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Aims Regulator of G protein signalling (RGS) proteins act as molecular ‘off switches’ that terminate G protein signalling by
catalyzing the hydrolysis of Ga-bound GTP to GDP. Many different Gai-coupled receptors have been implicated in
the cardioprotective effects of ischaemic preconditioning. However, the role of RGS proteins in modulating cardio-
protection has not been previously investigated. We used mice that were homozygous (GS/GS) or heterozygous
(GS/+) for a mutation in Gai2 rendering it RGS-insensitive (G184S) to determine whether interactions between
endogenous RGS proteins and Gai2 modulate Gai-mediated protection from ischaemic injury.

Methods
and results

Langendorff-perfused mouse hearts were subjected to 30 min global ischaemia and 2 h reperfusion. Infarcts in GS/GS
(14.5% of area at risk) and GS/+ (22.6% of AAR) hearts were significantly smaller than those of +/+ hearts (37.2%
of AAR) and recovery of contractile function was significantly enhanced in GS/GS and GS/+ hearts compared with
+/+ hearts. The cardioprotective phenotype was not reversed by wortmannin or U0126 but was reversed by
5-hydroxydecanoic acid and HMR 1098, indicating that RGS-insensitive Gai2 protects the heart through a mechanism
that requires functional ATP-dependent potassium channels but does not require acute activation of extracellular-
regulated kinase or Akt signalling pathways.

Conclusions This is the first study to demonstrate that Gai2-mediated cardioprotection is suppressed by RGS proteins. These data
suggest that RGS proteins may provide novel therapeutic targets to protect the heart from ischaemic injury.
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1. Introduction
Brief periods of ischaemia and reperfusion protect the heart from injury
that is caused by a subsequent episode of prolonged ischaemia through a
process called ischaemic preconditioning. This phenomenon was initially
discovered by Murry et al.1 who found that ischaemic preconditioning
decreases infarct size in the ischaemic dog heart. Subsequent studies
demonstrated that this endogenous cardioprotective mechanism also
occurs in many other mammalian species. More recent studies have
revealed that ischaemic preconditioning is not limited to protection of
the myocardium, but also protects the brain, liver, kidney, and skin2–5

from ischaemic injury. Intense effort has been made to understand
the endogenous signalling mechanisms that mediate ischaemic

preconditioning and to identify a practical way to exploit this process
for the therapeutic benefit of patients who have ischaemic heart
disease, ischaemic stroke, or other ischaemia-related diseases.

Ischaemic preconditioning can be pharmacologically mimicked by
exogenous adenosine, acetylcholine, bradykinin, opioids, angiotensin
II, endothelin, and other agonists that act at Gai-coupled receptors.6

Three Gai isoforms have been cloned (Gai1, Gai2, and Gai3), and at
least two isoforms (Gai2 and Gai3) are present in the heart.7 Ischae-
mic injury is exacerbated in both Gai2 knockout mice and in trans-
genic mice expressing a dominant negative Gai2 minigene construct.
One goal of this study was to determine whether enhancement of
Gai2 signalling through loss of its negative regulation protects the
heart from ischaemic injury.
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Signalling through the Gai-family of G proteins is under strong nega-
tive regulation by regulator of G protein signalling (RGS) proteins which
might represent a point of pharmacological modulation. G protein-
coupled receptors (GPCRs) activate G proteins by inducing the
release of GDP from the Ga subunit followed immediately by GTP
binding and Ga dissociation from Gbg. Both Ga and Gbg interact
with downstream signalling proteins to produce biochemical changes
within the cell. G protein signalling is terminated when Ga-bound
GTP is hydrolyzed to GDP and Ga reassociates with Gbg. RGS pro-
teins enhance the GTPase activity of G proteins leading to more
rapid G protein deactivation and termination of G protein signalling.
mRNA transcripts for at least 17 RGS proteins have been identified
in the heart.8 However, the lack of selective RGS inhibitors and the
redundant functions of some RGS proteins have made it difficult to
study the functional roles of individual RGS proteins by traditional
pharmacological methods or by using RGS knockout animals. Huang
et al.9 developed a knock-in mouse model in which the endogenous
Gai2 gene is replaced with an RGS-insensitive G184S Gai2 mutant
that is unable to interact with RGS proteins.10 This mutation provides
a unique tool to study the effect of inhibiting interactions between RGS
proteins and Gai2 in the heart. This mouse model has been previously
used to study the role of endogenous RGS proteins in modulating
muscarinic and adenosine receptor-mediated chronotropic effects11

