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INTRODUCTION
The Na+-K+-ATPase (sodium pump) is present in the mem

branes of all cells. It generates Na+ and K+ ion gradients that 
serve in the secondary co- and counter-transport processes that 
maintain gradients of H+, Ca2+, Cl-, and other organic molecules. 
The accumulation of intracellular Na+ in turn activates the Na+-
Ca2+ exchanger (NCX) [1,2] and L-type Ca2+ channels [3], which 
have wide-ranging effects on the intracellular milieu and, hence, 
on cell function, including excitability, energy metabolism, and 

excitation-contraction coupling [4]. The Na+/K+-ATPase also 
regulates the growth and phenotype of cardiac myocytes. Thus, 
alterations in this sodium pump, whether drug-induced, by the 
actions of endogenous digitalis-like compounds, or through 
pathological down-regulation, are likely to be involved in the 
development of cardiac hypertrophy and failure [5].

The activity of the Na+-K+-ATPase is modulated by adenosine 
3',5'-cyclic monophosphate (cAMP), a second messenger that 
participates in the regulation of numerous cell functions [6]. 
cAMP is synthesized by adenylate cyclase (AC) and degraded 
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ABSTRACT Adenosine 3',5'-cyclic monophosphate (cAMP) participates in the 
regulation of numerous cellular functions, including the Na+-K+-ATPase (sodium 
pump). Ouabain, used in the treatment of several heart diseases, is known to 
increase cAMP levels but its effects on the atrium are not understood. The aim of the 
present study was to examine the effect of ouabain on the regulation of atrial cAMP 
production and its roles in atrial endothelin-1 (ET-1) secretion in isolated perfused 
beating rabbit atria. Our results showed that ouabain (3.0 μmol/L) significantly 
increased atrial dynamics and cAMP levels during recovery period. The ouabain-
increased atrial dynamics was blocked by KB-R7943 (3.0 μmol/L), an inhibitor for 
reverse mode of Na+-Ca2+ exchangers (NCX), but did not by L-type Ca2+ channel 
blocker nifedipine (1.0 μmol/L) or protein kinase A (PKA) selective inhibitor H-89 (3.0 
μmol/L). Ouabain also enhanced atrial intracellular cAMP production in response 
to forskolin and theophyline (100.0 μmol/L), an inhibitor of phosphodiesterase, 
potentiated the ouabain-induced increase in cAMP. Ouabain and 8-Bromo-cAMP 
(0.5 μmol/L) markedly increased atrial ET-1 secretion, which was blocked by H-89 
and by PD98059 (30 μmol/L), an inhibitor of extracellular-signal-regulated kinase 
(ERK) without changing ouabain-induced atrial dynamics. Our results demonstrated 
that ouabain increases atrial cAMP levels and promotes atrial ET-1 secretion via the 
mitogen-activated protein kinase (MAPK)/ERK signaling pathway. These findings 
may explain the development of cardiac hypertrophy in response to digitalis-like 
compounds. 
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by phosphodiesterases (PDEs). It is required for the activation of 
protein kinase A (PKA). The PKA signaling pathway is one of the 
most important cellular signaling pathways but it has also been 
shown to promote mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK) phosphorylation in 
the heart during morphine withdrawal [7].

Ouabain and other cardiotonic steroids bind to the cardiac Na+-
K+-ATPase and inhibit its activity [8-10]. Ouabain has also been 
shown to increase cAMP levels in rat optic nerve astrocytes [11], 
dog renal cortex [12], rat brain [13], and cultured renal papillary-
collecting tubule cells [14]. However, the effect of ouabain on the 
regulation of cAMP production in the atrium and its roles in 
atrial function are not well understood. In our previous study we 
have observed that ouabain promotes atrial natriuretic peptide 
(ANP) secretion via endothelin-1 (ET-1)-ETB receptor-mediated 
pathway [8].

The aims of the present study was to examine the effect of 
ouabain on the regulation of atrial cAMP production and its roles 
on atrial ET-1 secretion in isolated perfused beating rabbit atria.

METHODS 

Preparation of perfused beating rabbit atria

The atria of New Zealand white rabbits of either sex were 
removed and weighed (mean wet weight=0.25±0.08 g). Isolated 
perfused beating left atria were prepared using previously 
described methods [15]. Transmural electrical field stimulation 
of 1.5 Hz (0.3 ms, 30~40 V) was applied to the perfused atria 
using a luminal electrode. During stimulation, the atria were 
perfused with HEPES buffer using a peristaltic pump (1 ml/min) 
that allowed atrial pacing for measurements of the changes in 
atrial volume (stroke volume), cAMP efflux, and ET-1 secretion. 
The HEPES buffer contained (in mmol/L) 118 NaCl, 4.7 KCl, 2.5 
CaCl2, 1.2 MgCl2, 25 NaHCO3, 10.0 glucose, 10.0 HEPES (pH 7.4 
with NaOH) and 0.1% bovine serum albumin.

