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Abstract
Background—Alterations in expression and activity of cardiac Na+/Ca2+ exchanger (NCX1)
have been implicated in the pathogenesis of heart failure.

Methods—Using transgenic mice in which expression of rat NCX1 was induced at 5 weeks of
age, we performed transverse aortic constriction (TAC) at 8 weeks and examined cardiac and
myocyte function at 15–18 weeks post-TAC (age 23–26 weeks).

Results—TAC induced LV and myocyte hypertrophy and increased myocardial fibrosis in both
wild-type (WT) and NCX1 overexpressed mice. NCX1 and phosphorylated ryanodine receptor
expression was increased by TAC, while sarco(endo)plasmic reticulum Ca2+-ATPase levels were
decreased by TAC. Action potential duration was prolonged by TAC, but to a greater extent in
NCX1 myocytes. Na+/Ca2+ exchange current was similar between WT-TAC and WT-sham
myocytes, but was higher in NCX1-TAC myocytes. Both myocyte contraction and [Ca2+]i
transient amplitudes were reduced in WT-TAC myocytes, but restored to WT-sham levels in
NCX1-TAC myocytes. Despite improvement in single myocyte contractility and Ca2+ dynamics,
induced NCX1 overexpression in TAC animals did not ameliorate LV hypertrophy, increase
ejection fraction, or enhance inotropic (maximal first derivative of LV pressure rise, +dP/dt)
responses to isoproterenol.
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Conclusion—In pressure-overload hypertrophy, induced overexpression of NCX1 corrected
myocyte contractile and [Ca2+]i transient abnormalities but did not aggravate or improve
myocardial dysfunction.
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Introduction
The cardiac Na+/Ca2+ exchanger (NCX1) mediates both Ca2+ efflux and influx during an
action potential (AP) and is therefore intimately involved with regulation of intracellular
Na+ ([Na+]i) and Ca2+ concentrations ([Ca2+]i) during excitation-contraction (EC)(1).
Overexpression (2, 3) and downregulation (4) of NCX1 in adult rat left ventricular (LV)
myocytes in primary culture result in changes in myocyte contraction and [Ca2+]i transient
amplitudes. Specifically, at low (0.6 mM) extracellular Ca2+ concentrations ([Ca2+]o),
conditions that favor Ca2+ efflux via forward Na+/Ca2+ exchange, overexpression (3) and
downregulation (4) of NCX1 resulted in contraction and [Ca2+]i transient amplitudes that are
lower and higher, respectively, when compared to their respective controls. Conversely, at
high [Ca2+]o (5 mM), conditions that favor Ca2+ influx via reverse Na+/Ca2+ exchange,
contraction and [Ca2+]i transient amplitudes are higher in NCX1 overexpressed but lower in
NCX1 downregulated myocytes, when compared to their respective controls. At
physiological [Ca2+]o (1.8 mM), both contraction and [Ca2+]i transient amplitudes are
similar in NCX1 overexpressed or downregulated myocytes when compared to their
respective controls. In the intact heart, homozygous (Hom) but not heterozygous (Het) mice
constitutively overexpressing NCX1 exhibit impaired LV fractional shortening (5) while
cardiac-specific knockout of NCX1 results in modest diminution of global LV function (6).

We have previously generated a novel transgenic (TG) mouse model in which expression of
rat NCX1 TG is under the control of a cardiac-specific promoter driving the expression of a
tetracycline transactivator (tTA)(7). When doxycycline (Dox) is removed from the feed at 5
weeks of age, expression of NCX1 TG is induced (Ind), resulting in NCX1 protein levels
~2.5 times that present in wild-type (WT) or non-induced (non-Ind) hearts without changes
in expression of other proteins involved in EC coupling. Compared to WT or non-Ind
myocytes, Ind myocytes exhibit ~42% higher NCX1 current (INaCa) amplitude, ~2-fold
prolongation of action potential duration, and contraction and [Ca2+]i transient amplitudes
that are lower at 0.6, not different at 1.8, and higher at 5.0 mM [Ca2+]o. Cardiac function, as
evaluated by in vivo closed-chest catheterization and echocardiography, is similar among
WT, non-Ind and Ind mice. The cardiac phenotype of Ind mice is similar to Het mice
constitutively overexpressing NCX1.

Alterations in NCX1 expression and/or activity have been observed in many models of
cardiac hypertrophy and heart failure (8). It remains controversial, however, whether
increases in NCX1 expression and activity is a beneficial compensatory mechanism in
response to contractile dysfunction, or detrimental leading to progressive heart failure. One
approach to differentiate whether increased NCX1 expression is “friend or foe” is the ability
to “switch on” the expression of NCX1 transgene (TG) concomitantly with the onset of
disease state, and evaluate cardiac performance subsequently. In this study, we tested the
hypothesis that switching on NCX1 TG expression shortly before transverse aortic
constriction (TAC) is beneficial on myocyte and myocardial contractility.
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Methods
Generation of inducible NCX1 TG mouse and transverse aortic constriction surgery

Details of inducible NCX1 TG mouse generation and its characterization have been
published (7). Briefly, rat NCX1 gene (3) was cloned into a cardiac-specific and inducible
controlled vector (TREMHC) composed of a modified mouse α-myosin heavy chain (α-
MHC) minimal promoter fused with nucleotide binding sites for tTA (9). NCX1 TG mice
engineered on FVB background were crossed with cardiac tTA TG mice in FVB
background (MHC-tTA). Littermates that were heterozygous for tTA but negative for NCX1
TG were used as WT controls. In this “tetracycline-off” inducible system, doxycycline
(Dox, 300mg/kg mouse diet; Bio-Serv) inhibits tTA transactivation. To induce NCX1 TG
expression in adult mice, Dox was removed from the feed at 5 weeks of age. Mice in which
the rat NCX1 TG was induced to be expressed are referred to as NCX1 mice throughout this
manuscript.

