); inflammatory responses are triggered by cellular distress caused by 

infection, and inhibited by cellular distress caused by excessive inflammatory responses. 

Adenosine is ideally positioned as a key player in this emerging model. Adenosine can 

mediate pro-inflammatory responses at low concentrations (through the high affinity A1 

receptor for example) and anti-inflammatory responses at higher concentrations (via 

lower affinity A2A, A2B and A3 receptors).  

Whilst in vivo animal work suggests that exogenous adenosine itself has too short a 

(extracellular) half life to provide anything more than a brief window of protection (455), 

the adenosine receptor pathway nonetheless shows promise as an avenue for therapeutic 

intervention: adenosine kinase inhibition (increasing net adenosine formation) (140) and 

adenosine analogues (455) both protect mice against LPS-induced sepsis. 

Of the four adenosine receptors, the A2A adenosine receptor (A2AAR) possesses perhaps 

the greatest anti-inflammatory potential. A2AAR activation inhibits cytokine release from 

peripheral blood mononuclear cells (52), mouse macrophages (199, 201), monocytes 

(353), T cells (17, 231), mast cells (149, 191, 193, 477, 522, 600) and neutrophils (93). 
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Recent studies have also demonstrated reduced tolerance to endotoxemia in A2AAR KO 

mice, evidenced by both an increase in mortality and up-regulation of inflammatory 

cytokines (365, 440). The role of gender and age in these models of sepsis, however, 

remains undefined, as does the impact of A2AARs on myocardial damage with sepsis. In 

this chapter, we examined the impact of A2AAR KO, gender and age, on the peripheral 

and cardiac response to LPS induced toxemia. 

 

8.3.  METHODS 

A2AAR KO mice, described in detail previously (382), were compared to wild-type 

littermates. LPS-treated mice received a single intraperitoneal injection of 40 mg/kg LPS 

isolated from E.Coli (Sigma), whilst control groups received an injection of an equivalent 

volume of normal saline. The effect of A2AAR KO on responses to LPS or normal saline 

injection was assessed in young (3-4 months) and aged (10 – 11 months) mice of both 

genders (n = 5-7 for each group). Mice in the young age group were sacrificed 12 or 24 

hours after LPS injection. All aged animals were sacrificed 24 hours after LPS injection. 

  

Blood sampling and heart removal: 

Mice were anaesthetised with an intraperitoneal injection of sodium pentobarbitone (50 

mg/kg). The inferior vena cava was exposed via an abdominal incision and displacement 

of the intestine. A 22G needle was inserted into the inferior vena cava and 20 units of 

heparin in 0.2 mL normal saline was injected into the vein. This was allowed to circulate 

for 5 seconds before blood withdrawal into the syringe. Blood was then transferred to an 
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EDTA vacutainer to further prevent blood clotting. 400 µL of blood was used for 

complete blood count (CBC) analysis and the remainder centrifuged at 1500 RPM for 15 

min. The plasma supernatant was removed and stored at -80ºC for later analyses. 

Immediately after blood collection, the heart was removed, rinsed in ice-cold Krebs 

Henslet perfusion buffer, frozen in liquid N2 and stored at -80ºC. 

Unfortunately, there was not always sufficient blood from each mouse to perform both 

the complete blood count (CBC) and cytokine analyses. In these instances, only CBC 

data were assessed. Since the samples available for cytokine analysis were reduced, data 

were pooled for male and females in subsequent analyses.  

 

Cytokine measurement: 

Cytokine analyses were performed using a BioRad BioPlex 100 system using Luminex 

xMAP technology.  Antibodies specific to the cytokines of interest (IL-2, IL-4, IL-5, IL-

10, TNFa, INFg) were conjugated to carboxylated Luminex microspheres.  Undiluted 

murine plasma samples were incubated on a 96 well plate with antibody-coupled 

microspheres for 1 hour (at room temperature on an orbital shaker) thus “capturing” the 

cytokine on the bead.  Each well was washed with 100µL PBS/BSA.  A solution of biotin 

and biotinylated antibodies against alternative epitopes on each cytokine of interest was 

placed in each well and incubated for 1 hour (at room temperature on an orbital shaker).  

After washing with PBS/BSA, biotinylated cytokine conjugates were incubated 30 

minutes in streptavidin-phycoerythrin solution and detected by a dual-laser flow-based 

reader recognizing the internal bead signature and quantifying the cytokine bound to the 
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bead.  Cytokine concentration in each plasma sample was determined based on standards 

of known concentration, and all samples were run in duplicate and reported (in pg/mL) as 

an average of the two determinations. 

