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Abstract

In contrast with pathological hypertrophy, exercise-induced physiological hypertrophy is not
associated with electrical abnormalities or increased arrhythmia risk. Recent studies have shown
that increased cardiac-specific expression of phosphoinositide-3-kinase-a (PI13Ka), the key
mediator of physiological hypertrophy, results in transcriptional upregulation of ion channel
subunits in parallel with the increase in myocyte size (cellular hypertrophy) and the maintenance
of myocardial excitability. The experiments here were undertaken to test the hypothesis that Akt1,
which underlies PI3Ka-induced cellular hypertrophy, mediates the effects of augmented PI3Ka
signaling on the transcriptional regulation of cardiac ion channels. In contrast to wild-type
animals, chronic exercise (swim) training of mice (Akt1~/~) lacking Akt1 did not result in
ventricular myocyte hypertrophy. Ventricular K* current amplitudes and the expression of K*
channel subunits, however, were increased markedly in Akt1™~ animals with exercise training.
Expression of the transcripts encoding inward (Na* and Ca2*) channel subunits were also
increased in Akt1™~ ventricles following swim training. Additional experiments in a transgenic
mouse model of inducible cardiac-specific expression of constitutively active PI3Ka (icaP13Ka)
revealed that short-term activation of PI3Ka signaling in the myocardium also led to the
transcriptional upregulation of ion channel subunits. Inhibition of cardiac Akt activation with
triciribine in this (inducible caPI3Ka expression) model did not prevent the upregulation of
myocardial ion channel subunits. These combined observations demonstrate that chronic exercise
training and enhanced P13Ka expression/activity result in transcriptional upregulation of
myocardial ion channel subunits independent of cellular hypertrophy and Akt signaling.
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1l.Introduction

Pathological cardiac hypertrophy, a maladaptive response of the myocardium to increased
biomechanical stresses, is associated with increased risk of heart failure and life-threatening
ventricular arrhythmias [1, 2]. Several previous studies in animal models and in patients
with left ventricular hypertrophy (LVH) and heart failure have demonstrated that
repolarizing K* current densities are decreased, resulting in action potential and QT
prolongation, both of which are arrhythmogenic and predispose individuals to life-
threatening arrhythmias [3, 4]. Recent studies in a mouse model of pressure overload-
induced LVH, produced by transverse aortic constriction, revealed that reduced repolarizing
K* current densities result directly from the failure to upregulate the expression of the
underlying K* channel subunits in proportion to the increases in LV myocyte size
(hypertrophy) [5], resulting in reduced LV K* current densities and action potential
prolongation.

Chronic exercise training, particularly in elite athletes, also produces cardiac hypertrophy,
but this physiological hypertrophy is not typically associated with electrical abnormalities or
increased risk of life-threatening ventricular arrhythmias [6-8]. It is important to note,
however, that exercise, even routine exercise, can trigger lethal arrhythmias in individuals
with previously unrecognized congenital cardiac electrical or structural defects [6-8]. These
events, however, appear to reflect the impact of exercise-induced neurohumoral changes on
the effects of the underlying congenital defect on the regulation of cardiac electrical
functioning. In recent studies, we demonstrated that physiological hypertrophy, induced by
exercise training or by cardiac-specific expression of constitutively active
phosphoinositide-3-kinase p110a. (caPI3Ka), is associated with transcriptional upregulation
of the subunits encoding the K*, Ca2* and Na* channels that underlie action potential
generation in the ventricular myocardium [9]. This balanced upregulation of ion channel
subunits results in increased repolarizing (outward) and depolarizing (inward) current
amplitudes in ventricular myocytes in proportion to the cellular hypertrophy, thereby
normalizing current densities, action potential waveforms and QT intervals. It has also been
demonstrated recently that enhancing PI3Ka signaling in the setting of pathological
hypertrophy or heart failure similarly results in the transcriptional upregulation of K*
channel subunits, normalizing K* current densities and preserving ventricular functioning
[10]. Despite the marked effects of enhanced PI3Ka signaling on myocardial ion channel
gene expression, the molecular mechanisms linking PI3Ka signaling to transcriptional
regulation of ion channel subunits have not been explored.

P13Ka., the Class IA component of the PI3K enzyme family, converts the plasma membrane
lipid phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-
trisphosphate (PIP3), which initiates the activation of downstream signaling molecules
containing pleckstrin-homology (PH) domains such as phosphatidylinositol-dependent
kinase 1 (PDKZ1), Bruton’s tyrosine kinase (Btk), ADP-ribosylating factor 6 (ARF6) and Akt
[11]. Akt is a well-characterized serine threonine kinase downstream of PI3Ka, and consists
of three isoforms, Aktl, Akt2 and Akt3, two of which, Aktl and Akt2, are highly expressed
in the heart [12]. Importantly, Aktl has been shown to be requiredfor the development of
physiological hypertrophy induced by chronic exercise training [13], as well as the
regulation of normal cardiac growth [14]. Akt2, on the other hand, plays a critical role in
insulin-regulated glucose homeostasis, as well as in cardiomyocyte survival [15-17].
Because of the pivotal role of PI3Ka-Aktl signaling axis in mediating physiological
hypertrophy, we hypothesized that the increased expression of ion channel subunits seen
with enhanced PI3Ka signaling also depends on Aktl. Genetic and pharmacological
approaches were utilized here in experiments designed to explore this hypothesis directly.
Unexpectedly, these experiments revealed that PI3Ka-mediated electrical remodeling,
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reflecting transcriptional upregulation of ion channel subunits, is independent of cellular
hypertrophy and Akt signaling.

