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Abstract
Although protein kinase C (PKC) plays a key role in ischemic preconditioning (IPC), the actual
mechanism of that protection is unknown. We recently found that protection from IPC requires
activation of adenosine receptors during early reperfusion. We, therefore, hypothesized PKC might
act to increase the heart’s sensitivity to adenosine. IPC limited infarct size in isolated rabbit hearts
subjected to 30-min regional ischemia/2-h reperfusion and IPC’s protection was blocked by the PKC
inhibitor chelerythrine given during early reperfusion revealing involvement of PKC at reperfusion.
Similarly chelerythrine infused in the early reperfusion period blocked the increased phosphorylation
of the protective kinases Akt and ERK1/2 observed after IPC. Infusing phorbol 12-myristate 13-
acetate (PMA), a PKC activator, during early reperfusion mimicked IPC’s protection. As expected,
the protection triggered by PMA at reperfusion was blocked by chelerythrine, but surprisingly it was
also blocked by MRS1754, an adenosine A2b receptor–selective antagonist, suggesting that PKC
was somehow facilitating signaling from the A2b receptors. NECA [5′-(N-ethylcarboxamido)
adenosine], a potent but not selective A2b receptor agonist, increased phosphorylation of Akt and
ERK1/2 in a dose-dependent manner. Pretreating hearts with PMA or brief preconditioning ischemia
had no effect on phosphorylation of Akt or ERK1/2 per se, but markedly lowered the threshold for
NECA to induce their phosphorylation. BAY 60-6583, a highly selective A2b agonist, also caused
phosphorylation of ERK 1/2 and Akt. MRS1754 prevented phosphorylation induced by BAY
60-6583. BAY 60-6583 limited infarct size when given to ischemic hearts at reperfusion. These
results suggest that activation of cardiac A2b receptors at reperfusion is protective, but because of
the very low affinity of the receptors endogenous cardiac adenosine is unable to trigger their
signaling. We propose that the key protective event in IPC occurs when PKC increases the heart’s
sensitivity to adenosine so that endogenous adenosine can activate A2b-dependent signaling.
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In ischemic preconditioning (IPC) brief periods of sublethal ischemia/reperfusion cause the
heart to become resistant to infarction during a subsequent episode of ischemia/reperfusion.
Signaling in IPC begins with activation of several Gi-coupled receptors and their signals are
believed to converge on protein kinase C (PKC), which plays a key role in IPC’s protection.
Although the importance of PKC in IPC has been well established, it is unknown how it confers
that protection.

Hausenloy et al. [1] noted protection from IPC is exerted early in reperfusion following the
lethal ischemic insult and requires activation of phosphatidylinositol 3-OH kinase (PI3-K) and
extracellular signal-regulated protein kinase (ERK) at that time. Postconditioning with multiple
brief reperfusion/ischemia cycles immediately following the ischemic insult protects the heart
and, like IPC, also requires activation of PI3-K and ERK during reperfusion to elicit protection
[2,3]. Accumulated evidence implicates both PKC and adenosine receptors in that kinase
activation. Binding of endogenous adenosine to its receptors in early reperfusion is a
requirement for both IPC [4] and postconditioning [2,5] to limit infarction. Our findings using
selective adenosine receptor antagonists suggested that the receptor involved might be A2b.
We recently found that in situ rabbit hearts can be protected by a left atrial infusion of the PKC
activator phorbol 12-myristate 13-acetate (PMA) in the first minutes of reperfusion and that
this protection was blocked by MRS 1754, an adenosine A2b receptor antagonist [2].
Furthermore PKC appeared to be upstream of the adenosine receptors since protection from
the adenosine agonist 5′-(N-ethylcarboxamido)adenosine (NECA) given at reperfusion was
not affected by the PKC blocker chelerythrine [2]. These two observations suggested PKC
activation at reperfusion alone was sufficient to produce the protected phenotype. Because high
concentration of an adenosine agonist at reperfusion can mimic IPC, it would appear that PKC
somehow acted to augment the heart’s adenosine receptor signaling. This is the reverse of the
typical situation in which occupancy of receptors leads to activation of PKC.