 

Plasma C reactive protein,  plasma haptoglobin, and cardiac troponin I: 

Biomarkers of inflammation, C reactive protein (CRP) and haptoglobin were measured 

using solid phase ELISA kits (LifeDiagnostics, Inc.; West Chester, PA, USA).  High 

sensitivity murine cardiac troponin I (cTnI) was measured as a marker of cardiac oncosis 

using a similar ELISA kit (LifeDiagnostics, Inc.; West Chester, PA, USA).  Each kit uses 

affinity purified anti-mouse antibodies against the biomarker of interest conjugated to 

microtiter wells for solid phase immobilization, and horseradish peroxidase (HRP) 

conjugated anti-mouse antibodies (against the biomarker of interest) for detection.  

Sample optical density was determined spectrophotometrically at 450nM with the 

biomarker concentration being proportional to optical density.  Solutions of known 

concentration were used to develop standard curves for each biomarker and sample 

concentration was determined by extrapolation from the standard curve.  All plasma 

samples were run in duplicate and reported as an average of the two determinations. 

 

Statistics: 

A chi-square test was used to compare mortality in the aged LPS-injected mice.  

Leukocyte, platelet, haemoglobin and hematocrit values were assessed using a factorial 

ANOVA. A least-significant differences (LSD) test was used to assess individual 

differences when ANOVA’s indicated significance. The presence of 0 values in many 
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treatment groups in the cytokine analyses caused variance hetrogenetiy which could not 

be rectified by data transformation. Hetrogeneity was evident and not amenable to data 

transformation for IL-4, IL-10, IFNγ, but not TNFα and IL-5. Data that met assumptions 

of parametric tests were analysed using a factorial ANOVA with a LSD post hoc test 

determining the significance of individual comparisons. Where data did not meet the 

assumptions of a parametric test, and in the absence of a factorial ANOVA equivalent, 

treatments were compared via a Kruskall-Wallace non-parametric ANOVA. If 

differences were detected, a priori comparisons were then used to detect significant 

differences between individual means using the Mann-Whitney test with a Bonferonni 

correction for repeated assessment of data. A P-value < 0.05 was considered significant 

for all tests with the exception of those where a Bonferonni correction was applied. 

 

8.4.  RESULTS 

Mortality in Response to LPS stimulation.  

To determine the effects of age on mortality in Adora2a-/- mice, we compared responses 

to LPS over 24 hrs in aged mice (10-11 months old) and young mice (2-3 months old). 

None of the young mice died over the 24 hrs following LPS challenge, nor did any of the 

aged mice subjected to vehicle control (data not shown). Within aged-LPS treated groups, 

there was a significant increase in mortality in Adora2a-/- male mice (80%) compared to 

wild-type littermates (~20%), and also compared to female Adora2a-/- (0%) mice (Figure 

8-1). There was no significant difference in mortality between wild-type and A2AAR KO 

female animals. 
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Figure 8-1: Mortality in aged (9 month), mice 24 hours after LPS injection. Mortality 
was assessed in male wild-type (wt; n=6), female wild-type (n=6), male Adora2a-/- (KO; 
n=7) and female Adora2a-/- (n=5) mice. * P <0.05 KO vs. corresponding wt, † P<0.05 
male vs. corresponding female. 

 

Complete blood count profile in vehicle- and LPS-treated mice.   

All mice received an injection of either normal saline or LPS. Since the act of injecting 

mice (with vehicle) will itself initiate a mild inflammatory response, we report 

differences between minor inflammatory stimulation (induced by normal saline injection) 

to a major inflammatory stimulation (induced by LPS injection). Circulating leukocytes 

in wild-type mice injected with saline were indeed elevated to 24 hours after injection. 

There were no significant changes in platelet, haemoglobin or hematocrit levels 24 hours 

following  saline injection.  
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There were no gender-related differences in leukocyte, platelet, haemoglobin and 

hematocrit values in wild-type mice. In A2AAR KO mice, however, males exhibited ~2-

fold higher levels of circulating leukocytes at 12 hours post LPS injection (Figure 8-2a), 

and a significant increase in platelet count when compared to wild-type males at 24 hrs 

(Figure 8-3a). Haemoglobin and hematocrit were unaffected by Adora2a gene disruption 

in mice injected with normal saline (Figures 8-4, 8-5).  

