
Washington University School of Medicine Washington University School of Medicine 

Digital Commons@Becker Digital Commons@Becker 

2020-Current year OA Pubs Open Access Publications 

10-1-2022 

Acute glycogen synthase kinase-3 inhibition modulates human Acute glycogen synthase kinase-3 inhibition modulates human 

cardiac conduction cardiac conduction 

Gang Li 

Brittany D Brumback 

Lei Huang 

David M Zhang 

Tiankai Yin 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.wustl.edu/oa_4 

 Part of the Medicine and Health Sciences Commons 

Please let us know how this document benefits you. 

https://digitalcommons.wustl.edu/
https://digitalcommons.wustl.edu/oa_4
https://digitalcommons.wustl.edu/open_access_publications
https://digitalcommons.wustl.edu/oa_4?utm_source=digitalcommons.wustl.edu%2Foa_4%2F1320&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/648?utm_source=digitalcommons.wustl.edu%2Foa_4%2F1320&utm_medium=PDF&utm_campaign=PDFCoverPages
https://becker.wustl.edu/digital-commons-becker-survey/?dclink=


Authors Authors 
Gang Li, Brittany D Brumback, Lei Huang, David M Zhang, Tiankai Yin, Catherine E Lipovsky, Stephanie C 
Hicks, Jesus Jimenez, Patrick M Boyle, and Stacey L Rentschler 



ORIGINAL RESEARCH - PRECLINICAL

Acute Glycogen Synthase Kinase-3
Inhibition Modulates Human
Cardiac Conduction
Gang Li, PHD,a,b,* Brittany D. Brumback, MS,a,b,* Lei Huang, PHD,a David M. Zhang, BS,a Tiankai Yin, BA,a

Catherine E. Lipovsky, PHD,a,c Stephanie C. Hicks, BS,a Jesus Jimenez, MD, PHD,a Patrick M. Boyle, PHD,d

Stacey L. Rentschler, MD, PHDa,b,c

VISUAL ABSTRACT

Li G, et al. J Am Coll Cardiol Basic Trans Science. 2022;7(10):1001–1017.

HIGHLIGHTS

� Human cardiac slices cultured with

SB216763 showed reduced conduction

velocity and decreased excitability, as

measured by dVm/dtmax, at 3 and 24 hours

compared to slices cultured in control

media.

� Both overall and nuclear b-catenin levels

increased, whereas NaV1.5 decreased, in

human cardiac slices cultured with

SB216763.

� Induced stabilization of b-catenin in adult

murine hearts decreases conduction

velocity and increases susceptibility to

arrhythmias.
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SUMMARY

Glycogen synthase kinase 3 (GSK-3) inhibition has emerged as a potential therapeutic target for several dis-

eases, including cancer. However, the role for GSK-3 regulation of human cardiac electrophysiology remains ill-

defined. We demonstrate that SB216763, a GSK-3 inhibitor, can acutely reduce conduction velocity in human

cardiac slices. Combined computational modeling and experimental approaches provided mechanistic insight

into GSK-3 inhibition-mediated changes, revealing that decreased sodium-channel conductance and tissue

conductivity may underlie the observed phenotypes. Our study demonstrates that GSK-3 inhibition in human

myocardium alters electrophysiology and may predispose to an arrhythmogenic substrate; therefore, moni-

toring for adverse arrhythmogenic events could be considered. (J Am Coll Cardiol Basic Trans Science

2022;7:1001–1017) © 2022 The Authors. Published by Elsevier on behalf of the American College of Cardi-

ology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

G lycogen synthase kinase 3 (GSK-3)
is a ubiquitous, constitutively
active kinase downstream of multi-

ple regulatory pathways. Active GSK-3
generally represses many intracellular pro-
cesses and is itself inhibited by a variety of
cellular stimuli to achieve downstream
signaling effects.1 In the past 30 years, GSK-
3 has emerged as a therapeutic target for
neurodegenerative diseases and mental dis-
orders, such as Alzheimer disease, Rett syn-
drome, and bipolar disorder, with multiple
GSK-3 inhibitors currently in use or in clin-
ical trials.2-4 In the heart, GSK-3 has been

implicated in both congenital and acquired cardiovas-
cular diseases, including cardiomyocyte hypertrophy,
diabetic cardiomyopathy, acute cardiac ischemia, and
heart failure.5-8 Many of these conditions show
altered GSK-3 activity in addition to being associated
with arrhythmias.9-11 The clinical use of lithium, a
classic mood stabilizer and known GSK-3 inhibitor,
has been reported to cause cardiac conduction abnor-
malities ranging from benign electrocardiographic
changes to life-threatening arrhythmias.12 Addition-
ally, SB216763 (SB2), a small-molecule GSK-3 inhibi-
tor, has been shown to rescue both structural and
electrophysiologic defects in murine and zebrafish
models of arrhythmogenic cardiomyopathy.9,13 How-
ever, despite growing evidence for GSK-3 as a regu-
lator of cardiac electrophysiology, the effects and
mechanisms remain poorly defined.

One major signaling pathway that is regulated by
GSK-3 is the canonical Wnt signaling pathway. In the
absence of Wnt ligands, a destruction complex
including GSK-3b phosphorylates b-catenin, the main
transcriptional effector that initiates transcription of
Wnt-responsive genes. Phosphorylation of b-catenin
targets the protein for ubiquitination and degrada-
tion, resulting in relatively low cytoplasmic levels of
b-catenin during homeostasis.14 Upon canonical Wnt
ligand binding to cell surface receptors, parts of the
GSK-3b–associated destruction complex are recruited
to the cell membrane, preventing the destruction
complex from phosphorylating b-catenin. As a result,
b-catenin accumulates in the cytoplasm, translocates
into the nucleus, and activates downstream target
genes.15 Therefore, pharmacologic inhibition of GSK-3
or disease-associated decrease of GSK-3 activity
can result in activation of the Wnt signaling
pathway. Previous studies have shown that both
developmental and adult perturbation of b-catenin
can affect cardiac electrophysiology and increase
arrhythmia susceptibility.16-18 Specifically, both
Scn5a, the gene encoding the major cardiac sodium-
channel subunit NaV1.5 (the pore-forming a-subunit
protein of the voltage-gated cardiac sodium chan-
nel), and Gja1, the gene encoding for cardiac gap
junction connexin 43 (Cx43), are transcriptionally
regulated by Wnt/b-catenin.18-22 b-catenin is also
involved in cell-cell adhesion at the adherens
junctions, where it binds to N-cadherin.23,24 It has
been shown that b-catenin accumulates at the
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intercalated discs of hearts with hypertrophic car-
diomyopathy and that GSK-3b is simultaneously
decreased.25-27 Additionally, b-catenin directly as-
sociates with Cx43 at the intercalated discs.19,28

Therefore, because of its role in the regulation of
b-catenin, it can be hypothesized that decreased
GSK-3 activity may regulate Wnt/b-catenin–medi-
ated electrophysiologic reprogramming.