If PKC is located upstream of adenosine receptors, how can it modulate their response? One
possibility is that PKC activity increases adenosine release in preconditioned myocardium.
Kitakaze and colleagues [6] reported PKC increases cardiac 5′-nucleotidase activity which
generates adenosine by dephosphorylation of AMP. However, direct adenosine measurements
by Schulz et al. [7] indicated the adenosine level in ischemically preconditioned pig
myocardium following a lethal ischemic insult was actually lower than that in non-
preconditioned hearts. Adenosine levels were also lower in ischemically preconditioned rabbit
[8] and rat [9] hearts during ischemia. An attractive alternative hypothesis is that PKC might
increase the heart’s sensitivity to adenosine, either at the receptor or somewhere along its signal
transduction pathway. That would be a particularly attractive hypothesis if signaling from
A2b receptors is responsible since they normally have a very low affinity and might not be
occupied with endogenous adenosine levels even during ischemia.

The present study investigated the hypothesis that PKC protects by increasing the heart’s
sensitivity to adenosine. We first tested whether direct activation of PKC at reperfusion could
limit infarction in isolated rabbit hearts and whether that involved adenosine receptors. We
next examined the effect of PKC activation on the heart’s sensitivity to adenosine by measuring
phosphorylation of PI3-K’s downstream target, Akt, and of ERK1/2 in response to an adenosine
agonist. We chose the A2b-potent, but non-selective, agonist NECA because it has been shown
to be very protective when given at reperfusion and, unlike adenosine, it is not rapidly

Kuno et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 August 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



metabolized in the tissue. We also tested a new, highly selective A2b receptor agonist, BAY
60-6583.

METHODS
Infarct size study in isolated rabbit hearts

Surgical preparation—Briefly, New Zealand White rabbits were anesthetized with
pentobarbital sodium (30 mg/kg i.v.) and ventilated with 100% oxygen [10]. A suture was
passed around a coronary arterial branch. The excised heart was perfused on a Langendorff
apparatus with Krebs-Henseleit bicarbonate buffer bubbled with 95% O2/5% CO2 to a pH of
7.35–7.45 at 38°C. A fluid-filled latex balloon measured pressure in the left ventricle.

Experimental protocol—Hearts of 9 experimental groups underwent 30-min coronary
branch occlusion/2-h reperfusion (Fig 1). Control hearts had no other intervention. IPC hearts
were preconditioned with 5-min global ischemia/10-min reperfusion. In group 3 IPC hearts
received chelerythrine (2.8 μM) for 20 min starting 5 min before reperfusion. The fourth group
received PMA (0.05 nM) from 1 min before to 5 min after reperfusion. In groups 5–7 hearts
were co-treated with PMA and either chelerythrine (2.8 μM), the adenosine A2b-selective
antagonist MRS 1754 (20 nM), or the MEK1/2 and, therefore, ERK1/2 inhibitor U0126 (0.5
μM) for 20 min starting 5 min before reperfusion. The eighth group received only chelerythrine
for 20 min starting 5 min before reperfusion. The ninth group received an infusion of 300nM
BAY 60-6583, a highly selective A2b adenosine agonist, for 60 min starting 5 min before
reperfusion.

Measurement of risk zone and infarct size—At the end of experiments the coronary
artery was reoccluded, and fluorescent microspheres were infused to demarcate the non-
fluorescent risk zone. The heart was cut into 2-mm-thick slices which were incubated in 1%
triphenyltetrazolium chloride to stain noninfarcted tissue. Areas of infarct and risk zone were
determined by planimetry of each slice and volumes calculated. Infarction was expressed as a
percentage of the region at risk.

