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ABSTRACT

The Langendorff perfused murine heart has become an increasingly important research

model in cardiovascular physiology and pharmacology.  However, the model remains

relatively poorly characterised when compared with the widely employed rat

preparation.  The purpose of the research within this thesis was initially two-fold: 1) to

characterise the functional and substrate-dependent properties of the murine model; and

2) to characterise the relationships between glycolysis, ischaemic tolerance and

adenosine-mediated cardioprotection in the mouse.

Initial studies, confirmed by simultaneous/subsequent work in other laboratories,

revealed the frequent occurrence of regular cyclic oscillations in contractile function

and coronary flow in glucose-perfused isovolumically contracting hearts.  This

phenomenon (labelled “cycling”) was unaltered by inhibition of b-adrenergic receptors,

prostaglandins, and nitric oxide synthase.  However, A1/A2 adenosine receptor agonism

did abolish the oscillations in flow and reduced contractile oscillations by 50%.

Importantly, cycling was eliminated by addition of 50 IU/l insulin to perfusion fluid, or

provision of 5 mM pyruvate as a co-substrate with glucose.  These data suggest that

functional "cycling" in glucose-perfused murine hearts likely occurs as a result of a

mismatch between substrate metabolism (energy supply) and myocardial energy

demand.  It may be that glycolysis with exogenous glucose is insufficient to ensure

appropriate matching of myocardial energy supply and demand.  For this reason, it is

advisable to employ a co-substrate such as pyruvate in studies of murine hearts.  Further

studies performed within this thesis generally employ this co-substrate addition.
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Addition of pyruvate as co-substrate removes “cycling” but is also known to

inhibit/modify glycolysis, which may affect ischaemic tolerance and/or cardioprotection

mediated by adenosine.  Experiments throughout this thesis demonstrated that pyruvate-

perfusion improved tolerance to both ischaemia (delayed time to onset of ischaemic

contracture; TOC) and reperfusion (reduced diastolic dysfunction and cell death).  The

delay in TOC as a result of pyruvate-perfusion also suggests that contracture is not

solely influenced by anaerobic glycolysis (as outlined in current paradigms).

To test the relevance of glycolysis to ischaemic injury hearts were subjected to various

forms of glycolytic inhibition.  Glycolysis was inhibited by use of 10 mM pyruvate,

(iodoacetic acid) IAA treatment, and glycogen depletion by pre-ischaemic substrate-free

perfusion (all groups employing pyruvate as sole-substrate).  Each form of glycolytic

modification resulted in significant delays in TOC, in complete contrast to findings

from other models and species.  Glycogen depletion also reduced the peak level of

contracture.  These findings indicate that the mouse is either unique in terms of

substrate metabolism and mechanisms of contracture (an unlikely possibility), or raise

serious questions regarding current models of contracture development during

ischaemia (theorised to be delayed by prolonging anaerobic glycolysis).

Modification of glycolysis also altered post-ischaemic outcome, with pyruvate

perfusion and glycogen depletion both enhancing functional recoveries.  However, IAA

treated hearts, despite near-identical ischaemic tolerance (ie contracture development)

to pyruvate-perfused hearts, displayed very poor functional recovery, which was below

that for all other groups.  These data clearly reveal that blocking glycolysis improves

tolerance to ischaemia (as evidenced by reduced contracture), provide evidence of
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dissociation of ischaemic injury or contracture from post-ischaemic recovery, and

confirm the key importance of glycolysis in enhancing recovery from ischaemia.

Since tolerance to ischaemia/reperfusion was shown to be glycolysis dependent, and

since it has been theorised that adenosine protects hearts through modulating glycolysis,

the relationships between glycolytic inhibition and adenosine-mediated cardioprotection

was tested.  In a number of studies, exogenously applied adenosine was shown to

protect both glucose- and pyruvate-perfused hearts (supporting no dependence of

adenosinergic protection on glycolysis).  However, to more equivocally test the role of

glycolysis effects of IAA were studied and were shown to markedly limit protection

with adenosine.  The effects of adenosine during ischaemia were abolished by IAA

treatment, and effects on post-ischaemic recovery were reduced (but not eliminated).

Similar results were acquired for protection with endogenous adenosine (using

iodotubercidin to block adenosine phosphorylation).  Collectively, these data reveal that

adenosinergic protection during ischaemia depends entirely upon glycolysis while

protection during reperfusion likely involves glycolysis dependent and independent

processes.  However, glycolysis is required for full recovery of function during

reperfusion.

Further studies assessed the involvement of glycolysis in cardioprotection afforded by

transgenic A1 adenosine receptor (A1AR) overexpression.  It was found that pyruvate-

perfusion provided the same protection as A1AR overexpression, and the two responses

(to pyruvate and A1AR overexpression) were not additive.  Thus, it is probable that

common mechanisms are targeted in both responses (likely glycolysis).
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Finally, the effects of adenosine and pyruvate on oxidant injury were studied, testing

whether interactions between adenosine and pyruvate observed in prior work within this

thesis could be explained by alterations in anti-oxidant responses.  It was found that

adenosine has quite profound anti-oxidant responses in glucose-perfused hearts, with

very selective effects on markers of damage.  Pyruvate also had some anti-oxidant

effects but interestingly it reduced the anti-oxidant effects of adenosine.

In conclusion, the work entailed within this thesis demonstrates that the isolated mouse

heart model may possess unique properties and should be further characterised by

potential users in order to improve its utility, and the reliability of experimental findings

(chiefly when studying ischaemia-reperfusion).  Other work within thesis demonstrates

that modification of glycolysis is important in dictating recovery from ischaemia-

reperfusion, and also impacts on adenosine-mediated protection (principally but not

exclusively during ischaemia itself).  The manner in which glycolysis is modified and

contributes to protection remains unclear.
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CHAPTER 1

General Introduction
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1.1 Adenosine: What Is It?

Adenosine is an endogenous purine nucleoside that was first identified by Drury and

Szent- Györgyi in 1929.  Subsequent to its discovery the effects of adenosine have been

studied extensively.  While adenosine receptors are located on cells throughout the body

(358) much of this research has focused on the cardiovascular system.  In the heart

adenosine is known to (amongst other things) slow sinus rate and atrioventricular nodal

conduction (28), reduce b-adrenergic responses (30), decrease ventricular automaticity

and inotropy (87, 165), induce coronary vasodilation (219), modify metabolism (104),

provide cardioprotection (367), and lead to angiogenesis (138).

In addition to its physiological roles, adenosine has been labelled a ‘retaliatory

metabolite’ due to its ability to regulate oxygen usage relative to demand, or

alternatively, maintain the phosphorylation energy potential (140).  Since adenosine is a

by-product of cellular de-energisation and displays a very short biological half-life in

extracellular fluid (approximately 0.6-1.5s in humans; 358) it seems ideally designed for

a local retaliatory role.
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1.2 Adenosine Metabolism in the Heart

1.2.1 Adenosine production

 Production of adenosine in the heart occurs at intra- and extracellular sites in both

cardiomyocytes and endothelial cells (362).  The predominant site of production

appears to depend largely on the energy status of the heart.  With ischaemic/hypoxic

insult, formation of adenosine in cardiomyocytes is favoured.

Figure 1: Adenosine formation and metabolism

There are two primary mechanisms by which adenosine can be formed: 1)

dephosphorylation of adenosine monophosphate (5’-AMP) by 5’-nucleotidase (5’-NT),

which can be found at both intra- and extracellular sites; or 2) hydrolysis of s-
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adenosylhomocysteine (SAH) by SAH hydrolase, which occurs only in the intracellular

space (Figure 1).  It was originally believed that adenosine formation occurred

predominantly via membrane bound ecto-5’NT (338), however blocking the activity of

this enzyme with a,b-methyleneadenosine diphosphate (AOPCP) has been shown to

impact little on basal adenosine concentrations (161, 354) suggesting intracellular

formation is the greater contributor.  Moreover AOPCP-sensitive adenosine formation

decreases with stress.

Two cytosolic 5’-NT’s have been identified and are classified as C-N-I and C-N-II,

each possessing different molecular and kinetic characteristics.  C-N-II was the first to

be identified and shows a broad tissue distribution (364). It appears unlikely that this

enzyme plays a significant role in the production of adenosine during periods of “stress”

since it displays a substrate preference for inositol monophosphate (IMP) over 5’-AMP

(364). The likely candidate for adenosine production is the more recently purified C-N-

I.  This enzyme displays specificity for 5’-AMP over IMP and is activated by

decreasing [ATP] and increasing [Mg2+] (179), making it ideally suited to increase

adenosine production in response to a decreased myocardial energy state, or so called

“phosphorylation potential” ([ATP]/[ADP][AMP][Pi]).  Recent work by Garvey et al.

(126) has shown that blocking activity of C-N-I by use of the selective inhibitor 5-

ethynyl-2',3'-dideoxyuridine essentially blocks hydrolysis of 5’-AMP inside

cardiomyocytes.  This further suggests the C-N-I is primarily responsible for nucleotide

derived adenosine production in the heart.

The transmethylation pathway is the second intracellular pathway of adenosine

production, and involves hydrolysis of SAH by SAH hydrolase.  The formation of
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adenosine via this pathway remains largely unaffected by cellular energy state and as

such provides a constant source of adenosine.  It is thought this path accounts for

approximately one third of cardiac adenosine production under normoxic conditions, a

proportion which decreases during times of ischaemic and hypoxic stress (82).

Furthermore, most adenosine produced via this pathway is thought to be salvaged by

adenosine kinase resulting in little extracellular release and activity (355).  This

suggests that metabolic regulation of physiology via adenosine is likely to be the result

of the activity of intracellular 5’-NT, specifically C-N-I (and AK, see 1.2.2 below).

While the majority of adenosine formation occurs intracellularly, it is also formed

extracellularly by the actions of ecto-nucleotidases as already stated.  Adenine

nucleotides are released into the extracellular space, under both normoxic and ischaemic

conditions (though mechanisms of release remain ill-identified), and metabolised by the

action of ecto-nucleotidases (444).  The action of ecto-5’NT enables rapid catabolism to

adenosine which can then be removed by cellular uptake or deamination (444).

Adenine nucleotide release occurs from many cell types including cardiomyocytes,

vascular endothelial cells and cardiac specific sympathetic nerve endings (444), and the

presence of these extracellular metabolic pathways enables deactivation of purinergic

agonists and a low basal concentration of adenosine to be maintained.

1.2.2 Adenosine Kinase

While adenosine kinase re-phosphorylates adenosine, its regulation (specifically

inhibition) can lead to increased adenosine. Thus, it will be addressed here.
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Despite rapid formation, basal adenosine concentration is maintained at a low level (30-

300 nM) due to the high rate (1-2 nmol/min/g wet wt in rodents) at which adenosine is

re-phosphorylated to 5’AMP by adenosine kinase, and to a lessor extent diffusion into

the extracellular space (356, 358).  Re-phosphorylation removes approximately 90% of

all intracellular adenosine formed, thus, concentration is low under normoxic conditions

and extracellular adenosine is able to diffuse into cardiomyocytes along its

concentration gradient.  However, under hypoxic conditions adenosine kinase is

inhibited and this leads to a dramatic increase in the intracellular [Adenosine] (10 µM or

higher) (356, 358) which results in net release of adenosine into the interstitium.

Several studies have found that pharmacological inhibition of adenosine kinase leads to

improved recovery from ischaemia (314, 315), however the relative importance of

decreased adenosine kinase activity compared with increased 5’-NT activity in

hypoxic/ischaemic production of adenosine remains controversial.

1.2.3 Adenosine Transportation and Metabolism

Upon synthesis there are several fates for intracellularly produced adenosine. These

include formation of SAH via the transmethylation process (see above); transportation

to the extracellular space to act on membrane bound receptors (or it can be taken up into

endothelial or other cells); deamination via adenosine deaminase; or re-phosphorylation

via AK (see above) to reincorporate it into the nucleotide pool (356).

Adenosine transport across the sarcolemma can occur via diffusion driven by its

transmembrane concentration gradient (Na+-dependent), or by facilitated transport

(135).  Na+-dependent nucleoside transporters are symporters that couple the

movements of nucleosides to the inward movement of Na+.  They can also mediate
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nucleoside release when Na+ gradients are disrupted (363).  It is believed that these Na+-

dependent symporters are only located on certain cell types such as intestinal,

epididymal and renal epithelia (135, 230). There are 5 sub classes of Na+-dependent

transporters (N1-N5) classified according to their substrate specificity (230).

Facilitated transport occurs via membrane bound nucleoside transporters which have

been classified according to their sensitivity to nitrobenzylthioinosine (NBMPR), with

two current classifications: NBMPR sensitive (es) and NBMPR insensitive (ei) (135).

NBMPR binds with es transporters with high affinity (Kd 0.1-10 nM) causing inhibition

at nanomolar concentrations.  Alternatively, the ei variety are only inhibited by

micromolar concentrations of NBMPR (135).  Interestingly, it has recently been

demonstrated that in isolated cells es transporters are also inhibited by a variety of

protein kinase inhibitors (e.g. MAPK, PKC and tyrosine kinase inhibitors),

independently of kinase inhibition (175, 176).  Each of these transporter types

demonstrate broad substrate specificity for purine and pyrimidine nucleosides.  Their

distribution amongst the cells of the body is highly species and organ specific, however

it is the NBMPR sensitive variety that seems most prominent in heart (308).

1.3 How Adenosine Regulates Cell Function – Adenosine Receptors

The effects of extracellular purines and pyrimidines have been studied since adenosine

and 5’-AMP were discovered to produce pronounced biological effects on the heart

(92).  It was first recognised these compounds produced their effect via cell surface

membrane receptors in 1970, and these receptors were classified as “purinergic” (345).

Initially these purinergic receptors were subdivided into two categories; P1-

purinoceptors (adenosine-sensitive) and P2-purinoceptors (nucleotide sensitive).
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Subsequent to this classification adenosine (Pi) receptors have been further divided into

4 subtypes: A1, A2A, A2B, A3.  Classification of these receptors was originally based on

differing potency orders for various adenosine agonists but is now based on individual

molecular structures (325).  Each of these receptors posses characteristic genes,

molecular structures, tissue distribution and pharmacological effects (325), molecular

structures, tissue distribution and pharmacological effects (325).

Figure 2: Adenosine receptor subtype G-protein coupled signalling pathways

The four subtypes of adenosine receptor (AR) are G-protein coupled with 7

transmembrane domains each composed of 20-27 hydrophobic amino acids connected



9

by three intracellular and three extracellular hydrophilic loops. The C terminal lies on

the cytoplasmic side of the membrane and the N terminal on the extracellular side of the

membrane (296, 325).  Despite the similar structures there is a lack of homology

between the amino acid sequences for each of the receptors (e.g. 45% homology

between A1 and A2B receptors in the rat) (371).

Adenosine receptors are able to produce their effects via several transduction pathways

that differ between the receptor sub-types (Figure 2).  A common pathway is the

interaction with guanosine triphosphate binding proteins (G-proteins) coupled to

adenylyl cyclase.  It is known that A1AR and A3ARs interact with Gi proteins (Gi/o and

Gia2-, Gia3- respectively), which leads to inhibition of adenylyl cyclase and a

corresponding decrease in the second messenger cyclic adenosine 5’monophosphate

(cAMP) concentration. This in turn alters activity of cAMP-dependent protein kinase

leading to changes in phosphorylation of many different protein targets (325, 443).

While interaction with Gi proteins is typically associated with A1AR and A3AR

activation, there is evidence to suggest that A2ARs may also be functionally linked to

these proteins (221).  However, it is more commonly understood that A2ARs are linked

to stimulatory Gs proteins, which activate adenylyl cyclase and increase cAMP

concentration (325).

There are many varied effects of adenosine receptor stimulation, which in part, is due to

divergence in the coupling between receptors and various G-proteins and enzymes.

Aside from modulating cAMP levels, A1AR and A3ARs are also known to produce

effects by activation of phospholipase C (PLC) leading to increased levels of inositol-

1,4,5,-triphosphate (IP3); a protein kinase C (PKC) mediated pathway (283) and
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activation of phospholipase D (PLD) to name a few.  There is also a direct, cAMP

independent, action of adenosine binding Gi/o associated with the A1AR in

supraventricular tissue in the heart, which leads to opening of K+ channels (30).  Also,

there are reports of cAMP independent activities of the A2AR.  Possible transduction

pathways include activation of protein kinase A (PKA), PKC, KATP channels,

potentiation of P-type Ca2+ channels, and activation of mitogen-activated protein kinase

(MAPK) signalling pathways (325, 358).  Indeed each adenosine receptor subtype is

able to activate one, or many, of the MAPK family leading to varied responses

dependent on both receptor subtype and the cell type in which it is located (358).

Adenosine receptors are located in most cells of the body, however distribution of the

four subtypes is varied.  Within the heart it has typically been considered that A1ARs

are located on cardiomyocytes while A2ARs are found on vascular and endothelial cells

(367).  There is evidence, however, to suggest the presence of A2A and A2B adenosine

receptors on ventricular myocytes of chicken (239) and A2A receptors on ventricular

tissue in the rat heart (431).  The work of Norton et al. suggests the role of A2A

adenosine receptors in the ventricular myocardium may be to antagonise the anti-

adrenergic effects of the A1 receptor (295).  There is little work examining the presence

of A1AR on vascular cells, however, there is some evidence to suggest their presence

(177, 353).

A3ARs are expressed by most cells of the body (325), however within the heart they

appear localised to the ventricular cardiomyocytes and vascular tissue (375, 443).

Strickler et al. have shown an absence of this receptor type in the atrial cells of chicks

(375).  Indeed direct evidence of A3AR protein expression in myocytes remains lacking.
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1.4 How Adenosine Regulates Cell Function – Signal Transduction

Activation of adenosine receptors, and the functional outcome, are linked by a variety of

signal transduction mechanisms.  These transduction pathways are not yet fully

elucidated and several species and/or cell related differences have been discovered (237,

365, 401, 403).

Some of the known pathways, along with some more speculative paths, are presented in

Table 1. It has been shown that A1ARs inhibit adenylyl cyclase via inhibitory G-

proteins.  The resultant decrease in cAMP concentration activates protein kinase A,

(PKA) which in turn leads to phosphorylation of a wide range of protein targets such as

L-type Ca2+ channels and other channels (325, 367).  This may be involved in A1AR

mediated antagonism of b-adrenergic stimulation (367).  Since A3ARs are known to

interact with inhibitory G-proteins and lead to decreased cAMP levels it seems likely

that they may also activate PKA (367).  It should also be noted that inhibition of

adenylyl cyclase activity antagonises the effects of stimuli, which activate adenylyl

activity, such as the A2ARs.

Protein kinase C (PKC) is reportedly activated by both A1AR and A3ARs in avian heart

however the pathways leading to activation appear to differ (309).  While it was shown

that activation of either receptor resulted in diacylglycerol (DAG) accumulation, the

contribution of A1ARs was removed with the PLC inhibitor U-73122, suggesting they

favour activation of PLC.  Alternatively, blocking the activity of phospholipase D

(PLD) prevented A3AR-mediated formation of DAG (309) suggesting A3ARs

preferentially couple to PLD.  It is probable that there are organ/species specific
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Table 1: Known and potential signal transduction mechanisms activated by

adenosine (367)

Receptor
Subtype

G-Protein subunit Signalling mechanisms

A1AR G ia,1-3 flACÆflcAMPÆ›PKAÆ?

Gbg ›PLC/PLDÆ›DAGÆPKCÆ?

Directly activate/modulate KATP

Gao K+ channels in supraventricular tissue and

neural tissue

A2AAR Gas ›ACÆ›cAMPÆ›PKAÆ?

G-protein? cAMP independent:? PKC (endothelial cells)

                                 ? MAPK

A2BAR Gas ›ACÆ›cAMPÆ›PKAÆ?

Gaq/11? cAMP independent ? MAPK (mast cells)
G-protein?

A3AR Gi,a2,3 flACÆflcAMPÆ›PKAÆ?

Gbg? PLC/DÆDAG ?ÆPKCÆ?

Gaq/11

Unidentified G-

protein

Directly activate/modulate KATP

differences, since PLC activity has been linked to A3AR activation in rat brain (2), and

A1AR activation results in activation of PLD in DDT1 MF-2 smooth muscle cells (131).

Interestingly, PKC is postulated to increase the activity of ecto 5’-nucleotidase and

therefore may play a role in increasing adenosine production during ischaemia and

reperfusion (205), essentially generating a positive feedback cycle between AR activity

and adenosine levels.
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Activation of PLC results in increased production of inositol 1,4,5-triphosphate (IP3),

which promotes Ca2+ release from cellular stores.  Increased free intracellular Ca2+ can

stimulate several signalling pathways, including activation of: phospholipase A2; nitric

oxide synthase (NOS); and Ca2+ dependent K+ channels (325).  It is also reported that

A1AR activation can have a direct effect on K+ channels via activation of G protein bg

subunits in supraventricular tissue (30).

The main signal transduction pathway for A2ARs is G-protein stimulation of adenylyl

cyclase leading to increased cAMP production.  This has been linked with activation of

PKA and opening of KATP channels (325).  There are also reports of cAMP independent

signalling involving G-protein activation of N-type Ca2+ channels in striatal nerve

terminals (325).  Adenosine receptors are known to cause phosphorylation and

activation of p38-mitogen-activated protein kinase (MAPK).  It is possible that this may

be involved in cAMP-independent signalling via A2ARs.

Each of the adenosine receptor subtypes has been found to activate one or more of the

MAPKs.  However, the result of receptor stimulation in relation to mitogenicity is

variable (358).  Different mitogenic effects and intracellular signalling can occur due to

the type, or types of adenosine receptor activated, the type of cells being examined and

also the strength and duration of the stimulation (358).  A1AR activation in CHO cells

has been shown to half maximally activate ERK1/2 in the low nanomolar concentration

range (357), while in the rat smooth muscle cell line (DDT1MF-2) A1AR couple to

ERK1/2 and SAPK p38 (333).  A2AARs have been associated with activation of

numerous members of the MAPK family (e.g. ERK1/2, p38), and are linked to both

positive and negative effects on cell proliferation in the human melanoma cell line A375
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due to activation of MAPK (275).  It has also been proposed that A2AARs may be

tonically activated, and that nanomolar concentrations of adenosine may also activate

MAPK (357).

The A2BAR is the only receptor subtype that has been shown to activate all three MAPK

families (358).  It appears that these receptors are involved in regulating proliferation of

many different cell types, which may explain the large number of signalling pathways

observed.  Of these it is interesting that both cAMP-dependent and -independent

pathways are involved in ERK1/2 activation (358).  A3ARs have been found to activate

ERK1/2 via a number of signalling paths. The physiological role of this activation is

unclear, but may be biphasic, allowing the receptor to stimulate cell proliferation at low

concentrations while inhibiting at high adenosine concentrations.  There is also

evidence that the receptor may be able to regulate its own function via a GRK2-

dependent mechanism, which may be important during times of prolonged elevations in

[Adenosine] (358, 395).  While knowledge of the roles of MAPK in regulating cellular

function and protection from ischaemia is growing, the pathways from receptor

activation to end-effect require further research.

1.5 Cardiac Effects of Adenosine

A primary role of adenosine appears to be its role as a ‘retaliatory metabolite’. That is,

its ability to adjust oxygen consumption to meet oxygen demand.  This is achieved in

several ways: reducing contractility, reducing rate of beating, reduced sensitivity to

stimulation via adrenoceptors, increasing O2 delivery via vasodilation.  Some of these

effects are listed in Table 2.
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Table 2: Physiological effects of adenosine on the cardiovascular system (74, 325,

362)

Receptor subtype Cardiovascular Effects

A1AR Bradycardia (negative chronotropy)

A-V nodal conduction slowing (negative dromotropy)

Reduction of atrial contractility (negative inotropy)

Inhibition of cardiac pacemakers

Anti b-adrenergic actions

Glycolysis modification

Ischaemic preconditioning

Vasodilation/vasoconstriction

A2A/A2B AR Vasodilation

Platelet adherence/aggregation to endothelium fl

Adherence activated neutrophils to endothelium and O2
-

releasefl

Angiogenesis

Positive/Negative inotropy?

A3AR Cardioprotection/Ischaemic preconditioning

Inflammatory effects

1.5.1 Cardiac Electrophysiology

Slowed atrioventricular conduction and decreased sinus rate were two of the first effects

of adenosine reported by Drury and Szent-Györgyi in 1929 (92).  These effects have

since been demonstrated in intact and isolated preparations from both mammalian and
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non-mammalian hearts (24, 155).  It is well documented that these effects are related to

activation of the A1AR (297) by coupling with an inhibitory G-protein (Gi/o) (316).

Decreased sinoatrial nodal activity occurs as the pacemaker is shifted from the SA node

region toward the crista terminalis and at high adenosine concentrations SA exit block is

experienced (420).  Inhibition of SA node depolarisation and AV node conduction is

related to an increased outward K+ current (IK-Ado) (30), which shortens the action

potential and hyperpolarises the resting membrane potential (359).

The negative dromotropic actions of adenosine, as characterised by reduced AV

conduction rates as well as heart block, has been observed in several species (23, 25, 26,

34, 56, 182, 317, 399).  There are three different regions of the AV node each with their

own electrophysical characteristics.  These regions are the atrial-nodal (AN), nodal (N),

and nodal-His bundle (NH).  Adenosine decreased duration and amplitude of action

potentials in a dose-dependent manner in AN and N cells, but not NH cells (57).  In N

cells the rate of rise of action potentials is also inhibited, and at high concentrations they

were completely abolished (57).

While the sites at which adenosine depresses conduction in the AV node are known, the

precise mechanism by which these negative dromotropic effects are produced is still

unknown.  However, since inhibition of SA node depolarisation has been associated

with increased K+ conductance it is likely that a similar situation occurs in the AV node.

This would explain changes to the amplitude of the action potential but not the rate of

the rising phase of the action potential.  Adenosine has also been found to have a small
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inhibitory effect on basal L-type calcium current (ICa,L), which could potentially affect

the rate of action potential formation (30).

1.5.2 Negative Inotropy

Adenosine exerts a negative inotropic effect in atrial and ventricular tissue.  In atrial

tissue this can occur directly via increased ionic conductance (174), or indirectly by

antagonising b-adrenergic elevations of contractility (87).  It is unknown whether

reduced contractility is predominantly the result of direct or indirect actions of

adenosine since the concentrations required to produce the effects overlap (89).  In the

ventricle, however, there appear no direct effects of adenosine on contractility.  Instead,

adenosine exerts its effect only indirectly via antagonising the effects of catecholamines

(28).  However, recent data from Dobson and colleagues (88), Morrison and colleagues

(282) and Liang and colleagues (432) suggest a potential inotropic action of ventricular

A2ARs that require further investigations.  Recent work of Lasley and colleagues hints

at an inotropic effects of A2ARs in post-ischaemic (but not normal) hearts (225).

Negative inotropy in the atrium: In atrial tissue the A1-adenosine receptor is coupled via

a pertussis sensitive G protein to increased K+ efflux (IK-Ado) and reduced Ca2+ current

(ICa) (174, 410, 412).  The K+ channel involved is also activated by acetylcholine.

Therefore, under maximal acetylcholine activation adenosine is unable to augment this

negative inotropic effect (27).  The indirect effect of adenosine is to antagonise b-

adrenergic associated increases in cAMP accumulation therefore attenuating

catecholamine induced increases in cardiac inotropy (28).  Adenosine reduces cAMP

accumulation by inhibiting activity of adenylyl cyclase (222), which ultimately reduces

influx of Ca2+ and efflux of K+ (54).



18

Negative inotropy in the ventricle: Despite the above mentioned studies from the

laboratories of Dobson and Liang, adenosine does not have a direct effect on ventricular

contractility.  This may be attributed to the absence of adenosine activated K+ channels.

Much like atrial tissue, there is an indirect effect of adenosine, reducing cAMP

accumulation in ventricular tissue.  Adenosine prevents formation of cAMP (178) via a

pertussis sensitive G protein (Gi or Go) (245, 250), thus reducing adenylyl cyclase

formation and subsequent cAMP formation (222, 334).  Adenosine reduces outward

flux of K+ and inward flux of Ca2+, presumably by inhibiting these channels (394, 411).

It should be noted that while the A1 receptor is typically associated with negative

inotropic effects there is also evidence to suggest that A2A-adenosine receptor

stimulation attenuates A1 mediated b-adrenergic antagonism, thus helping to regulate A1

actions (281, 295).