In this study, we used our previously published
methodology for culturing human left ventricular
(LV) organotypic slices from nonfailing donor hearts
to demonstrate that acute treatment with SB2 de-
creases the conduction velocity (CV) after only 3
hours in culture. Reduced CV was associated with
decreased maximum upstroke velocity (dVm/dtmax) of
cardiac action potentials. The ability to couple
experimental models of human myocardium with
computational models has been a powerful tool for
elucidating drug effects.29,30 Simulations conducted
in a computational model of human myocardium
showed that the observed reduction in CV and dVm/
dtmax can be explained by decreased sodium-channel
conductance (GNa) and tissue conductivity. Consis-
tent with the modeling results, we found that NaV1.5
protein was decreased in slices treated with SB2 at 3
hours. b-catenin protein levels increased significantly
in the chromatin-bound nuclear fraction, whereas
surprisingly, levels were unchanged in other subcel-
lular compartments. To determine the effects of
chronically increased b-catenin protein levels on
electrophysiology, we used a genetic mouse model
with stabilized b-catenin and showed conduction
slowing along with arrhythmia susceptibility. We
demonstrate here that GSK-3 inhibition can alter
cardiac conduction, resulting in a proarrhythmic
substrate in both mouse and human hearts, and that
therapeutic targeting of GSK-3 should consider these
possible adverse cardiovascular effects.

METHODS

HUMAN TISSUE ACQUISITION. Nonfailing donor
hearts rejected from transplantation were obtained
from Mid-America Transplant Services in St. Louis,
Missouri. Informed consent was obtained by Mid-
America Transplant Services for all tissue used in
this study. Experimental protocols were approved by
the Washington University in St. Louis Institutional
Review Board and are in accordance with all research
guidelines on human tissue. Living donor hearts were
procured by an experienced cardiothoracic surgeon,
perfused, and transported to the research laboratory
while in Belzer University of Wisconsin Cold Storage
Solution (Bridge to Life).

HUMAN CARDIAC SLICE PREPARATION. Heart sam-
ples were processed within 30 minutes of procure-
ment. A 1-cm by 1-cm cube of LV tissue was cut in
Belzer University of Wisconsin Cold Storage Solution
(Bridge to Life) from a region near the left anterior
descending artery and circumflex artery. Premade,
cooled 4% agarose gel was glued to the tissue holder of
a vibrating microtome (7000 smz-2, Campden In-
struments), and the tissue cube was mounted, endo-
cardium up, using Histoacryl glue (B. Braun). Slices
were cut tangential to the endocardium with a thick-
ness of 400 mm, at a rate of 0.04 cm/s, in a 4 �C bath of
modifiedTyrode’s solutionwith excitation contraction
uncoupler 2,3-butanedione monoxime (BDM) (NaCl,
140 mmol/L; KCl, 6 mmol/L; glucose, 10 mmol/L;
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
10 mmol/L; MgCl2, 1 mmol/L; CaCl2, 1.8 mmol/L; BDM,
10 mmol/L; pH 7.4) supplied with 100% oxygen.

CULTURE OF HUMAN CARDIAC SLICE. Slices were
cultured on porous Transwell inserts (PICM0RG50,
Millipore) in 6-well culture plates with 1.1 mL of
culturing medium (medium 199 [M4530, Sigma])
supplemented with 1% penicillin-streptomycin
(15140163, Thermo Fisher Scientific), 1� insulin-
transferrin-selenium supplement (41400045,
Thermo Fisher Scientific), and 10 mmol/L BDM each.
Culture plates were placed in a 37 �C incubator with
humidified air and 5% CO2 for 3 or 24 hours before
slices were used for electrophysiology or saved for
histology, gene expression, and protein. SB2, an
adenosine triphosphate–competitive inhibitor of
GSK-3, was added to culture media to reach a con-
centration of 343 nmol/L, 10 times the half maximal
inhibitory concentration reported in cell-free assays.
Dimethyl sulfoxide was used as vehicle control.
Adjacent slices from the same heart were used as
controls to minimize endocardium-to-epicardium
and heart-to-heart variability.

OPTICAL MAPPING. Changes in the membrane po-
tential of human ventricular slices and murine Lan-
gendorff perfused hearts were recorded using optical
mapping described previously.31,32 Slices were
superfused with modified Tyrode’s solution (NaCl,
140 mmol/L; KCl, 4.5 mmol/L; glucose, 10 mmol/L;
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
10 mmol/L; MgCl2, 1 mmol/L; CaCl2, 1.8 mmol/L; pH
7.4) at 37 �C, and murine hearts were perfused with a
different modified Tyrode’s solution (NaCl,
128.2 mmol/L; KCl, 4.7 mmol/L; glucose, 11.1 mmol/L;
NaH2PO4, 1.19 mmol/L; NaHCO3, 20 mmol/L; MgCl2,
1.05 mmol/L; CaCl, 1.3 mmol/L; pH 7.4) at 37 �C.
Blebbistatin (Cayman Chemical), an excitation-
contraction uncoupler, was used to eliminate
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motion artifacts in the recorded optical signals.
Changes in the membrane potential were detected by
Di-4-ANEPPS (Life Technologies), a voltage-sensitive
dye. A green LED light source with a wavelength of
520 � 5 nm was used to excite the voltage-sensitive
dye. The emitted fluorescence was filtered by a
long-pass filter at 650 nm and collected by a com-
plementary metal-oxide-semiconductor camera (Sci-
Media). The recorded data were analyzed using an
open-source custom MATLAB program (MathWorks).
Human ventricular slices and murine hearts were
electrically stimulated at different cycle lengths to
obtain adaptation and restitution curves, with the
stimulus amplitude being twice the capture threshold
with a pulse duration of 2 ms. Using surface co-
ordinates and time of the maximum derivatives (dVm/
dtmax) of the optical signals, activation maps were
generated and used to calculate the CV. Longitudinal
CV was calculated by the distance traveled over the
number of time isochrones along multiple lines orig-
inating from the site of stimulation. Investigators
were blinded to the sample group allocation during
the experiment and analysis of the experi-
mental outcome.

SHARP MICROELECTRODE RECORDING. Microelec-
trode recordings were obtained from slices of human
hearts at baseline, 3 hours in culture with dimethyl
sulfoxide (vehicle control), and 3 hours in culture
with SB2. Thin glass pipettes with high resistance (10-
20 MU) filled with 3 mol/L KCl were used to record
action potentials from a minimum of 8 single cells
from different regions of each slice (technical repli-
cates). To decrease noise from motion artifacts,
blebbistatin was used to arrest motion and allow for
stable microelectrode recording without requiring the
use of floating electrodes. Electrical signals were
digitized by a Power 1401 analog-to-digital converter.
Action potentials of sampled cells with a resting
membrane potential (RMP) of <�75 mV were aver-
aged. The RMP, action potential amplitude, dVm/
dtmax, and action potential duration (APD) at 90%
repolarization are reported. Analysis of microelec-
trode recordings was performed using a custom
MATLAB script. Cells with at least 20 action potentials
and stable RMP were included in the data analysis.
For each action potential in each cell, the peak po-
tential value and time were calculated. The RMP was
then calculated for each action potential using a his-
togram, where the maximum frequency value was
defined as the RMP. The magnitude (amplitude) of
each action potential was then defined as the differ-
ence between the peak potential value and the RMP.
The maximum change in voltage with respect to time

(dVm/dtmax) was calculated using a first derivative.
The point in time that corresponds to this value was
then used as the start time for the APD calculation.
The end time was when the membrane potential
decreased to 10% of the amplitude value. In-
vestigators were blinded to the sample group alloca-
tion during the experiment and analysis of the
experimental outcome.