Biochemical Studies
Phospho-Akt and phospho-ERK1/2 were measured in thirteen additional groups of isolated
rabbit hearts. Transmural left ventricular biopsies weighing ~25 mg were obtained serially at
times indicated by arrows in Fig. 2 and frozen in liquid nitrogen within 1 s of excision. In the
first group, hearts were treated for 5 min apiece with stepwise increases in NECA concentration
to produce a dose response curve. In the second group, the selective adenosine A2a agonist
CGS 21680 (50nM) was infused for 5 min. In the third group, PMA (0.05 nM) was administered
for 5 min followed by 5 min of washout before treatment for 5 min with a subthreshold dose
of NECA as determined in group 1 (2.5nM). In group 4, PMA and NECA were again infused
and MRS 1754 (20 nM) was added concomitantly with NECA. In the fifth group, hearts were
preconditioned with 5-min global ischemia/20-min reperfusion before treatment with NECA.
In two additional groups biopsies were obtained from hearts at baseline before any intervention,
after 5 and 10 min of treatment with 300nM BAY 60-6583 in the presence or absence of MRS
1754, and again after 10 min of washout. Biopsies were also obtained from non-preconditioned
and IPC hearts exposed to global ischemia, some of which were treated with chelerythrine
started at reperfusion and continued for 10 min. Finally hearts exposed to 30 min of global
ischemia were treated with BAY 60-6583 for 10 min following reperfusion. In some of these
hearts MRS 1754 was co-infused with the adenosine agonist. As indicated in Fig. 2 the left
ventricle was biopsied just before the preconditioning ischemia or at a comparable time in non-
preconditioned hearts and again 10 min after the end of the 30-min period of ischemia.
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Myocardium was homogenized with a Polytron in Cell Lysis Buffer supplemented with PMSF
and centrifuged for 15 min at 13,000 g. Samples were diluted in Laemmli sample buffer and
20 μg of total protein were added per lane on 10% SDS-polyacrylamide gel. After
electrophoresis proteins were transferred to a nitrocellulose membrane which was probed with
monoclonal antibodies for phospho-Akt (Ser473) and phospho-ERK1/2 (Thr202/Thr204).

Adenosine A1, A2a, and A2b assay
CHO cells recombinantly expressing human A1, A2a or A2b receptors and a CRE-luciferase
construct as read-out system for intracellular cAMP modulation were grown in 384-well plates
for 2 days at 37°C in an atmosphere enriched with 5% CO2. Cells were incubated for 4 h at
37°C with increasing concentrations of BAY 60-6583 and additionally with 1 μM forskolin in
cells expressing A1 receptors. Cells were lysed with Triton X100 buffer and luciferin was
added. Relative light units (RLU) were measured in a CCD camera system over 30 sec.

Adenosine A3-Gα16 Assay
The assay is performed with a permanently transfected CHO luc9AQ adenosine A3-Gα16
pcDNA3 cell line in DMEM-F12/10% FCS incubated at 37° C in air enriched with 5% CO2.
On the day of testing the medium was discarded and replaced by CAFTY/2 mM Ca2+/11 μM
coelenterazine. After 3 h of incubation cells were used for bioluminescent measurement of
intracellular Ca2+ release caused by A3 receptor stimulation by the specific A3 agonist IB-
MECA. Compounds were tested for agonistic effects after 10 minutes of preincubation by the
addition of an EC50 concentration of IB-MECA (~ 300 nM) followed by addition of 15 μM
ATP. Agonists should decrease the effects of both IB-MECA and ATP.

Statistics
All data are expressed as mean±SEM. One-way analysis of variance (ANOVA) with Student-
Newman-Keuls post hoc test was performed on baseline hemodynamics, infarct size, and
western blot band density. Temporal differences in hemodynamic variables in any given group,
the dose-response of NECA-induced phosphorylation of Akt, and phosphorylation response
of Akt and ERK to BAY 60-6583 were analyzed with one-way repeated measures ANOVA
with Tukey post hoc testing. P<0.05 was considered significant.

