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Loss of PISKa Mediates Protection From
Myocardial Ischemia—Reperfusion Injury
Linked to Preserved Mitochondrial Function

Pavel Zhabyeyev @, PhD; Brent McLean, PhD; Wesam Bassiouni 2, BSc; Robert Valencia (2, BSc;
Manish Paul @@, PhD; Ahmed M. Darwesh, PhD; John M. Seubert 2, PhD; Saugata Hazra ©©, PhD;
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BACKGROUND: Identifying new therapeutic targets for preventing the myocardial ischemia—reperfusion injury would have pro-
found implications in cardiovascular medicine. Myocardial ischemia—reperfusion injury remains a major clinical burden in
patients with coronary artery disease.

METHODS AND RESULTS: We studied several key mechanistic pathways known to mediate cardioprotection in myocardial
ischemia—reperfusion in 2 independent genetic models with reduced cardiac phosphoinositide 3-kinase-a (PI3Ka) activity.
P3Ka-deficient genetic models (PISKaDN and PI3Ka-Mer-Cre-Mer) showed profound resistance to myocardial ischemia—
reperfusion injury. In an ex vivo reperfusion protocol, PI3Ka-deficient hearts had an 80% recovery of function compared with
~10% recovery in the wild-type. Using an in vivo reperfusion protocol, PISKa-deficient hearts showed a 40% reduction in
infarct size compared with wild-type hearts. Lack of PI3Ka increased late Na* current, generating an influx of Na*, facilitat-
ing the lowering of mitochondrial Ca®*, thereby maintaining mitochondrial membrane potential and oxidative phosphoryla-
tion. Consistent with these functional differences, mitochondrial structure in PISKa-deficient hearts was preserved following
ischemia—reperfusion injury. Computer modeling predicted that PIP3, the product of PI3Ka action, can interact with the
murine and human Na, 1.5 channels binding to the hydrophobic pocket below the selectivity filter and occluding the channel.

CONCLUSIONS: Loss of PI3Ka protects from global ischemic—reperfusion injury linked to improved mitochondrial structure and
function associated with increased late Na* current. Our results strongly support enhancement of mitochondrial function as a
therapeutic strategy to minimize ischemia—reperfusion injury.
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oronary artery disease is the leading cause of death
worldwide, and myocardial ischemia—reperfusion
(IR) injury associated with restoring blood sup-
ply to the ischemic myocardium limits therapeutic ef-
fects.® Although the cause of IR injury seems rather
complex, mitochondrial function is generally considered
the predominant determinant for cardiomyocyte viability
following IR injury.=® In addition to sustaining the high
energy demand of the myocardium, mitochondria can

also trigger cell death and are a major source of reactive
oxygen species. In this context, the functional state of
mitochondria in cardiomyocytes during IR injury is critical
to maintaining mitochondrial and cellular homeostasis.®’

The chronic loss of phosphoinositide 3-kinase alpha
(PIBKa) signaling is known to increase the susceptibil-
ity to myocardial infarction®® and pressure-induced'
heart failure. Surprisingly, PI3Ka-dominant negative
hearts (p110a-DN) are resistant to IR injury. However,
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RESEARCH PERSPECTIVE
What Is New?

Genetic loss of phosphoinositide 3-kinase-a
markedly protects the heart from global
ischemic-reperfusion injury.

e Phosphoinositide 3-kinase-a—deficient hearts
display preserved mitochondrial function and
maintained ATP production.

e Phosphoinositide 3-kinase-a—deficient hearts
have increased Na* influx via Na,1.5 channels,
possibly due to the lack of blocking effect of
phosphatidylinositol  (3,4,5)-trisphosphate) on
Na,1.5 channels.

What Question Should Be Addressed

Next?

e Protecting mitochondrial structure and func-
tion to reduce myocardial ischemia—reperfusion
damage.

e Stimulating the mitochondrial sodium-calcium
exchanger to maintain mitochondrial ATP
production in the stressed myocardium.

Nonstandard Abbreviations and Acronyms

Akt protein kinase B

DN dominant negative
IR ischemia-reperfusion
OCR oxygen consumption rate

PIBKa phosphoinositide 3-kinase-a
PIP3 phosphatidylinositol (3,4,5)-trisphosphate
RCR respiratory control ratio

RIP phospho-receptor-interacting serine/
threonine-protein kinase

WT wild type

the mechanism of this resistance remains elusive.!'?
PI3Ka signaling regulates the reperfusion injury sal-
vage kinase pathway,®'""2 ischemia-induced necro-
ptosis,'®!® and the late sodium current,'®'* which in turn
can affect mitochondrial Ca®* handling and homeosta-
sis, thereby potentially allowing all these pathways to
exert a protective effect in IR injury.*® Using 2 genetic
models of PI3Ka-deficiency, p110a-dominant nega-
tive (DN) (constituent)®'"2 and p110a-Mer (inducible;
aMHC-Cre-ER), we demonstrated that loss of PI3Ka
signaling results in less IR injury and reperfusion ar-
rhythmias. We linked these changes to improved mito-
chondrial structure and function. Increased late sodium
current in PI3Ka-deficient cardiomyocytes is sup-
ported by our modeling data demonstrating the ability
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of phosphatidylinositol (3,4,5)-trisphosphate (PIP,), the
product of PI3Ka, to block the Na, 1.5 channels.

METHODS

The data supporting findings of this study are available
from the corresponding author upon reasonable request.

Experimental Animal Protocols

C57Bl/6J littermate wild-type controls, p110a-DN
(C57BI/B6J background), and p110a-Cre (C57BI/6J
background) were used in this study. We investigated
2 genetic models of PI3Ka-deficiency: p110a-DN
(constituent)’® and p110a-Mer (inducible; oaMHC-
Cre-ER), whereby deletion of p110a was achieved
after 2days of tamoxifen treatment (40mg/kg; oral
gavage).®'*~'6 Mice were housed on a 12-hour light/12-
hour dark cycle with ad libitum access to chow diet
#5001 from Lab Diet, St. Louis, MO, with 13.5% kcal
from fat) and water. All experiments were performed in
accordance with the University of Alberta institutional
guidelines, which conformed to guidelines published
by the Canadian Council on Animal Care and the Guide
for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (revised 2011).