HISTOLOGY AND IMMUNOHISTOCHEMISTRY. Immu-
nohistochemistry was performed on optimal cutting
temperature compound–embedded frozen sections
(Sakura 4583) with a combination of sarcomeric a-
actinin antibody (1:100, Abcam ab9465), NaV1.5 anti-
body (1:100, Cell Signaling Technology 14421), PCM1
antibody (1:1,000, Sigma HPA023370), active b-cat-
enin (ABC) antibody (1:50, Developmental Studies
Hybridoma Bank, University of Iowa PY489-B-cat-
enin), pan b-catenin antibody (1:100, BD 610153), and
Cx43 antibody (1:50, Thermo Fisher Scientific 71-
0700). Secondary antibodies included Alexa Fluor
488 (1:200, Abcam ab150077, ab150113, and ab150121)
and Alexa Fluor 568 (1:200, Abcam ab175471). Slides
were treated with TrueBlack Lipofuscin Auto-
fluorescence Quencher (Biotium) and then with DAPI
(Sigma 28718-90-3).

WESTERN BLOTTING. Protein lysates were prepared
from human LV slices and used for immunoblotting
as previously described.33 Briefly, ventricular slices
were homogenized in ice-cold 1� radio-
immunoprecipitation assay buffer lysis buffer
(50 mmol/L Tris-HCl, 150 mmol/L NaCl, 5 mmol/L
EDTA, 1% Triton-X, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate) with protease inhibitor
cocktail tablet (1 tablet per 50 mL lysis buffer, Roche).
Samples were centrifuged at 13,200g for 10 minutes at
4 �C. The supernatants were used for electrophoresis
after protein analysis via bicinchoninic acid assay
(Thermo Fisher Scientific 23225). Protein fraction-
ation was performed using a subcellular protein
fractionation kit for tissues (Thermo Fisher Scientific
87790). Immunoblotting was performed using anti–b-
catenin (1:1,000, BD Biosciences 610153), anti-Cx43
(1:250, Invitrogen 71-0700), anti-NaV1.5 (1:1,000,
Abcam ab56240), anti–phospho-Cx43 (1:1,000, Cell
Signaling Technology 3511), anti–nonphosphorylated
b-catenin (1:1,000, Cell Signaling Technology 8814),
anti–Na,K-ATPase (1:1,000, Cell Signaling Technology
23565), anti-lamin A/C (1:1,000, Cell Signaling Tech-
nology 2032), anti-histone H3 (1:1,000, Cell Signaling
Technology 9715), and anti-GAPDH (1:2,000, Cell
Signaling Technology 14C10) antibodies. Secondary
detection was performed using horseradish peroxi-
dase antibody (1:5,000, Abcam ab6721, ab205719) and
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Clarity Western enhanced chemiluminescence Sub-
strate (Bio-Rad).

REVERSE TRANSCRIPTION QUANTITATIVE POLYMERASE

CHAIN REACTION. Total RNA was isolated from mu-
rine hearts using Trizol (Invitrogen) and DNase
treated using Turbo DNA-Free Kit (Invitrogen). RNA
concentrations were determined using NanoDrop
One (Thermo Fisher Scientific). First-strand comple-
mentary DNA (cDNA) was synthesized using a high-
capacity cDNA reverse transcription kit (Applied
Biosystems). Primers were designed on Integrated
DNA Technologies website and validated using bulk
human or mouse cDNA. Gene expression was
assayed using the PowerSYBR Green PCR MasterMix
(Applied Biosystems) and quantified using the
QuantStudio Flex 6 Real-Time polymerase chain re-
action (PCR) system (Applied Biosystems). Relative
fold changes were then calculated using the
comparative CT method, with the most stable refer-
ence genes chosen for analysis using NormFinder
and geNorm.34-36

COMPUTATIONAL MODELING. Electrophysiology
simulations were conducted in a 3-dimensional vir-
tual organotypic slice model of human ventricular
tissue (dimensions: 0.8 � 0.6 � 0.04 cm; average
tetrahedral edge length: 123.3 mm). At the cellular
scale, the O’Hara Rudy dynamic human ventricular
action potential model (midmyocardial variant) pro-
vided a realistic representation of membrane ki-
netics.37 As in previous work,38 to facilitate realistic
electrophysiologic behavior at the tissue scale, the
O’Hara Rudy dynamic version of the sodium current
(INa) model was replaced with the INa formulation of
ten Tusscher et al.39 To mimic the experimental
preparation, a uniform vector field parallel to the
y-axis of the slice (ie, 0.6-cm edge) was used to
represent myocardial fiber orientations. Conductivity
tensor values were calibrated to match simulated CV
with experimental observations (see the Results sec-
tion for specific parameter values). All stimuli were
delivered via transmembrane current injection to a
central region on the top face of the block (strength:
120 mA/cm2; duration: 10 ms; diameter: 250 mm).
Wavefront propagation was simulated on a standard
Linux workstation (Intel i7-8086K 12-core central
processing unit at 4.00 GHz, 64 GB random-access
memory) by solving the monodomain equation using
the finite element method in the CARP software
package.40,41 A version of this software that is free for
noncommercial academic use is available42; all model
and parameter files necessary to reproduce all simu-
lation data in this study will be made available
upon request.

MICE INFORMATION. The inducible cardiomyocyte-
specific b-catenin gain-of-function (GOF) mouse
model was made by combining mice expressing
MerCreMer under control of the a-myosin heavy
chain promoter (aMHC-MCM43) with Ctnnb1fl(ex3).44

Cardiomyocyte-specific expression of Cre recombi-
nase was induced by administration of tamoxifen
chow (Teklad) for 10 days in 8-week-old mice.
Excision of b-catenin exon 3 results in stabilized,
nondegradable b-catenin. A washout period of
4 weeks after induction was used to simulate a
chronic stabilized b-catenin state while also allowing
recovery from the possibility of confounding
tamoxifen-related cardiomyopathy.45 Littermate
control mice treated with tamoxifen or aMHC-MCMþ/

o/Ctnnb1fl(ex3)/þ without induction were used as con-
trols. Mice of both sexes were used in all studies, and
although experiments were not powered to specif-
ically detect sex differences, there were no obvious
differences in any parameters between sexes. Animal
protocols were approved by the Animal Studies
Committee at Washington University, and animals
were handled in accordance with the National In-
stitutes of Health Guide for the Care and Use of Lab-
oratory Animals.

