
Diastolic calcium is elevated in metabolic
recovery of cardiomyocytes expressing elevated
levels of the Na+/H+ exchanger
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Abstract: In the myocardium, the Na+/H+ exchanger isoform 1 (NHE1) plays a pivotal role in mediating ischemia–
reperfusion (I/R) injury by causing intracellular Na+ accumulation that results in a subsequent increase in intracellular cal-
cium (Ca2+ overload). One of the major clinical correlates of I/R injury is contractile dysfunction, in which Ca2+ overload
via increased Na+/Ca2+ exchange is a major contributor. To better understand the cellular role of NHE1 during I/R injury,
contractile function and calcium transients were measured during metabolic inhibition and recovery in single ventricular
myocytes from transgenic mice with elevated NHE1 expression. During normoxic conditions, no differences were seen be-
tween NHE1-overexpressing cardiomyocytes and wild-type (WT) cardiomyocytes with respect to fractional cell shortening
(FCS), rate of shortening (+dL/dt), and rate of relaxation (–dL/dt). When metabolic recovery followed metabolic inhibition,
NHE1-overexpressing ventricular myocytes exhibited a significant increase in FCS (130.2% ± 11.77% baseline) and ±dL/dt
(146.93% ± 12.27% baseline). This correlated with a significant increase in the concentration of diastolic intracellular cal-
cium, which was attenuated by the NHE1 inhibitor HOE694. These results indicate that in normoxic conditions, elevated
NHE1 expression does not alter contractile function. During metabolic recovery, however, elevated NHE1 expression in-
creased diastolic Ca2+ loading that led to augmented cell contractility.
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Résumé : Dans le myocarde, l’isoforme 1 de l échangeur Na+/H+ (NHE1) joue un rôle central dans la médiation de la lé-
sion d’ischémie–reperfusion (I/R) en provoquant l’accumulation de Na+ intracellulaire qui entraı̂ne une surcharge de Ca2+.
L’un des principaux corrélats cliniques de la lésion d’I/R est la dysfonction contractile, dans laquelle la surcharge de Ca2+

causée par l’augmentation de l’échange Na+/Ca2+ est un acteur important. Pour mieux comprendre le rôle cellulaire de
NHE1 durant la lésion d’I/R, on a mesuré la fonction contractile et les augmentations transitoires de calcium durant l’inhi-
bition et le rétablissement métabolique dans des myocytes ventriculaires unitaires de souris transgéniques présentant une
forte expression de NHE1. En condition normoxique, aucune différence n’a été observée dans le raccourcissement cellu-
laire fractionnaire (RFC), le taux de raccourcissement (+dL/dt) et le taux de relaxation (-dL/dt) dans les cardiomyocytes
surexprimant NHE1 versus type sauvage (TS). Lorsque le rétablissement métabolique a suivi l’inhibition métabolique, les
myocytes ventriculaires surexprimant NHE1 on présenté une augmentation significative du RCF (130,2 % ± 11,77 %
base) et des ±dL/dt (146,93 % ± 12,27 % base). Cette augmentation a concordé avec une augmentation significative de la
concentration diastolique en calcium intracellulaire qui a été atténuée par l’inhibiteur de NHE1 HOE694. Ces résultats in-
diquent qu’en condition normoxique, une forte expression de NHE1 ne modifie pas la fonction contractile. Toutefois, du-
rant le rétablissement métabolique, l’augmentation de l’expression de NHE1 a augmenté la charge diastolique en Ca2+, ce
qui a entraı̂né une augmentation de la contractilité cellulaire.

Mots-clés : insuffisance cardiaque, échangeur Na+/H+, inhibition métabolique, rétablissement métabolique, fonction
contractile, augmentation transitoire du Ca2+.

[Traduit par la Rédaction]

Introduction

Acute coronary occlusion is the leading cause of morbid-
ity and mortality in the developed world. Although restora-
tion of blood flow is an absolute prerequisite for the
survival of the ischemic myocardium, reperfusion itself may

lead to accelerated and additional myocardial injury, includ-
ing hypercontracture and arrhythmias (Moens et al. 2005).
The pathogenesis of this ischemia–reperfusion (I/R) injury
involves a number of mechanisms. Increasing evidence sug-
gests that elevated intracellular calcium (Ca2+ overload)
plays an important role in the development of I/R injury
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and that an important contributor to this increased intracellu-
lar calcium is the reverse mode of the Na+/Ca2+ exchanger
(Li et al. 1989; Moens et al. 2005).