Ischemia Reperfusion in Ex Vivo Perfused
Hearts

Mice were heparinized and anesthetized with 2%
isoflurane. Hearts were excised, mounted on the
Langendorff system, and perfused in retrograde at
80mmHg and 37 °C with modified Krebs—Henseleit
solution (in mmol/L: 116 NaCl, 3.2 KCI, 2.0 CaCl,,
1.2 MgSQO,, 25 NaHCO,;, 1.2 KH,PO,, 11 glucose,
0.5 EDTA, and 2 pyruvate), which was continuously
oxygenated with 95% O,/5% CO, to maintain a pH of
7.4.172 A water-filled balloon connected to a pressure
transducer was inserted into the left ventricular
chamber, and the pressure changes were recorded
by a PowerLab system (AD Instruments, USA). After
stabilization and 10minutes baseline recording, global
ischemia was induced by interrupting the perfusion for
30minutes followed by 40minutes reperfusion. The
coronary effluents were collected at baseline and initial
reperfusion to determine creatine kinase activity using
a colorimetric commercial kit (BioAssay). Following
reperfusion, ventricles were snap-frozen in liquid N,
and stored at —80 °C for further processing.

In Situ Imaging of Mitochondrial
Membrane Potential in Cardiac Tissue

Hearts were perfused as described in the previous
section (ischemia reperfusion in ex vivo perfused
hearts). Florescent probes were added to the perfusion
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buffer. Tetramethylrhodamine, ethyl ester (100 nmoL/L)
and Hoechst (0.5 umol/L) were added at the beginning
of reperfusion, and Sytox green (1 umoL/L) was added
at 20minutes of the reperfusion phase. At 30 minutes
of the reperfusion phase, the fluorescent probes were
washed out for 10 minutes. At the end of the reperfusion
phase, a longitudinal slice of the left ventricle free wall
was cut for immediate confocal imaging.

Ischemia Reperfusion of the In Vivo
Hearts

Twelve-week-old mice were anesthetized with 2.5%
isoflurane, intubated, and underwent left thoracotomy
in the fourth intercostal space. The left anterior
descending coronary artery was encircled and ligated
with a 6-0 silk suture for 30minutes; the reperfusion
was achieved by releasing the suture.'” Three hours
later, the mice were euthanized. Hearts were quickly
excised, sectioned in 7 slices from apex to base (base
slice has been discarded), incubated in 1% triphenyl
tetrazolium chloride (Sigma-Aldrich, Canada) at 37
°C for 20minutes, and placed into 10% formalin. The
heart slices were imaged 3 to 4 days later using Infinity1
camera (Teledyne Lumenera, Canada) mounted on the
Olympus SZ61 microscope (Microscopy Technologies,
Evident Corporation, Japan). The infarct areas were
identified by a blinded observer and traced using
Imaged 1.54¢ (National Institutes of Health, USA).

Ex Vivo Epicardial Optical Mapping of
Voltage and Ca?*

Mice were heparinized and anesthetized with 2%
isoflurane. Hearts were excised, mounted on the
Langendorff system, perfused in retrograde at
80mmHg and 37 °C with modified Normal Tyrode’s
solution (in mmol/L: 135 NaCl, 5.4 KCI, 1.2 CaCl,,
1.0 MgCl,, 1.0 NaH,PO,, 10 HEPES, 10 taurine, and
10 glucose) containing 1g/L albumin and 10 umol/L
(-)-blebbistatin, and oxygenated with 100% O,."* After
initial perfusion for 5 to 10minutes, hearts were loaded
with Ca’*-sensitive dye Rhod-2AM (ThermoFisher
Scientific, Canada; 80 uL per heart of 1 g/L solution) for
15minutes followed by loading with voltage-sensitive
dye RH237 (ThermoFisher Scientific; 12 uL per heart of
1 g/L solution) for 6 minutes. MiCAM Ultima (Brainvision
Inc., Japan) was used to record and process optical
signals from the hearts. Images were recorded at a
frame rate of 1kHz. Hearts were paced at 12Hz for
1.5seconds (applied to the left ventricle) and then al-
lowed to excite autonomously. Baseline measurements
were taken S5minutes after loading the voltage dye.
Action potential durations are reported as averages for
the heart. Global ischemia was induced by interrupting
the perfusion for 30 minutes, followed by reperfusion.
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Measurements of Mitochondrial
Respiration

Mitochondrial oxygen consumption was measured in
permeabilized mouse cardiac fibers following IR injury
using an Oxygraph 2k (OROBOROS Instruments,
Innsbruck, Austria). At the end of reperfusion, fresh
cardiac fibers were isolated from the left ventricles of
the perfused hearts as previously described.'®° Briefly,
ventricular tissues were dissected under a dissecting
microscope in ice-cold isolation buffer (2.77 mmol/L
CaK,EGTA,  7.23mmol/L  K,EGTA,  20mmol/L
imidazole, 20mmol/L taurine, 49mmol/L K-MES,
3mmol/L K,HPO,, 9.5 mmol/L MgCl,, 5.7 mmol/L ATP,
1 umol/L leupeptin, and 15mmol/L phosphocreatine).
A 3-5mm strip of the anterior left ventricle was isolated
and cleaned from the remaining fats and vessels.
Myocardial strips were disassembled into bundles (5—-6
fibers each, 1mm wide, 3—-4mm long). Fibers were
permeabilized in isolation buffer containing saponin
(100 ug/mL) for 20 minutes followed by washing 3 times
for 5minutes in ice-cold respiration buffer (0.5 mmol/L
EGTA, 3mmol/L MgCl,, 20mmol/L taurine, 10mmol/L
KH,PO,, 20mmol/L HEPES, 1g/L fatty-acid-free BSA,
60mmol/L potassium lactobionate, 110mmol/L D-
sucrose). Fibers were then immediately added to the
respiration chamber containing 2mL respiration buffer.
To stimulate basal respiration, glutamate (10mmol/L)
and malate (2mmol/L) or succinate (10mmol/L) in
the presence of rotenone (2umol/L) were added as
substrates for complex | or complex I, respectively. ADP
(0.5mmol/L) was added to stimulate ATP-dependent
respiration, which was subsequently inhibited using
the ATP synthase inhibitor, oligomycin (0.5umol/L).
Maximal mitochondrial respiration was recorded after
adding step-wise titrations of 0.1 umol/L carbonyl
cyanide p-trifluoro-methoxyphenyl hydrazone (up to
1 umol/L) as a mitochondrial oxidative phosphorylation
uncoupler. Finally, rotenone (2 umol/L) or antimycin A
(5umol/L) were used to inhibit complex | or ll-mediated
respiration, respectively. Following each step, the
oxygen consumption rate (OCR) was measured and
normalized to the dry weight of the fiber. The respiratory
control ratio (RCR) was calculated as the ratio between
ATP-dependent and basal respiration rates to estimate
mitochondrial respiratory efficiency.