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 Chronic Swim Training in Akt1~/— and WT mice—Experiments were
performed on adult (8-10 week) Akt1™~ mice (in the C57BI/6 background) [13, 14] with
(n=14) and without (n=15) chronic exercise (swim) training [9, 18]. For swim training,
animals were placed in a small tank (surface area of 225 cm?) filled with still water
maintained at 30-32°C to avoid thermal stress. Multiple (6—8) mice were placed in the same
tank, where they swam in group and floating was prevented. The initial swim time was 20
min, and was increased by 10 min per day until 90 min sessions were reached. Once
attained, the 90 min training schedule was continued twice a day (separated by 4-5 hr), 7
days a week, for 4 weeks. We and others have previously demonstrated that this chronic
swim training protocol induces robust physiological cardiac hypertrophy in wild-type mice
[9, 13, 18]. Similar experiments were carried out here on adult WT (C57BI/6) mice with and
without swim training (n=5).

2.1.2 Transgenic Mouse Model of Inducible Cardiac-Specific Expression of
Constitutively Active PI3Ka (icaPI3Ka)—Additional experiments were conducted on a
mouse model of cardiac-specific expression of caPI3Ka transgene driven by a tet-
responsive (tet-off) a-MHC promoter [19]. Double transgenic (FVB/N) animals, carrying
both the tTA and caP13Ka transgenes (icaPI3Ka), were maintained on a doxycycline-
containing (200mg/kg) diet to suppress transgene expression. The expression of the
caPI3Ka transgene was induced by removing the doxycycline-containing diet in adult (8-10
week) icaP13Ka animals [19]. The activation of PI3Ka signaling was confirmed by Western
blot analyses of Akt phosphorylation in LV extracts from icaPI3Ka animals 4 weeks after
removal of the doxycycline-containing diet.

To inhibit the activation of the downstream effectors of PI3Ka,, Aktl and Akt2, a pan-Akt
inhibitor triciribine (TCN, Sigma Aldrich, St Louis, MO) was given (0.5 mg/kg/day in 200
uL 20% DMSO saline solution, intraperitoneally [i.p.]) [20] to icaP13Ka. animals (n=15)
simultaneous with the removal of the doxycycline-containing diet (and the activation of
caPI3Ka transgene); TCN injections were administered daily for 4 weeks (see Figure 5A for
a schematic illustration of the caPI3Ka transgene induction and the TCN injection protocol).
Vehicle-treated icaPI3Ka and wild-type (FVB/N) animals (n=15 in each group) were
compared.

2.3 Electrophysioloigcal Recordings

Surface electrocardiograms (ECG) were recorded from anesthetized (Tribromoethanol, 0.25
mg/kg, i.p.) swim-trained and untrained Akt1~~ animals, with needle electrodes connected
to a dual bioamplifier (AD Instrument, PowerLab 26T) using described methods [9, 10].

Body weights, tibia lengths and LV weights were measured and recorded at the time of
tissue harvesting. Hearts were removed from anesthetized animals, mounted on a
Langendorfapparatus and perfused retrogradely through the aorta with 25 ml of (0.8 mg/ml)
collagenase-containing (type Il, Worthington) solution [5, 9]. Following perfusion, the LV
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apex was separated, mechanically dispersed, plated on laminin-coated coverslips and
maintained in a 95% air-5% CO, incubator. Whole-cell voltage-clamp recordings were
obtained from LV apex myocytes within 24 hr of isolation at room temperature (22—-24°C).
All voltage-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) as described previously
[9, 10].

2.4 Transcript analyses

Total RNA from the LV of individual animals was isolated and treated with DNase using
described methods [5, 9]. Using equal amounts of RNA, transcript analyses of genes
encoding K*, Na* and Ca2* channel pore-forming (o) and accessory subunits, atrial
natriuretic factor (ANF) and hypoxanthine-guanine phosphoribosyltransferase (Hpri) were
carried out using SYBR green RT-PCR in a two-step process [5, 9]. Data were analyzed
using the threshold cycle (Cy) relative quantification method and normalized to Hprt. For
each transcript, the normalized values were then expressed relative to the mean of the
control (untrained Akt1™~ or WT+Vehicle) LV samples.

2.5 Citrate Synthase Activity

Citrate synthase (CS) activity, an indicator of aerobic muscle activity, was measured in
gastrocnemius muscles dissected from swim-trained (n=4) and untrained (n=4) Akt1~/
animals [21], weighed and frozen in liquid nitrogen. Frozen samples were homogenized on
ice in 100 mM Tris-HCI, and protein concentrations were determined using the BCA protein
Assay Kit (Pierce). Individual tissue homogenates (5ul) were then added to a (1 ml) reaction
mix containing: 100 mM Tris-HCI, 1.0 mM dithiobis-(2-nitrobenzoic acid), 10 mM
oxaloacetate and 0.2 mM acetyl CoA. The absorbance of each sample at 412 nm was
recorded at 25 °C every 30 seconds for 5 minutes. Mean absorbance change per minute was
determined and citrate synthase activity (in pmol*mg protein~1*min=1) was calculated using
the extinction coefficient (13.6 mM~1*cm™1) of 5-thio-2-nitrobenzoic acid at 412 nm [21].

