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Aims Cardiac hypertrophy and heart failure are associated with QT prolongation and lethal ventricular arrhythmias result-
ing from decreased K+ current densities and impaired repolarization. Recent studies in mouse models of physiological
cardiac hypertrophy revealed that increased phosphoinositide-3-kinase-a (PI3Ka) signalling results in the up-regula-
tion of K+ channels and the normalization of ventricular repolarization. The experiments here were undertaken
to test the hypothesis that increased PI3Ka signalling will counteract the adverse electrophysiological remodelling
associated with pathological hypertrophy and heart failure.

Methods
and results

In contrast to wild-type mice, left ventricular (LV) hypertrophy, induced by transverse aortic constriction (TAC), did
not result in prolongation of ventricular action potentials or QT intervals in mice with cardiac-specific expression of
constitutively active PI3Ka (caPI3Ka). Indeed, repolarizing K+ currents and K+ channel subunit transcripts were
increased in caPI3Ka + TAC LV myocytes in proportion to the TAC-induced cellular hypertrophy. Congestive
heart failure in a transgenic model of dilated cardiomyopathy model is accompanied by prolonged QT intervals
and ventricular action potentials, reduced K+ currents and K+ channel transcripts. Increased PI3Ka signalling, but
not renin–angiotensin system blockade, in this model also results in increased K+ currents and improved ventricular
repolarization.

Conclusion In the setting of pathological hypertrophy or heart failure, enhanced PI3Ka signalling results in the up-regulation of K+

channel subunits, normalization of K+ current densities and preserved ventricular function. Augmentation of PI3Ka
signalling, therefore, may be a useful and unique strategy to protect against the increased risk of ventricular
arrhythmias and sudden death associated with cardiomyopathy.
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1. Introduction
Left ventricular (LV) dysfunction is associated with increased risk of
life-threatening arrhythmias.1,2 Sudden cardiac death, presumably
due to lethal ventricular arrhythmias, accounts for �50% of deaths
in individuals with heart failure.2 Electrical remodelling in cardiac
hypertrophy3,4 and heart failure5 results, at least in part, from reduc-
tions in the densities of repolarizing K+ currents,5,6 which can lead to
action potential prolongation and increased dispersion of repolariza-
tion, both of which are arrhythmogenic. Despite advances in pharma-
cological and device therapies for LV dysfunction, none purposefully

targets fundamental arrhythmia mechanisms at the level of ion
channel remodelling.7

It was recently demonstrated that physiological hypertrophy,
induced by exercise training or by cardiac-specific expression of
constitutively active PI3Ka (caPI3Ka), is associated with transcription-
al up-regulation of the subunits encoding repolarizing K+ channels.8

This up-regulation results in increased repolarizing K+ current ampli-
tudes in proportion to the cellular hypertrophy, thereby normalizing
ventricular K+ current densities, action potential waveforms, and QT
intervals. These observations suggest that activating the PI3Ka signal-
ling pathway could be a therapeutic strategy in pathological cardiac

* Corresponding author. Tel: +1 314 362 2564; fax: +1 314 362 7058, Email: jnerbonne@wustl.edu

Published on behalf of the European Society of Cardiology. All rights reserved. & The Author 2011. For permissions please email: journals.permissions@oup.com.

Cardiovascular Research (2012) 93, 252–262
doi:10.1093/cvr/cvr283



hypertrophy and heart failure to maintain K+ current densities and
reduce the risk of life-threatening ventricular arrhythmias.

To test this hypothesis, the impact of increased PI3Ka signalling
was examined in: (i) a mouse model of non-failing, pressure
overload-induced pathological left ventricular hypertrophy (LVH),
produced by transverse aortic constriction (TAC);6 and, (ii) a trans-
genic mouse model (TG9) of dilated cardiomyopathy and consequent
congestive heart failure.9,10 These experiments revealed that
enhanced PI3Ka signalling results in transcriptional up-regulation of
repolarizing K+ channel subunits, leading to increased K+ current
amplitudes, thereby normalizing ventricular K+ current densities,
action potential waveforms and functioning.

2. Methods

2.1 Experimental animals
Animals were handled in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. All protocols involving animals were approved
by the Animal Studies Committee at Washington University Medical
School.

2.1.1 Induction of pressure overload-induced
LVH
Eight to twelve-week-old male caPI3Ka and wild-type (WT) mice were
subjected to TAC to produce pressure overload-induced LVH.6 Animals
were anaesthetized with a mixture of xylazine (16 mg/kg, i.p.) and keta-
mine (80 mg/kg, i.p.). Once deep anaesthesia was confirmed by the
absence of toe pinch reflex, the chest was opened and the thoracic
aorta was identified. A 7-0 silk suture was placed around the transverse
aorta and tied around a 26-gauge needle, which was then removed.
Seven days after surgery, caPI3Ka and WT animals, with and without
TAC, were analysed.