LPS injection did not modify circulating leukocyte, haemoglobin or hematocrit levels 

(Figures 8-2, 8-4, 8-5), though there was a significant  decrease in platelets in LPS treated 

mice (Figure 8-3). There were no differences in leukocyte, platelet or haemoglobin values 

between males and females or between wild-type and knockout mice (Figures 8-2, 8-3, 8-

4). Interestingly, there was a significant increase in haemoglobin and hematocrit at 24 

hours in male A2AAR KO mice receiving LPS that was not evident in LPS-treated 

females or wild-type males (Figures 8-4, 8-5).   
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Figure 8-2: Leukocyte cell count at 12 (A) and 24 (B) hours after LPS or vehicle control 
injection in wild-type (Wt) and A2AAR KO (KO) mice. * P<0.05 vs. corresponding 
vehicle value ; † P<0.05 vs. corresponding value at 12 hrs;  ‡ P<0.05 vs. corresponding 
wt; # P<0.05 vs. corresponding male. 
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Figure 8-3: Platelet count at 12 hrs (A) and 24 hrs (B) after vehicle or LPS injection in 
wild-type (Wt) and A2AAR KO (KO) mice. * P<0.05 vs. corresponding vehicle value; † 
P<0.05 vs. corresponding value at12 hrs;  ‡ P<0.05 vs. corresponding wt; # P<0.05 vs. 
corresponding male. 
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Figure 8-4: Haemoglobin levels at 12 hrs (A) and 24 hrs (B) after vehicle or LPS 
injection in wild-type (Wt) and A2AAR KO (KO) mice. * P<0.05 vs. corresponding 
vehicle value; † P<0.05 vs. corresponding value at12 hrs;  ‡ P<0.05 vs. corresponding wt; 
# P<0.05 vs. corresponding male. 
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Figure 8-5: Hematocrit levels at 12 hrs (A) and 24 hrs (B) after vehicle or LPS injection 
in wild-type (Wt) and A2AAR KO (KO) mice. * P<0.05 vs. corresponding vehicle value; 
† P<0.05 vs. corresponding value at12 hrs;  ‡ P<0.05 vs. corresponding wt; # P<0.05 vs. 
corresponding male. 
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Modification of inflammatory responses LPS and saline (vehicle) in 

A2 AAR KO mice.  

As mentioned in the methods section, there was not always enough blood obtained from 

each mouse to perform both blood counts and cytokine analysis. For this reason, male 

and female cytokine values were pooled to increase power of analysis.  

In mice injected with normal saline, IL-2, IL-5, IL-10 and IFNγ (Figures 8-6a, 8-7, 8-8a) 

were all below the limits of detection. However, low levels of IL-4, TNFα and CRP were 

detected (Figures 8-6a, 8-8b, 8-9). TNFα levels were significantly lower in Adora2a-/- vs. 

wild-type mice, and there was a similar tendency towards lowered CRP in these animals.  

In wild-type mice, injection of LPS resulted in a transient increase in IL-5, IFNγ and 

CRP, all of which were significantly reduced 24 hours after LPS injection although IFNγ 

levels remained elevated compared to vehicle controls (Figures 8-7a, 8-8b, 8-9). IL-10 

levels were also elevated at 12 hours, an effect that was sustained at 24 hours (Figure 8-

7b). Despite a tendency towards elevated IL-4 levels, TNFα and IL-4 were not 

significantly modified after LPS injection (Figures 8-6a, 8-8b). 

There was no significant effect of Adora2a gene deletion on the levels of IL-4, IFNγ, 

TNFα or CRP following LPS-treatment, despite a tendency towards depressed CRP 

levels in Adora2a-/- mice at 12 hours post-LPS (Figures 8-6a, 8-8, 8-9). IL-5 levels 

remained elevated in Adora2a-/- mice 24 hours following LPS injection, an effect that was 

not evident at 12 hours (Figure 8-7a). A similar, though not significant, trend was evident 
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in the levels of IL-10. IL-2 levels were not detectable in Adora2a-/- mice at 24 hours 

whilst being significantly elevated in wild-type mice at this time (Figure 8-6a).  