Isolation of Cardiac Myocytes

The mouse was anesthetized with 2% inhaled isoflu-
rane. The heart was removed and promptly perfused
with a collagenase solution, and cardiomyocytes were
isolated as previously described.'®'4202 3-Butanedione
monoxime was replaced by (-)-blebbistatin (25 umol/L;
Toronto Research Chemicals) in stopping buffer to in-
hibit cardiomyocyte contraction after isolation.
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Measurements of Late Na* Current

Myocytes were placed in a bath mounted on top of
an inverted microscope (Olympus IX71; Olympus,
Canada), and rod-shaped quiescent myocytes were
selected for the study. Myocytes were superfused with
modified Tyrode’s solution at 35 to 36 °C. Pipettes with
a resistance of 1.5-2.5 MOhm filled with Cs* solution
(in mmol/L: 25 CsCl, 5 NaCl, 110 CsOH, 110 aspartic
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acid, 5 MgATP, 5 EGTA, and 10 HEPES) were zeroed
in the solution, then used to form a tight seal, and after
that, the membrane under the pipette was ruptured
using the zap function of the amplifier and gentle suc-
tion. Current and membrane potential was measured
using a Multiclamp 700B amplifier (Molecular Devices,
USA) in the voltage-clamp mode. The measured signal
was digitized at 10 kHz by 16-bit analog-digital board



Zhabyeyev et al PI3Ka, Ischemia Reperfusion, and Mitochondria

Figure 1. Risk pathway, PI3Kca, and ischemia-reperfusion injury.

A, Schematic of the risk pathway, a possible link between PI3Ka and mPTP formation, and necroptosis pathways. B, Deletion of p110a
after 2 days of tamoxifen treatment (40 mg/kg) in p110a-Mer compared with non-Mer (WT) littermate controls (n=4). C, RPP in response
to 30-minute ischemia in WT, constituent PI3Ka-deficient (p110a-DN), and inducible PI3Ka-deficient (p110a-Mer) excised hearts (n=6-
8). D, Rate pressure product (RPP) in response to 60-minute ischemia in WT (open squares), constituent PI3Ka-deficient (p110a-DN,
open circles), and inducible PI3Ka-deficient (p110a-Mer, open rhombi) excised hearts (n=5-6). Inset: pictures of WT (left) and p110a-
DN (right) hearts. E, Effect of MEK162 on RPP in response to 30-minute ischemia in WT and constituent PI3Ka-deficient (p110a-DN)
excised hearts (n=4-6). IR30, 30-minute ischemia followed by reperfusion. F, Effect of MK2206 on RPP in response to 30-minute
ischemia in WT and constituent PI3Ka-deficient (p110a-DN) excised hearts (n=4-6). G, Phosphorylation levels of ERK1/2 in cell lysates
from WT, WT+MEK162, and p110a-DN+MEK162 hearts; phosphorylation levels of pAkt-S473 in cell lysates from WT, WT+MK2206, and
p110a-DN+MK2206 hearts; phosphorylation levels of pAkt-T309 in cell lysates from WT, WT+MK2206, and p110a-DN+MK2206 hearts.
H, Infarcted areas as % of total area for WT (blue squares) and p110a-DN (red circles). I, Representative images of heart sections for
WT and p110a-DN hearts. Data are presented as mean+SEM; statistical significance is calculated using Student t test in (B, H) and
1-way ANOVA in (E through G); **P<0.05 vs WT after 30-minute reperfusion (WT IR30) no MEK162 (E), **P<0.05 vs WT after 30-minute
reperfusion (WT IR30) no MK2206 (F), *P<0.05 vs WT (B, G, H). Akt indicates protein kinase B; Ca®*mito, mitochondrial Ca®*; CaMKII,
calmodulin-dependent protein kinase Il; ERK1/2, a mitogen-activated protein kinase encoded by the MAPK3 and MAPK1; INa,L, late
Na+ current; MEK1/2, mitogen-activated protein kinase 1/2; MEK162, MEK1/2 inhibitor; MK2206, Akt inhibitor; mPTP, mitochondrial
permeability transition pore; Na+i, intracellular sodium; P.S., protein stain; p110a, phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K), catalytic subunit «; PI3Ka, phosphoinositide 3-kinase «; RIP, phospho-receptor-interacting serine/threonine-protein kinase;

and RPP, rate pressure product.

DigiData 1440A (Molecular Devices) under the control
of pClamp 10 software (Molecular Devices, USA) and
stored for offline analysis. Late Na* current was meas-
ured in nominally K*/Ca®*-free modified Tyrode’s solu-
tion as superfusate with 1 umoL/L nisoldipine (Sigma
Aldrich, Canada). The current was elicited by depolari-
zations from —120 (pre-pulse) to —40mV. Tetrodotoxin
in citrate buffer (5umoL/L tetrodotoxin; Abcam, USA)
was used to record background and isolate Iy, ."*

Measurement of Mitochondrial Ca?* in
Isolated Cardiac Myocytes

An aliquot of myocytes was placed in a 35-mm cul-
ture dish. Fluo-4-AM (Invitrogen; 5 ug/mL) and Pluronic
F-127 (Invitrogen; 0.005%) in DMEM were added. The
myocytes were incubated for 45 minutes at room tem-
perature (21 °C) to promote compartmentalization of
the Fluo-4-AM to mitochondria.?! After that, the solu-
tion was changed 3 times to DMEM to wash off the
excess of Fluo-4-AM, and the myocytes were left to
equilibrate at room temperature for 10minutes. The
myocytes were imaged by a Zeiss Axio Observer Z1
inverted epifluorescence microscope using Zeiss Zen
software with 40x/63x oil objective lens and main-
tained at 37°C throughout the experiment at a baseline
with 21% O, and after 30 minutes of hypoxia (<1% O,).

Transmission Electron Microscopy and
Quantification of the Images

Small blocks (=1 mm?®) of cardiac tissue were fixed with
2.5% glutaraldehyde (EM grade) saline, contrasted os-
mium tetroxide, incorporated into resin blocks, cut into
200-nm slices, and the slices were placed on copper
mesh for imaging. Images were obtained on Hitachi
H-7650 TEM. Mitochondria in images were graded
by a blinded observer on a scale from O to 4, with O
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being “empty” (lacking any cristae) and 4 being nor-
mal healthy mitochondria. At least 4 fields of view were
graded per biological replicate. The average grade was
reported per biological replicate.