2.1.2 Transgenic mouse model of heart failure
Experiments were also performed in a TG9 of heart failure.9 Electro-
physiological studies were conducted on 10-week male WT, TG9,
double transgenic (caPI3KaxTG9) mice as well as on TG9 mice following
chronic 4 weeks swim training. As previously described, 6-week-old male
TG9 mice were swum in water at 30–328C (to avoid thermal stress).8,11

Initial swim time was set as 20 min, thereafter increasing by 10 min/day
until 90 min sessions were reached. The 90-min training schedule was
continued twice a day (separated by 4–5 h), 7 days a week, for 4
weeks. Additional experiments were carried out on 10-week TG9
animals treated with the angiotensin-converting enzyme (ACE) inhibitor,
captopril (50 mg/L in the drinking water for 4 weeks).

2.2 Electrocardiogram recordings
Surface electrocardiograms (ECG) were recorded from anaesthetized
(Tribromoethanol, 0.25 mg/kg, i.p.) caPI3Ka control, caPI3Ka + TAC,
WT, WT + TAC, TG9, and caPI3KaxTG9 animals, using needle electro-
des connected to a dual bioamplifier (AD Instrument, PowerLab 26T).
Lead II recordings were analysed.8 QT intervals were measured as
the time interval between the initiation of the QRS complex and the
end of the T wave, and corrected for the heart rate using the formula
QTc ¼ QT/(

p
RR/100).12

2.3 Electrophysioloigcal recordings
Body weights, tibia lengths, and LV weights were measured and recorded
at the time of tissue harvesting. Hearts were removed from anaesthetized
animals, mounted on a Langendorf-apparatus and perfused retrogradely
through the aorta with 25 mL of (0.8 mg/mL) collagenase-containing

(type II, Worthington) solution.6,8 Following perfusion, the LV apex was
separated, mechanically dispersed, plated on laminin-coated coverslips
and maintained in a 95% air-5% CO2 incubator. Whole-cell current-
and voltage-clamp recordings were obtained from LV apex myocytes
within 24 h of isolation at room temperature (22–248C). All voltage-
and current-clamp experiments were performed using an Axopatch 1B
patch clamp amplifier (Molecular Devices) interfaced to a microcomputer
with a Digidata 1332 analog/digital interface and the pCLAMP9 software
package (Molecular Devices); details are provided in Supplementary
material online, Methods.

2.4 Transcript analyses
Total RNA from the LV of individual animals was isolated and treated with
DNase using described methods.6,8 Using equal amounts of RNA, tran-
script analyses of genes encoding K+ channel pore-forming (a) and acces-
sory subunits, the nuclear membrane protein lamin A/C (Lmna) and atrial
natriuretic factor (ANF), were carried out using SYBR green RT–PCR in a
two-step process.6,8 Data were analysed using the threshold cycle (CT)
relative quantification method and normalized to Lmna to reference the
transcript expression data to the number of nuclei (i.e. the number of
myocytes) in the sample, providing relative differences in transcript
expression levels on a per myocyte basis.8 For each transcript, the
normalized values were then expressed relative to the mean of the
control (caPI3Ka or WT) LV samples.

2.5 Citrate synthase activity
Citrate synthase (CS) activity was measured in gastrocnemius muscles dis-
sected from untrained (n ¼ 4) and swim-trained (n ¼ 4) TG9 animals,13

weighed and frozen in liquid nitrogen. Frozen samples were homogenized
on ice in 100 mM Tris–HCl, and protein concentrations were determined
using the BCA protein Assay Kit (Pierce). Individual tissue homogenates
(5 mL) were then added to a (1 mL) reaction mix containing: 100 mM
Tris–HCl, 1.0 mM dithio-bis(2-nitrobenzoic acid), 10 mM oxaloacetate,
and 0.2 mM acetyl CoA. The absorbance of each sample at 412 nm was
recorded at 258C every 30 s for 5 min. Mean absorbance change per
minute was recorded and CS activity (in mmol*mg protein21*min21)
was calculated using the extinction coefficient (13.6 mM21*cm21) of
5-thio-2-nitrobenzoic acid at 412 nm.13

2.6 Statistical analyses
All averaged electrophysiological and transcript data are presented as
means+SEM. The statistical significance of differences between experimen-
tal groups was evaluated by Student’s t-test or the Mann–Whitney U test.