Details of TAC operation have been published (10). Briefly, at 8 weeks of age, mice were
anesthetized to a surgical plane with tribromoethanol/amylene hydrate (Avertin; 2.5% wt/
vol, 8μl/g ip). Following intubation with a blunt 20-gauge needle and connection to a
volume-cycled rodent ventilator (120 breaths/min) on supplemental oxygen (1 L/min), a
midline cervical incision was made to expose the trachea and carotid arteries. Aortic
constriction was performed by tying a 7–0 nylon suture ligature against a 27-gauge needle.
The needle was promptly removed to yield a constriction of approximately 0.4 mm in
diameter. Sham operation was identical except that the aorta was not tied. Mice were
allowed to recover and studies were performed at 15–18 weeks post-TAC (age 23–26
weeks). Only male mice were used in the studies.

Mice were housed and fed on a 12h:12h light-dark cycle at the Thomas Jefferson University
and Temple University Animal Facilities and were supervised by veterinary staff members.
Standard care was provided to all mice used for experiments. All protocols applied to the
mice in this study were approved and supervised by the Institutional Animal Care and Use
Committees at Thomas Jefferson University and Temple University.

Myocardial histopathology
Hearts were harvested from WT-sham, WT-TAC and NCX1-TAC mice (n=3, 4 and 5 for
each group, respectively), fixed in freshly prepared formalin in phosphate buffered saline,
processed for paraffin sectioning (6 μm thickness), and stained with Masson trichrome. Ten
sections were obtained from LV free wall of each mouse. Quantitation of fibrous areas was
performed with Sigma Scan Pro5. The ratio of area affected by fibrosis (blue color) to total
cardiac area in each section was calculated and expressed as percent fibrosis (11).

Echocardiographic and hemodynamic analyses of cardiac function
Transthoracic two-dimensional echocardiography was performed in anesthetized (2%
inhaled isoflurane) mice with a 12-MHz probe as previously described (7, 12–14). LV
internal diameters at end-diastole (LVIDD) and end-systole (LVIDS) and ejection fraction
(EF) were quantified off-line. For in vivo hemodynamic measurements, a 1.4 French
micromanometer-tipped catheter (SPR-671, Millar Instruments, Inc.) was inserted into the
right carotid artery and advanced into LV of lightly anesthetized (Avertin) mice with
spontaneous respirations and placed on a heated (37°C) pad (7, 12–14). Hemodynamic
parameters including heart rate and maximal first time derivative of LV pressure rise (+dP/
dt) and fall (−dP/dt) were recorded in closed-chest mode, both at baseline and in response to
increasing doses of isoproterenol (Iso; 0.1, 0.5, 1, 5, and 10 ng)(7, 12–14).
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Isolation of adult murine cardiac myocytes
Cardiac myocytes were isolated from the LV free wall and septum of WT and NCX1 mice
according to the protocol of Zhou et al. (15) and modified by us (7, 12–14, 16, 17). In all
experiments, myocytes were used within 2–8 h of isolation.

Myocyte shortening measurements
Myocytes adherent to laminin-coated coverslips were bathed in 0.7 ml of air- and
temperature-equilibrated (37°C), HEPES-buffered (20 mM, pH 7.4) medium 199 containing
0.6, 1.8 or 5.0 mM [Ca2+]o. Measurements of myocyte contraction (2 Hz) were performed as
previously described (7, 12–14, 16, 17).

[Ca2+]i transient measurements
Fura–2 loaded (0.67 μM fura–2 AM, 15 min, 37°C) myocytes were field-stimulated to
contract (2 Hz, 37°C) in medium 199 containing 0.6, 1.8 or 5.0 mM [Ca2+]o. [Ca2+]i
transient measurements, daily calibration of fura–2 fluorescent signals, and [Ca2+]i transient
analyses were performed as previously described (7, 12–14, 16, 17).

Electrophysiological measurements
INaCa (7, 13, 14, 16, 18) and action potential (1 Hz)(7, 13, 14, 17) were measured in isolated
LV myocytes (30°C) with whole cell patch-clamp. Fire-polished pipettes (tip diameter 4–6
μm) with resistances of 0.8–1.4 MΩ when filled with pipette solutions were used.
Compositions of solutions and voltage protocols are given in Figure Legends.

Immunoblotting
Mouse LV homogenates and crude membranes were prepared as previously described (7,
17, 19). For detection of sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA2), α1- and
α2-subunits of Na+-K+-ATPase, and calsequestrin (7.5% SDS-PAGE, reducing conditions
with 5% β-mercaptoethanol), Na+/Ca2+ exchanger (7.5% SDS-PAGE, non-reducing
conditions with 10 mM N-ethylmaleimide), ryanodine receptor phosphorylated at serine2808

(pRyR2)(6% SDS-PAGE, reducing conditions), commercially available antibodies were
used as previously described (7, 12, 13, 16, 17, 20). For detection of phospholemman (12%
SDS-PAGE, reducing conditions), polyclonal C2 antibody (21) was used. Immunoreactive
proteins were detected with enhanced chemiluminescence Western blotting system. Protein
band signal intensities were quantitated by scanning autoradiograms of the blot with
phosphorimager.