Western Blot Analysis

Heart tissue was homogenized using a TissueLyser |l
in CelLytic M Cell Lysis Reagent (Sigma) with cOmplete
and PhosSTOP inhibitors (Roche). Protein concentra-
tions were standardized using a Bradford assay (Bio-
Rad); samples were boiled in a denaturing Laemmli
load dye (Bio-Rad). Samples were separated using
SDS-PAGE to Immobilon polyvinylidene difluoride
membranes (Millipore). Polyvinylidene difluoride mem-
branes were stained for total protein as a loading control
using MemCode (Thermo). Membranes were probed
using the following list of antibodies at 1:1000-1:2000
concentration in Tris-buffered saline solution with 1.5%
BSA, followed by HRP conjugated secondary antibod-
ies (Cell Signaling) at 1:5000 concentration and imaged
with ECL (GE Amersham) chemiluminescence using
an ImageQuant TL (GE). The proteins were detected
using the following antibodies: protein kinase B total
(Cell Signaling, 9272), P-Akt Ser 473 (Cell Signaling,
9271), P-Akt Thr 308 (Cell Signaling, 9275), ERK 1/2
total (Cell Signaling, 4695), P-ERK 1/2 (Cell Signaling,
4377), Caspase 3 (Cell Signaling, 9662), Caspase 8
(Cell Signaling, 4927), phospho-receptor-interacting
serine/threonine-protein kinase 1 (RIP-1) (Cell Signaling,
3493), RIP-3 (Cell Signaling, 75702), P-calmodulin-
dependent protein kinase Il Thr 286 (Cell Signaling,
12716), bcl-2-like protein 4 (Cell Signaling, 2772), Bcl-2
homologous antagonist/killer (Cell Signaling, 12105),
Cox4 (Cell Signaling, 4850), mitochondrial calcium
uniporter (Cell Signaling, 14997), and mitochondrial
Na*/Ca?* exchanger (Genelex, GTX87452), voltage-
dependent anion channel (Abcam, ab14734).
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Figure 2. Apoptosis and necrosis in ex vivo ischemia reperfusion.

A, Uncleaved caspase (Casp) 8 in lysates from control WT (wild-type) 30-minute ischemia after reperfusion (IR30) and PI13Ka-dominant
negative hearts (p110a-DN) IR30 hearts (n=4). B, Uncleaved caspase 3 in lysates from WT IR30 (30-minute ischemia followed by
reperfusion) and p110a-DN (constituent PI3Ka-deficient) IR30 hearts (n=4). C, Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining of the apoptotic nuclei (green) and propidium iodide staining of nuclei (red). D, Bax (bcl-2-like protein
4) and Bak (Bcl-2 homologous antagonist/killer) protein levels in the lysates from nonperfused WT and p110a-DN hearts (n=6). E, Bax
and Bak protein levels in the cytoplasmic (cyto) and mitochondrial (mito) fractions of the lysates from perfused WT IR30 and p110a-DN
IR30 hearts (n=6). F, RIP1 (receptor-interacting serine/threonine-protein kinase 1), RIP3 (receptor-interacting serine/threonine-protein
kinase 3), and pCaMKII (calmodulin-dependent protein kinase Il) protein levels in aerobically perfused WT, aerobically perfused p110a-
DN, 30-minute ischemia reperfusion WT, and 30-minute ischemia reperfusion p110a-DN. Data are presented as mean+SEM,; statistical
significance is calculated using a 2-sided t test with Welsch correction in (A, B, D, and E) as well as 1-way ANOVA in F; *P<0.05 vs WT
IR30 (B), *P<0.05 vs WT nonperfused (D), *P<0.05 vs mito WT IR30 (E), *P<0.05 vs aerobic WT (F), ¥P<0.05 vs WT IR30 (F).

Modeling of Na, 1.5 and Its Interaction With were obtained from the UniProtkKB sequence database
3,4,5-Phosphatidylinositol Triphosphate (https://www.uniprot.org/help/uniprotkb). Sequence ho-
The protein sequences of human (Homo sapiens) and mology search in BLAST?2 for human and murine Na, 1.5
murine (Mus musculus) Na* channel proteins (Na,1.5)  showed 97% and 100% homology with rat (Rattus

p110a-DN p110a-Mer B ~ c WT p110a-DN
S 2000 o
T or
.&T 1000} ST Pz
= JLE=_____.
0o =80 m gx\ﬂOu—DN
.f > L Eﬁ_:E p110a-Mer
X ‘0 40}
25 m] #
> 5 % #
@ = OLkim = =V = ©="
E d F
IR30 Wil RHOEAN HOX30
=4 o =) . 100~
=)
< CEI_ Ié:"/ 3 Ep} L
2 2 n/s 2, o # _ 80 & o#
» - SE é%’} S L e & St
oL ---- > 60 ”
G Aerobic IR30 ® 40 %}
o O o oO S -
MCU  35m “‘ 20
kDa J e
NCLX 70—’-‘ --q 0 ] ] ] 1
kDa Nx Hx Nx Hx
VDAG s WT  p1100-DN

Figure 3. Mitochondrial function and structure in ischemia reperfusion.

A, Representative images of tetramethylrhodamine ethyl (TMRE, red) and sytox green stainings of in situ heart sections after 30-minute
ischemia and reperfusion for WT (wild-type), p110a-DN (constituent PI3Ka-deficient), and p110a-Mer (inducible PI3Ka-deficient) hearts;
calibration bars 50=um. B, Quantification of in situ TMRE and sytox stainings of heart after 30-minute ischemia and reperfusion for
WT, p110a-DN, and p110a-Mer hearts. C, Representative images of transmission electron microscopy of sections of aerobically
perfused WT, aerobically perfused p110a-DN, 30-minute ischemia-reperfusion (IR30) WT, and IR30 p110a-DN hearts; calibration bar
2=pm. D, Quantification of mitochondria structure of transmission electron microscopy images of sections of aerobically perfused
WT, aerobically perfused p110a-DN, 30-minute ischemia-reperfusion (IR30) WT, and IR30 p110a-DN hearts (score: from 0 being
“empty” [lacking any cristae] to 4 being normal healthy mitochondria). E, Left: representative images of mitochondrial Ca?* staining
for WT and p110a-DN myocytes after 30 minutes hypoxia (HOx30); calibration bar 100=pum. Right: quantification of mitochondrial
Ca?* staining (Camito) for WT (blue) and p110a-DN (red) myocytes after 30-minute hypoxia. F, Cell viability for WT and p110a-DN
myocytes after 30-minute normoxia (Nx) or 30-minute hypoxia (Hx). G, Representative blots for mitochondrial calcium uniporter
(MCU), mitochondrial Na+/Ca?* exchanger (NCLX), and voltage-dependent anion channel (VDAC) proteins from lysates of aerobically
perfused WT, aerobically perfused p110a-DN, 30-minute ischemia-reperfusion (IR30) WT, and IR30 p110a-DN hearts. Data are
presented as mean+SEM,; statistical significance is calculated using 1-way ANOVA in (B and F); 2-sided t test with Welsch correction
in (D, E); #P<0.05 vs WT (B), #P<0.05 vs WT IR30 (D), #P<0.05 vs WT HOx30 (E), *P<0.05 vs WT Nx and #P<0.05 vs p110a-DN Nx (F).
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norvegicus) Na, 1.5, which was used as a template for
homology-based modeling. The template’s crystal struc-
ture (PDB ID: 6UZ0)?% was retrieved from the RCSB da-
tabase (https://www.rcsb.org/). The homology modeling