3. Results

3.1 Increased PI3Ka signalling prevents
the ECG changes associated with pressure
overload-induced LVH
Similar to WT mice,6 TAC produced LVH in caPI3Ka mice.10 The
mean+ SEM LV mass to tibia length ratio (LVM/TL), for example,
was significantly (P , 0.001) higher (by 29+6%) in caPI3Ka +
TAC, than in control caPI3Ka (Figure 1A), animals. In addition, expres-
sion of ANF, a marker of pathological hypertrophy, was increased
significantly (P , 0.01) in caPI3Ka + TAC, compared with control
caPI3Ka, LV (Figure 1B). Interestingly, ECG recordings (Figure 1C)
revealed that the morphologies of the QRS complexes, P, J, and
T waves (Figure 1C), as well as the durations of the RR, PR, QRS,
QT, and corrected QT (QTc) intervals (Figure 1D), were indistinguish-
able in caPI3Ka control and caPI3Ka + TAC animals. These observa-
tions contrast markedly with the ECG abnormalities (prolonged
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Figure 1 Increased PI3Ka signalling prevents ECG and action potential waveform abnormalities associated with pressure overload-induced LVH
following transverse aortic constriction (TAC). (A) LV mass/tibia length (LVM/TL) ratios were determined in caPI3Ka control (n ¼ 6) and caPI3Ka +
TAC (n ¼ 6) animals; individual and mean+ SEM values (*P , 0.001) are plotted. (B) Mean+ SEM (n ¼ 6) relative transcript expression level of atrial
natriuretic factor (ANF) is significantly (#P , 0.01) higher in caPI3Ka + TAC than in caPI3Ka control LV. (C) Representative ECG (lead II) waveforms
from caPI3Ka mice with and without TAC are illustrated; individual beats are shown on an expanded timescale on the right in each panel. (D)
Mean+ SEM RR, PR, QRS, QT, and QTc intervals measured in caPI3Ka + TAC (n ¼ 6) and caPI3Ka control (n ¼ 6) animals were not significantly
different. Inset: in contrast to the findings in caPI3Ka animals, and as reported previously,6 TAC in WT animals results in J point suppression and QT
prolongation. (E) Action potential waveforms in LV myocytes from caPI3Ka control and caPI3Ka + TAC animals are indistinguishable. (F ) No signifi-
cant differences in mean+ SEM resting membrane potentials (Vm), action potential amplitudes (APA) or action potential durations at 50% (APD50)
and 90% (APD90) repolarization were observed in caPI3Ka control (n ¼ 10) and caPI3Ka + TAC (n ¼ 9) LV myocytes.
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QTc intervals and flattened J waves) observed in WT mice with
TAC-induced LVH (Figure 1 inset6). In spite of the marked increases
in LV mass and ANF expression, the ECG changes were not observed
in caPI3Ka animals with TAC (Figure 1C and D).

3.2 Increased PI3Ka signalling prevents
TAC-induced action potential prolongation
In WT mice, TAC-induced LVH results in impaired repolarization
and prolonged action potential durations (APD).6 The observation
that ECG waveforms in caPI3Ka animals were not measurably
affected by TAC (Figure 1C and D) suggests that augmented
PI3Ka signalling abrogates the detrimental effects of pressure
overload-induced LVH on ventricular repolarization. To test this
hypothesis directly, current clamp recordings were obtained from
LV myocytes isolated from caPI3Ka + TAC and caPI3Ka control
animals. As shown in Figure 1E, action potential waveforms in
caPI3Ka + TAC and caPI3Ka control LV myocytes were indistin-
guishable. Additionally, no significant differences in mean resting
membrane potentials, action potential amplitudes (APA) or action
potential durations at 50% (APD50) and 90% (APD90) repolarization
in caPI3Ka + TAC and caPI3Ka control LV myocytes were
observed (Figure 1F).

3.3 Repolarizing K1 current amplitudes are
increased in caPI3Ka 1 TAC LV myocytes
Studies conducted on experimental models of pressure
overload-induced LVH have consistently reported reductions in repo-
larizing LV K+ current densities,6,14 resulting in impaired repolariza-
tion (prolonged ventricular APDs and QT/QTc intervals)6 and
predisposing to life-threatening ventricular arrhythmias.4 The finding
that no electrical abnormalities were evident in caPI3Ka animals
with pressure overload-induced LVH suggests that increased PI3Ka
signalling results in up-regulation of K+ currents, in parallel with the
increase in myocyte size, and the normalization of K+ current
densities. To explore this hypothesis, voltage-clamp recordings were
obtained from LV apex myocytes isolated from caPI3Ka control
and caPI3Ka + TAC animals. As illustrated in Figure 2, these experi-
ments revealed that the amplitudes of the peak (IK,peak) outward
voltage-gated (Kv) and the inwardly rectifying (Kir) K+ currents
were significantly higher in caPI3Ka + TAC, compared with
caPI3Ka control, LV myocytes (P , 0.05; Figure 2B).