STATISTICAL ANALYSIS. All data are expressed as
mean � SEM. For the comparison of more than 2
experimental groups, statistical significance of
observed mean differences was evaluated using a 1-
or 2-way analysis of variance, followed by Tukey’s
post hoc test for multiple pairwise comparisons. For
within-group comparisons (correlated samples),
repeated-measures analysis of variance was used. For
comparison of 2 experimental groups, an equal vari-
ance Student’s t-test was used, and a 2-tailed P value
of <0.05 was considered statistically significant. All
data were analyzed with parametric tests, given the
small sample sizes for each experiment with insuffi-
cient power to reject the null hypothesis of distribu-
tion normality.

RESULTS

GSK-3 INHIBITION BY SB2 REDUCES CV IN HUMAN

MYOCARDIUM. GSK-3 dysregulation can occur in the
setting of acquired cardiovascular disease in associ-
ation with arrhythmias.10,46 In addition, there have
been case reports of associated cardiac arrhythmias in
patients with neurologic disorders that were pre-
scribed the GSK-3 inhibitor lithium,12 and there is
growing evidence for a role of GSK-3 in the regulation
of cardiac electrophysiology in animal models.9,16 To
determine whether acute GSK-3 inhibition has an ef-
fect on cardiac conduction in the human heart, we
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performed optical mapping on human organotypic
slices at baseline (0 hours), and after culture with
either control (vehicle) or SB2 (343 nmol/L in culture
media). To minimize potential variability among
hearts and among different regions within the same
heart, adjacent slices were used for control and drug
treatment. Given the different time scales of various
biological processes that could potentially underlie
changes in physiology, we performed experiments
over a range of timepoints, from 15 minutes to 24
hours. Compared to baseline, CV did not change
15 minutes after the addition of SB2 into the physio-
logic bath, suggesting that SB2 does not directly
inhibit the sodium channel (data not shown). How-
ever, we determined that CV was decreased by 3
hours of culture with SB2 when compared to base-
lines and to adjacent slices from the same heart
cultured with vehicle for 3 hours. A representative
activation map shows slower electrical activation and

action potential propagation in SB2-cultured slices
compared with 3-hour control (Figures 1A and 1B). CV
of SB2-cultured slices was slower by 18% compared to
the 0-hour baseline and 3-hour control (baseline:
62 cm/s; 3 hours: 63 cm/s; 3-hour SB2: 51 cm/s at
1,000-ms cycle length) across all stimulation cycle
lengths (Figure 1C). CV restitution of control and SB2-
treated slices for each individual heart showed a
similar magnitude of decrease in CV and no change in
the restitution slope (Figure 1D). We identified a
similar-magnitude CV decrease after 24 hours in cul-
ture with SB2 when compared to baseline and to
adjacent slices from the same heart cultured with
vehicle for 24 hours (baseline: 61 cm/s; 24 hours:
60 cm/s; 24-hour SB2: 47 cm/s), and this decrease
persisted at all stimulation cycle lengths
(Supplemental Figures 1A and 1B). Importantly, CV
remained unchanged between baseline and 24-hour
control slices (Supplemental Figure 1B), suggesting

FIGURE 1 Conduction Velocity of Human LV Slices Is Reduced by Short-Term Culture With SB2

(A) Representative activation maps of a control slice (left) compared to an SB2-treated slice (right) from the same heart. Electrical activation

from time t0 to t1 is slower in the SB2-treated slice as seen by the greater number of isochrones to reach the same distance. (B) Control

optical action potentials (top) at t0 (blue) and t1 (dashed cyan) shows faster propagation compared to SB2 optical action potentials (bottom)

from t0 (red) to t1 (dashed magenta). (C) Conduction velocities quantified from activation maps show no difference between baseline and 3-

hour control but reduced conduction velocity in 3-hour SB2-treated slices (baseline: 62 cm/s; 3-hour control: 63 cm/s; 3-hour SB2: 51 cm/s)

at pacing cycle lengths of 1,000 ms, 800 ms, 600 ms, and 400 ms. (D) Conduction velocity restitution of each individual heart shows

reduced conduction velocity at all stimulation cycle lengths but no change in restitution slope in SB2-treated slices. Each color represents an

individual heart for 3-hour vehicle (solid line) or 3-hour SB2 (dashed line). Statistics were performed using repeated-measures analysis of

variance followed by Tukey’s post hoc test for multiple pairwise comparisons. *P < 0.05. 3HR ¼ 3-hour; SB2 ¼ SB216763.
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that our culture technique preserves human cardiac
electrophysiology. CV restitution plots from control
and SB2-treated slices from each individual heart
show similar decreases in CV with no change in the
restitution slope caused by SB2 (Supplemental
Figure 1C). Because CV was reduced at 3 and 24
hours in culture with SB2 but not at 15 minutes, SB2 is
unlikely to have an immediate effect on ionic
conductance leading to reduced CV and likely acts
through cell signaling processes.

ACTION POTENTIAL EXCITABILITY IS DECREASED

BY SB2 IN HUMAN MYOCARDIUM. To determine
more precisely how acute application of SB2 affects
cardiac action potentials in a manner that is expected
to lead to CV slowing, we performed sharp micro-
electrode recordings on human organotypic slices.
Representative averaged action potentials of slices
paced at 1,000 ms from 1 human heart are shown for
0 hours, 3 hours in culture, and 3 hours in culture
with SB2 (Figures 2A and 2B). A magnified view to
allow for closer inspection of the averaged action
potential upstroke reveals that the dVm/dtmax is
decreased in SB2-cultured slices (Figure 2C). This
reduction was consistently observed in SB2-treated
slices from each individual heart (Supplemental
Figure 2). Although the RMP, action potential ampli-
tude, and APD at 90% repolarization (APD90) were
unchanged between all conditions, dVm/dtmax was
decreased by 22% (250 V/s in vehicle control vs 195 V/
s in SB2-treated slices) (Figures 2D to 2G). One major
determinant regulating cardiac CV is sodium current
density and kinetics. The dVm/dtmax of action poten-
tials has been shown to be a direct surrogate of
maximum sodium current density and/or channel
activation/inactivation.47 Therefore, the observed
decrease in dVm/dtmax caused by SB2 suggests either a
decrease in sodium current density and/or a leftward
shift in channel inactivation contributing to the
observed reduction in CV.