1.5.3 Vasoactivity

Adenosine has been associated with vasodilation since the early studies of Drury and

Szent-Györgi in 1929 (92).  Typically, this dilatory effect has been associated with A2-

adenosine receptors (271, 286).  However, there is some evidence for the involvement

of A1 receptors as well (276, 374).  Typically, however, A1AR activation is associated

with vasoconstriction in vessels such as the pulmonary vascular bed (292) and pre-

glomerular afferent arterioles in the kidney (335).

There is evidence to suggest that both A2A andA2B receptor subtypes are involved in

vasodilation in various vessels throughout the body, including the aorta, coronary

artery, hepatic arterial bed, mesenteric artery, pulmonary artery and renal artery (16, 63,

145, 150, 155, 169, 180, 231, 232, 235, 258, 267, 268, 271, 272, 337, 349, 372).
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Although there are considerable species related differences in receptor distribution

throughout the body, these two receptor subtypes have been observed in endothelial and

smooth muscle cells in the heart (16, 145, 180, 258, 267, 349).  Evidence suggests

substantial species differences in relative importance of A2AARs vs. A2BARs in coronary

vessels.  Thus, in mouse (111) dog (132), pig (164, 233) and guinea-pig (29) the A2A

subtype predominate while in humans (199) and rat (236, 336) it is A2BARs are of

primary importance in mediating coronary dilation.  It is also possible that interactions

exist between these receptor subtypes.  Evidence for this comes from the work of

Morrison et al. (282) who have found that deletion of A2A can reveal coronary responses

from the A2B receptor, although it is possible this represents compensatory mechanisms.

1.5.4 Glycolysis

Adenosine has been reported to modify glycolysis in a number of models.  However,

some reports indicate adenosine “up-regulates” glycolysis (407, 428) while others have

observed “down regulation” (104, 106, 114).  Paradoxically, either effect could prove

beneficial to the ischaemic myocardium. Increasing and/or maintaining glycolytic

activity could provide an important source of ATP during the ischaemic period, while

inhibiting glycolysis can improve coupling to glucose oxidation and reduce proton

formation (104, 106).  The importance of glycolysis during and following ischaemia is

discussed later (1.6.2).

1.5.5 Cardioprotection

Adenosine may provide cardioprotection from both ischaemic and hypoxic insults via a

variety of mechanisms.  The molecular basis of acute adenosinergic cardioprotection

remains incompletely understood, and the relative importance of the various
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mechanisms remains obscure.  Both endogenous, and exogenous adenosine provide

cardioprotection via various receptor (61, 153, 270, 311, 313, 315, 393), and non-

receptor mediated mechanisms (315).

Receptor mediated protection has been observed via interaction with both the A1 (107,

115, 198, 254, 289) and A3-adenosine receptors (146, 189, 244, 311, 387, 393).  There

are also a small number of reports of A2AAR mediated protection (388, 389, 409).

However, this is not usually observed and recent data suggests observations of A2AR

protection in isolated hearts may relate to vascular effects (311).  Since adenosine

receptors are able to stimulate a variety of molecular pathways (as disused earlier).

Identifying the pathways involved has been the focus of a large number of recent

investigations.  This thesis considers several of the molecular pathways implicated:

protein kinase cascades, mitochondrial KATP channels, phophatidylinositol-3 (PI3)-

kinase, nitric oxide synthase, and Na+/H+ exchange inhibition.  Additionally specific

cellular responses such as vascular protection and modulation of neutrophil function are

discussed.

Involvement of phospholipase C and D signalling: In chick myocytes A1 receptor

activation has been associated with Gi-dependent modulation of PLC activity,

(producing a short-lived response), while A3AR activation involves RhoA-dependent

activation of phospholipase D (and generates longer lasting protection) (229, 307).  In

this model a greater degree of protection is evident when both A1 and A3 receptors are

activated than when either receptor is activated individually.  Both of these pathways

show evidence for involvement of PKC and mitochondrial KATP channels (229, 309).
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Involvement of PKC and mitochondrial KATP channels: Activation and translocation of

PKC, and mitoKATP channel activation, are implicated in both acute protection (Figure

3) (154, 279, 289, 315, 386, 393) and preconditioning (312, 344, 394).  It is currently

unknown which of these events occurs first although it is conventionally believed that

PKC activation/translocation results in opening of mitoKATP channels, leading to

cardioprotection.  Several studies support this theory, showing that PKC inhibition fails

to prevent protection observed through mitoKATP openers (279) and that protection

afforded by PKC activation is removed by blocking mitoKATP channel openers (435).

Figure 3: Signalling pathways used by adenosine

Alternatively, there is evidence to suggest that opening of mitoKATP channels leads to

activation and translocation of PKC.  In the studies of Peart et al., Wang et al. and

Wang et al. (315, 415, 416) inhibition of PKC removes protection afforded by mitoKATP
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openers.  There is also controversy concerning A1AR activation or inhibition of PKC (9,

116, 167), and some studies have found that recovery is improved when PKC activity is

inhibited (227).

Evidence supporting mitoKATP involvement primarily revolves around observed

protection with diazoxide and inhibition of protective responses with 5-HD (eg., 249).

There is an emerging view, however, that these agents may exert non-specific actions

unrelated to mitoKATP channel activity (94, 143).  A recent study by Das et al. argues

against the existence of a diazoxide/5-HD sensitive mitoKATP channel in rat (72).

Protection with diazoxide may stem from modulation of ROS generation and nucleotide

degradation by inhibition of mitochondrial respiration (143), and adenine nucleotide-

requiring enzymes such as mitochondrial succinate dehydrogenase and cellular ATPases

(94).  Inhibitory actions of 5-HD may reflect antagonism of these actions and/or

activation to 5-HD-CoA with resultant modulation of fatty acid oxidation and

mitochondrial metabolism (143).  Thus, it is quite plausible mitoKATP channels do not

contribute to adenosinergic protection in the currently accepted manner.  Given

common effects of adenosine and diazoxide (113, 279, 289, 315), and inhibition of

adenosinergic protection by 5-HD (154, 160, 279, 289, 315), one might conclude acute

adenosinergic protection involves the above-mentioned inhibitory actions ROS

generation, mitochondrial metabolism and nucleotide-dependent enzymatic activity.  In

this respect, a number of investigations verify that adenosine receptor activation does

modify indices of mitochondrial energy metabolism in ischaemic-reperfused

myocardium (8, 67, 114, 153), and inhibits ROS generation (289).  This important

controversy remains to be resolved, and it is important to note the large body of
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evidence which does support a role for this channel (73, 112, 154, 160, 250, 279, 289,

315).

Involvement of tyrosine kinases, phosphatidyl-3-kinase, and Akt-dependent signalling:

Whereas the PKC-mitoKATP path has received considerable attention, studies of acute

and delayed preconditioning with adenosine and other stimuli have unmasked

contributions from alternate or additional kinase cascades (70, 238, 381, 400, 442).

Recent studies (312) indicate that mitoKATP channels and PKC exert additive effects in

adenosine-mediated preconditioning, consistent with parallel signalling pathways.  In

terms of alternate kinases potentially involved in acute adenosinergic protection,

adenosine receptor activation can activate PI3-kinase through transactivation of tyrosine

kinase activity in myocardial tissue (211).  A downstream target of PI3-kinase is the

serine-threonine kinase Akt (protein kinase B), which has also been implicated in

cardioprotection with preconditioning (238).  This kinase is modulated by products of

PI3-kinase activity (phosphatidylinositol 3,4,5-trisphosphate and phosphatidylinositol

3,4-diphos-phate), which trigger 3’-phosphoinositide-dependent kinase-1 and -2-

dependent phosphorylation of the serine and threonine residues of Akt.  Activation of

Akt promotes cell survival via phosphorylation of Bad, permitting dissociation of the

Bad/Bcl-Xl complex and binding of the 14-3-3 protein, and also by ultimate activation

of nuclear factor (NF)-KB.  It has been revealed that A3ARs may specifically trigger

phosphorylation of Akt (211).  Indeed, A3AR agonism inhibits ultraviolet light-induced

apoptotic death in non-cardiac cells (124) and protects against endothelial apoptosis

(248) via PI3-kinase/Akt-dependent pathways.  In contrast, there is evidence the path is

not obligatory in A1AR-mediated protection against irreversible injury in ischaemic

mouse heart (331) or in adenosine-mediated preconditioning (323).  Thus it remains to
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be established that PI3-kinase-dependent phosphorylation of Akt plays a key role in

acute adenosinergic cardioprotection.

Involvement of MAPK/ERk: The MAPK family has been implicated in cardioprotective

responses, including early and delayed preconditioning with adenosine (70, 381, 442).

However, there is little information regarding their role in acute adenosine-mediated

cardioprotection.  Numerous studies have demonstrated A1AR are coupled to p42/p44

and p38 MAPK signalling in other organs around the body (333) and A2AAR couple to

this pathway in regulating NO generation (427).  In the heart preliminary reports

suggest a role for p38 MAPK in A1AR mediated protection (188, 224).  All adenosine

receptor subtypes have been shown to mediate ERk phosphorylation in Chinese hamster

ovary cells, thus suggesting a potential role for ERk in responses to each receptor (357).

Involvement of NO bioavailability: There is evidence to suggest adenosine may protect

via enhancement of NO bioavailability.  Delayed protective effects of adenosine-

mediated preconditioning are known to involve NO synthase activity (441).  Supporting

acute modulation of NO availability, NO synthase inhibition can abrogate A1AR-

mediated effects of adenosine in rabbit atrio-ventricular nodal cells (269).  Thus,

myocardial NO bioavailability may be enhanced via A1AR activation.  Other studies

provide circumstantial support for a role for NO, since NO availability parallels

adenosine-mediated cardioprotection in young and aged myocardium (121).  However,

there is also evidence against a role for NO in adenosinergic cardioprotection (50), and

that NO actually worsens ischaemic tolerance via an adenosine-dependent process

(426).  Clearly the role of NO in A1AR mediated acute cardioprotection also awaits

adequate testing.
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Role of energy and substrate metabolism: There is good evidence A1 and A3ARs may

enhance ischaemic tolerance in part by modifying cellular energy metabolism.

Overexpression of either A1 or A3ARs significantly limits ATP depletion during

ischaemic insult (67, 153), consistent with adenosine mediated improvements of

myocardial energy state and ionic homeostasis (114), and receptor-mediated protection

of energy state by endogenous adenosine in ischaemia (8) and hypoxic myocardium

(270).  Preservation of energy state and ATP may contribute to improved outcome by

limiting acidosis, Ca2+ and Na+ overload, and the effects of elevated Pi and depressed

∆GATP on contractile function.

In addition to modulating energy metabolism, the work of Clanachan and colleagues has

established a protective function of A1ARs mediated via modulation of substrate

metabolism (106, 115).  Specifically, A1AR activation has been shown to limit

glycolysis and improve the coupling between glycolytic metabolism and glucose

oxidation, thereby limiting generation of H+ (106, 115).  This will be discussed in more

detail in section 1.6.

Involvement of NHE inhibition: Inhibition of Na+/H+ exchange (NHE) is one of the most

effective means of enhancing ischaemic tolerance.  Recent work shows that selective

A1AR activation can inhibit adrenoceptor-stimulated sarcolemmal NHE activity (14),

although the effect appears related to inhibition of effects of adrenoceptor activation

rather than NHE inhibition itself.  However, since A1AR agonism also reduces

thrombin-stimulated NHE activity the response may reflect a broad interaction between

the A1AR and G-protein dependent control of NHE.  Studies in renal tissue reveal A1

and A2AR mediated inhibition of both NHE activity and membrane protein levels (83,
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84).  Curiously, the more recent of these studies employed high levels of an A1 selective

agonist to examine the putative A2AR mediated response.  Given the extensive evidence

for adenosine receptor modulation of mitoKATP activity, evidence of mitoKATP mediated

NHE inhibition in cardioprotection (278), and coupling of adenosine receptor signalling

to NHE modulation, NHE involvement in adenosinergic protection also deserves further

more direct attention.

Modulation of oxidants: There is some support for the notion that A1AR activation

protects via enhanced anti-oxidant defense (326).  Adenosine receptor activation

reduces mitochondrial radical formation (289) and oxidant injury (198, 386), and

increases cellular anti-oxidant capacity (257).  Given the central role of oxidant damage

in both reversible and irreversible injuries, these effects may contribute to the resistant

phenotype observed with A1AR activation.  Moreover, as indicated above, there is

evidence cardioprotection mediated by diazoxide and 5-HD sensitive processes (such as

adenosinergic protection) may involve inhibition of reactive oxygen species (ROS)

generation (143).  Paradoxically, triggered formation of reactive oxygen species (ROS),

via mitoKATP-dependent processes, has been implicated in protection afforded by

preconditioning (15, 283, 367).  Thus, on the one hand adenosinergic cardioprotection

may limit ROS generation and injury to mediate protection, whereas signalling involved

in adenosinergic preconditioning could involve selective generation of ROS.  However,

recent studies suggests adenosine-dependent preconditioning activates a unique

pathway distinct from other G-protein coupled stimuli and not involving ROS

generation (58), which would reconcile observe anti-oxidant effects of adenosine with

adenosine-mediated preconditioning.
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Role of sarcoplasmic reticulum Ca2+: The data of Zucchi et al. suggest a unique

signalling involving sarcoplasmic reticulum (SR) Ca2+ handling may be involved in

both A1 (445) and A3AR (446) mediated protection.  These investigators have shown

that A1/A3AR activation is associated with a reduction in the density of the SR Ca2+

channel (ryanodine receptor), akin to that observed in preconditioned hearts.  This may

limit the development of Ca2+ overload, protecting from Ca2+-dependent injury.  This is

conceivably the “end-effector” sought in recent studies, although how it might be

coupled to other signalling elements such as mitoKATP channels and PKC is obscure.

Role of the mitochondrial permeability transition pore: In terms of a potential end-

effector of cardioprotection, the mitochondrial permeability transition pore (MPTP)

appears a good candidate.  This non-specific inner mitochondrial membrane pore causes

apoptosis/necrosis on opening (41, 149, 212).  Pore opening uncouples mitochondria to

collapse the mitochondrial membrane potential, and permits entry of H2O and solutes,

increasing mitochondrial matrix volume and ultimately rupturing the outer membrane.

Resultant cytochrome C release initiates apoptosis.  The pore opens during early

reperfusion, likely due to ATP depletion, accumulation of Pi and mitochondrial [Ca2+],

and reduction in matrix [H+].  Importantly, inhibition of pore opening inhibits

cytochrome C release and apoptosis in post-ischaemic myocardium (41).  There are

currently no data on acute adenosinergic cardioprotection, although the fact that A1AR-

mediated preconditioning appears to limit MPTP opening and resultant post-ischaemic

cell death (149) supports a role for this pore in adenosine signalling.  Moreover, anti-

apoptotic effects of adenosine receptor activation in non-cardiac cells involve inhibition

of the MPTP (248).  Once again, direct assessment of the function of this pore in

adenosinergic cardioprotection is warranted.
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Involvement of cellular specific responses: In terms of cellular targets, adenosine

potently inhibits neutrophil, platelet, and mononuclear leukocyte function.  Since

neutrophils are proposed as key determinants of injury during ischaemia-reperfusion

injury, contributing to endothelial dysfunction, ROS generation, and myocardial injury,

inhibition is likely to greatly benefit the post-ischaemic myocardium.  Inhibitory effects

in neutrophils involves A2AR activation (66, 190, 388), limiting ROS generation and

endothelial adherence.  Adenosine receptor activation inhibits neutrophil expression of

CD11/CD18 (425), and McPherson et al. (274) have shown that selective A2AAR

activation in a model of vascular injury significantly limits neutrophil and macrophage

recruitment, and vascular cell adhesion molecule-1, intercellular adhesion molecule-1,

and P-selectin expression.  Thus, A2AR activation may modify a range of inflammatory

processes, contributing to intra-vascular protection.  Recent work by Jordan et al. also

supports A3AR mediated protection against neutrophil-mediated injury post-ischaemia

(189), with the reduction in myocardial apoptosis associated with limitation of

neutrophil invasion.

1.6 Ischaemic Injury

As the focus of this doctoral work is on adenosine-modulation of ischaemic injury, a

more detailed assessment of ischaemic injury is warranted.  Myocardial ischaemia is a

condition, which exists when fractional uptake of O2 by the heart is insufficient to

maintain the rate of cellular oxidation (184).  This can occur during a heart attack via

coronary artery occlusion due to embolism or spasm etc, or during open heart, bypass

and transplantation surgery.  There are several functional, metabolic and molecular

consequences of ischaemic injury.
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1.6.1 Functional Consequences of Myocardial Ischaemia/Reperfusion

During a period of ischaemia contractile function of the heart declines rapidly and upon

reperfusion, contractile function remains depressed.  Depending on the severity of the

ischaemic insult contractility may slowly return to pre-ischaemic levels; this reversible

injury is known as stunning (101).  If the period of ischaemia is longer and/or more

severe, cell death will occur and contractile function will remain depressed

permanently.  This longer ischaemic insult results in formation of an infarct, or dead

tissue. Injury to the cardiomyocytes can occur during two phases of insult: the

ischaemic period itself and/or the subsequent phase of reperfusion (in a process termed

reperfusion injury).  There arises a difficulty in discussing these injuries as separate

entities since it is difficult to measure the extent of damage occurring during ischaemia

independent from myocardial dysfunction occurring during, and partly as a result of

reperfusion.  For this reason this thesis will discuss contracture and hibernation as forms

of ischaemic injury, and stunning and infarction as examples of reperfusion injury

(though clearly requiring the initial trigger events of ischaemia).

Ischaemic injury: Ischaemic contracture: With cessation of blood flow to the ischaemic

tissue O2 supply is insufficient to allow formation of high-energy phosphates and

maintenance of ∆GATP. Anaerobic glycolysis becomes the predominant mechanism of

ATP catabolism.  However, this is insufficient to meet the needs of the heart and lactate

begins to accumulate as a by-product.  The altered energy-state of the heart results in

rapid decline of contractile function until the heart beats only sporadically, followed by

cardiac arrest.  Soon after cessation of flow to the ischaemic region the myocardium

begins to enter a sustained period of diastolic contraction, known as ischaemic

contracture (101).
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The precise cause of ischaemic contracture is still under debate.  However it is generally

considered an index of the degree of damage occurring during the ischaemic period

(156).  Onset of contracture has been linked with decreased tissue ATP concentration

and increasing intracellular Ca2+ concentration.  The study of Altschuld et al. shows that

the concentration of Ca2+ required to initiate ischaemic contracture decreases with

decreasing ATP concentrations and that when ATP concentration is less than 100 µM

contracture occurs independent of Ca2+ concentration (6), suggesting that ATP plays a

major role in the pathogenesis of ischaemic contracture.  Owen et al. have found no

correlation between ATP concentration (306) and the onset of contracture, while others

have found that it is related to the cessation of anaerobic glycolytic ATP formation (43,

204).  It has been postulated that glycolytic ATP generation may be important in

preventing onset of contracture due to its location in a cytosolic compartment that

enables it to influence the contractile apparatus without affecting total tissue ATP levels

(43, 204).

The argument suggesting that onset of contracture is due to cessation of glycolytic ATP

formation is given support by corresponding changes in intracellular pH.  It is well

documented that intracellular pH (pHi) decreases with anaerobic glycolysis during

ischaemia leading to acidosis (68).  Kolocassides et al. have shown that peak

contracture is reached at the time that pHi plateaus and not a particular pH level (209).

This could be explained by the reduced production of H+ formation as a by-product of

anaerobic glycolysis.  The role of glycogen in the onset of contracture is controversial.

In a model of no-flow ischaemia glycogen is the only available source of substrate and

fuels anaerobic glycolysis.  Some reports have shown improved ischaemic tolerance

from hearts subjected to glycogen loading (91, 133, 352, 407), while others than shown
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improved function by pre-ischaemic glycogen depletion (216, 291, 382).  Cross et al.

propose that glycogen is beneficial only if reperfusion begins before glycogen stores are

exhausted.  If glycogen becomes fully depleted during ischaemia then the build of

glycolytic by-products leads to a substantial worsening of injury (68).

Ischaemic injury: Hibernation?: Hibernation is a term used to describe the heart’s

adaptation to chronic ischaemia that can occur in clinical problems such as coronary

artery disease (93).  If this does indeed represent an “adaptation” it may not strictly be a

form of injury.  Hibernating myocardium is characterised by the three following criteria:

1) persistent hypoperfusion; 2) persistently reduced myocardial function; and 3) a

potential for full recovery if flow is returned to normal (367).  Since hibernation

represents a condition where myocardial blood flow is reduced along with contractility

it may not be accurate to consider this an ischaemic condition, however this remains a

point of controversy (101).  Understanding the mechanisms of hibernation is difficult

since there is no suitable animal model, and patients exhibiting this condition are often

suffering from other cardiac problems such as myocardial infarction or prolonged

angina (101).  Currently an alternative mechanism for hibernation has been proposed.

Rather than an adaptation to chronic hypoperfusion it may be the result of repetitive

stunning (360).

Reperfusion injury: Stunning: The term “myocardial stunning” was first used by

Braunwald and Kloner to describe the phenomenon of “delayed recovery of regional

myocardial contractile function after reperfusion despite the absence of irreversible

damage and despite restoration of normal flow” (42).  The definition of stunning is

important as it implies several key elements: 1) reduced contractile function is transient
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and is fully reversible given sufficient time to recover; 2) stunning is a mild, sub lethal

injury that is separate from irreversible injury; 3) stunned myocardium experiences

normal or near normal coronary flow; and 4) it is not accompanied by ischaemia (99,

262).  These elements are important to differentiate myocardial stunning from other

insults such as myocardial hibernation and infarct.

Several reversible derangements are associated with stunning including ATP depletion,

collagen damage, cell swelling, increased capillary permeability, and impaired vascular

responses.  However, it unknown whether these share the same pathogenesis as, or are

included in, stunning (101).  Since ATP levels remain depleted following ischaemia it

was believed that a reduced capacity for high energy phosphate production might play a

role in the phenomenon of stunning.  However, it has been shown that stunned

myocardium still possess inotropic reserve suggesting that while ATP levels are low,

the capacity for production still exists (93).

Despite extensive studies the exact mechanisms underlying the pathogenesis of

myocardial stunning have not yet been fully elucidated, however, postulated

mechanisms include: 1) generation of oxygen free radicals; 2) disturbed calcium

homeostasis; and 3) excitation-contraction uncoupling (137, 350). Substantial evidence

exists for the role of free radicals in the pathogenesis of stunned myocardium.  Several

laboratories have demonstrated that application of free radical scavengers such as

superoxide dismutase (SOD) and catalase significantly improve recovery of contractile

function after 15 minutes of coronary occlusion and 3 hours of reperfusion (136, 287,

322).  Subsequent to these experiments Bolli et al. demonstrated that scavenging, or

preventing formation of hydroxyl radicals by use of dimethylthiourea,
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mercaptopropionylglycine (MPG) and desferrioxamine, also reduced myocardial

stunning (39, 98).

Improved recovery from stunning can be achieved by applying free radical scavengers/

inhibitors before the ischaemic insult and/or immediately prior to reperfusion but not

after the first minute, suggesting that free-radical mediated injury occurs in the first few

minutes of reperfusion (38).  It should be noted, however, that the severity and duration

of ischaemia is related to the magnitude of stunning realised upon reperfusion (37).

Evidence exists for a role of altered Ca2+ handling in the pathogenesis of myocardial

stunning though its precise role is not clear.  It is known that Ca2+ levels rise during

ischaemia and that administration of Ca2+ antagonists prior to ischaemia or immediately

before reperfusion attenuate myocardial stunning in isolated perfused hearts, and in vivo

(303).  Ca2+ has the potential to reduce post ischaemic contractility in several ways.

These include transient Ca2+ overload, reduced Ca2+ transport by the sarcoplasmic

reticulum, and decreased sensitivity of the myofilaments to calcium (137).  Ca2+ levels

increase during ischaemia and there is evidence to suggest that they do not decrease

immediately upon reperfusion (263) but in fact increase further (219, 382).  Despite

evidence supporting Ca2+ overload, the mechanism by which it contributes to

myocardial stunning is unknown.  It is possible that the L-type Ca2+ channel is involved,

since use of channels blockers such as verapamil lead to improved recovery.  However,

this may simply be a result of decreasing myocardial oxygen consumption (MVO2) in

response to the negative inotropic effect of these blockers (137).
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Active transport of Ca2+ in and out of the sarcoplasmic reticulum (SR) is necessary for

the process of excitation-contraction coupling.  Breakdown of this process could affect

post ischaemic contractile function resulting in stunning.  Krause et al. subjected dogs

to several periods of 10-minute ischaemia followed by 60 min reperfusion and found

reduced SR reuptake of Ca2+ to be related to reduced post-ischaemic systolic shortening

(210).  In another study utilising a regional ischaemia model it was found that Ca2+

reuptake by the SR was decreased as was activity of ryanodine-sensitive Ca2+-release

channels leading to reduced Ca2+ release (401).  Despite these findings, other

laboratories have found that Ca2+ transients are unaltered in stunned myocardium

compared with pre-ischaemic values, suggesting that altered Ca2+ transport is not

associated with pathogenesis of myocardial stunning (51, 218).  This area of research,

and its implications for stunning, remain both controversial and incomplete.

Another of the ways in which Ca2+ may be responsible for a decreased post ischaemic

contractile response is desensitisation of the myofilaments.  Several studies have shown

that maximum Ca2+-activated force in myofilaments is reduced during stunning (51,

172, 277).  Miller and colleagues also examined the time-course of desensitisation and

found that the Ca2+ sensitivity of myocytes was not affected during ischaemia but was

decreased during early reperfusion (277).  Since this is suggestive of an effect of

reperfusion, and free radicals are formed and released during early reperfusion, it is

possible these are responsible for this desensitisation.  A study from the laboratory of

Marban tested the effects of two radical-generating systems in rat trabeculae and found

that the hydroxyl radical reduced activator Ca2+ availability while the superoxide anion

desensitised the myofilaments to Ca2+ (123).  This study did not identify the source of
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this desensitisation, however it may be the result of degradation of troponin I or other

myofilament proteins such as the myosin-regulatory light chain (421).

Troponin I (Tn I) is now known to be partially degraded during reperfusion of stunned

myocardium, but not during ischaemia (122).  Since this protein plays a fundamental

role as an intermediary between Ca2+ activation and cross-bridge cycling, it is possible

that its degradation could explain depressed myocardial contractility in stunning.

Although Tn I degradation occurs in early reperfusion it need not be related to free

radical formation.  Its degradation was found to be reduced by use of a low

Ca2+/acidotic buffer (122), which suggests that Ca2+ overload may be the cause.  There

is also evidence for the activation of Ca2+-activated proteolysis of Tn I by the enzyme

calpain I in stunned hearts, which can be blocked by calpastatin in skinned trabeculae

(122).  Therefore, it seems myofilament desensitisation to Ca2+ in stunned myocardium

may be the result of production of free radicals and/or Ca2+-activated proteolysis.

However, data from Jeremy and colleagues suggest that recovery of contractile function

is independent of the degree of Tn I degradation (321).  The study of Prasan et al. did

find increased Tn I fragmentation associated with more severe ischaemia-reperfusion

but found that fragmentation was not reduced by L-arginine and free radical scavengers

despite a reduction in stunning (321).  Instead, it was proposed that phosphorylation of

Tn I by PKC reduces Ca2+ sensitivity leading to an initial deficit of contractile function,

followed by proteolysis of important protein systems including other myofilament-

regulatory proteins such as the myosin-regulatory light chain (321, 421).  This suggests

that stunning is the result of a multifactorial process, a likely possibility.
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Reperfusion injury: Infarction: The first and major difference between myocardial

infarction and stunning is that infarction is an irreversible injurious state resulting from

cell death.  The signal associated with transition from reversible to irreversible injury is

currently unknown (215).  The preliminary stages of cell death may occur during

ischaemia followed by exacerbation of the insult during reperfusion.  Cell death

occurring upon reperfusion is often referred to as lethal reperfusion injury (318).

