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ORIGINAL RESEARCH

Acute Genetic Ablation of Cardiac 
Sodium/Calcium Exchange in Adult 
Mice: Implications for Cardiomyocyte 
Calcium Regulation, Cardioprotection, and 
Arrhythmia
Sabine Lotteau , PhD; Rui Zhang, MD; Adina Hazan, PhD; Christina Grabar, BS; Devina Gonzalez , BS; 
Stephan Aynaszyan, BS; Kenneth D. Philipson, PhD; Michela Ottolia, PhD; Joshua I. Goldhaber , MD

BACKGROUND: Sodium- calcium (Ca2+) exchanger isoform 1 (NCX1) is the dominant Ca2+ efflux mechanism in cardiomyocytes 
and is critical to maintaining Ca2+ homeostasis during excitation- contraction coupling. NCX1 activity has been implicated in 
the pathogenesis of cardiovascular diseases, but a lack of specific NCX1 blockers complicates experimental interpretation. 
Our aim was to develop a tamoxifen- inducible NCX1 knockout (KO) mouse to investigate compensatory adaptations of acute 
ablation of NCX1 on excitation- contraction coupling and intracellular Ca2+ regulation, and to examine whether acute KO of 
NCX1 confers resistance to triggered arrhythmia and ischemia/reperfusion injury.

METHODS AND RESULTS: We used the α- myosin heavy chain promoter (Myh6)- MerCreMer promoter to create a tamoxifen- 
inducible cardiac- specific NCX1 KO mouse. Within 1 week of tamoxifen injection, NCX1 protein expression and current were 
dramatically reduced. Diastolic Ca2+ increased despite adaptive reductions in Ca2+ current and action potential duration and 
compensatory increases in excitation- contraction coupling gain, sarcoplasmic reticulum Ca2+ ATPase 2 and plasma mem-
brane Ca2+ ATPase. As these adaptations progressed over 4 weeks, diastolic Ca2+ normalized and SR Ca2+ load increased. 
Left ventricular function remained normal, but mild fibrosis and hypertrophy developed. Transcriptomics revealed modification 
of cardiovascular- related gene networks including cell growth and fibrosis. NCX1 KO reduced spontaneous action potentials 
triggered by delayed afterdepolarizations and reduced scar size in response to ischemia/reperfusion.

CONCLUSIONS: Tamoxifen- inducible NCX1 KO mice adapt to acute genetic ablation of NCX1 by reducing Ca2+ influx, increasing 
alternative Ca2+ efflux pathways, and increasing excitation- contraction coupling gain to maintain contractility at the cost of mild 
Ca2+- activated hypertrophy and fibrosis and decreased survival. Nevertheless, KO myocytes are protected against spontane-
ous action potentials and ischemia/reperfusion injury.
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Cardiac excitation- contraction (EC) coupling is 
the process whereby electrical excitation of 
the cell membrane produces contraction of the 

myocyte. Action potentials (APs) depolarize the sar-
colemma and activate voltage- dependent L- type cal-
cium (Ca2+) channels (LCCs) in the transverse tubules, 
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allowing Ca2+ to enter the restricted space known as 
the dyadic cleft. This Ca2+ then triggers ryanodine re-
ceptors (RyRs) on the sarcoplasmic reticulum (SR) to 
open and release Ca2+ into the cytosol, where it binds 
to myofilaments and induces contraction of the myo-
cyte. Upon repolarization, relaxation occurs when 
most of the Ca2+ is removed from the cytoplasm and 
pumped back into the SR by the SR Ca2+ ATPase 2 
(SERCA2). The remaining Ca2+ is extruded from the 
cytoplasm by the sodium (Na+)- Ca2+ exchanger (NCX) 
isoform 1 (NCX1), although a small proportion is also 
removed by the plasma membrane Ca2+ ATPase 
(PMCA) and the mitochondrial Ca2+ uniporter.1,2 NCX1 
is considered essential for maintaining Ca2+ balance, 
extruding almost the precise amount of Ca2+ that 
enters the cell through LCCs.3 NCX1 is also electro-
genic. Under physiological conditions, NCX1 trans-
ports 3 Na+ into and 1 Ca2+ out of the cell, generating 
an inward current.2,4 In addition to its essential role in 
the inotropic effect of cardiac glycosides,5 NCX1 has 
been implicated in the pathogenesis of several differ-
ent cardiovascular diseases such as heart failure with 
reduced ejection fraction, ischemia/reperfusion (I/R) 
injury, and arrhythmias.6

Several NCX inhibitors, notably KB- R7943, 
SEA0400, ORM- 10103, and ORM- 10962, have been 
developed to both study the role of NCX in the heart 
and also to assess the potential of NCX inhibition 
as a disease therapy. However, the specificity of 
these agents is either known to be incomplete or 
not well established,7– 10 which complicates interpre-
tation of results. In contrast, genetic knockout (KO) 
models are specific for the target gene but pose dif-
ferent challenges. For example, global KO of NCX1 
is embryonic lethal, possibly because of vascular 
rarefaction during embryogenesis.5,11– 13 Our prior 
ventricular- specific Cre recombinase (Cre)/lox KO 

CLINICAL PERSPECTIVE

What Is New?
• We created a tamoxifen- inducible cardiac- 

specific sodium- calcium exchanger isoform 
1 (NCX1) knockout mouse, which effectively 
eliminates NCX1 in adult mouse heart without 
reducing ventricular function.

• The tamoxifen- inducible knockout approach 
facilitates study of critical time- dependent ad-
aptations of excitation- contraction coupling and 
intracellular calcium regulation in response to 
acute NCX1 ablation, which allow these mice to 
survive up to 5 months.

• Transcriptomics demonstrate cardiovascular 
and other gene network changes in response 
to NCX1 ablation, with increased fibrotic net-
works identified by 4 weeks postablation; acute 
genetic ablation of NCX1 protects against is-
chemia/reperfusion injury and suppresses ar-
rhythmogenic delayed afterdepolarizations.

What Are the Clinical Implications?
• Blocking NCX1 is a potential therapeutic ap-

proach to reduce ischemia/reperfusion injury 
and triggered arrhythmia in the heart.

• The tamoxifen- inducible NCX1 knockout mouse 
can be used as a simple tool to test this strat-
egy in mouse models of human disease through 
cross- breeding, with confidence that ablation of 
NCX1 is specific and complete.

• This mouse can also be used to test the phar-
macological specificity of new NCX1 blockers, 
many of which are known to have off- target 
effects.

Nonstandard Abbreviations and Acronyms

AM acetoxymethyl ester
AP action potential
APD action potential duration
Ca2+ calcium
CaMKII calcium/calmodulin- dependent 

protein kinase II
Cre Cre recombinase
DAD delayed after depolarization
EC excitation- contraction
ICa calcium current
INCX sodium- calcium exchanger current
INCX1 sodium- calcium exchanger isoform 

1 current
IPA Ingenuity Pathway Analysis
Ito transient outward potassium 

current

KO knockout
LCC L- type calcium channel
MLC2v ventricular myosin light chain- 2
NCX sodium- calcium exchanger
NCX1 sodium- calcium exchanger isoform 1
NCX1Fx/Fx sodium- calcium exchanger isoform 

1 exon 11 floxed mice
PGC- 1α peroxisome proliferator- activated 

receptor γ coactivator 1α
PMCA plasma membrane calcium ATPase
RyR ryanodine receptor
sAP spontaneous action potential
SERCA2 sarcoplasmic reticulum calcium 

ATPase 2
SR sarcoplasmic reticulum
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of NCX1, where Cre expression is under the control 
of the endogenous ventricular myosin light chain- 2 
(MLC2v) promoter,14 lives into adulthood with NCX1 
totally eliminated in ≈90% of cardiomyocytes. 
Adaptations of EC coupling and Ca regulation that 
allow these mice to survive without NCX have in-
formed the field about the plasticity of EC coupling 
systems and their range of compensation. While 
these mice have provided invaluable data, their util-
ity is compromised by modest reduction in ejection 
fraction, increased ventricular hypertrophy and fi-
brosis, and reduced survival.14– 17 In addition, their 
shortened lifespan makes them difficult to breed or 
study at older ages.

To address these concerns, we created a 
tamoxifen- inducible cardiac- specific NCX1 KO 
mouse. These mice make it possible, for the first 
time, to assess in adult mice the temporal effects of 
acute NCX1 ablation on cardiac function, EC cou-
pling, and Ca2+ regulation by the simple application 
of tamoxifen. In addition to evaluating the time course 
and nature of EC coupling adaptations, we exploited 
next- generation RNA sequencing to better under-
stand the progression of adaptive gene expression 

in these animals over a 4- week period. To compare 
with our previous NCX1 KO models, we tested the 
efficacy of these mice at reducing arrhythmogenic 
spontaneous APs (sAPs) and I/R injury. We found 
that tamoxifen- inducible NCX1 KO mice survive 
acute genetic ablation of NCX1 by a different set of 
adaptive Ca2+- handling mechanisms than we previ-
ously observed in our MLC2v chronic ablation model. 
Furthermore, the tamoxifen model maintains normal 
left ventricular (LV) function, has far less fibrosis than 
the MLC2v NCX1 KO mouse, and retains protection 
against I/R and arrhythmogenic sAPs.

