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Abstract
Background: The cardiac sodium–calcium exchanger (NCX1) is a key sarcolemmal protein for
the maintenance of calcium homeostasis in the heart. Since heart failure is associated with increased
expression of NCX1, heterozygous (HET) and homozygous (HOM) transgenic mice overexpressing
NCX1 were developed and evaluated.

Methods and Results: The NCX1 transgenic mice display 2.3-fold (HET) and 3.1-fold (HOM)
increases in exchanger activity from wildtype (WT) mice. Functional information was obtained by
echocardiography and catheterizations before and following hemodynamic stress from pregnancy,
treadmill exercise or trans-aortic constriction (TAC). HET and HOM mice exhibited hypertrophy
and blunted responses with β-adrenergic stimulation. Postpartum mice from all groups were
hypertrophied, but only the HOM mice exhibited premature death due to heart failure. HOM mice
became exercise intolerant after 6 weeks of daily treadmill running. After 21 days TAC, HET and
HOM mice exhibited significant contractile dysfunction and 15-40% mortality with clinical evidence
of heart failure.

Conclusions: Hemodynamic stress results in a compensated hypertrophy in WT mice, but NCX1
transgenic mice exhibit decreased contractile function and heart failure in proportion to their level
of NCX1 expression. Thus exchanger overexpression in mice leads to abnormal calcium handling
and a decompensatory transition to heart failure with stress.
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Introduction
Heart failure is a complex disease process that leads to severely depressed cardiac function and
high mortality. Detrimental alterations in calcium homeostasis are generally recognized as a
universal factor in the development of heart failure.1-5 Sodium-calcium (Na+-Ca2+) exchange
is a key mechanism in maintaining calcium (Ca2+) homeostasis during cardiac excitation-
contraction coupling.6-9 Ca2+ entering cardiomyocytes via L-type Ca2+ channels is primarily
extruded by the Na+-Ca2+ exchanger (forward mode exchange). However, the net direction in
which the exchanger will transport Ca2+ is dependent on ionic conditions and membrane
potential. Thus, “reverse mode exchange” is a possible Ca2+ influx mechanism.4,10-13 Though
the magnitude of Ca2+ influx through the exchanger is probably modest under normal
physiological conditions, the exchanger is upregulated during hypertrophy and heart failure in
most human and animal models when reverse mode exchange may become more prominent.
3,4,10,11,14-20

Predicting the effects of upregulated exchange activity and its relationship to heart failure is
not straightforward. Increased levels of exchanger may compensate for defective excitation-
contraction (E-C) coupling mechanisms such as the depressed function of the sarcoplasmic
reticulum (SR) Ca2+ pump (SERCA) that often accompanies hypertrophy and heart failure.
21-23 Alternatively, increased exchanger activity may act to decrease SR Ca2+ stores and hence
diminish contractility. Understanding the role of increased Na+-Ca2+ exchanger activity during
heart failure is further complicated by the many adaptive modifications of Ca2+-related and
contractile proteins that simultaneously occur.5,11

To help reveal the contributions of discrete components associated with the disease processes,
we have used genetic manipulations to alter the level of the cardiac Na+-Ca2+ exchanger
(NCX1) in the myocardium.24-26 Numerous studies with heterozygous (HET) transgenic α-
myosin heavy chain-NCX1 overexpressing mice have reported alterations in Ca2+ handling
and contractile function in myocytes.12,14,27-34 No adaptations in expression levels of other
calcium handling proteins (L-type Ca2+ channels, SR calcium pump, calsequestrin, or
phospholamban) were reported to occur in the myocardium of these HET mice.12,28,29

Based on these HET data and the evidence of increased exchanger levels in other models of
heart failure, we hypothesized that further increases in NCX1 expression in our model would
alter baseline function and predispose the myocardium to heart failure following hemodynamic
stress. Thus homozygous (HOM) overexpressing mice were developed and found to have a
33% increase in NCX1 activity above that of the HET mice examined in the previous
publications. Recently we reported on significant defects in the excitation-contraction coupling
mechanism in myocytes from these HOM overexpressing mice.9,25,26,35 We now examine
the in vivo phenotype of the HOM NCX1 overexpressing mice and contrast them with the HET
and wildtype (WT) mice. Since no alterations in the expression of other Ca2+ handling proteins
were also found in the HOM mice, the effects of exchanger overexpression can be studied in
a normal background of other excitation-contraction coupling proteins. The increased
exchanger activity in the HET and HOM mice induced a compensated cardiac hypertrophy at
baseline and a blunted contractile response to β-adrenergic stimulation whose magnitude was
proportional to NCX1 overexpression levels. Furthermore, mice chronically stressed by
pregnancy, exercise, or pressure overload manifest an accelerated hypertrophic response and
transition to decompensated heart failure in proportion to their expression levels. Thus, the
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pathophysiology observed in HOM mice is associated with abnormalities in Ca2+ handling
directly tied to the greater expression of the Na+-Ca2+ exchanger as compared to the HET and
WT mice.