Elevation of intracellular calcium and reversal of the Na+/
Ca2+ exchanger during I/R injury may result from activation
of the Na+/H+ exchanger (NHE). NHE is a plasma mem-
brane glycoprotein that extrudes one intracellular proton in
exchange for one extracellular sodium, thus playing a
crucial role in pH and volume regulation of the cell (Fliegel
2005). Of the 9 isoforms identified, NHE isoform 1 (NHE1)
is the main isoform in cardiac tissue (Karmazyn et al. 2005).
NHE1 has been implicated in various cardiac pathologies, in-
cluding myocardial I/R injury (Karmazyn et al. 2005) and car-
diac hypertrophy (Karmazyn 2001). During myocardial I/R,
the decrease in intracellular pH leads to increased NHE1 ac-
tivity, resulting in an elevated level of intracellular sodium.
This promotes the reverse mode of the Na+/Ca2+ exchanger,
leading to Ca2+ overload and the subsequent development of
contractile dysfunction, resulting in hypercontracture and ar-
rhythmias (Avkiran 2001; Karmazyn et al. 2001; Lazdunski
et al. 1985). Inhibition of NHE1 prevents I/R injury in various
animal models (Ayoub et al. 2003; Cox et al. 2002; Knight et
al. 2001), and genetic ablation of NHE1 has been shown to
protect the heart against I/R injury (Wang et al. 2003), provid-
ing further evidence for this mechanism.

NHE expression levels can vary widely in different tis-
sues, including the heart. Stimuli such as the chronic acido-
sis that accompanies ischemia increase protein and mRNA
levels in the heart and other tissues (Dyck et al. 1995; Gan
et al. 1999; Krapf et al. 1991). It is not clear, however, how
increased levels and activity of NHE1 influence calcium ho-
meostasis and contractile function in the myocardium. We
previously showed that elevated levels of the NHE1 protein
were not detrimental in isolated perfused hearts subjected to
global ischemia (Imahashi et al. 2007). In the present study,
we investigated the effects of NHE1 overexpression and ac-
tivity using single ventricular cardiomyocytes isolated from
transgenic mice overexpressing NHE1 in the myocardium.
This allowed us to examine calcium fluxes on a beat-to-
beat basis in individual cells. Single ventricular cardiomyo-
cytes were subjected to metabolic inhibition followed by a
‘recovery’ period equivalent to the reoxygenation period
seen in in vivo models. Our study provides novel evidence
of NHE1 involvement in metabolic ischemia, and we dem-
onstrate for the first time how elevated levels of NHE1 af-
fect Ca2+ homeostasis in the myocardium during the
contraction–relaxation cycle.

Materials and methods

Animal care and construction of transgenic mice with
elevated NHE1 expression

Transgenic mice that specifically expressed additional
wild-type NHE1 in the mouse myocardium were used in
this study, as described earlier (the N-line transgenic mouse)
(Imahashi et al. 2007). Briefly, the hemagglutinin (HA)-
tagged human NHE1 was obtained from the plasmid
pYN4+ (Slepkov et al. 2005) and was directed to the myo-
cardium by using the mouse a-myosin heavy chain (MHC)
promoter. All animals were used in accordance with guide-
lines set out by the Canadian Council on Animal Care.

NHE1 protein expression
To confirm that NHE1 was specifically expressed in the

myocardium, lysates were prepared from heart, liver, kid-
ney, lungs, and brain tissue (Imahashi et al. 2007). The
membrane fraction containing the pellet was resuspended in
buffer containing 1% SDS for solubilization. Protein con-
centration was quantified by using the Bio-Rad DC protein
assay kit. Western blot immunoreactivity was quantified
after incubation with either the rabbit polyclonal anti-HA
tag (Santa Cruz sc805 Y-11) or mouse monoclonal anti-
NHE1 (BD Pharmingen, USA). Actin was used as a loading
control. Quantification was with the LI-COR Biosciences
Odyssey infrared imaging system. To generate a positive
control, AP-1 cells, a derivative of Chinese hamster ovary
cells that lacks endogenous NHE activity, were transfected
with the HA-tagged human NHE1 protein obtained from the
pYN4+ plasmid (Slepkov et al. 2005). Lysates of AP-1 cells
were made as described earlier (Murtazina et al. 2001).