and to investigate the role of endogenous RGS proteins on sinoatrial
and atrioventricular node function.12 In the present study, we found
that hearts expressing RGS-insensitive Gai2 show enhanced Gai2

signalling in the ventricles and are protected from ischaemic injury.
This is the first study to demonstrate that enhancement of Gai2 signal-
ling by reversal of its negative regulation by RGS proteins protects the
heart from ischaemic injury.

2. Methods

2.1 Mice expressing RGS-insensitive Gai2

Generation of mice expressing RGS-insensitive Gai2 from their genomic
locus has been previously described.9 All animals used in this study
were backcrossed for at least four generations onto a C57BL/6 back-
ground. Mice were either wild type (+/+) or were heterozygous
(GS/+) or homozygous (GS/GS) for the Gai2G184S RGS-insensitive
mutation. Animals were housed with a 12 h light/dark cycle with ad
libitum access to food and water. Male mice 2–10 months of age were
used for all experiments except for experiments using isolated ventricular
myocytes, which were isolated from female mice. The investigation con-
forms with the Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication No. 85–23,
revised 1996). This study was performed with the approval of the Insti-
tutional Animal Care and Use Committees of Ohio Northern University
and the University of Michigan.

2.2 Ventricular myocyte contractility assay
Cardiac myocytes were isolated from adult female mice as described by
O’Connell et al.13 Cells were stimulated with 200 nM isoproterenol,
and the contractile response to isoproterenol was recorded using the
Ionoptix system (IonOptix, Milton, MA, USA). Carbachol was added to
produce cumulative concentrations of 100 nM–30 mM. Details are pro-
vided in the Supplementary material online, Methods.

2.3 Langendorff-isolated heart preparation
Mice were anesthetized with a single injection containing sodium pento-
barbital (100 mg/kg, ip) and heparin. Hearts were rapidly removed and

cannulated while bathed in ice-cold Krebs solution. Krebs solution was
perfused through the aortic cannula, and contractile function of the left
ventricle was measured using an intraventricular balloon as described in
the Supplementary material online, Methods. Infarct size was measured
by triphenyltetrazolium chloride staining as described in the Supplemen-
tary material online, Methods.

2.4 Western blots
Hearts were either removed from mice and immediately flash-frozen in
liquid nitrogen or perfused on the Langendorff apparatus for 55 min
prior to flash freezing in liquid nitrogen. Frozen hearts were then prepared
for western blotting as described in the Supplementary material online,
Methods.

Figure 1 Expression of RGS-insensitive Gai2 enhances the
potency of carbachol in ventricular myocytes. The ability of carba-
chol to inhibit isoproterenol-induced contractility was measured in
ventricular myocytes isolated from Gai2 G184S homozygote (GS/
GS) and wild-type (+/+) mice. Isoproterenol significantly increased
the contractility of GS/GS and +/+ cardiomyocytes (A). Carbachol
decreased isoproterenol-induced contractility with significantly
greater potency in GS/GS cardiomyocytes compared with +/+ car-
diomyocytes. Data were normalized to contractility induced by
200 nM isoproterenol in the absence of carbachol which was not
different between genotypes. ‘a’ indicates a significant difference
(P , 0.001) compared with basal contractile function in the
absence of isoproterenol.
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2.5 Statistical analysis
The non-linear least squares method with global fitting was used to fit
concentration–response curves for carbachol. IC50 values were reported
as the mean +95% confidence interval (CI). pIC50 values and the
maximum effect of carbachol were compared using an F-test on the
extra sum-of-squares of the global fit in GraphPad Prism.14 Data from
Langendorff-isolated heart experiments were reported as mean+ SEM
and were compared by one-way ANOVA and Tukey post hoc analysis.
Comparisons involving two variables (genotype and drug treatment)
were performed using two-way ANOVA and the Bonferroni post test.
Graphpad Prism software (San Diego, CA, USA) was used for statistical
analysis, and P-values ≤0.05 were considered statistically significant.