Statistics
All results are expressed as means ± SE. For analysis of INaCa as a function of group (WT-
sham vs. WT-TAC vs. NCX1-TAC) and voltage; in vivo hemodynamic parameters as a
function of group and Iso; [Ca2+]i transient and contraction amplitudes as a function of
group and [Ca2+]o; 2-way ANOVA was used. For analysis of echocardiographic parameters,
% myocardial fibrosis, action potential parameters and protein abundance, 1-way ANOVA
was used. A commercially available software package (JMP version 7, SAS Institute, Cary,
NC) was used. In all analyses, P<0.05 was taken to be statistically significant.
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Results
Effects of TAC ± induced NCX1 TG expression on LV mass, myocyte size, myocardial
fibrosis, cardiac contractility and mortality

Fifteen to eighteen weeks post-TAC, LV mass was significantly increased in both WT
(~48%; p<0.0025) and NCX1 (~64%; p<0.0006) when compared to WT-sham mice (Fig. 1).
There were no differences in LV mass between WT-TAC and NCX1-TAC animals
(p<0.25). Whole cell capacitance Cm, an estimate of cell surface membrane area and thus an
indicator of cell size, was significantly increased in WT-TAC (~41%; p<0.0001) and NCX1-
TAC (~31%; p<0.0001)(Fig. 1), suggesting most of the LV hypertrophy could be accounted
for by increases in myocyte size. In agreement with LV mass, there were no differences in
Cm between WT-TAC and NCX1-TAC myocytes (p<0.22).

Myocardial histology (Fig. 2) demonstrated significantly (p<0.008) increased fibrosis in
WT-TAC (0.36 ± 0.08%) and NCX1-TAC (0.30 ± 0.03%) compared to WT-sham (0.06 ±
0.01%) hearts. There were no differences in degree of fibrosis between WT-TAC and
NCX1-TAC hearts (p<0.45).

There were no significant (p<0.10) differences in LVIDD among WT-sham (3.87 ± 0.09
mm; n=5), WT-TAC (4.03 ± 0.12 mm; n=7) and NCX1-TAC (4.22 ± 0.10 mm; n=8) hearts.
LVIDS was significantly smaller in WT-sham (2.18 ± 0.11 mm) when compared to either
WT-TAC (2.59 ± 0.13 mm; p<0.045) or NCX1-TAC (2.80 ± 0.09; p<0.002) hearts. There
were no differences in LVIDS between WT-TAC and NCX1-TAC hearts (p<0.25). EF was
significantly reduced in WT-TAC (~12.5%; p<0.025) and NCX1-TAC (~16.8%; p<0.008)
hearts when compared to WT-sham hearts (Fig. 3). EF was not different (p<0.35) between
WT-TAC and NCX1-TAC hearts.

In vivo hemodynamic measurements corroborated echocardiographic findings in that +dP/dt
was significantly lower in WT-TAC (group effect, p<0.016) and NCX1-TAC (group effect,
p<0.0001) mice when compared to WT-sham animals (Fig. 3). There were no differences in
+dP/dt between WT-TAC and NCX1-TAC hearts (p<0.08). Isoproterenol increased +dP/dt
in all 3 groups (Iso effect, p<0.0001), but Iso did not affect the magnitude and/or direction of
its effects on inotropy across the 3 experimental groups (p<0.45, group × Iso interaction
effect).

In the present series of experiments, there were 16 WT-sham, 17 WT-TAC and 22 NCX1-
TAC mice. There was 1 peri-operative death in WT-TAC group but no mortality was
observed in WT-sham and NCX1-TAC groups during the 15–18 weeks post-TAC.

Effects of induced NCX1 TG expression and TAC on INaCa and action potential
Fifteen to eighteen weeks after TAC, INaCa was not different (p<0.32; group × voltage
interaction effect) between WT-sham and WT-TAC myocytes (Fig. 4). Induced
overexpression of rat NCX1 TG prior to TAC resulted in ~63% increase in INaCa (p<0.0001;
group × voltage interaction effect) in NCX1-TAC compared to either WT-TAC or WT-sham
myocytes (Fig. 4).

There were no differences in resting membrane potential (p<0.45), action potential
amplitude (p<0.25) and action potential duration at 50% repolarization (APD50)(p<0.35)
among WT-sham, WT-TAC and NCX1-TAC myocytes (Fig. 5). Action potential duration at
90% repolarization (APD90) was significantly (p<0.0001) prolonged by TAC in WT
myocytes. Induced NCX1 TG expression followed by TAC resulted in additional
prolongation of APD90 when compared to WT-TAC myocytes (p<0.01)(Fig. 5).
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Effects of induced NCX1 TG expression and TAC on [Ca2+]i transients and myocyte
contractility