Cell death responsible for true infarction can occur via two distinct mechanisms:

oncosis or apoptosis (191, 192).  Oncosis is commonly known as necrosis in the

literature, however, necrosis is actually the result of changes to cells after cell death has

occurred via either of the aforementioned methods (396).  Oncosis refers to cell death

that occurs primarily due to cell swelling, while apoptosis refers to cell death involving

cell shrinkage and fragmentation (396) (Figure 4).  The predominant form of cell death

in the irreversibly damaged heart is oncosis (368) with apoptosis contributing as little as

0.1% of cell death during early reperfusion in a rat model of regional ischaemia.  This

proportion grew to 6 % after 60 min of reperfusion and was found to account for 40% of

endothelial cells.  However, the relative contributions of apoptotic vs. oncotic cell death

are currently under debate.  These data do suggest that apoptosis occurs primarily

during reperfusion and that vascular endothelial cells are targeted in preference to

cardiomyocytes, (347).  The stimulus for some cells to undergo oncotic death versus

apoptotic death is not fully understood, although, oncosis tends to result from severe

ATP depletion and/or loss of membrane integrity, while apoptosis results from

expression of various genes (396) and requires energy.
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Figure 4: Apoptotic cell death vs. oncotic cell death

Stimuli for “oncosis”: There may be several stimuli for oncotic cell death in the

ischaemic myocardium including: 1) accumulation of metabolic products leading to

osmotic shock; 2) activation of membrane destructive phospholipases; 3) formation of

oxygen free radicals; 4) infiltration of activated neutrophils; 5) increased circulation of

catecholamines; and 6) Ca2+ overload (300).  Of these it appears that osmotic shock may

play a major role.  Osmotic shock occurs due to the build up of lactate (as a result of

anaerobic glycolysis), and ions such as Cl- and Na+ in the intracellular space (due to

altered actions of membrane ion transporters).  Coupled with release of Mg2+ and K+,

these imbalances increase the osmotic gradient on the cell, and water diffuses across the

sarcolemma causing the cell to swell (22).  Reperfusion exacerbates this condition since

the extracellular fluid is rapidly washed away, increasing the osmotic gradient and

consequently the influx of water.  Eventually, these cells swell to the point of rupture.
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The effects of such fundamental processes as osmotic stress may be exacerbated by

other changes reducing membrane integrity.  For example, there is also some evidence

that ischaemia activates phospholipases, such as phospholipase A2, which can act on

membrane phospholipids and can convert them to detergent compounds which in

themselves are also deleterious (300).  This would lead to destabilisation of the

sarcolemma and may facilitate membrane rupture and reduce cellular resistance to other

injurious stimuli, such as free radicals.

It is now known that free radicals are produced during ischaemia, but there is a marked

increase during reperfusion due to increased availability of oxygen (100).  There are

several possible sources of radicals, with the mitochondria potentially most important.

Ca2+ concentration inside the mitochondria increases during ischaemia and subsequent

reperfusion (discussed later), which uncouples the electron transport chain and reduces

ATP production to facilitate radical formation.  These radicals may be responsible for

desensitising the myofibrils to Ca2+ leading to stunning (discussed earlier) and may

directly attack the cell membrane proteins leading to increased Ca2+ influx, worsened

metabolism, and/or or cell death (101, 215).  Evidence for the involvement of free

radicals in infarct development comes from studies in which free radical scavengers

applied shortly before the onset of reperfusion have reduced infarct development (162).

Infiltration of neutrophils may also contribute to lethal injury since they are also a

source of free radicals.  They are known to accumulate in close proximity to the

vascular endothelium at the time that irreversible injury occurs (300).  They may

promote injury by acting directly on the endothelium or may migrate towards the

cardiomyocytes and cause further damage.
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Ca2+ overload may be one of the major contributing factors involved in lethal

reperfusion.  It is stimulated by reduced and/or altered function of membrane ion

transporters such as the Na+/Ca2+ exchanger; and membrane damage acquired during

ischaemia, and it may be responsible for reduced ATP production, and hypercontracture

leading to cell rupture (318).  This will be discussed in more detail in a later section

(1.6.2).

Not all cells are equally affected by the ischaemic insult.  Instead, the myocytes follow a

transmural wavefront of cell death with cells of the sub-endocardium dying first

followed by the mid-endocardium and finally the sub-epicardial tissue (215).  This

cannot be explained by gradients of flow or microvascular distribution.  Instead it

suggests cell to cell interactions.  This may be the result of the tight gap junctions

tearing cells apart during hypercontraction or it may be the result of second messengers

such as Ca2+ diffusing through gap junctions to affect neighbouring cells (318).

Stimuli for “apoptosis”: The death of large groups of cells is characteristic of oncosis,

however it is not typically associated with apoptosis.  Apoptotic cell death may occur in

one cell surrounded by healthy cells (44).  While oncotic cell death can be detected by

assays to detect release of intracellular enzymes such as lactate dehydrogenase (LDH)

and creatine phosphokinase (CPK), and by differential tissue staining with

triphenyltetrazolium chloride (TTC) (380), apoptotic cell death is typically detected by

observation of DNA-fragments in DNA ladders (44) or by terminal deoxynucleotidyl

transferase-mediated dUTP nick end labelling (TUNEL) (368, 469).  Unfortunately, it

seems limitations in these approaches may underlie some of the confusion regarding

relative roles of apoptotic death vs. oncosis.  The study of apoptosis as a contributing
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mechanism of myocardial infarct is relatively new.  Until recently it was assumed that

cell death occurred via oncosis (44).  It is now being realised that understanding

apoptosis may enable clinicians to salvage more viable cardiomyocytes after a period of

acute ischaemia.

There are multiple inducers of apoptotic cell death acting via multiple signal

transduction pathways.  However, the final stage involving a protease and endonuclease

activation resulting in DNA-fragmentation seems to be conserved (44).  The signal for

initiation of apoptosis can be the activation of a death gene or deactivation of an anti-

death gene resulting in a cell death program.  This signal may come from a cell surface

receptor/ligand interaction (death receptor path), or via release of pro-apoptotic stimuli

from the mitochondria (148).  Several stimuli that are known to initiate apoptosis

include: oxygen free radicals (including nitric oxide); cytokines such as tumour necrosis

factor a (TNFa); stress conditions such as ischaemia-reperfusion or deprivation of

growth factors; sphingolipid metabolites (ceramide); and autocoids such as angiotensin

II (102).  Cardiomyocytes undergoing ischaemia-reperfusion may be subjected to

several of these stimuli, leading to activation of multiple pathways in the evolution of

apoptosis, or alternatively one stimulus may result in activation of several pathways

(102).

Of these various pathways it is the involvement of the mitochondria that is receiving

considerable interest at the moment (148).  There are two known mechanisms relating

to mitochondrial involvement in apoptosis. The first involves release of cytochrome c

from within the mitochondria, resulting in the formation of a complex with apaf-1 (the

so-called apoptosome), which results in activation of a caspase cascade (148).  This
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pathway is opposed by the anti-apoptotic protein bcl-2 and consequently is the subject

of interest for therapeutic uses (102).  The second pathway requires opening of the

permeability transition pore in the mitochondrial membrane, which may result from

increased [Ca2+]i, and release of apoptosis-inducing factor (AIF).  This pathway does not

involve activation of a caspase cascade and as yet its final effector is unknown. While

apoptosis can occur via any of the aforementioned pathways, the end result is the same

with a particular focus of injury in the nucleus, with chromatin rearrangement and

double strand cleavage of DNA.  Cells become shrunken with formation of apoptotic

bodies, which can be phagocytosed by neighbouring cells (44).  It may be that apoptotic

death is ultimately less “injurious” since it may avoid subsequent inflammatory

responses (whereas oncosis triggers inflammation).

1.6.2 Metabolic Consequences Of Ischaemia/Reperfusion

Changes in metabolism underlay many of the injury and death processes initiated during

ischaemia/reperfusion.  Thus, an understanding of cardiac energy metabolism is

important in understanding ischaemia/reperfusion injury.

Normoxic myocardial substrate metabolism: The heart requires a constant supply of

energy in order to function, and it acts as a metabolic scavenger, utilising those

substrates which are available in highest levels.  Under normal aerobic conditions it is

able to utilise lipids, and carbohydrates such as glucose and lactate, as metabolic

substrates.  However, this changes under hypoxic or ischaemic conditions (298).

Uptake and oxidation of one type of substrate is dependent on both its arterial

concentration, and also the usage of other substrate types.  Increased usage of free fatty

acids (FFA) as primary substrate will reduce uptake and oxidation of carbohydrates
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(and vice versa).  Thus the substrate of choice in the heart is affected by many variables,

such as the feeding and exercise status of the body.  During times of fasting, lipid

metabolism is dominant with adipose tissue broken down to release FFA leading to a

reduced glucose metabolism (293, 301).  Alternatively, exercise results in increased

glucose metabolism and inhibits uptake and usage of FFA (298).  This allows the

relative contribution of carbohydrates to account for 10% to 70% of the heart’s

metabolic needs and this requires an ability to closely regulate the rate of glucose

uptake and usage of FFA (298).

Carbohydrate metabolism in the normoxic heart begins with the uptake of glucose into

the myocardium, which is facilitated by glucose transporters located in the sarcolemma.

While there is a family of 7 different glucose transporters, it is the GLUT-1 and GLUT-

4 varieties that are predominant in myocardium (253).  Glucose uptake involves

activation of these glucose transporters and movement from the extracellular space to

the intracellular space along a steep concentration gradient (81, 369).  Upon entry to the

cytosol glucose is rapidly phosphorylated by the enzyme hexokinase to yield glucose 6-

phosphate (G6P), which prevents glucose leaving the cell, thus “trapping” the glucose

(369). The activity and concentrations of GLUT-1 and GLUT-4 are upregulated by the

presence of the circulating hormone insulin (used to regulate blood glucose

concentration), and also during times of ischaemia and hypoxia (298).  Once inside the

cell glucose can enter the glycolytic pathway, or it can be stored in the form of glycogen

during times of reduced carbohydrate metabolism (298).  A basic schematic of glucose

metabolism is shown by Figure 5.
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Figure 5: Basal or normoxic substrate metabolism in the heart

Aerobic glycolysis involves the conversion of glucose to pyruvate, a process which

contains several regulatory steps that control glycolytic flux.  The first step is catalysed

by hexokinase (discussed above) while the second involves conversion of glucose-6-

phosphate to fructose 6-phosphate.  This intermediary is then phosphorylated in a

reaction catalysed by 6-phosphofructo-1-kinase (PFK1) which is the first isoform of the
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enzyme phosphofructokinase.  Activation of PFK1 leads to formation of fructose-1,6-

bisphosphate (F1,6P2).  This is the first rate-limiting step of glycolysis (81).  The rate of

this reaction is regulated by the activity of PFK1.  This enzyme is allosterically

inhibited by ATP, citrate and H+, while its activity is upregulated by 5’-AMP, ADP,

Ca2+ and fructose 2,6-diphosphate (a signalling molecule formed from frucotose-6-

phosphate and ATP, its formation catalysed by 6-phosphofructo-2-kinase) (81, 144,

369).  The next rate-limiting step in the glycolytic pathway is enabled by the enzyme

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which catalyses transformation

(by oxidation and phosphorylation) of glyceraldehyde 3-phosphate into 1,3-

diphosphoglycerate.  This step is inhibited by high concentrations of NADH2 and H+

(81).  The final stage of glycolysis involves the conversion of phosphoenolpyruvate into

pyruvate.  This is irreversible and is stimulated by fructose 1,6-biphosphate, leading to

an accelerated glycolytic flux without accumulation of glycolytic intermediates (81).

Pyruvate is then transported to the mitochondrial matrix via a monocarboxylate carrier

and is decarboxylated by pyruvate dehydrogenase (PDH) to yield acetyl-CoA, allowing

entry into the Krebs cycle.  ATP formed in the Krebs cycle and with subsequent

electron transport is known as glucose “oxidation”, when the source of acetyl-CoA is

glycolytically derived.

As previously mentioned, glucose metabolism inhibits fatty acid oxidation.  This occurs

at the level of oxidative phosphorylation.  Fatty acid oxidation is controlled by the rate

of uptake into the mitochondria and this is inhibited by malonyl-CoA, a by-product of

acetyl-CoA production from pyruvate.  Conversely fatty acid oxidation is able to inhibit

glycolysis, which in turn reduces glucose oxidation.  The major site of action is

inhibition of PFK1 due to increased citrate production.
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Lipid metabolism is actually the predominant metabolic pathway in the heart under

resting normoxic conditions (298).  The preference for metabolic substrate, as

previously mentioned, is determined in part by its arterial concentration.  In the case of

free fatty acids they are bound to albumin while in the circulation, which is reported to

allow binding to a sarcolemmal albumin receptor before translocation to the cytosol.

Once inside the cell FFA are activated by binding of Co-enzyme A (CoA) forming fatty

acyl CoA derivatives (298).  These acyl CoA molecules are transferred to the

mitochondrial matrix after which they are broken into acetyl CoA by the process of b-

oxidation.  This allows entry into the Krebs cycle, enabling the process of oxidative

phosphorylation to produce ATP, which is subsequently released from the mitochondria

to act in the cytosol.

Oxidative phosphorylation occurs in the mitochondria and is the point at which fatty

acid and glucose metabolism converge and it is followed by production of ATP via the

electron transport chain.  Oxidative phosphorylation is a more efficient process than

glycolysis and is of primary importance in the production of sufficient ATP to meet the

energy requirements of the aerobically metabolising heart.  The rate at which the Krebs

cycle operates is tightly coupled to the energy requirements of the heart and there are

several factors involved in regulating the rate of cycle. Rates of cycling are upregulated

during times of increased metabolic demand and downregulated in times of reduced

demand or in times of reduced O2 such as hypoxia and ischaemia (298).

There are 3 ways in which the rate of activity in the Krebs cycle is regulated.  These are:

1) changes in mitochondrial concentration of ADP; 2) mitochondrial NAD/NADH2

ratio; and 3) changes in the mitochondrial Ca2+ concentration.  The purpose of the Krebs
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cycle, shown in Figure 6, is to reduce NAD+ to yield NADH2, providing H+ for use in

the electron transport chain, and ultimately resulting in phosphorylation of ADP to

produce ATP.  This ATP is transported to the cytosol to provide energy for a variety of

Figure 6: The Krebs (or TCA) cycle.

cellular activities while ADP is then transported back to the mitochondria awaiting

rephosphorylation.  Therefore the mitochondrial concentration of ADP, the terminal

receiver of a phosphate group will affect the rate of activity.  The importance of free

ADP has been questioned based on observations that the free cardiac [ADP] exceeds the

Km for respiratory activation and/or does not change in parallel with MVO2. The second
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control mechanism involves the NAD/NADH2 ratio.  As ATP production increases, H+s

are removed from NADH2 for use in the electron transport chain increasing the

mitochondrial NAD/NADH2 ratio.  Several key enzymes in the Krebs cycle (e.g.

isocitrate, a-ketoglutarate dehydrogenase, malate dehydrogenase) are stimulated by this

increased ratio, leading to increased rates of cycling.  The final way in which the Krebs

cycle may be regulated is via the mitochondrial Ca2+ concentration.  Aside from their

role in ATP production, mitochondria play an important role in buffering intracellular

Ca2+ concentrations.  This is enabled by a transporter system specific for Ca2+ in the

mitochondrial membrane, which is activated when the cytosolic Ca2+ concentration

increases.  Ca2+ is reported to increase the activity of the enzymes isocitrate and a-

ketoglutarate dehydrogenase and also the activity of PDH allowing for increased

glycolytic flux in times of need.  Adjusting the rate of influx with the rate of release

regulates mitochondrial Ca2+ concentrations enabling its role in buffering cytosolic Ca2+

concentrations.

Myocardial metabolism during ischaemia-reperfusion: Within seconds of the onset of

myocardial ischaemia oxygen supply at the mitochondria becomes insufficient to

support oxidative phosphorylation, which results in a rapid breakdown of cellular stores

of phosphocreatine (PCr), followed by ATP.  Breakdown of high energy phosphates

leads to a dramatic increase in Pi and a decline in pHi which are the likely causes of the

near immediate myocardial quiescence (101).  Cessation of the oxygen supply also

shifts myocardial metabolism from the preferred aerobic process of oxidative

phosphorylation to less desirable anaerobic glycolysis (80).  Glycolytic ATP production

contributes to intracellular acidosis and is unable to supply sufficient ATP to meet

cellular requirements.  Reduced ATP concentrations, coupled with an acidotic
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intracellular environment, alter the function of membrane bound ion channels,

culminating in an altered intracellular ionic state which results in cellular injury.  This

injury can progress from reversible to irreversible and may be augmented by

reperfusion.

Glucose transport and glycolysis: The first major metabolic consequence of onset of

ischaemia is the switch from aerobic to anaerobic metabolism (Figure 7).  Lack of

oxygen inhibits oxidative phosphorylation, preventing usage of fatty acids, and reducing

cellular capacity for ATP production.  Despite this, ATP continues to be used for

various purposes within the cell and its dephosphorylation results in increased cytosolic

concentrations of AMP and Pi.  In addition it is known that AMP-activated protein

kinase (AMPK), an enzyme that is activated by small increases in the AMP:ATP ratio,

becomes active during ischaemia resulting in enhanced activity of the 6-phosphofructo-

2-kinase (PFK2) component of the bifunctional enzyme PFK2/fructose-2,6,-

bisphosphatase  (FBPase2), with a consequential increase in fructose 2,6-diphosphate

production (266). Elevated concentrations of these products upregulates activity of

PFK1 and increases glucose flux through the glycolytic pathway (266, 298, 369).

During severe ischaemia the rate of glycolysis is also enhanced as a result of increased

activity of GAPDH.  Under normoxic conditions this enzyme is inhibited by high

concentrations of NADH2 produced by oxidative phosphorylation.  In the absence of

oxidative activity NADH2 production falls and this inhibition is removed, increasing the

rate of glycolysis (81).  In addition, production of F1,6P2 increases the activity of

pyruvate kinase which also leads to increased rates of glycolysis (81).  Overall,

glycolytic metabolism is transiently activated with ischaemia.



49

Figure 7: Myocardial carbohydrate metabolism and ion handling during ischaemia

Glucose used during ischaemia can originate either from intracellular glycogen stores

and/or increased glucose uptake.  There is evidence to suggest that sarcolemmal

concentration and activity of glucose transporters GLUT1 and GLUT4 are also up-
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regulated during ischaemia (440).  GLUT4 is considered to be the classical ‘insulin

recruitable’ glucose transporter (373), and while there is evidence to suggest that insulin

also upregulates GLUT1 (95) it is generally considered responsible for basal levels of

glucose uptake (285). Both transporters, however, are upregulated during ischaemia

with an approximate 2-fold increase of GLUT4 and 40% increase of GLUT1 in a low

flow model of regional ischaemia in the dog (439).  It is known that PI3-kinase is

involved in the insulin-stimulated pathway (95), although a recent study demonstrates a

potential role for AMPK as an insulin-independent stimulator of glucose transport

(339).  While increased glucose transport is of little consequence during severe and/or

global no-flow ischaemia it may lead to increased glycolytic rate and improved

tolerance to mild, or ‘low flow’ ischaemia (253).

Anaerobic glycolysis provides a vital source of ATP during the early stages of

ischaemia: whether this proves protective or detrimental to the myocardium remains

controversial.  There is evidence to suggest that the point at which ischaemic

contracture begins correlates with cessation of glycolytic ATP production, and it is

known that onset of contracture marks the transition from reversible to irreversible

ischaemic injury (370).  However, it has also been reported that a build up of glycolytic

products may prove deleterious to the myocardium during ischaemia (114), The severity

and extent of the ischaemic insult may dictate the injurious vs. beneficial role of

glycolysis (302).

The “end point” of aerobic glycolysis is the production of pyruvate followed by its

uptake into the mitochondrial matrix.  During ischaemia an increase in cytosolic

NADH2 concentration leads to deactivation of PDH and uptake of pyruvate to the
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mitochondria is prevented.  Instead, pyruvate is reduced to lactate, which utilises

NADH2 (298).  Since there is no washout of metabolites during severe no-flow

ischaemia, anaerobic glycolysis and subsequent dephosphorylation of ATP will lead to

elevated concentrations of lactate, NADH2 and protons (302).  The accumulation of

these products can result in inhibition of glycolysis and ultimately contributes to

osmotic stress, and will lead to loss of ionic homeostasis (discussed later) (106, 114).

While inhibition of glycolysis during ischaemia can occur at several points along the

glycolytic pathway there is controversy surrounding the relative importance of

inhibition at each point.  In a low-flow model of ischaemia it has been shown that

glycolytic rate is more dependent on availability of substrate and therefore rates of

glucose uptake, than activity of glycolytic enzymes (201, 203).  Experiments utilising a

no-flow model suggest inhibition of the enzymes PFK1 and GAPDH play the major

role (202).  It seems likely that glycolytic inhibition will occur at different points

depending on severity of the ischaemic insult.  During no-flow ischaemia inhibition of

PFK1 may occur due to the accumulation of H+ while GAPDH is inhibited by both H+

and lactate (202).

Anaerobic glycolysis provides a source of ATP to the ischaemic myocardium, and there

is evidence to suggest that this ATP is preferentially involved in maintenance of cellular

homeostasis during ischaemia and reperfusion (202).  It is likely that ATP production

within the cell is spatially compartmentalised and that mechanisms involved in ATP

transport are disrupted during ischaemia thus increasing the necessity for localised ATP

production (202).  Glycolytic ATP is commonly associated with the sarcolemma and

SR where it is reportedly involved with maintaining ionic homeostasis during ischaemia
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and reperfusion (202), inhibiting free radical formation (305), maintaining membrane

integrity (62, 168, 185, 202) and preventing formation of ischaemic contracture (202,

204).  Modifying glycolysis during or after ischaemia/reperfusion may therefore permit

control of cell damage.

Substrate metabolism and ionic homeostasis: During ischaemia it is known that

intracellular Na+ concentrations dramatically increase (85).  Some studies have

implicated sarcolemmal damage (367), Na+/H+ exchange (13, 69, 290), Na+/Ca2+

exchange (142, 329), and voltage gated Na+ channels (49) in facilitating an increased

influx of Na+, while inhibition of Na+/K+-ATPase may prevent Na+ efflux (69, 107).  In

studies using a model of anoxia with intact glycolysis, it was found that inhibition of

Na+/H+ exchange using ethylisopropylamiloride (EIPA) prevented an increase in Na+
i

suggesting that the primary cause of Na+ overload was exchange for H+ (96).  In

contrast, it has been shown that Na+ overload could not be prevented by blocking Na+

exchange for H+ or Ca2+ in several hypoxic models utilising concurrent glycolytic

inhibition by iodoacetic acid (IAA) (85).  Additionally, the role of voltage gated Na+

channels in Na+ overload during metabolic inhibition is disputed (343).  Collectively,

these findings imply that it is reduced Na+ efflux due to inhibition of Na+/K+-ATPase

activity during glycolytic inhibition that may lead to Na+ overload, and furthermore this

implicates glycolytic ATP as the preferential substrate for this sarcolemmal ion channel.

This might suggest that Na+ accumulates in the cell during the initial stages of

ischaemia due to the actions of the Na+/Ca2+ and Na+/H+ exchanger, and then upon

cessation of anaerobic glycolysis inhibition of Na+/K+-ATPase activity augments this

Na+ overload (Figure 7).
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Glycolytic ATP production may also protect the myocardium from Ca2+ overload by

maintaining activity of the Na+/K+-ATPase.  During ischaemia intracellular Ca2+ levels

increase in conjunction with the increase in Na+ and it is thought that this may be due to

the activity of the Na+/H+ exchanger (NHE).  Evidence for the involvement of NHE in

Ca2+ overload comes from the use of NHE inhibitors, which decrease intracellular

concentrations of both Na+ and Ca2 (117).  Most studies that demonstrate improved

myocardial recovery by use of NHE inhibitors administered the drug immediately prior

to, or during early ischaemia (125, 207, 208, 280; discussed later), which may

correspond to the time when these exchangers are active during ischaemia (see above).

The resultant influx of Na+ due to activity of the NHE, in the absence of Na+/K+-ATPase

activity, may alter the reversal potential of the Na+/Ca2+ exchanger and inhibit Ca2+

efflux and/or enhance Ca2+ influx leading to Ca2+ overload (13).

Glycolytic regulation of Na+/K+-ATPase activity during reperfusion is also important

for reducing cytosolic Na+ and Ca2+ load, and it is found that inhibition of glycolysis

during early reperfusion worsens myocardial recovery (186, 187).  Cytosolic Ca2+

concentration is also affected by the activity of the SR Ca2+-ATPase (370), and this

represents another requirement for glycolytic ATP (433).  Increased influx of Ca2+ via

membrane channels may be pumped into the SR by the SR membrane bound Ca2+-

ATPase in order to minimise cytosolic Ca2+ overload.  It has been demonstrated in the

work of Xu et al. (434) that ATP produced by either of the ATP-producing steps of

glycolysis was used in preference to endogenous ATP in a study using SR vesicles

isolated from rabbit.
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Reduced K+ efflux may also be related to glycolytic ATP by blocking the opening of

KATP channels (417).  This could be beneficial to the ischaemic myocardium since it

could reduce the large efflux of K+ associated with ischaemia which reduces the

excitability of the cell and precipitates arrhythmias (196).  Provision of glycolytic ATP

may also protect cellular membrane integrity in several ways, including the limitation of

phospholipid degradation by phospholipase C and provision of energy for membrane

repair (168, 202), reduced lysophospholipid accumulation via the phosphatidic acid

cycle (62), and reduced cell swelling due to the improved cellular osmotic environment

with improved ionic homeostasis (185).  Preventing ischaemic contracture also reduces

cell rupture upon reperfusion and can be prevented or delayed by anaerobic glycolysis.

This may be due to provision of ATP to relax the myofilaments.  However, glycolysis is

typically associated with the sarcolemma and SR rather than the myofilaments.  One

suggestion is that maintenance of sarcolemmal ion channel and SR function reduces

Ca2+ overload (202), which is believed to be involved with contracture, however the

precise mechanisms of contracture are as yet unclear and require further investigation.

Fatty acid oxidation: While fatty acid oxidation is the major metabolic pathway utilised

by the heart for ATP production during aerobic conditions, reduction of coronary flow

and ischemia inhibit oxidative phosphorylation causing the heart to rely on anaerobic

glycolysis. Fatty acid oxidation can be inhibited at several points including: 1)

decreased mitochondrial uptake of fatty acids due to reduced activity of carnitine

palmitoyl transferase-I (CPT I) (251); and 2) inhibition of 3-ketoacyl-CoA thiolase, the

final enzyme responsible for b-oxidation (4).  These inhibitory mechanisms effectively

reduce b-oxidation although the other stages of FFA metabolism such as fatty acid

uptake to the cytosol and activation remain largely unaltered during ischaemia (166).
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Fatty acid metabolism can impair recovery from ischaemia, which is clinically relevant

since a high proportion of patients experiencing acute myocardial ischaemia have high

reported levels of circulating fatty acids in their blood (166).  There are several

proposed mechanisms for the detrimental effects of FFA including: 1) inhibition of

glucose metabolism (166, 197, 298); 2) accumulation of the intermediates of FFA

metabolism and (166, 298); and 3) reduced O2 efficiency (147).  The detrimental effects

of FFA are evidenced by several studies demonstrating improved recovery of ischaemic

myocardium by inhibition of FFA oxidation (243, 361, 408).

High levels of circulating FFA may damage the myocardium during periods of hypoxia

and low-flow ischaemia by inhibiting glucose metabolism and therefore removing its

protective effects.  However, it is likely that most damage occurs during reperfusion.

Upon reperfusion, oxygen is returned to the myocardium and oxidative phosphorylation

is resumed.  One study utilising positron emission tomography to observe 11C-palmitate

uptake during reperfusion suggests that FFA metabolism may remain depressed

following reperfusion (348), while other studies have demonstrated an immediate return

to, and preference for FFA in reperfused myocardium (134, 241, 252).  A reduced

concentration of cytosolic malonyl-CoA, in conjunction with the high level of

circulating FFA would facilitate the rapid return of FFA oxidation.  Production of

Malonyl-CoA is catalysed by acetyl-CoA carboxylase, an enzyme that is inhibited

during ischaemia by activation of AMPK in response to the high ischaemic levels of

AMP (213, 214).

The rapid return of FFA metabolism is reported to inhibit glucose metabolism, and in

particular, glucose oxidation (253).  Glycolytic inhibition could occur at the level of
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PFK-1 due to the increase in citrate associated with FFA oxidation, however the

primary problem is inhibition of glucose oxidation at the level of PDH resulting in an

uncoupling of glycolysis from glucose oxidation (81, 144, 253).  Uncoupling glycolysis

from glucose oxidation leads to accumulation of glycolytic intermediates such as lactate

and H+ resulting in reduced ionic homeostasis and subsequent intracellular acidosis and

Ca2+ overload (as discussed previously).  Myocardial recovery can be improved by

inhibiting FFA (243), or alternatively, infusing glucose and insulin or activating PDH

and improving glucose metabolism (77, 246, 247).

Another process by which FFA can injure the myocardium occurs during ischaemia.