3. Results

3.1 RGS proteins regulate Gai2 signalling
in isolated ventricular myocytes
We previously demonstrated that RGS-insensitive Gai2 mutants
exhibit enhanced muscarinic effects in SA and AV node.11,12 Here,
ventricular myocytes from +/+ and GS/GS hearts were used to
determine whether endogenous RGS proteins modulate the negative
inotropic effect of muscarinic receptor stimulation. There were no
differences in the morphology or basal contractility of +/+ and
GS/GS myocytes, and isoproterenol significantly (P , 0.001)
increased the contractile amplitude of myocytes from both genotypes
(Figure 1A). The maximum effect of carbachol was similar in GS/GS
and +/+ myocytes, but carbachol decreased the contractility of

isoproterenol-stimulated GS/GS myocytes with �five-fold greater
potency than +/+ myocytes (GS/GS, IC50 ¼ 0.37 mM; 95% CI ¼
0.13–0.80 mM; +/+ IC50 ¼ 1.7 mM; 95% CI ¼ 0.8–3.4 mM, P ,

0.05) (Figure 1B). These data indicate that expression of
RGS-insensitive Gai2 increases signalling by agonists acting through
Gai2-coupled receptors in ventricular myocytes.

3.2 Enhanced Gai2 signalling protects
the heart from ischaemic injury
Adenosine, opioids, bradykinin, and other agonists that act at
Gai-coupled receptors protect the heart from ischaemic injury.
Gai2 signalling is enhanced in GS/+ and GS/GS hearts because the
Gai2G184S mutation prohibits RGS proteins from catalyzing
the hydrolysis of Gai2-bound GTP. Therefore, we used the
Langendorff-isolated heart model to determine whether GS/+ and
GS/GS hearts are protected from ischaemic injury. Hearts were sub-
jected to 30 min global ischaemia and 2 h reperfusion as shown in
Figure 2A. Preischaemic parameters of cardiac function were measured
in isolated hearts following a 25 min equilibration period. Developed
pressure, diastolic pressure, and coronary flow rates were similar in
+/+, GS/+, and GS/GS hearts (Table 1). Preischaemic +dP/dT and
2dP/dT values were similar in +/+ and GS/+ hearts, but both
values were �10% lower in GS/GS hearts compared with +/+
hearts, indicating that ventricular pressure develops slightly more
slowly during systole and that the ventricle relaxes more slowly
during diastole in GS/GS hearts compared with +/+ hearts. (Table 1).

Infarct size induced by 30 min global ischaemia was decreased by
39% in GS/+ hearts and by 61% in GS/GS hearts compared with
+/+ hearts (Figure 3A), indicating that disruption of interactions
between endogenous RGS proteins and Gai2 promotes the survival
of myocardial tissue during ischaemia and reperfusion. Recovery of
developed pressure and +dP/dT were significantly enhanced in
both GS/+ and GS/GS hearts compared with +/+ hearts after 1 h
of reperfusion (Figure 3B and C ). Recovery of 2dP/dT was significantly
enhanced in GS/GS hearts (Figure 3D). Furthermore, diastolic pressure
was significantly reduced in GS/+ and GS/GS hearts compared with
+/+ hearts, indicating that hearts expressing the Gai2G184S
mutation were protected from ischaemia-induced contracture
(Figure 3E). There were no significant differences in postischaemic
coronary flow rates among +/+, GS/+, and GS/GS hearts following
1 h of reperfusion (Figure 3F). Ischaemic preconditioning with three
cycles of 5 min ischaemia and 5 min reperfusion administered prior
to 30 min ischaemia significantly decreased the infarct size of +/+