Methods
Generation and Characterization of Homozygous Transgenic Mice

The α-myosin heavy chain (MHC) Na+-Ca2+ exchanger (NCX1.1) transgenic mice were
generated previously described.24 These heterozygous (HET) mice were mated to
homozygosity (HOM). Genotypes were confirmed by Southern blot and PCR, and
homozygosity was confirmed genetically. All groups of mice (HOM, HET and wildtype) are
on the same C57Bl/6 × C3HF1 background. Na+-Ca2+ exchange activity was determined in a
crude fraction of cardiac membrane vesicles by measuring the Na+ gradient-dependent
45Ca2+ uptake.24 ANF and SERCA2 expression were respectively determined by Northern
and Western blot analyses as previously described.24 DNA microarray analysis methods were
similar to those from Ritter et al.36

Unless specifically stated otherwise, mice from all groups and under all conditions were
evaluated at approximately 4 months of age. This investigation conforms to the Guide for the
Care and Use of Laboratory Animals published the US National Institutes for Health (NIH
publication # 85-23, revised 1996) and was approved by the UCLA Office for Protection of
Research Subjects.

Echocardiography
Mice were sedated with Avertin (2,2,2, tribromo-ethanol, 2.5% solution, 0.016 ml/gm body
mass, Aldrich Chemical Corp.) and ultrasonically imaged with either an ATL Interspec Apogee
CX200 instrument37,38 or with a Siemens Acuson Sequoia C256 instrument (Siemens
Medical Solutions, Mountain View CA).39 Digitized 2-D guided M-mode images were
analyzed with SigmaScan (Systat Software Inc., Richmond CA) or AccessPoint (Freeland
Systems LLC, Santa Fe NM) software for dimensions of the left ventricular cavity (end
diastolic dimension - EDD and end systolic dimension - ESD) and wall thickness (posterior
wall thickness - PWT and ventricular septal thickness - VST) during systole and diastole.
Ejection times and heart rates were determined from Doppler images. Left ventricular mass
was calculated from the EDD, PWT and VST values according to Tanaka et al.38 Left
ventricular fractional shortening (%LVFS) and velocity of circumferential fiber shortening
(Vcf) were calculated as indices of contractility.38 Mouse electrocardiograms (ECG) were
obtained in the standard lead II arrangement with subcutaneous Pt electrodes (Grass
Instruments, Warwick, RI).

Exercise Testing
WT and HOM mice (n = 6 each) were run daily on a Rotarod treadmill (Ugo Basile, Italy) for
8 weeks. The mice were conditioned to the device during the first two weeks at increasing
speeds. From the third through the eighth weeks, the mice were run twice daily (30 minutes
each) at a more strenuous pace about 10% less than their individual maximum determined at
the end of the first week (3-4m/min). All exercise sessions were performed during the mouse's
normal active (dark) circadian period in a room lit by only two 15w red bulbs. Exercise
tolerance was scored by the maximum speed and the number falls per hour for each mouse.40

Trans-aortic Constriction (TAC)
A fixed pressure overload was obtained by surgically constricting (banding) the aorta between
the right and left carotid arteries to the diameter of a 27 gauge needle in an anesthetized,
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ventilated mouse.41,42 At the end of the study period (7 or 21 days), the TAC mice were
evaluated a second time via echocardiography prior to the terminal physiological and
morphometric assessment. For confirmation of the TAC pressure gradient, the right carotid
and femoral arteries were catheterized with flame-stretched PE-50 tubing and pressures were
simultaneously measured.

Physiological Assessment
Mice were anesthetized with a mixture of Ketamine (100 mg/Kg body mass), Xylazine (2 mg/
Kg) and Buprenorphine (0.1 mg/Kg), intubated and hemodynamic data obtained. For
assessment of contractility, the right carotid artery was catheterized with a 1.4Fr catheter
(Millar Instruments, Houston, TX) advanced into the left ventricle. After stabilization of
baseline LV pressure and ±dP/dT recordings, sequential 10-150 μg/Kg dose (0.01 ml bolus,
IV) infusions of Dobutamine were administered at 10 minute intervals. Hemodynamic
measurements were acquired, digitized, displayed and analyzed with HEM V3.3 software
(Notocord Systems, Croissy sur Seine, France). All hemodynamic data were recorded
continuously for at least 30 minutes to ensure physiological levels of pressures and heart rates.