2.6 Biochemical Analyses

Protein lysates were prepared from the LV of FVB WT+Vehicle, icaPI3Ka+Vehicle and
icaPI3Ka+TCN animals using described methods [9]. Protein concentrations were
determined using the BCA protein Assay Kit (Pierce). For Western blot analyses, equal
amounts of total proteins prepared from individual control and experimental animals were
loaded on 7.5-12% SDS-PAGE gels and transferred to PVDF membranes. The PVDF
membrane strips were incubated in 5% skim milk in PBS containing 0.1% Tween 20
(blocking buffer) for 1 hr at room temperature, followed by overnight incubation at 4°C with
a rabbit polyclonal anti-phospho-Akt (S473) or anti-total Akt primary antibody (Cell
Signaling Technology, Danvers, MA, USA).

After washing, the membrane strips were incubated for 1 hr at room temperature with an
alkaline phosphatase-conjugated secondary antibody (GE Healthcare, Buckinghamshire,
UK) diluted in blocking buffer, and bound antibodies were detected using a
chemiluminescent alkaline phosphate substrate. Protein band intensities were quantified by
densitometry (Quantity One Basic, Bio-Rad Laboratory, Hercules, CA), and expression of
phospho-Akt (p-Akt) in each sample was normalized to the expression of total Akt in the
same sample on the same blot. Mean p-Akt protein expression data in icaP13Ka ventricles
were expressed relative to the mean value in the control (WT+Vehicle) LV samples.
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2.7 Statistical analyses

All averaged electrophysiological, transcript and Western blot data are presented as means +
SEM. The statistical significance of differences between experimental groups was evaluated
by the Student’s ¢test or the Mann-Whitney U'test.

3. Results

3.1 Upregulation of repolarizing K* Currents with Chronic Swim Training Does Not Require
Aktl

In recent studies, we demonstrated that chronic exercise (swim) training-induced
physiological hypertrophy, which results in increased PI3Ka signaling [9, 18], leads to the
upregulation of ionic currents in left ventricular (LV) myocytes in parallel with the increase
in size [9]. The critical downstream effector of PI3Ka-mediated physiological hypertrophy
in response to exercise training is the serine-threonine kinase Aktl [13]. Indeed, chronic
swim training has been shown previously [9, 18, 22], to increase the activation
(hyperphosphorylation) of Akt as a result of increased PI3Ka activity. It has also been
demonstrated that, in contrast with WT animals, mice lacking Akt1 (Akt1~/~) [13, 14] fail to
develop LV hypertrophy following exercise training, revealing the critical role of Akt in
hypertrophic cell growth [13].

To test the hypothesis that Akt1 is also required for exercise (PI3Ka)-induced electrical
remodeling, adult (8-10 week) Akt1~/~ mice were subjected to chronic swim training for 4
weeks. Importantly, it has previously been reported that Akt1~~ mice are fertile with normal
life span [16] and that Akt2 and Akt3 expression levels in adult Akt1™~ and WT mouse
hearts [13] are indistinguishable. In contrast to WT animals, for which similar chronic swim
training increases LVWI/TL ratios by ~20% [13], however, no LV hypertrophy was evident
in Akt1~/~ animals: LVW/TL ratios (Figure 1B), as well as heart weight/body weight and
LVW/body weight ratios in swim-trained and untrained Akt1~~ animals (Supplemental
Figure 1A,B) were not significantly different. These observations are consistent with
previous suggestions that Akt1 is required for exercise training-induced physiological
hypertrophy [13]. Following 4 weeks of swim training (see Methods), however, mean +
SEM citrate synthase activity in the gastrocnemius muscles was increased significantly
(P<0.01) to 1.01+0.12 pmol/mg protein/min (n=4), compared with the value of 0.53+0.07
pmol/mg protein/min (n=4) measured in muscles from untrained Akt1~~ animals (Figure
1A), indicating increased metabolic activity and, therefore, the adequacy of exercise
produced with chronic swim training [23].