was performed on Swiss-model server®* using the user-
specified modeling approach for the uploaded template
structure. The binding grid of the flecainide inside the
Na* channel®® was used to dock PIP3 within human and
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Figure 4. Mitochondrial respiration in isolated fibers.

PI3Ka, Ischemia Reperfusion, and Mitochondria

A, Representative time course of oxygen consumption rate (OCR) of wild-type (WT) fiber showing applications of glutamate+malate
(GM) or succinate (S), ADP, oligomycin (OLIGO), carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP), and rotenone (ROT)
or antimycin A (AMA); non-mito, non-mitochondrial respiration. B, Complex I: measurements of basal OCR, ATP-dependent OCR,
ATP-independent OCR, maximal electron-transport (ET) capacity, and respiratory control ratio (RCR) for WT and p110a-DN fibers
under aerobic conditions (Aerobic) or after 30-minute ischemia followed by 40-minute reperfusion (IR30). C, Complex Il: measurements
of basal OCR, ATP-dependent OCR, ATP-independent OCR, maximal electron-transport (ET) capacity, and respiratory control ratio
(RCR) for WT and p110a-DN fibers under aerobic conditions (Aerobic) or after 30-minute ischemia followed by 40-minute reperfusion
(IR30). Data are presented as mean+SEM,; statistical significance is calculated using 1-way ANOVA in (B and C); *P<0.05 vs WT Aerobic

(B, C), #P<0.05 vs WT IR30, 'P<0.05 vs p110a-DN Aerobic.

murine Na, 1.5 protein. The complexes of PIP3 with the
human and murine Na,1.5 proteins have been evalu-
ated using PROCHECK, ERRAT, and VERIFY3D.2526
Molecular interaction between protein and ligand was
determined by the PLIP server.?” Normal mode analysis
of the PIP3 unbound and bound structure of both the
human and murine Na, 1.5 protein has been performed
in WEBnm@ server,?® and the residual atomic displace-
ment between the 2 conformers (PIP3 unbound and
bound) of both human and murine Na,1.5 protein was
calculated. The correlation matrix of different conformers
of these 2 proteins was calculated to display the correla-
tion between the motions of all the Ca atoms in the pro-
tein structures. Multiple normal modes were compared
for the protein structures with the transition from 1 con-
formation to another of the same protein. The binding
energy between the human and murine Na, 1.5 proteins
and PIP3 was determined using the DINC server.?® The
grid center and dimensions used for docking purposes
have also been taken as input for the protein-ligand en-
ergy calculations.

Statistical Analysis

Statistical analyses were carried out using SPSS
Statistics 24 software, and statistical significance was
defined as P<0.05 (2-sided). Data were presented in
scatterplots with mean+SEM. The differences be-
tween the 2 independent groups were evaluated using
an independent t test after normality examination.
For multiple comparisons, a 1-way ANOVA test was
performed after normality examination, and the Tukey
post-test was used to determine the significance of
pairwise comparisons.

RESULTS

PI3Ka and Ischemia Reperfusion Ex Vivo
and In Vivo

Two arms of the reperfusion—injury salvage kinase
pathway are known to be involved in cardioprotection
(Figure 1A). In this study, 2 genetic models of PI3Ka-
deficiency (p110a-DN—constituent'™ and p110a-Mer—
inducible, Figure 1B) demonstrated marked protection
from global IR injury in response to 30- and 60-minute

J Am Heart Assoc. 2023;12:022352. DOI: 10.1161/JAHA.122.022352

ischemic periods and 40-minute reperfusion protocol
(Figure 1C and 1D). In the case of 60-minute ischemia,
both genetic models partially recovered after ischemia
and maintained normal appearance, whereas wild-type
(WT) hearts were noncontractile and appeared pale
(Figure 1D inset). However, neither MEK-1/2-specific
inhibitor (MEK-162) nor protein kinase B-specific inhibi-
tor (MK-2206) affected recovery from IR (Figure 1E and
1F), suggesting that neither arm of the reperfusion—
injury salvage kinase pathway is responsible for the en-
hanced recovery from IR in PI3Ka-deficient hearts. To
confirm that both MEK-162 and MK-2206 are inhibiting
their respective targets, we performed Western blot
analysis of tissue lysates of WT and p110a-DN hearts
following IR and found (1) marked reduction in phos-
phorylation levels of mitogen-activated protein kinase
encoded by the MAPK3 and MAPK1 in response to
application of MEK-162, and (2) marked reduction in
Ser473-protein kinase B and Thr308-protein kinase B
levels in response to application MK-2206 (Figure 1G).
PIBKa-deficient (p110a-DN) and WT mice were sub-
jected to the in vivo reperfusion by ligating the left an-
terior descending artery for 30minutes. Three hours
later, the hearts were excised, sectioned, and stained
with triphenyl tetrazolium chloride. The p110a-DN
hearts had significantly smaller infarcted areas than WT
hearts (Figure 1H and 1l), confirming that the marked
protection of PI3Ka-deficient genotype from IR injury is
extended to the in vivo condition.

Apoptosis and Necrosis in Ex Vivo
Ischemia Reperfusion

Neither initiator caspase 8 (Figure 2A) nor executioner
caspase 3 (Figure 2B) were cleaved after reperfusion in
both WT and p110a-DN hearts, but significantly greater
levels of caspase 3 were detected in p110a-DN hearts
compared with WT in post-IR heart tissue (Figure 2B).
Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling staining found no apoptotic nuclei
in post IR hearts (Figure 2C). Bcl-2 family members
bcl-2-like protein 4 and Bcl-2 homologous antagonist/
killer (commonly associated with apoptosis induction,
localized to mitochondrial membranes, and regulated
by PI3K signaling)®® had overall levels unchanged or
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Figure 5. Late Na+ current and reperfusion arrhythmias in PI3Ka mutant hearts.