 

 

 
Figure 8-6: IL-2 (A) and IL-4 (B) levels in normal saline (vehicle) and 
lipopolysaccharide (LPS) injected mice (A2AAR KO and Wt) at 12 and 24 hrs post-
injection. * P<0.05 vs. corresponding vehicle value; † P<0.05 vs. corresponding value 
at12 hrs;  ‡ P<0.05 vs. corresponding Wt. 
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Figure 8-7: IL-5 (A) and IL-10 (B) levels in normal saline (vehicle) and 
lipopolysaccharide (LPS) injected mice (A2AAR KO and Wild-type) at 12 and 24 hrs 
post-injection. * P<0.05 vs. corresponding vehicle value; † P<0.05 vs. corresponding 
value at12 hrs;  ‡ P<0.05 vs. corresponding Wt. 
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Figure 8-8: IFNγ (A) and TNFα (B) levels in normal saline (vehicle) and 
lipopolysaccharide (LPS) injected mice (Adora2a KO and wt) at 12 and 24 hrs post-
injection. * P<0.05 vs. corresponding vehicle value; † P<0.05 vs. corresponding value 
at12 hrs;  ‡ P<0.05 vs. corresponding Wt. 
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Figure 8-9: CRP levels in normal saline (vehicle) and lipopolysaccharide (LPS) injected 
mice (A2AAR KO and Wt) at 12 and 24 hrs post-injection. * P<0.05 vs. corresponding 
vehicle value; † P<0.05 vs. corresponding value at12 hrs;  ‡ P<0.05 vs. corresponding 
Wt. 
 

Markers of cellular death 

We assessed cardiac troponin I (cTnI) and haptoglobin as markers of cellular injury in 

this study.  Troponin I is a cardiac-specific marker of cell death and haptoglobin is 

produced by the liver in response to red blood cell death (binding extracellular 

haemoglobin). Plasma cardiac troponin I levels were ~0.1 ng/mL in all groups injected 

with saline, and this level did not differ between Adora2a-/- and wild-type mice (Figure 8-

10).  Injection of LPS caused a transient increase in cardiac troponin I in wild type mice 

which abated (though remaining higher than vehicle control values) 24 hours after 

injection (Figure 8-10). In contrast, troponin I levels in Adora2a-/- mice, whilst  
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comparable to wild-type values at 12 hours, continued to increase 24 hours after LPS 

injection (Figure 8-10). Haptoglobin levels were elevated at both 12 and 24 hours after 

LPS injection in both wild-type and A2AAR KO mice, with no difference between these 

groups. Interestingly, haptoglobin levels were also elevated in Adora2a knockout mice 

injected with normal saline (Figure 8-10).  

 

 

Figure 8-10: Cardiac troponin I (A) and haptoglobin (B) levels in normal saline (vehicle) 
and lipopolysaccharide (LPS) injected mice (A2AAR KO and Wt) at 12 and 24 hrs post-
injection. * P<0.05 vs. corresponding vehicle value; † P<0.05 vs. corresponding value 
at12 hrs;  ‡ P<0.05 vs. corresponding Wt. 
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8.5.  DISCUSSION 

The principle aim of this study was to determine the effect of Adora2a gene deletion on 

inflammatory and cell death responses to LPS challenge. Gender greatly influenced the 

phenotype of Adora2a-/- mice. This was evident in three independent treatment groups: 

aged male Adora2a-/- mice displayed significantly greater susceptability to LPS insult vs. 

females; young male Adora2a-/- LPS treated mice exhibited elevated haemoglobin and 

haematocrit vs. female; and young male Adora2a-/- mice injected with normal saline 

displayed elevated circulating leukocytes and platelets vs. females. None of these effects 

were evident in wild-type mice or female Adora2a-/- mice. 

Adora2a-/- mice displayed sustained elevations in IL-5 and decreased IL-2 compared to 

wild-type mice.  IL-4, IFNγ CRP and IL-10 levels were not significantly affected by 

Adora2a gene deletion (despite a tendancy towards elevated IL-10 and depressed CRP in 

Adora2a-/- mice). Importantly, Adora2a-/- mice displayed a ~6-fold increase in plasma 

cardiac troponin I levels, indicating a significant cardioprotective role for A2AARs in 

endotoxemia. These data are the first to demonstrate that males are less able to 

compensate for A2AAR disruption (in the setting of endotoxemia) and that the A2AAR 

plays a cardioprotective role in sepsis. 