Whole-cell voltage-clamp recordings were obtained from LV myocytes isolated from swim-
trained and untrained Akt1™~ mice to assess effects of the loss of Akt1 on the remodeling of
repolarizing K* channels associated with exercise that is observed in WT mice [9]. As
illustrated in Figure 2, these experiments revealed that the amplitudes of the peak (I peak)
outward voltage-gated (Kv) and inwardly rectifying (Kir) K* currents were significantly
higher in LV myocytes from swim-trained, compared with untrained, Akt1~~ animals
(P<0.05; Figure 2A,B). The mean + SEM whole-cell membrane capacitances (Cy,) of LV
myocytes isolated from Aktl™/~ mice with and without swim training (Figure 2C), however,
were similar, observations consistent with the absence of hypertrophic growth of LV
myocytes with exercise in the absence of Akt [12, 13]. Normalization of the measured K*
current amplitudes in individual cells to the whole cell capacitance (myocyte size) in the
same cell revealed that, similar to the current amplitudes, mean + SEM repolarizing Ik peak
and Ik, densities were significantly (£<0.05) higher in Akt1™~ LV myocytes following
swim training (Figure 2D and Table 1).
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Parallel experiments conducted on adult (8-10 week) WT (C57BI/6) animals revealed that,
similar to previous findings in WT (FVB/N) animals [9, 10, 18], chronic swim training
results in marked LV myocyte hypertrophy, clearly evident in the increase in the mean
SEM whole-cell membrane capacitance (C,) of the LV myocytes from trained, compared
with untrained, WT (C57BI/6) animals (Figure 2G). As expected, swim training resulted in
increased repolarizing ventricular K* current amplitude in WT C57BI/6 LV myocytes
(Figure 2E,F). The magnitude of the increase in current amplitudes is similar to the Aktl™/~
LV myocytes (Figure 2B), as well as to that observed in LV myocytes from WT FVB/N
mice [9, 10], revealing that the cellular response to chronic exercise is the same in WT
animals in the C57BI/6 and FVB/N genetic backgrounds. Normalization of the measured
peak outward K* current amplitudes (Figure 2F) for differences in myocyte size (Cp,)
(Figure 2G) revealed that, similar to the observations in WT FVB/N mice [9], peak K*
current densities are actually higher in LV cells from swim-trained, compared to untrained,
WT C57BI/6 animals (Figure 2H).

Kinetic analyses of the decay phases of the outward K* currents revealed that the amplitudes
of the individual Kv current components, Iy, £ and lss, were significantly (£<0.05) higher in
LV myocytes from swim-trained, than in untrained, Akt1™~ animals (Figure 3A). The
amplitudes of Ik g0 Were also higher in Akt1™~ LV myocytes with swim training, although
the differences did not reach statistical significance. In contrast, there were no measurable
differences in the time- or the voltage-dependent properties of the Kv currents in LV cells
from Akt1~/~ mice with and without swim training (Table 1). Normalizing the measured K*
current amplitudes (Figure 3A) to the whole-cell membrane capacitance (in the same cell)
revealed that Iy £ and Igs current densities are significantly (£<0.05) higher in the LV
myocytes from swim-trained, compared to untrained, Akt1™~ mice (Figure 3B).

3.2 Transcriptional Upregulation of lon Channel Subunits with Chornic Exercise Training
Does Not Require Aktl

Recent studies demonstrated that the increases in ventricular K* current amplitudes with
chronic exercise training reflect the upregulation of the transcripts encoding the underlying
K* channel pore forming and accessory subunits [9]. Subsequent experiments here,
therefore, were aimed at determining if the observed increases in K* current amplitudes in
Aktl™~ LV myocytes with swim training (Figure 2B) also reflect the transcriptional
upregulation of K* channel subunits.

As illustrated in Figure 3C-G, quantitative RT-PCR revealed that the expression levels of
the transcripts encoding the Iy, £ channel pore-forming (a) subunit, Kena2 (Kv4.2) [24], and
the I, £ channel accessory subunit, Kenip2 (KChIP2) [25, 26], were increased significantly
(P<0.05) in the LV of swim-trained, compared with untrained Akt1~/~ animals (Figure 3C).
The expression levels of Kenb1 (Kv2.1), which encodes Ik sjowz [27], and of the K2P
channel subunit, Kcnk3 (TASK1), which has been suggested to underlie Ig in rat
cardiomyocytes [28], were also significantly (/<0.05) higher in swim-trained Akt1™~ LV
(Figure 3D). Similarly, the expression levels of the 1k, channel subunit, Kcrj12 (Kir2.2)
[29], as well as of Kcnh2 (mERG) [30], the a subunit encoding the rapid cardiac delayed
rectifiers, Ik, in large mammals, were also elevated in Akt1™~ LV following swim training
(Figure 3E,F). In addition, the transcripts encoding depolarizing voltage-gated Na* and Ca?*
channel pore-forming and accessory subunits were also significantly (A<0.05) higher in
swim-trained, compared with untrained, Akt1~/~ LV (Figure 3G). Similar to WT animals
[9], therefore, chronic exercise training leads to the transcriptional upregulation of the
subunits encoding both repolarizing and depolarizing cardiac ion channels. Importantly, the
results here demonstrated that transcriptional remodeling of channel subunits is independent
of cellular hypertrophy and the presence of Aktl. Also similar to previous findings in WT
mice [9], this parallel upregulation of the subunits encoding depolarizing and repolarizing
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myocardial ion channels in response to exercise training results in the maintenance of
normal myocardial excitability: ECG waveforms in swim-trained and untrained Aktl~/~
animals were indistinguishable (Figure 4A, B).

3.3 Short-term Activation of Cardiac PI3Ka Signaling Upregulates Repolarizing K*
Currents Independent of Akt

It has previously been reported that cardiac specific expression of constitutively active
P13Ka (caPI3Ka) mimicks the effects of exercise training, increasing repolarizing
ventricular K* current amplitudes and normalizing K* current densities to the increase in
myocyte size (hypertrophy) [9, 10]. Also similar to exercise training, cardiac-specific
expression of caPI13Ka results in transcriptional upregulation of the subunits encoding
repolarizing (K*) and depolarizing (Na*/Ca2*) channels [9, 10]. Additional experiments
here, therefore, were designed to test the hypothesis that Akt activation is required for the
upregulation of ventricular K* currents and ion channel subunits in response to increased
P13Ka signaling.