Isolation of ventricular myocytes
Seven- to eight-week-old NHE1-transgenic (+NHE1)

mice or wild-type (WT) littermates were anesthetized with
halothane and euthanized with cervical dislocation. The
hearts were removed and ventricular myocytes were isolated
by enzymatic dissociation as described earlier (Baczko et al.
2005; Imahashi et al. 2007). After isolation, cells were
maintained in storage buffer at 25 8C for a minimum of 2 h
before use.

Ca2+ transients and cell-shortening measurement of
isolated ventricular myocytes

Freshly isolated ventricular myocytes were examined by
using the calcium-sensitive fluorescent probe Calcium
Green-1 AM as described earlier (Baczko et al. 2005). Cells
were field-stimulated at 1 Hz with 2-millisecond square
pulses at a constant current 20% above threshold; a photo-
multiplier detection system was used for data acquisition
and analysis (Baczko et al. 2005). The increase in fluores-
cence intensity was normalized to the amplitude of the
Ca2+ transient recorded under baseline conditions in each
experiment. Cell shortening was measured by using a video
edge detection system (Crescent Electronics, Salt Lake
City, USA) at 60 Hz frame rate. Cell shortening was ex-
pressed as fractional shortening (DL/L0, where L0 is the rest-
ing cell length). Ventricular myocytes were subjected to a
metabolic inhibition protocol. After superfusion with control
solution, cells were superfused with control solution contain-
ing 4 mmol/L NaCN and 5 mmol/L 2-deoxyglucose for
6 min of metabolic inhibition followed by 8 min of recovery
with control solution in the presence or absence of the NHE1
inhibitor HOE694 (5 mmol/L). The return to control solution
in the absence of metabolic inhibitors was referred to as
‘metabolic recovery.’ Cell shortening and Ca2+ transient
measurements were carried out at room temperature (22 ±
1 8C).

Statistical analysis
Data were expressed as means ± SE. Significance was de-

termined by Student’s paired or unpaired t test or ANOVA, as
appropriate; p < 0.05 was considered statistically significant.
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Results

Characterization of transgenic mice with elevated NHE1
expression

We examined both exogenous and total NHE1 protein in
the transgenic mice to confirm that the levels of the NHE1
protein were elevated and specifically targeted to the myo-
cardium. Figure 1A demonstrates the cardiac-specific over-
expression of the NHE1 transgene in +NHE1 mice. Lane 1
is an extract from WT mouse heart that shows no immunor-
eactivity to anti-HA. Lane 2 is an extract of a positive con-
trol made from a stable NHE-deficient AP-1 cell line
transfected with HA-tagged NHE1. The predominant immu-
noreactive species is 110 kDa; a secondary band of size ap-
proximately 90–95 kDa was also found. The second
immunoreactive band has previously been suggested to rep-
resent unglycosylated or partially glycosylated protein
(Slepkov et al. 2005). Lane 3 demonstrates the immunoreac-
tivity that was present in the +NHE1 mouse myocardium.
There was no detectable expression in the lung, liver, kid-
ney, or brain (Lanes 4–7, respectively). To confirm that
exogenous NHE1 was expressed in isolated cardiomyocyte
cells per se, freshly isolated cardiomyocytes from +NHE1
mice were used for Western blotting with the anti-HA tag
(Fig. 1B). Lane 1 is a positive control generated from AP-1
cells transfected with HA-tagged NHE1. Lane 2 is a sample
of cardiomyocytes, freshly isolated from +NHE1 mice. The
HA-tagged NHE1 protein is visible at 110 kDa in the cardi-
omyocyte sample, demonstrating for the first time that the
exogenous NHE1 protein is present in this particular cell
type. To examine the levels of total exogenous and endoge-
nous NHE1 protein, we used an antibody against the NHE1
protein (and not the HA tag) (Figs. 1C, 1D). Figure 1C
shows a Western blot with anti-NHE1 antibodies (upper
panel) and anti-actin antibodies (lower panel). NHE1 expres-
sion was greatly elevated in the transgenic mice. Figure 1D
shows quantification of the immunoreactivity and demon-
strates for the first time that total NHE1 protein expression
is approximately 3-fold greater in +NHE1 than in WT
(Fig. 1D). Previously we demonstrated that NHE activity
of isolated +NHE1 ventricular myocytes was approximately

3-fold greater than that of isolated WT ventricular myocytes
(Imahashi et al. 2007), which is similar to the present results
for protein levels.