COMPUTATIONAL MODELING REVEALS THAT

REDUCED GNa AND TISSUE CONDUCTIVITY COULD

ACCOUNT FOR OBSERVED DECREASES IN CV AND

ACTION POTENTIAL EXCITABILITY. To determine
whether reduced GNa can account for the magnitude
of conduction slowing, we carried out simulations in
a virtual organotypic slice. Conductivity tensor values
were calibrated to match experimental CV observa-
tions (longitudinal: sL ¼ 0.234 S/m; transverse:
sT ¼ 0.0176 S/m); all other input parameters were
unchanged from published versions, as described in
the Methods section. At baseline, all output parame-
ters predicted by the model at various stimulation

cycle lengths matched well with experimentally
measured values (Figures 3A to 3E) (eg, at the 1,000-
ms basic cycle length, CV ¼ 67 cm/s;
APD90 ¼ 350 ms; dVm/dtmax ¼ 232 V/s). Therefore, we
are confident that the computational model can be
used to predict drug effects on cardiac slice
electrophysiology.

Both CV and dVm/dtmax are influenced by GNa and
sodium-channel kinetics (eg, shifts in voltage-
dependent activation/inactivation).48 Therefore, we
first asked if changes in 1 or both of these parameters
might explain our experimental observations. Using a
bisection approach, we found that an 18% CV reduc-
tion (as observed experimentally) could be elicited in
the model by either a 53.6% GNa decrease or a -8.14-
mV shift in INa inactivation kinetics; however, both
of these changes resulted in a much more dramatic
dVm/dtmax reduction than we observed ex vivo (rows 1
and 2 of Table 1). Likewise, adjusting GNa and INa

inactivation shift to different values (19.2% and
-3.14 mV, respectively) produced better agreement
with upstroke velocity behavior seen ex vivo, but this
resulted in divergent CV behavior (rows 3 and 4 of
Table 1). Therefore, neither decreased GNa nor shifted
INa inactivation kinetics can fully account for the
observed drug effects in the experimental data. In
contrast, when we examined the effects of either
input in conjunction with reduced tissue conductivity
(si), we found combinations that gave rise to simu-
lations with reductions in CV and dVm/dtmax that
closely matched those seen ex vivo (rows 5 and 6 of
Table 1).

ACUTE GSK-3 INHIBITION BY SB2 DECREASES

NaV1.5 PROTEIN. To gain further insight into the
underlying molecular mechanism(s) for the observed
decrease in CV and dVm/dtmax revealed through
combining experimental and computational ap-
proaches, we performed Western blotting and reverse
transcription-quantitative PCR (RT-qPCR) to deter-
mine the expression levels of relevant proteins and
transcripts. First, we analyzed the protein abundance
of Cx43, the major ventricular connexin responsible
for cell-to-cell electrical coupling and a major
contributor to tissue conductivity. In addition to total
amounts, phosphorylated isoforms of Cx43 have been
shown to be involved in altered intercellular
communication and to influence gap junction as-
sembly.49 Specifically, phosphorylation of Cx43 at
serine 368 results in Cx43 mislocalization and
reduced channel conductance.50,51 In our experi-
mental system, Cx43 total amounts were not signifi-
cantly changed between conditions (Supplemental
Figure 3A), and additionally, we found no difference
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FIGURE 2 Action Potential Upstroke Velocity Is Decreased in SB2-Treated Slices

Continued on the next page
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in Cx43 phosphorylated at serine 368 between base-
line, 3-hour control, and 3-hour SB2 by Western blot
(data not shown). Consistent with the Western blot
results, immunostaining demonstrated that Cx43
is primarily localized at intercalated discs, with
no observable differences in Cx43 localization be-
tween baseline, 3-hour control, and 3-hour SB2
(Supplemental Figures 3B to 3D). Therefore, the
observed reduction in CV caused by tissue conduc-
tivity is not likely attributable to changes in Cx43
protein amount, serine 368 phosphorylation, or
localization. Because adherens junctions and
intercalated discs can also be regulated by b-cat-
enin,23,24,28 we also performed immunostaining for
b-catenin and determined that disc localization of
b-catenin was unchanged by SB2 (Supplemental
Figures 3B to 3D). Together, these data suggest that
CV changes are not caused by altered disc localization
of either Cx43 or b-catenin.

Given the reduced dVm/dtmax in SB2-cultured car-
diac slices, we examined sodium-channel protein
abundance and found that NaV1.5 was decreased by
30% after SB2 treatment when compared to control
slices (Figure 4A). To determine whether this decrease
was caused by transcriptional down-regulation, we
performed RT-qPCR on 3-hour–treated human slices
for SCN5A, which encodes NaV1.5. Interestingly, we
determined that SCN5A was not decreased, indicating
mechanism(s) independent of transcription underly-
ing the protein level change with acute SB2 treatment
(Figure 4B). FGF12, the human homolog of mouse
Fgf13 that encodes for fibroblast growth factor 13, has
been shown to be down-regulated by Wnt activation52

and has been previously shown to directly modulate
sodium current density.53 Therefore, we asked
whether this gene is altered by acute GSK-3 inhibi-
tion. Similar to SCN5A, FGF12 was not changed by
acute 3-hour SB2 treatment (Figure 4C).

In addition to reduced total protein amounts,
mislocalization of NaV1.5 could also contribute to CV
decreases. Immunostaining revealed that NaV1.5 is

localized to the intercalated discs and sarcolemma,
with no major differences between localization be-
tween baseline, 3-hour control, and 3-hour SB2
(Supplemental Figures 3E to 3G). These results sug-
gest that CV slowing and reduced action potential
upstrokes are, at least partially, caused by decreased
Nav1.5 protein and reduced sodium conductance.

ACUTE GSK-3 INHIBITION INCREASES CHROMATIN-

BOUND b-CATENIN IN HUMAN MYOCARDIUM. Inhi-
bition of GSK-3 results in b-catenin accumulation and
eventual trafficking to the nucleus, where canonical
Wnt/b-catenin signaling targets can be activated.54,55

Therefore, we hypothesized that pharmacologic in-
hibition of GSK-3 through SB2 in the human cardiac
slices would result in b-catenin stabilization and
eventual downstream activation of the Wnt signaling
pathway. We first examined whether inhibition of
GSK-3 via SB2 can acutely lead to increased b-catenin
levels in the adult human heart. Compared to time
zero (baseline) and 3-hour control (vehicle only), sli-
ces cultured in SB2 for 3 hours showed a 31% increase
in b-catenin protein (Figure 5A). b-catenin is known to
localize within the cytoplasm, in the nucleus, and at
intercalated discs. Therefore, to further investigate
how different pools of b-catenin are affected by
treatment with SB2, we fractionated proteins from
human slices into cytoplasmic, membrane-bound,
soluble nuclear, and chromatin-bound nuclear pools
(Supplemental Figure 4A). Within the cytoplasm,
membrane fraction, and soluble nuclear fraction,
b-catenin levels were not significantly changed after 3
hours in culture between control and SB2 slices
(Supplemental Figures 4B to 4D). In contrast, overall
b-catenin as well as the nonphosphorylated active
form of b-catenin were both significantly increased in
the chromatin-bound fraction, suggesting that acute
GSK-3 inhibition by SB2 results in b-catenin trans-
location into the nucleus (Figure 5B). Surprisingly, in
addition to a band at 92 kDa, the b-catenin in the
chromatin-bound fraction had multiple bands of