For these experiments, a mouse model previously developed and described by Yano and
colleagues [19] with tetracycline transactivator (tet-off) controlled, cardiac-specific
expression of caPI3Ka (icaP13Ka), was utilized. In this transgenic mouse line, cardiac
PI3Ka activity and Akt phosphorylation are significantly increased with transgene induction
following the removal of dietary doxycycline for 2 weeks [19]. Interestingly, short-term (2—
8 week) activation of cardiac PI3Ka in this model does not produce measurable cardiac
hypertrophy, despite the marked increase in PI3Ka activity [19]. This transgenic mouse
model, therefore, allows a unique opportunity to explore the phenotypic effects of increased
PI3Ka signaling /n vivo before the development of measurable ventricular hypertrophy.

Using the protocol schematized in Figure 5A, expression of the caPI3Ka transgene was
induced in adult (8-10 week) icaP13Ka animals by removing the doxycycline-containing
diet. Similar to the findings reported in the original description of the icaP13Ka mouse line
[19], removal of the doxycycline-containing diet for 4 weeks, which results in increased
expression of the caPI3Ka transgene [19], did not produce measurable cardiac hypertrophy
(Figure 5B). Ventricular P13Ka signaling, however, was increased significantly (£<0.001),
evident in the ~3 fold increase in phospho-Akt (pAkt) and in the pAkt/total Akt ratio in
icaP13Ka, compared with WT, LV (Figure 5C,D).

Voltage-clamp recordings revealed that the amplitudes of I peak and Iy, as well as of the
Kv current components, Iy £ and Ik siow, Were increased significantly (£<0.05) in icaPI3Ka,
compared with WT, LV myocytes (Figure 6A, B); the mean + SEM amplitude of Is5 was
also higher in icaPI3Ka LV myocytes, although this increase was not statistically
significant. Although the amplitudes were increased, the time- and voltage-dependent
properties of I1o g and Ik siow in icaPI3Ka and WT cells were not significantly different
(Table 1). In addition, the mean C, (Figure 6C) values determined in icaPI3Ka and WT LV
myocytes were similar, revealing that cellular hypertrophy is not evident following 4 weeks
of induced caPI3Ka expression. These observations are consistent with the absence of
detectable LV hypertrophy in icaP13Ka animals (Figure 5B) in spite of the increase in
PI3Ka signaling (Figure 5C,D). The markedly higher K* current amplitudes (Figure 6B) in
icaP13Ka LV myocytes, therefore, translates directly into increased K* current densities
(Figure 6D). Repolarizing Iy f, Ik siow and Iy densities were significantly (£<0.05) higher
in icaPI3Ka, compared with WT, LV cells (Figure 6D).

To block Akt activation (hyperphosphorylation) in parallel with the induction of caPI3Ka

transgene expression, a pan-Akt inhibitor triciribine (TCN) was administered (0.5 mg/kg/
day, i.p.) daily (for four weeks) to icaPI3Ka animals simultaneous with the removal of the
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doxycycline-containing diet (see schematic in Figure 5A). The hyperphosphorylation of Akt
in icaPI3Ka LV was completely abrogated with 4 weeks of TCN treatment (Figure 5C, D),
indicating the successful blockade of Akt activation. As illustrated in Figure 6, however, the
amplitudes of the repolarizing K* currents, Iy , Ik slow, and Ik were significantly (/£<0.05)
higher in LV myocytes isolated from icaPI13Ka+TCN, than from WT+vehicle, animals
(Figure 6A, B). Normalizing the current amplitudes to the measured C,, values revealed that
mean = SEM Ik peak, o, Ik slow @nd I densities were also significantly (A<0.05) higher
(Figure 6D) in icaPI13Ka+TCN, compared to WT, LV cells.

3.4 Transcriptional Upregulation of lon Channel Subunits with Short-term Activation of
Cardiac PI3Ka Signaling is Akt-Independent

Quantitative RT-PCR experiments were conducted to determine ion channel subunit
expression levels in the LV of WT+Vebhicle, icaPI3Ka+Vehicle and icaP13Ka+TCN mice.
Consistent with the observed increases in K* current amplitudes, the expression levels of the
lto.f channel subunit, Kv4.2, the Ik sjow1 pore-forming subunit Kv1.5, the putative Igg
subunit, TASK1, and the Ix4 channel subunit, Kir2.1, were also higher in icaPI3Ka
+Vehicle, compared to WT+Vehicle, LV (Figures 7A-C). In addition, the expression levels
of transcripts encoding voltage-gated Na* and Ca2* channel subunits were higher in the LV
of icaPI13Ka+Vehicle, than in WT+Vehicle, animals (Figure 7D). The observed
transcriptional upregulation of these ion channel subunits with enhanced PI3Ka signaling,
however, was not affected by TCN treatment (Figure 7A-D), revealing that PI3Ka-
mediated transcriptional upregulation of myocardial ion channel subunits is independent of
Akt.