Compared to WT-sham myocytes, systolic [Ca2+]i was lower in WT-TAC myocytes across
the range of [Ca2+]o examined (Table 1; p<0.0012, group effect). Induction of NCX1 TG
expression followed by TAC increased systolic [Ca2+]i so that there was no longer any
differences in systolic [Ca2+]i between WT-sham and NCX1-TAC myocytes (p<0.07, group
effect). Diastolic [Ca2+]i was similar among WT-sham, WT-TAC and NCX1-TAC
myocytes across the range of [Ca2+]o examined (Table 1; p<0.77, group effect). [Ca2+]i
transient amplitudes were not different between WT-sham and NCX1-TAC (p<0.17, group
effect) but significantly (p<0.035; group effect) lower in WT-TAC myocytes when
compared to either WT-sham or NCX1-TAC myocytes (Table 1 and Fig. 6). Half-time of
[Ca2+]i transient decline, an estimate of in situ SR Ca2+ uptake (22), was prolonged in WT-
TAC myocytes when compared to either WT-sham (p<0.05, group effect) or NCX1-TAC
myocytes (p<0.01, group effect)(Table 1), indicating slower SR Ca2+ uptake in WT-TAC
myocytes.

Mirroring patterns of [Ca2+]i transient amplitudes in the 3 groups of myocytes, peak
contraction amplitudes were lower in WT-TAC myocytes when compared to WT-sham
myocytes (p<0.001, group effect)(Fig. 6). The significant group × [Ca2+]o interaction effects
indicated that the inherent differences in myocyte contractility between WT-sham and WT-
TAC (p<0.0009) and between WT-TAC and NCX1-TAC (p<0.0007) myocytes were
magnified by changes in [Ca2+]o. There were no differences in myocyte contraction
amplitudes between WT-sham and NCX1-TAC myocytes (p<0.07, group effect; p<0.65,
group × [Ca2+]o interaction effect)(Fig. 6).

Effects of induced NCX1 TG expression and TAC on selected proteins involved in EC
coupling

Membrane expression of NCX1 was significantly (p<0.04, WT-sham vs. WT-TAC)
increased in WT-TAC myocytes (Fig. 7; Table 2), and further elevated in NCX1-TAC
myocytes (p<0.045; WT-TAC vs. NCX1-TAC). There were no significant differences in
membrane expression of α1-subunit of Na+-K+-ATPase among WT-sham, WT-TAC and
NCX1-TAC myocytes (p<0.18), although expression of α2-subunit of Na+-K+-ATPase was
significantly (p<0.025) increased in WT-TAC myocytes (Fig. 7; Table 2). Levels of
SERCA2 were significantly (p<0.001) decreased in WT-TAC and NCX1-TAC when
compared to WT-sham myocytes. Levels of ryanodine receptor phosphorylated at serine2808

(pRyR2) were higher in WT-TAC when compared to WT-sham (p<0.0025) but not NCX1-
TAC myocytes (p<0.2)(Fig. 7; Table 2). Expression of phospholemman, an endogenous
regulator of NCX1 (18), was not different (p<0.64) among the 3 groups of myocytes (Fig. 7;
Table 2).

Discussion
Transverse aortic constriction in the mouse is an useful model to study pressure-overload
hypertrophy. Almost all studies reported LV hypertrophy post-TAC but detecting changes in
cardiac function was dependent on the time of measurement and genetic background. For
example, Nakamura et al. (23) reported EF declined on Day 1 but returned to normal levels
3 weeks post-TAC in C57BL/6 mice. Marionneau et al. (24) reported that fractional
shortening (FS) was similar at 1 week post-TAC in C57BL/6 mice. Zhou et al. (FVB)(10),
Roos et al. (C57BL/6 x C3HF1)(5) and Jordan et al. (black Swiss)(25) did not observe any
decrement in FS, FS, and EF, respectively, at 3 weeks post-TAC. Funakoshi et al. (FVB)
(26) and Hu et al. (C57BL/6)(27) detected no changes in FS and EF at 4 weeks post-TAC.
Lu et al. (C57BL/6)(28), Barrick et al. (C57BL/6J)(29) and Hu et al. (C57BL/6)(27)
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reported significant decreases in EF at 5, 5 and 6 weeks post-TAC, respectively. From this
brief survey, it appears that on average, it takes about 4–5 weeks post-TAC for persistent
decrement in myocardial contractility to be manifest. However, genetic background
differences have significant impact on the cardiac response to TAC (29) and can account for
some of the heterogeneity of results from different laboratories. For example, Barrick et al.
reported that C57BL/6J mice suffered a 40% decrement in fractional shortening but 129S1/
SvImJ mice had relatively preserved systolic function at 6 weeks post-TAC (29). In
myocardial infarction models, outcome of infarct healing in mice is also strongly dependent
on genetic background (30). Our current study demonstrated that LV and myocyte
hypertrophy, increased myocardial fibrosis, and decreased myocardial performance were
observed 15–18 weeks post-TAC in FVB mice.

Alterations in NCX1 expression and/or activity have been observed in many models of
cardiac diseases and implicated in the pathogenesis of cardiac dysfunction (8). Focusing on
the TAC model of pressure-overload hypertrophy in the mouse, early reports showed 2×
increase in NCX1 protein 4–7 weeks post-TAC in FVB mice (31) and 71% increase in
NCX1 protein but paradoxical decrease in INaCa (32 to 62%) 3 weeks post-TAC in C57BL/6
mice (32). Our results were similar in that NCX1 protein levels in WT FVB mice increased
by ~40% 15–18 weeks post-TAC but no changes in INaCa were detected.