Morphometric and Histological Assessment
At the end of the study, standard morphometric measures were obtained including body, heart,
and lung weights as well as tibia length. In some cases, hearts were immediately fixed in
formalin for histological assessment. Routinely processed paraffin-embedded tissue sections
were stained with hematoxylin and eosin (H & E) and Masson's Trichrome stains. For
morphometric analysis, sections were imaged and evaluated using an automated image analysis
system (Image Pro software, Media Cybernetics Inc., Silver Springs MD).

Statistical Methods
Data were compiled and are shown as means and standard errors. Data were evaluated using
a student's two-tailed t-test or ANOVA with Instat V3.05 statistical software (GraphPad Inc.,
San Diego, CA). In all analyses, P < 0.05 was taken to be statistically significant.

Results
Characterization of Baseline NCX1 Transgenic Mice

After producing homozygous offspring of our transgenic mice, we assessed the level of NCX1
activity in the HOM, HET and WT mice. The NCX1 activity in membrane vesicles was
increased 2.34-fold in HET and 3.12 fold in HOM vs. wildtype (WT) controls. HET activity
was significantly greater (P<0.001) than WT controls and HOM activity was significantly
(P<0.05) greater than both WT and HET values. Since NCX1 activity has been suggested to
decline with age,43 it was evaluated in both young mice (2-4 months of age) as well as elderly
mice (16-19 month of age). No significant differences were noted with age or gender.

Previously published studies have clearly established that there were no adaptations to
expression levels of other calcium handling proteins in young adult HET mice.12,28,29 New
analyses were performed to reveal whether the additional NCX1 activity in HOM mice elicited
any changes. Western blot analysis for SERCA2a revealed no differences in expression in
ventricles from HOM and WT mice from both genders (Figure 1A; WT 0.96±0.13; HOM, 1.00
±0.11; mean±sem in arbitrary units; n=3 each). RNA expression levels determined by
microarray analysis for many other Ca2+ handling proteins (calsequestrin, ryanodine receptor,
L-type Ca2+ channel, the Na+/K+-ATPase and SERCA2a) as well as markers of hypertrophy
(ANF and α-skeletal actin) were not significantly different between any of the groups examined
(WT, HET & HOM). Since the 4 month old transgenic mice (HET & HOM) exhibited baseline
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hypertrophy (documented below), younger, 2 month old mice were specifically chosen for this
gene chip analysis to remove any confounding variables due to the hypertrophic responses
associated with aging.

Evaluation of Baseline Phenotypes
Baseline phenotypes were evaluated in WT, HET and HOM mice at 4 months of age. Each
group of mice consisted of approximately equal numbers of males and nulliparous (never
pregnant) females. Unlike at 2 months of age, ANF expression from Northern analysis is 20.7
times greater in HOM mice than in WT mice at 4 months of age (Figure 1B). Postmortem
morphometry confirms the suggested hypertrophic response from the ANF data. Heart weights
significantly increase from 119±4 mg in WT mice to 133±4 mg in HET and 146±4 mg in HOM
mice (mean±SEM; P<0.001; n = 30, 23, 30). When normalized to both tibia length (HW/TL)
or body weights (HW/BW), the hypertrophic response was greatest in the HOM mice and at
intermediate values in the HET in parallel to the increased expression level of the NCX1
transgene (Table 1-baseline and Figure 2A). Though both measures revealed significant
hypertrophy in HOM mice, we feel that the HW/TL index is a better index of hypertrophy than
HW/BW in these mice since the HET and HOM mice were respectively 10% & 13% heavier
than their WT counterparts whereas there were no differences in tibia length. Morphometric
data obtained from older (12-15 months) non-failing baseline mice are consistent with the data
from younger mice in all groups (data not shown). There were no significant gender differences
in these data.

Ventricular remodeling and changes in function associated with hypertrophy were assessed by
echocardiography at physiological heart rates (513±19 bpm; Table 2-baseline). Similar to the
mice evaluated for Table 1, no animals in these groups showed overt clinical evidence of heart
failure. Figure 2B shows the significant LV mass increase in the HOM mice consistent with
the post-mortem data. This appears to be an eccentric type of hypertrophy as left ventricular
chamber enlargement occurred (increased EDD - Figure 2C) without any significant changes
in wall thickness (PWT & VST – Table 2-baseline). Echo-based indices of ventricular function
(%LVFS & Vcf) were not significantly different between WT and HET mice. However, one
index of function, %LVFS was significantly reduced in HOM mice suggesting some
decompensation prior to failure (Table 2-baseline).

To further evaluate the ventricular function in vivo, we used LV catheterization. The LV
pressures and heart rates were in the physiological range with no statistical differences between
any of the groups. Contractility (+dP/dT) and relaxation (−dP/dT) were not different between
the three groups (Figure 3-baseline). Subsequently, sequential bolus infusions of Dobutamine
were given to evaluate the response of NCX1 overexpressing mice to β-adrenergic stimuli.
HOM mice exhibited significantly blunted responses (Figure 3). Interestingly, HET mice
generally exhibited an intermediate response at higher doses.