Figure 2 Perfusion protocol for GS/GS, GS/+, and +/+ hearts. Control hearts were perfused for 55 min prior to 30 min global ischaemia and 2 h
reperfusion (A). Hearts treated with DMSO, wortmannin, U0126, or 5-hydroxydecanoic acid were perfused with the respective agent for 30 min
immediately prior to ischaemia and for the first 15 min of reperfusion (B). Experiments were also performed in which either 5-hydroxydecanoic
acid or HMR 1098 were perfused only during the initial 15 min of reperfusion (C ). Basal contractile function was measured after 25 min perfusion.
Postischaemic recovery of contractile function was measured after 1 h of reperfusion, and infarct size was measured after 2 h reperfusion.
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Table 1 Basal parameters of contractile function

1/1
(n 5 16)

GS/1
(n 5 15)

GS/GS
(n 5 12)

Developed pressure
(mmHg)

107+1 108+3 107+3

+dP/dT (+ mmHg/s) 5740+129 5593+113 5029+148a,b

2dP/dT (2 mmHg/s) 24195+83 24035+81 23741+99a

Diastolic pressure
(mmHg)

4.7+0.4 4.7+0.4 4.6+0.4

Flow rate (mL/min) 3.8+0.2 3.4+0.1 3.4+0.2

Data were analysed by one-way analysis of variance and post hoc Tukey test.
aSignificant difference (P , 0.01) compared with +/+ hearts.
bSignificant difference (P , 0.05) compared with GS/+ hearts.
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hearts, but did not cause a further reduction in infarct size of GS/+ or
GS/GS hearts (Supplementary material online, Figure S1).

3.3 ERK does not mediate cardioprotection
in hearts expressing RGS insensitive Gai2
Signalling through the mitogen-activated protein kinase kinase (MEK)/
extracellular-regulated kinase (ERK) pathway has been previously
shown to mediate the cardioprotective effect of ischaemic precondi-
tioning.15,16 Since we did not know whether the cardioprotective sig-
nalling events in GS/+ and GS/GS hearts occurred prior to the onset
of ischaemia, during ischaemia, or during the initial moments of reperfu-
sion, we perfused +/+ and GS/+ hearts with 10 mM U0126 (MEK

inhibitor) for 30 min prior to ischaemia and during the first 15 min of
reperfusion (Figure 2B) to determine whether the cardioprotective phe-
notype of GS/+ hearts could be reversed by inhibiting ERK phosphoryl-
ation. Western blots confirmed that 30 min of U0126 perfusion
completely abolished ERK phosphorylation in +/+ and GS/+ hearts,
but U0126 did not reverse the cardioprotective phenotype of GS/+
hearts (Figure 4A). Thus, activation of the MEK/ERK pathway immediately
prior to ischaemia, during ischaemia, or during the initial moments of
reperfusion is not required for cardioprotection in GS/+ hearts.

Western blot analysis of +/+ and GS/+ hearts subjected to
55 min of perfusion (without U0126) demonstrated that ERK phos-
phorylation was similar in hearts of both genotypes at the time
point immediately prior to the onset of ischaemia (Figure 4B), provid-
ing additional evidence that the cardioprotective phenotype of GS/+

Figure 3 Expression of RGS insensitive Gai2 decreases infarct size and enhances postischaemic recovery of contractile function. Hearts were sub-
jected to 30 min ischaemia and 2 h reperfusion as described in Figure 2A, and triphenyltetrazolium chloride staining was used to identify infarcted
myocardial tissue. (A) Recovery of developed pressure (B), +dP/dT (C), 2dP/dT (D), diastolic pressure (E), and coronary flow rate (F) was measured
after 1 h of reperfusion. Data were analysed by one-way analysis of variance and post hoc Tukey test. Data represent the mean+ SEM of 12–16 sep-
arate hearts. ‘a’, ‘b’, and ‘c’ indicate significant differences (P , 0.05, P , 0.01, and P , 0.001, respectively) compared with +/+ hearts, and ‘d’ indicates
a significant difference (P , 0.001) between GS/+ and GS/GS hearts.
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hearts does not result from enhanced MEK/ERK signalling. We also
investigated the possibility that protection of GS/+ hearts might
result from MEK/ERK signalling that occurred in vivo prior to perfusion
by comparing ERK phosphorylation in GS/+ and +/+ hearts that
were flash-frozen in liquid nitrogen immediately after being
removed from the mice. Phospho-ERK bands were very faint in
both non-perfused +/+ and GS/+ hearts suggesting that in vivo
levels of ERK phosphorylation were very low in hearts of both geno-
types (Figure 4B). Collectively, the inability of U0126 to reverse the
cardioprotective phenotype of GS/+ hearts and the observation
that phospho-ERK quantities were similar in hearts of both genotypes
suggests that ERK does not mediate the cardioprotective phenotype
of hearts expressing RGS insensitive Gai2.