Effects of elevated NHE1 expression on contractile
function during normoxic conditions

Detailed analysis of cell shortening of ventricular myo-
cytes isolated from WT and +NHE1 animals showed no dif-
ference in fractional cell shortening (FCS), nor in
contractility and relaxation as measured by maximal rate of
cell shortening (+dL/dt) and maximal rate of relengthening
(–dL/dt) during 1 Hz field stimulation (Figs. 2A–2D). These
results indicate that, by itself, elevated cardiac-specific ex-
pression of NHE1 does not lead to contractile dysfunction
under normoxic (baseline) conditions.

Because we used the NHE1 inhibitor HOE694 in the lat-
ter part of this study, a set of experiments was performed to
test the effect of HOE694 on cell shortening both in WT
and +NHE1 myocytes at baseline, under normoxic condi-

Fig. 1. Western blot analysis of transgenic mice examined for ex-
pression of NHE1. (A) Tissue-specific expression of NHE1-trans-
genic mice. Lane 1 is an extract of a wild-type heart. Lane 2 is a
positive control, a cell extract from AP-1 cells transfected with HA-
tagged NHE. Lanes 3–7 are extracts from the heart, lung, liver,
kidney and brain, respectively, from mice with the NHE1 trans-
gene. (B) Western blot against isolated cardiomyocytes for expres-
sion of the HA-tagged NHE. Lane 1, positive control of cell extract
from AP-1 cells transfected with HA-tagged NHE. Lane 2, cell ex-
tract from freshly isolated cardiomyocytes from NHE1-transgenic
mice. (C) Western blot of heart cell extracts from control
and +NHE1 hearts. Arrow denotes location of immunoreactive spe-
cies. Upper panel, NHE1 immunoblot; lower panel, probing with
anti-actin antibodies. (D) Summary of NHE1 expression levels (re-
lative to actin) in WT and +NHE1 mouse heart cell extracts. Values
are means ± SE, n = 4. Asterisk (*) indicates significant difference
from controls (p < 0.05). NHE1, Na+/H+ exchanger isoform 1;
WT, wild-type; AP-1, a cell line that lacks endogenous NHE activ-
ity; HA, hemagglutinin; +NHE1, NHE1-transgenic mice.
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tions. These experiments revealed that 5 mmol/L HOE694
had no effect on FCS, +dL/dt, or –dL/dt (data not shown).

Effects of elevated NHE1 expression on contractile
function during metabolic inhibition and recovery

To test the effect of elevated NHE1 expression on con-
tractile function during metabolic recovery, cells were sub-
jected to 6 min of metabolic inhibition followed by 8 min
of recovery with control solution in the presence or absence
of 5 mmol/L HOE694. Figures 3A and 3B examine the ef-
fect of metabolic inhibition on WT and +NHE1
cardiomyocytes. +NHE1 ventricular myocytes exhibited in-
creased FCS and increased ±dL/dt values at the end of the
metabolic inhibition period compared with those at baseline.
The increase in FCS was significantly higher in +NHE1 my-
ocytes. For WT cardiomyocytes, FCS in normoxic condi-
tions was 7.88 ± 0.86% of basal diastolic cell length, and
after metabolic inhibition it was 8.67 ± 1.66% (or 112.5%
of baseline). For +NHE1 cardiomyocytes, FCS at baseline
was 7.37 ± 1.04%, and after metabolic inhibition it was
11.31 ± 1.43%. This change in FCS represented an increase
of 153.5% of baseline in +NHE1 cardiomyocytes.