Heart Failure in Postpartum HOM Mice
Our initial observation suggesting that increased levels of NCX1 expression provoked cardiac
dysfunction and heart failure was noted as premature mortality in female HOM breeders. Figure
4 shows a Kaplan-Meier survival curve gathered over a 12-month period for male, nulliparous
(NP) female and postpartum (PP) female HOM and HET mice. Only 33% of the PP HOM
group survived past 12 months of age whereas 89% of the NP HOM females and 96% of the
HOM males survived. In the HET groups, 80% of the PP females, 97% of the NP females and
99% of the males survived to one year of age. All the PP HET deaths occurred between 3-4
months of age and none thereafter. Only one mouse died from all WT groups during this period
(data not shown).
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Postmortem examinations of PP HOM mice were indicative of congestive heart failure
revealing severe edema, pleural effusions and ascites as compared to the PP and baseline WT
and HET mice. PP HOM mice sacrificed prior to the onset of heart failure (19±1 weeks of age)
also exhibited significantly increased lung weight to tibia length ratios consistent with heart
failure (Table 1-postpartum). Additionally both the PP HET and PP HOM mice exhibited a
significant hypertrophic response (heart weight to body weight or tibia length) compared to
baseline and PP WT mice at the same age (Table 1 and Figure 2A). Interestingly, the magnitude
of the hypertrophic response in the PP HET mice was at an intermediate level roughly in
proportion to the level of NCX1 overexpression.

Echocardiographic evaluation in PP WT and PP HOM mice confirmed the hypertrophy
measured from morphometry and revealed significantly reduced ventricular function (Table
2-postpartum and Figures 2B & 2C). Specifically, the chamber dimensions (EDD & ESD) and
left ventricular mass were significantly increased over both the PP WT and baseline HOM
mice. Ventricular function in PP HOM mice was significantly reduced from PP WT mice, and
in the case of the %LVFS index, also to the baseline HOM mice. Two failing PP HOM mice
were successfully catheterized, and had an average +dP/dT of 3180±552 mmHg/min and a
−dP/dT of 3054±595 mmHg/min. These values are nearly half of that of the non-failing mice
in Figure 2.

At the molecular level, Northern blot analysis (Figure 5) revealed high-level expression of
ANF in ventricular tissue of the PP HOM mice (WT, 0.1±0.2; HET, 1.1±0.6; HOM, 12.4±3.3;
mean±sem in arbitrary units; n=3 for each; P<0.05 HOM to HET & WT). Histological analysis
revealed widespread interstitial fibrosis, sub-endocardial calcification and foci of replacement
fibrosis in both the left and right ventricles (LV and RV) in PP HOM mice at this age (Figure
6A) as compared to the normal appearing histology from male HOM mice at the same age
(Figure 6B). Histology for all other baseline groups of mice, including the NP female HOM
mice, was normal (data not shown).

Responses to Exercise and Pressure Overload
To evaluate the propensity toward heart failure in the HOM mice without the confounding
variable of pregnancy, hemodynamic stress was induced by two methods: eight weeks of
strenuous treadmill (RotaRod) exercise and by surgically induced pressure overload by trans-
aortic constriction (TAC). The exercise regimen induced a modest physiological hypertrophy
in both WT and HOM mice by the end of the study at 20±2 weeks of age (Figure 7A). It took
2 weeks for both groups of mice to fully condition to the exercise regimen. After the
conditioning period, the WT mice ran well at full speed (4m/min) for the rest of the study.
Unlike the WT mice, the HOM mice would generally not run as fast (3m/min) and fell off more
often. Figure 7B plots the number of exercising mice that fell off 12 times or less per hour
(averaged over the entire week). The HOM mice started to become intolerant to exercise by
falling off more often by the 6th week even at a reduced speed. By the 8th week, only two mice
were running well, 2 were running poorly (> 12 falls/hr) and 2 would not run at all. Though
hypertrophied and exercise intolerant, none of these HOM mice showed clinical evidence of
heart failure upon sacrifice.