RESULTS
BAY 60-6583

The non-purine A2b-selective adenosine agonist BAY 60-6583 was developed by Bayer
HealthCare in Germany. EC50 values of BAY 60-6583 are 3–10 nM for human A2b and >10
μM for A1 and A2a receptors [11]. BAY 60-6583 had no agonistic effect in the adenosine A3-
Gα16 assay up to a concentration of 10 μM (data not shown).

Hemodynamics
No group differences in baseline heart rates were observed, but the chelerythrine group had
modestly lower left ventricular developed pressure while PMA+chelerythrine group had higher
coronary flow than Control group prior to drug treatment (Table 1). Otherwise PMA and
antagonists had little effect on hemodynamics. Developed pressure and coronary flow in all
groups were significantly lower than baseline during coronary artery occlusion with partial
recovery during reperfusion.

Infarct size
There was no significant difference in heart weight or risk zone volume among groups (Table
2). In Control hearts 33.4±3.2% of risk zone infarcted and this was significantly reduced to
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18.9±1.1% by IPC (Fig. 3). When chelerythrine was begun after 25 min of ischemia IPC’s
protection was abolished (33.4±2.2% infarction, p<0.05 vs. IPC; Fig. 3). Chelerythrine had no
effect on infarction in non-IPC hearts.

PMA at reperfusion reduced infarction to 16.6±1.5% (p<0.05 vs. Control; Fig. 4). This
protection was blocked by chelerythrine (35.5±4.9% infarction, p<0.05 vs. PMA) confirming
a PKC mechanism. Co-infusion of MRS 1754, an adenosine A2b receptor-selective antagonist,
abolished PMA’s protection (30.2±2.9% infarction, p<0.05 vs. PMA) as did U0126 (28.4
±4.2% infarction, p<0.05 vs. PMA). Neither MRS 1754 nor U0126 given at reperfusion has
any effect on infarction in non-IPC hearts [4]. Finally, the highly A2b-selective BAY 60-6583
was equipotent with IPC at limiting infarct size (Fig. 3).

Biochemical studies
IPC significantly increased phosphorylation of the activation sites for Akt and ERK1/2 (Fig.
5A). Chelerythrine completely blocked this response to IPC, while chelerythrine alone had no
effect. Panel B of Fig 5 shows ischemic hearts reperfused with the A2b agonist BAY 60-6583.
Akt and ERK were phosphorylated at their activation sites by an amount similar to that seen
with IPC (Fig. 5A). That activation was completely blocked by MRS 1754.

NECA increased both Akt (Fig. 6) and ERK1/2 (data not shown) phosphorylation in a dose-
dependent manner. 2.5 nM NECA was below threshold for increasing phosphorylation of either
Akt or ERK1/2. However, the A2a-selctive agonist CGS 21680 whose Kd is 16 nM for rabbit
A2a receptors [12] caused no phosphorylation of either Akt (Fig. 6) or ERK (data not shown).
The phosphorylation status of either Akt or ERK1/2 was not altered after treatment of hearts
with PMA or brief ischemia (IPC) (data not shown). However, after treatment with PMA or
IPC a subthreshold dose of NECA (2.5 nM) now markedly increased phosphorylation of all 3
kinases. The PMA-induced increase in NECA sensitivity was blocked by MRS 1754.
Representative western blots for Akt phosphorylation are shown in Fig. 7A, while summary
phosphorylation data for all three kinases are presented in Figs. 7B–D).

Although NECA is a potent A2b agonist, it is not selective and can activate other adenosine
receptor subtypes. NECA’s ability to increase phosphorylation in PMA-treated hearts was
completely abolished by co-infusion of MRS 1754 which supports but still does not prove that
NECA stimulated phosphorylation through an adenosine A2b receptor. Interestingly, similar
to PMA, an IPC protocol also lowered the threshold for NECA-induced phosphorylation. Fig.
8 shows that infusion of BAY 60-6583, a highly selective A2b receptor agonist, also
significantly increased Akt and ERK phosphorylation by an amount similar to that seen with
NECA, and MRS 1754 blocked that increase.