After metabolic inhibition, there were significant differen-
ces between WT and +NHE1 cardiomyocytes during meta-
bolic recovery (Figs. 3C–3D). The metabolic recovery
period in WT cardiomyocytes resulted in a significant de-
crease in FCS, relaxation (–dL/dt), and shortening (+dL/dt),
and relaxation was affected more than shortening (FCS:
81.5% ± 9.31% baseline; –dL/dt: 48.4% ± 10.45%
baseline; +dL/dt: 72.3% ± 10.52% baseline) (Figs. 3C–

3E). On the other hand, +NHE1 ventricular myocytes
showed a significant increase in FCS (130.2% ± 11.77%
baseline) and contractility (146.93% ± 12.27% baseline).
Relaxation rates of +NHE1 ventricular myocytes were simi-
lar to those in baseline conditions (113.1% ± 12.01% base-
line), but were elevated in comparison with WT
cardiomyocytes (Fig. 3F). The NHE1 inhibitor HOE694 im-
proved FCS, contractility, and relaxation in WT myocytes,
but did not further improve these parameters in +NHE1 ven-
tricular myocytes (Figs. 3D–3F).

Effects of elevated NHE1 expression on Ca2+ transients
during metabolic recovery

To determine how elevated NHE1 levels affected contrac-
tility, we examined calcium transients of the ventricular my-
ocytes subjected to metabolic inhibition followed by
metabolic recovery. The observed changes in contractile
function of +NHE1 ventricular myocytes were paralleled by
a significant increase in diastolic intracellular calcium dur-
ing metabolic recovery. Diastolic intracellular calcium was
approximately 2-fold greater than that of control ventricular
myocytes (Figs. 4A, 4C, 4E). HOE694 significantly de-
creased metabolic recovery-induced diastolic Ca2+ loading
in +NHE1 ventricular myocytes (Figs. 4C–4E), although the
level of diastolic intracellular calcium was still significantly
elevated in comparison with that of WT.

Discussion
I/R injury causes hypercontracture, electrical dysfunction,

and death of injured myocytes (van Borren et al. 2004). The

Fig. 2. Effects of elevated cardiac-specific expression of the NHE1 protein on contractile function of single ventricular cardiomyocytes
during normoxic conditions. (A) Representative recordings of cell shortening from wild-type (WT) and NHE1-transgenic mice. (B) Grouped
data of fractional cell shortening of WT and +NHE1 mice. (C) maximal rate of shortening and (D) relengthening of WT and +NHE1 mice.
n = 15–19 cells/group. NHE1, Na+/H+ exchanger isoform 1; WT, wild-type; +NHE1, NHE1-transgenic mice; FCS, fractional cell shortening;
+dL/dt, rate of shortening; –dL/dt, rate of relaxation.
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Fig. 3. Effects of metabolic inhibition, and metabolic inhibition followed by metabolic recovery, on contractile parameters of wild-type and
NHE1-transgenic mouse cardiomyocytes. Metabolic inhibition was applied for 6 min and was followed by 8 min recovery with and without
NHE1 inhibitor HOE694 (5 mmol/L). (A, B) Representative cell-shortening recordings (A) and grouped data (B) showing the effect of me-
tabolic inhibition on isolated cardiomyocytes from WT and +NHE1 mice. (C–F) Effect of metabolic inhibition followed by metabolic re-
covery on contractile parameters of WT and +NHE1 mouse cardiomyocytes. Representative tracings (C) and summary of data (D) for
fractional cell shortening. (D) Effect of HOE694 on FCS in WT and +NHE1 cardiomyocytes. (E) Contractility depicted by the maximal rate of
shortening of WT and +NHE1 cardiomyocytes in the presence or absence of HOE694 during reoxygenation. (F) Maximal rate of relengthening
of ventricular cardiomyocytes isolated from WT and +NHE1 mice treated with HOE694 during reoxygenation. The concentration of the NHE1
inhibitor HOE694 was 5 mmol/L in all experiments. n = 5–7 cells per group. *, Significant at p < 0.05 vs. WT. #, p < 0.05 vs. NHE1 group.
WT, wild-type; NHE1, Na+/H+ exchanger isoform 1; +NHE1, NHE1-transgenic mice; +dL/dt, rate of shortening; –dL/dt, rate of relaxation.
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pathophysiologic chain of events revolves around Ca2+ over-
load resulting from energy deprivation and the consequent
liberation of protons. The latter is thought to stimulate
NHE1, which has been implicated in playing a key role in
myocardial I/R injury (Karmazyn et al. 1999). Despite nu-
merous studies showing that inhibition of NHE1 is cardio-
protective, the effects of elevated NHE1 expression and
activity on contractile function and ionic homeostasis have
not been investigated. This is of particular interest because
several studies have demonstrated that an elevation in
NHE1 expression occurs in various pathologic settings in
the myocardium (Dyck et al. 1995; Gan et al. 1999), includ-
ing human hearts with chronic end-stage heart failure (Yo-
koyama et al. 2000). In this study, we investigated the
pathophysiologic role of increased NHE1 expression in the
myocardium using transgenic mice overexpressing NHE1
specifically in the myocardium. We confirmed in the present
study, and previously (Imahashi et al. 2007), that NHE1 is
specifically targeted to the myocardium and that NHE1 ac-
tivity increases by approximately 3-fold when compared
with that of controls. In addition, we previously demon-
strated that expression of several ionic homeostatic proteins
(Na+/K+-ATPase, Na+/Ca2+ exchanger, sarcoendoplasmic re-
ticulum Ca2+-ATPase (SERCA), sodium bicarbonate co-
transporter, and anion exchanger type 3 isoform) did not
change in the myocardium of +NHE1 mice (Imahashi et al.
2007). This suggests that any changes we observed are most
likely initiated as a result of changes in NHE1 activity.