 

Sex differences in the response to LPS injection 

Increased susceptibility to sepsis with age, confirmed in this study (Figure 8-1), has been 

well documented both clinically (14, 137, 387, 388) and in murine models of sepsis (45, 

83, 493, 494, 571). The impact of sex on tolerance to sepsis is more controversial. There 
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is a considerable amount of evidence suggesting males have a greater susceptibility to 

sepsis (129, 512, 657), though such an effect is not always evident (1116). There is also 

some evidence to suggest varying results across different species (592). The currently 

documented absence of gender-related effects on mortality peripheral blood count profile 

in wild-type C57/BL6 mice is consistent with prior studies in this mouse strain (329, 

592). However, gender dependency of outcomes only became evident with disruption of 

the Adora2a gene.  

Of the three published studies examining Adora2a-/- gene deletion (365, 431, 440) all of 

which observed reduced tolerance to LPS-induced inflammation, only one studied 

females (431). It is unfortunate that in that sole study, males were subjected to cecal 

ligation and puncture whilst female were subjected to LPS -induced sepsis, precluding 

comparison of male and female responses and tolerance. The present study is therefore 

the first to document significant gender dependency of the phenotype arising in A2AAR 

KO mice. 

 

Impact of deletion of Adora2a  on the inf lammatory response 

Given the strong indication of a sex-related dependence of the Adora2a-/- phenotype, it is 

unfortunate that insufficient sample volume existed to examine the impact of sex on 

circulating cytokine levels. Nonetheless, suggest differences in inflammatory responses 

between wild-type and A2AAR KO animals. 
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In mice injected with vehicle, IL-2, IL-5, IL-10 and IFNg levels were below the limits of 

detection at both 12 and 24 hours post-injection. Interestingly, there was a significant 

increase in haptolobin and a tendency towards elevated IL-4 levels in Adora2a-/- mice 

injected with saline whereas TNFα levels were significantly decreased in Adora2a-/- 

mice. While there were insufficient numbers in all groups to report sex related 

differences, increased TNFα was evident in both males and females. There was no 

significant differences between Adora2a-/- mice and wild type littermates in either 

leukocyte or platelet levels in response to LPS treatment, nor was there a gender related 

effect. Whilst there is no reliable or consistent pattern to the inflammatory modulation, 

the present data nonetheless suggest regulation of inflammation by A2AAR with even 

minor pro-inflammatory stimulus. 

It is interesting to note that none of the three prior studies investigating the impact of 

Adora2a gene deletion utilised vehicle controls, nor did they examine baseline 

inflammatory state in Adora2a-/- mice (365, 431, 440). In the present study, we chose 

saline as a vehicle ‘control’ and show some evidence for a mild inflammatory response in 

this group. To date, there has been a paucity of data regarding the basal inflammatory 

state of the Adora2a-/- mouse. This is a curious oversight considering the significant focus 

in many fields on the anti-inflammatory capabilities of A2AAR (though, as here, may 

stem from limited access to KO mice). Our data are suggestive of some A2AAR 

modulation of basal parameters with increased leukocyte and platelet counts at baseline 

in males, reduced TNFα, and increased haptoglobin. 

It is not easy to reconcile the minimal effects of Adora2a gene deletion on inflammatory 

responses with the sustained increase in myocardial cellular injury. The dose of LPS used 
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in this study (40 mg/kg) was sufficient to both initiate an inflammatory response and  

cause death in aged mice, allowing us to tease out the effect of gender on mortality. It is 

possible, however, that with a greater number of mice used in each group, other 

differences may have become significant (ie the study may unfortunately be 

underpowered in some respects due to resultant mortality).  

Nonetheless, cytokine levels are similar to those measured by Ohta et al (440). We were 

unable to detect any A2AAR-mediated effect on TNFα in any of the treatment groups 

(apart from transiently depressed TNFα 12 hours post-injection in vehicle-treated 

animals), which is generally consistant with previous studies observing increased TNFα 

levels in Adora2a-/- but only in the first 8 hours post-injection (431, 440). We can also 

confirm no difference in the levels of IL-4 (440), IL-10 (431), and an increase in IFNγ 

(440), in Adora2a-/- mice subjected to an inert pro-inflammatory stimulis. Additionally, 

we report decreased IL-2 levels in Adora2a-/- mice and no difference in CRP or 

Haptoglobin in LPS treated mice.  

