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Abstract Calcium homeostasis is crucial for the proper function
of cardiac cells. Since the Na+/Ca2+ exchanger is an important
modulator of calcium homeostasis especially in the heart, the
objective of this study was to investigate the effect of
immobilization stress on the high capacity Na+/Ca2+ exchanger
in rat heart ventricles and atria. Repeated immobilization stress
increased both the mRNA and the protein level and the activity of
the Na+/Ca2+ exchanger in the left, but not the right ventricle of
rat heart. Since corticosterone is rapidly increased during the
stress stimulus, it might be assumed that mRNA of the Na+/Ca2+

exchanger is increased through a glucocorticoid responsive
element. However, we have found that cortisol did not change
the Na+/Ca2+ exchanger at the mRNA or protein levels. These
results clearly show that this effect of stress is not mediated via
cortisol.
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1. Introduction

Stress is a stimulus which is known to be deeply involved in
the development of some cardiovascular complications,
mainly hypertension, myocardial infarction, heart failure,
etc. [1]. Immobilization has been proved to be one of the
most potent stress models, since it activates both components
of the sympathoadrenal system, i.e. adreno-medullary and
sympathoadrenal [2]. Immobilization stress a¡ects several
metabolic pathways. Alterations in the activity of several en-
zymes and/or receptors due to the immobilization stress result
from an increase in the amount and expression of these pro-
teins. Activation of the sympathoadrenal system leads to the
out£ow of catecholamines from the adrenal medulla and the
sympathetic nerve endings. Glucocorticoids are also increased
during the stress and in£uence the synthesis of catechol-
amines. Munck et al. [3] proposed that stress-induced increase
in glucocorticoid levels protects the organism by restraining
defence reactions activated by the stressor. Glucocorticoids
(e.g. cortisol) are hormones which a¡ect several metabolic
pathways, e.g. of carbohydrates, lipids and proteins. They
reduce in£ammation, and enhance immunity and thus resist-
ance to infection. Cortisol also has a positive inotropic e¡ect
on the heart. It is proposed that this e¡ect is mediated, at least
partially, by a direct potentiating e¡ect on the calcium current
ICa [4]. It has been shown that high levels of glucocorticoids

are neurotoxic, because they alter calcium homeostasis of hy-
pothalamic neurons by increasing calcium voltage-dependent
in£ux, especially in aged neurons [5].

The Na�/Ca2� exchanger serves as the principal calcium
extrusion mechanism in the heart muscle [6,7]. The extrusion
of calcium by the Na�/Ca2� exchanger increases as intracel-
lular calcium is elevated. Two explicit roles of the Na�/Ca2�

exchanger in excitation-contraction coupling in the heart have
been described: (i) the Na�/Ca2� exchanger regulates calcium
content of the sarcoplasmic reticulum by regulating the resting
[Ca2�]i level, and (ii) the Na�/Ca2� exchanger can directly
contribute to the calcium that enters the myocardial cells dur-
ing the upstroke and plateau phases of the action potential [8].
The Na�/Ca2� exchanger can extrude calcium at di¡erent
rates during the plateau phase of the action potential [9]. It
can also, at least partially, contribute to calcium-induced cal-
cium release via the sarcoplasmic reticulum calcium release
channels [10^13].

The Na�/Ca2� exchanger has already been cloned from dog
heart [14], human heart [15] and cow heart [16]. From that
time, modulation of its expression and structure-function
studies have been performed extensively. Modulation of the
Na�/Ca2� exchanger by protons, sodium, calcium, ATP, etc.
involves the interactions of these agents with the intracellular
loop of the exchanger [8].

The objective of this study was to determine the e¡ect of
single and repeated immobilization stress on the mRNA and
protein levels of the Na�/Ca2� exchanger in the left and right
ventricles of the rat heart. In order to understand the mech-
anism of the e¡ect of stress on the Na�/Ca2� exchanger in the
rat heart, it was worth investigating also the involvement of
cortisol in this mechanism.

2. Materials and methods

2.1. Animals
The protocol used was approved by the Animal Care Committees

of the Slovak Academy of Sciences and the Institute of Experimental
Endocrinology, Slovak Academy of Sciences, Bratislava, Slovak Re-
public. The investigation conforms to the Guide for the Care and Use
of Laboratory Animals published by the US National Institute of
Health. Male Sprague-Dawley rats (weighing 300^450 g) were used
for all experiments. Before initiation of the experimental procedures,
animals were housed 3^4 per cage for at least 7 days. Room temper-
ature was held at 23 þ 2³C and periodic 12-h alteration of the light
and dark was performed during the whole experiment. Food and
water were available ad libitum.