Constitutive overexpression of canine NCX1 TG resulted in 2.3-fold and 3.1-fold increase in
exchanger activity in Het and Hom transgenic mice (C57BL/6 x C3HF1 background),
respectively (5). While WT mice did not suffer significant decreases in FS 3 weeks post-
TAC, FS in Het and Hom mice declined by ~39% and ~55% from baseline, respectively (5),
suggesting enhanced NCX1 activity aggravated pressure overload hypertropy. Indirect
evidence supporting this hypothesis is the observation that inhibiting NCX1 with SEA-0400
improved myocyte contractility at 8 weeks post-TAC in 129Sv/Swiss mice (33). In addition,
early studies employing genetic maneuvers to decrease NCX1 expression demonstrated at 3
weeks post-TAC, EF was reduced in WT but not in heterozygous global NCX1 knockout
(KO) mice (C57BL/6)(34). The authors suggested that reduction in NCX1 expression
resulted in normalization of cardiac function in response to pressure overload. However, it is
unusual to detect significant decreases in cardiac function in WT mice at 3–4 weeks post-
TAC (5, 10, 25–27). Indeed, more recent studies using an independent heterozygous global
NCX1 KO model (~50% NCX1 expression) did not reveal any changes in EF at 3-weeks
post-TAC in both WT and NCX1-KO mice (black Swiss)(25). While genetic strain
differences may account for the different results, it is also possible that at 3 weeks, TAC did
not affect myocardial performance in heterozygous NCX1 KO compared to sham-operated
mice. More severe depletion of NCX1 (cardiac-specific NCX1 KO resulting in ~10–20%
NCX1 expression) resulted in 100% mortality at 3 weeks post-TAC (25). The literature
suggests that increased NCX1 expression may be a maladaptive response to pressure
overload, that NCX1 overexpression may lead to worsening myocardial function, and that
inhibiting NCX1 function or partially reducing its expression may improve cardiac
performance post-TAC. One caveat with these studies is that constitutive overexpression or
knockdown of NCX1 resulted in animals being exposed to altered NCX1 activity for a long
time before onset of pressure overload, and therefore may not mimic compensatory NCX1
expression changes in response to disease.

The first major finding of the current study is that induction of modest NCX1
overexpression in the heart shortly before TAC did not worsen myocardial dysfunction. This
is in contrast to the findings in Het mice constitutively overexpressing canine NCX1 TG in
which FS declined by ~39% at 3 weeks post-TAC (5). The reasons for the different results
are not intuitively obvious. The level of TG overexpression appears comparable: 2.5-fold
increase in NCX1 protein in induced NCX1 hearts (7) vs. 2.34-fold increase in NCX1
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activity in sarcolemmal vesicles in Het mice (5), respectively. In addition, modest
overexpression of NCX1 TG did not affect baseline cardiac function in both Het and
induced NCX1 mice (5, 7). Furthermore, neither induced NCX1 nor Het mice demonstrated
any adaptation in expression levels of other calcium handling proteins such as SERCA2,
phospholamban, calsequestrin, Na+-K+-ATPase and ryanodine receptor (5, 7, 35). Finally,
L-type Ca2+ current was not affected in either Het or induced NCX1 myocytes (7, 36, 37). A
trivial difference is the species origin of NCX1 TG: rat in induced NCX1 vs. dog in Het
mice. A second difference is the age at which the animals were subjected to TAC: 8 weeks
in the case of induced NCX1 expression (no cardiac hypertrophy)(7) vs. 4 months in the
case of Het mice in which cardiac hypertrophy was already evident before TAC (5). A third
difference is that Het mice were subjected to increased NCX1 activity for 4 months prior to
TAC while induced NCX1 mice had enhanced NCX1 expression and activity for < 3 weeks
before TAC. A final difference is that Het mice were of C57BL/6 x C3HF1 background
while induced NCX1 mice were of FVB background.

Our results also indicate that increasing NCX1 expression and activity did not ameliorate
depressed myocardial performance post-TAC. This is disappointing since the effects of
induced NCX1 expression were beneficial at the level of the myocyte. To wit, both [Ca2+]i
transient dynamics and contraction amplitudes in NCX1-TAC myocytes were restored to
levels observed in WT-sham myocytes. The inability to translate myocyte improvement into
enhanced myocardial performance may be due to LV hypertrophy, subendocardial ischemia
due to myocyte:capillary mismatch, alterations in chamber geometry, myocyte loss post-
TAC and increased interstitial fibrosis (3- and 5-fold increase at 3 and 5 weeks post-TAC,
respectively)(10, 29). Our results indicate that TAC induced similar degrees of LV
hypertrophy and myocardial fibrosis in both WT and NCX1 hearts. Based on LVIDD and
LVIDS measurements, it appears that there were no gross differences in chamber geometry
between WT-TAC and NCX1-TAC hearts. Although we did not perform additional studies
to evaluate other possibilities, our results with NCX1-TAC mice clearly demonstrate that
depressed myocardial performance can occur without evidence of myocyte contractile
dysfunction. In this light, it is interesting to note that normalization of [Ca2+]i transients and
enhancing myocyte shortening by phospholamban ablation did not result in improvement in
cardiac function or hypertrophy in two models of heart failure (Gαq overexpression and
myosin binding protein mutant MyBP-CMUT expression)(38). In addition, despite clear
evidence of depressed contractility in rat hearts evaluated at 3 weeks post-myocardial
infarction (MI), [Ca2+]i transient and contraction amplitudes measured at physiological
[Ca2+]o were similar between sham and post-MI myocytes (39, 40).