From the perspective of cardiac damage, we reveal exaggeration of troponin I release 

during sepsis by A2AAR KO (Figure 8-10), strongly supporting a role for A2AAR in 

reducing cardiac injury with inflammatory responses. In this respect, it has been recently 

demonstrated that the CD4+ subset of T-cells may be entirely responsible for A2AAR 

mediated protection against injurious stimuli in the heart (348, 650), as well as liver (104) 

and kidney (103).  T-cell regulation by A2AARs is also important in inflammatory 

disorders (424). It is interesting to note complete supression of IL-2 by Adora2a gene 

deletion 24 hours after LPS injection (compared with ~1pg/mL observed in wild-type 
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mice). In normal T-cells, IL-2 plays an ambiguous role initiating both pro- (478, 599, 

665) and anti-apoptotic pathways (61, 408). However, IL-2 is crucial in proliferation and 

activation of regulatory T-cell (Treg) function (496, 575, 576, 618). Tregs are a small subset 

(5-10%) of CD4+ cells instrumental in promoting self-tolerance in T-cells (495, 496), and  

decreases in Treg populations are associated with autoimmune disorders (495, 618). 

Depressed levels of IL-2 in A2AAR KO mice could thus contribute to decreased Treg 

populations, which would potentiate the destructive capabilities of T-cells. Whilst 

research in CD4+CD45low induced collitis suggests that A2AARs are not able to directly 

modify Treg cell function (424), data in the present study indicates that A2AAR activation 

increases IL-2 which could, in turn, induce proliferation of this regulatory T cell. This 

hypothesis awaits further assessment. 

Previous studies in Adora2a-/- mice have suggested a role for the A2AAR in protecting 

against systemic inflammatory response sydnrome (SIRS) induced liver damage (439, 

440). Whilst liver injury was not assessed in the present study, we found modest 

elevations in IL-5 24 hours after LPS injection in Adora2a-/- mice. IL-5 is essential for 

differentiation of early CD34+ progenetor cells into eosinophils (127), and mice deficient 

in IL-5 (298) or IL-5Rα (653) display decreased eosinophil populations. Moreover, 

transgenic overexpression of IL-5 promotes eosinophil induced liver injury in response to 

LPS (593). Although modest, repression of IL-5, and subsequent supression of eosinophil 

generation may contribute to A2AAR-mediated protection against SIRS. 
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LPS induced cardiac injury and the A2 AAR 

The ability of the A2AAR to protect the heart from LPS-induced inflammation has not 

previously been tested. Cardiac injury was assessed non-invasively by cardiac troponin 

accumulation in the vascular compartment. This marker is more specific than more 

commonly employed non-specific markers of cellular injury (eg LDH or CK effluxes). 

We observed minimal troponin I release (~0.1 ng/mL) from hearts injected with normal 

saline. These levels are similar those in other studies (474), and within clinically 

acceptable levels for humans (301). In response to LPS insult, troponin levels in wild-

type mice were elevated 12 hours after insult before returning to levels comparable to that 

of normal saline injected mice. In contrast, troponin levels in Adora2a-/- mice, were 

similar to those seen in wild-type mice at 12 hours, but remained significantly elevated 24 

hours after LPS insult. Though cardiomyocyte-specific injury in response to LPS is 

significantly less than with ischaemic injury, troponin levels remained well above 

clinically acceptable levels (301) evidencing significant cardiac injury and are sustained 

in the absence of A2AARs.  

Elevated troponin levels (>0.1ng/mL) are considered prognostic of both disease severity 

and mortality in SIRS (301). Cardiovascular damage in this setting is unlikely to be due 

solely to direct inflammatory-mediated  injury. Fever, tachycardia and respiratory failure 

will all contribute to an imbalance in the metabolic supply/demand in the heart. It is 

probable however, given the well characterised role of the A2AAR in mediating anti-

inflammatory responses, that increased cardiac injury in Adora2a-/- mice reflects 

dysregulation of the inflammatory response.  
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It should be noted that whilst elevated troponin I levels confirm increased injury to hearts 

from Adora2a-/- mice, we cannot determine if this reflect direct cardioprotective protects 

of A2AARs or cardioprotection secondary to A2AAR effects elseware (eg. reduced lung 

injury). 