Kinetic analyses of the decay phases of the outward K+ currents
revealed that the amplitudes of the individual Kv current compo-
nents, Ito,f, IK,slow, and Iss, were higher in caPI3Ka + TAC LV myo-
cytes (Figure 2B). There were no measurable differences in the
time- or the voltage-dependent properties of the Kv currents in
cells from caPI3Ka control and caPI3Ka + TAC mice (see Supple-
mentary material online, Table S1). Consistent with TAC-induced
LVH, cellular hypertrophy was clearly evident in caPI3Ka + TAC
LV myocytes (Figure 2C); the mean whole-cell membrane capaci-
tance (Cm) was significantly (P , 0.01) higher in caPI3Ka + TAC,
than in caPI3Ka control, LV cells (Figure 2C). Normalization of the
Kv and Kir (IK1) current amplitudes (Figure 2B) to the measured
Cm values (in the same cell) revealed that repolarizing K+ current
densities in caPI3Ka + TAC and caPI3Ka control LV cells were
indistinguishable (Figure 2A and D). These results are in striking con-
trast to observations in WT animals with TAC-induced LVH.6

Indeed, the amplitudes of the individual K+ currents (except for Iss)

were not increased in WT cells in response to TAC and, when
normalized to the increase in cell size (Cm), repolarizing K+

current densities were actually decreased significantly in WT LV
cells with TAC (Figure 2 inset and Supplementary material online,
Table S1).

3.4 Transcriptional up-regulation of K1

channel subunits in caPI3Ka 1 TAC LV
Recent studies demonstrated that the increase in ventricular K+

current amplitudes with enhanced myocardial PI3Ka signalling reflects
the up-regulation of the transcripts encoding the underlying K+

channel subunits.8 Subsequent experiments here, therefore, were
aimed at determining whether the observed increases in K+ current
amplitudes in caPI3Ka LV myocytes with TAC (Figure 2B) might also
reflect increased expression of the transcripts encoding the various
repolarizing K+ channel subunits.

As illustrated in Figure 3, quantitative RT–PCR revealed that the
expression levels of the transcripts encoding Ito,f channel pore-
forming (a) subunits, Kcnd2 (Kv4.2)15 and Kcnd3 (Kv4.3),16 as well
as the Ito,f channel accessory subunit, Kcnip2 (KChIP2),16,17 were
increased significantly (P , 0.05) in caPI3Ka + TAC, compared with
caPI3Ka control, LV (Figure 3A). The expression levels of Kcna5
(Kv1.5) and Kcnb1 (Kv2.1), which encode IK,slow1

18 and IK,slow2,
19

respectively, as well as of the K2P channel subunit Kcnk3 (TASK1),
which has been suggested to underlie Iss in rat cardiomyocytes,20

were also increased significantly (P , 0.05) in caPI3Ka + TAC LV
(Figure 3A). Similarly, expression of the IK1 channel subunits Kcnj2
(Kir2.1) and Kcnj12 (Kir2.2),21 as well as of Kcnh2 (mERG)22 and
Kcnq1 (KvLQT1),23 the a subunits encoding the rapid and slow
cardiac delayed rectifiers, IKr and IKs, in large mammals, was also
increased in caPI3Ka + TAC LV (Figure 3B and C ). In contrast with
WT animals,6 therefore, the expression levels of a number of K+

channel subunits were actually up-regulated in caPI3Ka ventricles
with TAC (see Section 4).

3.5 Increased PI3Ka signalling attenuates
ECG and action potential abnormalities in a
mouse model of dilated cardiomyopathy
To test the hypothesis that increased PI3Ka signalling might also
ameliorate the electrical abnormalities in failing hearts, additional
experiments were conducted using a transgenic mouse model of
dilated cardiomyopathy (TG9).9 As reported previously,9 TG9 mice
develop progressive dilated cardiomyopathy, beginning at 6 weeks
of age, and die of overt heart failure at 11–13 weeks. Surface ECG
recordings revealed that QT and QTc intervals were significantly
(P , 0.001) prolonged in (10 week) TG9, compared with WT, mice
(Figure 4A and B), indicating impaired ventricular repolarization,
reminiscent of the electrical abnormalities observed in heart failure
patients24 and in animal models of heart failure.25,26 Interestingly, PR
and QRS intervals were prolonged in TG9, compared with WT,
animals (Figure 4A and B) suggesting the presence of conduction
abnormalities, which are also prevalent in patients with advanced
heart failure.27