FIGURE 2 Continued

(A) Representative action potentials from control without culture (blue), 3 hours in culture (magenta), and 3-hour SB2-cultured (red) slices

paced at a cycle length of 1,000 ms. (B) Averaged action potential of all recorded myocytes from slices for each condition. (C) (Top) Zoom of

action potential upstroke from B shows decreased dVm/dtmax in SB2-treated slices compared to control and 3-hour cultured control (baseline:

234.1 V/s; 3-hour control: 249.7 V/s; 3-hour SB2: 195.4 V/s). Action potential upstroke change in membrane potential (DVm) (bottom) over

the same time period shows a significant decrease in dVm/dtmax for SB2 treatment and not a decrease for the entire duration. (D to G) RMP,

action potential amplitude, APD90, and APD restitution are not changed between all conditions for each individual heart, whereas dVm/dtmax

is significantly decreased in action potentials from slices cultured with SB2 compared with control and cultured control. Statistics were

performed using repeated-measures analysis of variance followed by Tukey’s post hoc test for multiple pairwise comparisons. *P < 0.05;

***P < 0.001. 3Hr ¼ 3 hours; APA ¼ action potential amplitude; APD90 ¼ 90% action potential duration; CL ¼ cycle length; dVm/

dtmax ¼ maximum upstroke velocity; LV ¼ left ventricle; RMP ¼ resting membrane potential; SB2 ¼ SB216763.
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lower molecular weights compared with the other
subcellular fractions. This result is consistent with
studies in other cell types that have shown that
truncated forms of b-catenin exist exclusively in the
nucleus and are involved in gene transactivation.56-58

To further confirm the cell fractionation findings,
we used immunofluorescence to determine whether
ABC (phospho-Y489-b-catenin described as nuclear
bound59) localizes within cardiomyocyte nuclei by
assessing colocalization with the myocyte nuclei
marker pericentriolar material 1 (PCM1). In all condi-
tions, many myocyte nuclei are positive for ABC

staining, whereas there are few to no PCM1-negative,
noncardiomyocyte nuclei positive for ABC in
either the presence or absence of SB2 (Figure 5C).
Taken together with the increased chromatin-bound
b-catenin seen after SB2 treatment (Figure 5B), these
results suggest that b-catenin is increased specifically
within the cardiomyocyte nuclei of SB2-cultured
slices. b-catenin presence in the nucleus is
tightly regulated and, before this study, thought to
be scarcely detected in healthy hearts, where Wnt/
b-catenin signaling is quiescent. However, we show
here that significant amounts of chromatin-bound

FIGURE 3 Computational Simulations Conducted in Virtual Cardiac Organotypic Slices Accurately Reproduce Experimental

Electrophysiologic Data

(A) Activation sequence in response pacing at a basic cycle length (BCL) of 1,000 ms (top) and membrane voltage over time at points

indicated in top graphic (bottom). (B) The same as A except that the excitation in response to a stimulus (S2) was delivered 400 ms later. (C)

Longitudinal conduction velocity restitution relationship shows reasonable correspondence between simulations (white squares) and ex-

periments (black circles) at all S1-S2 intervals. (D) Adaptation relationships for upstroke velocity (dVm/dtmax) and (E) 90% action potential

duration (APD90) show that the model reproduces values seen in experiments for all BCL values tested.
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b-catenin exist in adult human hearts at baseline,
with increased nuclear b-catenin levels seen in
response to acute GSK-3 inhibition. Despite seeing an
increase in chromatin-bound b-catenin and nuclear
ABC at the acute 3-hour timepoint, key Wnt target
genes, including TCF7L2, LEF1, and AXIN2, were un-
changed (Supplemental Figure 5). This indicates that
up-regulation of nuclear b-catenin did not acutely
result in transcriptional changes associated with
active Wnt signaling within the same timeframe of
the conduction phenotype, suggesting that conduc-
tion effects of GSK-3 inhibition occur, at least
partially, through additional post-transcriptional
mechanisms.

INDUCED GENETIC STABILIZATION OF b-CATENIN

IN ADULT CARDIOMYOCYTES REDUCES CV AND

PREDISPOSES TO ARRHYTHMIAS. Our laboratory
and others have previously shown that develop-
mental chronic b-catenin stabilization in mouse car-
diomyocytes results in up-regulation of the Wnt
signaling pathway and down-regulation of Scn5a,
together with reduced NaV1.5 protein and sodium
current density.17,18,22 Therefore, we asked whether
adult-induced, chronically increased b-catenin in
cardiomyocytes, which partially recapitulates GSK-3–
mediated pharmacologic effects, is proarrhythmic. To
determine whether cardiac conduction is regulated
by b-catenin levels, we used a tamoxifen-inducible

FIGURE 4 Short-Term SB2 Culture of LV Slices Results in Changes in Nav1.5 Protein But Not Gene Transcription

(A)Western blot for NaV1.5 and GAPDH with quantification based on band density relative to GAPDH shows a decrease in NaV1.5 protein (30%

average decrease) in the SB2 condition compared to 3-hour control. (B) Reverse transcription quantitative polymerase chain reaction shows

no changes between 3 hours in culture and 3 hours in culture with SB2 for ACTC1 (negative control) or electrophysiology-related transcripts

(SCN5A) and FGF12, a known regulator of cardiac sodium current. Statistics in A were performed using repeated-measures analysis of

variance followed by Tukey’s post hoc test for multiple pairwise comparisons. Statistics in B were performed using Student’s t-test. *P <

0.05. NaV1.5 ¼ pore-forming a-subunit protein of the voltage-gated cardiac sodium channel; other abbreviations as in Figure 2.

TABLE 1 Summary of Simulation Results in Models With Selected Combinations of Reduced GNa, Shifted INa Inactivation Curve, and

Reduced si

Row

Parameters Modified to Match Ex Vivo CV and dVm/dtmax

In Silico Percent Error From
Target Values

GNa Reduction, % INa Inactivation Shift si Reduction, % CV dVm/dtmax

1 53.60 n/a n/a -0.63 -40.64

2 n/a -8.14 n/a -0.63 -40.19

3 19.20 n/a n/a 28.42 -0.05

4 n/a -3.14 n/a 28.42 -0.50

5 25.00 n/a 40.00 -0.63 1.13

6 n/a -4.00 40.00 -0.63 0.59

Rows 1 to 4 show that neither GNa reduction nor shifted INa inactivation kinetics can fully explain the experimentally observed changes in CV and dVm/dtmax. In contrast, when
either of the 2 parameters is reduced in combination with si reduction (rows 5 and 6), model behavior closely matching the experiments is observed. Bold indicate close match
(<2% error from target values); italic indicate $2% error.

si ¼ tissue conductivity; CV ¼ conduction velocity; dVm/dtmax ¼ maximum upstroke velocity; GNa ¼ sodium-channel conductance; INa ¼ sodium current; n/a ¼ not applicable.
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FIGURE 5 Acute SB2 Treatment Increases b-Catenin Protein in Human LV Slices