Discussion
These results confirm in an isolated heart model that protection from IPC depends on PKC
activity at reperfusion and that pharmacological activation of PKC during early reperfusion
mimics IPC’s cardioprotection. Again there was clear evidence that adenosine receptor
activation occurred in response to PKC activation, the reverse of what is normally seen. Either
direct PKC activation or an ischemic preconditioning protocol markedly lowered the adenosine
agonist NECA’s threshold for phosphorylation of the protective kinases, PI3-K/Akt and ERK
1/2. These data support our hypothesis that PKC in IPC hearts protects by increasing the heart’s
sensitivity to its endogenous adenosine in early reperfusion. Thus adenosine appears to have
a dual role in IPC: binding to A1 receptors prior to the lethal ischemic insult acts as trigger to
enter the protected state while binding to what appears to be the A2b receptor during reperfusion
acts as mediator.

Kuno et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 August 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Infusion of PMA at reperfusion mimics IPC’s protection in open-chest rabbits and this
protective effect is dependent on activation of adenosine receptors [2]. The present study now
confirms these observations in an isolated heart model. Our finding that PMA’s protection was
blocked by chelerythrine confirms a PKC mechanism. Solenkova et al. [4] observed that IPC’s
anti-infarct effect depended on binding of adenosine receptors during reperfusion. Philipp et
al. [2] and Kin et al. [5] both saw a requirement for adenosine receptor binding in
postconditioning. IPC requires Akt and ERK activation at reperfusion [1,4], and we now show
that PKC blockade with chelerythrine abolishes IPC’s phosphorylation of these survival
kinases.

PMA’s protection requires ERK activation. Similarly, we had observed that the protective
effect of the adenosine agonist NECA was aborted by the ERK inhibitors PD98059 and U0126
[13], indicating ERK is also an important signaling component for cardioprotection following
adenosine receptor activation at reperfusion. Therefore, we conclude IPC, postconditioning
and PMA likely all protect through similar pathways and that activation of PKC early in
reperfusion is sufficient to duplicate the IPC phenotype.

Inagaki et al. [14,15] reported that specific inhibition of PKC-δ at reperfusion decreased infarct
size. Our present observation that PKC activation at reperfusion confers protection reveals that
while the δ isoform may be detrimental at reperfusion, one or more PKC isoforms must be
protective at that time. We do not know which isoforms are activated by our low dose of PMA.
It should be noted that in our pilot studies higher doses of PMA that would likely have recruited
more PKC isoforms were not protective. Also inhibition of all isoforms with chelerythrine at
reperfusion obviously blocks the one or more protective PKC isoforms that IPC must activate
at reperfusion to confer its protection. It also blocks PMA’s protection verifying that PMA
acted by activating PKC. Chelerythrine had no effect on infarction in non-preconditioned
hearts. Interestingly, an ischemic preconditioning protocol had the same effect on sensitivity
to NECA in these hearts as was seen with PMA. That observation bolsters our hypothesis that
IPC increases the heart’s sensitivity to adenosine through activation of PKC.

Chelerythrine is a potent and highly selective PKC blocker. Unfortunately, it is also an
adenosine receptor blocker with Kis of 5.7 μM and 37.6 μM for human A1 and A2a receptors,
respectively [16]. We used 2.8 uM chelerythrine in this study which is close to the Ki for
A2a receptors. While blockade of adenosine receptors could conceivably explain why
chelerythrine blocked protection from ischemic preconditioning in the present study, the
mimicking of IPC’s protection by PMA still implicates PKC as a direct trigger of that
protection. Furthermore chelerythrine could not block NECA’s protection [2].