A, Left: representative late Na+ currents (INa-L) in response to step depolarization from —-120 to —-40mV in wild type (WT, blue),
constituent PI3Ka-deficient (p110a-DN, red), and inducible PI3Ka-deficient (p110a-Mer, purple) myocytes, and background current
after application of specific Na+ channel blocker, tetrodotoxin (TTX) in black; Right: average current densities of INa-L (TTX-sensitive
current) for WT (blue), p110a-DN (red), and p110a-Mer (purple) myocytes. B, Fraction of arrhythmias at reperfusion in wild-type (WT)
and p110a-DN (aDN) excised hearts. C, Spontaneous heart rate (no stimulation) after reperfusion in WT and p110a-DN («DN) excised
hearts. D, Representative images and voltage traces from WT and p110a-DN («DN) excised hearts at baseline and reperfusion; no
stim, no stimulation. Data are presented as mean+SEM,; statistical significance is calculated using 1-way ANOVA in (A) and 2-sided t
test with Welsch correction in (C); *P<0.05 vs WT (A, C), #P<0.05 vs p110a-DN (A).

higher in nonperfused p110a-DN hearts compared
with nonperfused WT hearts (Figure 2D). A compar-
ison of mitochondrial fractions of bcl-2-like protein 4
and Bcl-2 homologous antagonist/killer in post-IR
hearts showed that bcl-2-like protein 4 levels were sig-
nificantly higher in p110a-DN hearts, but Bcl-2 homol-
ogous antagonist/killer levels were the same for both
genotypes (Figure 2E). We further explored the role of

J Am Heart Assoc. 2023;12:022352. DOI: 10.1161/JAHA.122.022352

the necroptosis cell death pathway in mediating this
protection from myocardial IR injury.® Mediators of
regulated necrosis (RIP-1 and RIP-3) were increased in
p110a-DN hearts compared with WT in nonperfused
hearts and were minimally detectable in IR hearts
(Figure 2F). In WT hearts, RIP-1 is predominantly lost by
the end of ischemia, while RIP-3 is lost within 10min-
utes of reperfusion with an increase in phosphorylated
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Figure 6. Modeling of the interaction of phosphatidylinositol-3, 4, 5-triphosphate (PIP3) with murine NaV1.5.

A, Ramachandran plot of the distribution of residues between preferred regions (pink, 1094, 95.13%), allowed regions (yellow,
36, 3.13%), and outliers (20, 1.74%). B, Top (extracellular) view of the murine NaV1.5 model with PIP3 inside the channel. C,
Electrostatic potential surface of the cavity in the murine NaV1.5 binding PIP3. D, Depiction of the region of the murine NaV1.5
interacting with PIP3. E, Structure of PIP3 binding site of NaV1.5 channel. F, Plot of binding energy vs root-mean-square deviation
(RMSD) for PIP3 and murine NaV1.5 channel. Gin indicates glutamine; lle, isoleucine; Leu, leucine; Lys, lysine; Phe, phenylalanine;
Ser, serine; Thr, threonine; Tyr, tyrosine; and Val, valine.
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Figure 7. Modeling of the interaction of phosphatidylinositol-3, 4, 5-triphosphate (PIP3) with human NaV1.5.

A, Ramachandran plot of the distribution of residues between preferred regions (pink, 1089, 95.36%), allowed regions (yellow,
383, 2.89%), and outliers (20, 1.75%). B, Top (extracellular) view of NaV1.5 model with PIP3 inside the channel. C, Electrostatic
potential surface of the cavity in the human NaV1.5 binding PIP3. D, Depiction of the region of the human NaV1.5 interacting
with PIP3. E, Structure of PIP3 binding site of NaV1.5 channel. F, Plot of binding energy vs root-mean-square deviation (RMSD)
for PIP3 and human NaV1.5 channel. Cys indicates cysteine; Gin, glutamine; lle, isoleucine; Leu, leucine; Lys, lysine; Phe,

phenylalanine; Ser, serine; Thr, threonine; Tyr, tyrosine; and Val, valine.
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Table 1. Distances for Various Interactions Between Na, 1.5 Channel and PIP,

Mouse Human
Residue AA Distance, A Residue AA Distance, A

Hydrophobic interactions 409 LEU 3.60 409 LEU 3.59
409 LEU 3.77 409 LEU 3.76
932 VAL 3.63 930 VAL 3.63
932 VAL 3.71 930 VAL 3.71
933 LEU 3.54 931 LEU 3.55
933 LEU 3.78 931 LEU 3.79
936 PHE 3.69 934 PHE 3.68
936 PHE 3.73 934 PHE 3.73
1420 PHE 3.72 1418 PHE 3.71
1461 PHE 3.40 1459 PHE 3.39
1468 ILE 3.57 1466 ILE 3.59
1468 ILE 3.66 1466 ILE 3.65
1769 TYR 3.75 1767 TYR 3.77

Hydrogen bonds* 371 GLN 3.41 371 GLN 3.44
- - - 371 GLN 2.87
- - - 401 SER 3.80
- - - 896 CYS 2.77
1419 THR 212 1417 THR 212
- - - 1419 LYS 2.64
1712 SER 3.03 1710 SER 3.05

Salt bridges 1421 LYS 4.38 1419 LYS 4.33
1421 LYS 4.97 1419 LYS 4.99

AA indicates amino acid; CYS, cysteine; GLN, glutamine; ILE, isoleucine; LEU, leucine; LYS, lysine; PHE, phenylalanine; SER, serine; THR, threonine; TYR,

tyrosine; and VAL, valine.
*For hydrogen bonds, the hydrogen-acceptor distance is given.

calmodulin-dependent protein kinase I, a known sub-
strate of RIP3, increased in p110a-DN hearts com-
pared with WT after IR (Figure 2F). Collectively, these
results fail to implicate a dominant role of primary cell
death pathways in the resistance to IR injury seen in
hearts with reduced PI3Ka activity.