3.4 The phosphatidylinositol-3-kinase
(PI-3-K)/Akt/glycogen synthase kinse-3b
(GSK-3b) signalling pathway does not
mediate cardioprotection in hearts
expressing RGS-insensitive Gai2
The PI-3-K/Akt/GSK-3b signalling pathway has also been implicated in
ischaemic preconditioning. We used wortmannin, an irreversible
PI-3-K inhibitor, to determine whether this signalling pathway med-
iates the cardioprotective phenotype of GS/+ and GS/GS hearts.
Hearts were perfused with 100 nM wortmannin for 30 min prior to
ischaemia and for the first 15 min of reperfusion as shown in
Figure 2B. Previous studies have demonstrated that 100 nM wortman-
nin inhibits Akt phosphorylation in the Langendorff model.17,18

However, wortmannin had no significant effect on infarct size in
GS/+ or GS/GS hearts (Figure 5A) suggesting that signalling through
PI-3-K is not required for cardioprotection in GS/+ or GS/GS
hearts. Consistent with these data, western blot analysis demon-
strated very little phosphorylation of Akt or GSK-3b (downstream
substrate of Akt) in perfused +/+ or GS/+ hearts (data not shown).

We investigated the possibility that cardioprotection of GS/+ and
GS/GS hearts might result from enhanced Akt or GSK-3b signalling
that occurs in vivo by comparing Akt and GSK-3b phosphorylation
in +/+, GS/+, and GS/GS hearts that were flash-frozen in liquid
nitrogen immediately after being removed from the mice. There
were no significant differences in Akt or GSK-3b phosphorylation
between non-perfused +/+, GS/+, and GS/GS hearts (Figure 5B
and C ). These data are consistent with the observation that wortman-
nin did not reverse the cardioprotective phenotype of GS/+ or GS/
GS hearts (Figure 5A), and they provide additional evidence that signal-
ling though the PI-3-K/Akt/GSK-3b pathway does not mediate the
cardioprotective phenotype of GS/+ and GS/GS hearts.

3.5 Functional mitochondrial and
sarcolemmal potassium channels are
required for protection of hearts
expressing RGS-insensitive Gai2
Previous work has demonstrated that the opening of
5-hydroxydecanoic acid (5-HD)-sensitive mitochondrial KATP chan-
nels is required for the cardioprotective benefits of ischaemic precon-
ditioning.19,20 Therefore, we perfused hearts with 200 mM 5-HD for
30 min prior to ischaemia and for the first 15 min of reperfusion

Figure 4 ERK does not mediate cardioprotection of hearts
expressing RGS-insensitive Gai2. Hearts were perfused with 10 mM
U0126 or 0.025% DMSO (vehicle) according to the protocol
shown in Figure 2B. Histograms represent the mean+ SEM of 4–6
hearts. Two-way ANOVA revealed a significant effect [F ¼ 61.2
(1,16) P , 0.0001] of genotype but no significant effect [F ¼ 0.27
(1,16) P ¼ 0.61] of DMSO/U0126 treatment on infarct size. ‘a’ indi-
cates a significant difference compared with DMSO- or
U0126-treated +/+ hearts. Inhibition of ERK phosphorylation was
confirmed by perfusing hearts with 10 mM U0126 or 0.025%
DMSO for 30 min prior to homogenization and subsequent
western blot analysis. This western blot is representative of three
separate experiments (A). In another set of experiments, hearts
were either removed from the mice and immediately flash-frozen
(non-perfused) or perfused for 55 min prior to being flash-frozen
(perfused) and homogenized. Western blots using non-perfused
hearts indicate that +/+ and GS/+ hearts both exhibit very low
levels of ERK phosphorylation in vivo. Perfusion increased ERK phos-
phorylation in +/+ and GS/+ hearts. ERK phosphorylation of per-
fused hearts was quantified by densitometery using NIH Image J
software. The band density of phospho-ERK was divided by that of
total ERK, and the phospho-ERK/total-ERK ratio of GS/+ hearts
was normalized to that of perfused +/+ hearts (B).
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(Figure 2B) to determine whether mitochondrial KATP channels are
required for the cardioprotective effect of RGS-insensitive Gai2