2.2. Immobilization stress
The immobilization protocol described by Kvetnansky and Mikulaj

[2] was used. Rats were immobilized one (IMO1), six (ADC) or seven
(IMO7) times for 2 h, except for the control group. Animals were
killed immediately after the last immobilization, except for the
`adapted control' group (ADC), in which animals were immobilized
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for six times and subsequently kept in their cages for 24 h. Hearts
were dissected, dried of blood, washed in ice-cold physiological so-
lution, and frozen in liquid nitrogen.

2.3. Implantation of osmotic cortisol minipumps
In spite of the fact that the endogenous glucocorticoid in rats is

corticosterone and not cortisol, we applied cortisol because of its
better solubility. After skin incision, in the dorsoventral direction in
the dorsal area of the neck between the shoulder blades, we slotted the
osmotic minipump with cortisol or saline into the skin in the rostral
direction. Surgery was completed under pentobarbital anesthesia
(50 mg/kg body weight). Cortisol was applied continuously at a con-
centration of 25 mg/kg/day for either 24 h or 7 days at a rate of about
1 Wl/h. This concentration of cortisol was shown to be su¤cient to
increase the endogenous glucocorticoid levels to the same amounts as
were found in stressed rats [17].

2.4. Calcium transport into the membrane proteoliposomes from rat
hearts

Rat heart plasma membranes were prepared by ultracentrifugation
as described previously by Krizanova et al. [18]. Ca2� transport was
measured according to Reeves and Sutko [19] with some modi¢ca-
tions. Brie£y, the reconstitution was done with an asolectin-protein
ratio of 40:1. The mixture was solubilized in 1% 3-[3-cholamidoprop-
yl)-dimethylammonio]-1-propanesulfonate (CHAPS). After solubiliza-
tion, CHAPS was removed on a Sephadex G-50 column (Pharmacia,
Sweden). Multilamellar vesicles were eluted with 20 mM Tris-HCl,
160 mM NaCl, pH 7.4. The proteoliposomes were sonicated for
2U30 s to obtain unilamellar particles. Proteoliposomes were then
incubated with 40 WM 45Ca2�, 20 mM Tris-HCl, pH 7.4, 160 mM
KCl and/or NaCl solution for 10 min. Afterwards, free calcium was
removed on CM-Sepharose (Pharmacia, Sweden). Radioactivity was
measured after addition of Bray's scintillation cocktail in a Beta coun-
ter (Rackbeta, LKB).

2.5. RNA preparation
RNA was isolated from the hearts according to the procedure of

Chomczynski and Sacchi [20], using guanidine isothiocyanate (Fisher
Scienti¢c, USA) and phenol-chloroform extraction. Concentration
and purity of RNA were determined in triplicate spectrophotometri-
cally on a UV 3000 (Shimadzu).

2.6. Relative quanti¢cation of mRNA levels by RT-PCR
Reverse transcription was done from 5 Wg of total RNA using a

First-Strand cDNA Synthesis kit (Pharmacia Biotech, Sweden). We
used primer pd(N)6 (Pharmacia, Sweden). Speci¢c PCR for the Na�/
Ca2� exchanger was done afterwards using primers NCX1 (5P-GGG
CAG CTT CTC CTC CCC ACA TTC-3P) and NCX2 (5P-AGG CGG
CTT CTC TTA TAC AAG TAC-3P). The NCX primers were de-
signed according to cDNA. After the initial denaturation, 35 cycles
of denaturation at 94³C for 1 min, annealing at 48³C for 1 min and
polymerization at 72³C for 1 min were performed. PCR products were
analyzed on 2% agarose gels. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) is commonly used as an internal control in many
cell systems [21^23]. Therefore, as a control for semi-quantitative
evaluation of PCR, GAPDH primers (GAPDH1: 5P-AGA TCC
ACA ACG GAT ACA TT-3P ; GAPDH2: 5P-TCC CTC AAG ATT
GTC AGC AA-3P) were used to amplify a 309 bp fragment from each
¢rst strand sample [24]. After the initial denaturation at 94³C for
5 min, 30 cycles of PCR at 94³C for 1 min, 60³C for 1 min and
72³C for 3 min were performed. Since it is known that the fragment
ampli¢cation by PCR is linear only up to a limited number of cycles,
prior to the experiment we tested whether under these conditions PCR
is working in the linear range for both the Na�/Ca2� exchanger and
GAPDH. For the veri¢cation, 15, 20, 25, 30, 35, 37 and 40 cycles were
chosen. We found that in our experiments, 35 cycles for the Na�/Ca2�
exchanger and 30 cycles for the GAPDH is still in the linear range of
PCR ampli¢cation.