(A) Western blot of b-catenin and GAPDH levels with quantification based on band density relative to GAPDH shows an increase in b-catenin (31% average increase) in

SB2-treated slices. (B) Both chromatin-bound b-catenin and nonphosphorylated b-catenin levels increased with respect to histone H3 in slices cultured with SB2. In

contrast to other subcellular fractions, chromatin-bound b-catenin shows multiple bands of lower molecular weights in addition to the primary band at 92 kDa. (C) ABC

(green) is present in human myocyte nuclei, marked by PCM1 (red) and DAPI (blue), in baseline, 3-hour control, and 3-hour SB2 conditions.White arrowheads indicate

b-catenin–positive cardiomyocyte nuclei, whereas white asterisks mark b-catenin–negative cardiomyocyte nuclei. Scale ¼ 50 mm. Statistics were performed using

repeated-measures analysis of variance followed by Tukey’s post hoc test for multiple pairwise comparisons. *P < 0.05. ABC ¼ active b-catenin; DAPI ¼ 40,6-dia-

midino-2-phenylindole; non-P ¼ nonphosphorylated; other abbreviations as in Figure 2.
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mouse model to conditionally delete b-catenin exon 3
in cardiomyocytes of adult mice (aMHC-MCMþ/o/
Ctnnb1fl(ex3)/þ, b-catenin GOF), which prevents b-cat-
enin degradation through loss of phosphorylation
sites targeting the protein for ubiquitination. Mice
were harvested 4 weeks after an 8-day induction
period to investigate the effects of chronic b-catenin
stabilization while also allowing recovery from the
possibility of confounding tamoxifen-related cardio-
myopathy.45 Using optical mapping techniques, we
found that electrical activation within tamoxifen-
induced b-catenin GOF ventricles is significantly
slower when compared to control (combination of the
same genotype noninduced control mice and control
genotype induced mice) (54 vs 71 cm/s, respectively)
(Figure 6A). b-catenin GOF hearts were susceptible to
both spontaneous and stimulation-induced ventric-
ular tachycardia (5/6 hearts), whereas littermate
controls were completely free from arrhythmias (0/6
hearts). A representative electrical activation map
during an episode of ventricular tachycardia shows

multiple wave fronts, abnormal propagation patterns,
and a line of functional block (Figure 6B). CV was
significantly reduced by 15% and 24% in both the
right ventricle and LV of b-catenin GOF hearts,
respectively (Figure 6C).

Next, we sought to determine the mechanism(s)
underlying the chronic b-catenin–mediated conduc-
tion phenotype and compare to the acute SB2-treated
human results. We first verified that b-catenin GOF
hearts express both the wild-type band, presumably
in noncardiomyocytes, and a truncated b-catenin
lacking exon 3 (stabilized b-catenin), resulting in the
additional lower-molecular-weight band (Figure 6D).
Nonphosphorylated b-catenin antibody, which spe-
cifically recognizes residues encoded by exon 3, only
detects the wild-type b-catenin from non-
cardiomyocytes (Figure 6D). Consistent with the 3-
hour SB2-treated human LV slices, NaV1.5 protein is
significantly decreased in b-catenin GOF compared to
control hearts, relative to GAPDH (Figure 6D). In
contrast to 3-hour SB2-treated human LV slices, 1

FIGURE 6 Myocyte-Specific b-Catenin GOF and Acute GSK-3 Inhibition by SB2 Reduces Conduction Velocity in Murine Hearts

(A) Representative activation maps showing slowed electrical activation in b-catenin GOF hearts (right) compared to noninduced controls (left). (B) Activation map

showing ventricular tachycardia induced from electrical stimulation of b-catenin GOF ventricles. The white arrows show irregular propagation of 2 different wave

fronts, which results in a functional block. Five of 6 b-catenin GOF and 0 of 6 control hearts had spontaneous or stimulation-induced ventricular tachycardia. (C)

Conduction velocities of RVs and LVs are significantly reduced in b-catenin GOF hearts compared to controls. (D)Western blot shows expression of stabilized b-catenin

(lower-molecule-weight band associated with loss of exon 3) in b-catenin GOF mice and decreased NaV1.5 protein in b-catenin GOF compared to control hearts. (E)

Transcription of Wnt/b-catenin target gene Axin2 is increased, and Scn5a is decreased, in b-catenin GOF compared to control hearts. Statistics were performed using

Student’s t-test: *P < 0.05; **P < 0.01. b-cat ¼ b-catenin; GOF ¼ gain of function; RV ¼ right ventricle; other abbreviations as in Figure 2.
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downstream effector of the canonical Wnt signaling
pathway, Axin2, was significantly up-regulated, and
Scn5a was down-regulated, in b-catenin GOF hearts
(Figure 6E). These results show that increased b-cat-
enin in adult cardiomyocytes leads to conduction
slowing and susceptibility to ventricular arrhythmias
that are likely mediated, as least partially, through
decreased NaV1.5, which likely results from both
transcriptional and nontranscriptional mechanisms.

DISCUSSION

GSK-3 inhibition has emerged as a potential therapy
for a broad spectrum of diseases, ranging from cancer
to diabetes to Alzheimer disease.4,6,60 In the heart,
studies involving conditional deletion of GSK-3 in
mouse models have provided additional evidence
that inhibition of GSK-3 can be cardioprotective in
settings of myocardial infarction and ischemia.8,61

Recent evidence implicating GSK-3 in the regulation
of cellular electrophysiology led us to examine the
effects of GSK-3 inhibition on cardiac electrophysi-
ology in the human heart. The ability to measure
electrophysiology in 3D cardiac tissue engineered
platforms has been important in studying drug effects
and heritable arrhythmias.62,63 Our study used orga-
notypic slice culture as a platform for accessing the
physiologic response of the human heart to acute
GSK-3 inhibition. The unique advantage of the slice
culture model for investigating cardiac electrophysi-
ology and molecular mechanisms over isolated car-
diomyocytes and induced pluripotent stem cell–
derived tissues is a mature, 3-dimensional multicel-
lular model with intercellular connections. We show,
for the first time to our knowledge, the effects of GSK-
3 inhibition on human cardiac tissue electrophysi-
ology, and an acute timepoint of 3 hours is sufficient
to reduce CV and action potential excitability.
Finally, via analysis of simulations conducted in
virtual organotypic slices, we formulate and subse-
quently test the hypothesis that reduced sodium-
channel expression underlies this effect.