expression. 5-HD reversed the cardioprotective phenotype of both
GS/+ and GS/GS hearts but had no effect on +/+ hearts
(Figure 6A). Subsequent experiments revealed that perfusion of
5-HD (200 mM) during the reperfusion phase alone (perfusion proto-
col shown in Figure 2C) was sufficient to reverse cardioprotection in
hearts expressing RGS-insensitive Gai2 (Figure 6B). Previous work
has also implicated HMR 1098-sensitive sarcolemmal KATP channels
in protection from ischaemic injury.21 This is consistent with our
observation that perfusion of HMR 1098 during the initial 15 min of
reperfusion also reversed the cardioprotective phenotype of GS/+
hearts (Figure 6B). These data suggest that disruption of interactions
between endogenous RGS proteins and Gai2 protects the heart
through a mechanism that requires both sarcolemmal and mitochon-
drial KATP channels. However, it is important to note that the putative
mitochondrial KATP channel has not been cloned or identified at the
molecular level, making it difficult to assign a specific molecular iden-
tity to this functionally defined channel.

4. Discussion
The ability of Gai-coupled receptors to protect the heart from
ischaemic injury is well established. Three Gai isoforms (Gai1, Gai2,
and Gai3) have been cloned and characterized, and at least two iso-
forms (Gai2 and Gai3) are expressed in the heart.7 Previous work
has demonstrated that inhibition of Gai signalling by expression of a
minigene encoding the carboxyl terminal tail of Gai2 worsens
ischaemia-induced injury.22 In the present study, we report that

enhanced signalling through the Gai2 isoform protects the heart
from ischaemic injury. Importantly, we found that eliminating the
endogenous ‘brake’ on Gai2 signalling (mediated by interaction with
RGS proteins) is sufficient to cause substantial cardiac protection.
These data suggest that RGS proteins may provide novel therapeutic
targets to reduce ischaemic injury in the heart.

Gai2G184S results in increased signalling but it is not constitutively
active. Rather, agonist-induced Ga activation is prolonged and/or
occurs at lower concentrations of agonist due to loss of RGS
action. The observations that the Gai2G184S mutation increases
the potency of carbachol (Figure 1) and that GS/+ and GS/GS
hearts are protected from ischaemic injury (Figure 3) suggests that dis-
ruption of interactions between Gai2 and RGS proteins enhances the
sensitivity of Gai2-coupled receptors so that they become stimulated
by basal levels of endogenous cardioprotective agonists that are too
low to activate sufficient Gai2 signalling in +/+ hearts. Cohen
et al.23 reported that the individual amounts of opioids, bradykinin,
and adenosine released individually from the heart during ischaemic
preconditioning are too small to protect the heart from injury but
that the contribution of each of these agonists to a common down-
stream signalling pathway causes a threshold to be reached that
enables cardioprotection to occur. Thus, it is possible that the cardi-
oprotection observed in GS/+ and GS/GS hearts results from signal-
ling through multiple types of Gai2-coupled receptors which converge
at Gai2G184S and have additive effects on downstream signalling
pathways. The present study (Figure 1) as well as previous
studies12,24 have demonstrated that Gai2G184S expression enhances
agonist potency but does not always alter agonist efficacy. Our finding
that the cardioprotective phenotype of GS/+ and GS/GS hearts was