2.7. Western blot analysis
Protein assays were done by the method of Lowry et al. [25]. 20 Wg

of each protein extract was separated by electrophoresis on a 6.5%
sodium dodecyl sulfate-polyacrylamide gel and then transferred to a
nitrocellulose membrane, using semi-dry blotting. The blot was
blocked in 5% non-fat dry milk diluted in TBST and then incubated
with the mouse monoclonal antibody against Na�/Ca2� exchanger

(A¤nity Bioreagents, USA). Primary antibody reacts with the Na�/
Ca2� exchanger in kidney and cardiac tissues of human, canine, rab-
bit, guinea pig and rat. The epitope for this antibody is in the region
of amino acids 371^525, which is on the intracellular side of the
plasma membrane. We used a secondary anti-mouse antibody conju-
gated to horseradish peroxidase (Amersham, UK). The protein bands
were detected with a chemiluminescent detection system, ECL analysis
(Amersham, UK). The signal for the Na�/Ca2� exchanger was ex-
pected to be at 120 kDa.

2.8. Statistical analysis
Each value represents the average for six animals. Results are pre-

sented as means þ S.E.M. Statistical di¡erences among groups were
determined by one way analysis of variance (ANOVA). Statistical
signi¢cance was de¢ned as P6 0.05. For multiple comparisons, an
adjusted t-test with P values corrected by the Bonferroni method
was used (Instat, GraphPad Software, USA).

3. Results

As determined by Western blot analysis with a monoclonal
antibody against rat Na�/Ca2� exchanger, the highest density
of this transport system was observed in the left ventricle (LV;
96 þ 10 arbitrary units) (Fig. 1). Both atria (LA, RA) had
much lower amounts of the Na�/Ca2� exchanger protein
(33 þ 1.2 and 33 þ 2 arbitrary units) compared to LV. There-
fore, in further experiments we compared the e¡ect of immo-
bilization stress separately on the left and right ventricles.
Single immobilization (IMO1) stress for 2 h did not a¡ect
the gene expression of the Na�/Ca2� exchanger either in the
left or in the right ventricle (Fig. 2). However, expression of
the gene for the Na�/Ca2� exchanger was signi¢cantly in-
crease in the left ventricle after six (ADC) and/or seven
(IMO7) immobilizations (Fig. 2). In the right ventricle, no
signi¢cant increase was observed even after the repeated im-
mobilization (Fig. 2). This observation correlates with results
obtained by Western blot analysis with mouse monoclonal
antibody against rat Na�/Ca2� exchanger (Fig. 3). In the
left ventricle, the protein level of the Na�/Ca2� exchanger
was also increased 11^13 times after the repeated immobiliza-

Fig. 1. Distribution of the Na�/Ca2� exchanger protein in individual
parts of the rat heart. The highest level of the Na�/Ca2� exchanger
as determined by Western blot analysis with the monoclonal anti-
body against rat Na�/Ca2� exchanger was found in the left ventricle
(LV). The smallest amounts were found in the left and right atria
(LA, RA). Results are mean þ S.E.M. and are the average from at
least three animals. ***P6 0.001, compared to atria.
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tion (ADC, IMO7, Fig. 3), compared to controls (C) and/or
the group of animals immobilized only once (IMO1). In the
right ventricle, no increase was observed in the Na�/Ca2�

exchanger protein after repeated immobilization compared
to the controls (Fig. 3). Activity of the Na�/Ca2� exchanger
was also increased after repeated immobilization in the left,
but not in the right ventricle (Fig. 4).