Preparation of rabbit atrial myocyte membranes

Left atria were obtained from adult New Zealand white 
rabbits. The atrial tissue was placed in 2 ml of ice-cold phosphate 
buffer (30 mM, pH 7.2) containing 120 mM NaCl and 1 mM 
phenanthroline, finely minced, and homogenized at 4oC by three 
30-s bursts of maximal speed using a Tissue Tearor (Biospec, 
Racine, WI, USA). The homogenate was centrifuged at 1,000 g for 
10 min at 4oC. The supernatant was then centrifuged at 40,000 g 
for 60 min at 4oC. The pellet, containing the cell membranes, was 
washed three times with Tris-HCl (50 mM, pH 7.4) containing 
1 mM EDTA. The membranes were suspended with sonication 
in the same buffer. Protein content was determined by a 
bicinchoninic acid assay kit (Sigma Chemical, St. Louis, MO, 

USA).

Experimental protocols

The atrium was perfused for 60 min to stabilize the parameters 
for ET-1 secretion and cAMP efflux as well as atrial dynamics. 
The perfusates were collected at 2-min intervals at 4oC for 
measurements of ET-1 and cAMP levels. The cycle lasted 12 min.

The control cycle (12 min) was followed by the infusion of 3.0 
μmol ouabain/L for one cycle and then seven recovery cycles, 
during which HEPES buffer was infused. The cAMP levels in the 
perfusates were measured by radioimmunoassay.

The roles of PKA, L-type Ca2+ channels, and the NCX on the 
regulation of ouabain-induced atrial mechanical action were 
examined as follows: After one control period, one cycle with 
the treatment agent was followed by one cycle of infusion of the 
treatment agents plus ouabain (3.0 μmol/L) and then by two 
cycles of recovery. The treatment agents were as follows: 1) H-89 
(3.0 μmol/L), a selective PKA inhibitor; 2) nifedipine (1.0 μmol/L), 
an L-type Ca2+ channel inhibitor; and 3) KB-R7943 (1.0 μmol/L), 
an inhibitor of the reverse mode of NCX.

The mechanism by which ouabain regulates cAMP content 
was investigated in atrial myocyte membranes. The atrial 
membranes were incubated, or not (control), with ouabain (3.0 
μmol/L), forskolin (0.1 μmol/L), ouabain+forskolin, the inhibitor 
of PDE theophyline (100.0 μmol/L), theophyline +ouabain (n=6 
membrane preparations per group). Incubations were carried out 
for 30 min with shaking. The cAMP content was measured by 
radioimmunoassay (RIA).

The effect of ouabain-induced cAMP levels on the regulation 
of ET-1 secretion was examined in perfused beating rabbit atria. 
After one control period, one cycle with the treatment agent was 
followed by one cycle of H-89 (3.0 μmol/L) infusion, one cycle of 
H-89 plus ouabain (3.0 μmol/L), and then two cycles of recovery 
in the presence of H-89. Next, one 12-min control cycle was 
followed by 2×12-min cycles of 8-bromo-cAMP (0.5 μmol/L). To 
investigate the effect of cAMP on the regulation of ET-1 secretion, 
after one control cycle, two cycles of H-89 or the ERK inhibitor 
PD98059 (30 μmol/L) were followed by two cycles of H-89 plus 
8-bromo-cAMP or PD98059 plus 8-bromo-cAMP.

Radioimmunoassays of cAMP and ET-1

The level of immunoreactive cAMP in the perfusates was 
measured by a specific RIA as described previously [15]. The 
standard and the sample were placed in polyethylene tubes 
containing 60 μl of acetate buffer (50.0 mmol/L, pH 4.8) together 
with cAMP antibody and tracer. The reaction was stopped by the 
addition of activated carbon. The samples were centrifuged at 
3,000 rpm for 24 h at 4oC and the radiation in the sediment was 
measured to determine the cAMP concentration. 

The level of immunoreactive ET-1 in the perfusates was 
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measured in a competitive RIA (North Institute of Biological 
Technology, Beijing, China) as described previously [16]. Prior 
to the assay the samples were extracted using Sep- Pak C18 
cartridges (Waters, Milford, MA, USA). Intra-assay and inter-
assay coefficients of variation were less than 10 and 15%, 
respectively. The sensitivity of the assay was 0.5 pg/tube; cross-
reactivity with ET-2 and ET-3 was less than 1%. All samples were 
assayed in the same run and at least in duplicate. The amount of 
ET-1 in the perfusate is expressed as pg/min/g of wet atrial tissue.

Statistical analysis

The significance of differences between values was determined 
by one-way ANOVA followed by Dunnett's multiple comparison 
and an unpaired t-test. The data are expressed as mean±SEM. 
Statistical significance was defined at p< 0.05.

RESULTS

Effects of ouabain on atrial dynamics and cAMP 
content 

Atrial stroke volume increased at an early point during 
treatment with ouabain (n=6, p<0.001 vs. control cycle; Fig. 1A) 
and continued during the recovery period. The atrial cAMP 
content was also induced by ouabain and showed similar 
characteristics to the changes in atrial stroke volume during the 
recovery period (n=6, p<0.05 vs. control cycle; Fig. 1B). These data 

suggested that in rabbit atria ouabain not only induces positive 
inotropic action but also promotes cAMP production.