Our initial comparisons of WT and +NHE1 isolated ven-
tricular cardiomyocytes were at baseline normoxic condi-
tions. In this case we did not detect any difference in
contractile function. Similar results were obtained with in
vivo NHE1-overexpressing hearts, in which no changes
were detected at baseline in heart performance, resting intra-
cellular pH, or phosphocreatine/ATP levels (Imahashi et al.
2007). This data suggest that increased cardiac-specific ex-
pression of the normal NHE1 does not cause any gross alter-
ation of cardiac function under normal circumstances.

Multiple interdependent processes play a role in the
pathologic phenomena associated with myocardial I/R in-
jury, but Ca2+ overload appears to be a major component
(Eisner et al. 1989; Hayashi et al. 1992; Li et al. 1989). For
this reason we examined Ca2+ levels in cardiomyocytes with
elevated NHE1 activity. Because NHE1 plays a key role in
Na+ and Ca2+ loading during I/R, we examined the effects of
elevated NHE1 expression in a cellular model of metabolic
inhibition and recovery. This allowed us to monitor intracel-
lular calcium on a beat-to-beat basis. We have previously
found this model of metabolic inhibition and recovery to be
an excellent model that mimics events that occur during I/R
injury (Baczko et al. 2003, 2005). Although not a true model
of I/R, it allows us to study reversible injury with close par-
allels to ischemia but during a much shorter time period that
is controllable and reproducible. Others have previously
used this and similar models in cardiomyocytes to study I/R
or metabolic injury and calcium fluxes (Eisner et al. 1989;
Hayashi et al. 1992; Li et al. 1989).

When isolated cardiomyocytes were subjected to meta-
bolic inhibition and recovery, cells expressing elevated
NHE1 exhibited significantly increased FCS and
increased ±dL/dt. Surprisingly, the NHE1 inhibitor HOE694

increased the effects on FCS but did not significantly change
effects on ±dL/dt. These results were suggestive of an accel-
eration of calcium entry through the pathway involving
NHE1 and reverse-mode Na+/Ca2+ exchanger activity (Kar-
mazyn 2003). To examine whether this course of events
was involved, we examined calcium oscillations in the WT
and +NHE1 cardiomyocytes. The results were most reveal-
ing and our major finding was that diastolic calcium was
elevated in cardiomyocytes expressing elevated levels of
NHE1. This was attenuated by treatment with HOE694,
although calcium was still elevated relative to WT cardio-
myocytes. Eisner et al. (1989) found similar but smaller and
more variable effects in their study of the effects of meta-
bolic ischemia on ventricular cells. Addition of cyanide
alone had a variable effect, often causing increased contrac-
tion and increased calcium transients. Cyanide coupled with
inhibition of glycolysis caused a decrease in the magnitude
of calcium transients and a small increase in diastolic cal-
cium. Our study used both cyanide and 2-deoxyglucose to
inhibit glycolysis and oxidative phosphorylation. The eleva-
tion of diastolic calcium that we observed was much greater
in +NHE1 cardiomyocytes. It should be noted, however, that
we used isolated cardiomyocytes from mouse myocardium
and Eisner et al. (1989) used rat ventricular cells that may
not be completely comparable.