Pretreating hearts with PMA had no effect on phosphorylation of Akt or ERK1/2 in the absence
of an adenosine agonist, but markedly lowered the threshold required for NECA to increase
their phosphorylation. MRS 1754 blocked the ability of NECA to phosphorylate the kinases
in PMA-treated hearts indicating that the pathway involved adenosine receptors, and most
likely the A2b subtype. We are not the first to see this effect. In Jurkat cells PKC activation
greatly enhances the cAMP response from NECA [17]. A similar effect was seen in retinal
cells [18]. Because NECA increased cAMP the investigators concluded that it must have been
an A2 receptor effect but did not differentiate between the two subtypes. In the retinal cells
PKC activation potentiated the response to isproterenol and forskolin as well suggesting the
effect was not at the adenosine receptor level. Trincavelli et al. [19] noted tumor necrosis factor-
α, which among other things activates PKC, increased A2b receptor’s functional response to
NECA in human astrocytoma cells; however, the phosphorylation of threonine residues in
A2b receptors was unaffected again suggesting the effect is not at the receptor.
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We have proposed that the A2b receptor may be the subtype responsible for adenosine-
dependent protection in IPC [4] and postconditioning [2]. Two lines of evidence in this study
support the A2b receptor subtype as the one responsible for protection at reperfusion. First, an
antagonist with good selectivity for A2b receptors, MRS 1754, blocked NECA’s and PMA’s
protection in our previous [2] as well as present study. MRS 1754’s exact pharmacology for
rabbit receptors is unknown but reported Kis for MRS 1754 for human A1, A2a and A2b
receptors are 403, 503 and 2.0 nM respectively [20]. In rats MRS showed less selectivity with
a Ki for the A1 receptor of 17 nM [20]. Because rabbit A1 receptors have a high affinity for
xanthine antagonists like those of rats [21], they may bind MRS1754 as well. However,
selectivity against the A2a receptor was still good in the rat with a Ki of 612 nM [20].

The second line of evidence was that a highly A2b-selective agonist, BAY 60-6583, was
equipotent with IPC in protecting these hearts. The fact that both NECA and BAY 60-6583
given at reperfusion can fully protect the isolated heart and can duplicate IPC’s activation of
Akt and ERK indicates that the receptor and its protective signaling are intact in non-IPC hearts.
However, we propose there is insufficient stimulation of those receptors by endogenous
adenosine. Although BAY 60-6583 is highly selective for human A2b receptors [11], BAY
60-6583’s selectivity for rabbit receptors is unknown. However, in a previous study [22] we
protected ischemic rabbit hearts with an intravenous injection of 10 ug/kg of BAY 60-6583 at
reperfusion and it caused neither hypotension (an A2a effect) nor bradycardia (an A1 effect).

A2b receptors expressed in CHO cells reportedly cause activation of Akt and ERK [23] as do
A2b receptors in human retinal endothelial cells [24], but a similar coupling to Akt and ERK
has been seen in transfected CHO cells with all 4 known adenosine receptor subtypes [25].
Nevertheless when we activated Akt and ERK with the mixed agonist NECA, the A2b selective
blocker MRS 1754 completely abolished the response indicating that only the A2b receptor
was responsible for activating those kinases in rabbit myocardium.