SERCA2 expression was depressed at 15–18 weeks post-TAC in both WT and NCX1
myocytes. Our results are different than those of Vinet et al. (B6D2F1/J)(41) and Funakoshi
et al. (FVB)(26) who demonstrated no change in SERCA2 at 4 weeks post-TAC.
Differences in genetic backgrounds and time post-TAC when measurements were performed
may account for the discrepancy in SERCA2 expression. SR Ca2+ uptake activity as
estimated by t1/2 of [Ca2+]i transient decline, however, was depressed only in WT-TAC but
not in NCX1-TAC myocytes. In WT-TAC myocytes, decreased SR Ca2+ uptake, elevated
phosphorylated RyR2 (and by implication increased SR Ca2+ leak)(42), and prolonged
APD90 (promotes Ca2+ efflux via forward Na+/Ca2+ exchange) would all conspire to
decrease SR Ca2+ content, leading to decreased systolic [Ca2+]i and reduced [Ca2+]i
transient amplitudes. In NCX1-TAC myocytes, the near normal SR Ca2+ uptake activity and
phosphorylated RyR2 levels, perhaps with increased Ca2+ influx via reverse Na+/Ca2+

exchange during the early part of the action potential, may act synergistically to counter-
balance the enhanced Ca2+ efflux mediated by increased NCX1 activity during the late
phase of the action potential, thereby preserving [Ca2+]i transients and contraction
amplitudes in NCX1-TAC myocytes.
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INaCa was higher and APD90 was more prolonged in NCX1-TAC compared to WT-TAC
myocytes. APD prolongation was one of the phenotypes in mice with induced NCX1
overexpression, ostensibly due to increased NCX1 activity (7). Despite impressive APD90
prolongation, there was no mortality in NCX1 and only 1 peri-operative mortality in WT
mice observed during the 15–18 weeks post-TAC, suggesting that arrhythmias and sudden
death in models of pressure overload hypertrophy require additional factors besides APD
prolongation.

There are caveats to the present study. The first is the report that chronic Dox exposure
accelerated LV hypertrophy and progression to heart failure after TAC (41). In that study,
Dox (160 mg/kg/d) was administered 1 week before TAC and continued for 1 to 2 months
after surgery. Our study design was different in that Dox was only administered during
pregnancy and for 5 weeks after birth. Mice with induced NCX1 expression remained Dox-
free both 3 weeks before and 15–18 weeks after TAC. The observation that NCX1-TAC
myocytes contracted better than WT-TAC myocytes suggested that Dox-exposure pre-TAC
was unlikely to adversely affect contractile function. The second is that we use WT rather
than mice in which NCX1 TG was not induced (continued Dox exposure) as control. We
have previously demonstrated that there were no differences in myocardial and myocyte
function between WT and non-induced NCX1 mice (7). More importantly, we would like to
avoid the confounding effects of chronic Dox exposure post-TAC on cardiac function (41).
The third is that in higher mammals NCX1 facilitates ~28% of Ca2+ efflux while it accounts
for only 7% of beat-to-beat Ca2+ transport in rodents and plays a minor role in relaxation in
mouse myocytes (43, 44). Finally, [Na+]i in cardiac myocytes is significantly higher in
mouse (~12 mM)(45) compared to larger mammals such as rabbits (~7 mM)(45) and this
will bias NCX1 less towards the Ca2+ efflux and more towards the Ca2+ influx mode during
an action potential. These last 2 considerations suggest that alterations in cardiac function
associated with manipulation of NCX1 expression in mouse cardiac myocytes should be
extrapolated to larger mammals with caution.

In summary, induced overexpression of Na+/Ca2+ exchanger did not aggravate pressure
overload hypertrophy caused by transverse aortic constriction. Despite restoration of
myocyte [Ca2+]i transients and contractility to normal levels, myocardial performance in
pressure overload hypertrophy was not improved by induced overexpression of Na+/Ca2+