Immobilization stress is known to rapidly elevate the con-
centration of glucocorticoids [17]. Therefore, one possible ex-
planation for the increased gene expression of the Na�/Ca2�

exchanger might be mediated via the glucocorticoid respon-
sive element. We examined whether continuous administra-
tion of cortisol would mediate the same e¡ect. However, no
di¡erences were observed in Na�/Ca2� exchanger gene expres-
sion in cortisol treated (65 þ 6 arbitrary units) or control ani-
mals (62 þ 10 arbitrary units; Fig. 5A), compared to the
housekeeper GAPDH gene. Western blot analysis with the
monoclonal antibody against rat Na�/Ca2� exchanger did
not reveal any di¡erences in Na�/Ca2� exchanger protein level
after cortisol treatment compared to controls (Fig. 5B) either.
Interestingly, we found that activity of the Na�/Ca2� ex-
changer in rat heart (Fig. 5C) decreased rapidly (from
48 þ 11 nmol Ca2�/h to 13.5 þ 2.9 nmol Ca2�/h) after contin-
uous administration of cortisol for 24 h. After administration

of cortisol for 7 days, reduction in the Na�/Ca2� exchanger's
activity was even more pronounced (to 4.8 þ 1.4 nmol Ca/h).

4. Discussion

Stress is deeply involved in the development of serious car-
diovascular complications, mainly hypertension, myocardial
infarction, heart failure, etc. Although the primary mechanism
of this e¡ect is still not known, several parameters have been
reported to be altered. It was shown that immobilization
stress, a well-de¢ned model of stress, a¡ects the expression
of several systems, e.g. Ca2� channels in the rat kidney [26],
catecholamine biosynthetic enzymes [27,28], etc. Since the
Na�/Ca2� exchanger is known to play an important role in
calcium homeostasis in the heart [6,7], we compared mRNA
and protein levels, as well as the activity of the Na�/Ca2�

exchanger in the rat heart after a single and repeated immo-
bilization. We focused on cardiac ventricles, since we found
that Na�/Ca2� exchanger is much more abundant in ventricles
than in atria (Fig. 1). Our results are consistent with the re-
port of Wang and coworkers [29] on human heart, who re-
ported that levels of the Na�/Ca2� exchanger were 30^50%
lower in atria compared to ventricles. After the single immo-

Fig. 2. mRNA levels of the Na�/Ca2� exchanger in left and right
ventricles after a single (IMO1) and repeated (IMO7) immobiliza-
tion. C: control group; IMO1: group of rats immobilized once for
2 h; ADC: adapted control, where animals were immobilized six
times and left in home cages for 24 h before decapitation; IMO7:
group of rats immobilized seven times for 2 h. Results are mean þ
S.E.M. and are the average from at least six animals. ***P6 0.001,
compared to controls (C).

Fig. 3. Western blot analysis of the Na�/Ca2� exchanger in left and
right ventricles as determined by monoclonal antibody against rat
Na�/Ca2� exchanger. C: control group; IMO1: group of rats im-
mobilized once for 2 h; ADC: adapted control, where animals were
immobilized for six times and left in home cages for 24 h before de-
capitation; IMO7: group of rats immobilized seven times for 2 h.
Results are mean þ S.E.M. and are the average from at least six ani-
mals. ***P6 0.001, compared to controls (C).
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bilization we did not observe any change either in expression
or in protein level, and the activity of this system in rat heart
ventricles. This observation was not surprising, because of
the short duration of the stimulus. In cardiac left ventricles
of the repeatedly immobilized rats we observed changes in
Na�/Ca2� exchanger mRNA levels, which correlated with
the elevated amount of the Na�/Ca2� exchanger's protein
and ¢nally, with the activity of this transport system. The
mechanism by which stress increases gene expression of the
Na�/Ca2� exchanger is not clear yet. Since the work of Kvet-
nansky et al. [17] shows that the level of glucocorticoids dur-
ing stress is rapidly elevated, we performed further experi-
ments to determine whether this e¡ect might be caused by a
glucocorticoid responsive element. Therefore, cortisol was ap-
plied to the animals continuously either for 24 h of for 7 days
and the level of Na�/Ca2� exchanger expression was quanti-
¢ed. Our results show that gene expression and Na�/Ca2�

exchanger protein were not changed after cortisol administra-
tion and therefore, immobilization cannot modulate the Na�/
Ca2� exchanger via glucocorticoids. The continuous cortisol
treatment suppressed, and did not enhance, activity of the
Na�/Ca2� exchanger. These surprising results point to an ad-
ditional and completely di¡erent mechanism of modulation of

the Na�/Ca2� exchanger's activity through the glucocorti-
coids. Down-regulation of the activity of the Na�/Ca2� ex-
changer by glucocorticoids, although not in the heart, but in
rat aorta was described by Smith and Smith [30]. These au-
thors found that the activity of the Na�/Ca2� exchanger was
suppressed by cortisol treatment for 24 h by approximately
55%. Based on their observation that the gene expression of
the Na�/Ca2� exchanger in rat aorta is also decreased by