We noted an enhancement of contractility in +NHE1 car-
diomyocytes after both metabolic inhibition and metabolic
recovery. Our earlier study of isolated perfused hearts from
these mice showed that, rather than the expected detrimental
effects, recovery after global I/R was slightly improved with
elevated expression of NHE1 in the myocardium (Imahashi
et al. 2007). It is also worth note that a preliminary report
from another laboratory (Cook et al. 2008) has also inde-
pendently shown that elevated NHE1 expression in trans-
genic mice reduced susceptibility to ischemia reperfusion
injury and enhanced recovery. Therefore, the results in the
present study are consistent with our earlier findings, and
those of others, in intact hearts. However, the mechanism
by which enhanced NHE1 levels are beneficial in our sys-
tem remains elusive. This is further complicated by the ob-
servation that treatment of cells with HOE694 did not
eliminate this effect. Our observation that elevated NHE1
activity enhanced diastolic calcium levels provides some in-
sight to these results, as it suggests that NHE1 may mediate
its effects through reversal of the Na+/Ca2+ exchanger. This
suggestion is supported by another study that showed that
diastolic calcium elevation is caused by the reverse mode of
Na+/Ca2+-exchanger activity (Wei et al. 2007). Figure 5
summarizes a possible mechanism by which enhanced NHE
activity may increase diastolic calcium. The mechanism is
similar to that reported earlier for detrimental effects of
NHE1 on the myocardium (Karmazyn et al. 2001), but may
vary in degree. Metabolic inhibition results in decreased in-
tracellular ATP production through decreased aerobic me-
tabolism. This results in increased intracellular protons as a
product of metabolism and elevated intracellular sodium
from both decreased Na+/K+-ATPase activity and increased
NHE1 activity. The increased intracellular sodium results in
a reversal of Na+/Ca2+-exchanger activity and increased in-
tracellular calcium, which would be taken up into intracellu-
lar calcium stores and contribute in the cycle of excitation
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Fig. 4. Calcium transient recordings from wild-type and NHE1-overexpressing isolated cardiomyocytes during metabolic recovery with and
without NHE1 inhibitor HOE694 (5 mmol/L). (A–D) Representative recordings of complete experiments with expanded regions as noted by
arrows. (E) Grouped data expressed as a percentage increase in diastolic Ca2+ indicator fluorescence. Dotted line illustrates control diastolic
Ca2+ indicator fluorescence level. n = 5–9 cells per group. *, Significant at p < 0.05 vs. Wt. #, p < 0.05 vs. NHE1 group. WT, wild-type;
NHE1, Na+/H+ exchanger isoform 1; +NHE1, NHE1-transgenic mice; MI, myocardial infarction.
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and contraction. Decreased activity of Na+/K+-ATPase and
increased NHE1 activity have been demonstrated previously
as a result of metabolic inhibition, and increases in intracel-
lular calcium through the Na+/Ca2+ exchanger have been
suggested to be the result (Hayashi 2000). Elevating calcium
entrance through the plasma membrane would result in up-
take and release of calcium from intracellular stores during
the excitation–contraction cycle. Thus metabolic ischemia,
together with elevated NHE1 expression, may serve as an
agent that facilitates intracellular calcium mobilization and
possibly increases myofibrillar sensitivity to calcium (Endoh
1998), with resulting enhancement of contractility.

HOE694 reduced much of the elevation of diastolic cal-
cium in +NHE1 cardiomyocytes, although it was still signif-
icantly elevated compared with that of WT cardiomyocytes.
It is possible that NHE1 inhibition was not complete, result-
ing in the partial elevation of calcium levels though the
mechanism described above (Fig. 5). Alternatively, sodium
from other sources might lead to elevated calcium. This
might include inhibition of the Na+/K+-ATPase through de-
pletion of intracellular ATP levels. In addition, there was
certainly still beat-to-beat opening of voltage-gated sodium
channels during the action potential that could contribute to
elevation in intracellular sodium.