Pressure overload was induced by trans-aortic constriction (TAC) in 14±1 week old WT, HET
and HOM mice. After baseline echocardiography (Table 2), TAC was performed and the mice
followed for up to 21 days post-operatively. All mice underwent repeat echo evaluation at 7
days post TAC. At 7 days post TAC, hemodynamic gradients were confirmed in half of this
group, which were then sacrificed for morphometric analysis. The remaining mice from each
group were observed for 21 days post TAC followed by echo, hemodynamic and morphometric
analyses. All mice with trans-aortic gradients less than 40 mmHg were excluded from the
analyses. All WT mice survived the entire 21 day period. Three additional WT mice were
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allowed to go out to 6 weeks (20 weeks of age); these all survived, exhibited a compensated
hypertrophic response (HW/TL = 11.05±1.11mg/mm) and had no evidence of heart failure.
All HET and HOM mice survived for at least 8 days with 80-85% of the HET and male HOM
mice surviving the full period. However, only 60% of the female NP HOM mice survived for
a full 21 days after TAC surgery. The mortality in both genders was associated with clinical
signs of heart failure. In an attempt to evaluate the effect of age on this stress response, TAC
was performed on 8 NP (female) HOM mice older than 5 months of age. Of these, 6 died within
2 days and the other 2 survived only 9 and 11 days with clinical manifestations of heart failure.
No PP mice underwent the TAC procedure.

Morphometric and echo results for the mice surviving the full 21 day TAC intervention are
detailed in Tables 1 and 2, respectively. While echocardiographic evidence of hypertrophy and
chamber dilation occurred in all groups following 21 days of TAC, the HET and HOM mice
had more significant responses than WT mice. There was an intermediate hypertrophic
response for all these parameters in the 7 day TAC mice (n=15-17; data not shown).

Ventricular function (%LVFS and Vcf) decreased significantly in HET and HOM mice
following 21 days TAC from their baseline and PP counterparts (Table 2, Figure 8). The
dysfunction was more pronounced in the HOM mice, with the HET mice exhibiting
intermediate, but significantly reduced values. A few HET and HOM mice were catheterized
following 21 days TAC. Though limited, these data also suggest a graded reduction in function
with baseline ±dP/dT in the 3500 to 4000 mmHg/min range. The significant decrease in
ventricular function in HET and HOM mice paralleled the increase in lung to body weight
ratios in 21 day post TAC mice (Table 1). Histological analyses (Figure 4 C-E) show a graded
elevation of interstitial fibrosis and pathology after 21 day TAC in WT, HET and HOM mice.
Though hypertrophied with some modest fibrosis, there was no evidence of heart failure in the
WT mice following TAC.

Discussion
Alterations in Ca2+ homeostasis are a hallmark of myocardial pathophysiology such as
hypertrophy and heart failure.2-4,11,13,22 Such alterations are often due to functional changes
in Ca2+ handling proteins including the L-type Ca2+ channel, calsequestrin, SERCA,
phospholamban, troponin C, the ryanodine receptor (RYR) and the Na+-Ca2+ exchanger. The
HET and HOM Na+-Ca2+ exchanger mouse models evaluated here provide a means to study
the effects of exchanger overexpression without confounding alterations in expression of other
Ca2+ handling proteins as confirmed by gene chip and Western analyses (Figure 1A). Recent
work from our group, indicate that HOM myocytes have significant defects in excitation-
contraction coupling including enhanced reverse-mode NCX currents, smaller Ca2+ transients,
increased ICa and reduced E-C coupling gain.26,35 They also reported a high incidence of
oscillatory calcium release in HOM, but not WT myocytes under their test conditions. These
factors are consistent with intracellular calcium overload which is major contributing factor to
the onset of hypertrophy and heart failure by multiple pathways.2,5,11,44

The data in this study extend the electrophysiology studies in cells to the whole animal. We
found that increased expression of the Na+-Ca2+ exchanger directly led to a hypertrophic
response and that chronic hemodynamic stresses led to decompensatory transition to heart
failure in the HOM overexpressing mice. Furthermore, the magnitude of the hypertrophy and
pathology increased with increasing exchanger expression. Elevated expression of the
exchanger has been documented in human and other animal models of hypertrophy and heart
failure.3,16-18 Though heart failure is a complex disease with numerous pathological factors,
these data clearly suggest that overexpression of the Na+-Ca2+ exchanger can significantly
contribute to the process. Based on our previous electrophysiology data, we believe that the
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pathophysiology observed in the HET and HOM mice result from perturbed calcium
homeostasis, specifically intracellular calcium overload.