METHODS
This study was approved by the Cedars- Sinai 
Institutional Animal Care and Use Committee and ad-
hered to the Guide for the Care and Use of Laboratory 
Animals prepared by the Committee for the Update of 
the Guide for the Care and Use of Laboratory Animals 
of the Institute of Laboratory Animal Research, National 
Research Council. The data that support the findings 
of this study are available from the corresponding au-
thor upon reasonable request.

Figure 1. Generation of sodium- calcium exchanger (NCX) isoform 1 (NCX1) knockout (KO) mice.
A, NCX1 floxed mice (exon 11 of the NCX1 gene Slc8a1 flanked by loxP sites) were crossed with α- myosin 
heavy chain promoter (Myh6) (αMHC)- MerCreMer mice to obtain NCX1 exon 11 floxed mice (NCX1Fx/

Fx)/MerCreMer mice under control of the α- MHC promotor. B, Representative Western blots (left) and 
mean data normalized to GAPDH (right) showing NCX1 (116 and 70 kDa) expression in the ventricle of 
control mice (Ctl, black) and tamoxifen- inducible NCX1 KO mice at 1 week (Tm_1w, red) and 4 weeks 
(Tm_4w, blue) after tamoxifen injection (40  mg/kg during 5 consecutive days). Control mice received 
peanut oil injection as placebo. Data are expressed as median and interquartile range. Cre rec indicates 
Cre recombinase. *P<0.05, ***P<0.001 by Kruskal- Wallis test.
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Cardiac- Specific KO of NCX1
Mice studies were conducted in accordance with the 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals. To produce tamoxifen- inducible 
NCX1 KO mice (Figure 1A), we crossed our previously 
described NCX1 exon 11 floxed mice (NCX1Fx/Fx)14 with 
α- myosin heavy chain promoter (Myh6)- MerCreMer 
transgenic mice (The Jackson Laboratory, mouse strain 
005657) on a C57BL/6 background as described,18,19 
allowing the creation of NCX1Fx/Fx/MerCreMer mice. To 
ablate NCX1 in these mice, 4- hydroxytamoxifen (ta-
moxifen) diluted into peanut oil (40 mg/kg) was injected 
daily intraperitoneal for 5 consecutive days (we refer to 
these mice hereafter as NCX1 KO mice). Control mice 
received peanut oil injection without tamoxifen. Male 
and female mice, aged 9 to 12 weeks, were used for 
experiments.

Echocardiography
Mice were anesthetized with 3% isoflurane (induc-
tion) and maintained with 1.5% isoflurane on a heated 
platform for transthoracic echocardiography (Vevo 
3100, VisualSonics). Systolic function (ejection fraction 
and LV fractional shortening), chamber dimensions, 
and wall thickness were evaluated using an aver-
age of 3 M- mode images obtained in the parasternal 
short- axis view at the level of the papillary muscles. 
Echocardiography was performed on 17 control mice, 
16 mice 1 week post- tamoxifen injection, and 12 mice 
4 weeks post- tamoxifen injection.

Protein Biochemistry
Mouse ventricle heart homogenate (10– 20  µg) 
was dissolved in sodium dodecyl sulfate– reducing 
buffer. Proteins were separated on 4% to 12% 
SDS- PAGE and transferred to nitrocellulose mem-
brane. Blots were probed with antibodies specific 
for Cav1.2 (Alomone ACC 003, 1:600; Alomone 
Labs), SERCA2 (Thermo Fisher MA3 919, 1:1000; 
Thermo Fisher Scientific), Phospholamban (Thermo 
Fisher PA5 78410, 1:1000; Thermo Fisher Scientific), 
NCX1 (Swant R3F1, Swant), PMCA4 (Thermo Fisher 
MA1 914, 1:1000; Thermo Fisher Scientific), CaMKII 
(Abcam 52476, 1:1000; Abcam), Phospho- CaMKII 
(Abcam 32678, 1:1000; Abcam), Kv4.2 (Sigma 
P0233, 1:500; Sigma- Aldrich), and GAPDH (Sigma 
G9545, 1:10  000; Sigma- Aldrich). Immunoreactivity 
was detected by chemiluminescence (SuperSignal 
West Pico Plus, Thermo Fisher Scientific) using a 
ChemiDoc Imager (BioRad). Multiple bands for Ca2+/
calmodulin- dependent protein kinase II (CaMKII), 
phosphorylated CaMKII (p- CaMKII), and Kv4.2 were 
analyzed together to avoid bias. Protein biochemis-
try was performed on 9 control mice, 6 mice 1 week 

post- tamoxifen injection, and 6 mice 4 weeks post- 
tamoxifen injection.

Masson Trichrome Staining
Midventricular heart tissues were embedded in par-
affin and sectioned by the Cedars- Sinai Biobank and 
Translational Research core with staining performed 
by the Cedars- Sinai Clinical Histology laboratory. 
Myocardial fibrosis (blue- gray pixels divided by total 
pixels) was quantified using ImageJ software (version 
1.48v20). Masson trichrome staining was performed on 
7 control mice, 3 mice 1 week post- tamoxifen injec-
tion, and 5 mice 4 weeks post- tamoxifen injection.

Next- Generation RNA Sequencing
We isolated total RNA from ventricular heart tis-
sue using the RNeasy Kit (Qiagen). Libraries for 
RNA sequencing were prepared with KAPA RNA 
HyperPrep Kit with RiboErase (KAPA Biosystem). A 
total of 1000 ng RNA was used as input. Sequencing 
was performed by the UCLA Technology Center for 
Genomics & Bioinformatics on an Illumina HiSeq 
3000 (Illumina, Inc.) for a single read of 50 runs. A 
data quality check was performed on an Illumina 
Sequencing Analysis Viewer. Demultiplexing was 
performed with Illumina Bcl2fastq2 Conversion 
Software (v2.17). Differentially expressed genes 
were identified using edgeR software.21 Genes 
showing altered expression with P<0.05 and >1.5- 
fold changes were considered differentially ex-
pressed. The pathway and network analyses were 
performed using Ingenuity Pathway Analysis (IPA) 
software (Qiagen) using settings specific to mouse 
and heart. Next- generation RNA sequencing was 
performed on 3 control mice, 3 mice 1 week post- 
tamoxifen injection, and 3 mice 4  weeks post- 
tamoxifen injection.

Isolation of Cardiomyocytes
Adult ventricular cardiomyocytes were isolated as 
described.14 In brief, heparin (4000  IU/kg) was in-
traperitoneally injected 30  minutes before excis-
ing the heart. Each mouse was euthanized under 
5% isoflurane. The heart was quickly removed by 
thoracotomy; rinsed in Ca2+- free Tyrode solution 
containing (in mmol/L): 136 NaCl, 5.4 KCl, 0.33 
NaH2PO4, 1.0 MgCl2, 10 HEPES, and 10 glucose 
(pH adjusted to 7.4); and mounted on a Langendorff 
apparatus for retrograde aortic perfusion. Each 
heart was perfused at 3 mL/min at 37°C with Ca2+- 
free Tyrode solution for 5 minutes, then 12 minutes 
with Ca2+- free Tyrode solution containing type II 
collagenase (1  mg/mL, Worthington Biomedical) 
and type XIV protease (0.13 mg/mL, Sigma- Aldrich). 
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After enzymatic digestion, the heart was perfused 
with Tyrode solution containing 0.2  mmol/L CaCl2 
for 5 minutes. Single cells were then manually dis-
sociated by trituration using forceps and filtered 
(100 µm). Ca2+ was gradually reintroduced to a final 
concentration of 1 mmol/L. We stored isolated car-
diomyocytes for up to 6 hours at room temperature 
(20°C– 22°C).

Single- Cell Electrophysiology and Ca2+ 
Transients
Isolated cardiomyocytes were placed in a flow- 
through optical chamber on the stage of an in-
verted microscope. The chamber was constantly 
perfused with control Tyrode or experimental so-
lutions as detailed below (at 20°C– 22°C). For volt-
age clamp experiments, we recorded membrane 
current using the whole cell patch clamp technique 
and an Axopatch 200B amplifier (Molecular Devices) 
connected to a computer by a Digidata 1400a A- D 
converter (Molecular Devices) controlled by pClamp 
software (version 10.4; Molecular Devices). For cur-
rent clamp experiments, we recorded membrane 
voltage in patch- clamped myocytes using the 
bridge balance mode of an Axoclamp 900A ampli-
fier. Patch electrodes were pulled from borosilicate 
glass (TW150F- 3, World Precision Instruments) using 
a Flaming- Brown horizontal micropipette puller (P- 97, 
Sutter Instruments). Pipettes had an electrical resist-
ance of 0.75 to 2 MΩ for voltage clamp and 0.9 to 
1.5 MΩ for current clamp.

In some experiments we simultaneously recorded 
membrane current and intracellular Ca2+ in myocytes 
loaded with Fluo- 4 acetoxymethyl ester (AM) using a 
custom- built photometric epifluorescence detection 
system attached to a Zeiss Axiovert TV100 inverted 
microscope (Carl Zeiss Microscopy) fitted with a 40× 
water immersion objective (C- Aprochromat 40/1.2 
W Corr; Zeiss). A 485- nm LED light source provided 
excitation and we used a long pass filter to restrict 
emission to >510 nm. The emission fluorescence was 
recorded using an avalanche photodiode (Hamamatsu 
C5460) passed through a 100- KHz analog filter and 
then inverted. Fluorescence ratios were normalized 
to baseline (F/F0) after background subtraction. We 
loaded cells with Fluo- 4 AM (5  μmol/L with 0.02% 
Pluronic F- 127 dissolved in the 1 mmol/L Ca2+ Tyrode 
solution described above for cell isolation, 20 minutes 
loading at room temperature followed by 3 washes in 
Tyrode solution).