To determine the impact of increased PI3Ka signalling on elec-
trical function in heart failure, TG9 and caPI3Ka mice were
crossed (caPI3KaxTG9). Surface ECG recordings from (10 week)
caPI3KaxTG9 mice revealed that mean+ SEM QT and QTc inter-
vals were abbreviated significantly (P , 0.05) compared with TG9
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mice (Figure 4A and B), albeit not identical to WT. In contrast, PR
and QRS intervals were prolonged similarly in caPI3KaxTG9 and
TG9 animals (see Section 4).

Consistent with the prolonged QT/QTc intervals (Figure 4A and B),
current clamp recordings from LV apex myocytes isolated from TG9
animals revealed significantly (P , 0.001) prolonged action potential
durations (APD50 and APD90), compared with recordings from
WT LV apex myocytes (Figure 4C and D). The action potential
prolongation evident in TG9 myocytes (Figure 4C and D), however,
was attenuated significantly (P , 0.01) in LV cells isolated from
(caPI3KaxTG9) animals with increased caPI3Ka expression.

3.6 Augmentation of PI3Ka signalling
results in increased repolarizing K1

currents in failing hearts
As might be expected based on observations in humans5 and in animal
models of heart failure,26,28 voltage-clamp recordings revealed that

IK,peak amplitudes were significantly (P , 0.001) lower in TG9,

compared with WT, LV myocytes (Figure 5C). The amplitudes of Ito,f

and IK,slow were also lower (P , 0.001) in TG9 myocytes

(Figure 5C); the time- and voltage-dependent properties of the (Ito,f

and IK,slow) currents in TG9 and WT cells, however, were similar

Figure 2 Repolarizing K+ current amplitudes are increased and K+ current densities are normalized in caPI3Ka + TAC LV myocytes. (A) Repre-
sentative whole-cell K+ currents recorded from myocytes isolated from the LV apex of caPI3Ka control and caPI3Ka + TAC mice. Currents were
evoked in response to (4.5 s) voltage steps to test potentials between 2120 and +40 mV from a holding potential (HP) of 270 mV. (B) The
mean+ SEM amplitudes of the K+ currents are significantly (‡P , 0.05, #P , 0.01,*P , 0.001) higher in caPI3Ka + TAC, compared with caPI3Ka
control, LV myocytes. (C) A significant (#P , 0.01) increase in mean+ SEM whole-cell membrane capacitance (Cm), consistent with cellular hyper-
trophy, is also evident in caPI3K + TAC LV myocytes. (D) Normalizing current amplitudes for differences in cell size (Cm) revealed that mean+ SEM
K+ current densities in LV myocytes from caPI3Ka + TAC and caPI3Ka control animals are indistinguishable. Inset: as reported previously,6 IK,peak, Ito,f,
IK,slow, and IK1 amplitudes are not increased in WT LV myocytes with TAC and current densities are decreased significantly (‡P , 0.05, #P , 0.01).
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(see Supplementary material online, Table S2). The higher mean Cm

(Figure 5B) is consistent with marked cellular hypertrophy in TG9,
compared with WT, LV cells. Normalization of the K+ current ampli-
tudes (Figure 5C) to myocyte size (Figure 5B) revealed that repolarizing
K+ current densities, with the exception of Iss, were significantly lower
in TG9, than in WT, LV cells (Figure 5A and D). As also illustrated in
Figure 5C, however, increased PI3Ka signalling resulted in significant
(P , 0.05) increases in the amplitudes of all of the repolarizing K+

currents, Ito,f, IK,slow, Iss, and IK1, in TG9 LV myocytes. Normalizing
the current amplitudes to measured Cm revealed that mean+ SEM
IK,peak, IK,slow, Iss, and IK1 densities were actually increased (Figure 5A
and D) in caPI3KaxTG9, compared with TG9, cells.

Additional experiments were carried out in TG9 animals treated
with the ACE inhibitor, captopril, which has been shown to
improve the cardiac function/survival in heart failure patients,29 as
well as the survival of TG9 animals.9 These experiments, however,
did not reveal measurable effects of renin–angiotensin system
blockade on K+ current densities or action potential waveforms
(see Supplementary material online, Figure S1) in TG9 LV myocytes
(see Section 4).