The baseline data (Figures 1B & 2 and Tables 1-2) indicate a hypertrophic phenotype in both
HET and HOM mice by 4 months of age. Linck et al.29 reported a three fold increase in ANF
expression HET mice; this value is intermediate between WT and the HOM expression reported
here (Fig. 1B). Interestingly, despite numerous published reports using HET mice from this
line, only a few evaluated the morphometric phenotype and none reported a hypertrophic
response.12,24,27 This difference in hypertrophic phenotype is likely due to the relatively
younger age of the animals in the previous studies and their normalization of heart weight to
body weight rather than to tibia length as is our preference. Adachi-Akahane et al.24 and
Terracciano et al.12 reported no significant differences between HET and WT cell capacitance.
Unlike HET mice, previous work from our group found significantly increased capacitance in
HOM myocytes indicative of cellular hypertrophy in agreement with our morphometric data.
35

Direct LV catheterization revealed normal levels of baseline left ventricular contractility (+dP/
dT) and relaxation (−dP/dT) in all groups (Figure 3). Despite these normal baseline ±dP/dT
values, the different groups of transgenic mice did not respond uniformly to β-adrenergic
stimulation. Both contractility and relaxation were significantly blunted in HOM mice at
elevated doses of Dobutamine with intermediate HET values. This graded blunting is
proportional to the increasing levels of NCX1 expression. Blunted adrenergic responsiveness
is associated with hypertrophic and failing hearts in both human and animal models,44,45 and
in cells.46

Similarly, the baseline contractile function determined from echo (%LVFS & Vcf) is in the
normal range except for HOM %LVFS (Table 2-baseline). Thus the baseline contractility and
relaxation are generally normal despite the reduced EC coupling gain with normal SR Ca2+

loads in HOM myocytes.35 The normal LV function in the whole animal, as opposed to the
depressed function in isolated cells, is not surprising since the mouse can compensate for the
reduced EC coupling gain by increasing its adrenergic stimulation. Such chronic stimulation
might also contribute to increased calcium overload via enhanced L-type calcium channel
function and eventually lead to heart failure via calcium-triggered decompensatory pathways.
An enhanced relaxation rate might also be expected from the higher exchange activity.
However, the extra exchange activity could simply compensate for an increased Ca2+ influx
or SR Ca2+ release.

Though the Na+-Ca2+ exchanger overexpressing mice did not exhibit heart failure under
normal conditions, various forms of chronic hemodynamic stress did lead to decompensation
and heart failure. For these studies we evaluated mice following pregnancy, treadmill exercise
and arterial pressure overload from aortic constriction. Pregnancy increases the hemodynamic
load (volume overload) upon the heart and can be associated with chamber dilation,
hypertension, hypertrophy and heart failure.47,48 Treadmill exercise intermittently increases
the hemodynamic load which leads to a “physiological hypertrophy” in normal subjects, but
can also reveal reduced cardiac function in subjects with compromised hearts.49 Finally, aortic
constriction provides a chronic pressure overload which the heart must overcome to sustain
normal cardiac output.42 Though different, all three of these hemodynamic stress modalities
precipitated cardiac dysfunction in the Na+-Ca2+ exchanger overexpressing mice.

To evaluate the propensity toward heart failure in the NCX1 overexpressors, mice were stressed
by either exercise or pressure overload via TAC. A daily exercise program induced a moderate
physiological hypertrophy in both WT and HOM mice, but only the WT mice sustained their
running ability (Figure 7). The exercise intolerance exhibited in four of the six HOM mice at
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the 6th week of training suggests that the additional demand from exercise in HOM mice starts
a stress-induced decompensation toward heart failure. With exercise, increased adrenergic
stimulation leads to higher heart rates and contractility. These would likely trigger higher
intracellular calcium levels in an already calcium overloaded heart.

Unlike exercise, a substantial hypertrophic response was evident in TAC-induced pressure
overload in all groups by 7 days and continued to increase until the end of the 21-day study
(Tables 1 & 2). As with exercise, WT mice were able to sustain their function and had no post-
surgical mortality. But the HET and HOM mice had a graded reduction in function, increased
fibrosis, and increased mortality prior to 21 days post-TAC (Table 2 and Figures 6C-E & 8).
Interestingly, the NP (female) HOM mice appeared to be more severely effected by TAC with
a somewhat greater mortality than the males. The source or this gender difference in mortality
is unclear and is in contrast to increased male mortality following ischemia/reperfusion injury
in HET mice.28 Older HOM mice were completely intolerant of the TAC procedure. Taken
as a whole, these data suggest that the WT, HET and HOM mice have increasing levels of
dysfunction and pathology following pressure overload in proportion to their increased
expression of NCX1. Thus the level of NCX1 expression likely modulates the intracellular
calcium levels which, in combination with pressure overload, accelerate the hypertrophic
response sufficiently to decompensate into heart failure.

The high rate of premature death due to heart failure in PP HOM mice was unexpected (Figures
4 & 6A and Tables 1 & 2). The improved survival, graded reduction in hypertrophic response
(PP ANF – Figure 5, morphometry and echo), the lack of heart failure in the PP WT and PP
HET mice supports the concept of a direct relationship between NCX1 activity and
pathophysiological consequences. The hemodynamic stress associated with pregnancy appears
sufficient to induce a decompensatory transition to heart failure accompanied by tissue
calcification and fibrosis in at least two thirds of the PP HOM mice by 9 months of age. As
with TAC, the added stress of the volume overload commonly associated with pregnancy
triggers this accelerated decompensation.