For patch clamp recordings of NCX1 current (INCX1) 
and calcium current (ICa) in Fluo- 4 AM– loaded cells, 
the bath solution contained (in mmol/L): 136 NaCl, 
20 CsCl, 1 MgCl2, 10 HEPES, 10 glucose, 1 CaCl2, 
and 0.01 tetrodotoxin (pH adjusted to 7.4 NaOH). The 

internal solution contained (in mmol/L): 110 CsCl, 10 
NaCl, 0.33 MgCl2, 30 tetraethylammonium chloride, 
10 HEPES, 0.05 cAMP, and 5 MgATP (pH adjusted 
to 7.2 with CsOH). To measure APs using the bridge 
balance current clamp mode of the Axoclamp 900A, 
cells were placed in the 1- mmol/L Ca2+ Tyrode solu-
tion described above. Internal solution contained 
(in mmol/L): 110 KCl, 10 NaCl, 1 MgCl2, 10 HEPES, 
5 Phosphocreatine, 5 MgATP, 0.05 cAMP (pH ad-
justed to 7.2 with KOH). To measure transient out-
ward potassium current (Ito) using the Axopatch 
200B, the bath solution contained (in mmol/L): 136 
NaCl, 5.4 KCl, 10 HEPES, 1 MgCl2, 0.33 NaH2PO4, 
1 CaCl2, 10 glucose, 0.01 tetrodotoxin, and 0.002 
nifedipine (pH adjusted to 7.4 NaOH), while the inter-
nal solution contained (in mmol/L): 130 KCl, 1 MgCl2, 
5.4 NaCl, 10 HEPES, 5 MgATP, 0.05 cAMP, and 2.8 
phosphocreatine (pH adjusted to 7.2 with KOH). 
Single- cell electrophysiology and Ca2+ transients 
were performed on 5 control mice, 4 mice 1 week 
post- tamoxifen injection, and 3 mice 4 weeks post- 
tamoxifen injection.

Measurements of Cytosolic Ca2+ Using 
Fura- 2
To record Ca2+ transients with field stimulation, we 
loaded cardiomyocytes with Fura- 2 AM (2.5 μmol/L 
for 20 minutes dissolved in the 1- mmol/L Ca2+ Tyrode 
solution and 0.02% Pluronic F- 127 at room tem-
perature) and placed them in a flow- through optical 
chamber with integrated platinum pacing electrodes 
(RC- 27, Warner Instruments). The chamber was 
placed on an inverted microscope (Leica DMI3000 
B) fitted with a 40×/1.2NA oil immersion lens and at-
tached to a custom- built high- speed dual excitation/
single- emission epifluorescence system. Cells were 
alternately excited (at 500  Hz) by 360 and 390  nm 
light- emitting diodes. Emission fluorescence was col-
lected at 510  nm using a photomultiplier (IonOptix) 
and digitized using the Digidata A- D converter. Cells 
were field- stimulated at 1 Hz using a MyoPacer Field 
Stimulator (IonOptix) at 30 volts for 10  seconds to 
equilibrate SR Ca2+ content, and then we recorded the 
fluorescence signal for 20 seconds during continued 
pacing. After background subtraction, we calculated 
the F360/F390 ratio. Given the inherent errors in-
volved with Fura- 2 calibration22,23 and the high repro-
ducibility of uncalibrated Fura- 2 fluorescence ratios, 
we chose to report the latter. Control and tamoxifen 
samples were always studied during the same week 
to negate any potential drift in the instrument (which 
nevertheless we did not detect). Cytosolic Ca2+ meas-
urements using Fura- 2 were performed on 8 control 
mice, 4 mice 1 week post- tamoxifen injection, and 6 
mice 4 weeks post- tamoxifen injection.
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Assessment of Ca2+ Waves Using 
Confocal Microscopy
Confocal images of isolated ventricular myocytes were 
acquired using a Leica TCS SP5 II microscope (Leica 
Microsystems Inc.) with a 63×/1.2 water immersion ob-
jective lens. We loaded myocytes with 5 μmol/L Fluo- 4 
AM (Thermo Fisher Scientific) and 0.02% Pluronic  
F- 127 (ThermoFisher) at 20°C for 20 minutes, followed 
by three 15- minute washing periods. The cell suspen-
sion was then placed in an experimental flow- through 
chamber with a coverslip bottom on the inverted stand 
of the microscope. We used the 488- nm excitation line 
of the argon laser and recorded emission >510 nm, with 
line scan (xt) mode at 400 lines per second. Cells were 
paced for 5 beats at 1 Hz (10 mV, pulse width 3 ms) 
to equilibrate SR Ca2+. We imaged the last 2 stimula-
tions before field stimulation was stopped, and then 
continued recording to capture spontaneous waves. 
Ca2+ waves were analyzed by counting the total num-
ber of waves during the 10.8- second recording period 
and are reported as waves per second. We calculated 
velocity from the slope of the wave on the line scan. 
Ca2+ wave measurements were performed on 8 con-
trol mice, 4 mice 1 week post- tamoxifen injection, and 
6 mice 4 weeks post- tamoxifen injection.

Ischemia/Reperfusion
Hearts were quickly removed from anesthetized mice 
and then mounted on a Langendorff apparatus and 
perfused with Tyrode solution containing (in mmol/L): 
136 NaCl, 5.4 KCl, 0.33 NaH2PO4, 1.0 MgCl2, 10 
HEPES, 1.8 CaCl2, and 10 glucose (pH adjusted to 
7.4 NaOH) 3 mL/min for 20 minutes at 37°C. Hearts 
were then subjected to 20  minutes zero- flow (is-
chemia) followed by 120 minutes of reperfusion. After 
reperfusion, hearts were cut at a thickness of 1 mm, 
stained with 1% 2,3,5- triphenyltetrazolium chloride 
dissolved in Tyrode solution at 37°C for 30 minutes, 
and fixed in formalin.24 Necrosis area was deter-
mined by measuring the stained red area (live tis-
sue) versus the unstained white area (necrotic) using 
ImageJ software and manual tracing, expressed as a 
percentage of the total slice area.25 I/R experiments 
were performed on 8 control mice, 3 mice 1 week 
post- tamoxifen injection, and 6 mice 4 weeks post- 
tamoxifen injection.

Statistical Analysis
Results are expressed as mean±SEM (Student 
t test, 1- way ANOVA) or as median and interquar-
tile range (Mann- Whitney and Kurskal- Wallis tests). 
Differences are considered significant when P<0.05. 
The Shapiro- Wilk statistic was used to test for nor-
mality. Comparison of 2 groups was performed using 

Student t test (normal distribution) and Mann- Whitney 
rank test (non- normal distribution). Comparisons of 
3 groups were performed with 1- way ANOVA (nor-
mal distribution) with Tukey test for post hoc analysis 
or Kruskal- Wallis test (non- normal distribution) with 
Dunn test for post hoc analysis. The Kaplan- Meier 
plot was used to estimate the survival of the mice 
after tamoxifen injection. GraphPad Prism (version 
8.01; Graphpad) was used for all statistical analy-
sis. There were no repeated measurements on the 
same experimental unit. None of the 1- week post- 
tamoxifen mice were used later as 4- week post- 
tamoxifen mice.

RESULTS
Cardiac Function, Morphometrics, and 
Survival of Tamoxifen- Inducible NCX1 KO 
Mice
We first assessed the efficacy of NCX1 ablation at 1 
and 4 weeks after injection of tamoxifen. At 1 week, 
the NCX1 protein in the ventricle was reduced 
by 95% (control 2.59±0.23  AU [N=9] and 1  week 
0.13±0.04 AU [N=6]; P=0.0325) and by 4 weeks, the 
NCX1 protein was reduced by 98% (0.05±0.03  AU 
[N=6], P<0.001) (Figure 1B). One week after tamox-
ifen injection, there was no change in heart weight/
body weight ratio, no change in LV systolic function 
as assessed by echocardiography (Table  S1), and 
no cardiac fibrosis or cellular hypertrophy (Figure 2A 
through 2C). However, 4  weeks after tamoxifen in-
jection, there was mild LV and cellular hypertrophy 
(heart weight/body weight ratio: control 6.6±0.1 mg/g 
[N=25] and 4 weeks 7.9±0.3 mg/g [N=13] [P<0.001]; 
myocyte cross- sectional area: control 215±8  µm2 
and 4  weeks 266±14  µm2 [N=5] [P<0.001]) and an 
increase of fibrosis (control 1.1%±0.2% [N=7] and 
4  weeks 5.8%±0.9% [N=5] [P<0.001]). Mice began 
dying 5 weeks after tamoxifen injection, and only 1 
of 10 animals survived to 5 months after tamoxifen 
injection (Figure 2D). To ensure there was no tamox-
ifen toxicity, we injected either tamoxifen (40 mg/kg 
per day during 5 consecutive days) or peanut oil ve-
hicle as the control in wild- type C57bl/6 mice. We 
observed no changes in heart weight/body weight 
ratio, fibrosis, or hypertrophy (Figure S1), and no in-
crease in mortality.