Mitochondrial Function and Respiration in
Response to Ischemia Reperfusion

In response to IR, WT hearts lost their hyperpolar-
ized mitochondrial potential, whereas PI3Ka-deficient
hearts (p110a-DN and p110a-Mer) preserved it, result-
ing in WT hearts displaying considerable cellular dam-
age as indicated by sytox green staining (Figure 3A and
3B). Similarly, in response to IR, mitochondrial structure
from p110a-DN hearts had less cristae degradation fol-
lowing IR injury (Figure 3C and 3D). Subjecting isolated
cardiomyocytes with preferential stain for mitochon-
drial Ca®* to 30-minute hypoxia showed that p110a-DN
myocytes had lower mitochondrial Ca?* levels during
hypoxia (Figure 3E), and their viability was preserved,
unlike WT cardiomyocytes (Figure 3F). Mitochondrial

J Am Heart Assoc. 2023;12:022352. DOI: 10.1161/JAHA.122.022352

proteins that regulate Ca®* and Na* movement across
the inner mitochondrial membrane, such as mitochon-
drial calcium uniporter, mitochondrial Na*/Ca®* ex-
changer, and voltage-dependent anion channel, were
not different in the hearts subjected to aerobic perfu-
sion or 30-minute IR in both genotypes (Figure 3G).
To assess the effect of 30-minute IR on mitochon-
drial respiration, 4 groups of hearts were compared:
aerobic WT, aerobic p110a-DN, 30-minute ischemia
followed by 40-minute reperfusion (IR30) WT, and
IRB0 p110a-DN. Isolated fibers from those hearts
were subjected to the respiration protocol (Figure 4A)
to measure the basal OCR, ATP-dependent OCR,
ATP-independent OCR, maximal electron-transport
capacity, and nonmitochondrial OCR for complex
| (Figure 4B) and complex Il (Figure 4C). In aerobic
conditions, there was no difference between WT
and p110a-DN genotypes for complex-I parameters
(Figure 4B). However, maximal electron-transport ca-
pacity (state 3) for complex Il was significantly higher
in p110a-DN fibers (Figure 4C). After 30-minute IR
(IR30), for complex |, ATP-dependent OCR and max-
imal electron-transport capacity were reduced in WT
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but not in p110a-DN fibers (Figure 4B). For complex
I, only maximal electron-transport capacity was re-
duced in both genotypes (Figure 4C). There were no
differences in basal or ATP-independent (“leak”) respi-
ration for either group in both complex | (Figure 4B) and
complex Il (Figure 4C). Calculation of RCR for complex
| (Figure 4B) and complex Il (Figure 4C) showed that
RCR was preserved for p110a-DN fibers for complex
| (Figure 4B). In complex Il, p110a-DN fibers showed
significantly higher RCR in aerobic conditions, but the
RCR was reduced in both genotypes (Figure 4C).

Late Na* Current and Reperfusion
Arrhythmias in Response to IR Injury

PI3Ka is known to suppress late Na* current via the
production of PIP,." Late Na* current (tetrodotoxin-
sensitive current) was markedly larger in cardiomy-
ocytes from PI3Ka-deficient hearts (p110a-DN and
p110a-Mer) compared with WT cardiomyocytes
(Figure BA). To investigate reperfusion arrhythmia,
we recorded the electrical activity of the heart at 1
to 4 minutes after 30-minute ischemia in response to
12-Hz burst stimulation. WT hearts had reperfusion
arrhythmias in 4 out of 8 hearts, whereas no reper-
fusion arrhythmias have been registered in p110a-DN
hearts (Figure 5B). Furthermore, spontaneous fre-
quency measured after 1 minute of reperfusion (when
reperfusion arrhythmias are detected) was significantly
lower in p110a-DN hearts compared with littermate WT
hearts (Figure 5C). lllustrative examples of the optimal
mapping of the reperfusion arrhythmias recorded from
4 distinct locations (Figure 5D) supported by video re-
cordings (Videos S1 through S4) reflect the marked
suppression of ventricular arrhythmias in p110a-DN
hearts.

Modeling of the Interaction of PIP3 With
Murine and Human Na, 1.5

Modeled structure of murine Na,, 1.5 contains 24 trans-
membrane helices. Ramachandran statistics show
that modeled structure has 95.1% residues in the pre-
ferred region (Figure 6A), implying good model accu-
racy. Docking PIP3 to the modeled protein showed that
in the preferred position, PIP3 blocks opening of the
channel (Figure 6B, Figure S1); see also the zoomed-
in position (top view) of PIP3 in the cavity (Figure 6C)
and relative position of PIP3 to some selected amino
acids (Figure 6D). Plotting out the residues that inter-
act with PIP3 indicated that the phospholipid interacts
with Lys1421 (part of the selectivity filter) and Thr1419,
suggesting that PIP3 binds just below the selectivity
filter (from the intracellular side; Figure 6E) in the re-
gion similar to where lidocaine, flecainide, and ranola-
zine bind.®" Binding energy calculation revealed that
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murine Na, 1.5 has a PIP3 binding energy of —8.20kcal/
mol (Figure 6F). Human Na,1.5 had a structure very
similar to murine protein (Figure S2), with 95.4% of
residues in the preferred region (Figure 7A). Docking
PIP3 to the human Na,1.5 also showed PIP3 in the
blocking position (Figure 7B, Figure S3A, Figure S3B;
see also the zoomed-in position [top view] of PIP3 in
the cavity (Figure 7C) and relative position of PIP3 to
loop 4 and helix 18 [Figure 7D]) similar involvement of
equivalent residues Lys1419 (part of the selectivity fil-
ter) and Thr1417, similar location of the binding site for
PIP3 (intracellular side near selectivity filter; Figure 7E,
Figure S3C), and similar binding energy (Figure 7F).
Both murine and human Na, 1.5 have equivalent resi-
dues interacting with PIP3 with similar distances be-
tween ligand and residue (Table).

DISCUSSION

Coronary artery disease remains a major cause of
heart disease resulting in increased morbidity and
mortality.®? In acute myocardial infarction, strategies to
restore blood supply have been effective; however, IR
injury remains a significant residual burden with limited
therapeutic progress.'=® Genetic models with altered
PIBKa signaling have provided abundant evidence
for the critical role of this signaling cascade in various
types of heart disease.®'%33 We used 2 different ge-
netic models with loss of PI3Ka signaling and showed
congruent results demonstrating a marked resistance
to IR injury ex vivo and in vivo. However, the mecha-
nism behind acute IR injury is likely distinct compared
with chronic postmyocardial infarction and pressure
overload remodeling. For example, in response to
myocardial infarction, pressure overload, and chemo-
therapy, PI3Ka mutant mice demonstrate exacerbated
adverse remodeling®'915'8 but the marked protec-
tion seen in response to acute global IR injury.’? While
PI3Ka inhibition is not a feasible therapeutic approach,
our results highlight the critical role of mitochondrial
protection and preserving metabolic status in alleviat-
ing myocardial IR injury.