Why does overexpression of NCX1 lead to a hypertrophic phenotype? Hypertrophy, with or
without fibrosis and heart failure, is a complex process resulting from a combination of multiple
factors: genetic, structural (remodeling), autocrine and paracrine.2,4,44 Indeed, a large number
of changes in gene product expression have been elucidated in several experimental models.
It is clear that multiple biochemical signaling events are involved in the pathogenesis and
progression of hypertrophy and eventual failure. As hypertrophy progresses it is almost always
accompanied by fibrous tissue proliferation and loss of myocytes (apoptosis and/or necrosis),
that play a role in the ultimate decompensation of the hypertrophied heart. Additionally, an
alteration in calcium homeostasis is a major contributing factor to the cascade of pathways
leading to hypertrophy and failure.3,5,11,22

In our NCX overexpressing mouse model, one might expect intracellular Ca2+ levels to be
lower with more exchanger available for extrusion, but this is not necessarily the case. Rodent
cardiomyocytes have elevated internal Na+ levels compared to cardiomyocytes of rabbit and
other larger mammals.34,50,51 Increased Na+ levels in mice favor increased Ca2+ influx or
decreased Ca2+ efflux during diastole via the exchanger leading to chronic calcium overload.
12,13,52 Similar to previous studies on HET myocytes,12,24,31-34 the HOM myocytes appear
to have an enhanced reverse-mode exchange and also a reduced gain of excitation-contraction
coupling35 which may make them more susceptible to the stresses of pregnancy, exercise or
TAC.

In summary, overexpression of the cardiac Na+-Ca2+ exchanger in HET and HOM transgenic
mice leads to 2 to 3 fold increases in NCX1 activity without alterations in other Ca2+handling
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proteins. Increased NCX1 activity provokes a dilated ventricular phenotype, induces exercise
intolerance and leads to premature mortality and heart failure in mice following pregnancy or
pressure overload. Increasing levels of exchanger expression lead to a graded development of
hypertrophy and susceptibility to a decompensatory transition to heart failure. The NCX
overexpressing model developed and evaluated in our study should also be useful in future
studies designed to elucidate the numerous steps in the progression from hypertrophy to heart
failure.
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Figure 1.
Baseline SERCA2a and ANF expression. Panel A illustrates a Western blot analysis for
SERCA2a protein expression in WT and HOM mice. Panel B illustrates a representative
Northern blot analysis for baseline ANF in WT and HOM mice at 4 months of age. See text
for details.
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Figure 2.
Baseline Morphometry and Echocardiographic Analysis. Panel A plots the heart weight to tibia
length (HW/TL) ratios from WT, HET, HOM and PP HOM groups [n = 9 to 30]. Panels B and
C respectively plot the left ventricular mass (LVM) and end-diastolic dimension (EDD) from
the WT, HET, HOM and PP HOM mice [n=15 to 23]. For all three panels, †= P<0.05 to WT;
‡= P<0.05 to HET mice; and § =P<0.05 to all baseline mice. See the text and tables for more
details.
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Figure 3.
Baseline Hemodynamics. Left ventricular contractility (Panel A: +dP/dT) and relaxation (Panel
B: −dP/dT) were measured in WT, HET and HOM at baseline and after bolus infusions of
Dobutamine at 10, 20, 30, 60 and 150 μg/Kg [n = 8 (WT), 5 (HET), & 9 (HOM); † = P<0.05
HOM to WT].
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Figure 4.
A Kaplan-Meier survival plot showing that the postpartum (PP) homozygous (HOM) NCX1
transgenic mice have greatly accelerated morbidity compared to all other groups (PP HET
mice, nulliparous (NP) HOM and HET mice or male HET and HOM mice). N = 119 for HET
males, 116 for NP HET females, 15 for PP HET females, 101 for HOM males, 61 for NP HOM
females, and 58 for PP HOM females.
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Figure 5.
Northern Blot Analysis. The left panel shows a Northern blot of ANF re-expression in HOM,
WT and HET PP mice (3 lanes each). The right panel plots the normalized intensities of the
ANF re-expression from the blot [* = P<0.001 to WT & HET].
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Figure 6.
Histological Assessment of Baseline and Post-TAC Mice. Panel A is a trichrome stained
section of PP HOM mouse myocardium exhibiting interstitial fibrosis and calcification. There
is also a large region of replacement fibrosis in the right ventricle (arrow). Panel B is a normal
appearing section from a male HOM mouse. Panels C, D & E respectively show increasing
levels of fibrosis and pathology from sections from WT, HET and HOM post-TAC mice. See
the text for further details.
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Figure 7.
Response to Exercise. Panel A plots the heart weight to tibia length ration (HW/TL) from
baseline and post-exercise WT and HOM mice [† = P < 0.05; n= 20 & 6]. Panel B plots the
number of WT and HOM mice that could successfully run 60 minutes a day with 12 or less
falls from the treadmill over the 8 week duration of the study [n=6 & 6].
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Figure 8.
Ventricular Dysfunction Following TAC. Panels A and B respectively plot the left ventricular
fractional shortening (LV%FS) and the velocity of circumferential fiber shortening (Vcf) from
echo from the WT, HET and HOM mice at baseline and 21 days post TAC [ n=15-23; * =
P<0.05 to pre-TAC; †= P<0.05 to WT; ‡= P<0.05 to HET]. See Table 2 for further details.
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Table 1
Morphometric Measurements