exchanger. We conclude that overexpression of Na+/Ca2+ exchanger, by itself alone, is
neither a friend nor foe in pressure overload cardiac hypertrophy.
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Figure 1. Effects of induced overexpression of Na+/Ca2+ exchanger (NCX1) and transverse
aortic constriction (TAC) on left ventricular (LV) mass and whole cell capacitance (Cm)
Expression of rat NCX1 transgene was induced by leaving doxycycline (300mg/kg) off the
diet at week 5 of age (Methods). TAC or sham operation was performed at week 8 of age
and mice were studied at 15–18 weeks post-TAC (23–26 weeks of age). Left: LV mass of 5
WT-sham, 7 WT-TAC and 8 NCX1-TAC mice. Right: Cm of 21 WT-sham, 15 WT-TAC
and 20 NCX1-TAC myocytes. *p<0.0025, NCX1-TAC or WT-TAC vs. WT-sham.
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Figure 2. Effects of TAC on myocardial histology in WT and induced NCX1 hearts
Hearts from 15–18 weeks post-TAC or sham-operated mice were stained with Masson
trichrome. Representative images from WT-sham (top), WT-TAC (middle) and NCX1-TAC
(bottom) hearts are shown. Data are summarized in Results.
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Figure 3. Effects of induced overexpression of Na+/Ca2+ exchanger (NCX1) and transverse
aortic constriction (TAC) on left ventricular (LV) ejection fraction (EF) and maximal first time
derivative of LV pressure rise (+dP/dt)
Left: LVEF was determined by echocardiography in 5 WT-sham, 7 WT-TAC and 8 NCX1-
TAC mice. *p<0.025, WT-sham vs. WT-TAC or NCX1-TAC. Right: In vivo catheterization
was performed in anesthetized mice (Methods) and LV pressures and heart rate were
continuously monitored, both at baseline and at increasing doses of isoproterenol (Iso).
Averaged +dP/dt achieved with each dose of Iso in 5 WT-sham (□), 5 WT-TAC (◆) and 10
NCX1-TAC (○) mice are shown. Error bars are not shown if they fall within the boundaries
of the symbol.
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Figure 4. Effects of induced overexpression of Na+/Ca2+ exchanger (NCX1) and transverse
aortic constriction (TAC) on NCX1 current (INaCa)
Pipette solution contained (in mM) 100 Cs+ glutamate, 7.25 NaCl, 1 MgCl2, 20 HEPES, 2.5
Na2ATP, 10 EGTA and 6 CaCl2, pH 7.2. Free Ca2+ in the pipette solution was 205 nM,
measured fluorimetrically with fura-2. External solution contained (in mM) 130 NaCl, 5
CsCl, 1.2 MgSO4, 1.2 NaH2PO4, 5 CaCl2, 10 HEPES, 10 Na+ HEPES and 10 glucose, pH
7.4. Verapamil (1 μM) was used to block ICa. Our measurement conditions were biased
towards measuring outward (3 Na+ out: 1 Ca2+ in) INaCa. (A). After holding the myocyte at
the calculated reversal potential (−73 mV) of INaCa for 5 min. (to minimize fluxes through
NCX1 and thus allowed [Na+]i and [Ca2+]i to equilibrate with those in pipette solution),
INaCa (30°C) was measured in WT-sham, WT-TAC and NCX1-TAC myocytes using a
descending (from +100 to −120 mV; 500 mV/s) - ascending (from −120 to +100 mV; 500
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mV/s) voltage ramp, first in the absence and then in the presence of 1 mM NiCl2. (B). Raw
currents measured in a WT-sham myocyte. INaCa was defined as the difference current
measured in the absence and presence of Ni+ during the descending voltage ramp. Note that
with the exception of small contamination of the ascending ramp by the cardiac Na+ current,
there were little to no differences in currents measured between the descending and
ascending voltage ramps. This suggests that [Ca2+]i and [Na+]i sensed by NCX1 did not
appreciably change by NCX1 fluxes during the brief (880 ms) voltage ramp. INaCa was
divided by Cm prior to comparisons. (C). Current-voltage relationships of INaCa (means ±
SE) from WT-sham ( ;n=7 myocytes from 4 mice), WT-TAC (◇ n=10 myocytes from 3
mice) and NCX1-TAC (○; n=8 myocytes from 3 mice) myocytes are shown. The reversal
potential of INaCa was ~−60 mV, close to the theoretical reversal potential of −73 mV. Error
bars are not shown if they fall within the boundaries of the symbol.
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Figure 5. Effects of induced overexpression of Na+/Ca2+ exchanger (NCX1) and transverse
aortic constriction (TAC) on action potential (AP)
Myocytes were paced at 1 Hz. Pipette solution consisted of (in mM) 125 KCl, 4 MgCl2, 0.06
CaCl2, 10 HEPES, 5 K+-EGTA, 3 Na2ATP, and 5 Na2-creatine phosphate (pH 7.2).
External solution consisted of (in mM) 132 NaCl, 5.4 KCl, 1.8 CaCl2, 1.8 MgCl2, 0.6
NaH2PO4, 7.5 HEPES, 7.5 Na+-HEPES, and 5 glucose, pH 7.4. (A). Representative AP
from WT-sham, WT-TAC and NCX1-TAC myocytes recorded using current-clamp
configuration at 1.5× threshold stimulus, 4-ms duration and at 30°C (4, 17, 46, 47). (B).
Means ± SE of resting membrane potential (Em), action potential amplitude, action potential
duration at 50% (APD50) and at 90% repolarization (APD90) from 14 WT-sham (4 mice), 5
WT-TAC (2 mice) and 10 NCX1-TAC (4 mice) myocytes are shown. * p<0.0001, WT-
sham vs. WT-TAC or NCX1-TAC; #p<0.01, WT-TAC vs. NCX1-TAC.
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Figure 6. Effects of induced overexpression of Na+/Ca2+ exchanger (NCX1) and transverse
aortic constriction (TAC) on myocyte contractility and [Ca2+]i transient amplitudes
LV myocytes were paced (2 Hz) to contract at 37°C and 0.6 (open), 1.8 (hatched) or 5.0 mM
(filled) [Ca2+]o (Methods). Left: means ± SE of maximal contraction amplitude (% resting
cell length) from WT-sham (n=12, 12 and 13 at 0.6, 1.8 and 5.0 mM [Ca2+]o), WT-TAC
(n=9, 10 and 12 at 0.6, 1.8 and 5.0 mM [Ca2+]o), and NCX1-TAC (n=15, 21 and 21 at 0.6,
1.8 and 5.0 mM [Ca2+]o) myocytes. Myocytes were isolated from 2 WT-sham, 3 WT-TAC
and 3 NCX1-TAC mice. *p<0.0009 (group × [Ca2+]o interaction effect), WT-TAC vs. WT-
sham or NCX1-TAC. Right: means ± SE of [Ca2+]i transient amplitude (% increase fura2
signal) from WT-sham (n=15, 21 and 20 at 0.6, 1.8 and 5.0 mM [Ca2+]o), WT-TAC (n=10,
16 and 17 at 0.6, 1.8 and 5.0 mM [Ca2+]o), and NCX1-TAC (n=14, 12 and 12 at 0.6, 1.8 and
5.0 mM [Ca2+]o) myocytes. Myocytes were isolated from 5 WT-sham, 3 WT-TAC and 3
NCX1-TAC mice. *p<0.02 (group × [Ca2+]o interaction effect), WT-TAC vs. WT-sham or
NCX1-TAC. [Ca2+]i transients results are summarized in Table 1.