Transcriptomics
Identification of Time- Dependent Gene Fold 
Changes

Next, we examined the time course of transcriptomic 
changes in NCX1 KO mice using next- generation 
RNA sequencing.26,27 A total of 16  871 (1  week 
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Figure 2. Cardiac function and morphometrics in tamoxifen- inducible sodium- calcium exchanger isoform 1 (NCX1) 
knockout (KO) mice.
A, Representative M- mode echocardiography of the left ventricle (parasternal short axis) in control mice (Ctl) and mice 1 week (Tm_1w) 
and 4 weeks (Tm_4w) post- tamoxifen. B, Summary data including left ventricular ejection fraction (percentage) and heart weight to 
body weight (HW/BW) ratio in Ctl and tamoxifen- inducible NCX1 KO mice at 1 week (Tm_1w) and 4 weeks (Tm_4w) post- tamoxifen 
injection. C, Masson trichrome staining of transverse heart sections and mean data showing myocyte cross- section area (µm2) and 
fibrosis (percentage of total area) in control mice (Ctl, N=7) and tamoxifen- inducible NCX1 KO mice at 1 week (Tm_1w, N=3) and 
4 weeks (Tm_4w, N=5) post- tamoxifen injection. D, Kaplan- Meier curve showing the percentage of survival post- tamoxifen injection. 
N=9 control and N=10 tamoxifen- treated NCX1 KO mice. Data are expressed as mean±SEM. **P<0.01, ***P<0.001 by 1- way ANOVA.
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post- tamoxifen versus control) and 17 137 (4 weeks 
post- tamoxifen versus control) transcripts were 
tested (N=3 mice per group). A fold change of ≥1.5 
was used as a cutoff, with a P value of 0.05. At 1 week 
post- tamoxifen, a total of 182 gene transcripts were 
either upregulated (122) or downregulated (60) >1.5- 
fold, of which 172 were mapped by IPA software. By 
4 weeks post- tamoxifen, a total of 2699 gene tran-
scripts were identified, either upregulated (1789) or 
downregulated (910), and 2554 were mapped by IPA 
(Figure 3A and 3B).

Network Analysis

IPA software enables systemic analysis in a bio-
logical context. Our upregulated or downregulated 
genes at the 2 time points (1 and 4 weeks after ta-
moxifen injection) were overlaid with a global mo-
lecular network developed in the IPA knowledge 
base. Networks of these genes were algorithmically 
generated based on their interrelationships. Using 
this approach, the software identified 5 major net-
works impacted 1  week after tamoxifen injection 
and 25 networks impacted 4  weeks after tamox-
ifen (Figure  3C and 3D and Table  S2). At 1  week, 
the top- scoring cardiovascular network included 
genes with functions related to cardiac enlarge-
ment, cardiovascular disease, and cardiovascular 
system development and function. Examples of 
upregulated cardiac- related genes included MYC 
and peroxisome proliferative activated receptor γ 
coactivator 1α (PPARGC1A) (Figure 3E). Four weeks 
post- tamoxifen injection, the top cardiovascular 
networks involved cardiac fibrosis, cardiovascular 
disease, and organismal injury, and involved up-
regulated genes such as transforming growth fac-
tor β3 (TGFβ3), mitogen- activated protein kinase 
11 (MAPK11), collagen type I α1 chain (COL1A1), 
collagen type III α1 chain (COL3A1), and caveolin 
3 (CAV3), and downregulated genes such as phos-
pholamban, calcium voltage- gated channel subunit 
α1 C (CACNA1C), and Ca2+/calmodulin- dependent 
protein kinase II (CAMK2A) (Figure 3F).

NCX1 Function in Tamoxifen- Inducible 
NCX1 KO Mice
Having confirmed at the protein level that NCX1 was 
ablated, we next examined INCX1 in patch- clamped en-
zymatically isolated ventricular myocytes loaded with 
the Ca2+- sensitive indicator Fluo- 4 AM. To elicit NCX 
current (INCX), we rapidly applied 10  mmol/L of caf-
feine to the bath solution surrounding the cell using 
a rapid solution exchanger28 while recording mem-
brane current and Fluo- 4 fluorescence (Figure 4A, VH 
−70 mV). Each application of caffeine was preceded 

by a conditioning train of five 100- ms prepulses from 
−40 to 0 mV at 1 Hz to ensure steady- state SR Ca2+ 
loading.16,29,30 Peak INCX was reduced by 74% and 87%, 
respectively, at 1 and 4 weeks post- tamoxifen injection 
(Figure 4A and 4B; control −1.42±0.05 pA/pF [N=23], 
1  week −0.37±0.05 pA/pF [N=17] [P<0.001], and 
4  weeks −0.19±0.05 pA/pF [N=19] [P<0.001]). While 
INCX1 was reduced in every cell at 1 and 4 weeks after 
tamoxifen injection, INCX1 was completely eliminated in 
25% of cells at 4 weeks (Figure 4B). The amplitude of 
the caffeine- induced Ca2+ transient, an indicator of SR 
Ca2+ load, was similar between control and 1  week 
post- tamoxifen, and modestly increased at 4  weeks 
post- tamoxifen injection (Figure 4C; control 3.03±0.18 
ΔF/F0 [N=26], 1  week 3.00±0.19 ΔF/F0 [N=17], and 
4 weeks 3.90±0.36 ΔF/F0 [N=12] [P=0.0346]). During 
sustained caffeine perfusion, we observed a decrease 
in the slope of the plateau of the Ca2+ transient at 1 
and 4 weeks post- tamoxifen injection (Figure 4D), con-
sistent with reduced Ca2+ efflux rate caused by NCX1 
ablation.

EC Coupling in Tamoxifen- Inducible NCX1 
KO Mice
In the same cells, we measured ICa and simultane-
ous Fluo- 4 Ca2+ transients during 200  ms voltage 
clamps from −50 to +0 mV (Figure 5). We observed 
a 37% decrease of the peak amplitude of ICa 1 week 
post- tamoxifen and a 43% decrease at 4  weeks 
(Figure 5B; control −7.42±0.40 pA/pF [N=25], 1 week 
−4.65±0.46 pA/pF [N=17] [P<0.001], 4  weeks 
−4.21±0.33 pA/pF [N=12] [P<0.001]). However, the 
decrease of ICa did not reduce the amplitude of the 
Ca2+ transient, indicating an increase in EC coupling 
gain in the NCX1 KO mice (Figure 5D). Furthermore, 
we observed no change in the relaxation half- time of 
the Ca2+ transient, consistent with the dominance of 
SR Ca2+ uptake in diastole (Figure 5E). We also noted 
a significant reduction in the transient inward current 
upon repolarization, a further indication of NCX abla-
tion (Figure S2).
Since immunoblotting showed no decrease in Cav1.2 
(calcium channel voltage- dependent L type α 1C sub-
unit) protein (Figure 6C), we hypothesized that reduc-
tion in ICa was related to Ca2+- dependent inactivation 
from elevated cytosolic or subsarcolemmal Ca2+. To 
test this hypothesis 1 week post- tamoxifen, we mea-
sured ICa in the presence and absence of the Ca2+ buf-
fer EGTA (10 mmol/L) in the patch pipette solution. We 
found that EGTA eliminated the relative reduction in ICa 
observed in the NCX1 KO mouse (Figure 5C), consis-
tent with Ca2+- dependent inactivation being the cause, 
and similar to what we observed in the MLC2v NCX1 
KO mouse. In the latter case, Ca2+ transients were 
not obviously increased, so we inferred that elevated 
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Figure 3. Transcriptomic changes in tamoxifen- inducible sodium- calcium exchanger isoform 1 (NCX1) knockout (KO) mice.
A, Flowchart of RNA sequencing (left), heatmap of upregulated and downregulated transcripts (right) identified by Ingenuity Pathway 
Analysis (IPA) software associated with target genes from ventricles taken from control mice (N=3) vs mice 1 week (Tm_1w, N=3) 
and (B) 4 weeks (Tm_4w, N=3) post- tamoxifen injection. Threshold criteria: count >20, fold change ≥1.5, and P<0.05. C, Five major 
networks identified 1  week after tamoxifen injection (Tm_1w). D, Top 5 of 25 major networks identified 4  weeks after tamoxifen 
injection (Tm_4w). E, Top scoring network identified 1 week after tamoxifen injection, featuring genes related to cardiac enlargement, 
cardiovascular disease, and cardiovascular system development and function. These were mostly upregulated genes such as MYC 
and peroxisome proliferative activated receptor γ coactivator 1α (PPARGC1A). F, Top cardiovascular network 4 weeks after tamoxifen 
injection, featuring genes with functions related to cardiac fibrosis, cardiovascular disease, and organismal injury and abnormalities. 
This network contained upregulated genes such as transforming growth factor β3 (TGFB3), mitogen- activated protein kinase 11 
(MAPK11), collagen type I α1 chain (COL1A1), collagen type III α1 chain (COL3A1), and caveolin 3 (CAV3), and downregulated genes 
such as phospholamban (Pln), calcium voltage- gated channel subunit α1 C (CACNA1C), and calcium/calmodulin- dependent protein 
kinase II (CAMK2A).
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subsarcolemmal Ca2+, undetectable by conventional 
methods, was responsible.31

Since Fluo- 4 is a nonratiometric indicator, subject to 
artifacts caused by differences in dye loading, bleach-
ing, and cell thickness, it cannot be used to reliably 
assess diastolic Ca2+ between cells. To accurately 
determine whether elevations in diastolic Ca2+ were 
occurring in tamoxifen NCX1 KO mice, we used the 
ratiometric Ca2+ indicator Fura- 2 to measure Ca2+ tran-
sient ratios (F360/F390) in field- stimulated myocytes 
(1  Hz) using the custom- designed dual excitation/
single- emission epifluorescence detection system de-
scribed above.32 We observed a substantial increase 
of diastolic Fura- 2 fluorescence ratios at 1 week post- 
tamoxifen (control 3.2±0.1 F360/390 [N=90] and 1 week 
3.6±0.1 F360/390 [N=62]; P<0.01) and increased systolic 

Ca2+ as well (control 4.1±0.1 F360/390 and 1 week 4.7±0.1 
F360/390; P<0.001), although these levels returned to 
baseline at 4  weeks (Figure  6). Notably, the 4- week 
time point coincides with the increase in SR Ca2+ load 
(Figure 4C).