Inhibition of fatty acid metabolism results in accumulation of lipid metabolites in both

the cytosol and the mitochondrial inner matrix, which can lead to impaired

mitochondrial function (298).  While it was originally believed that accumulation of

acyl CoA that was responsible for this dysfunction, a study by Feuvray and Plouet (103)

demonstrated that its concentration does not change during ischaemia.  Instead, it’s

likely that it is accumulation of other lipid metabolites such as acyl carnitine which are

responsible for this dysfunction (298).  Acyl carnitines have been implicated in

arrhythmogenesis (63) and may also inhibit the Na+/K+-ATPase.

Fatty acid metabolism also uses O2 less efficiently than carbohydrate metabolism, which

could effectively increase the level of ischaemic insult perceived by the tissue.  During

fatty acid metabolism O2 is ‘wasted’ due to energy consuming cycles of fatty acid

esterification and de-esterification as well as generation of oxygen free radicals (299).

In a study by Suga, it was found that MVO2 was 11% higher in unloaded hearts utilising

free fatty acids when compared with glucose (376), while the work of Opie shows a P/O
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ratio of 3.17 for glucose compared to 2.83 for palmitate (298).  Under ischaemic

conditions this increased O2 usage may further stress the heart and may contribute to

ischaemic injury.

1.7 Glycolysis and Adenosine Mediated Protection in the Isolated Perfused Mouse

Heart

As already mentioned there is an extensive history of adenosine-mediated

cardioprotection from ischaemia-reperfusion likely due to the combination of various

receptor-, and non-receptor-mediated mechanisms.  Energy metabolism and selective

changes in substrate metabolism may reflect important targets for protection stimuli

such as adenosine.  However, the effects of adenosine on glycolysis remain

controversial with some studies demonstrating up-regulation (428) while others show

down-regulation (104, 106, 114, 115).  These differences may be related to different

experimental protocols including the model, substrates used for perfusion, as well as

species related differences.

Adenosine protection is observed in the murine heart, which is becoming an

increasingly common model in cardiovascular research, largely due to the increased

usage of molecular technologies and transgenic manipulations (1, 32, 127, 153, 195,

255, 398).  However, this model has received relatively little attention in terms of

characterising basal cardiac function and fundamental processes of tissue injury and

cardioprotection.  The purpose of this thesis was initially two-fold: 1) to examine

substrate related changes in murine cardiac physiology; and 2) to characterise the

relationship of glycolysis to adenosine-mediated cardioprotection in the mouse heart.
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CHAPTER 2

General Methods
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Langendorff Heart Model

Male/female C57 or transgenic mice overexpressing the A1AR (as indicated in each

chapter) were anaesthetised with an intraperitoneal injection of sodium pentobarbital

(50 mg/kg; aged 3-6 months).  A thoracotomy was then performed and hearts were

rapidly excised into ice-cold perfusion buffer (described below).  The aorta was

immediately cannulated with a 20 gauge needle cut to a short length, and retrograde

perfusion was initiated at a constant pressure of 80 mmHg with a modified Krebs buffer

containing (in mM) NaCl, 119; NaHCO3, 22; KCl, 4.7; KH2PO4, 1.2; MgCl2, 1.2; CaCl2,

2.5 and EDTA, 0.5.  Exogenous carbon substrate varied depending on experimental

design.  This buffer was equilibrated with 95% O2, 5% CO2 at 37oC giving a pH of 7.4.

The left ventricle was vented via a polyethylene apical drain and a fluid filled balloon

constructed of plastic film was inserted into the left ventricle via the mitral valve.  The

balloon was connected to a pressure transducer by a fluid filled polyethylene tube

permitting continuous measurement of left ventricular pressure.  Hearts were then

bathed in perfusate in a water-jacketed organ bath maintained at 37oC and the

ventricular balloon was inflated to yield a left ventricular end diastolic pressure of 5-7

mmHg.  Temperature of perfusate entering the heart was monitored by an in-line

temperature monitor and was regulated to yield a constant temperature of 37oC by use

of a heat lamp and adjustable transformer.  Coronary perfusion was monitored via an in

line Doppler flow probe (Transonic Systems Inc., Ithaca, NY, U.S.A.) located in the

aortic perfusion line.  Functional data were recorded on a MacLab data acquisition

system (ADInstruments, Castle Hill Australia).  The ventricular pressure signal was

digitally processed on-line using MacLab Chart 3.5.6 (ADInstruments, Castle Hill,

Australia) to yield heart rate.  Electrical pacing was used to maintain consistent heart

rates between treatment groups and was initiated after 10 min of equilibration at
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intrinsic heart.  Hearts were paced at rates of 6.5 or 7 Hz depending on experimental

protocol.

Time to onset of ischaemic contracture (TOC) was defined as the time taken from

initiation of ischaemia until a 20 mmHg rise above baseline end diastolic pressure was

observed.

Purine Analysis

To examine the effects of pyruvate on purine release coronary effluents were collected

in a subset of hearts.  Effluent samples were collected over 5 min periods and

immediately stored at –80oC until analysis for adenosine, inosine and hypoxanthine

levels by HPLC, as described previously (152, 313).

Transgenic Mice With Cardiac Overexpression of A1ARs

The construct design and initial characterization of the transgenic model of A1

adenosine receptor overexpression in the mouse heart has been previously described

(127, 129).  Briefly, the rat A1 adenosine receptor cDNA was inserted in the mouse

genome under the control of the cardiac-specific alpha myosin heavy chain promoter

using standard transgenic techniques.  Transgene detection was performed by Southern

analysis as previously reported (127).  In the current study transgenic hearts were from a

line of animals with ~100 fold overexpression of functionally coupled cardiac A1

adenosine receptors (271).

Transgenic mice used for this thesis originated from Dr. P. Matherne’s laboratory at the

University of Virginia.  Two lines were used, each with differing levels of A1AR



62

overexpression.  Hearts with approximately 1000 fold overexpression of A1AR

receptors were considered ‘high level’ expressors while those with 100 fold

overexpression were considered ‘low level’ expressors (129).   The line of mouse used

in each chapter is indicated in the materials and methods for that chapter.

Determination Of Lactate Dehydrogenase Efflux

In a subset of hearts total coronary effluent produced during the reperfusion period was

collected to permit analysis of total lactate dehydrogenase (LDH) efflux.  Samples were

stored at -20oC until analysis using a commercially available enzymatic assay (Sigma

Chemicals, St. Louis).  LDH activity per ml was multiplied by the total volume of

perfusate produced during reperfusion and normalised to wet heart weight (U/g wet

weight over 30 min of reperfusion).

Since the Sigma LDH assay works by measuring conversion of pyruvate to lactate a

series of standardisation experiments were run to see if presence of excess pyruvate in

the sample affects measurement of LDH.  An unpaired T-test found no significant

difference in measured LDH levels between multiple paired samples P<0.05.

Statistical Analysis

All results are expressed as means±S.E.M. All data were compared and analysed using

a multi-way ANOVA, with Student-Newman-Keuls post-hoc test when significant

effects were detected (unless stated otherwise).  In all tests significance was accepted

for P<0.05.



63

CHAPTER 3A

Substrate-Dependent Functional Cycling

in the Langendorff Perfused Murine

Heart
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3A.1 INTRODUCTION

In recent years the perfused murine heart has become an important and increasingly

popular model.  This is largely the result of developments in murine transgenic

technology which provides a powerful analytical tool with many advantages over

standard pharmacological manipulations of regulatory pathways.  Use of the murine

heart began with the study and characterisation of the fluid ejecting (or working) heart

model (128, 255, 294), with subsequent development of the Langendorff perfused

apicobasally contracting model (264, 270, 377, 429).  More recently the isovolumically

contracting Langendorff model has been developed and is being employed by numerous

laboratories worldwide (45, 109, 153, 193, 270).

Due to the many experimental advantages associated with transgenic manipulation

many studies utilising the murine model have been performed, despite relatively poor

characterisation of the model.  Previous animal models such as the rat and rabbit have

been extensively characterised resulting in standardised experimental approaches and

high levels of reproducibility of results yielded.  Thus these models are invaluable tools

for cardiovascular investigations.  By contrast, the lack of standardised experimental

approaches with the murine model has led to widely varying reports of baseline and

post-ischaemic cardiac function between laboratories using this model.  For example,

left ventricular contractility at baseline as measured by +dP/dt and developed pressure

vary from as low as 1000-3000 mmHg.s-1 and 50-60 mmHg respectively (55, 193, 256,

310, 441), to values more than 4000-6000 mmHg.s-1 and 110 mmHg respectively (45,

156, 313, 340).  When compared to in situ values this represents a range from as low as

10% through to values exceeding 100%.  This high degree of variability between labs

and the extent by which baseline function compares to in situ measurements makes
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comparing publications difficult and raises questions concerning the validity of some

murine-based studies.

There are many variables which may affect measurements of cardiac function such as

the type of model used i.e. isolated working heart vs. Langendorff perfusions or

apicobasal displacement vs. isovolumically contracting hearts.  Other variables affecting

cardiac function include differing perfusion pressures, different intraventricular balloon

compliance, temperature, presence or absence of cardiac pacing, filtration of and

composition of the perfusion buffer, and Ca2+ concentration.  The latter of these

variables are of particular importance in the murine model (151).

As with any new model, there are relatively few data available regarding the functional

and metabolic properties of the isovolumically contracting Langendorff perfused murine

heart.  In the course of studies employing the isovolumic Langendorff model,

investigators in our laboratories have observed an unusual phenomenon not previously

documented in perfused hearts from other species.  The phenomenon is characterised by

cyclic oscillations in left ventricular contractile function and coronary flow.  We have

labelled this phenomenon functional “cycling”.  Personal communications with other

research groups indicate that cycling is observed in other laboratories.  The significance

of cycling is two-fold.  First, hearts exhibiting cycling have highly unstable (albeit

somewhat predictable) baseline function and therefore cannot be used in most

experimental settings since stable baseline measurements are generally essential.  Thus,

the incidence of cycling proves costly in terms of experimental time and expenses.

Second, since the phenomenon is not apparent in hearts from other species (eg. rats,

guinea pigs, rabbit), its presence is suggestive of a unique property which may prove
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problematic in studies of murine cardiovascular physiology.  With these significant

issues in mind, we examined potential mechanism(s) underlying functional cycling and,

importantly, ways of eliminating the problematic phenomenon.  Such information will

be beneficial to those investigators increasingly adopting the Langendorff perfused

murine heart model.

3A.2 MATERIALS AND METHODS

Experimental Model

Male C57 mice (25.3±0.6 g body weight, n = 39) were anaesthetised with an

intraperitoneal injection of sodium pentobarbital (50 mg/kg).  A thoracotomy was then

performed and hearts were rapidly excised into ice-cold perfusion buffer.  Hearts were

perfused according to general methods with a modified Krebs buffer containing (in

mM) NaCl, 119; NaHCO3, 22; KCl, 4.7; KH2PO4, 1.2; MgCl2, 1.2; CaCl2, 2.5 and

EDTA, 0.5.  Exogenous carbon substrate was glucose (11 mM) unless otherwise stated.

This buffer was equilibrated with 95% O2, 5% CO2 at 37oC giving a pH of 7.4.

Functional Cycling And Experimental Protocol

Hearts were perfused until 20 min of cycling had been observed before choosing to

employ one of the experimental treatments described below.  Cycling was considered to

be present when systolic pressure oscillated by more than 10% (peak to peak) over a

period of up to 5 min.  This occurred in more than 20% of all hearts prepared by

different investigators in the laboratory.  Treatment involved infusion of a drug to yield

desired perfusate concentrations using a P22 Harvard Apparatus infusion pump, or by

switching from an 11 mM glucose containing buffer to one containing 11 mM glucose

plus 5 mM pyruvate.  Drugs were infused for ~20 min.



67

The drugs employed (in final perfusate concentrations) were 7.5 µM propranalol (to

inhibit ß-adrenoceptors), 30 µM indomethacin (to inhibit prostaglandin synthesis), 150

µM L-NG-nitro-L-arginine methyl ester (L-NAME, to inhibit NO synthesis), 0.3 µM 2-

chloroadenosine (to near maximally activate adenosine receptors), or 50 IU/l insulin (to

stimulate myocardial glucose transport).

Data Analysis

All values are expressed as means ± S.E.M.  Statistical comparisons were made

between pre- and post-treatment functional parameters using a paired Students t-test.  A

value of P<0.05 was considered to reflect significance.

3A.3 RESULTS

Table 1 provides an example of functional properties for murine hearts (n=11) perfused

as described and which did not cycle.  These functional variables were acquired after 40

min of aerobic perfusion.  Hearts displayed high levels of contractility (indexed by

developed ventricular pressure or +dP/dt) and sub-maximally dilated coronary flows.

Contractile function was found to be reasonably stable, with developed pressure

declining by 28 ± 4% over a period of 120 min.

As already noted, the incidence of cycling exceeded 20% of all hearts prepared in our

laboratory.  Figure 1 shows cycling of contractile and vascular function averaged for 6

hearts.  Cycling is characterised by regular oscillations in left ventricular systolic

pressure with an amplitude of 50±7 mmHg, followed 42±8 s later by a parallel

oscillation in coronary flow (amplitude 16±1 ml/min/g wet wt).  The period of cycling

was 293±14 sec and 302±19 sec for systolic pressure and coronary flow respectively.
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Table 1: Baseline functional parameters in Langendorff perfused isovolumically

contracting mouse hearts

Parameter Mean S.E.M.

End Diastolic Pressure (mmHg) 5 2
Systolic Pressure (mmHg) 163 4

Developed Pressure (mmHg) 158 4

Rate-pressure product (mmHg/min) 66 766 1718
+ dP/dt (mmHg/s) 6530 438

- dP/dt (mmHg/s) -4267 325
Coronary Flow (ml/min/g wet wt) 22.31 1.63

Parameters were measured after 40 min of aerobic perfusion at 80 mmHg in hearts
paced at 7 Hz. Values are means ± S.E.M. (n=11).

The equal periods verify that contractile function and flow changed in synchrony, with a

constant lag period (of 43 s).  Since hearts were electrically paced no cycling in heart

rate occurred.  However, a sub-set of hearts (n= 6) were not paced and the incidence of

cycling did not vary between paced and un-paced hearts.  Importantly, there were no

substantial changes in rate during cycling in these hearts (data not shown).

Effects of the various drug treatments on systolic pressure and coronary flow rates are

shown in Figure 2.  Infusion of 0.3 µM 2-chloroadenosine removed the cycling of

coronary flow, and significantly reduced (but did not eliminate) the cycling of systolic

pressure (by 50%, to an amplitude of 24±1 mmHg).  Treatment with 7.5 µM

propranalol, 30 µM indomethacin or 150 µM L-NAME all failed to alter contractile or

vascular cycling.  Use of 50 IU/l insulin removed the cycling effect for both systolic

pressure and coronary flow.  This was also accomplished by switching to perfusate

buffer containing 10 µM glucose with 5 mM pyruvate added as co-substrate.
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Figure 1: Average cycling characteristics of left ventricular systolic pressure and
coronary flow in the glucose-perfused isovolumic Langendorff murine heart (n = 6).

Effects of the various drug treatments on systolic pressure and coronary flow rates are

shown in Figure 2.  Infusion of 0.3 µM 2-chloroadenosine removed the cycling of

coronary flow, and significantly reduced (but did not eliminate) the cycling of systolic

pressure (by 50%, to an amplitude of 24±1 mmHg).  Treatment with 7.5 µM

propranalol, 30 µM indomethacin or 150 µM L-NAME all failed to alter contractile or

vascular cycling.  Use of 50 IU/l insulin removed the cycling effect for both systolic

pressure and coronary flow.  This was also accomplished by switching to perfusate

buffer containing 10 µM glucose with 5 mM pyruvate added as co-substrate.
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Figure 2: Amplitude of A) coronary flow cycle and B) left ventricular systolic pressure
cycle in controls and after treatment with 2-chloroadenosine (2-Chloro; n = 6),
Indomethacin (Indometh; n = 3), Insulin (n = 3), L-NG-nitro-L-arginine methyl ester (L-
NAME; n = 4), propranolol (n = 3) and pyruvate (n = 3).  Data are means ± S.E.M.
Significance was accepted at P< 0.05.
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Figure 3: A) Cardiac function showing cycling of left ventricular systolic pressure and
coronary flow rates in a heart before treatment.  B) Cycling in this heart has been
abolished by treatment with insulin.
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Figure 3 shows data for a heart which was cycling and subsequently treated with 50 IU/l

insulin.  As shown in the upper panel (Figure 3A), contractile function cycled

dramatically followed by a similar pattern of change in coronary flow.  After treatment

with insulin cycling in both variables was abolished (Figure 3B).

3A.4 DISCUSSION

With the recent developments and improvements in murine transgenic technology the

mouse is becoming a commonly employed experimental model (45, 55, 109, 128, 130,

153, 173, 193, 255, 264, 270, 294, 377, 398, 429, 438). Despite the rapid increase in use

of the Langendorff murine model there is a general lack of consistency in baseline

function between laboratories.  Published values for isovolumic developed pressures

fluctuate widely (45, 55, 154, 193, 256, 343) and coronary flow rates as high as 35-40

ml/min/g have been reported (20), consistent with a maximally dilated vasculature

(157).  The functional properties of the isovolumic murine preparation need to be

characterised, much like the extensive characterization of models such as the rat heart,

in order to ensure the continued experimental value of this model.

In a significant number of Langendorff perfused mouse hearts studied in this laboratory,

the phenomenon of cycling has been observed.  Since stable baseline function is a

prerequisite for inclusion of hearts in most experiments, the purpose of the present study

was to identify the source of this problem and also a means to eliminate it.  Specifically,

we wished to test the potential modification of vascular and/or myocardial function via:

i) activation of ß-adrenoceptors, ii) release of prostaglandins; iii) formation of NO; or

iv) formation of adenosine.  Additionally, we tested the importance of substrate

limitation of contractile function in glucose-perfused hearts.
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Since contractile function and coronary flow rates are normally tightly integrated it is

possible that contractile cycling could be caused by changes observed in coronary

vascular tone and therefore flow (Figure 1).  There are several lines of evidence against

this possibility.  First, examination of the temporal characteristics of contractile and

vascular cycling indicates that flow follows rather than precedes changes in contractile

function.  Indeed, contractile function peaks and is approaching a minimum before

coronary flow reaches a peak value.  This pattern, which is unaltered with time (as

reflected by the similar periods of cycling for both flow and contractile function of ~290

s) is consistent with coronary vascular function changing in response to alterations in

cardiac work and metabolic rate.  This is further supported by the observation that

maximal dilation of the coronary vasculature with 2-chloroadenosine eliminates

vascular cycling but does not eliminate contractile cycling (Figure 2).  It is interesting to

note, however, that the degree of contractile cycling was reduced by ~50%.  This

suggests that contractile cycling may be exaggerated by corresponding changes in

coronary flow, or that adenosine receptor activation exerts other effects attenuating the

mechanism contributing to contractile cycling (see below).

Stimulation of b-adrenergic receptors, formation and action of prostaglandins, and

formation of NO are all known to modify myocardial contractility and/or coronary

vascular tone.  To test involvement of these pathways in functional cycling we studied

the effects of b-adrenoceptor inhibition with 7.5 µM propranalol, cyclooxygenase

inhibition with 30 µM indomethacin, and NO synthase inhibition with 150 µM L-

NAME.  None of these treatment regimes, maintained for at least 20 min, altered either

contractile or vascular cycling (Figure 2).  We therefore conclude that changes in these

paths are uninvolved in cycling in murine hearts.
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We observed that both infusion of insulin or addition of pyruvate as a co-substrate very

effectively eliminated cycling of both contractile and vascular function in murine hearts

(Figure 2). This suggests that some form of substrate insufficiency is the underlying

cause of cycling.  The fact that cycling is not observed in hearts from larger species

supplied with glucose as substrate may reflect mass-specific differences in metabolic

rate.  The mouse has a higher mass specific metabolic rate than previously employed

(and larger) animal models.  Metabolic rate is inversely proportional to body surface

area and mass (86), and cardiovascular activity and metabolic rate are altered in parallel

(354).  Thus, a high mass-specific metabolic rate in the murine heart may lead to

substrate limitation of oxidative metabolism in hearts supplied with glucose alone as

exogenous fuel.  Indeed, previous studies show that while enzymes of oxidative

phosphorylation scale with body mass and metabolic rate, the activity of glycolytic

enzymes do not (33).  Differing changes in oxidative versus glycolytic enzyme activities

raise the possibility of a mismatch between substrate metabolism and oxidative

metabolism in rapidly respiring murine myocardium.  Interestingly, this notion was

recently refuted by Belke et al. who showed that rates of glycolysis and glucose

oxidation are higher in murine hearts than in rat hearts perfused under similar conditions

(33).  They also found that the pattern of substrate metabolism in mouse is similar to

that in rat and human myocardium.  Nonetheless, their data were acquired in hearts

beating at a rate of only ~310 beats/min and generating less than 80 mmHg ventricular

pressure.  At higher rates and pressures (as in the present study) rates of glucose

metabolism might limit ATP generation, a possibility supported by elimination of

cycling with pyruvate.
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An alternate explanation, more consistent with our data, is that glucose metabolism is

limited by trans-sarcolemmal glucose transport.  If glycolysis rather than transport were

rate limiting, addition of insulin would not be expected to exert a major effect.

However, insulin was as effective as pyruvate in reducing cycling.  We therefore

suggest that glucose transport may be rate-limiting in rapidly respiring murine

myocardium supplied with glucose as sole carbon substrate. Addition of pyruvate

bypasses this rate-limiting step, and addition of insulin enhances transport.

Since treatment with insulin effectively removed the incidence of cycling it is likely that

glucose transport in the murine heart is being limited by either reduced activity or

density of the GLUT-1 and/or GLUT-4 transporters.  While GLUT-4 is considered to be

the classic “insulin recruited” glucose transporter (284) there is evidence to suggest that

GLUT-1 activity is also upregulated by insulin and plays a more important role in

glucose uptake in myocardial tissue than skeletal muscle (95).  Evidence to suggest that

glucose transport is rate-limiting in the mouse comes from the studies of Ren et al., and

Belke et al.  Ren et al.  shows an approximate 7-fold increase in basal glucose uptake in

transgenic mice overexpressing the GLUT-1 transporter in skeletal muscle (332), while

in a study of Belke et al. hearts showing reduced GLUT-1 expression but a two fold

increase in GLUT-4 density display basal glucose uptake rates 68% higher than wild-

type (31).  It is also interesting to note that studies performed in this laboratory using

transgenic mice overexpressing the A1 adenosine receptor do not exhibit signs of

cycling (data not shown) and GLUT-4 protein levels in these mice are approximately 2-

fold higher than wild-type hearts (223).
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To the best of our knowledge basal glucose uptake rate in Langendorff perfused mouse

heart has only been reported by Radda (324) and recently by Tada et al. (379).  Radda

measured a 2-deoxyglucose incorporation of 0.6-1.0 µmole/min/g dry weight compared

to a glucose uptake of ~2.5 µmole/min/g wet weight reported by Tada et al.  These

values are similar to values of ~1.3 mmol/min/g dry wt. reported recently for the rat

heart (90), which has a lower mass-specific metabolic rate.  Thus, there is some support

in the literature for rates of glucose uptake limiting metabolism in murine myocardium.

Glucose transport rather than glucose metabolism is limiting is further supported by the

observations with infusion of 2-chloroadenosine.  This drug (which activates A1 and A2

adenosine receptors), partially eliminated contractile cycling, and it is known that

adenosine receptor activation enhances non-insulin dependent glucose transport (406),

whereas it may actually reduce glycolysis to improve coupling between glucose

metabolism and oxidation (104).  The beneficial effect of 2-chloroadenosine, together

with the effects of insulin and pyruvate, are collectively consistent with glucose-

transport limitation of oxidative metabolism rather than a limiting rate of glycolysis

itself.

A borderline insufficiency in substrate/energy metabolism in glucose-perfused hearts

may not only explain oscillations in contractile function (and subsequently coronary

flow), as energy ‘supply’ and ‘demand’ attempt to reach an equilibrium, but also the

fact that not all hearts express this phenomenon. It seems probable that cycling reflects a

‘threshold’ level of insufficiency - oscillations would not develop if energy supply were

substantially below myocardial demand (function would be consistently depressed,

beyond the capacity for dynamic control mechanisms to compensate for), and similarly,
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if the energy supply was substantially greater than tissue demand contractile function

would remain uniformly high. In a sense, the very nature of the cycling phenomenon is

consistent with ‘threshold’ energy supply, which means that, owing to individual

variations in enzymatic activities/molecular makeup, some hearts may well operate

above this threshold and thus not express cycling.

Interestingly, the recent study of Tada et al. (379) demonstrated that low rates of

glucose transport in hearts supplied with exogenous arginine and performing low levels

of work (i.e. empty hearts paced at rates as low as 200 bpm) is dependent upon NO

production, and is enhanced by L-NAME.  We supply evidence that functional cycling

in murine hearts may be dependent on glucose transport but also show L-NAME has no

effect on this phenomenon.  These apparently paradoxical observations may be

accounted for by the fact that hearts studied by Tada et al. were supplied with L-

arginine to enhance NO synthesis, received only 5.5 mM glucose as substrate, and were

performing relatively little work which would result in a much lower metabolic rate

compared to isovolumically contracting hearts studied here (157).  It is interesting to

note, in relation to substrate limitation of function, that rat hearts stimulated to work at

higher rates (eg. with adrenoceptor stimulation) have been shown to be highly

dependent upon glycolytic metabolism for maintained contractility (288).

In conclusion, we have identified a problematic phenomenon of functional oscillations

in the glucose-perfused isovolumically functioning mouse heart that has also been

anecdotally reported by other laboratories.  Our data show that the changes in

contractile and vascular function are unrelated to changes in ß-adrenoceptor stimulation,

prostaglandins or NO, and that changes in flow appear to occur as a result of contractile
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function changes.  Elimination of cycling of function by treatment with insulin or

pyruvate, and partial elimination with adenosine receptor activation, collectively

support glucose-transport limitation of the oxidative metabolic requirements of the

murine heart.  We suggest inclusion of either insulin or pyruvate as co-substrate in any

functional studies employing the perfused mouse heart in order to ensure rates of

substrate metabolism capable of supporting high levels of contractile function, and to

avoid acquisition of potentially spurious data obtained from hearts operating under

substrate-limiting conditions.  Either way, these observations indicate a clear need to

more adequately characterise the murine model in terms of functional parameters and

stability, and substrate support.
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CHAPTER 3B

Effects of Substrate and Adenosine in

Ischaemic-Reperfused Mouse Heart
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3B.1 INTRODUCTION

Perfused hearts are an invaluable tool in cardiovascular research and have been used to

study cardiac physiology and pharmacology in many different mammalian species.

Several different heart perfusion models are available to the experimenter including in

vivo perfusion, the isolated fluid ejecting (working) heart, and the Langendorff model.

Of these the Langendorff method, which was first developed in 1895, has been used

most extensively in multiple species (304) including those in the mouse.  As noted in

Chapter 1A, the isovolumically contracting Langendorff mouse heart model has rapidly

become a model of choice for investigating murine physiology.  This is due in large part

to the opportunity to utilise transgenic and knockout technologies to manipulate

phenotype in mouse.  However, despite increased usage of this model there have been

relatively few studies to characterise basic physiological responses (151, 378) and as a

consequence there has been considerable variance in reported values for fundamental

parameters such as heart rate, left ventricular developed pressure, ±dP/dt and coronary

flow rates (20, 55, 78, 109, 118, 128, 141, 193, 256, 310, 342, 383, 441).  It is possible

that some of this variation is the result of anomalies specific to the mouse model such as

“cycling” of baseline contractile function characterised and discussed in the previous

chapter (Chapter 3A).  Indeed it is likely that many problems or variances encountered

during mouse heart perfusions may be related to basic physiological differences

associated with the smaller body size (e.g. increased metabolic rate; 86).

In the previous chapter we demonstrated that “cycling” of baseline function could be

prevented by use of insulin, or by modifying the perfusion buffer composition by

including 5 mM pyruvate as a co-substrate with glucose.  Since the initial Langendorff

studies, a wide variety of perfusion media have been successfully used, including
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Ringers solution, blood (requiring a donor animal) and erythrocyte perfusions (most

often ovine or bovine erythrocytes), and numerous variations on the Krebs-Henseleit

buffer solution.  Each of these has associated benefits and problems.  The most

commonly used medium is the Krebs-Henseleit buffer solution, a bicarbonate buffer

system that produces ionic and pH conditions similar to that of human blood (304).