Quantitative RT–PCR experiments were also conducted to
examine K+ channel subunit and ANF transcript expression levels
in the LV of WT, TG9, and caPI3KaxTG9 mice. ANF expression
was significantly (P , 0.01) increased in TG9, compared with WT,
LV, but this increase was attenuated in caPI3KaxTG9 LV (Figure 5E).
Consistent with the observed decreases in K+ current amplitudes,
the expression levels of Ito,f subunits, Kv4.2, Kv4.3 and KChIP2,

IK,slow subunits Kv1.5 and Kv2.1, the putative Iss subunit, TASK1, and
both Kir2.1 and Kir2.2 (IK1 subunits) were also lower in TG9, com-
pared with WT (Figures 5F and G), LV. Increased PI3Ka signalling in
TG9 LV, however, resulted in marked increases in the expression
levels of all of these K+ channel subunit transcripts (Figure 5F and G).

3.7 Exercise training also up-regulates
repolarizing K1 currents in heart failure
It was recently demonstrated that chronic exercise (swim
training)-induced physiological hypertrophy, which results in increased
PI3Ka activation,8,11 leads to the up-regulation of repolarizing ven-
tricular K+ currents in parallel with the cellular hypertrophy (increase
in myocyte size).8 Additional experiments here, therefore, were
designed to determine whether chronic exercise training also
results in K+ current up-regulation in the context of heart failure.
Following 4-week chronic swim training, voltage-clamp experiments
were performed on LV myocytes isolated from (10 week) trained
and untrained TG9 mice. Mean+ SEM CS activity was increased sig-
nificantly (P , 0.05) in the gastrocnemius muscles from swim-trained
(0.92+0.11 mmol/mg protein/min; n ¼ 4), compared with untrained
(0.49+0.09 mmol/mg protein/min; n ¼ 4), TG9 animals, indicating
the robustness of aerobic exercise training.30 The amplitudes of
IK,peak and IK1 (P , 0.001), as well as of the Kv current components,
IK,slow (P , 0.01) and Iss (P , 0.001), were significantly higher in
TG9 LV myocytes from the swim-trained, compared with the un-
trained, TG9 animals (Figure 6B). The mean+ SEM Cm determined

Figure 3 Transcriptional up-regulation of K+ channel subunits with TAC-induced LVH in caPI3Ka LV. K+ channel subunit transcript expression
levels were measured in individual LV samples from caPI3Ka + TAC (n ¼ 6) and caPI3Ka control (n ¼ 6) LV, normalized to lamin A/C and subse-
quently to the mean value of the caPI3Ka control LV samples (A–C). The mean+ SEM relative expression levels of most of the K+ channel
subunit transcripts are significantly (‡P , 0.05, #P , 0.01, *P , 0.001) higher in caPI3Ka + TAC, than in caPI3Ka control, LV.
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in LV myocytes from trained and untrained animals were similar
(Figure 6C). Repolarizing K+ current (IK,peak, IK,slow, Iss and IK1)
densities, therefore, were significantly (P , 0.01) higher in TG9 LV
myocytes following swim training (Figure 6A and D). Indeed IK,peak

and IK1 densities were normalized to the levels found in WT cells
(compare values in Supplementary material online, Table S2).

4. Discussion
The increased incidence of life-threatening ventricular arrhythmias in
patients with LV dysfunction is a consequence of complex pathologic-
al remodelling in cardiac structural,31 neurohumoral,32 and electro-
physiological properties.5,6 Advances in the clinical management of

heart failure, specifically pharmacologic,33,34 and device therapies,35

which are aimed at treating neurohumoral and structural abnormal-
ities, have improved patient outcomes.33– 35 Targeting the electro-
physiological derangements using anti-arrhythmic agents has proven
to be much more problematic and, indeed, has been associated
with increased, rather than decreased, mortality.36 The results
presented here demonstrate that increased PI3Ka signalling in patho-
logical hypertrophy and heart failure helps to normalize ventricular
repolarization and maintains electrical functioning through the
transcriptional up-regulation of repolarizing K+ channels, a mechanism
of action distinct from classic heart failure therapeutics.