There is evidence for other adenosine receptor subtypes being protective at reperfusion. Kin
et al. [5] blocked protection from postconditioning with an A2a-selective antagonist, but
because the test was done in an in situ heart model in which plasma concentration of the drug
was unknown, an A2a-selective concentration may not have been present. Several papers report
that highly selective A2a agonists can limit infarct size when infused at reperfusion [26–28].
All of those studies attributed the protection to an anti-inflammatory effect against neutrophils.
Indeed, previously [29] and in studies reported here we were unable to limit infarct size with
the highly selective A2a agonist CGS 21680 in the leukocyte-free isolated rabbit heart model.
We were also unable to block protection from IPC in the rabbit heart with 8-(3-chlorostyryl)
caffeine (CSC), a highly selective A2a receptor blocker [4]. Since IPC and A2b agonists are
very effective in leukocyte-free systems, one likely explanation is that IPC causes substantial
protection through a mechanism that does not involve inflammation, e.g., suppression of
mitochondrial permeability transition pores. To further confuse the issue A3 receptors also
reportedly protect when activated at reperfusion [30,31], but those receptors are Gi-coupled
and the PKC enhancement of sensitivity to adenosine has so far only been reported in Gs-
coupled systems.

Xu et al. [32] noted adenosine preserved Ψm in isolated rat cardiomyocytes during H2O2
challenge which was assumed to result from inhibition of permeability transition pores. Their
studies suggested that the effect was mediated by A2a receptors as CGS 12680 mimicked it
and CSC blocked adenosine’s effect. It should be noted, however, that Xu was unable to limit
infarct size in isolated rabbit hearts with CGS 21680 but could with the mixed adenosine agonist
AMP579 [29].
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It is controversial whether A2b receptors are even expressed on cardiomyocytes. Yang et al.
[33] replaced exon 1 of the A2b gene in transgenic mice with a reporter construct containing
β-Gal, and they did not detect β-Gal expression in heart muscle indicating either there was no
or a very low cardiac expression level. On the other hand, Morrison and colleagues [34] saw
a positive inotropic response to NECA in A2a knockout mice suggesting that some A2b
receptors must reside on cardiomyocytes.

Probably the strongest evidence supporting the A2b receptor as being important in ischemic
preconditioning is provided in the recent study of Eckle et al. [11]. Using a genetic approach
they examined the effects of ischemic preconditioning in mouse hearts with knockout of either
A1, A2a, A2b, or A3 adenosine receptors. Ischemic preconditioning reduced infarction in all
but the A2b-deficient mice. Of all the adenosine receptors, there was an absolute requirement
for only the A2b receptor. Eckle at al. also tested BAY 60-6583 as a pretreatment and found
that it protected wild type but not A2b knockout hearts. We extend their findings by showing
that this A2b-selective agonist also protects in situ rabbit hearts when given only at reperfusion.