4. Discussion

The phosphoinositide-3-kinases (PI3Ks) are a family of enzymes with both protein and lipid
kinase activity that are known to be involved in many cellular processes [11]. PI3Ka is a
heterodimeric lipid kinase with a 110 kDa catalytic subunit (p110a)) and an 85 kDa
regulatory subunit (p85) [11] that is activated upon stimulation of insulin or growth factor
receptor-coupled tyrosine kinases [11]. Activation of PI3Ka catalyzes the conversion of the
membrane lipid PIP2 to PIP3 which, in turn, recruits and activates downstream signaling
cascades, most notably those involving Akt, which link PI3Ka to myocyte growth,
hypertrophy, proliferation, survival, metabolism, aging and regeneration [31]. Surprisingly,
the results of the experiments detailed here, however, revealed that Akt, despite its
ubiquitous importance across a wide range of cellular processes, is not required for PI3Ka-
mediated myocardial electrical remodeling.

4.1 Exercise Training-induced Electrical Remodeling is Independent of Cellular
Hypertrophy and Akt1

Consistent with previous findings [13], the results here demonstrate that genetic deletion of
Aktl disrupts hypertrophic growth in response to chronic exercise training (Figure 1B,2C).
The observation that repolarizing K* current amplitudes and the expression of multiple ion
channel subunits are upregulated in swim-trained Akt1~~ animals suggests that the
electrical remodeling induced by exercise training does not require the presence of Aktl and
is, therefore, also unrelated to PI3Ka-induced, Aktl-dependent cellular hypertrophy. The
observation that ion channel subunit transcripts are upregulated with exercise training
independent of cardiac myocyte hypertrophy clearly suggests that this transcriptional
upregulation reflects a mechanism that is distinct from that which produces cell growth, i.e.,
hypertrophy. The suggestion that ion channel subunit expression is coordinately regulated
independent of the hypertrophy pathways is supported by the observation that in pressure
overload-induced pathological hypertrophy, most cellular genes are upregulated in response
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to hypertrophic stimuli (i.e. pressure overload in this case), but that the genes encoding ion
channel subunits are not [5]. Thus, both hypertrophy models (physiological and
pathological) suggest the presence of regulatory mechanism(s) that coordinate myocardial
ion channel gene expression, which is(are) distinct from and independent of the pathways(s)
leading to cellular hypertrophy and global increases in transcripts/proteins.

Although the observed increases in repolarizing K* current amplitudes in response to
exercise training are correlated with the transcriptional upregulation of the underlying
channel subunits, it is certainly possible that additional post-transcriptional, as well as post-
translational, mechanisms contribute to the observed increases in current amplitudes in
response to exercise training. Reactive oxygen species (ROS), for example, has been shown
previously to reduce outward K* currents in cardiomyocytes [32, 33]. Although myocardial
ROS, the physiological by-product of aerobic metabolism, may increase in response to acute
exercise [34], chronic exercise training actually reduces cardiac ROS by upregulating
myocardial antioxidants such as manganese superoxide dismutase [35, 36]. It is possible,
therefore, that reductions in cardiac ROS with chronic exercise training also contribute to
increasing myocardial repolarizing K* current amplitudes. In addition, although we have
demonstrated that enhanced P13Ka signaling upregulates ion channel subunits, including
Cavl.2 and Cava261, as well as Nav1.5 and Navp1 (Figure 3; references 9 and 19), which
encode depolarizing voltage-gated Ca2* and Na*channels, respectively, increased PI3Ka
signaling might also affect the functional expression of depolarizing Ca2* and/or Na*
currents through post-translational mechanisms. Myocardial L-type Ca2* currents, for
example, have been shown to be requlated post-translationally by PI3Ka without
measureable changes in the expression levels of the L-type alphalC Ca2* channel subunit

protein [37, 38].

Although it would be of interest to also utilize a targeted deletion strategy to explore the
hypothesis that if Akt2, the other Akt isoform that is robustly expressed in the myocardium
[12], is required for exercise training-induced ion channel upregulation, it has been reported
previously that adult Akt2~/~ animals have severe hyperglycemia [16] and evidence of
diabetic cardiomyopathy [17]. Importantly, several previous studies have demonstrated
alterations in ionic currents and ion channel subunit expression levels in rodent models of
diabetic cardiomyopathy [39, 40]. The diabetic phenotype of the Akt2~/~ mice, therefore,
might impact myocardial ionic currents and ion channel subunit expression levels at
baseline, as well as in response to exercise, effects that could compromise the interpretation
of experiments aimed at determining the functional impact of the loss of Akt2 on electrical
remodeling. As an alternative approach, therefore, the effects of triciribine (TCN), which
blocks both Aktl and Akt2, on PI3Ka-induced electrical remodeling were examined
directly in the experiments here (see sections 3.3 and 3.4, and further discussion below.