Interestingly, PI3Ka signalling has been shown to modulate a
number of transcription factors that could potentially affect the

Figure 4 Increased cardiac PI3Ka signalling attenuates the ECG and action potential abnormalities in a transgenic mouse model (TG9) of heart
failure. (A) Representative ECG waveforms from WT, TG9, and caPI3KaxTG9 mice. (B) Mean+ SEM PR, QRS, QT, and QTc intervals are significantly
(#P , 0.01, *P , 0.001) prolonged in TG9 (n ¼ 6), compared with WT (n ¼ 6), animals. Interestingly, mean QT and QTc intervals in caPI3KaxTG9
mice are significantly (‡P , 0.05) shorter than in TG9 mice. (C) Representative action potential waveforms recorded from LV myocytes isolated from
WT, TG9, and caPI3KaxTG9 animals are shown. (D) Mean+ SEM APD50 and APD90 were significantly (*P , 0.001) longer in TG9 (n ¼ 10) than in
WT (n ¼ 16) LV myocytes. Increased PI3Ka signalling significantly (#P , 0.01) attenuates the APD prolongation (C and D) seen in TG9 LV myocytes.
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Figure 5 Increased cardiac PI3Ka signalling in heart failure up-regulates repolarizing K+ currents and the underlying K+ channel subunit transcripts.
(A) Representative whole-cell K+ currents were recorded from LV myocytes isolated from WT, TG9, and caPI3KaxTG9 mice. (B) Mean+ SEM Cm

values are significantly (P , 0.001) higher in TG9 (n ¼ 21) and in caPI3KaxTG9 (n ¼ 32), than in WT (n ¼ 22), LV myocytes. (C ) Mean+ SEM IK,peak,
Ito,f, and IK,slow amplitudes in TG9 (n ¼ 21) are markedly reduced compared with WT (n ¼ 22) LV myocytes, whereas mean+ SEM K+ current ampli-
tudes (IK,peak, Ito,f, IK,slow, Iss, and IK1) are higher in caPI3KaxTG9, than in TG9, cells. (D) Normalization for differences in cell size (Cm) revealed that
mean+ SEM IK,peak, Ito,f, IK,slow, and IK1 densities are significantly (‡P , 0.05, *P , 0.001) lower in TG9 (n ¼ 21), than in WT (n ¼ 22), LV myocytes,
and that increasing PI3Ka signalling in TG9 myocytes results in significant (#P , 0.01, *P , 0.001) increases in IK,peak, IK,slow, Iss, and IK1 densities. Atrial
natriuretic factor (ANF) and K+ channel subunit transcript expression levels were determined in individual LV samples from WT, TG9, and caPI3-
KaxTG9 LV, normalized to lamin A/C in the same sample and to the mean value of the WT control LV samples. As reported previously,9 ANF ex-
pression is increased �10-fold in TG9 LV. The increase in ANF expression is blunted in the LV of caPI3KaxTG9 animals (E). The expression levels of
the transcripts encoding several K+ channel subunits (F, G) are reduced significantly (‡P , 0.05) in TG9, compared with WT, LV; the expression levels
of many of these K+ channel subunits, however, are increased (‡P , 0.05, #P , 0.01, *P , 0.001) in caPI3KaxTG9, compared with TG9, LV.
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expression of cardiac K+ channels. The Forkhead (FOXO) family of
transcriptional factors, for example, which are direct targets of the
downstream target of PI3Ka, Akt, has been shown to regulate the
promoter activity of several K+ channel genes such as Kcnj8
(Kir6.1), Kcnj11 (Kir6.2), and Abcc8 (SUR1).37 Promoter analyses
(using web-based program rVista 2.0, http://rvista.decode.org)38 also
reveal multiple FOXO transcription factor binding sites in Kcnd2
(Kv4.2), Kcnip2 (KChIP2), Kcnb1 (Kv2.1), and Kcnk3 (TASK1). Glyco-
gen synthase kinase 3 beta (GSK3b), another important downstream
target of PI3Ka, also modulates the activity of several transcriptional
factors, including NFAT, GATA4, myocardin, c-Myc, c-Jun, and
b-catenin, many of which have putative binding sites in the promoter
regions of several K+ channel subunit genes and could potentially
contribute to the transcriptional regulation of K+ channel expression
mediated by increased PI3Ka. Further experiments are needed
to explore these hypotheses and delineate PI3Ka-mediated
transcriptional regulatory mechanisms directly.

4.1 Increased PI3Ka signalling mitigates
impaired repolarization in hypertrophied
and failing hearts
Chronic cardiac-specific increases in PI3Ka signalling produce
physiological hypertrophy characterized by normal electrical and
mechanical function.8,11,39 The results here demonstrate that

increased myocardial PI3Ka signalling also eliminates the effects of
pressure overload-induced LV (pathological) hypertrophy on ven-
tricular action potential durations. In addition, in caPI3Ka + TAC LV
myocytes, the transcripts encoding the subunits that underlie the gen-
eration of several repolarizing K+ channels were increased significantly
and in parallel with the TAC-induced increase in myocyte size, result-
ing in normalized K+ current densities. These results contrast striking-
ly with the effects of TAC-induced LVH in WT animals, in which K+

channel subunit expression levels are not increased in parallel with the
cellular hypertrophy, resulting in decreased K+ current densities and
impaired repolarization.6 Augmented PI3Ka signalling, therefore, has a
clear beneficial effect in the context of pathological LVH.