We observed increased SERCA2 and PMCA4 pro-
tein expression (Figure 6C) in the NCX1 KO mice. The 
increased ratio of SERCA2 to phospholamban sug-
gests an increase in SR Ca2+ pumping ability. Thus, 
as the NCX1 protein decreases in tamoxifen- injected 
NCX1 KO mice, there is increased expression of SR 
Ca2+ uptake proteins and alternative sarcolemmal Ca2+ 
efflux proteins. In addition, we observed an increase of 
the p- CaMKII/CaMKII ratio 1 week after tamoxifen in-
jection, which has implications for the phosphorylation 
and function of several EC coupling proteins.

Figure 4. Sodium- calcium (Ca2+) exchanger (NCX) isoform 1 (NCX1) current and sarcoplasmic reticulum (SR) Ca2+ load in 
tamoxifen- inducible NCX1 knockout (KO) mice.
A, Representative NCX current (INCX, top) and simultaneously recorded Ca2+ transient (bottom) from patch- clamped ventricular 
cardiomyocytes loaded with Fluo- 4 in response to caffeine (10 mmol/L caffeine for 5 seconds) in control mice (Ctl) and tamoxifen- 
inducible NCX1 KO mice at 1 week (Tm_1w, red) and 4 weeks (Tm_4w, blue) post- tamoxifen. B, Summary data showing peak INCX and 
(C) mean SR Ca2+ release amplitude (ΔF/F0) induced by caffeine (reflecting SR Ca2+ load) and (D) mean slope of decline of the Ca2+ 
transient during caffeine perfusion (reflecting Ca2+ removal rates by NCX and plasma membrane calcium ATPase, and Ca2+ uptake 
by mitochondria). Data are expressed as median and interquartile range. Control mice (Ctl, N=25 cells from 5 mice) and mice 1 week 
(Tm_1w, N=18 cells from 4 mice) and 4 weeks (Tm_4w, N=19 cells from 3 mice) after tamoxifen injection. *P<0.05, **P<0.01, ***P<0.001 
by Kruskal- Wallis test.
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AP Shortening in Tamoxifen- Inducible 
NCX1 KO Mice
Previous NCX KO mice (both ventricular and atrial- 
specific) feature shortened AP duration (APD). To de-
termine the effect of acute ablation of NCX1 on APD, 
we recorded membrane voltage in control and NCX1 
KO myocytes using the patch- clamp technique with 
the amplifier in bridge balance current- clamp mode. 
There was no change in resting membrane poten-
tial in KO myocytes (Figure 7A; control −67.8±0.7 mV 

[N=16], 1 week −67.3±0.6 mV [N=17], and 4 weeks 
−67.6±0.7 mV [N=19] [P=0.86]). At a stimulation rate 
of 0.5  Hz, there was a striking loss in the AP pla-
teau (APD at 90% repolarization [APD90]) at 1 week, 
which was even more pronounced 4  weeks after 
tamoxifen (Figure  7A; control 41.5±3.6  ms [N=16], 
1 week 22.0±2.4 ms [N=17] [P=0.0139], and 4 weeks 
13.8±1.2 ms [N=19] [P<0.001]). APDs at 10% repolari-
zation [APD10] and 20% repolarization (APD20) were 
unchanged at 1  week but significantly shortened 

Figure 5. Excitation- contraction (EC) coupling in tamoxifen- inducible sodium- calcium (Ca2+) exchanger isoform 1 (NCX1) 
knockout (KO) mice.
A, Representative voltage protocol (top), Ca2+ current (ICa, middle), and simultaneously recorded Ca2+ transient (bottom) in patch- 
clamped ventricular myocytes in control (Ctl) and tamoxifen- inducible NCX1 KO mice at 1 week (Tm_1w) and 4 weeks (Tm_4w) post- 
tamoxifen. B, Mean data showing ICa density (pA/pF) at 0 mV. C, Mean data showing ICa density (pA/pF) at 0 mV with EGTA (10 mmol/L) 
in the pipette. D, Mean data showing EC coupling gain (ΔF/F0/pA/pF) at 0 mV. E, Mean data showing Ca2+ transient relaxation half- 
time (T1/2, ms) in myocytes from control (Ctl) and tamoxifen- inducible NCX1 KO mice at 1 week (Tm_1w) and 4 weeks (Tm_4w) post- 
tamoxifen. Data are expressed as mean±SEM. Control mice (Ctl, N=25 cells from 5 mice) and mice 1 week (Tm_1w, N=17 cells from 4 
mice) and 4 weeks (Tm_4w, N=12 cells from 3 mice) after tamoxifen injection. For EGTA experiments control mice (Ctl, N=8 cells from 
2 mice) and mice 1 week after tamoxifen injection (Tm_1w, N=6 cells from 2 mice). *P<0.05, ***P<0.001. Statistics are calculated by 
1- way ANOVA (B, D, and E) or Student t test (C).
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Figure 6. Adaptations of calcium (Ca2+) handling in tamoxifen- inducible sodium- Ca2+ exchanger isoform 1 (NCX1) knockout 
(KO) mice.
A, Representative traces (left) and summary data (right) of Ca2+ transients recorded using Fura- 2 acetoxymethyl ester in control 
mice (Ctl, black) and tamoxifen- inducible NCX1 KO mice at 1  week (Tm_1w, red) and 4  weeks (Tm_4w, blue) post- tamoxifen. B, 
Representative confocal line scans (left) and summary data (right) of Ca2+ wave frequency, velocity (μm/s), and amplitude (ΔF/F0) 
recorded in isolated ventricular myocytes loaded with Fluo- 4 acetoxymethyl ester from control mice (Ctl, N=66 cells from 8 mice) 
and mice 1  week (Tm_1w, N=47 cells from 4 mice) and 4  weeks (Tm_4w, N=62 cells from 6 mice) after tamoxifen injection. C, 
Representative Western blots (left) and summary data (right) from ventricular cardiomyocytes showing sarcoplasmic reticulum 
Ca2+ ATPase 2 (SERCA2), phospholamban (PLB), plasma membrane calcium ATPase 4 (PMCA4), Cav1.2 (calcium channel voltage- 
dependent L type α 1C subunit), calcium/calmodulin- dependent protein kinase II (CaMKII), and phosphorylated CaMKII (P- CaMKII) 
expression. Mean data normalized to GAPDH. Data are expressed as mean±SEM (1- way ANOVA) or median and interquartile range 
(Kruskal- Wallis). Data from control mice (Ctl, N=9) and mice 1 week (Tm_1w, N=6) and 4 weeks (Tm_4w, N=6 mice) after tamoxifen 
injection. *P<0.05, **P<0.01, ***P<0.001 by 1- way ANOVA (p- CaMKII/CaMKII ratio, SERCA2/PLB ratio, wave frequency) or Kruskal- 
Wallis (F340/380, SERCA2/GAPDH, PMCA4/GAPDH, PLB/GAPDH, Cav1.2/GAPDH).
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4 weeks post- tamoxifen (Figure  7A; APD10: control 
7.4±0.8 ms [N=16], 1 week 6.9±0.8 ms [N=17], and 
4 weeks 4.3±0.4 ms [N=19] [P<0.01]; APD20: control 
8.3±0.6 ms [N=16], 1 week 8.6±0.7 ms [N=17], and 

4 weeks 5.7±0.3 ms [N=19] [P<0.01]). In mouse myo-
cardium, NCX has little effect on APD,17,33 contrary 
to species with longer APDs such as rabbit, human, 
and guinea pig.34– 36 Thus, ablation of NCX, by itself, 
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seems unlikely to account for the reduction in APD90 
that we observed. Other possibilities include a re-
duction in ICa