Similar to blood in vivo, it is this perfusion buffer that supplies the isolated heart with

oxygen and substrate necessary to sustain aerobic energy metabolism.  In vivo the heart

is able to use a variety of different substrates such as glucose, lactate and other

carbohydrates, as well as fatty acids (298).  The heart has no preference for any

particular substrate (although fatty acid metabolism is predominant during normoxic in

vivo conditions), and substrate usage at any particular time is determined by its relative

concentration in the blood.  Thus the isolated heart should maintain aerobic metabolism

if provided an adequate source of any suitable carbon substrate.  To date this has most

commonly been glucose, and glucose has proved an adequate substrate for use in many

different animal models.  However, it may alone be inadequate for use in murine

experiments.  As discussed in the previous chapter, we have observed unstable

“cycling” of baseline function in Langendorff perfused mouse heart.  This problem is

prevented when using pyruvate as substrate as opposed to glucose, suggesting a

substrate metabolism-dependent mechanism.  In addition to arriving at a model with

stable baseline function it is also important to assess the effects of substrate on

responses of interest.  For example, it is known that different substrates may alter drug

responses or tolerance to ischaemia (12, 35, 36, 47, 64, 65, 85, 104, 106, 108, 110).

Thus prior to departing on studies of ischaemic tolerance/protection we have examined

effects of pyruvate and mixes of carbohydrates and fatty acids on responses to

ischaemia-reperfusion and to cardioprotection via adenosine.
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3B.2 MATERIALS AND METHODS

Experimental Protocol

Male and female C57 mice (26.8±0.37g body weight, n = 96) were anaesthetised with

intraperitoneal sodium pentobarbital (50 mg/kg), a thoracotomy was performed and the

hearts were rapidly excised into ice-cold heparinised perfusion buffer.  Hearts were

perfused according to general methods with a modified Krebs buffer containing (in

mM) NaCl, 118; NaHCO3, 25; KCl, 4.7; KH2PO4, 1.2; MgSO4, 1.2; CaCl2, 2.5 and

EDTA, 0.6. To examine the effects of substrate hearts were perfused with buffer

containing either glucose (11 mM), pyruvate (10 mM) or a mixture of 11 mM glucose,

4 mM acetate and 1 mM pyruvate (substrate-mix).  Buffer was equilibrated with 95%

O2, 5% CO2 at 37oC giving a pH of 7.4.

After 10 minutes of stabilisation at intrinsic heart rates all hearts were paced at a

constant rate of approximately 420±10 beats/min  (ventricular pacing 10 ms square

waves, 7 Hz, 20% above threshold).  After a further 20 min equilibration baseline

measurements were recorded and 25 min global ischaemia was initiated by clamping off

the aortic perfusion line and bubbling the organ bath with 95% N2/5% CO2 to reduce the

bathing PO2.  After ischaemia, reperfusion was achieved by unclamping the aortic flow

line and discontinuing N2 bubbling.  Hearts were reperfused for 30 min with ventricular

pacing resumed after 2 minutes of reperfusion. Six experimental groups were studied: i)

glucose-perfused hearts (n=14); ii) glucose-perfused hearts with adenosine (n=9); iii)

pyruvate-perfused hearts (n=13); iv) pyruvate-perfused hearts with adenosine (n=11); v)

substrate-mixture perfused hearts (n=21); vi) substrate-mixture perfused hearts with

adenosine (n=28). Adenosine groups used 25µM adenosine infused 10 min prior to

onset of ischaemia. Infusion was not continued during reperfusion.
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Using a previously validated method (Malonado et al., 1997), indices of total

contracture and diastolic dysfunction were calculated by multiplying the end diastolic

pressure by the interval of minutes for each data point during ischaemia and

reperfusion, respectively.  This value reflects the area under the diastolic pressure

curves.  A similar approach was used to provide an index of recovery of left ventricular

developed pressure - the area beneath the curve for ventricular developed pressure was

calculated over the 30 min reperfusion period and expressed as percent of pre-ischaemic

function.

3B.3 RESULTS

Pre-Ischaemic Function

Only glucose-perfused hearts not exhibiting cycling characteristics discussed in the

previous chapter were studied.  These hearts exhibited diastolic pressures of 4±01

mmHg, left ventricular developed pressures of 126±3 and the positive difference of

pressure (+dP/dt) of 6478±330 (Table 1), which compare favourably with previous

studies (151).  Hearts perfused with pyruvate or the substrate mixture also displayed

stable baseline function, although developed pressure and +dP/dt tended to be lower

than in glucose-perfused hearts (Table 1).

Coronary flow rates were also significantly depressed in pyruvate and substrate mixture

perfused hearts compared to glucose-perfused hearts (28±3 and 20±1 ml/min/g wet wt,

respectively vs. 34±1 ml/min/g wet wt).  Total purine efflux during equilibration was

reduced approximately 3-fold by use of pyruvate as sole substrate instead of glucose

(Table 2).
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Table 1: Baseline contractile function after 30 min normoxic perfusion in hearts

perfused with various substrates

Glucose Substrate Mixture Pyruvate

Left Ventricular Developed
Pressure (mmHg)

        126±3          118±3     110±5*

Diastolic Pressure (mmHg)            3±0.6             5±0.4        4±1

+ dP/dt (mmHg.s-1) 6478±330 5654±195* 4435±285*†

Coronary Flow Rate

(ml/min/g wet wt)

33.5±1 27.6±3* 20±1*†

All values are means ± S.E.M.  * different from glucose hearts P<0.05; † different from
substrate mixture hearts P<0.05.

Effects Of Substrate On Ischaemic Tolerance

Onset of ischaemia led to rapid loss of contractile function in all hearts.  Diastolic

pressure quickly became elevated in glucose-perfused hearts taking only 303±36 s until

TOC was achieved and rose to a peak of 80±6 mmHg.  Contracture was delayed in both

substrate-mixture and pyruvate-perfused hearts but there was no significant difference

between these groups (Figure 1A).  Peak contracture, however, was lower in substrate-

mixture perfused hearts (49±2 mmHg vs. 65±5; Figure 1B).

Table 2: Purine effluent release in hearts perfused with glucose or pyruvate

Substrate ∑Adenosine + Inosine + Hypoxanthine Efflux

(n/moles/min/g)

Glucose (n=7)                                     3.96±0.32

Pyruvate (n=7) 1.29±0.35*

Values are means ± S.E.M.  * significant difference P<0.05.
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Figure 1: A) Time to onset of ischaemic contracture and B) Peak contracture hearts
perfused with glucose, pyruvate or substrate mix during 25 min global ischaemia.
Values are the mean ± S.E.M. * P<0.05 vs. glucose, † P<0.05 vs. pyruvate.

Reperfusion restored contractile function in all hearts.  Pyruvate-perfused hearts showed

greatest initial recovery of developed pressure, remaining significantly higher than

either substrate-mixture or glucose-perfused hearts at most time points, and recovered to
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approximately 70% pre-ischaemia (Figure 2B).  Substrate-mixture and glucose-perfused

hearts  exhibited  similar  initial  recovery  of  developed  pressure.  However,  substrate
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Figure 2: Left ventricular A) diastolic pressure; B) developed pressure; C) ±dP/dt in
hearts perfused with glucose, pyruvate or substrate mix during 25 min global ischaemia.
Values are ± S.E.M. * P<0.05 vs. glucose; † P<0.05 vs. substrate mix;   ¥ P<0.05 no
difference to baseline.
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mixture perfused hearts appeared to recover more rapidly than glucose-perfused at 10

min of reperfusion (Figure 2B).  Despite this rapid recovery, contractile function

demonstrated a plateau near the end of reperfusion and the final LVDP was not

significantly different from glucose-perfused hearts.  Contractile function as measured

by dP/dt mirrored changes LVDP (Figure 2C).

Recovery of diastolic function began with a rapid drop in pressure upon reperfusion in

each group.  This initial recovery was greatest in pyruvate-perfused hearts (54±4 to

20±2 mmHg), and was smallest in substrate-mixture perfused hearts (46±1 to 37±2

mmHg).  Following pacing, diastolic pressure immediately rose to approximately

ischaemic levels in substrate-mixture perfused hearts and then slowly improved

throughout reperfusion.  While elevation of diastolic pressure following pacing was

slower in glucose-perfused than substrate-mixture perfused hearts there was no

significant difference between these groups.  Comparatively, pyruvate-perfused hearts

displayed only a moderate increase of diastolic tension after pacing, and greatly

improved diastolic function throughout reperfusion (Figure 2A).

Coronary flow rates rapidly returned to baseline (or near baseline) values following

ischaemia before becoming depressed in the glucose and substrate-mixture perfused

hearts (Figure 3). Alternatively, pyruvate-perfused hearts displayed substantial

hyperaemia with initial reperfusion flow rates exceeding baseline by ~ 70%, and flow

rates remained elevated above baseline for the duration of reperfusion.  Despite initial

pre-ischaemic differences in flow, substrate-mixture perfused hearts were very similar

to glucose-perfused hearts during reperfusion, however, significant differences were

observed at 2 and 40 min of reperfusion (Figure 3).
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Effects Of Substrate On Adenosine Response

Somewhat unexpectedly adenosine failed to improve time to onset of ischaemic

contracture (TOC) or peak contracture in glucose-perfused hearts (Figures 4 and 5).

There was also no effect in substrate-mix perfused hearts, however, pyruvate-perfused

hearts did demonstrate improved TOC with adenosine (Figure 4).  During reperfusion

the protective effects of adenosine became apparent in glucose-perfused hearts and both

diastolic dysfunction and recovered developed pressure were improved (1300±91 vs.

2435±152 mmHg.min and 1411±124 vs. 750± 122 mmHg.min in diastolic dysfunction



89

250

300

350

400

Glucose control

Glucose + Ado

T
im

e 
T

o 
Is

ch
ae

m
ic

 
C

on
tr

ac
tu

re
 (s

ec
)

700

750

800

850

900

950

1000

Substrate mix control

Substrate mix + Ado

T
im

e 
T

o 
Is

ch
ae

m
ic

 
C

on
tr

ac
tu

re
 (s

ec
)

800

900

1000

1100

1200

1300
Pyruvate control

Pyruvate + Ado

T
im

e 
T

o 
Is

ch
ae

m
ic

 
C

on
tr

ac
tu

re
 (s

ec
)

*

Figure 4: Time to onset of ischaemic contracture in control and adenosine treated hearts
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Values are ± S.E.M. * P<0.05 vs. control, ¥ P<0.05 No difference to baseline
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and recovered LVDP respectively; Figure 6 and 7).  In accordance with improved

tolerance to ischaemia, recovery of contractile function was also improved in pyruvate-

perfused hearts.  Again, no protection was evident in substrate-mix perfused hearts

(Figures 6 and 7).  Reactive hyperaemia was observed in all hearts untreated with

adenosine irrespective of substrate (Figure 8).  In adenosine treated hearts coronary flow

rates returned to values close to baseline rates (Figure 8).
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Figure 5: Peak ischaemic contracture in control and adenosine treated hearts perfused
with glucose, pyruvate or substrate mix during 25 min global ischaemia.  Values are ±
S.E.M. * P<0.05 vs. control, ¥ P<0.05 No difference to baseline.
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Figure 6: Total diastolic dysfunction in control and adenosine treated hearts perfused
with glucose, pyruvate or substrate mix during 25 min global ischaemia.  Values are ±
S.E.M. * P<0.05 vs. control, ¥ P<0.05 No difference to baseline.
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Figure 7: Total left ventricular developed pressure in control and adenosine treated
hearts perfused with glucose, pyruvate or substrate mix during 25 min global ischaemia.
Values are ± S.E.M. * P<0.05 vs. control, ¥ P<0.05 No difference to baseline.
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adenosine treated hearts perfused with glucose, pyruvate or substrate mix during 25 min
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baseline.
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3B.4 DISCUSSION

The Langendorff perfused heart has successfully been used as a model to study the

physiology and biochemistry of the heart for over 100 years. Many different animal

models have been utilised, and most recently the murine model has gained favour due to

the development of transgenic and knockout manipulations in this species.  We have

previously shown unstable baseline function in mouse hearts using glucose as the sole

exogenous substrate, and have thus examined the effects of pyruvate and a substrate

mixture containing glucose, pyruvate, and acetate on function and cardiac tolerance to

ischaemia and the cardioprotective effects of adenosine.

Effect Of Substrate On Cardiac Function

We examined the effects of pyruvate as a sole substrate since its infusion as co-substrate

removed incidence of “cycling”.  Surprisingly when used without glucose, pyruvate

produced negative inotropic effects during normoxia, depressing left ventricular

developed pressure and dP/dt.  Previous studies in guinea pigs (10 mM pyruvate) (447)

and pigs (242) have documented elevated contractile function in hearts using pyruvate

as sole substrate.  Indeed, if glycolysis and subsequent glucose oxidation are rate-

limited in mouse due to insufficient glucose transport across the sarcolemma (as

suggested in Chapter 3A), then pyruvate could be expected to act as a positive inotrope

since it’s sarcolemmal transport is mediated via a H+-monocarboxylate symporter, and

its rate of transport increases exponentially with extracellular pyruvate concentration

(320), effectively bypassing the limitations of glucose as a substrate.  Of course, these

data may be indicative of a general requirement for glycolytically derived ATP above

and beyond the requirements for ATP formed by oxidative metabolism.  Glycolytic

ATP has been associated with selective maintenance of the function of sarcolemmal ion
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channels such as the Na+-ATPase, Na+/H+ and Na+-Ca2+ exchangers (85, 344, 404).

There is also evidence suggesting that glycolytic ATP formation is co-localised with

membrane channels and the myofibrils, as such it has been shown that glycolytic ATP

is essential for normal Ca2+ handling and contractile function (288).  Thus, bypassing

(leaving glycogen as the only available glycolytic substrate) or inhibiting glycolysis

with pyruvate might be expected to decrease Ca2+ transients and limit myofibril

function.  This may be of increased relevance in mouse heart due to the mass-specific

increase in metabolic rate (86), and subsequent increase in the rate of Ca2+ handling.

Alternatively these data, along with the occurrence of functional cycling not seen in

other species, may indicate fundamental and possibly unique differences in basal

metabolic processes in the mouse.

Pyruvate-perfused hearts also displayed coronary flow rates 40% lower than in glucose-

perfused hearts.  Coronary flow and contractile function are normally closely associated

in the heart. Since coronary flow is approx 40% lower in pyruvate-perfused hearts this

might well contribute to the 15% decrease in contractile function when compared to

glucose-perfused hearts (as opposed to falling in response to decreased contractile

function).  Thus it is plausible that pyruvate perfusion causes a dissociation between

metabolic demand and coronary dilation in the heart.  Indeed we show reduced

adenosine outflow (Table 2), which could limit adenosine-mediated dilation.  Others

have shown that pyruvate significantly decreases free ADP and Pi in hearts (46).  If this

fall is sufficient it could conceivably lower substrate-dependent activation of

mitochondrial respiration, thus altering the balance between energy “supply” and

“demand”.  Since a decrease in ADP results in reduced AMP and adenosine formation

this may lead to decreased metabolic dilation (and thus decreased contractility).
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Similar to pyruvate-perfused hearts, the substrate-mixture perfused hearts exhibited a

tendency towards lower contractility and coronary flow, despite the same concentration

of glucose as in glucose-perfused hearts (and a lower concentration of pyruvate).  This

is counterintuitive since these hearts are perfused with “supra-physiological”

concentrations of carbohydrates and fatty acids and should not therefore be substrate

limited.  A previous study by Gustafson et al. has shown that mouse hearts perfused

with 11 mM glucose and 1 mM pyruvate had developed pressures that were no different

than those perfused with just 11 mM glucose (139).  However the contractile status of

these hearts is less than observed here, possibly reflecting poor perfusion/functional

status.  In a study by Blaise et al. (36) it was shown that high levels of acetate (20 mM)

can lead to elevated coronary flow rates, but not in the presence of 15 mM glucose.

These effects indicate that the inotropic/ vascular effects of pyruvate are not countered

by addition of glucose or acetate.

Effects Of Substrate On Tolerance To Ischaemia

Ischaemic diastolic dysfunction was significantly reduced in both substrate mixture and

pyruvate-perfused hearts. Each group experienced delayed onset of ischaemic

contracture and a reduction in peak contracture.  Improved ischaemic tolerance in

substrate-mixture perfused hearts was not entirely unexpected since previous studies in

mouse (414) and rat (64), demonstrate hearts supplied with pyruvate as co-substrate

(with glucose) tolerate ischaemia better than supply with glucose alone.  This buffer

mixture, however, also contains acetate and a work of Bunger et al. shows that when

used as co-substrate, acetate can actually worsen ischaemic tolerance, reducing stroke

work/energy equivalent of O2 uptake (48).  It is not known if acetate would affect a

heart perfused with a much greater concentration of carbohydrates.  These data would
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suggest any potentially detrimental effects of acetate are countered by inclusion of

pyruvate as a co-substrate.  This, in turn suggests the detrimental effects of acetate are

due fatty acid inhibition of glycolysis, rather than carbohydrate oxidation.

While improved outcome from ischaemia with the substrate-mixture was somewhat

predictable, it was surprising to see hearts perfused with pyruvate as sole substrate

exhibit improved cardiac tolerance to ischaemia.  Previous studies using pyruvate as

“sole” substrate have not observed improve tolerance to ischaemia or hypoxia, with

improved tolerance only evident when pyruvate is used as co-substrate with glucose

(12, 46, 48).  Moreover, the few studies examining pyruvate as sole exogenous substrate

reveal enhanced contracture development during ischaemia in rat (53) and rabbit (234).

The pyruvate dependent decrease in ischaemic contracture in mouse is extremely

interesting since it is commonly held that contracture coincides with cessation of

glycolytically derived ATP formation (68, 204, 306) and 10 mM pyruvate alone will

limit or entirely prevent glycolysis (328, 423).  These data are unique and suggest

several possibilities: i) onset of ischaemic contracture is not in fact related to cessation

of glycolytic ATP formation but may reflect variables such as the cellular energy

potential ratio (e.g. an ATP “threshold” level), intracellular pH, and Pi levels, or a

balance between these.  Since glucose is important for contractile function it must be

derived from glycogen in hearts perfused with pyruvate alone.  In the study of

Askenasy, hearts perfused with 5 mM pyruvate as sole substrate exhibited significant

glycogen depletion during the equilibration period (12).  It seems likely that a similar

situation would exist in our study, and thus it would be expected that ischaemic

contracture would be accelerated if it were solely related to cessation of anaerobic

glycolytic ATP generation; or ii) 10mM pyruvate does not completely inhibit glycolysis
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in the murine heart facilitating ATP production during ischaemia.  This idea is

supported by Askenasy, albeit using 5 mM pyruvate, who showed that while pyruvate

hearts begin ischaemia with a lower glycogen content than glucose perfused hearts,

there is no difference at the end of ischaemia (12).  This suggests that the quantity of

glycogen used during ischaemia is greater in glucose vs. pyruvate hearts and therefore

glycolytic ATP generation should be greater in the glucose group.  Nonetheless, and

importantly, anaerobic glycolysis is occurring in hearts perfused with 5 mM pyruvate as

sole substrate.

Other mechanisms may play a role in the cardioprotective effects of pyruvate.  Pyruvate

may enhance myocardial energy state (i.e. elevated ∆GATP) (46), reduce the cytosolic

redox potential (NADH/NAD+), and inhibit development of intracellular acidosis via

cytosolic reduction of pyruvate to lactate for a net utilization of two protons (the

“proton sink phenomenon”).  There is also evidence that pyruvate is an effective

scavenger of free radicals (40, 79), and prevents the mitochondrial pore transition

involved in cellular injury and mitochondrial uncoupling (200).  However, since the

effects of pyruvate observed here are largely restricted to the anaerobic period of global

ischaemia (Figures 1 and 2), improved oxidative metabolism cannot play a significant

role.  Furthermore, since 10 mM pyruvate has been shown to almost completely inhibit

glycolysis in intact myocardium (328, 423) and block glucose transport in isolated

myocytes (108, 192), and since no exogenous glycolytic substrate is provided, the

protective effects are unlikely due to enhanced glycolytic ATP generation.  Rather, we

conclude somewhat paradoxically that inhibition of glycolytic metabolism with 10 mM

pyruvate provides pronounced cardioprotection from ischaemia itself. Remaining

explanations include reduced acidosis, enhanced anaerobic ATP generation via GTP
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produced as a result of conversion of alanine to succinate, and inhibition of radical

generation during the ischaemic event (40, 79).  Regardless of mechanism, the present

data for pyruvate-perfused murine hearts suggest that anaerobic ATP generation via

glycolysis cannot be the sole determinant of ischaemic contracture in mammalian

myocardium, unless the mouse is entirely unique.

Effects Of Substrate On Recovery During Reperfusion

It is interesting that apparent ischaemic protection observed in substrate-mix perfused

hearts is lost upon reperfusion while pyruvate hearts continue to demonstrate improved

outcome during reperfusion.  During reperfusion there are minimal significant

differences between substrate-mixture perfused hearts and those perfused with glucose

alone.  It would appear that provision of 1 mM pyruvate and 4 mM acetate might

actually accelerate the onset of reperfusion injury, as differences between these and

glucose hearts appear within 5 min of reperfusion (Figure 2).  There are numerous

studies that demonstrate improved recovery of contractile function in hearts perfused

with both glucose and pyruvate (12, 46, 48).  However, use of glucose and acetate has

been found to both reduce recovery (46) and increase protection (79).  Acetate may

improve recovery by by-passing glycolysis and increasing acetyl-CoA formation and

replenishing the Krebs Cycle (419).  Possible detrimental affects of acetate include

inhibiting the pyruvate dehydrogenase complex (52), reducing ATP production via

glucose and possibly uncoupling glycolysis from glucose oxidation (17) leading to

increased acidosis.

In this model it appears that substrate-mixture perfused hearts undergo reperfusion

injury more rapidly than the other groups, which may suggest an impairment of
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glycolysis, which is known to be essential during early reperfusion (186, 259).  It is

interesting that improved intra-ischaemic tolerance does not necessarily produce an

improved recovery during reperfusion.  Hence, a difference between ischaemic injury

and reperfusion injury is observed.

During reperfusion pyruvate hearts recover to a greater extent than both glucose and

substrate-mixture perfused hearts, and they also experience a greater return of coronary

flow than these other groups.  It is likely increased flow is a result, rather than a cause,

of increased contractile function, since baseline flow rates were decreased in both

substrate-mix perfused, and pyruvate-perfused hearts yet only pyruvate hearts

experienced improved recovery.  There are many potential benefits resulting from use

of pyruvate as a substrate (as discussed above).  However, the current data do not permit

further detailed insights, although the fact pyruvate provides protection in the absence

of glucose in the mouse is of considerable interest and begs further investigation.

Effects Of Adenosine On Tolerance To Ischaemia-Reperfusion

Adenosine protected glucose-perfused hearts during reperfusion but not during

ischaemia itself.  This is difficult to explain since it has previously been shown

adenosine mediates protection during both ischaemia and reperfusion in Langendorff

perfused mouse hearts (159, 311, 313, 315).  However, it is possible that while no

functional “cycling” was observed in these earlier “glucose-perfused” hearts related

effects may have altered their response to adenosine.

During ischaemia pyruvate-perfused hearts were protected by 25 µM adenosine, while

substrate-mix and glucose-perfused hearts were not (Figures 4 and 5).  It is interesting
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that use of pyruvate as sole substrate protects hearts during ischaemia and reperfusion

and that this protection can be augmented by infusion of adenosine.  Several

mechanisms for pyruvate protection have been suggested including inhibition of

glycolysis (discussed above).  A number of studies have shown adenosine-mediated

inhibition of glycolysis during ischaemia-reperfusion (7, 104, 106), implicating reduced

accumulation of glycolytic end-products during ischaemia and enhanced coupling to

glucose oxidation during reperfusion as mechanisms of protection.  If this is true it is

possible that adenosine increases glycolytic inhibition with pyruvate, thereby increasing

the associated protection.  This, in turn, implies that both adenosine and pyruvate

protect via related mechanisms, and that protection via pyruvate (or adenosine) is sub-

maximal.  Alternatively, it has been suggested that the protective effects of adenosine

require glucose (119), and that adenosine increases glycolysis (183, 407).  In the current

study this would imply that protective effects of adenosine would compete with those of

pyruvate, and it would be expected that protection would be reduced.  However, if

pyruvate protects by different mechanisms (likely considering all reported effects of

pyruvate) then adenosine could increase glycolysis in order to produce its protective

effect.

Substrate-mix perfused hearts were not protected by adenosine during ischaemia, which

was unexpected.  These hearts did not display any “cycling” characteristics (possibly

due to the presence of pyruvate) and therefore it is unlikely cycling-related issues would

have modified effects of adenosine.  Since we have generally shown that glucose-

perfused hearts are protected by adenosine during ischaemia it is possible that the

presence of acetate as a co-substrate removes the protective effects of adenosine.  Fatty

acid intermediates are known to accumulate during ischaemia following inhibition of
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fatty acid metabolism (298).  Although they accumulate in the mitochondria, these may

affect the actions of adenosine.  Fatty acids are thought to inhibit carbohydrate

metabolism (particularly glycolysis and PDH) and become the primary substrate for

metabolism (52, 298), thus removing some of the protective effects of adenosine.

However, the study by Aasum et al. in mouse heart demonstrates that neither glycolysis

or glucose oxidation are inhibited, although fatty acid metabolism is increased in early

reperfusion relative to carbohydrate metabolism (1).

During reperfusion adenosine reduces diastolic dysfunction and improves recovery of

total developed pressure in both glucose- and pyruvate-perfused hearts, while substrate-

mix perfused hearts are unaffected (Figures 6 and 7).  These improvements may be

related to inhibition of glycolysis via A1AR activation, thus improving coupling to

glucose oxidation as suggested by Finegan et al. (104, 106).  In pyruvate-perfused

hearts this effect may be amplified by a pyruvate-mediated increase in PDH activity

(47), which would increase glucose flux through the TCA cycle and further reduce

accumulation of H+.

The protective effects of adenosine observed during reperfusion are unlikely to be

related to changes in coronary flow rates because each group showed less reactive

hyperaemia relative to baseline during reperfusion in adenosine treated hearts.  Many

different molecular pathways have been implicated in adenosine-mediated

cardioprotection (eg. protein kinase cascades (70, 381) mitochondrial KATP channels

(154, 279), phophatidylinositol-3 (PI3)-kinase (238), nitric oxide synthase (441), and

Na+/H+ exchange inhibition (14).  Importantly, we have found that while both pyruvate-

and substrate-mix perfused hearts do not display functional ‘cycling’ adenosine only
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improves ischaemic tolerance in pyruvate hearts.  For this reason we will use pyruvate

as sole substrate in future experiments- and investigate the apparent substrate

dependence of cardioprotection via adenosine.  This dependence may provide important

insights into mechanisms of cardioprotection via adenosine.



105

CHAPTER 4A

Protective Effects of A1 Adenosine

Receptor Overexpression in Ischaemic

Mouse Heart: Relation to Substrate
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4A.1 INTRODUCTION

In the prior characterisation study we employed adenosine itself in studying

cardioprotection in hearts supplied with different substrates.  However, adenosine has

been demonstrated to provide cardioprotection from ischaemia-reperfusion primarily

via selective activation of cardiac A1 adenosine receptors (A1AR) (97, 226, 228).  In

examining the protective role of cardiac A1ARs we developed transgenic lines of

murine hearts overexpressing the A1AR.  It was hypothesised that the number of

available adenosine receptors limits adenosine-mediated cardioprotection rather than the

amount of endogenous adenosine released during times of hypoxic/ischaemic stress

(270).  These transgenic hearts displayed up to 1000 fold overexpression of the A1AR

(with up to 100 fold increased coupled receptors).  These hearts display enhanced

sensitivity to A1AR agonism and were found to be functionally and metabolically

resistant to ischaemia-reperfusion (153, 155, 270).  While increasing the number of

functionally coupled A1AR receptors protects the heart against ischaemia-reperfusion

injury, the exact mechanism behind this protection is unknown.  Several possible

protective mechanisms have been explored.  For example, it has been found that ATP

was preserved with A1AR overexpression (153).  Energy state is also impaired

following adenosine receptor blockade (8).  Thus it is possible that A1AR improvement

of bioenergetic state contributes to improved functional tolerance, although the way in

which A1ARs improve myocardial energy status remains unclear.  One possibility

deserving attention, and hinted at in the prior chapters, is modification of glycolytic

metabolism.  Some studies verify that protective effects of exogenous adenosine are

glucose-dependent (119), and involve activation of anaerobic glycolysis (183).