Conclusion
Protection in ischemically preconditioned hearts was found to depend on activation of PKC as
well as occupation of adenosine receptors in the first minutes of reperfusion following the index
ischemia. Furthermore activation of PKC by IPC was seen to potentiate the ability of an
adenosine agonist to activate the survival kinases PI3-K and ERK. Our findings suggest PKC
elicits cardioprotection by increasing the heart’s sensitivity to adenosine so that endogenous
adenosine can activate the survival kinases during reperfusion. If the above scenario is correct,
then the key protective event in preconditioning occurs when PKC raises the sensitivity of the
heart to adenosine early in the reperfusion period.
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Figure 1.
Infarct protocols. Abbreviations: IPC = ischemic preconditioning, PMA = phorbol 12-
myristate 13-acetate
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Figure 2.
Biochemical protocols. Arrows indicate times of biopsies of left ventricle. Abbreviations: see
Fig. 1, NECA = 5′-(N-ethylcarboxamido)adenosine, Chel = chelerythrine
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Figure 3.
Effect of ischemic preconditioning (IPC) and administration of a protein kinase C inhibitor
chelerythrine during early reperfusion on myocardial infarct size as a percentage of the risk
zone. BAY 60-6583 an A2b-selective adenosine agonist given at reperfusion also reduced
infarct size. Open circles represent individual experiments while closed circles depict group
mean±SEM. IPC’s anti-infarct effect was blocked by chelerythrine (2.8 μM). *p<0.05 vs.
control, †p<0.05 vs. IPC
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Figure 4.
Effect of phorbol 12-myristate 13-acetate (PMA, 0.05 nM) and inhibitors on myocardial infarct
size as a percentage of the risk zone. Open circles represent individual experiments while closed
circles depict group mean±SEM. PMA at reperfusion reduced infarct size. A protein kinase C
inhibitor chelerythrine, an adenosine A2b receptor-selective antagonist MRS 1754 (20 nM),
and a MEK and therefore ERK1/2 inhibitor U0126 (0.5 μM) abolished PMA’s protection.
*p<0.05 vs. control, †p<0.05 vs. PMA
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Figure 5.
Summary data of changes in phosphorylation of Akt (Ser473) and ERK1/2 (Thr202/Thr204)
in hearts following 30 min of global ischemia and 10 min of reperfusion. Phosphorylation is
normalized to that in a preischemic sample. (A) Phosphorylation of Akt and ERK in Control
hearts (n=4) and hearts preconditioned (PC) with 5 min of global ischemia preceding the 30-
min index ischemia with (n=4) or without (n=4) chelerythrine (Chel, 2.8 μM) during the 10
min of reperfusion. Measurements were also made in a non-preconditioned heart treated only
with chelerythrine during reperfusion. *p<0.001 and **p<0.05 vs. Control and PC + Chel. (B)
Phosphorylation of Akt and ERK in hearts after 10 min of reperfusion in Control hearts, hearts
treated with BAY 60-6583 alone during reperfusion or hearts treated with BAY 60-6583 +
MRS 1754. *p<0.05 vs. Control and BAY 60-6583+ MRS 1754.
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Figure 6.
Graph of Akt phosphorylation (Ser473) as a % of phospho-Akt at baseline after 5 min of either
2.5, 5.0 or 10 nM NECA infusion in escalating doses in 4 isolated hearts. A representative
western blot of one of these hearts is seen at the top of the figure. Phospho-Akt significantly
increased after infusion of 5.0 and 10 nM NECA, whereas 2.5 nM NECA did not change
phosphorylation status of Akt. The A2a-selective agonist CGS 21680 at a concentration 3 times
its Kd had no effect on Akt phosphorylation. *p<0.05 vs. baseline
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Figure 7.
(A) Representative western blots of bands for phospho-Akt (Ser473) in control hearts, hearts
treated with phorbol 12-myristate 13-acetate (PMA, 0.05 nM) alone, PMA + MRS 1754, or
hearts exposed to brief preconditioning ischemia. The left-hand column presents phospho-Akt
bands before infusion of the subthreshold dose of NECA, while the right-hand column presents
bands after NECA treatment. Phosphorylation increased after NECA administration only in
hearts pre-treated with either PMA or IPC. MRS 1754 blocked any increase. (B) Phospho-Akt
(Ser473) and (C and D) phospho-ERK1/2 (Thr202/Thr204) as % of levels measured just before
treatment with NECA. All hearts in panels B–D were treated for 5 min with the subthreshold
dose of 2.5 nM NECA. NECA had no effect in untreated hearts. After pretreatment with PMA
the subthreshold dose of NECA now caused a robust phosphorylation of Akt and ERK1/2.
NECA had no effect on phosphorylation when co-infused with a selective A2b receptor
antagonist MRS 1754 in PMA treated hearts. Brief ischemia (IPC) also enabled the
subthreshold dose of NECA to phosphorylate Akt and ERK1/2. Each bar is mean±SEM of 4
observations. *p<0.05 vs. control, #p<0.05 vs. PMA
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Figure 8.
(A) Effect of 300nM BAY 60-6583 on Akt and ERK phosphorylation in serial biopsies from
isolated rabbit hearts taken at baseline, after 5 and 10 min of drug administration, and again
after 10 min of washout. BAY 60-6583 nearly doubled phosphorylation of each. (B)
Phosphorylation of Akt and ERK1/2 was blocked by MRS 1754. *p<0.05, †p<0.01, ‡p<0.005,
all vs Baseline
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