37 and increases in repolarizing K+ cur-
rents, as we have previously shown.15,17 Thus, we 
performed Western blots to evaluate the expression 
of the voltage- dependent K+ channel subunit Kv4.2, 
a critical component of Ito. We observed a significant 
increase at 1 and 4  weeks post- tamoxifen injec-
tion (Figure 7B; control 0.38±0.04 AU [N=9], 1 week 
0.60±0.05  AU [N=6], and 4  weeks 0.51±0.03  AU 
[N=6] [P=0.0105]). Using the whole- cell patch- clamp 
technique, we then recorded Ito in control and NCX1 
KO mice using our published protocol.17 Despite the 
increase in Kv4.2, there was no increase in Ito 1 week 
after tamoxifen (N=21), but there was a significant in-
crease at 4 weeks (Figure 7C; Itofast +60 mV; control 
30.9±2.4 pA/pF [N=32] and 4 weeks 39.6±2.8 pA/pF 
[N=23] [P=0.0334]). This corresponds with the reduc-
tion to APD10 and APD20 repolarization at 4 weeks, 
but does not explain the reduction in APD90 at 1 or 
4 weeks.

sAPs and I/R Injury
NCX1 is thought to facilitate arrhythmogenic delayed 
afterdepolarizations (DADs) in response to sponta-
neous release of SR Ca2+.38 To determine whether 
acute ablation of NCX1 is protective against DADs 
and DAD- induced sAPs, we applied a proarrhyth-
mic stimulation protocol39 in isolated cardiomyocytes 
from control and tamoxifen- treated mice. We per-
formed whole- cell patch- clamp with the Axopatch 
900A amplifier and applied 20 stimulations at 5, 2, 1, 
0.5, and 0.125 Hz, followed by 1 minute of rest. We 
defined DADs as clear depolarizations of low ampli-
tude during diastole that did not induce an AP. sAPs 
were defined as APs that occurred in the absence 
of a current clamp command (Figure 8A). At 1 and 
4 weeks post- tamoxifen injection, induced DADs oc-
curred with the same frequency as controls. However 
there was a significant reduction in the average num-
ber of sAPs per cell (Figure 8A; control 3.0±0.6 [N=7], 
1 week 2.1±0.6 [N=6], and 4 weeks 0.5±0.2 by [N=6] 
[P<0.001]). The reduced incidence of sAPs corre-
sponded with a reduction in the mean amplitude of 

DADs (Figure 8B, right panel; mean DAD amplitude 
in mV: control 3.0±0.1 [N=7], 1 week 1.9±0.1 [N=6] 
[P<0.001], and 4  weeks 1.6±0.1 [N=6] [P<0.001]). 
There was no change in DAD duration, which re-
mained at the typical duration observed in other 
mouse studies.39,40 Closer examination revealed that 
sAPs corresponded with DADs exhibiting an ampli-
tude >3 mV, which are extremely rare 4 weeks post- 
tamoxifen (Figure 8C). As mentioned earlier, 25% of 
cells at 4 weeks post- tamoxifen have no INCX1, similar 
to the 15% of cells at 4  weeks that have no DADs 
and no sAP. Since DADs are produced by spontane-
ous Ca2+ release, we used confocal imaging in Fluo- 
4– loaded ventricular myocytes to assess frequency 
and velocity of spontaneous Ca2+ waves at different 
time points after tamoxifen injection. Wave frequency 
was low in control cells, but significantly increased 
at 1  week and further increased at 4  weeks after 
tamoxifen (Figure  6B, right). There was no change 
in wave velocity at any time point (Figure 6B). Thus, 
tamoxifen- induced acute ablation of NCX1 can re-
duce DADs and arrhythmogenic sAPs despite an in-
crease in spontaneous Ca2+ waves.
To examine whether NCX1 KO hearts are protected 
from I/R injury, we subjected Langendorff- perfused 
hearts to zero- flow global ischemia followed by 2 hours 
of reperfusion. Infarct size was significantly smaller 
in the NCX1 hearts subjected to I/R 4  weeks post- 
tamoxifen injection (Figure  8D; control 24.9%±2.5% 
[N=8], 1  week 16.9%±4.7% [N=3], and 4  weeks 
13.2%±2.9% [N=6] [P=0.0268]) consistent with the hy-
pothesis that reverse- mode Na+/Ca2+ exchange con-
tributes to IR injury, a finding we also observed in the 
MLC2v NCX1 KO mouse model.24

DISCUSSION
We previously generated a ventricular- specific 
NCX1 KO mouse using Cre/loxP technology and the 
MLC2v promoter. Adaptations of EC coupling physi-
ology in that chronic NCX1 ablation model permit-
ted these mice to live to reproductive age. However, 
extensive remodeling characterized by fibrosis and 
ventricular hypertrophy, associated with a reduction 

Figure 7. Shortened action potential (AP) and transient outward potassium current (Ito) in ventricular cardiomyocytes from 
tamoxifen- inducible sodium- calcium exchanger isoform 1 (NCX1) knockout (KO) mice.
A, Representative APs recorded from patch- clamped ventricular myocytes (left), summary data showing resting potential (mV, middle), 
and AP duration (APD) at 10% repolarization (APD10), 20% repolarization (APD20), and 90% repolarization (APD90; right) in myocytes 
from control mice (Ctl, N=16 cells from 9 mice) and mice 1 week (Tm_1w, N=17 cells from 8 mice) and 4 weeks (Tm_4w, N=19 cells from 
8 mice) after tamoxifen injection. B, Representative blots (left) and summary data (right) from ventricular cardiomyocytes showing Kv4.2 
expression. Mean data are normalized to GAPDH. Control mice (Ctl, N=9) and mice 1 week (Tm_1w, N=6) and 4 weeks (Tm_4w, N=6) 
after tamoxifen injection. C, Representative traces of Ito (top), summary data comparing the current- voltage relationship for Ito (bottom 
left), and summary data comparing amplitude at +60 mV of the fast component of Ito (Ito fast) (bottom right) in myocytes from control mice 
(Ctl, N=32 cells from 8 mice) and mice 1 week (Tm_1w, N=21 cells from 4 mice) and 4 weeks (Tm_4w, N=23 cells from 6 mice) after 
tamoxifen injection. Data are expressed as mean±SEM (1- way ANOVA) or median and interquartile range (Kruskal- Wallis) from n=8 to 
11 cells. *P<0.05, **P<0.01,***P<0.001 by Kruskal- Wallis test (APD90, APD20) or 1- way ANOVA.
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in ejection fraction, was evident as the animals aged. 
Furthermore, these mice had a reduced lifespan and 
were difficult to breed because of reduced tolerance 
to pregnancy. In the present study, we created mice 

with tamoxifen- inducible ablation of NCX1 function to 
avoid these limitations. NCX1 protein expression in 
whole ventricular tissue homogenate, which contains 
only 49.2% of ventricular cardiomyocytes,41 is barely 
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detectable within 1 week of tamoxifen injection and 
even further decreased by 4  weeks. At the cellular 
level, the percentage of residual INCX is slightly higher 
because nonmyocytes are not included in the aver-
age. Nevertheless, 25% of cardiomyocytes exhibit 
no INCX whatsoever. This is likely a consequence of 
<100% efficiency of MerCreMer18 and the Cre/lox 
method in general.14 A major advantage of this model 
is that ablation of NCX1 can be induced at any age, 
and the mice breed readily. When compared with the 
MLC2v NCX1 KO model, tamoxifen- inducible NCX1 
KO mice use an alternative set of adaptations to EC 
coupling and Ca2+ regulation. Nevertheless, these 
mice retain the characteristic cardioprotection from 
I/R injury and reduced burden of arrhythmogenic 
sAPs described in previous NCX KO models. This is 
a critical finding, as it confirms that the lack of NCX 
common to both models, and not the specific ad-
aptations for survival, confers the beneficial effects. 
Similarly, our results suggest that the fibrosis and hy-
pertrophy common to both models can be attributed 
to long- term NCX ablation.

Reduced Ca2+ Entry but Increased EC 
Coupling Gain in the Tamoxifen Mouse
Similar to our previous findings in the MLC2v NCX1 
KO mouse,14– 17 tamoxifen- inducible NCX1 KO mice 
exhibit a reduction in ICa caused by Ca2+- dependent 
inactivation (Figure 5C). At 1 week, this is likely a con-
sequence of the increased resting cytoplasmic Ca2+ 
we observed. We did not directly test the role of Ca2+- 
dependent inactivation at 4 weeks when the increase 
in diastolic Ca2+ is no longer evident. However, we 
assume that the 4- week mouse is analogous to the 
MLC2v model, where nondetectable (by fluorescent 
indicator) elevated subsarcolemmal Ca2+ produces 
Ca2+- dependent inactivation of ICa with attendant 
reductions in amplitude.16 Thus, we may conclude 
that reduction in Ca2+ entry through LCCs is a com-
mon mechanism of adaptation to the loss of NCX1, 
as it decreases the burden on remaining Ca2+ ef-
flux mechanisms to maintain Ca2+ homeostasis. The 
other adaptation reducing Ca2+ influx is the shortened 
APD14,16,17 present as early as 1 week post- tamoxifen 

(Figure  7A). We observed the same in the MLC2v 
NCX1 KO mouse, and determined that it was caused 
by increased Ito.

17 However, the mechanism for APD 
shortening in the tamoxifen mouse is not clear. Ito was 
not increased at 1  week (Figure  7C) despite an in-
crease in the Ito subunit KV4.2. Furthermore, quantita-
tive polymerase chain reaction analysis did not reveal 
any increase in transcription of other components of 
Ito or other repolarizing K+ channels, including Kv4.3, 
Kv4.2, Kv1.4, and Kir2.1 (Figure S3). The combination 
of reduced inward current caused by near elimina-
tion of NCX and reduced ICa at 1 week (Figure 5) is 
an attractive explanation for APD90 shortening, but 
this degree of reduction does not shorten APD90 in 
mouse AP simulations.17 Ramos- Franco et al42 have 
shown APD shortening when pharmacological block-
ers of NCX are applied in intact perfused hearts, but 
the specificity of the blockers is uncertain. Further 
investigation to better understand these changes in 
APD are needed.