4.2 Increased PI3Ka Activity Upregulates K* Current and lon Channel Subunit Expression
Independent of Akt Signaling

The experiments conducted using the tet-off inducible caP13Ka mouse model demonstrate
that short-term activation of cardiac PI3Ka signaling also upregulates K* currents and the
expression of ion channel subunit transcripts. Inhibition of cardiac Akt (both Aktl and Akt2)
activation in the context of enhanced PI3Ka signaling did not prevent the upregulation of
myocardial K* currents or ion channel subunit transcripts, suggesting that the impact of
P13Ka signaling on myocardial electrical remodeling is independent of Akt signaling. These
results extend the findings obtained in the Akt1~/~ exercise training experiments and suggest
that both Aktl and Akt2 are dispensable for PI3Ka-mediated electrical remodeling. The
pharmacological approach of simultaneously blocking both Aktl and Akt2 avoids several
potential caveats in the interpretation of data obtained from animals lacking Aktl or Akt2.
First, this approach ruled out the role of Akt2 in PI3Ka-mediated electrical remodeling
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without using Akt2~/~ animals, for which, as noted above, the quantification of ionic
currents and channel subunit expression might be complicated by the presence of the
diabetic phenotype. Secondly, the interpretation of negative results obtained from either
Akt1~/~ or Akt2~/~ animals requires taking into consideration the potential functional
redundancy between Aktl and Akt2. Theoretically, using animals lacking both Aktl and
Akt2 (Akt1™=/Akt2~/7) might solve this issue. This, however, is not feasible as mice lacking
both Aktl and Akt2 die shortly after birth [41].

Interestingly, it has been shown that PI3Ka activation is also critical in mediating
myocardial metabolic remodeling in physiological hypertrophy, including increased capacity
to oxidize fatty acids/glucose and increased mitochondrial biogenesis, and that this
metabolic remodeling mediated by PI3Ka is also Akt-independent [22]. Taken together,
these results demonstrate that PI3Ka signaling exerts distinct biological effects on the
myocardium through divergent downstream pathways: Akt1-dependent physiological
cardiac growth, Akt2-dependent insulin-sensitization and cellular survival, as well as Akt-
independent effects on metabolic and electrical remodeling. The signaling mechanisms
linking PI13Ka to metabolic and electrical remodeling have not been defined, although it has
been suggested that PKCA/C could be the potential downstream mediator that is required for
P13Ka-dependent metabolic remodeling [22]. Interestingly, PI3Ka has also been shown
previously to modulate the activities of a number of transcription factors, such as FOXO
[42] or NFxB [43, 44], that could potentially affect cardiac ion channel expression. It is
certainly also possible that PI3Ka mediates electrical remodeling through other downstream
effectors such as PDK1, Btk or ARF6. Further studies are needed to explore these
possibilities directly and to identify the downstream signaling effectors that mediate
myocardial electrical remodeling in response to PI3Ka activation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cav voltage-gated Ca2* channel

Cm cell membrane capacitance

GAPDH glyceraldehydes 3-phosphate dehydrogenase

icaPI13Ka inducible constitutively active phosphoinositide-3-kinase p110a
lk1 inwardly rectifying K* current

Ik slow slow-inactivating outward K* current

non-inactivating steady state outward K* current

lto,f fast transient outward K* current
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Figure 1. Chronic swim training did not result in cardiac hypertrophy in Akt1™/~ animals

(A) Citrate synthase activity was increased significantly (P<0.01) in gastrocnemius muscles
from swim-trained, compared with untrained, Akt1 ™/~ animals (n=4 in each group),
indicating increased muscle metabolic activities with exercise training [23]. (B) LV mass/
tibia length (LVVM/TL) ratios were determined in swim trained and untrained Akt1 ™/~
animals (n=6 in each group); individual and mean £ SEM values are plotted.
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Figure 2. Repolarizing K* current amplitudes and densities were increased in LV myocytes
isolated from swim-trained Akt1 ™~ animals

(A) Representative whole-cell K* currents, recorded from myocytes isolated from the LV
apex of swim-trained and untrained C57BI/6 Akt1™~ mice, are illustrated. Currents were
evoked in response to (4.5 s) voltage steps to test potentials between —120 and +40 mV from
a holding potential (HP) of =70 mV. (B) The mean + SEM amplitudes of the peak outward
K* currents were significantly (/<0.01,"£<0.001) higher in LV apex myocytes from swim-
trained, compared with untrained Akt1~/~ animals. (C) Mean + SEM whole-cell membrane
capacitances (C,) were similar in LV myocytes isolated from swim-trained and untrained
Akt1~/~ animals, consistent with the absence of hypertrophic growth in response to exercise
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training. (D) Normalizing current amplitudes to cell size (C,,,) revealed that mean = SEM

Ik peak densities were also significantly higher in LV apex myocytes from swim-trained,
compared with untrained, Akt1~/~ animals. (E) Representative whole-cell K, currents,
recorded from myocytes isolated from the LV apex of swim-trained and untrained WT
(C57BI/6) mice, are illustrated. (F) The mean + SEM amplitudes of the peak outward K*
currents (li peak) Were significantly (*P<0.01) higher in LV apex myocytes from swim-
trained, compared with untrained, WT (C57BI/6) animals. (G) Mean + SEM whole-cell C,,
were significantly (*£<0.05) higher in LV myocytes isolated from swim-trained, compared
to untrained, WT (C57BI/6) animals, consistent with the development of hypertrophic
growth in response to chronic swim training. (H) Normalizing current amplitudes to whole-
cell membrane capacitance revealed that mean + SEM Ik peak densities were also
significantly higher in LV apex myocytes from swim-trained, compared with untrained, WT
animals.
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Figure 3. Increased ventricular K* current amplitudes with chronic exercise training in animals
lacking Aktl is accompanied by transcriptional upregulation of channel subunits