However, the involvement of glucose metabolism is controversial since data exist

demonstrating both elevations and reductions in glycolytic rate with adenosine
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treatment (7, 104, 106).  Paradoxically, either of these effects could prove beneficial:

stimulation of glycolysis during ischaemia-reperfusion may maintain crucial ATP

formation and energy state (68, 204); alternatively, inhibition of glycolysis might

improve coupling of glycolysis to glucose oxidation, reducing intracellular acidosis

during reperfusion (104, 106).

In an attempt to clarify the contribution of glycolytic metabolism to ischaemic tolerance

in the mouse heart, and specifically its role in A1AR mediated cardioprotection, we

chose to examine ischaemia and reperfusion in hearts supplied with 10 mM pyruvate as

sole carbon substrate.  According to previous studies this pyruvate concentration will

inhibit glycolytic metabolism (108, 328, 423) yet maintain oxidative phosphorylation in

aerobic myocardium.  Responses were studied in both wild-type hearts and hearts

overexpressing the A1AR.

4A.2 MATERIALS AND METHODS

Experimental Protocol

Male and female C57 and transgenic mice (27.6±1.5g body weight, n = 37) were

anaesthetised with intraperitoneal sodium pentobarbital (50 mg/kg), a thoracotomy was

performed and the hearts were rapidly excised into ice-cold heparinised perfusion

buffer.  Hearts were perfused according to general methods with a modified Krebs

buffer containing (in mM) NaCl, 118; NaHCO3, 25; KCl, 4.7; KH2PO4, 1.2; MgSO4,

1.2; CaCl2, 2.5 and EDTA, 0.6.  Substrate was either glucose (11 mM) or pyruvate (10

mM).  Buffer was equilibrated with 95% O2, 5% CO2 at 37oC giving a pH of 7.4.
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After 10 minutes of stabilization at intrinsic heart rates all hearts were paced at a

constant rate of 390±10 beats/min  (ventricular pacing 10 ms square waves, 6.5 Hz,

20% above threshold).  After a further 20 min equilibration baseline measurements were

recorded and 30 min global ischaemia was initiated by clamping off the aortic perfusion

line and bubbling the organ bath with 95% N2/5% CO2 to reduce PO2.  After ischaemia,

reperfusion was achieved by unclamping the aortic flow line and discontinuing the N2

bubbling.  Hearts were reperfused for 30 min with ventricular pacing resumed after 2

minutes of reperfusion.  Four experimental groups were studied: i) wild-type glucose

perfused hearts (n=10), ii) wild-type pyruvate perfused hearts (n=14), iii) transgenic

glucose perfused hearts (n=6), and iv) transgenic pyruvate perfused hearts (n=7).  A

subset of hearts (n=18) was used to analyse total lactate dehydrogenase (LDH) efflux

(as described in general methods).  Transgenic mice used were ‘high level’ expressors

with approximately 1000 fold overexpression of A1AR’s (100-fold overexpression of

coupled receptors).

Using a previously validated method (Malonado et al., 1997), indices of total

contracture and diastolic dysfunction were calculated by multiplying the end diastolic

pressure by the interval of minutes for each data point during ischaemia and

reperfusion, respectively.  This value reflects the area under the diastolic pressure

curves.  A similar approach was used to provide an index of recovery of left ventricular

developed pressure - the area beneath the curve for ventricular developed pressure was

calculated over the 30 min reperfusion period and expressed as percent of pre-ischaemic

function.
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Statistical Analysis

All results are expressed as means±S.E.M. All data were compared and analysed using

a multi-way ANOVA, with Student-Newman-Keuls post-hoc test when significant

effects were detected.  In all tests significance was accepted for P<0.05.

4A.3 RESULTS

Normoxic Function

Coronary flow was comparable in all groups (see Table 1).  Pre-ischaemic (normoxic)

functional data for wild-type and transgenic hearts perfused with either glucose or

pyruvate are provided in Table 2.  While body weight did not differ between groups,

heart weights tended to be slightly greater in transgenic animals, as reported previously

(127).  Left ventricular developed pressure (LVDP) was lower in transgenic versus

wild-type hearts irrespective of substrate, and end diastolic pressure was unaffected.

Table 1: Baseline, peak and final coronary flow data for wild-type and transgenic

hearts

Baseline
(ml/min/g)

Peak
(ml/min/g)

Final
(ml/min/g)

  Wild-type Glu. 15.1±2.4 23.9±3.1 14.7±2.2

  Wild-type Pyr. 12.6±0.5 27.6±1.1   21.0±1.4*

  Transgenic Glu. 10.3±0.8 21.6±1.1 14.2±1.2

  Transgenic Pyr. 13.5±1.8 26.7±1.7 19.1±0.7

Flow Rates were measured as follows: Baseline 30 min, Peak after 2 min of reperfusion
and Final at the end of reperfusion.  All values are means ± S.E.M. * different from all
other groups P<0.05.
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Table 2: Baseline parameters for wild-type and transgenic hearts

Wild-type
Glu.
(n=10)

Wild-type
Pyr.
(n=14)

Transgenic
Glu.
(n=6)

Transgenic
Pyr.
(n=7)

Body Weight
(g)

  27.4±1   26.9±1   27.3±2     28.75±2

Heart
Weight (mg)

   125±9    118±7    143±17 160±11*

AoP

(mmHg)

83±1 82±1      84±1      82±1

LVDP

(mmHg)

96±6 86±3 76±7* 70±4*

HR (BPM)    395±1     397±1    397±1    400±1

RPP x 103

(mmHg/min)
37.8±2.4    34.2±1.6   30.2±2.6* 28.1±1.5*

EDP
(mmHg)

  3±1        2±1       3±1 2±1

All values are means ± S.E.M. * different from all other groups P<0.05. AoP, aortic
pressure; LVDP, left ventricular developed pressure; HR, heart rate; RPP, rate-pressure
product, EDP, end diastolic pressure.

Effects of A1AR Overexpression In Glucose Perfused Hearts

The time course of diastolic dysfunction during 30 min ischaemia is shown in Figure 1.

With initiation of ischaemia all hearts rapidly lost contractile function.  Time to onset of

ischaemic contracture was significantly prolonged in transgenic hearts (890 vs. 607 sec)

(Figure 2).  Throughout reperfusion wild-type hearts exhibited consistently higher

diastolic pressures than transgenic hearts (Figure 1).  After 30 min reperfusion diastolic

pressure remained substantially elevated at ~40 mmHg in wild-type hearts vs. ~10

mmHg in transgenic hearts.  As a result of these responses, the global index of post-

ischaemic diastolic dysfunction was ~3-fold higher in wild-type vs. transgenic hearts

(Figure 3).
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Figure 1: Time course of changes in left ventricular diastolic pressure in wild-type and
transgenic hearts perfused with glucose or pyruvate during 30 min global ischaemia and
reperfusion.

Contractile function assessed by left ventricular developed pressure showed an initial

recovery during the first 2-3 minutes of reperfusion followed by a rapid decline and

then progressive recovery (Figure 4A), consistent with our previous data.  In transgenic

hearts the early peak recovery was more than 3-fold higher (94±30 mmHg) versus wild-

type hearts (29±8 mmHg) (Figure 4A).  Left ventricular developed pressure remained

higher in transgenic hearts for the duration of reperfusion resulting in ~40% greater total

recovery of ventricular pressure compared to wild-type hearts (Figure 4B).

Overexpression of A1ARs did not affect recovery of coronary flow during reperfusion

(Table 2).
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Figure 2: Time to onset of ischaemic contracture in wild-type and transgenic mouse
hearts perfused with glucose or pyruvate during 30 min global ischaemia.  Values are
the mean ±S.E.M. * P<0.05 vs. all other groups.

Effects Of Pyruvate On Functional Recovery

Unexpectedly, use of pyruvate as sole exogenous substrate substantially prolonged time

to onset of ischaemic contracture in wild-type hearts (995 vs. 607 s), and failed to alter

contracture in transgenic hearts (Figure 2).  Pyruvate significantly improved post-

ischaemic diastolic dysfunction in wild-type hearts, but failed to alter diastolic recovery

in hearts overexpressing A1ARs (Figure 3).  The initial recovery of ventricular

developed pressure during the first 2-3 min of reperfusion was greatly enhanced by

pyruvate in wild-type hearts (from 29±8 mmHg to 113±11 mmHg) but was unaltered by

pyruvate in transgenic hearts (114±18 vs. 94±30).  Total recovery of left ventricular

developed pressure was also improved in wild-type hearts perfused with pyruvate, but

was unaltered by pyruvate in transgenic hearts (Figures 4A and B).  While treatment

with pyruvate tended to increase final coronary flow rates, this only achieved statistical

significance in wild-type hearts.
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Figure 3: Total post-ischaemic left ventricular diastolic dysfunction in wild-type and
transgenic mouse hearts perfused with glucose or pyruvate subjected to 30 min global
ischaemia and reperfusion.  Values are the mean ±S.E.M. * P< 0.05 vs. all other
groups.

Tissue Injury Indexed By Lactate Dehydrogenase Efflux

Both treatment with pyruvate and transgenic overexpression of A1ARs reduced cellular

damage in response to ischaemia-reperfusion (Figure 5).  Pyruvate reduced LDH efflux

to 25% of the value observed in glucose perfused wild-type hearts.  A1AR

overexpression produced an almost identical reduction in LDH efflux.  Pyruvate did not

further reduce LDH efflux in transgenic hearts.
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and transgenic mouse hearts perfused with glucose or pyruvate during 30 min global
ischaemia and reperfusion. B) Total recovered left ventricular developed pressure in
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groups.
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Figure 5: Total amount of LDH released during reperfusion in wild-type and
transgenic mouse hearts perfused with glucose or pyruvate during 30 min global
ischaemia and reperfusion.  Values are the mean ±S.E.M. * P<0.05.

4A.4 DISCUSSION

It has previously been demonstrated in apicobasally contracting murine hearts that

transgenic overexpression of A1ARs provides cardioprotection during ischaemia-

reperfusion (270), although the mechanisms remain unidentified.  To examine the role

of glycolytic metabolism in this protection the effects of 10 mM pyruvate as sole

substrate were studied in wild-type heart and hearts overexpressing A1ARs.  This level

of pyruvate, in the absence of exogenous glucose, should markedly inhibit glycolytic

metabolism whilst maintaining aerobic ATP generation (108, 328, 423).  Severity of

ischaemic injury in wild-type hearts (indexed by rapidity and extent of ischaemic

contracture) and contractile recovery was significantly improved by use of pyruvate as
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the sole exogenous substrate.  The degree and nature of protection afforded by pyruvate

was almost identical to that observed in hearts overexpressing the A1AR.  Moreover, the

cardioprotective effects of pyruvate and A1AR overexpression were not additive.  The

significance of these data are discussed below.

Ischaemia-Reperfusion In Mouse Heart And Cardioprotection Afforded By A1AR

Overexpression

We have previously documented an improved functional recovery from ischaemia-

reperfusion in hearts overexpressing A1ARs (153, 270).  Owing to the technical

challenge of the intraventricular balloon technique in small murine hearts initial studies

were undertaken in empty Langendorff hearts with function assessed via apicobasal

displacement, as described in detail by Sumeray and Yellon (377).  Unfortunately, this

model has serious drawbacks in that it only assesses long-axis shortening with no

measurement of circumferential shortening.  Prior to the time of this work relatively few

studies had assessed responses to ischaemia-reperfusion in isovolumically contracting

murine hearts (e.g. 55, 109, 118).  We demonstrate here that 30 min of global

normothermic ischaemia leads to a pronounced contracture which occurs much more

rapidly than in comparably perfused rat hearts.  Contractile recovery is limited to ~50%

of pre-ischaemic levels after 30 min of ischaemia and 30 min of reperfusion.  This

compares favourably with recovery in the earlier study of Galinanes and Hearse (118).

Somewhat paradoxically, the degree of contractile recovery from 30 min ischaemia

measured here and previously (118) is higher than measurements made in apicobasally

contracting hearts subjected to identical periods of ischaemia (319, 377), despite lower

metabolic rate and mechanical work in the apicobasal preparation.  This may reflect the

insensitivity and inaccuracy inherent in the apicobasally contracting model.  Consistent
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with our preliminary observations in this model, A1AR overexpression improved

recovery of contractile function following ischaemia, an effect largely restricted to

diastolic rather than systolic function in both the apicobasal model (153, 270) and in the

present preparation (Figure 3).  In addition to functional improvement, the present data

demonstrate that A1AR overexpression significantly attenuates tissue necrosis, as

evidenced by a 75% decline in LDH efflux throughout the reperfusion period (Figure

5).

A1AR activation is thought to reduce post-ischaemic “stunning” only when initiated

prior to and during ischaemia (327, 390, 434).  Adenosine-mediated cardioprotection

during reperfusion has been attributed to actions of the A2 adenosine receptor in a study

by Toombs et al. (390).  However, this work was performed in an in vivo rabbit model,

a species known to posses a high degree of coronary artery co-lateralization, which

could increase the relative effects of A2AR activation.  Moreover, studies by Downey

and colleagues (58, 59, 323) in rabbit fail to show involvement of adenosine in

preconditioning suggesting a species related difference in adenosine handling.

Additionally, protective signalling via adenosine is unique and differs from all other

stimuli studied in rabbit (60).  More recent studies in the isovolumic mouse model

suggest the involvement of A1 and A3ARs, but not A2ARs, in cardioprotection during

reperfusion (311).  The present observations are consistent with this scheme since A1AR

overexpression improved tolerance to ischaemia, evidenced by greatly prolonged time

to onset of contracture, reduced peak contracture, and enhancement of immediate

contractile recovery on reperfusion.  As outlined by Hearse (163) and the data of

Manche et al. (261), immediate contractile recovery (when measured and reported) is

generally high and reflects the extent of ischaemic injury, with subsequent reductions in
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function reflecting the genesis of reperfusion injury.  Regarding effects of A1ARs

during ischaemia and reperfusion, we show that A1AR overexpression fails to alter the

“rate” of contractile recovery: although initial recovery differs, the recovery rate for left

ventricular developed pressure during reperfusion is constant at 28-30% per min over

the final 20-25 min of reperfusion in all groups studied (Figure 4A).  The marked

reduction in ischaemic contracture and improved initial recovery during reperfusion in

transgenic hearts, coupled with almost identical subsequent rates of contractile recovery

in both wild-type and transgenic hearts, collectively indicate that the primary effect of

A1AR overexpression is a reduction in initial ischaemic injury (diastolic contracture and

cell death) rather than extent or development of reperfusion injury.

Cardioprotection Afforded By Pyruvate

We demonstrate markedly improved tolerance to ischaemia, as measured by rapidity of

onset of ischaemic contracture and initial recovery of contractile function, in hearts

provided with 10 mM pyruvate as sole substrate.  These results are interesting since

most prior studies (with the exception of our work in Chapter 3B and (110)) fail to

improve cardiac tolerance to ischaemia or hypoxia when pyruvate is supplied as sole

substrate (46, 48), with improved tolerance only when pyruvate is supplied as “co-

substrate”.  Moreover, the few studies examining pyruvate as sole exogenous substrate

reveal enhanced contracture development during ischaemia in the rat (53) and the rabbit

(234).  Thus, again, the mouse seems unique in terms of substrate effects.

As discussed in Chapter 3B pyruvate reduces the development of contracture suggesting

onset of ischaemic contracture is not solely related to cessation of glycolytic ATP

formation or that 10mM pyruvate does not inhibit glycolysis in murine hearts.
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Interestingly, the effects of pyruvate were remarkably similar to those resulting from

A1AR overexpression.  Pyruvate prolonged time to contracture, greatly improved initial

recovery of contractile function, improved overall functional recovery throughout

reperfusion, and inhibited tissue necrosis by ~75%.  As with A1AR overexpression,

contractile recovery remained elevated throughout 30 min of reperfusion in hearts

treated with pyruvate, with a rate of recovery identical to that in glucose-perfused

hearts.  The data for pyruvate are also consistent with attenuation of ischaemic injury

rather than reperfusion injury.  These similarities hint at common actions of A1ARs and

pyruvate.`

Various mechanisms may play a role in the cardioprotective effects of pyruvate,

including enhanced myocardial energy state (46), reduced cytosolic redox potential, and

reduced intracellular acidosis.  Another possible explanation is a “preconditioning”

effect related to reduced pre-ischaemic glycogen levels.  The involvement of glycogen

in cardioprotection remains controversial with some studies suggesting that glycogen

depletion improves post-ischaemic recovery (5, 216, 291) while others show no effect

or reduced recovery (10, 133, 201, 220).  There is also evidence that pyruvate is an

effective scavenger of free radicals (40, 79).  However, since the effects of pyruvate

were largely restricted to the anaerobic period of global ischaemia (Figure 2), it seems

unlikely that reducing free radical injury plays a significant role in this model.

Nevertheless, there is evidence emerging that radical generation occurs during

ischaemia itself (405).  However, intra-ischaemic reactive oxygen species may actually

protect the heart (206) Regardless of mechanism, the present data for pyruvate-perfused

hearts demonstrate that anaerobic ATP generation via glycolysis cannot be the sole

determinant of ischaemic contracture in mammalian myocardium.
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Role Of Carbon Substrate Metabolism In A1AR Mediated Cardioprotection

Although the mechanism of cardioprotection in hearts overexpressing A1ARs is unclear,

there is evidence that the effect may involve enhanced maintenance of ATP and post-

ischaemic recovery of H+ (153).  These effects could be achieved via either enhanced

glycolytic ATP generation, contributing to reduced contracture (Figure 2), or inhibition

of glycolysis on reperfusion, thereby enhancing recovery of H+.  Since it has been

shown that ischaemic acidosis is unaltered by A1AR overexpression (153), it is unlikely

anaerobic glycolysis is accelerated.  This leaves the hypothesis forwarded by Finegan et

al. (106), in which it is suggested that A1AR activation inhibits glycolysis, improving

coupling between glucose oxidation and glycolytic metabolism.  If this is the case, the

effects of pyruvate and A1AR overexpression should be similar.  As we have already

noted, there is indeed a striking similarity in the protective effects of A1AR

overexpression and pyruvate perfusion, and A1AR overexpression offers no additional

cardioprotection in hearts supplied with pyruvate as substrate.  We tentatively conclude,

therefore, that A1AR overexpression (and pyruvate) inhibits rather than activates

glycolysis.  However, the manner in which glycolytic inhibition (with A1AR activation

or pyruvate perfusion) ameliorates ischaemic contracture and injury remains to be

elucidated.  As already discussed, the fact that pyruvate attenuates contracture indicates

that maintenance of glycolytic ATP generation is not the key determinant of ischaemic

contracture development.

We should note that there is an alternate, albeit highly unlikely, explanation for the

present observations.  It might be argued that A1AR overexpression and pyruvate both

operate via entirely unrelated mechanisms, and individually provide maximal protection

from ischaemia, thereby explaining the non-additive nature of the two effects.  This
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latter conclusion would be remarkable since it would indicate that the maximum degree

of cardioprotection possible in murine myocardium is accomplished with either 10 mM

pyruvate as substrate or ~100-fold overexpression of functionally coupled A1ARs.

Conclusions

The present study indicates that A1AR overexpression and pyruvate perfusion

significantly and almost identically improve functional recovery and tissue viability in

ischaemic myocardium.  Protection with each strategy is not additive indicating that

A1AR overexpression and perfusion with pyruvate both produce cardioprotection via a

common mechanism.  Since pyruvate inhibits glycolysis, this suggests that A1AR

overexpression does not provide cardioprotection via stimulation of glycolytic

metabolism.  Rather, the findings are consistent with inhibition of glycolysis, as

suggested by Finegan et al. (104).  Nonetheless, the way in which glycolytic inhibition

attenuates contracture during ischaemia remains to be elucidated.  In this respect,

reduced ischaemic injury and contracture with pyruvate indicates that anaerobic

glycolysis and ATP generation may not be the primary determinants of ischaemic

contracture in mammalian myocardium.  This requires further investigation, preferably

employing multiple strategies designed to limit glycolysis.
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CHAPTER 4B

Effects Of Blocking Glycolysis In

Ischaemic Mouse Heart
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4B.1 INTRODUCTION

In prior chapters evidence has been accumulating suggesting paradoxical effects of

glycolytic inhibition during ischaemia.  The precise functions of glycolysis remain

undetermined despite its clear importance.  Carbohydrate metabolism begins with

glycolysis, in which glucose or glycogen are converted to pyruvate producing 6 ATP

and consuming 4, to give a net yield of two ATP (3 ATP from glycogen), followed by

conversion to acetyl CoA and entry into the TCA cycle.  With carbohydrate

metabolism, the primary source of ATP production occurs via oxidative metabolism in

the TCA cycle, however, this process requires oxygen.  At the onset of ischaemia there

is rapid loss of oxygen which reduces TCA cycle activity.  Decreased TCA cycling

leads to a build up of metabolic intermediates such as NADH2, which ultimately leads

to inhibition of TCA activity.  Consequently, the only source of ATP production during

ischaemia is via anaerobic glycolysis.  Anaerobic glycolysis converts pyruvate to lactate

with concurrent hydrolysis of NADH2 to NAD+ and provides a vital source of ATP.

Whether ATP production via anaerobic glycolysis in the absence of glucose oxidation is

beneficial or detrimental remains controversial.

Glycolytic ATP has been associated with maintaining function of sarcolemmal ion

channels such as the Na+-ATPase, Na+/H+ and Na+-Ca2+ exchangers (85, 344, 404).

There is also evidence suggesting that glycolytic ATP formation is co-localised with

membrane channels and the myofibrils, as such it has been shown that glycolytic ATP

is essential for normal Ca2+ handling and contractile function (288).  Additionally,

studies by Cross et al. and Kingsley et al. (68, 204) show that ischaemic contracture, an

index of ischaemic damage, may begin when glycolytic ATP production stops.
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Alternatively, anaerobic glycolysis does lead to a build up of lactate, and ATP

hydrolysis results in production of protons resulting in myocardial acidosis, the extent

of which is determined by the severity of ischaemia.  Excessive lactate and protons can

be detrimental during ischaemia and reperfusion, reducing cardiac efficiency via

intracellular Na+ accumulation through Na+/H+ exchange (13, 69, 290), with resultant

accumulation of Ca2+ via Na+/Ca2+ exchange (142, 329).  Proton accumulation can also

reduce recovery during reperfusion by decreasing contractile efficiency of the

myofibrils, increasing O2 consumption relative to cardiac work (246).  During early

reperfusion glucose oxidation returns at a considerably reduced rate, and this

“uncoupling” of glucose oxidation from glycolysis leads to further accumulation of

protons (104, 106).

With these variable effects of glycolysis in mind, and based on prior observations in

Chapter 3A we examined the effects of glycolytic inhibition on recovery from

ischaemia.  Glycolysis was blocked or reduced by use of 10 mM pyruvate as sole

substrate, (a concentration known to inhibit glycolysis; 328, 423), by infusion of

iodoacetic acid (inhibiting glycolysis at the level of GAPDH) in pyruvate-perfused

hearts, and by glycogen depletion by pre-ischaemia substrate-free perfusion.

4B.2 MATERIALS AND METHODS

Experimental Protocol

Male and female C57 mice (n = 50) were anaesthetised with intraperitoneal sodium

pentobarbital (50 mg/kg), a thoracotomy was performed and the hearts were rapidly
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excised into ice-cold heparinised perfusion buffer.  Hearts were perfused according to

general methods with a modified Krebs buffer containing (in mM) NaCl, 118; NaHCO3,

25; KCl, 4.7; KH2PO4, 1.2; MgSO4, 1.2; CaCl2, 2.5 and EDTA, 0.6. Substrate was either

11mM glucose or 10 mM pyruvate.  Buffer was equilibrated with 95% O2, 5% CO2 at

37oC giving a pH of 7.4.

After 10 minutes of stabilisation at intrinsic heart rates all hearts were paced at a

constant rate of approximately 420±10 beats/min  (ventricular pacing 10 ms square

waves, 7 Hz, 20% above threshold).  After a further 20 min equilibration baseline

measurements were recorded and 25 min global ischaemia was initiated by clamping off

the aortic perfusion line and bubbling the organ bath with 95% N2/5% CO2 to reduce

PO2.  After ischaemia, reperfusion was achieved by unclamping the aortic flow line and

discontinuing the N2 bubbling.  Hearts were reperfused for 30 min with ventricular

pacing resumed after 2 minutes of reperfusion.  Four groups were studied: glucose

perfused (n=19), pyruvate perfused (n=13), pyruvate perfused with iodoacetic acid

(IAA) treatment (n=9) and pyruvate perfused with glycogen depletion (n=9).

IAA treated hearts were equilibrated for the same time period as glucose and pyruvate

perfused hearts and were infused 150 µM IAA from 10 till 20 min equilibration

followed by 50 µM infusion until onset of ischaemia.  These concentrations of IAA

were comparable to those used by Jeremy et al (186) and are known to specifically

inhibit GAPDH.  Glycogen depleted hearts were stabilised with pyruvate buffer for 5

min followed by 10 min of substrate free perfusion followed by 20 min pyruvate

perfusion.  Ischaemia was initiated at 35 min and was of 25 min duration.  These hearts

were reperfused with pyruvate buffer.
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4B.3 RESULTS

Effects Of Treatments During Normoxia

As in previous chapters, glucose perfused hearts tended towards higher initial

contractility than pyruvate hearts.  In this study significance was achieved for +/- dP/dt,

while no significant differences were seen in LVDP (Figure 1B, C).  There were no

differences in diastolic pressure (Figure 1 A) between groups. As in the prior studies

(Chapter 3B), pyruvate perfusion resulted in a significantly lower coronary flow

compared with glucose-perfused hearts (20±2 ml/min/g vs. 34±1 ml/min/g). Treatment

with IAA or glycogen depletion did not further modify flow significantly (17±1 and

24±1 ml/min/g, respectively).

Effects Of Treatments During Ischaemia

Ischaemic contracture began almost immediately in glucose perfused hearts (Figure 1A)

and diastolic pressure rose by 20 mmHg within 368±42 sec whereas it was delayed in

all three pyruvate perfused groups and to the greatest extent in glycogen depleted hearts

(834±86, 779±71 and 1247±92 sec in pyruvate, IAA and glycogen depleted hearts

respectively; Figure 2A).  Diastolic pressures during ischaemia were almost identical in

pyruvate and IAA treated hearts (Figure 1A).  Interestingly several glycogen depleted

hearts underwent less than 20 mmHg contracture during the ischaemic period, resulting

in significantly lower peak contracture (36±9 mmHg) vs. all other groups (75±5, 65±6

and 69±3 mmHg in glucose, pyruvate and IAA hearts respectively; Figure 2A).

Effects Of Treatments During Reperfusion

Upon reperfusion contractile function returned to all hearts however initial developed

pressure was depressed in glucose perfused and IAA treated hearts (10±2, 53±10, 17±3
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Figure 1: Left ventricular A) diastolic pressure; B) developed pressure; C) ±dP/dt in
hearts perfused with glucose; or pyruvate perfused hearts untreated, or treated with IAA
(Pyr + IAA) or glycogen depletion (Pyr + gly dep) during 25 min global ischaemia.
Values are ±  S.E.M. * P<0.05 vs. glucose; † P<0.05 vs. pyruvate; ‡ P<0.05 vs.
glycogen depleted; ¥ P<0.05 no difference to baseline.
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and 117±16 mmHg for glucose, pyruvate, IAA and glycogen depleted hearts,

respectively; Figure 1B).  Glycogen depleted hearts returned to a developed pressure of

117±16 mmHg which was not significantly different to baseline values and over double

that of pyruvate perfused hearts (Figure 1B). Developed pressure remained low in IAA

treated hearts and had only recovered 30±4 mmHg by the end of reperfusion.  While

initial recovery of glycogen depleted hearts was much greater than pyruvate hearts they

experienced a substantial drop in pressure over the first 8 minutes and by the end of

reperfusion these groups showed no significant differences.  Changes in +/- dP/dt

mirrored those of developed pressure (Figure 1C).

In all groups diastolic pressure began to fall during early reperfusion, with substrate free

hearts returning to values essentially no different from baseline (Figure 1A). They then

remained at this level for the duration of reperfusion.  Surprisingly initial recovery of

diastolic pressure was lowest in IAA treated hearts, being two-fold higher than in

pyruvate-perfused hearts despite almost identical ischaemic responses (Figure 1A).

Subsequent to a large increase in diastolic pressure at 5 min reperfusion in IAA treated

hearts, these hearts demonstrated significantly higher diastolic dysfunction than any

other group (Figure 1A).