To assess other cell injury, we studied haptoglobin levels. Haptoglobin is released from 

the liver in response to haemolysis. Haptoglobin levels were elevated in mice LPS-

treated, though this response was un-affected by A2AAR KO. Interestingly, haptoglobin 

levels in Adora2a-/- mice injected with saline were elevated above wild-type values, 

though still within clinically acceptable limits. Mechanisms underlying this transient 

increase in haemolysis in the absence of severe inflammatory insult remains unclear. 

Again, however, this is supports a protective role for A2AARs under more physiological 

conditions (ie. in the absence of an inflammatory response). 

 

Experimental considerations 

Some limitations, inherent to this animal model of sepsis, should be addressed before 

closing. Models of sepsis can be classified into three categories: a single dose of an 

inflammatory stimulus such as lipopolysaccharide (LPS) or concanavalin A (Con A); 

injection of live bacteria such as Escherichia Coli; or disruption of the integrity of the 

intestinal/peritoneal barrier (eg. cecal ligation and puncture). Buras et al (66) provide an 

excellent detailed review of the strengths and limitations of these animal models of 

sepsis.  
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Briefly, the use of inert pro-inflammatory stimuli such as LPS or Con A causes both 

SIRS and CARS (332), though mice are significantly more resistant to LPS than humans 

(90). This technique is highly reproducible, with little variation between labs, though 

differential responses between species strains have been observed (592). Whilst low 

variability is an advantage, it might also be considered disadvantagous, as it fails to 

replicate heterogeneity in responses to sepsis typical in the clinical setting. Moreover, a 

single bolus injection of a high concentration of LPS results in an acute hypodynamic 

state rather than the series of complex hemodynamic changes seen in human sepsis (66). 

Finally, use of inert inflammatory stimuli precludes assessment of the host’s ability to 

control live infection. 

Whilst it might therefore seem more pertinent to inject live bacteria rather than an inert 

inflammatory stimulus, high doses of bacteria often fail to colonise and replicate once 

within the host, and are usually rapidly lysed (96). This renders this model more akin to 

introducing a pro-inflammatory stimulus, with the additional disadvantage of greater 

inter-laboratory variability (66).  

The third model of sepsis, disruption of the integrity of the caecum, involves one of two 

methods: simple ligation and puncture with extrusion of faecal matter or the introduction 

of a stent to ensure continual extrusion of faecal matter. Whilst these two models may 

seem more relevant, they are not without limitations. Without a stent, containment of the 

faecal matter within an abscess often occurs (376, 629). Abscess formation is not a 

hallmark of sepsis, and treatments effective in this model of sepsis do not always translate 

well into clinical settings. Furthermore, both of these techniques have high intra- and 

inter-laboratory variability, and reproducing results can be problematic (66). 
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It is therefore relevent to mention, with regards to the current study, that whilst deletion 

of the Adora2a receptor resulted in modification of inflammatory responses culminating  

in increased injury to the heart (suggesting a protective role for this receptor), we were 

not able to assess the ability of the host to fight infection. Interestingly, A2AAR deletion 

does confer protection against CLP (albeit without a stent) as demonstrated by Nemeth et 

al (431). It is therefore probable that while A2AARs may play a protective role 

.supressing inflammation, they may also prevent the ability of the host to fight live 

infection. The timing of intervention in A2AAR mediated responses will, therefore, be of 

paramount importance in providing protection against sepsis.  

 

8.6.  CONCLUSION 

In this chapter, we present the first evidence of a gender-dependant effect of Adora2a 

gene disruption on mortality in response to endotoxemia, on hematocrit and hemoglobin 

levels during LPS-induced endotoxemia, and on leukocyte and platelet levels in saline-

treated mice. We also report that disruption of the Adora2a gene increases LPS-induced 

cardiac injury, an effect associated with elevated serum IL-5 and depressed IL-2 levels in 

Adora2a knockout mice. These data tentatively suggest a role for A2AARs in modulation 

of inflammatory processes, but reveal gender and age-dependant effects worthy of 

investigation. 
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Cardiovascular disease (CVD) currently kills more Australians than any other disease 

group. Morevover, the incidence of CVD is predicted to increase as the population shifts 

towards an age-heavy distribution, and the number of people with risk factors for CVD 

increases (1). The proportion of Australian adults with risk factors is currently high, and 

as it stands 90% of Australians have at least one risk factor for heart disease. Importantly, 

the incidence of both morbidity and mortality associated with CVD is still high despite a 

fall in CVD-related mortality in hospitals, thus, a pressing need exists to enhance our 

understanding of cardiovascular disease processes and to develop new therapies to treat 

cardiovascular disease. In this work, I aimed to futher examine the roles of adenosine and 

its receptors in modifying injury, and aimed to test links between adenosine receptors and 

inflammation. 