We propose that activation of late Na* current and
consequent increase in intracellular Na* in PISKa-
deficient hearts lower intramitochondrial Ca®*, thereby
preserving oxidative phosphorylation and mitochon-
drial ATP production.*® Qur current study elucidated
key mechanistic pathways mediating cardioprotection
in myocardial IR in genetic models with reduced car-
diac PIBKa activity. Our results suggest that increased
late Na* current provides an influx of Na*, facilitating
the lowering of mitochondrial Ca?*, thereby maintain-
ing mitochondrial membrane potential and oxidative
phosphorylation.*® Moreover, elevated cytoplasmic
Na* commonly observed during IR may also act as
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a preconditioning stimulus in PI3Ka-deficient hearts,
rendering them resistant to IR injury. Because late Na*
current is known to be arrhythmogenic and detrimen-
tal to long-term Ca®* homeostasis,*%43% the current
results suggest a more ambivalent role of the cur-
rent: protective in the settings of the acute ischemia—
reperfusion model, but physiologically detrimental in
the long term.!4:34.85

Our results strongly support the enhancement
of mitochondrial function as a therapeutic strategy
to minimize IR injury. Preserved function of complex
| is associated with improved cardiac function.6:37
Maintained mitochondrial membrane potential pre-
vents excessive production of damaging reactive oxy-
gen species during ischemia.®® PI3Ka-deficient hearts
had preserved complex | function and mitochondrial
membrane potential, resulting in maintained ATP pro-
duction and preventing excessive activation of sarco-
lemmal K, channels, thereby adjusting membrane
excitability to match the cellular energy demands im-
posed by ischemic stress resulting in overall preserved
cardiac electrical stability.®® The link between cardiac
metabolic status and arrhythmias is further highlighted
by the recent findings showing that the Na*-glucose
cotransporter 2 inhibitor, dapagliflozin, reduced ven-
tricular arrhythmias and sudden death in patients with
heart failure.*® Our results are consistent with previous
studies in guinea pig cardiac myocytes with pharma-
cological inhibition of the mitochondrial calcium uni-
porter,*! studies using mice with genetic deletion of the
mitochondrial calcium uniporter,*? and the observation
of accelerated mitochondrial Na*/Ca®* exchanger—
dependent mitochondrial Ca®* extrusion (at elevated
[Na*]i).43'44

Our computer modeling approach was based on
our previous studies examining the interaction between
PIP3 and gelsolin’s N and C domains.”® Docking PIP3
within the model of Na, 1.5 revealed that PIP3 binds to
amino acids in the hydrophobic pocket below selec-
tivity filter®! including the gatekeeping lysine (Lys1419),
which is part of the DEKA motif responsible for the
selectivity of Na* channel.*®>4® The lysine prevents the
movement of Na* ions in the reverse order (from the
cytoplasm to the extracellular solution).” On the op-
posite side of the cavity, PIP3 interacts with Tyr1767,
suggesting that PIP3 binds approximately in the same
place as lidocaine (between Lys1419 and Tyr1767), ob-
structing the flow of Na* ions.3' Our modeling of PIP3
and Na, 1.5 interaction also showed that PIP3 binding
occludes the pore of the Na* channel. This result is
also supported by our previous observation that intra-
cellular application of PIP3 (via patch pipette) blocks
late Na* current in a dose-dependent manner.'* Taken
together, PIP3 can block the Na* channel by binding to
the hydrophobic pocket below the selectivity filter and
occluding the channel.?® Given the results of this study,
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the late Na* current may have an ambivalent effect on
cardioprotection. On the one hand, increased Na* flow
due to late Na* current may contribute to cardiopro-
tective effects during ischemia reperfusion by reducing
mitochondrial Ca?*. On the other hand, late Na* current
is known to be arrhythmogenic, detrimental to long-
term Ca?* homeostasis, and thus damaging to normal
cardiac function.'*343% While we documented the car-
dioprotective action of PI3Ka-deficiency against acute
myocardial IR ex vivo and in vivo, future studies are
necessary to elucidate whether these findings trans-
late to an improvement in response to chronic IR injury.
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Figure S1. Modeled structure and electrostatic potential surface of murine Nav 1.5 channel
with phosphatidylinositol-3, 4, 5-triphosphate (PIP3). A. Modeled structure of murine Nav 1.5
channel with PIP3 (top view). B. Modeled electrostatic potential surface of murine Nay 1.5 channel

with PIPs.
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Figure S2. Structure and domain architecture of modeled human Nav 1.5 channel. A. Modeled
structure of human Nav 1.5 channel. B. Domain architecture of modeled human Nav 1.5 channel.
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Figure S3. Phosphatidylinositol-3, 4, 5-triphosphate (PIP3) interaction with human Nav 1.5.
A. Top and side view of human Nay 1.5 channel with PIP3. B. Electrostatic potential surface of the
human Nav 1.5 channel (top view) with PIP3. C. Region of human Nav 1.5 channel interacting with
PIP3. GlIn, glutamine; Lys, lysine; Thr, threonine.




Supplemental Video Legends:

Video S1. Wild-type (WT) heart at baseline. Pseudo-color video of epicardial imaging with
voltage sensitive dye RH237. The 2-s recording of the post-stimulation interval at 50 frames/s.

Acquisition frame rate 1,000 frames/s. Best viewed with Windows Media Player.

Video S2. Wild-type (WT) heart at 1-min reperfusion. Pseudo-color video of epicardial imaging
with voltage sensitive dye RH237. The 2-s recording of the post-stimulation interval at 50 frames/s.

Acquisition frame rate 1,000 frames/s. Best viewed with Windows Media Player.

Video S3. p110e-DN (constituent PI3Ka-deficient) heart at baseline. Pseudo-color video of
epicardial imaging with voltage sensitive dye RH237. The 2-s recording of the post-stimulation
interval at 50 frames/s. Acquisition frame rate 1,000 frames/s. Best viewed with Windows Media

Player.

Video S4. p110a-DN (constituent PI3Ka-deficient) heart at 1-min reperfusion. Pseudo-color
video of epicardial imaging with voltage sensitive dye RH237. The 2-s recording of the post-
stimulation interval at 50 frames/s. Acquisition frame rate 1,000 frames/s. Best viewed with

Windows Media Player.
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