In glucose-perfused and pyruvate + IAA hearts coronary flow initially returned to pre-

ischaemic levels before becoming depressed over the remaining period of reperfusion

(Figure 3).  Alternatively, in pyruvate-perfused and pyruvate + glycogen depleted hearts

a characteristic hyperaemic response occurred (early re-flow above pre-ischaemic

levels) followed by a rapid decline in flow.  Glycogen depleted hearts returned to
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baseline rates while pyruvate-perfused hearts remained elevated above baseline (Figure

3).
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4B.4 DISCUSSION

During ischaemia, anaerobic glycolysis is the primary source of ATP and cessation of

this process is thought to be associated with onset of ischaemic contracture (68, 204).

We have observed delayed TOC and improved functional recovery from ischaemia in

hearts perfused with 10 mM pyruvate as sole substrate, which is in contrast to several

other studies citing a requirement of glucose for any beneficial affect of pyruvate (12,
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46, 48).  To test involvement of glycolytic inhibition in pyruvate-mediated

cardioprotection we examined metabolic inhibition using IAA, and substrate free

perfusion to deplete endogenous glycogen stores.

Effects Of Blocking Glycolysis During Ischaemia Itself

Ischaemic tolerance was improved in each of the three treatment groups compared to

glucose perfused hearts as evidenced by longer time to onset of contracture (834±86 s

pyruvate perfused, 779±71 s IAA treated, 1247±92 s, glycogen depleted vs. 368±42 s

glucose perfused; Figure 3B).  We have previously shown increased TOC in mouse

hearts perfused with pyruvate as sole substrate in contrast to several previous studies in

which contracture occurred earlier in other species (12, 46).  It is commonly held that

ischaemic contracture begins as anaerobic glycolysis stops (68, 204, 306).  Thus, it was

initially predicted that contracture would occur more rapidly since 10 mM pyruvate

should limit glycolysis substantially (328, 423).  In the previous chapter (Chapter 3B) it

was suggested that ischaemic contracture may not be solely related to cessation of

anaerobic glycolysis; or that 10 mM pyruvate did not inhibit glycolysis in mouse heart.

In the current study pyruvate perfused hearts and those treated with IAA behave almost

identically during ischaemia, suggesting that 10 mM pyruvate does indeed inhibit

glycolysis and therefore that ischaemic contracture is not solely related to cessation of

anaerobic glycolysis.  Furthermore, hearts perfused with substrate free buffer would be

expected to exhibit near, if not complete glycogen depletion by onset of ischaemia and

this group displayed a greater delay in TOC than all others, and also experienced the

lowest peak contracture (Figure 2).
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Since glycogen depleted hearts were expected to undergo minimal anaerobic glycolysis

it was predicted they would behave similarly to IAA treated hearts during ischaemia.

Surprisingly they exhibited greater tolerance to ischaemic insult than either pyruvate-

perfused or IAA-treated hearts, with some hearts failing to achieve TOC (as defined in

this study).  Since substrate free perfusion occurred 20 min prior to ischaemia the

observed improvement in ischaemic tolerance may indicate a preconditioning effect in

these hearts.  Ischaemic preconditioning has been associated with reduced pre-

ischaemic glycogen levels (19, 105, 418) and has been shown to provide protection

from ischaemia in a number of animal models (19, 59, 73, 76, 105, 152, 312, 418).

Indeed, glycogen depletion has been suggested as the causal mechanism of

preconditioning by some (201, 273, 366).  However, ischaemic preconditioning is

usually associated with reducing TOC (201), unlike the increase observed in glycogen-

depleted hearts (Figure 2A).  If glycogen depletion did precondition the heart, the

mechanism must involve more than a simple reduction in anaerobic glycolysis.

Moreover, it has been shown that glycogen depletion is not responsible for protection

with preconditioning (10, 75).

Effects Of Glycolytic Inhibition On Recovery During Reperfusion

In the mouse heart we have previously shown (Chapters 3B and 4A) that perfusion with

pyruvate as sole substrate protects the heart from ischaemic insult.  To examine the

involvement of glycolysis in this protection we examined the effects of IAA in

pyruvate-perfused hearts.  While ischaemic function is almost identical in pyruvate and

IAA treated hearts, the two groups diverge in terms of functional recovery during

reperfusion (Figure 1).  Pyruvate hearts recover rapidly during the first two minutes of

reperfusion while IAA treated hearts recover much less despite similar contracture at
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the end of ischaemia (54±4 vs. 59±3 mmHg in pyruvate and IAA treated hearts

respectively).  Within 5 min of reperfusion diastolic tension in IAA treated hearts rises

to levels greater than achieved during the ischaemic period.  These data suggest

glycolysis may indeed occur during reperfusion in hearts perfused with pyruvate, and

that it is important for contractile recovery in the early stages of reperfusion.  Two

suppositions can be made i) 10 mM pyruvate may not fully inhibit glycolysis in the

normoxic mouse heart, although it is likely that glycolysis is inhibited during ischaemia

in these hearts (via added effects of H+, NADH, etc.) since IAA treated hearts display

identical function to pyruvate hearts; ii) intrinsic glycogen stores are not fully depleted

by 30 min aerobic perfusion in hearts utilising pyruvate, resulting in glucose availability

during early reperfusion.

Glycolytically derived ATP is known to be important in restoring ionic homeostasis to

the heart during reperfusion.  This is evidenced by effects of IAA or pyruvate here.  The

study of Van Emous et al. demonstrated a functional coupling between glycolytic ATP

and Na+-K+-ATPase function, aiding in the restoration of Na+ balance during early

reperfusion in rat heart (404).  Similarly Dizon et al. observed a requirement for

glycolytic ATP for maintaining Na+ balance in normoxic rat heart (85).  There is also

evidence to suggest that glycolytic ATP is involved with functioning of the Na+/H+

exchanger during the ischaemic period in guinea pigs (344).  Na+ balance is important in

the heart since elevated intracellular Na+ leads to increased Ca2+ influx via the

Na+Ca2+exchanger.  Elevated intracellular Ca2+ has been associated with contractile

dysfunction via transient Ca2+ overload, reduced Ca2+ transport by the sarcoplasmic

reticulum, and decreased sensitivity of the myofilaments to calcium (51, 137, 172, 277),

and there is also evidence of its involvement in cell death (300).
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While glycolytic ATP generation has been found to be important for contractile

recovery of the heart, it is also a potential source of H+ if uncoupled from oxidative

phosphorylation.  Increasing intracellular acidosis can lead to Ca2+ overload via

membrane transporters, as discussed above.  Finegan et al. observed glycolytic

inhibition by A1 adenosine receptor activation in rat heart, resulting in improved

coupling between glycolysis and glucose oxidation (104, 106).  It is possible that

pyruvate acts in a similar way.  While pyruvate may not completely inhibit glycolysis, it

is likely to substantially reduce the rate of glycolysis, therefore reducing production of

unwanted H+.  Since IAA treated pyruvate-perfused hearts incur significant injury

during reperfusion, these data suggest at a least a partial requirement for glycolysis in

pyruvate-mediated protection.  Alternatively, the protective effects of pyruvate are

unable to overcome the detrimental effects of glycolytic inhibition during reperfusion.

In terms of determinants of outcomes in the different groups, since diastolic pressure

failed to recover effectively in the glucose and pyruvate+IAA groups, it is possible

greater extravascular compression might impinge on coronary reflow and thus

exaggerate contractile dysfunction in these hearts. As shown in Figure 3, flow does

recover to the lowest extent in these groups (in relative terms). Furthermore, examining

recoveries for the groups supplied with pyruvate as substrate (all of which have similar

initial flow rates),  one can see that the final flows and diastolic pressures may in fact be

correlated. Thus, in general, differences in post-ischaemic contracture may indeed

impact on coronary reflow (via vascular compression), contributing in part to poor

functional outcomes.



136

Somewhat paradoxically, substrate-free perfusion afforded a substantial improvement in

post-ischaemic recovery in mouse hearts.  This may be due to depletion of glycogen

prior to ischaemia rendering anaerobic glycolysis impossible and/or a preconditioning

effect.  Reduced contracture resulted in a rapid return of contractile function upon

reperfusion.  However, by the end of reperfusion there was no significant difference in

developed pressures with the pyruvate-perfused groups.  This suggests that while initial

contractile function upon reperfusion is strongly influenced by injury during ischaemia,

later performance is affected by other factors such as free radical formation, alterations

to ion balance and other contributors to reperfusion injury.  It is likely that some form of

preconditioning is occurring in these hearts, though the relationship with glycolysis is

not clear.  Since IAA treated hearts become significantly injured upon reperfusion while

pyruvate and glycogen depleted hearts begin to recover, it seems glycolysis is still

occurring in these groups.  This is remarkable since this indicates that 10 min of

substrate free perfusion followed by perfusion with 10 mM pyruvate only is not

sufficient to completely exhaust glycogen supplies and block glycolysis in the murine

heart.

The possibility of preconditioning with substrate-free perfusion is worth considering.

Preconditioning via pre-ischaemic glycogen depletion is controversial since some

studies have shown improved tolerance to ischaemia-reperfusion following depletion (5,

216, 291) while others have not (10, 133, 201, 220).  Moreover, the study of Lagerstrom

et al. show reduced glycogen content by two different methods (N2 perfusion and

substrate free perfusion) does not improve tolerance to ischaemia and worsens recovery

during reperfusion (220), and a study by Goodwin and Taegtmeyer show reduced

contractile recovery in glycogen depleted hearts (anoxic perfusion or glucagon
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treatment) (133).  The greater recovery of contractile function observed in glycogen

depleted hearts in this study may simply reflect the lower level of injury incurred during

the ischaemic period, although the mechanism of this protection is not evident from the

current data.

In summary, the current data clearly reveal that blocking glycolysis actually protects

against ischaemic contracture in mouse.  This indicates a unique property of murine

myocardium and/or suggests that current ideas regarding the mechanistic basis of

contracture development (which involve glycolytic ATP generation delaying

contracture) are incorrect/incomplete.
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CHAPTER 5A

Role of Glycolysis in Adenosine Mediated

Cardioprotection in Wild Type and

Transgenic Mouse Hearts

Overexpressing the A1 Adenosine

Receptor
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5A.1 INTRODUCTION

Adenosine provides cardioprotection from ischaemia via interaction with membrane

bound receptors (A1 and A3) (97, 226, 228, 240, 283, 311, 313, 393), and also via a

direct metabolic effect (18, 314, 315, 430).  There is evidence to suggest that protection

is provided by both endogenous and exogenous applications of adenosine (314, 315)

and cardioprotection is apparent in transgenic hearts overexpressing the A1 adenosine

receptor (Chapter 4A; 153, 270).

Various mechanisms and signalling pathways may play a role in adenosine-mediated

cardioprotection and it is likely that multiple parallel pathways are activated.

Adenosine has been associated with ischaemic preconditioning (105, 120, 152),

maintenance of intracellular ATP levels (8, 114), reduced reactive oxygen species

generation through involvement with mitochondrial KATP channels (143, 283, 367) and

modulation of sarcoplasmic reticulum Ca2+ handling (445, 446).  There is also evidence

to suggest that adenosine may provide protection via enhanced nitric oxide availability

(269, 441), reduced proton overload by inhibition of Na+/H+ exchange, and also

modification of cardiac energy and/or substrate metabolism (67, 104, 106, 153).

With respect to altered substrate metabolism several studies have shown that exogenous

adenosine reduces glycolysis improving coupling with glucose oxidation, thus reducing

accumulation of H+ and Ca2+ during ischaemia and reperfusion and improving

functional recovery (104, 106, 114).  However, there is considerable controversy

regarding a possible protective role for glycolysis in the ischaemia-reperfused heart.  It

has been suggested that maintaining glycolytic activity during ischaemia provides

crucial ATP which delays onset of ischaemic contracture (68, 204).  Glycolytic ATP is
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also associated with maintenance of cellular ion channels such as the Na+-ATPase,

Na+/H+ and Na+-Ca2+ exchangers, (85, 344, 404) and is considered important for

regulating myocardial ion balance and possibly acidosis during early reperfusion (186,

259).

Previously we have shown improved recovery of hearts perfused with 10 mM pyruvate

as sole substrate is removed by infusion of iodoacetic acid (blocking glycolysis)

(Chapter 4B).  We have also demonstrated that exogenous adenosine provides

cardioprotection from ischaemia-reperfusion in pyruvate-perfused hearts (Chapter 3B)

although we found no additional improvement in pyruvate-perfused hearts

overexpressing the A1 adenosine receptor (Chapter 4A).  Thus, it seems effects of

adenosine and A1AR activation differ substantially and that glycolytic metabolism is

important in adenosine-related responses.  With this in mind, the effects of exogenous

and endogenous adenosine in pyruvate-perfused wild-type and transgenic hearts with/or

without glycolytic blockade with IAA  (inhibiting glycolysis at the level of GAPDH)

were assessed in this study.

5A.2 MATERIALS AND METHODS

Experimental Protocol

Male and female mice (n=91) were anaesthetised with intraperitoneal sodium

pentobarbital (50 mg/kg), a thoracotomy was performed and the hearts were rapidly

excised into ice-cold heparinised perfusion buffer.  Hearts were perfused according to

general methods with a modified Krebs buffer containing (in mM) NaCl, 118; NaHCO3,

25; KCl, 4.7; KH2PO4, 1.2; MgSO4, 1.2; CaCl2, 2.5, EDTA, 0.6 and 10 mM pyruvate.

Buffer was equilibrated with 95% O2, 5% CO2 at 37oC giving a pH of 7.4.
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After 10 minutes of stabilisation at intrinsic heart rates all hearts were switched to

pacing to give a pre-ischaemic heart rate of 420±10 beats/min  (ventricular pacing 10

ms square waves, 7 Hz, 20% above threshold).  After a further 20 min equilibration

baseline measurements were recorded and 25 min global ischaemia was initiated by

clamping off the aortic perfusion line and bubbling the organ bath with 95% N2/5% CO2

to reduce PO2.  After ischaemia, reperfusion was achieved by unclamping the aortic

flow line and discontinuing the N2 bubbling.  Hearts were reperfused for 60 min with

ventricular pacing resumed after 2 minutes of reperfusion.

The studies presented within this chapter assess the involvement of glycolysis in

adenosinergc protection. Much of the work was, in essence, repeated in two different

groups of animals - namely wild-type mice and transgenic mice overexpressing cardiac

A1ARs.  To limit confusion and to clarify the presentation of the following findings, the

data and chapter have been sub-divided into two sections.

Data under ‘Group 1’ were acquired in wild-type hearts, with the focus on testing the

ability of adenosinergic strategies to limit ischaemic injury under differing conditions of

substrate utilisation: control (n=13); IAA treated (IAA; n=9); adenosine treated (ado;

n=11); adenosine and IAA treated (ado + IAA; n=18); and iodotubercidin and IAA

treated (iodo + IAA; n= 8).  Data under ‘Group 2’ were acquired in transgenic heart

overexpressing cardiac A1ARs (129, 270), again with a focus on testing the ability of

A1AR overexpression to provide protection in hearts with functional glycolysis or in

hearts subjected to glvcolytic inhibition: transgenic (trans; n=11); and transgenic hearts

treated with IAA (trans + IAA; n=21). Transgenic mice employed here were ‘low level’

expressors with approximately 100 fold overexpression of A1AR’s (129, 270).



143

Responses in wild-type (control) hearts and wild-type hearts treated with IAA (IAA),

from Group 1, were incorporated in the graphs for the purposes of highlighting the

individual effects of A1AR overexpression and IAA treatment alone.

It is important to note here that while the experiments and data have been artificially

sub-divided for the purposes of presentation, statistical analyses (specifically multi-way

ANOVA and post-hoc comparisons) were undertaken on collective data for all

experimental groups, thus retaining the ability to highlight differences in responses

between any groups in subsequent discussion.

All drugs were infused at 1-3% of the total coronary flow rate, utilising a P22 Harvard

Apparatus infusion pump.  Adenosine was infused at a final concentration of 25 µM,

commencing 5 minutes prior to ischaemia with infusion resumed at the onset of

reperfusion.  IAA (an inhibitor of glycolysis, targeting GAPDH) was infused at 150 µM

IAA for 10 min, commencing at 20 min pre-ischaemia, with the concentration then

reduced to 50 µM until the onset of ischaemia. These concentrations of IAA were

comparable to those used by Jeremy et al (186) and are known to specifically inhibit

GAPDH.  Since IAA irreversibly blocks glycolysis infusion was not continued during

reperfusion. Iodotubercidin (an inhibitor of adenosine kinase) was infused at a final

concentration of 10 µM, commencing at 10 min prior to onset of ischaemia. The drug

was not infused during reperfusion.
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5A.3 RESULTS

Pre-Ischaemic Function.

Baseline functional parameters (Table 1) compared favourably with prior data acquired

in hearts using pyruvate as the sole substrate  (110).  Coronary flow was elevated in

both groups receiving adenosine and was nearly doubled by treatment with just

adenosine (Table 1).  Hearts receiving iodotubercidin and IAA also demonstrated a near

doubling of coronary flow (Table 1).  While adenosine increased flow rates in all groups

developed pressure was only elevated in the ado group, IAA treated hearts were no

different to control.  Baseline function was also comparable in transgenic hearts (Table

1).

Table 1: Baseline function after 30 min normoxic perfusion in hearts from Group

1 and Group 2.

Diastolic

Pressure

(mmHg)

Left Ventricular

Developed Pressure

(mmHg) Mixture

Coronary Flow

Rate (ml/min/g

wet wt)

Group 1

Control 4±1 110±5 20±1

IAA 4±1 112±5            17±1*

Ado           1±1*†    126±5*†            39±3*†

Ado + IAA           4±1‡ 110±3‡            31±1*†‡

Iodo + IAA           5±1‡ 111±5‡            38±3*†§

Group 2

Trans 4±1 108±4           22±1†

Trans + IAA 4±1 117±3           21±1†

All values are means ± S.E.M.  * different from control P<0.05;  † different from IAA
P<0.05; ‡ different from ado P<0.05; § different from ado + IAA P<0.05.
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Group 1: Effects of Glycolytic Inhibition on Adenosine Mediated Cardioprotection

Role Of Glycolytic Metabolism On Tolerance And Adenosinergic Protection During

Ischaemia

Diastolic pressure became elevated during ischaemia as seen in previous chapters

(Figure 1A).  Treatment with 25 µM adenosine slowed elevation of diastolic pressure

and Ado hearts displayed significantly lower EDP than all other treatment groups by

end of reperfusion (33±9 vs. 55±7 vs. 63±4 vs. 56±2 vs. 59±4 mmHg in ado, control,

IAA, ado + IAA and iodo + IAA groups respectively; Figure 1A).  Time to onset of

ischaemic contracture was delayed with adenosine but was not affected by IAA or

iodotubercidin (834±86 vs. 1149±81 vs. 779±72 s in control, Ado and IAA hearts

respectively; Figure 1B).  However, this adenosine-mediated protection was removed

by IAA infusion (877±39 s Ado + IAA; Figure 1B).  While there was a trend towards

lower peak contracture in the Ado group this was not significant (Figure 1C).
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Figure 1: A) End diastolic pressure; B) time to onset of ischaemic contracture and; C)
peak contracture in control; IAA treated (IAA); adenosine treated (Ado); adenosine and
IAA treated (Ado + IAA); iodotubercidin and IAA treated (Iodo + IAA) hearts during
25 min global ischaemia.  Values are ± S.E.M. * P<0.05 vs. control; † P<0.05 vs. IAA;
‡ P<0.05 vs. Ado; ¥ P<0.05 vs. Ado + IAA.
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Figure 2: Left ventricular A) diastolic pressure and B) developed pressure in control;
IAA treated (IAA); adenosine treated (Ado); adenosine and IAA treated (Ado + IAA);
iodotubercidin and IAA treated (Iodo + Ado) hearts following 25 min global ischaemia.
Values are ± S.E.M. * P<0.05 vs. control; † P<0.05 vs. IAA; ‡ P<0.05 vs. Ado; ¥
P<0.05 no difference to baseline.



148

0

10

20

30

40

50

20 40 60 80 100 120

Control
IAA
Ado
Ado + IAA
Iodo + IAA

C
or

on
ar

y 
F

lo
w

 R
at

e 
(m

l/
m

in
/g

 w
et

 w
t)

Time (min)

*† ¥

*
* *

*
***

*
*

*
*

*

*
*

†
††

†
†

††

†

†
†

†

‡
‡‡

‡
‡

‡‡

‡
‡

§§

§

¥
¥¥

¥

*† ¥*† ¥*† ¥

Ischaemia Reperfusion

Figure 3: Coronary flow rates in control; IAA treated (IAA); adenosine treated (Ado);
adenosine and IAA treated (Ado + IAA); iodotubercidin and IAA treated (Iodo + Ado)
hearts during 25 min global ischaemia.  Values are ± S.E.M. * P<0.05 vs. control; †
P<0.05 vs. IAA; ‡ P<0.05 vs. ado; § P<0.05 vs. Ado + IAA ¥ P<0.05 no difference to
baseline.

Role Of Glycolytic Metabolism On Tolerance And Adenosinergic Protection During

Reperfusion

Treatment with IAA resulted in diastolic pressures almost threefold higher than control

during reperfusion, and recovery of developed pressure was also substantially reduced

(Figure 2A and B).  Alternatively recovery of developed and diastolic pressures was

greatest in Ado hearts throughout reperfusion (Figure 2A and B).  Recovered function

in adenosine hearts was reduced by IAA such that comparing final EDP in control and

IAA hearts is similar to comparing adenosine and Ado + IAA hearts (18±2 vs. 47±3

mmHg, control vs. IAA and 4±2 vs. 30±2 mmHg, Ado vs. Ado + IAA; Figure 2A).

Reduced recovery of LVDP also occurred in Ado + IAA hearts (Figure 2B).  Recovery

of contractile function in hearts treated with Iodo + IAA was essentially the same as

Ado + IAA treated hearts (Figure 2A and B).
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In control hearts coronary flow rates recovered with characteristic hyperaemia before

returning to baseline, while Ado treated hearts returned to baseline immediately (Figure

2).  Flow rates remained depressed in all hearts treated with IAA although this was most

noticeable in hearts treated with adenosine (Ado + IAA) or iodotubercidin (Iodo + IAA;

Figure 2).

GROUP 2: Effects of Glycolytic Inhibition on Cardioprotection Afforded By A1AR

Overexpression

Effect Of Glycolytic Inhibition On Improved Ischaemic Function In Hearts

Overexpressing A1ARs

Transgenic hearts were protected during ischaemia and displayed lower diastolic

pressure (34±6 trans vs. 55±7 mmHg control), elevated time to onset of ischaemic

contracture (1131±53 trans vs. 834±86 s control) and reduced peak contracture (47±3

mmHg trans vs. 65±6 mmHg control; Figure 4).  Wild-type hearts were not affected by

IAA during ischaemia while transgenic hearts were made to function like wild-type

hearts (Figure 4).

Effect of glycolytic inhibition on improved post-ischaemic outcome in hearts

overexpressing A1ARs

Upon reperfusion contractile function rapidly returned in all groups.  In control and

transgenic hearts there were no significant differences between diastolic and left
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Fig 4A) End diastolic pressure; B) Time to onset of ischaemic contracture and; C) peak
contracture in control; IAA treated (IAA) wild-type hearts; and transgenic (Trans);
transgenic with IAA (Trans + IAA) hearts during 25 min global ischaemia.  Values are
± S.E.M. * P<0.05 vs. control; ‡ P<0.05 vs. IAA; † P<0.05 vs. Trans.
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ventricular developed pressures for the duration of reperfusion (Figure 5A and B).

Recovery of contractile function was reduced by IAA treatment in both wild-type and
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Figure 5: Left Ventricular A) diastolic pressure and B) developed pressure in control;
IAA treated (IAA) wild-type hearts; and transgenic (Trans); transgenic with IAA (Trans
+ IAA) hearts following 25 min global ischaemia.  Values are ± S.E.M. * P<0.05 vs.
control; † P<0.05 vs. IAA; ‡ P<0.05 vs. Trans.
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transgenic hearts.  While diastolic pressures remained elevated in both groups, IAA

infused transgenic hearts displayed significantly lower pressures during reperfusion than

wild-type (38±3 vs. 47±3 mmHg; Figure 5A).  A similar trend was seen with developed

pressure, although differences between transgenic and wild-type hearts did not achieve

significance (Figure 5B).

Initial coronary flow rates in wild-type and transgenic hearts followed a typical

hyperaemic response before returning to values similar to baseline, whereas, IAA

treated hearts returned to baseline and then dropped off.  Interestingly there was no

significant difference between transgenic and IAA treated transgenic hearts by end of

reperfusion (Figure 6).
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transgenic (Trans); transgenic with IAA (Trans + IAA) hearts during 25 min global
ischaemia.  Values are ± S.E.M. * P<0.05 vs. control; † P<0.05 vs. IAA; ‡ P<0.05 vs.
Trans; ¥ P<0.05 vs. no difference to baseline.
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5A.4 DISCUSSION

Glycolysis has been implicated in dictating cardiac tolerance to ischaemia in a number

of studies (12, 68, 104, 106, 407, 428).  It has been suggested that development of

ischaemic contracture is related to cessation of anaerobic glycolysis (68) and that

improved coupling of glycolysis and glucose oxidation improves contractile recovery

during reperfusion (106) It has also been postulated that cardioprotective effects of A1

adenosine receptor activation involve modification of glycolysis (104, 106, 428).

However, prior work in this thesis indicates inhibiting glycolysis actually increases

tolerance to ischaemia, and may modify responses to A1 or adenosine stimuli.  Thus, the

effects of glycolytic blockade on protection afforded by exogenous or endogenous

adenosine were assessed in wild-type hearts (Group 1), followed by analysis of the

effects of glycolytic inhibition on protection arising from specific overexpression of the

A1AR (Group 2).

Effects Of Glycolytic Blockade On Protection Afforded By Exogenous And Endogenous

Adenosine In Wild-Type Hearts (GROUP 1)

In Chapter 4B it was demonstrated that hearts metabolising pyruvate tolerated

ischaemia itself better than those metabolising glucose.  This study shows that apparent

“ischaemic” protection afforded by pyruvate is augmented by 25 µM adenosine.

Adenosine further reduced elevation in diastolic pressure, delayed time to onset of

ischaemic contracture, and improved contractile recovery upon reperfusion; this

protection was completely abrogated by treatment with IAA.  Thus, glycolysis appears

essential for adenosine-mediated protection.
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Previously it has been suggested that the protective effects of adenosine are produced

via inhibition of glycolysis both during ischaemia and the ensuing reperfusion (104,

106).  It is hypothesised that glycolytic inhibition during ischaemia reduces

accumulation of lactate and H+
, and this continues during reperfusion increasing

coupling of glycolysis to glucose oxidation, thus contributing to enhanced recovery of

mechanical function.  This hypothesis is not supported by the current observations since

glycolytic inhibition completely removes the protective effects of adenosine and A1AR

overexpression during ischaemia, and substantially reduces recovery during

reperfusion.  Thus, the current data support necessity of glycolysis for adenosine

protection.  There are several possible explanations for these observations relative to

those of Finegan et al.  1) use of a low flow model in their work rather than the no-flow

model of ischaemia used in this experiment.  In a low flow model aerobic perfusion

continues, albeit at a significantly reduced rate, facilitating continued ATP production.

In the no-flow model of ischaemia anaerobic glycolysis is the only source of ATP

production during ischaemia.  A low-flow model also enables washout of harmful

metabolites, which cannot occur in no-flow ischaemia.  Collectively the ischaemic

insult and acidosis is greater in the no-flow model, which may affect the actions of

adenosine.  2) The use of palmitate, glucose and insulin in the perfusion medium of

these prior studies compared to use of pyruvate in this study.  Substrate availability can

significantly affect tolerance to ischaemia as evidenced by the protective effects of

pyruvate when compared to glucose.  Also it has been shown that adenosine affects

glycolytic rates in hearts perfused with fatty acid (104).  3) The present study was

performed in a mouse model while the study of Finegan et al. utilised the rat.  It is

possible that the observed differences reflect fundamental differences in cardiac

metabolism between the two species.  We have observed numerous species related
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differences in the mouse model: functional cycling (Chapter 3A) which has not been

observed in the rat; negative inotropy with pyruvate during aerobic conditions;

improved tolerance to ischaemia in hearts perfused with pyruvate as sole substrate.

Thus the mouse continues to emerge as a somewhat unique species.