The experiments here also demonstrated that repolarizing K+

channel subunit transcript expression levels are up-regulated and
K+ current amplitudes are increased in failing TG9 hearts with
increased PI3Ka signalling. Although the treatment with the ACE in-
hibitor captopril also improves the survival of TG9 animals,9 there
were no detectable effects of captopril treatment on ventricular K+

currents or action potentials in TG9 hearts (see Supplementary
material online, Figure S1). Enhanced PI3Ka signalling in the setting
of heart failure, therefore, has unique beneficial effects on electrical
functioning that are not observed with renin–angiotensin system
blockade.

QRS complexes were widened in TG9, compared with WT, mice,
suggesting the presence of intracardiac conduction slowing, which is

Figure 6 Exercise training also results in K+ current up-regulation in heart failure. (A) Representative whole-cell K+ currents in myocytes isolated
from the LV of TG9 mice with and without swim training are illustrated. (B–D) Mean+ SEM IK,peak, IK,slow, Iss, and IK1 amplitudes and densities are
significantly (#P , 0.01,*P , 0.001) higher in LV myocytes from swim-trained (n ¼ 15), compared with untrained (n ¼ 21), TG9 animals. Although
mean Ito,f amplitudes/densities are also higher in swim-trained TG9 LV myocytes, the differences did not reach statistical significance.
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also commonly observed in heart failure patients40 and in animal
models of non-ischaemic dilated cardiomyopathy.31 In contrast
with the effects on QT intervals, however, increased PI3Ka activity
does not normalize the widened QRS complexes in TG9 mice.
These observations may reflect low expression of the caPI3Ka
transgene in the specialized conduction system, as previous
reports suggest that transgenes driven by the a-MHC promoter
may not be expressed consistently in nodal and His-Purkinje
tissues.41 It is also possible, however, that increased PI3Ka signalling
is not sufficient to reverse the structural and molecular changes
that underlie the abnormal conduction. Further experiments
focused on the conduction system directly are needed to explore
these possibilities directly.

4.2 Chronic swim-training normalizes K1

current densities in heart failure
The observation that increased PI3Ka signalling in failing hearts
provides beneficial effects in maintaining physiological K+ current
expression levels suggests an attractive strategy for alleviating arrhyth-
mogenic electrical remodelling in heart failure.5 A simple and practical
approach to increasing cardiac PI3Ka signalling is aerobic exercise
training.8,11 Indeed, aerobic exercise training has been shown to
improve LV function and prolong survival in heart failure patients,42

as well as in animal models of heart failure.10,43 Various mechanisms
have been proposed to explain the beneficial effects of exercise,
including improved endothelial function,44 reduced myocardial fibro-
sis,10 and balanced sympathovagal input.45 The results here demon-
strate that chronic exercise training also up-regulates repolarizing
K+ currents in the setting of heart failure, an effect that normalizes
ventricular repolarizing K+ current densities and action potential
durations and reduce arrhythmia susceptibility. In spite of the benefits
of exercise, however, it is also clear that adherence to, or compliance
with, prescribed exercise regimens can be very difficult for heart
failure patients.46 Importantly, the results here suggests the
potential of a therapeutic strategy focused on enhancing PI3Ka
signalling directly.

4.3 Conclusion
In summary, enhanced cardiac PI3Ka activity is associated with
increased expression of myocardial K+ channel subunits in pressure
overload-induced LVH and heart failure. The transcriptional
up-regulation of K+ channel subunits produced by increased PI3Ka
activity leads to increased K+ current amplitudes in proportion to
the increase in cell size, thereby normalizing K+ current densities,
action potential waveforms, and QT intervals. The experiments
here also demonstrate that chronic exercise training, a physiological
means to enhance PI3Ka signalling leads to K+ channel up-regulation
in the failing heart, whereas the ACE inhibitor captopril does not.
These observations suggest that increased PI3Ka signalling, either by
exercise or by direct pharmacological intervention, could directly
address the electrophysiological basis of life-threatening arrhythmias
associated with pathological LVH and heart failure. These results
argue for further research focused on developing practical methods
to activate PI3Ka signalling in the human heart, as well as on detailing
the effects of these manipulations on arrhythmia vulnerability and
sudden cardiac death.
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