Although ICa is reduced in the KO model, Ca tran-
sients are not diminished, indicating an increase in EC 
coupling gain (Figure 5D). We also observed increased 
gain in the MLC2v NCX1 KO mice,16 and we assume 
the same mechanism is operating here: increased 
coupling fidelity between LCCs and RyRs facilitated 
by baseline elevation in dyadic cleft Ca2+.31 Increased 
cleft Ca2+ improves the likelihood of RyR triggering by 
LCC openings, even when these openings are brief.43 
While the MLC2v and tamoxifen models both fea-
ture increased EC coupling gain, only the tamoxifen 
model has completely preserved LV systolic function 
(Figure 2A and 2B), consistent with a previous report 
by Gao et al.19 Since Ca2+ transients are preserved 
in both models, we speculate that it is the excess fi-
brosis in the MLC2v model44 that impairs LV function, 
although changes in the response of myofilaments to 
Ca2+ cannot be excluded.

Ca2+ Removal Mechanisms and Relation 
to Spontaneous Ca2+ Waves
One of the main advantages of using a tamoxifen- 
inducible KO model is that we can induce NCX deletion 
in the adult mouse at any age. This allows assessment 

Figure 8. Cardioprotective effects of cardiac sodium- calcium exchanger (NCX1) ablation in arrhythmia and ischemia/
reperfusion (I/R) injury.
A, Representative delayed after depolarization (DAD) and spontaneous action potential (AP) in a patch- clamped myocyte under current- 
clamp mode and mean data showing the average number of spontaneous APs per cell recorded over 3.9 minutes. B, Mean data 
showing the average number of DADs per cell over 3.9 minutes, DAD duration (s), and DAD amplitude (mV) in myocytes from control 
mice (Ctl, N=7) and tamoxifen- inducible NCX isoform 1 (NCX1) knockout (KO) mice at 1 week (Tm_1w, N=6) and 4 weeks (Tm_4w, N=6) 
post- tamoxifen injection. C, Frequency distribution of individual DADs with amplitude ≥3 mV in all investigated cells in myocytes from 
control mice (N=7) and tamoxifen- inducible NCX1 KO mice 1 week (N=6) and 4 weeks (N=6) post- tamoxifen injection. D, Representative 
cross- sectional images of control and tamoxifen- inducible NCX1 KO hearts following I/R incubated with 2,3,5- triphenyltetrazolium 
chloride (left), and mean data of infarct size in the percentage measured at 120 minutes of reperfusion (right). Data are expressed as 
mean±SEM (1- way ANOVA) or median and interquartile range (Kruskal- Wallis) from n=13 to 20 cells for DAD experiments and N=3 to 8 
hearts for I/R experiments. Vm indicates membrane potential. *P<0.05, ***P<0.001 by 1- way ANOVA (infarct size) or Kruskal- Wallis test.
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of how mature ventricular myocytes adapt to the sud-
den loss of NCX, as compared with elimination of NCX 
during cardiac development in the MLC2v NCX1 KO 
model. Within 1 week of completing tamoxifen injec-
tions, we observed an increase of diastolic and sys-
tolic Ca2+ during field stimulation of isolated myocytes 
loaded with Fura- 2 (Figure 6A). The increase in cyto-
solic Ca2+ occurred despite an increase in PMCA4 
(Figure 6C), an alternative but relatively minor Ca2+ efflux 
mechanism, and coincided with an increase in spon-
taneous Ca2+ waves (Figure  6B). A similar degree of 
increase in diastolic Ca2+ was reported by Bourgonje et 
al45 following perfusion of the NCX inhibitor SEA- 0400 
(1 µmol/L) in dog cardiomyocytes. Such increases in 
cytosolic Ca2+ are expected to increase RyR open 
probability and produce Ca2+ waves.46 Waves may also 
occur as a consequence of the increased p- CaMKII/
CaMKII ratio (Figure 6C), which induces RyR2- Ser2814 
phosphorylation and RyR2- mediated Ca2+ leak.47– 49 
Ca2+ waves persisted/increased at 4  weeks, likely in 
response to the increase in SR Ca2+ load (Figure 4C), 
which can also provoke Ca2+ waves.50 The increased 
ratio of p- CaMKII/CaMKII can also produce phospho-
rylation of phospholamban on the Thr17 site, thereby 
further activating SERCA2 and promoting the eventual 
restoration of normal diastolic Ca2+46,51 and increased 
SR Ca2+ load at 4 weeks post- tamoxifen. We did not 
check phospholamban phosphorylation, although the 
SERCA2/phospholamban ratio was considerably in-
creased over 4 weeks (Figure 6C), favoring enhanced 
SERCA activity and increased SR Ca2+ uptake.

Temporal Changes in RNA Expression
We took advantage of RNA sequencing to further 
understand temporal changes in gene expression 
in response to ablation of NCX1. Within 1  week of 
completing tamoxifen injection, IPA analysis revealed 
that the most significant cardiac changes were in the 
transcriptomic network coding for Cardiovascular 
Enlargement and Disease. Within that network, the 
PPARGC1A gene was upregulated (Figure 3E). This 
gene encodes peroxisome proliferator- activated 
receptor- γ coactivator 1α (PGC- 1α), a well- known 
transcriptional coactivator that regulates energy 
metabolism and especially mitochondrial biogen-
esis.52,53 It is tempting to speculate that the increase 
in diastolic Ca2+ observed at 1  week promotes ex-
pression and activation of PGC- 1α, whose expres-
sion can be modulated by calcineurin.54 Notably, 
PGC- 1α activity may oppose maladaptive cardiac 
remodeling54 and also upregulate SERCA2.55 By 
4 weeks post- tamoxifen, RNA sequencing revealed 
statistically significant activation of cardiac fibrosis 
and cardiovascular disease networks, featuring up-
regulation of TGFβ and several other profibrogenic 

extracellular matrix genes including COL1a1 and 
COL3a1 (Figure 3F).56– 58 These findings correspond 
to the cardiac remodeling we observed, i.e., in-
creased heart weight/body weight ratio, fibrosis, and 
myocyte cross- sectional area (Figure  2). Changes 
of EC coupling gene expression (Figure 3F) did not 
correlate well with protein expression or function 
(Figure 6C). For example, while both phospholamban 
and CACNA1C were downregulated, we found no re-
duction in corresponding protein expression. In our 
MLC2v NCX1 KO mouse, we found no changes in EC 
coupling gene or protein expression.14

Role of NCX in Arrhythmia and I/R Injury
NCX has been implicated in the pathogenesis of I/R 
injury, heart failure, and arrhythmia.6,59– 64 The inward 
current carried by NCX in response to spontaneous 
SR Ca2+ release is thought to be the cause of DADs,38 
the substrate for triggered arrhythmia.65 Bögeholz et 
al39 showed that early after depolarization and DAD 
amplitudes are reduced in heterozygous global NCX1 
KO mice, with fewer triggered sAPs, consistent with 
this hypothesis. In the present study, we found that 
the incidence of sAPs was reduced 4  weeks after 
tamoxifen injection (Figure  8A), a point where INCX 
is absent in 25% of cells and negligible in the rest, 
despite increased occurrence of spontaneous Ca2+ 
waves (Figure  6B) and no change in the frequency 
of DADs overall (Figure  8B). The reduction in sAPs 
could, in part, be explained by the shortening of the 
AP and the increase of Ito.

66– 69 However, we favor a 
different explanation: a reduction in DAD amplitude. 
Although the average number of induced DADs was 
similar in control and NCX1 KO animals, DAD am-
plitude was decreased in the KO mice (Figure  8B 
and 8C), and most of these DADs did not reach the 
voltage threshold needed to induce arrhythmogenic 
sAPs. Four weeks after tamoxifen injection, INCX1 was 
eliminated in 25% of the cells and 15% of the cells 
had no DADs whatsoever. Only 7% of NCX1 KO cells 
at 4 weeks had DADs >3 mV, compared with 44% of 
control cells. We conclude that NCX1 is essential to 
produce DADs of sufficient amplitude to trigger ar-
rhythmogenic sAPs; in contrast, genetic reduction of 
NCX1 protects against them.