GSK-3 is well known to regulate many different
ion channels, and specifically, GSK-3b regulates
various calcium, chloride, sodium, and potassium
ion channels in the nervous system.64 A study in
adrenal chromaffin cells showed that, in addition to
regulating GSK-3, lithium may also directly inhibit
sodium-channel function.65 Lithium-induced proar-
rhythmic effects have been described to occur
through dosage-dependent block of peak sodium
current.12 Conflicting evidence exists on the effects
of GSK-3 inhibition on cardiac electrophysiology. In
this study, we used a specific inhibitor of GSK-3,

namely, SB2, and demonstrated that acute GSK-3
inhibition slows CV in tissue slices from nonfailing
human hearts while not affecting APD, suggesting
changes to tissue excitability while sparing calcium
handling. Additionally, we demonstrated that SB2
reduced the maximum action potential upstroke ve-
locity and NaV1.5 protein in human cardiac tissue. In
contrast to these findings, other studies have found
SB2 can be beneficial in treating cardiomyopathy
progression in cell lines, as well as in murine and
zebrafish models of arrhythmogenic cardiomyopa-
thy, through trafficking-mediated reversal of mis-
localization of membrane proteins including Cx43
and NaV1.5.9,13 Multiple factors could possibly ac-
count for the differences we observed, including
differences in model platform used (normal vs dis-
ease tissue) and, importantly, the drug dosages and
timepoints of the analysis. In our studies, we used
adult human organotypic slices from nonfailing
donor hearts without gross structural phenotypes,
whereas other studies used cell lines, zebrafish, and
mouse hearts with desmosomal protein sequence
variants that lead to severe structural remodeling.
The dosage and chronicity of SB2 used in our human
slices also differed from previous animal studies,
with an acute application (3 hours in culture vs
weeks of daily intraperitoneal injection) and a much
lower dosage (10 times the half maximal inhibitory
concentration vs 2.5 mg/kg). Additionally, GSK-3b
was shown to be elevated in both mouse and human
patient samples of arrhythmogenic cardiomyopathy
but not in other cardiovascular pathologies.9 There-
fore, it is possible that the effects of SB2 may depend
on initial levels of GSK-3 activity, and inhibition of
hyperactivity vs homeostatic levels may yield
different outcomes.

Chromatin-bound b-catenin levels within the cell
increased after acute GSK-3 inhibition (Figure 5B). As
a tightly regulated transcriptional cofactor, b-catenin
localization to the nucleus is typically thought to be
associated with transcriptional changes. However, in
our acute SB2-treated human slices, Wnt target genes
were unchanged, potentially indicating an indirect,
nontranscriptional effect of b-catenin at this acute
timepoint (Supplemental Figure 5, Figure 4C). How-
ever, in our chronic b-catenin GOF mice, where a
similar CV reduction is seen after 1 month of induc-
tion, Axin2, a Wnt target gene, is up-regulated, and
decreased NaV1.5 protein is associated with down-
regulation of Scn5a transcript (Figures 6D and 6E).
Therefore, it is likely that transcriptional processes
may be triggered through more prolonged stabiliza-
tion of b-catenin, which may be seen with chronic
exposure to SB2. Other more rapid processes, such as
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phosphorylation, SUMOylation, and ubiquitination of
NaV1.5,66,67 may mediate the more acute conduction
slowing before the transcriptional effects of increased
b-catenin. However, in more chronic exposure, these
processes may work in parallel with b-catenin–medi-
ated transcriptional regulation to inhibit GNa. Indeed,
it is often the case that cell signaling pathways
amplify an initial signal, acting at multiple points
downstream to inhibit cellular processes leading to
pleiotropic effects. Interestingly, we found that
b-catenin exists in human cardiomyocyte nuclei at
baseline, and multiple b-catenin isoforms of varying
molecular weights are bound to chromatin and are
not present in other cellular fractions. Consistent
with our data presented here, a recent study showed
that chromatin-bound b-catenin exists in a repressive
complex with GATA4 in cardiomyocytes at baseline,
and only in the presence of pathologic stimuli does
b-catenin become transcriptionally active.68 There-
fore, whether the increase in chromatin-bound
b-catenin and/or different b-catenin isoforms
observed in the nucleus have significance in gene
regulation in the adult human heart remains an area
of future investigation.

This paper highlights the possibilities of coupling
experimental and computational models of human
cardiac electrophysiology to delineate themechanistic
effects of drugs. Using this approach, we observed an
average 30% decrease in NaV1.5 protein in human tis-
sue slices cultured with SB2 ex vivo, which could ac-
count for at least the magnitude of decrease in dVm/
dtmax but would fall short of the observed reduction in
CV. Simulation showed that si must be decreased by
40% in conjunction with a 25% GNa decrease to fully
recapitulate the experimentally observed behavior.
Simulations showed that si reduction combined with a
modest negative shift in INa channel inactivation ki-
netics could also explain the particular combination of
dVm/dtmax and CVdecreasewe saw ex vivo, but overall,
the reduced NaV1.5 protein is most consistent with GNa

decrease. Finally, it is noteworthy that, aside from a
single calibration step (ie, the adjustment of baseline
si values to match CV), our model consists entirely of
previously published formulations that were derived
independent of the present experimental data. As
such, we find it quite reassuring that our virtual orga-
notypic slices accurately recapitulated complex elec-
trophysiologic relationships (APD90 and upstroke
velocity adaptation). We are thus optimistic that this
computational platform could be used in future
studies to test (and generate) mechanistic hypotheses
for future work in this field.

STUDY LIMITATIONS. Although the methodology
used to culture human cardiac organotypic slices
enabled the detection of acute electrophysiological
changes in response to SB2, assessing chronic
changes would likely require additional modification
to the human slice culturing methodology, such as
pacing and/or mechanical stretch, to preserve slice
viability during longer-term culture. Additional limi-
tations of an ex vivo model system include the
inability to integrate direct tissue effects with indirect
effects due to the sympathetic and parasympathetic
nervous system and circulating factors.

CONCLUSIONS

Overall, this study uses human organotypic ven-
tricular slices as a robust preclinical platform for
studying the effects of drugs on human electro-
physiology. We demonstrate that GSK-3 inhibition
acutely affects human cardiac electrophysiology in
a proarrhythmic manner, partially through NaV1.5
down-regulation. Our study expands the collective
understanding of how GSK-3 inhibitors may in-
crease arrhythmogenic potential in patients and,
taken together with clinical case reports,12 may
warrant frequent monitoring for possible proar-
rhythmic effects in clinical trials targeting thera-
peutic GSK-3 inhibition in the treatment of
noncardiac diseases.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Under-

standing the effects of GSK-3 inhibition on the human

heart holds implications for developing noncardiac ther-

apeutics targeting the GSK-3 pathway. A better under-

standing of how human cardiac electrophysiology is

affected by drug treatment will provide safer recom-

mendations for future clinical trials and the everyday use

of this class of drugs.

TRANSLATIONAL OUTLOOK: Organotypic cardiac

slices provide a robust experimental model of the human

heart, with mature cells in their native cellular organiza-

tion, allowing for the mechanistic study of the effects of

drugs on cardiac physiology. In addition to electrophysi-

ology, this platform can be applied to examine mecha-

nobiology, metabolism, transcriptomics, and proteomics

under various experimental conditions or disease states.
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