WT HET HOM

Heart Weight/Body Weight (mg/g)
 Baseline 4.11±0.10 4.15±0.12 4.48±0.13†
 Postpartum 3.52±0.19 5.66±0.38*† 6.19±0.46*†
 21 days post TAC 7.40±0.38*# 8.77±0.41*†# 9.59±0.59*†#
Heart Weight/Tibia Length (mg/mm)
 Baseline 6.54±0.19 7.32±0.16† 8.15±0.22†‡
 Postpartum 7.38±0.20* 8.76±0.38*† 10.18±0.62*†
 21 days post TAC 10.79±0.43*# 12.05±0.41*†# 13.04±0.59*†#
Lung Weight/Tibia Length (mg/mm)
 Baseline 8.28±0.26 9.62±0.20† 9.54±0.18†
 Postpartum 9.55±0.32* 9.80±0.41 10.71±0.31*†
 21 days post TAC 13.14±1.60*# 21.85±1.46*†# 20.90 ±1.54*†#

n=30, 23 & 30 for WT, HET & HOM baseline mice

n=19, 8 & 9 for WT, HET & HOM postpartum mice

n=13, 17 & 16 for WT, HET & HOM TAC mice

*
= P < 0.05 to baseline mice

†
= P < 0.05 to WT mice of same group

‡
= P < 0.05 to HET mice of same group

#
= P < 0.05 to postpartum mice
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Table 2
Left Ventricular Chamber Dimensions and Function from Echocardiography

WT HET HOM

Posterior Wall Thickness (mm)
  Baseline 0.68±0.02 0.67±0.03 0.67±0.02
  Postpartum 0.67±0.01 --- 0.68±0.02
  21 days post TAC 0.83±0.03*# 0.78±0.03* 0.88±0.04*#
Ventricular Septal Thickness (mm)
  Baseline 0.61±0.01 0.67±0.03 0.65±0.02
  Postpartum 0.62±0.01 --- 0.66±0.02
  21 days post TAC 0.76±0.03*# 0.76±0.02* 0.83±0.04*#
End Diastolic Dimension (mm)
  Baseline 3.57±0.09 3.64±0.08 3.95±0.10†‡
  Postpartum 4.14±0.11* --- 4.52±0.09*†
  21 days post TAC 3.98±0.11* 4.64±0.12*† 4.76±0.17*†
End Systolic Dimension (mm)
  Baseline 2.30±0.13 2.46±0.09 2.83±0.09†‡
  Postpartum 2.95±0.10* --- 3.39±0.08*†
  21 days post TAC 2.81±0.16* 3.74±0.15*† 4.10±0.13*†#
Left Ventricular Mass (mg)
  Baseline 74±4 80±6 91± 3†
  Postpartum 95±6* --- 117± 6*†
  21 days post TAC 118±7*# 145±8*† 178±17*†#
Left Ventricular Fractional Shortening (%)
  Baseline 36.0±2.9 32.5±1.1 28.3±1.3†‡
  Postpartum 28.9±1.5 --- 24.2±1.2*†
  21 days post TAC 30.1±2.5 19.9±1.8*† 12.7±1.0*†‡#
Velocity of Circumferential Fiber Shortening (mm/ms)
  Baseline 6.28±0.43 5.73±0.27 5.30±0.28
  Postpartum 5.79±0.47 --- 4.76±0.24†
  21 days post TAC 5.80±0.49 3.80±0.35*† 2.97±0.30*†#

n=15, 16 & 17 for WT, HET & HOM baseline mice

n=12 & 23 for WT & HOM postpartum mice

n=15, 16 & 17 for WT, HET & HOM TAC mice

*
= P < 0.05 to baseline mice

†
= P < 0.05 to WT mice of the same group

‡
= P < 0.05 to HET mice of the same group

#
= P < 0.05 to Postpartum mice

---
= no data available for PP HET.
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