Figure 5 Signalling through Akt and GSK-3b does not mediate cardioprotection of hearts expressing RGS-insensitive Gai2. Hearts were perfused
with 100 nM wortmannin or 0.003% DMSO (vehicle) according to the protocol shown in Figure 2B. Two-way ANOVA revealed a significant effect
[F ¼ 11.98 (2,54) P , 0.0001] of genotype but no significant effect [F ¼ 0.80 (1,54) P ¼ 0.37] of DMSO/wortmannin treatment on infarct size in +/+,
GS/+, and GS/GS hearts. Data represent the mean+ SEM of 7–15 hearts. ‘a’ indicates a significant difference (P , 0.01) compared with DMSO-
treated +/+ hearts, and ‘b’ indicates a significant difference (P , 0.01) compared with wortmannin-treated +/+ hearts (A). Akt phosphorylation
(B) and GSK-3b phosphorylation (C) were analysed by western blot. There were no significant differences (P . 0.05) in Akt or GSK-3b phosphorlya-
tion between +/+, GS/+, and GS/GS hearts. Panels (B and C) represent the mean+ SEM of five experiments and were analysed by one-way
ANOVA. Western blots in (A and B) are representative of five independent experiments.
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not enhanced by ischaemic preconditioning (Supplementary material
online, Figure S1) provides evidence that Gai2G184S expression
permits a maximal effect to occur with low amounts of endogenous
cardioprotective agonists. Additional studies are needed to identify
the receptor(s) responsible for Gai2G184S-mediated protection
from ischaemic injury.

Two phases of ischaemic preconditioning have been described.
Early preconditioning protects the heart from ischaemic injury
within 1–2 h after the preconditioning stimulus and requires acti-
vation of the PI-3-K/Akt/GSK-3b and MEK/ERK signalling path-
ways.15,16,25 These kinases lead to the opening of mitochondrial
KATP channels which inhibit mitochondrial proapoptotic signalling
and prevent opening of the mitochondrial permeability transition
pore (MPTP) which would otherwise be lethal to myocardial cells.20

Delayed preconditioning is a second phase of cardioprotection that
occurs 24–72 h after the preconditioning stimulus and requires the
synthesis of new proteins such as cyclooxygenase-2, inducible nitric
oxide synthase, superoxide dismutase, and others.26 In addition,
brief periods of ischaemia and reperfusion that follow a prolonged
period of ischaemia protect the heart from reperfusion-induced
injury through a phenomenon called ‘ischaemic postconditioning’, a
process that also requires Akt and ERK phosphorylation.15 Our
finding that 5-HD and HMR 1098 reverse the cardioprotective phe-
notype of hearts expressing RGS-insensitive Gai2 is consistent with
previous studies which have identified mitochondrial and sarcolemmal
KATP channels as mediators of ischaemic preconditioning.19,21

However, we were surprised to find that inhibition of PI-3-K or
MEK did not reverse the cardioprotective phenotype of GS/+ or
GS/GS hearts and that the amounts of Akt, GSK-3-b, and ERK phos-
phorylation in hearts expressing RGS-insensitive Gai2, were similar to
those of +/+ hearts. Hearts from GS/+ and GS/GS mice have most
likely experienced chronically enhanced Gai2 signalling throughout
their entire lives as a result of genetic disruption of RGS–Gai2

protein interactions. It is possible that a delayed preconditioning
mechanism protects GS/+ and GS/GS hearts and that Akt,
GSK-3-b, or ERK had already triggered the activation of KATP channels
and other downstream cardioprotective signalling processes hours or
days prior to the onset of ischaemia. Another potential explanation is
that chronic enhancement of Gai2 signalling may induce alternative
cardioprotective signalling pathways that activate KATP channels
through a mechanism that does not require PI-3-K/Akt or MEK/ERK
signalling. Further work is necessary to determine whether GS/+
and GS/GS hearts are protected by an early preconditioning,
delayed preconditioning, or postconditioning mechanism and to
more clearly understand the mechanism by which chronic disruption
of RGS–Gai2 interactions protects the heart from ischaemic injury.