Though technically challenging, the Langendorff-mode perfused isolated mouse heart is 

gaining popularity as a model of cardiovascular disease as it allows high throughput, 

considerable control over experimental conditions and, more recently, the study of 

numerous gentically modified mouse models. Despite the increase in publications 

utilising the Langendorff-mode perfused isolated mouse heart model, there is still an 

unacceptable amount of variation in baseline function and in recovery of contractile 

function following ischaemia-reperfusion. We therefore sought to first characterise 

functional variability in isolated hearts, as the primary model used in this thesis. Whilst 

variations in Ca2+ levels and the rate at which hearts are paced caused some depression of 

baseline function, neither manipulation had a major impact on functional recovery from 

ischaemia-reperfusion. We also examined age-related varibility in ischaemic tolerance in 

mice aged 8 weeks to 48 weeks of age. Interestingly, males displayed a loss of tolerance 
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to ischaemia as early as 16 weeks of age whilst tolerance was maintained in females until 

20-24 weeks of age. We would suggest that tight regulation of the age of animals used in 

studies of ischaemia-reperfusion will reduce variability in ischaemic outcomes. 

In the three following chapters, we investigated the role of adenosine in modifying 

ischaemic tolerance with a focus on A1ARs. Firstly, we confirmed an exclusive role for 

exogenous (but not endogenous) A1AR activation in delaying and reducing ischaemic 

contracture. We also documented for the first time, the neccessity for significant (~10 

minutes) of A1AR activation prior to ischaemia in order to modify contracture. 

Furthermore, we found that delaying the onset of contracture was associated with (but not 

a pre-requisite for) improved post-ischaemic function. 

We then used A1AR KO mice to examine the role of the adenosine receptors in 

modifying ischaemic tolerance. A1AR KO limited LV systolic presssure development 

during reperfusion with little to no effect on diastolic dysfunction. We also examined the 

impact of ADA deficiency in modifying ischaemic tolerance. ADA deficiency elevated 

endogenous adenosine levels, conferring protection against ischaemia-reperfusion.  

Interestingly, whilst we were able to identify an exclusive role for A1ARs in modifying 

ischaemic contracture, residual cardioprotection during reperfusion in dual A1AR/ADA 

KO mice or with exogenous AR activation in A1AR KO mice implicates additional 

receptors in adenosinergic cardioprotection during reperfusion (likely the A3AR).  

Having characterised the role of adenosine and, more specifically, the A1AR in ischaemic 

tolerance, we wanted to investigate the role of the A2AAR in modifying inflammatory 

responses in the heart. Firstly, we established the extent of inflammatory processes in 
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response to ischaemia-reperfusion in isolated hearts. Despite lacking key inflammatory 

cells, ischaemia-reperfusion in isolated hearts was accompanied by a prodominately 

deleterious inflammatory response, with functional consequences amenable to 

modification with gene deletion or anti-inflammatory intervention. Evidence of an 

inflammatory response, combined with a lack of protection with A2AAR agonism 

obseved in isolated hearts (459) tends to exclude a role for A2AARs in mediating anti-

inflammatory effects in cells resident to isolated hearts. 

We then went on to examine the role of A2AARs in modifying inflammatory responses in 

intact in situ hearts. In order to look more specifically at inflammatory responses likely 

targetted by A2AARs, we used a model of endotoxemia. We found systemic inflammatory 

responses in A2AAR KO mice to be strongly dependant on gender. Male A2AAR KO mice 

had greater mortality with age, and young A2AAR KO mice displayed a modified CBC 

profile not evident in female mice or male wild-type mice.  Moreover, we provided the 

first evidence that A2AARs play a cardioprotective role in sepsis, associated with systemic 

modification of the activity of some cytokines. 

Taken together, research described in this thesis reveals key issues to be heeded in expt 

design of murine heart studies including age and gender. Furthermore, this thesis reveals  

that the roles or effects of exogenous and endogenous adenosine may well differ, and that 

both A1 and A2A receptors are intrinsically important in determining the fate of 

cardiovascular tissue in the settings of ischemia-reperfusion and sepsis, respectively.  
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