We noted that in the calcium transient recordings (Fig. 4A)
there appeared to be an occasional afterdepolarization-
induced calcium fluctuation in the +NHE1 cardiomyocytes.
Although this was not a common observation, it occurred sev-
eral times in the +NHE1 cardiomyocytes and not in WT. This
may reflect the effects of elevated diastolic calcium, similar to
arrythmogenesis, that is reported to be increased by elevated
intracellular calcium through the Na+/Ca2+ exchanger (Tanaka
et al. 2007). Elevated NHE1 expression may therefore be

proarrhythmic as a result of elevated calcium levels. This sup-
ports the observation of previous studies that showed that
NHE1 inhibition attenuated reperfusion-induced arrhythmias
in the rat myocardium (Ono et al. 2004). Further experiments
are necessary to confirm that elevated NHE1 levels promote
arrhythmias.

It may be that the enhancement of contractility we ob-
served in +NHE1 cardiomyocytes is due, in part, to a positive
inotropic-like effect. Ouabain is well known to cause positive
inotropic effects by inhibition of Na+/K+-ATPase activity,
subsequent elevation of intracellular Na+, and elevation of in-
tracellular calcium through reverse mode activity of the Na+/
Ca2+ exchanger (Tanaka et al. 2007). Given that metabolic in-
hibition and NHE1 activity also act through a similar mecha-
nism (Fig. 5), contractility may be enhanced through this
mechanism. This enhanced contractility may be mitigated by
inhibition of NHE1 activity, which reduced, but did not elim-
inate, elevated diastolic calcium. An alternative explanation
is that the enhancement of contractility we observed
in +NHE1 cardiomyocytes was due to increased rates of pro-
ton extrusion. Intracellular acidosis has detrimental effects on
cardiac contractility (Jeffrey et al. 1987; Katz and Hecht
1969).

Numerous studies have shown that inhibition of NHE1
improves recovery after I/R injury (Ayoub et al. 2003; Cox
et al. 2002; Knight et al. 2001). Therefore it would seem
that elevated NHE1 expression should result in further detri-
mental effects, yet these were not seen in this and our earlier
study (Imahashi et al. 2007). Why did this occur? Isolated
cardiomyocytes do not have the workload of the intact myo-
cardium; therefore they may not exacerbate the detrimental
effects of increased intracellular Ca2+. The present experi-
mental model may not have been severe enough to cause
damage to the cardiomyocytes. Alternatively, there may be
some as yet undetermined beneficial advantage to having
elevated NHE1 expression. It is presently unknown what
this could be, but there are some suggestions that this is the
case. First, in this study, in our previous study (Imahashi et
al. 2007), and in a preliminary report by others (Cook et al.
2008), elevated NHE1 expression was beneficial and not
detrimental. Second, it is clear that elevated NHE1 expres-
sion has evolved to occur in response to several disease
states in the heart and other tissues (Dyck et al. 1995; Gan
et al. 1999; Krapf et al. 1991), and it appears unlikely that
this would occur to the detriment of the myocardium. Cook
et al. (2008) suggested that increased NHE1 expression may
induce a protective ER stress response that could enhance
cardiac contractility, and this could account for resistance
to ischemic reperfusion injury. From the standpoint of evo-
lutionary adaptation, although it is true that complete, or
near-complete, pharmacologic inhibition of NHE1 is benefi-
cial to the myocardium, this may be impossible to repro-
duce in vivo physiologically for mammalian cells. In the
heart, a more beneficial approach in the short term may be
to upregulate levels of the protein. NHE1 is also known to
play important roles in cell motility, in anchoring the cyto-
skeleton, and in apoptosis (Malo and Fliegel 2006). It is
also possible that in one of these other functions of NHE1,
its upregulation is important in response to stress in the
myocardium. Further studies are needed to investigate this
phenomenon.

Fig. 5. Schematic diagram of the mechanism by which metabolic
ischemia may affect intracellular calcium levels in isolated cardio-
myocytes. (A) Metabolic ischemia causes decreased intracellular
oxygen with resultant decreases in ATP production. (B) Decreased
intracellular ATP reduces the activity of the plasma membrane
Na+/K+-ATPase. In addition, there is increased intracellular H+

production from anaerobic metabolism. Decreased sodium extru-
sion and increased activity of the Na+/H+ exchanger results in in-
creased intracellular sodium. (C) Increased intracellular sodium
results in reversal of activity of the Na+/Ca2+ exchanger and in-
creased intracellular calcium.
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