Wang et al. Page 19

J Card Fail. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 7. Effects of induced overexpression of Na+/Ca2+ exchanger (NCX1) and transverse
aortic constriction (TAC) on the expression of selected proteins involved in excitation-
contraction coupling
Crude membranes (Na+/Ca2+ exchanger, α1- and α2-subunits of Na+-K+-ATPase) or
homogenates (SERCA2, ryanodine receptor phosphorylated at serine2808, phospholemman
and calsequestrin) were prepared from WT-sham, WT-TAC and NCX1-TAC left ventricles
and subjected to SDS-PAGE followed by Western blot analysis. Protein loading was 50 μg/
lane. Composite results are presented in Table 2.
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Table 1

Effects of TAC ± induced NCX1 transgene expression on [Ca2+]i transients

[Ca2+]o WT-sham WT-TAC NCX1-TAC

Systolic [Ca2+]i, nM

0.6 146 ± 14 (15) 137 ± 12* (10) 136 ± 9 (14)

1.8 223 ± 14 (21) 191 ± 8*(16) 199 ± 10 (12)

5.0 337 ± 19 (20) 267 ± 12* (17) 305 ± 19 (12)

Diastolic [Ca2+]i, nM

0.6 100 ± 10 98 ± 9 96 ± 9

1.8 112 ± 8 103 ± 6 102 ± 8

5.0 113 ± 8 113 ± 5 113 ± 11

[Ca2+]i transient amplitude, % increase in fura2 signal

0.6 8.6 ± 0.9 7.9 ± 0.8* 8.3 ± 0.9#

1.8 19.1 ± 0.9 17.0 ± 0.9* 18.6 ± 1.1#

5.0 34.9 ± 1.4 26.5 ± 1.6* 32.3 ± 1.8#

t1/2 of [Ca2+]i transient decline, ms

0.6 305 ± 17 290 ± 29* 272 ± 18#

1.8 208 ± 11 244 ± 16* 204 ± 10#

5.0 168 ± 8 207 ± 11* 158 ± 6#

Values are means ± SE. Numbers in parentheses are no. of myocytes, without regard to the number of cells contributed by each heart (n=5, 3 and 3

hearts each for WT-sham, WT-TAC and NCX1-TAC, respectively). [Ca2+]o, extracellular Ca2+ concentration; NCX1, cardiac Na+/Ca2+

exchanger; TAC, transverse aortic constriction; WT, wild-type. Data were analyzed by 2-way ANOVA (group, [Ca2+]o).

*
p<0.05, group × [Ca2+]o interaction effect; WT-sham vs. WT-TAC.

#
p<0.02, group or group × [Ca2+]o interaction effect; WT-TAC vs. NCX1-TAC.
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Table 2

Effects of TAC ± induced NCX1 transgene expression on selected proteins

WT-sham WT-TAC NCX1-TAC

Crude membrane preparations

NCX1 1.17 ± 0.05 (4) 1.64 ± 0.17* (4) 2.28 ± 0.19# (5)

α1, Na+-K+-ATPase 0.64 ± 0.15 0.86 ± 0.10 0.93 ± 0.06

α2, Na+-K+-ATPase 0.11 ± 0.02 0.23 ± 0.03* 0.11 ± 0.02#

LV homogenates

SERCA2 3.20 ± 0.33 (6) 1.69 ± 0.06* (6) 1.41 ± 0.04# (7)

Phospholemman 2.17 ± 0.28 2.07 ± 0.13 2.30 ± 0.10

pRyR2 0.47 ± 0.10 1.03 ±0.12* 0.79 ± 0.14

Values are means ± SE; numbers in parentheses are numbers of hearts used in crude membrane preparations or homogenates. Since the π11–13
antibody signal is 1.7× stronger for endogenous mouse NCX1 compared to rat NCX1 transgene (7), NCX1 signals in NCX1-TAC myocytes have
been proportionally corrected. Protein band intensities of each protein are divided by the intensities of their respective calsequestrin loading

controls. NCX1, cardiac Na+/Ca2+ exchanger; SERCA2, sarco(endo)plasmic reticulum Ca2+-ATPase; pRyR2, ryanodine receptor phosphorylated

at serine2808; LV, left ventricle; WT, wild-type; TAC, transverse aortic constriction.

*
p<0.04, WT-sham vs. WT-TAC;

#
p<0.045, WT-TAC vs. NCX1-TAC.
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