The amplitudes of the individual Kv current components, Iy 1, Ik siow: and lss, as well as of
Ik1, in the LV apex myocytes from swim-trained and untrained Akt1 ™~ animals were
determined (as described in Methods). Mean = SEM Iy, ¢ and Igs (at +40 mV) and Ik (at
-120 mV) amplitudes (A) and densities (B) were significantly (*/<0.05, #£<0.01, *£<0.001)
higher in LV apex myocytes from swim-trained, compared with untrained, Akt1~~ animals.
Expression levels of the transcripts encoding repolarizing K* (C-F), as well as depolarizing
Na* and Ca%* (G), channel subunits were measured in individual LV samples from swim-
trained (n=6) and untrained (n=6) Akt1™~ LV, normalized to Hprtand subsequently to the
mean value of the untrained Akt1™~ LV samples. The mean + SEM relative expression
levels of many ion channel subunit transcripts were significantly

(*P<0.05, #£<0.01,£<0.001) higher in swim-trained, than in untrained, Akt~ LV.
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Figure 4. ECG waveforms in Akt1™/~ animals with and without chronic swim-training are

indistinguishable

Qr

(A) Representative ECG (lead 11) waveforms from anesthetized adult Akt1~~ mice, with and
without swim-training, are illustrated. (B) Mean £ SEM RR, PR, QRS, QT and QTc
intervals in Akt1™~ animals with and without swim-training were not significantly different.
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Figure 5. Administration of triciribine (TCN) in icaP13Ka. animals blocks the
hyperphosphorylation of cardiac Akt
(A) Schematic illustration of the caP13Ka transgene induction and the pan-Akt inhibitor

triciribine (TCN) injection protocol in icaPI3Ka animals. (B) LVWI/TL ratios were similar
in WT+Vehicle, icaPI3Ka+Vehicle and icaPI13Ka+TCN animals. (C) Representative
Western blots of fractionated LV proteins from WT+Vehicle, icaPI3Ka+Vehicle and
icaPI3Ka+TCN animals (n=4 in each group) probed with anti-pAkt and anti-total Akt
antibodies. The expression level of pAkt in each lane on each blot was measured and
normalized to the expression of total-Akt in the same lane on the same blot. Mean pAkt/Akt
ratios in the LV from icaPI3Ka animals, vehicle- or TCN-treated, were expressed relative to
the mean value in the control (WT+Vehicle) LV samples. (D) The mean £ SEM pAkt/Akt
ratio is significantly ("P<0.001) higher in icaP13Ka+Vehicle (n=4), compared with WT
+Vehicle (n=4), LV. In addition, 4 week administration of TCN significantly (*P<0.001)
reduced the phosphorylation of Akt in icaPI3Ka LV (see text).
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Figure 6. Short-term activation of cardiac PI13Ka signaling upregulates repolarizing K* currents
in an Akt-independent manner

(A) Representative whole-cell K* currents, recorded from LV apex myocytes isolated from
WT+Vehicle, icaP13Ka+Vehicle and icaP13Ka+TCN animals, are shown. (B) Mean *
SEM I peaks lto f: Ik slow and Iz amplitudes in icaP13Ka+Vehicle (n=24) were markedly
higher than in WT+Vehicle (n=33) LV apex myocytes; K* current (Ix peak. ltof Ik slow @nd
Ik1) amplitudes were also significantly higher in icaPI3Ka LV apex myocytes treated with
TCN (n=21). (C) Mean = SEM C, values were similar in WT+Vehicle, icaPI3Ka+Vehicle
and icaP13Ka+TCN LV apex myocytes, consistent with the absence of cellular (LV)
hypertrophy with short term caPI13Ka induction (see text). (D) Normalization of current
amplitudes for differences in cell size (Cr,) revealed that mean + SEM Ik peak; lto f: 1K slow
and Ikq densities were significantly (/<0.05, #P<0.01, */£<0.001) higher in icaPI3Ka
+vehicle, than in WT+Vehicle, LV apex myocytes. The higher K* current densities
observed in icaPI3Ka LV apex myocytes were unaffected by the TCN treatment.
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Figure 7. Transcriptional upregulation of ion channel subunits with activation of PI3Ka
signaling is independent of Akt

Channel subunit transcript expression levels were measured in individual LV samples from
WT+Vehicle, icaP13Ka+Vehicle and icaPI13Ka+TCN LV (n=6 in each group), normalized
to Hprtin the same sample and to the mean value of the WT+Vehicle control LV samples.
The expression levels of the transcripts encoding several K* (A,B,C), as well as Na* and
Ca%* (D), channel subunits were significantly (¥/£<0.05, *£<0.001) higher in icaPI3Ka
+Vehicle, compared with WT+Vehicle, LV. In addition, increased expression of the channel
subunit transcripts with PI3Ka induction was unaffected by the addition of TCN and the
resulting inhibition of Akt.
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