Several lines of evidence support the detrimen-
tal role of NCX1 during reperfusion after ischemia. 
Depression of oxidative metabolism and increased 
anaerobic glycolysis inhibit the Na+/K+ ATPase and 
generate protons, both of which elevate intracellular 
Na+.70– 72 The low pH inhibits NCX1 activity so that 
it cannot remove Na+. When pH normalizes upon 
reperfusion, NCX1 suddenly becomes active, and the 
ensuing reverse Na+/Ca2+ exchange in response to 
elevated Na+ leads to a rapid and catastrophic influx 
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of Ca2+, causing cell death. Consistent with this hy-
pothesis, we previously found that the MLC2v NCX1 
KO mouse was resistant to I/R injury.24 In the current 
study, we found that the tamoxifen- inducible NCX1 
KO mouse is also resistant to I/R (Figure 8D), con-
firming a contribution of NCX1 to I/R injury. Despite 
these cardioprotective features, these mice had re-
duced survival compared with control (Figure  2D). 
The mode of death is unknown, but we observed 
onset of lethargy a few days before death more con-
sistent with heart failure than arrhythmia. Notably, 
the MLC2v NCX1 KO also has a high mortality, and 
telemetry in those animals did not show evidence of 
arrhythmic death.44

CONCLUSIONS
The tamoxifen- inducible cardiac- specific NCX1 KO 
mouse retains the major benefits of NCX1 ablation 
we described in the MLC2v mouse, e.g., cardiopro-
tection from I/R and reduced arrhythmogenic sAPs. 
In addition, this mouse has several advantages over 
the ventricular- specific MLC2v NCX1 KO mouse. The 
tamoxifen mouse is easy to breed, KO of NCX1 can 
be initiated at any age, and ventricular contractil-
ity remains preserved without excessive fibrosis and 
hypertrophy even 4 weeks after tamoxifen. Timed in-
ducibility of NCX1 ablation also facilitates study of the 
time course of adaptations in Ca2+ handling, allowing 
us to assess relative effectiveness at regulating intra-
cellular Ca2+ under the stress of progressive reduction 
in Ca2+ efflux. Similarly, we can follow the time course 
of gene expression in response to ablation of NCX1. 
Unlike pharmacological inhibitors of NCX, we can be 
confident that the tamoxifen- inducible mouse specifi-
cally ablates NCX1. Adaptations are a direct compen-
sation for NCX1 ablation and not indicative of off- target 
or nonselective effects of gene manipulation. Thus, 
these mice can be used to directly and reliably test 
the specificity of NCX1 blockers. Any further changes 
in EC coupling and Ca2+ handling by a purported NCX 
blocker would be a clear indication of poor selectiv-
ity for NCX. Finally, the ease of breeding means that 
it is now possible to produce more complex genetic 
modifications through crosses with other genetically 
modified mice.
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SUPPLEMENTAL MATERIAL 



There are no changes in echo-derived parameters in the NCX1 KO mice at either 1 week 

(Tm_1w) or 4 weeks (Tm_4w) post tamoxifen. Data are expressed as mean ± SEM from N=9 

control, N=17 NCX1 KO. *P<0.05 as compared with baseline from the same group by ANOVA. 

Control Ctl 1_w Ctl 4_w Tamoxifen Tm_1w Tam_4w 

Age (week) 12.2±0.7 12.9±0.7 16.1±0.5 11.7±0.5 12.7±0.5 17.1±0.6

Heart rate (beats/min) 446±18 463±9 463±13 447±11 439±14 464±14

End diastolic dimension (mm) 3.81±0.09 4.00±0.09 4.01±0.05 3.93±0.06 4.13±0.06 3.85±0.12

End systolic dimension (mm) 2.56±0.10 2.76±0.11 2.90±0.11 2.67±0.07 2.94±0.07 2.68±0.12

Left ventricular ejection fraction (%) 61.7±2.7 58.9±2.2 57.6±3.6 60.9±1.6 57.6±1.7 57.5±2.7

Left ventricular fractional shortening (%) 32.9±1.8 30.9±1.5 28.1±3.0 32.4±1.2 29.2±1.4 30.0±1.8

Left ventricular diastolic anterior wall (mm) 0.89±0.05 0.81±0.06 0.87±0.07 0.81±0.06 0.89±0.04 1.04±0.06

Left ventricular systolic anterior wall (mm) 1.36±0.08 1.22±0.07 1.27±0.11 1.40±0.05 1.29±0.04 1.53±0.05

Left ventricular diastolic posterior wall (mm) 0.83±0.04 0.84±0.03 0.82±0.04 0.89±0.04 0.89±0.04 1.11±0.08*

Left ventricular systolic posterior wall (mm) 1.13±0.04 1.14±0.04 1.16±0.05 1.20±0.04 1.19±0.05 1.33±0.08

Control (N=9) NCX1 KO (N=17)

Table S1. Echocardiography Parameters. 



5 out of 5 major networks identified 1 week after tamoxifen injection (Tm_1w) showing genes in each 

involved network (left). 5 out of 25 networks identified 4 weeks after tamoxifen injection (Tm_4w) 

showing genes in each involved network (right).  

5 total networks Genes in network 25 total networks Genes in network

1

Cardiac Enlargement, 

Cardiovascular Disease, 

Cardiovascular System 

Development and Function

Acot1,ADRB1,AKT1,ANKRD1,BAD,CAS

P3,CAT,GDF15,HEY2,HK2,HMOX1,IGF

1,IGF1R,IRF5,IRS2,KLF15,LDHB,Mcpt4,

MEF2A,MLYCD,MYC,NPPA,Nppb,PDK4

,PLIN5,Pln,PPARA,PPARGC1A,PRKCB,

SIRT6,SLC18A3,SOD1,SOD2,TP53,UC

P3

Energy Production, Lipid Metabolism, 

Small Molecule Biochemistry

ACAA2,ACADM,ACADVL,ACO2,ACOT

2,ACOX1,ACSL1,ATP5F1B,Cox8b,CPT

1B,CPT2,CRAT,CS,DECR1,ECI1,ETFA

,ETFB,FH,FLNC,HADHA,HADHB,HSD1

7B10,INSR,KCNJ11,KLF15,MLYCD,OG

DH,PLIN5,PNPLA2,PPARA,PPARGC1A

,SLC25A20,Tpm2, UCP2,UCP3

2

Cellular Assembly and 

Organization, Cellular 

Development, Cellular Growth 

and Proliferation

ACTA1,ACTA2,ACTC1,AQP4,MEF2A,N

R4A1

Cardiac Fibrosis, Cardiovascular 

Disease, Organismal Injury and 

Abnormalities

ACTA1,ADAMTS4,AGTR1,ANGPT1,AP

LN,CACNA1C,CAMK2A,CAV3,CCL11,C

OL1A1,COL3A1,CYBB,FOS,GPX3,HAN

D2,HMOX1,MAPK11,MB,MITF,MYH6,M

YH7,NCF1,NPPA,Nppb,PCSK6,Pln,PR

KCB,Retnla,RGS19,SLC2A4,SPTLC2,T

GFB3,TNNI3,TNNT2,XDH

3
Embryonic Development, 

Organismal
MYCN,SMAD4

Cellular Movement, Hematological 

System Development and Function, 

Immune Cell Trafficking

ADORA2B,C5AR1,CASP3,Ccl2,CD14,C

D44,CD80,CD86,COL8A1,CXCL2,EGF

R,FN1,HEY1,HK2,HSPD1,IGF1,IL1B,IL

1R1,IL1RN,IRAK4,MAP3K5,MMP2,NCF

2,OLR1,PIK3CG,POSTN,PRKCD,PRKC

E,PTN,RYR2,SDC1,SELP,SPARC,SPP

1,TLR4

4
Cardiovascular Disease, 

Congenital Heart
Foxp1,MIR17HG,SOX4

Cell Death and Survival, Cell 

Morphology, Cell Signaling

ALDH4A1,ATG10,BAK1,CASP1,DBT,G

STM5,IER3,MYLK3,MYO1E,PANK1,PD

K2,SUCLG2,TCAP,TP53,TPM3,Tpm4,V

CAN

5

Metabolic Disease, Organismal 

Injury and Abnormalities, Renal 

and Urological Disease

CTNNB1,NOS3,PTGS2

Cardiac Enlargement, Organismal 

Development, Organismal Injury and 

Abnormalities

ACTB,ADAM12,E2F1,EEF1A1,EPAS1,

GRK5,HGF,IDH2,IRF5,MYH9,MYL3,ND

UFS1,PFKFB1,PFKM,TNFRSF1A,TNF

RSF1B,TP53

Tm_1w Tm_4w

Top functions

Table S2. Network analysis table. 



Figure S1. Tamoxifen effects are absent in C57bl6 control mice.

 A. Summary data of heart weight to body weight ratios (HW/BW), B. fibrosis (% of total 

area), C. myocyte cross sectional area (µm2), D. Ca2+ transient measured using fura-2 AM 

(F360/390), E. action potential duration at 90% of repolarization (APD90, in ms), F. resting 

potential (mV) in C57Bl6 mice injected with vehicle only (peanut oil, grey) or tamoxifen 

(white). G. Representative blots and H. summary data from ventricular cardiomyocytes 

showing NCX, SERCA2, PMCA4 and Cav1.2 expression. Mean data are normalized to 

GAPDH. Data are expressed as median and interquartile range from n=2 mice per condition 

by Mann-Whitney test. 
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Summary data showing peak Iti (pA/pF) in control (Ctl, N=25 cells from 5 mice), 1 week after 

tamoxifen injection (Tm_1w, N=17 cells from 4 mice), 4 weeks after tamoxifen injection 

(Tm_4w, N=12 cells from 3 mice). Data are expressed as median and interquartile range. *** 

P<0.001, by Kruskal-Wallis test. 

Figure S2. Transient inward current upon repolarization (Iti) reduced in NCX1 KO mice. 



 Mean data are normalized to GAPDH. Data are expressed as median and interquartile range 

from n=6 mice per condition. * P<0.01, by Kruskal-Wallis test. 
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Figure S3. qPCR showing mRNA expression in Tamoxifen inducible NCX1 KO mice.