Fig. 4. Activity of the Na�/Ca2� exchanger in the left and right
ventricles as determined by 45Ca2� transport into the proteolipo-
somes. C: control group; IMO1: group of rats immobilized once
for 2 h; ADC: adapted control, where animals were immobilized
for six times and left in home cages for 24 h before decapitation;
IMO7: group of rats immobilized seven times for 2 h. Each meas-
urement is the average from at least six animals. Results are dis-
played as mean þ S.E.M. ***P6 0.001.

Fig. 5. mRNA levels, protein amount and the activity of the Na�/
Ca2� exchanger in the hearts of saline treated control rats (S) and
rats treated with cortisol for 1 (C1) or 7 (C7) days. mRNA levels
are compared relatively with the housekeeper GAPDH. No changes
relative to GAPDH were observed between the S and C7 groups.
Protein level was also not a¡ected by the cortisol treatment. In con-
trast, the activity of the Na�/Ca2� exchanger decreased signi¢cantly
after 1 (C1) and/or 7 (C7) days of cortisol treatment. Results are
displayed as mean þ S.E.M. *P6 0.05; ***P6 0.001, compared to
saline treated controls. Each measurement is the average from at
least six animals.
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cortisol, Smith and Smith [30] proposed that cortisol sup-
pressed directly Na�/Ca2� exchanger expression, probably
via a glucocorticoid responsive element. Based on our results,
we propose rather an indirect e¡ect of glucocorticoids with
subsequent down-regulation of the Na�/Ca2� exchanger's ac-
tivity.

We can only speculate about the physiological relevance of
our observation, based on the role of calcium in the normal
and failing heart. The diastolic and systolic dysfunction in the
failing heart appears to be related to altered Ca2� handling of
the cardiac myocytes [31]. In chronic heart failure the myo-
cardium undergoes a phenotypic change which includes alter-
ations of the activity of enzymes regulating calcium homeo-
stasis. The sarcoplasmic reticulum calcium ATPase is
depressed in both function and expression. At the same time
the sarcolemmal Na�/Ca2� exchanger is increased in both
function and expression [32]. The Na�/Ca2� exchanger
mRNA levels and thus its activity might be a powerful com-
pensatory mechanism for retaining cardiac contractility in
chronic heart failure [33] and end stage heart failure [34].
All these changes may signi¢cantly contribute to the altered
calcium homeostasis in the cell and thus to the pathophysio-
logical consequences.

It was already shown that Na�/Ca2� exchanger can be
modulated by various stimuli : glycerophosphoinositols [35],
reduced by cocaine [36], halothane [37]. All results described
above point to the vulnerability of the Na�/Ca2� exchanger to
various stimuli.

Another mechanism by which the Na�/Ca2� exchanger can
be elevated by stress is through K-adrenergic receptors. This
proposal is highly supported by the data of Reinecke et al.
[38], who demonstrated that activation of the K1-adrenoceptor
up-regulates the expression of the Na�/Ca2� exchanger. Stress
rapidly increases catecholamines [39^41], which leads to the
increased activation of the adrenergic receptors.

In conclusion, our results clearly show that during stress
stimuli, two independent e¡ects participate in the modulation
of the Na�/Ca2� exchanger: (i) up-regulation of the levels of
mRNA of the Na�/Ca2� exchanger a¡ecting its protein and
the activity. This e¡ect was observed only after the repeated
immobilization (7U). This increase is not mediated via the
glucocorticoid responsive element. (ii) An additional e¡ect
on the Na�/Ca2� exchanger may be due to the increased levels
of glucocorticoids during stress. As we show in this paper, the
e¡ect caused by the cortisol treatment is a down-regulation of
the activity of the Na�/Ca2� exchanger in the rat heart with-
out a¡ecting the mRNA or the protein levels. This e¡ect was
observed even after the single immobilization, but obviously
was abolished by the stronger e¡ect mediated by the unknown
pathway of stress response. However, the physiological rele-
vance of the dual regulation of the Na�/Ca2� exchanger dur-
ing stress remains to be elucidated.
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