The current observations clearly show that in the ischaemic pyruvate-perfused heart

glycolysis is required for protective effects of adenosine.  Therefore, adenosine-

mediated protection must involve modulation of glycolysis or a glycolysis-dependent

process.  In Chapter 4B we demonstrated glycolysis may still occur in a pyruvate-

perfused heart during reperfusion, though glycolysis is likely to be inhibited in these

hearts (since IAA treatment exerted identical ischaemic effects).  The current data argue

that glycolysis is in fact occurring during ischaemia in a pyruvate-perfused heart since

IAA treatment removes ischaemic protection by adenosine, producing near identical

ischaemic tolerance to IAA treated hearts devoid of adenosine (Figure 1).

The argument for delay of ischaemic contracture by adenosine-mediated inhibition of

glycolysis is based on the assumption that by-products of anaerobic glycolysis (H+ and

lactate) accumulate and lead to intracellular Ca2+ overload (114).  However, several

studies have suggested glycolytic ATP is preferentially used to maintain ionic

homeostasis.  Glycolytic ATP has been associated with maintaining Na+ balance during

ischaemia through its involvement with the Na+/H+ (344).  Reducing Na+ flux is thought

to reduce Ca2+ influx via the Na+Ca2+ exchanger.  There is considerable controversy in

the literature surrounding both the causes of ischaemic contracture and the role of

glycolysis.  The current data demonstrate that glycolysis is required to yield the

protective effects of adenosine during ischaemia.
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Interestingly, during reperfusion there is a divergence of function between treatment

groups not evident from responses to ischaemia itself.  This suggests the severity of

ischaemic contracture does not directly correlate with degree of functional recovery

during reperfusion, and highlights the difference between “ischaemic” and

“reperfusion” based injuries.  While there is separation of function during reperfusion,

adenosine treated hearts nonetheless exhibit greater recovery than all other groups, and

this recovery is blunted by IAA treatment.  During reperfusion IAA also reduces

recovery of pyruvate-perfused hearts (Chapter 4B).  It is important to note that hearts

treated with adenosine and IAA (Ado + IAA) recover a greater degree of contractile

function (diastolic and developed pressure) than IAA treatment alone (Figure 2A and

B).  This shows that protection provided by adenosine during reperfusion can occur

independently of glycolysis.  However, functional glycolysis appears essential for

complete recovery during reperfusion.  These data are important as they tend to refute

the relevance of the effects of adenosine on glycolysis reported by Finegan et al.

Since adenosine can protect without modifying glycolysis during reperfusion it must

provide protection via alternate means.  One possibility is a direct effect on metabolism

via purine salvage by adenosine kinase.  However, adenosine kinase inhibition via

iodotubercidin results in very similar functional recovery to hearts treated with

adenosine and IAA (Ado + IAA; Figure 2A and B).  Since purine salvage is not known

to be associated with glycolysis these data imply that the protection observed is not due

to so-called “substrate” effects of adenosine but is receptor mediated in the pyruvate-

perfused heart.



157

Adenosine receptor activation has been associated with several molecular pathways

including protein kinase cascades, mitoKATP channels, phosphatidylinositol-3 (PI3)-

kinase, nitric oxide (NO) synthase, and Na+/H+ exchange (NHE) inhibition (14).

Adenosine receptors also modify a range of cellular responses including vascular

protection and other responses such as modulation of neutrophil function (70, 154, 156,

238, 279, 362, 381, 441).  However, neutrophil/inflammation responses are unlikely to

explain protection in this model as the preparation is blood free.  Coronary flow does

not explain the improvement seen in adenosine hearts since flow returns to baseline

values in both control and adenosine hearts, despite functional protection observed in

adenosine treated hearts (Figure 3).

Effects Of Glycolytic Blockade on A1AR Selective Protection Afforded By Transgenic

Overexpression Of A1ARs (GROUP 2)

In the current study transgenic overexpression of the A1 adenosine receptor reduces

diastolic dysfunction.  Elevation in diastolic pressure, time to onset of ischaemic

contracture and peak contracture are all reduced in pyruvate-perfused transgenic hearts.

This is somewhat different to our observations in Chapter 4A, however, this is likely

due to the use of a different breeding line of transgenic mouse, with different levels of

A1AR overexpression (129).  The lines employed express 10-20 fold different levels of

A1ARs, and effects may well depend upon extent of overexpression.  It is interesting

that ischaemic tolerance is improved by A1 adenosine overexpression, and this tolerance

is removed through treatment with IAA.  This demonstrates that endogenous adenosine

acting on A1 adenosine receptors requires anaerobic glycolysis in order to provide a

protective response, similar to intra-ischaemic effects of exogenous adenosine discussed

above.  Somewhat different to observations made with exogenous adenosine, however,
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is no difference in post-ischaemic contractile function between control and transgenic

hearts (Figure 5).  This implies that a significant component of adenosine-mediated

protection occurs via non A1AR pathways (since adenosine is protective post-

ischaemia).  There may well be A3AR-mediated protection, as shown by others in

mouse and other species (67, 311, 392, 393).  The protection is unlikely to involve

A2ARs, since these have been shown to not mediate protection in this model (310) with

prior observations of A2AR-mediated protection in rat heart likely involving parallel

changes in vascular function.  Interestingly, recovery of diastolic pressure is slightly

greater in IAA treated transgenic hearts than IAA treated wild-type hearts with a similar

trend observed in developed pressure (Figure 5A and B).  This suggests protection

provided by A1 adenosine-receptor overexpression requires glycolysis during

reperfusion to achieve a maximum level of protection but some component of this

protection occurs independently of glycolysis.  Data here are another example of cardiac

performance during ischaemia being disassociated from performance during

reperfusion.  Thus, while ischaemic contracture and peak contracture can be viewed as

indices of ischaemic tolerance they cannot be used to accurately predict recovery during

reperfusion.

In summary, this study shows that ischaemic protection via adenosine itself is abolished

by glycolytic inhibition and that A1AR protection during ischaemia requires glycolysis.

In contrast, adenosine and A1AR protection during reperfusion are not reliant on

glycolysis, although glycolysis is required to achieve full functional recovery.
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CHAPTER 5B

Oxidant damage in ischaemic-reperfused

murine myocardium - effects of

adenosine and pyruvate
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5B.1 INTRODUCTION

Relatively few investigations have assessed the impact of ischaemia-reperfusion on

specific markers of oxidant injury in the increasingly studied murine myocardium.  Of

these studies, the majority have been undertaken in transgenically modified or gene

knockout mice, and findings are consistent with the importance of anti-oxidant status in

dictating ischaemic tolerance in murine hearts (11, 181, 195, 330, 397, 413, 436, 437).

On the other hand, some of these studies also provide evidence against the importance

of specific radicals in generating injury (171).

In terms of protective effects of adenosine and pyruvate, assessed in prior sections of

this work, there is a possibility that the responses to these agents involve a substantial

"anti-oxidant" component.  For adenosine, there is support for A1AR dependent

modulation of anti-oxidant status (283, 326), and that adenosine can beneficially modify

radical formation and resultant injury (198, 289, 386).  Nonetheless, while adenosine

has been attributed with anti-oxidant actions, the importance of these effects in

cardioprotection observed with adenosinergic strategies has not yet been firmly

established.

For pyruvate, there is also ample evidence implicating an anti-oxidant effect in its

protective actions, which may account for or contribute to some of the prior

observations in this thesis regarding the benefit with pyruvate perfusion (21, 64, 79,

260, 265, 384).  The purpose of this final chapter was to ascertain whether the effects of

adenosine and pyruvate do involve modulation of oxidant injury, and also whether the

interactions between pyruvate and adenosine documented in previous Chapters could be

explained by alterations in any anti-oxidant responses observed.
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5B.2 MATERIALS AND METHODS

Tissue Preparation For Assessing Markers Of Oxidant Damage

Oxidant analysis was carried out in the laboratory of Dr. Paul witting (The ANZAC

Research Institute, Concord Repatriation General Hospital, Concord NSW, Australia).

Hearts were frozen in liquid N2 at the end of all experiments and stored at -80°C until

analysis.  Individual hearts were thawed, cut into small pieces and gassed with CO for

10 min.  The heart tissue was transferred to a glass tube, diluted with 2 ml of CO gassed

buffer (Dulbecco’s phosphate buffered saline containing 5 mM butylated

hydroxytoluene and 2 mM ethylenediamminetetraacetic acid supplemented with 2.5

mM a–tocotrienol (as internal standard to adjust for a–TOH recovery) and 2.5 mM

isoascorbic acid (internal standard to adjust for ascorbate), and homogenised.  Aliquots

of homogenate were removed for protein and ascorbic acid determination, and for

Table 1: Compounds and their abbreviations

Compound Abbreviation

Unesterified cholesterol C

Cholesterol esters CE

Cholesterylester hydroperoxide CE-OOH

Cholesterol ester derived lipid peroxides

and hydroperoxides

CEO(O)OH

Carbon monoxide CO

Co-enzyme A CoA

Vitamin E TOH

Tocopherylquinone TQ
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biochemical analysis.  The latter was extracted immediately into methanol and hexane

(5:1 v/v); the hexane fraction dried and the residue suspended in isopropyl alcohol for

oxidant studies.  The remaining samples were frozen in liquid nitrogen and stored at

–80ºC.

Lipid And Antioxidant Analysis

Analyses of lipid-soluble a-TOH and CoQ, unesterfied cholesterol (C), cholesteryl-

esters (cholesteryl linoleate: C18:2; cholesteryl arachidonate: C20:4 together referred to

as CE) and CE-derived lipid peroxides and hydroxides (together referred to as

CEO(O)OH) were performed by reversed-phase HPLC as described previously (346,

424).  The presence of cholesterylester hydroperoxide (CE-OOH) in the homogenate

was confirmed by post-column chemiluminescence before and after borohydride

treatment of samples.  Components were quantified by peak area comparison with

authentic standards run under identical conditions.  Standards of authentic CE-OOH

were prepared by oxidation of C18:2 (Sigma, Australia) with the azo-initiator 2,2’-

azobis(2,4-dimethylvaleronitrile) (Polysciences, PA) as described previously (346).

Experimental Protocol

Male C57 and transgenic mice (n=29) were anaesthetised with intraperitoneal sodium

pentobarbital (50 mg/kg), a thoracotomy was performed and the hearts were rapidly

excised into ice-cold heparinised perfusion buffer.  Hearts were perfused according to

general methods with a modified Krebs buffer containing (in mM) NaCl, 118;

NaHCO3, 25; KCl, 4.7; KH2PO4, 1.2; MgSO4, 1.2; CaCl2, 2.5, EDTA, 0.6 and 10 mM

pyruvate.  Buffer was equilibrated with 95% O2, 5% CO2 at 37oC giving a pH of 7.4.
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After 10 minutes of stabilization at intrinsic heart rates all hearts were paced at a

constant rate of approximately 420±10 beats/min  (ventricular pacing 10 ms square

waves, 7 Hz, 20% above threshold).  After a further 20 min equilibration baseline

measurements were recorded and 25 min global ischaemia was initiated by clamping off

the aortic perfusion line and bubbling the organ bath with 95% N2/5% CO2 to reduce

PO2.  After ischaemia, reperfusion was achieved by unclamping the aortic flow line and

discontinuing the N2 bubbling.  Hearts were reperfused for 60 min with ventricular

pacing resumed after 2 minutes of reperfusion.

The functional response to ischaemia was assessed in untreated hearts supplied with

glucose as sole substrate (n=8), pyruvate as sole substrate (n=6), and either glucose

perfused (n=7) or pyruvate perfused (n=8) hearts treated with 25 µM adenosine initiated

10 min prior to ischaemia and maintained throughout the initial 15 min of reperfusion.

On completion of experiments all hearts were immediately frozen in liquid N2 for

analysis of oxidant injury as outlined under above.

5B.3 RESULTS

Markers Of Oxidative Damage

In prior experiments (data not shown) evidence was acquired that tissue homogenisation

in O2-containing media resulted in sample oxidation.  This may result from the fact that

myocardium contains substantial levels oxymyoglobin which may autoxidize to

generate superoxide radical and ferric-Mb.  Superoxide may further generate a range of

oxidants, and ferric-Mb may possess peroxidase activity.  Thus, heart tissues were

saturated with CO prior to homogenisation in order to limit auto-oxidation (CO
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complexes with heme proteins to inhibit pro-oxidant activity).  This method was shown

to limit oxidation (data not shown).
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Figure 1: Effects of substrate and adenosine on post-ischaemic levels of myocardial
free cholesterol A), cholestery esters C18:2 B), and cholestery esters C20:4 C).  All
values represent means ± S.E.M. *, P<0.05 vs. Normoxic; †, P<0.05 vs. Untreated; ‡,
P<0.05 vs. glucose-perfused.
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Free cholesterol, cholestery esters C18:2 and C20:4, vitamin E (TOH), and total CoQ9

do not change significantly with ischaemia (or adenosine treatment), which is predicted

since these would not be expected to change substantially unless a pronounced degree

of oxidation occurred during insult (Figures 1-4).  The absolute levels of TOH and total

CoQ9 are similar to that reported in the literature (194).  Significant oxidant damage

was evidenced in glucose-perfused hearts (Figures 2-4).  While there was a trend to

lower tissue content of cholesterylester hydroperoxide (CE-OOH), this did not achieve

significance (Figure 2A).  However, there was a significant fall in accumulated

cholesterylester hydroperoxide + hydroxide (CE-O(O)OH), a parameter which

measures total oxidised CE, since CE-OOH can be metabolised to CE-OH (Figure 2B).

The fall in CE-O(O)OH was significantly countered by adenosine. In terms of

tocopherylquinone (TQ), which is a marker of TOH oxidation, there was evidence for

significant TOH oxidation in post-ischaemic hearts, and this change was reversed by

adenosine (Figure 3).  Reduced CoQ9H2 (the prevalent species in vivo, and the anti-

oxidant form of coenzyme Q-9) falls in post-ischaemic hearts (Figure 4).  This decline

is reversed by adenosine treatment. Normoxic hearts show negligible GSSG and high

GSH, as expected (Figure 5).  With ischaemia-reperfusion we detect a substantial rise in

oxidised GSH (GSSG), which is limited by adenosine.  GSH levels are altered by

ischaemia-reperfusion and adenosine in a parallel fashion.  It should be noted however

that the GSH assay used is a non specific colourmetric method for GSH determination

so all thiols (including proteins) may contribute to what is termed here as GSH.

To summarise the findings for pyruvate perfused hearts, there was a general trend of

reduced markers of oxidant damage in pyruvate- vs. glucose-perfused hearts. Thus,
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post-ischaemic levels of CE-O(O)H (Figure 2B) and TQ (Figure 3B) were reduced by

pyruvate whereas the fall in reduced CoQ9H2 (Figure 4B) was unaltered by pyruvate.
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Figure 2: Effects of substrate and adenosine on post-ischaemic levels of myocardial
cholesterylester hydroperoxide (CE-OOH) A), and cholesterylester hydroperoxide +
hydroxide (CE-O(O)H) B).  All values represent means ± S.E.M. *, P<0.05 vs.
Normoxic; †, P<0.05 vs. Untreated; ‡, P<0.05 vs. glucose-perfused.
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Additionally, and somewhat paradoxically, the effects of adenosine on CE-O(O)H, TQ,

and CoQ9H2 were apparently abrogated by pyruvate perfusion.
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Figure 3: Effects of substrate and adenosine on post-ischaemic levels of myocardial
vitamin E (TOH) A), and tocopherlyquinone (TQ) B).  All values represent means ±
S.E.M. *, P<0.05 vs. Normoxic; †, P<0.05 vs. Untreated; ‡, P<0.05 vs. glucose-
perfused.
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5B.4 DISCUSSION

To the best of our knowledge this is the first study characterizing the effects of pyruvate

and adenosine on oxidative damage in ischaemic-reperfused mouse hearts.  Our data

evidence significant oxidant stress in reperfused mouse hearts, and show that adenosine

significantly limits this injury in hearts supplied with glucose as substrate.  On the other

hand, in the presence of pyruvate adenosine appears to be ineffective despite a modest

protective effect of pyruvate itself.  While these data do not wholly resolve the issues

regarding the interactions between pyruvate perfusion and adenosinergic protection,

they do indicate that these anti-oxidant actions may play an important role.

Oxidant Injury During Ischaemia-Reperfusion

Our data indicate significant evidence of oxidant damage during ischaemia-reperfusion,

based on lipid changes.  There are no prior studies which have assessed these markers
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of oxidant damage in post-ischaemic mouse hearts.  The data for total cholesterol and

cholestyryl esters indicate that the degree of oxidant damage is not sufficient to modify

these parameters, which is consistent with predicted levels of stress in this model.

When examining selective markers of oxidant damage, such as TQ, CoQ9H2 and

cholestyryl hydroxides, the current data do demonstrate significant and reproducible

oxidant damage.  This confirms the likely role that ROS play in mediating the injury

associated with ischaemia-reperfusion.

Effects Of Adenosine

There is some support for the notion that A1AR activation protects via enhancing anti-

oxidant defence (283, 326).  Adenosine receptor activation reduces mitochondrial

radical formation (289) and oxidant injury (198, 386), and increases cellular anti-

oxidant capacity (257).  Moreover, there is evidence cardioprotection mediated by

diazoxide and 5-HD sensitive processes (including adenosinergic protection) may

involve inhibition of reactive oxygen species (ROS) generation (143).  Given the central

role of oxidant damage in both reversible and irreversible injuries, these effects may

contribute to the resistant phenotype observed with adenosine receptor activation.

Conversely, triggered formation of ROS, via mitoKATP-dependent processes, has been

implicated in protection afforded by preconditioning (15, 283, 367).  Thus, on the one

hand acute adenosinergic cardioprotection may limit ROS generation and injury to

mediate protection, whereas signalling involved in adenosinergic preconditioning could

involve selective generation of ROS.  These paradoxical findings may be reconciled by

the recent observation that adenosine-dependent preconditioning activates a unique path

distinct from other G-protein coupled stimuli which does not apparently involve ROS

generation (60).
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Assuming oxidant injury is important in limiting outcome from ischaemic insult, these

actions may contribute to protection with adenosine receptor activation.  The current

data do support this notion, demonstrating substantial reductions in several markers of

oxidant damage.  Thus, we provide strong support for the notion that adenosine acts to

limit oxidant injury and/or enhance anti-oxidant defences.  Since we have not measured

actual levels of ROS, we cannot ascertain whether the precise function of adenosine is

to modify the injury arising from generated oxidants (198, 386), or enhance intrinsic

anti-oxidant defences (283, 289, 326).  Nonetheless, what is clear is that the actions of

adenosine are very potent, essentially eliminating the damage observed in untreated

hearts.

Interestingly, it is possible that beneficial receptor-mediated actions of adenosine may

be countered by a concomitant increase in supply of substrates for the potentially

injurious xanthine oxidase reaction.  Accumulation of hypoxanthine and xanthine may

injure hearts through enhanced radical generation (3, 170).  In the presence of molecular

oxygen hypoxanthine can be oxidised to xanthine and injurious superoxide, with further

oxidation of xanthine to uric acid also yielding radicals.  Theoretically, catabolism of

hypoxanthine to uric acid yields 4 superoxide anions.  We have previously estimated

potential generation of ~1-2 µmoles/g of superoxide in ischaemic-reperfused mouse

hearts (422), which may be relevant to post-ischaemic damage.

Effects Of Pyruvate Perfusion

Compared with glucose perfused hearts, it appears that pyruvate as substrate may

generate some modest anti-oxidant action.  This is evident particularly for post-

ischaemic levels of CE-O(O)OH (Figure 2B) and TQ (Figure 3B), which were both
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significantly  were reduced by pyruvate.  It is interesting that the effects of pyruvate are

selective, as there was no change in levels of reduce CoQ9H2 after ischaemia.

Pyruvate's cardioprotective actions may be attributed either to provision of energy (46,

385) and/or its ability to modify oxidant damage (21, 64, 79, 263, 384).  The metabolic

actions of adenosine have been discussed previously.  Importantly, pyruvate may

function as an endogenous antioxidant, acting in two potential ways: 1) pyruvate

(together with a-keto carboxylates) can neutralize peroxides to conjugate alcohols

directly, generating CO2 (64, 79); and/or 2) via carboxylation by malic enzyme or

pyruvate carboxylase, generation of malate and oxaloacetate may facilitate citrate

through TCA activity, and this may divert glycolytic flux to the hexose monophosphate

shunt (through inhibition of PFK and provision of substrate for isocitrate

dehydrogenase).  In this latter pathway, the end-effect may be provision of NADPH and

maintenance of glutathione antioxidant reserve.  This is supported by observations that

pyruvate does actually increase glutathione and NADPH reducing power in post-

ischaemic myocardium (384).  More recent work indicates pyruvate can bolster

glutathione antioxidant defences, in part via citrate-dependent mechanisms (260).  The

current data provide added support to the notion pyruvate also protects via reducing

oxidant injury.

One of the aims of this study was to assess whether the ability of pyruvate to modify

responses to adenosine might involve modulation of anti-oxidant actions of adenosine.

As already noted, adenosine does exert quite profound anti-oxidant effects, essentially

eliminating many of the markers of oxidant damage assessed.  Interestingly, and

somewhat paradoxically, pyruvate did abolish some of the anti-oxidant actions of
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adenosine.  This tends to support the prior findings that pyruvate can limit the protective

actions of adenosine.  The data do indicate, however, that there is no simple correlation

between functional recovery and extent of oxidant damage.

Conclusions

In summary, the current study documents quite profound anti-oxidant responses to

adenosine in ischaemic-reperfused hearts supplied with glucose as carbon substrate.

This adds considerable weight to the case for an anti-oxidant role for adenosine.

Pyruvate too demonstrates some anti-oxidant capacity, though not to the same extent as

adenosine.  Intriguingly, pyruvate appears to limit some of the beneficial actions of

adenosine on oxidant stress, potentially explaining some of the prior observations made

in this thesis regarding the effects of pyruvate and glycolytic inhibition on

adenosinergic cardioprotection.  Future work should more specifically focus on the

mechanisms by which adenosine does limit oxidant damage, and how modulation of

substrate does limit this effect. Unfortunately, as this last series of studies was

performed at the end of the doctoral candidature, no such further work was possible.

Thus, while these preliminary data are certainly of interest and warrant further more

detailed investigation, this must be undertaken at a later stage. They certainly hint at

selective effects of adenosine on oxidative damage, and a further interaction between

adenosine and substrates in terms of cardioprotection.
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CHAPTER 6

Conclusions and future directions
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To summarise the findings arising from the work within this thesis, data reveal that the

murine heart appears to be unique in terms of model preparation and effects of substrate

on responses to ischaemia-reperfusion, and demonstrate interesting dependencies of

adenosinergic protection on substrate metabolism.

Studies in Chapter 3A revealed that the mouse is unique in expression of the functional

phenomenon dubbed “cycling”. Data reveal that functional “cycling” likely occurs as a

result of a mismatch between substrate metabolism and myocardial energy demand.

The phenomenon is eliminated by addition of substrates by-passing or supplementing

glycolysis, whereas targeting ß-adrenergic signalling, prostacyclin or NO fails to

modify the phenomenon. From a technical viewpoint, these findings demonstrate that

addition of pyruvate to the perfusion fluid may be necessary in studies of isolated

murine hearts.  Certainly if glucose is supplied as sole substrate, investigators should be

aware of the cycling problem and its impact on data interpretation.

Again, studies within Chapter 3B suggest the mouse may be unique in terms of the

effects of pyruvate on ischaemic tolerance and responses. Data revealed that, as

opposed to other species, pyruvate limits baseline contractile function in mouse and

paradoxically limits ischaemic contracture (despite evidence of impaired glycolysis).  If

the mouse does not differ fundamentally from other mammalian species, these findings

suggest that ischaemic contracture is not solely influenced by anaerobic glycolysis.

Data also clearly revealed dissociation of ischaemic injury (in the form of contracture)

from functional recovery during reperfusion, bringing into question the actual relevance

of ischaemic contracture development.
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In Chapter 4A the cardioprotective effects of pyruvate as substrate were shown to be

similar to those afforded by transgenic A1AR overexpression.  Furthermore, and

importantly, protection with pyruvate and A1AR overexpression was non-additive.

These data provide preliminary support for the idea that pyruvate and A1AR

overexpression protect the heart via the same mechanisms (potentially including

glycolytic inhibition).

In Chapter 4B the effects of glycolytic metabolism were interrogated further. It was

shown that 10 mM pyruvate, shown to limit glycolysis in other species, does not appear

to eliminate glycolytic metabolism in the murine heart.  Data also revealed that

blockade of glycolysis with IAA does in fact improve tolerance to ischaemia itself (in

terms of reduced contracture), and provide further evidence of a dissociation of

ischaemic contracture and functional outcome during reperfusion. The findings of this

chapter also further question the role of glycolysis in delaying or limiting contracture

development during ischaemia.

Based on the preceding studies, experiments in Chapter 5A were designed to more

unequivocally identify the importance of glycolysis to adenosinergic cardioprotection,

and also in modifying ischaemic tolerance and contracture development. Studies

revealed that adrenergic cardioprotection during ischaemia itself depends on glycolysis

while protection during reperfusion doers not appear to posses this requirement.

Nonetheless, glycolysis is clearly required for full recovery of function during

reperfusion.  Effects of A1AR overexpression also differed from adenosine treatment,

suggesting a significant component of adenosine-mediated protection occurs via non-

A1AR pathways (such as A3AR-mediated pathways) with adenosine itself.
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Finally, Chapter 5B described a preliminary analysis of the effects of adenosine and

pyruvate on myocardial oxidative damage. Assessing specific markers of oxidant injury,

it was found that adenosine has quite profound anti-oxidant responses in glucose-

perfused heart.  Pyruvate also exerts some anti-oxidant effects but, interestingly, it

reduced the anti-oxidant effects of adenosine.  These paradoxical effects of pyruvate

could explain in part some of the effects of pyruvate perfusion on adrenergic

cardioprotection.

As noted above, it is clear from the data presented in this thesis that cardiac metabolism

in mouse differs from other animal models such as rat, rabbit and guinea pig (i.e.

occurrence of functional “cycling”, differing aerobic/anaerobic responses to pyruvate).

It is also clear that metabolism plays an important role in regulating tolerance to

ischaemia-reperfusion, and is involved in cardioprotection afforded by adenosine.  The

work of Headrick et al. (151) and Hearse (162) has improved current knowledge and

understanding of the perfused mouse heart but to this authors knowledge there have

been no studies to investigate cardiac metabolism under various workloads during

normoxic conditions in this species.  Since this model will continue to be used

extensively, a 31P NMR study examining murine cardiac energy metabolism will

increase our fundamental understanding of this model, and increase its utility.

Moreover, 31P NMR may provide important insight to the pathogenesis and physiology

of functional “cycling” in the mouse.  In addition, 13C-NMR analysis might provide

clues as to the origin of the apparent differences in metabolism between mouse and

others well studied species such as rat.
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Since experiments in this thesis have shown that ischaemic contracture is not a reliable

index of post-ischaemic recovery, use of NMR during ischaemia-reperfusion may

identify a reliable index of damage.  It is important to be able to elucidate the time

frame of injury/protection during an ischaemia/reperfusion model in order to understand

the mechanisms involved.  It would be of benefit to perform similar experiments to

those appearing in Chapter 3B-5A while utilising NMR, to observe changes to ∆GATP

and high energy phosphates since this may help explain the current observations.

From the observations in studies employing IAA and pyruvate it is clear that modifying

glycolysis affects recovery from ischaemia/reperfusion.  It is also apparent that

glycolysis is involved with adenosine-mediated protection, however, the manner in

which it is involved is still unclear.  Since both pyruvate-perfusion and IAA produced

similar degrees of ischaemic contracture yet recovery during reperfusion differed it is

likely the degree of glycolytic inhibition differs between these treatments, and that

glycolysis is required at some level during reperfusion.  An experiment comparing

glycolytic inhibition (via IAA) during ischaemia with inhibition during reperfusion may

demonstrate the different roles of glycolysis in these two separate injury regimes.

Applying adenosine (with and without IAA) before ischaemia or during reperfusion

would help elucidate the involvement of glycolysis with adenosine-mediated

cardioprotection.

Since glycogen depletion resulted in greater protection that pyruvate perfusion or

adenosine there is need to compare the protection, if any, of various ways of inhibiting

glycolysis (eg. glycogen depletion via starvation, inhibition of glycogenolysis in a

pyruvate-perfused heart).  It would also be beneficial to measure changes to glycogen
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and lactate during ischaemia by using radio-labelled pyruvate and/or glucose in the

perfusion buffer.

In conclusion this thesis demonstrates glycolysis plays an important role in

manifestation of ischaemia-reperfusion injury and adenosine-mediated cardioprotection.

The role of glycolysis does not appear to be clear cut as previously thought, with

paradoxical observations necessitating a re-assessment of the role of glycolysis in this

context (at least in the murine model).
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