Previous studies have demonstrated that ischaemia induces changes
in the expression of some RGS proteins. RGS2 expression is
decreased and RGS4, RGS7, RGS8, and RGS9 are increased in the
ischaemic brain.27,28 Ischaemia also increases RGS1 gene transcription
in the ischaemic retina.29 mRNA transcripts encoding at least 17 RGS
proteins have been identified in the heart,8 but the effects of ischae-
mia and reperfusion on cardiac RGS protein expression and function
are unknown. Our finding that disruption of interactions between
RGS proteins and Gai2 protects the heart from ischaemic injury
raises the possibility that ischaemia-induced changes in RGS protein
expression or function might play a role in ischaemic preconditioning.
The ability of RGS proteins to be acutely regulated by proteosomal
degradation, phosphorylation, translocation, and transcription8,30

Figure 6 ATP-dependent K+ channels mediate cardioprotection in
hearts expressing RGS insensitive Gai2. Hearts were perfused with
Krebs solution alone (control) or Krebs solution containing 200 mM
5-hydroxydecanoic acid (5-HD) for 30 min prior to ischaemia and
for the initial 15 min of reperfusion according to the protocols
shown in Figure 2A and B. 5-HD had no significant effect (P . 0.05)
on infarct size in +/+ hearts. However, the cardioprotective effect
of RGS-insensitive Gai2 was reversed by 5-HD in GS/+ hearts and
GS/GS hearts. Data were analysed by two-way analysis of variance
with genotype and drug treatment) as variables. There was a significant
effect [F ¼ 19.56 (1, 54) P , 0.0001] of 5-HD treatment in both GS/+
and GS/GS hearts (A). The cardioprotective effect of RGS-insensitive
Gai2 was also inhibited by either 5-HD (200 mM) or HMR 1098
(30 mM) perfused only during the initial 15 min of reperfusion (per-
fusion protocol shown in Figure 2C) (B). There was a significant
effect [F ¼ 5.47 (2,57) P , 0.01] of 5-HD and HMR 1098 treatment
in GS/+ hearts. Data represent the mean+ SEM of 7–16 separate
hearts. ‘a’ indicates a significant difference (P , 0.05) compared with
control GS/+ hearts, ‘b’ indicates a significant difference (P , 0.01)
compared with control GS/GS hearts, and ‘c’ indicates a significant
difference (P , 0.01) compared with control GS/+ hearts.
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provides potential mechanisms for ischaemia and reperfusion to alter
the ability of RGS proteins to interact with Gai2. Further work is
needed to determine whether ischaemia-induced changes in RGS pro-
teins occur in the heart and whether these potential changes alter the
myocardial response to an ischaemic insult.

One of the challenges to the development of therapeutically useful
drug treatments that mimic the effects of ischaemic preconditioning
is the necessity to predict when myocardial ischaemia will occur. The
ability of RGS inhibitors to potentiate the effects of endogenous ago-
nists might provide a novel mechanism to selectively target the ischae-
mic heart on a temporal basis so that patients at high risk for myocardial
infarction could be prophylactically treated prior to the onset of ischae-
mia. Adenosine, bradykinin, opioids, and other cardioprotective
Gi-coupled agonists are released from the heart during ischaemia.
RGS inhibitors may enable signalling through cardioprotective recep-
tors to be enhanced during ischaemia when the concentrations of
these agonists are elevated while avoiding enhanced signalling when
the heart is adequately perfused and these cardioprotective agonists
are present at low basal concentrations. This hypothesis is speculative.
However, it is supported by the fact that preischaemic contractile func-
tion of +/+ and GS/+ hearts were similar (Table 1), yet GS/+ hearts
were protected from ischaemic injury. Further work is needed to
determine which RGS proteins modulate the cardioprotective effect
of Gai2 signalling and to develop selective RGS inhibitors that can be
used to test this hypothesis.

In conclusion, these data demonstrate that signalling through Gai2

protects the heart from ischaemic injury and that this process is
modulated by endogenous RGS proteins. Our data suggest that the
development of chemical inhibitors of RGS proteins31,32 may
provide new pharmacotherapies to protect the heart from ischaemic
injury.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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