Mechanism underlying the ouabain-induced increase 
in cAMP production

To determine the mechanism by which ouabain increases atrial 
cAMP content, cardiac atrial myocyte membranes were incubated 
with ouabain and/or forskolin. Both agents significantly 
increased atrial cAMP levels (n=6, p<0.01 and p<0.001 vs. 
control group, respectively; Fig. 2A), and showed a synergistic 
effect when added together (n=6, p< 0.001 vs. control group, 
p<0.01 vs. ouabain group; Fig. 2A). In addition, theophyline also 
significantly increased the atrial cAMP content (n=6, p<0.01 vs. 
control group, Fig. 2B). In the presence of theophyline, ouabain 
further increased intracellular cAMP production (n=6, p<0.05 
vs. ouabain group; Fig. 2B). These results indicated that ouabain 
promotes atrial cAMP production by cativation of AC.

Effect of the ouabain-induced increase in cAMP on 
atrial dynamics

The effect of the ouabain-induced increase in cAMP on atrial 
dynamics was tested in atria treated with ouabain and inhibitors 

Fig. 1. Effect of ouabain (3.0 µmol/L) on atrial stroke volume (A) 
and cAMP production (B). Data are presented as the means±SE (n=6). 
*p<0.05, **p<0.01, ***p<0.001, vs. the control period. ouabain (3.0 
µmol/L)), please correct it as ouabain (3.0 µmol/L).

Fig. 2. Effects of forskolin (A) and theophyline (B) on ouabain- 
induced atrial adenylate cyclase activity in rabbit atria. Data are 
presented as the means±SE (n=6). **p<0.01, ***p<0.001 vs. control; 
#p<0.05, ◆◆p<0.01 vs. ouabain.
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of PKA, L-type Ca2+ channels, and the NCX. Neither H-89 nor 
nifedipine modulated the ouabain-induced increase in atrial 
stroke volume, either during the ouabain treatment period or 
during the recovery period (n=6, p<0.001 vs. H-89; Fig. 3A, 
B). However, reverse mode of the NCX inhibitor KB-R7943 
completely abolished ouabain induction of atrial stroke volume 
during the recovery stage (n=6, p>0.05 vs. KB-R7943; Fig. 3C). 
These results indicated that ouabain increases atrial dynamics 
mainly by inhibiting the Na+-K+-ATPase whereas the ouabain-
induced increase in cAMP has no effect.

Effect of the ouabain-induced increase in cAMP on 
atrial ET-1 secretion

We then asked whether the ouabain-induced increase in cAMP 
has an effect on atrial ET-1 secretion. Atria were treated with 
different doses of ouabain (1.0, 3.0, and 6.0 μmol/L) together 
with membrane permeable 8-bromo- cAMP, PD98059, or H-89. 
At doses of 3.0 and 6.0 μmol/L, ouabain significantly increased 
ET-1 secretion (n=6, p< 0.05, p<0.01 vs. control respectively; Fig. 
4A), as did 8-bromo-cAMP (n=6, p<0.01 vs. control; Fig. 4B). 
However, the latter effect was completely blocked by PD98059 
and H-89 (n=6, p<0.01 vs. 8-bromo-cAMP; Fig. 5A, B). H-89 
also completely abolished the ouabain-induced increase in ET-1 
secretion (n=6, p<0.01 vs. 8-bromo-cAMP; Fig. 5C). These 
findings suggest that the cAMP-dependent PKA and MAPK/ 
ERK signaling pathways are involved in cAMP-induced atrial 
ET-1 secretion.

Fig. 3. Effect of H-89 (A), nifedipine (B), and KB-R7943 (C) on oua-
bain-induced atrial dynamics. Data are presented as the means±SE 
(n=6). **p<0.01, ***p<0.001 vs. Control period.

Fig. 4. Effects of ouabain (A) and 8-bromo-cAMP (B) on atrial ET-1 
secretion in beating rabbit atria. Data are presented as the means± 
SE (n=6). *p<0.05, **p<0.01 vs. the control.

Fig. 5. Effects of PD98059 (A) and H-89 (B) on 8-Bromo-cAMP as well as ouabain (C) induced atrial ET-1 secretion in beating rabbit atria. 
*p<0.05, vs. control; **p<0.01 vs. the control; #p<0.01 vs. 8-Bromo-cAMP; ◆p<0.05 vs. ouabain.
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DISCUSSION
In the present study, ouabain increased atrial cAMP levels 

in isolated perfused beating rabbit atria. The increase in cAMP 
in turn stimulated atrial ET-1 secretion. Ouabain increased 
atrial dynamics mainly by inhibiting the Na+-K+-ATPase, and 
not through the ouabain-induced increase in atrial cAMP 
production.

The intracellular cAMP content is determined by the rate of 
cAMP generation by AC and by its degradation by PDEs. The 
atrial concentration of cAMP was previously shown to correlate 
positively with its production by atrial myocytes [15]. In the 
present study, we showed that ouabain significantly increased the 
efflux of atrial cAMP in a sustained manner, as efflux continued 
during the recovery period, after ouabain infusion. In addition, 
ouabain also enhanced intracellular cAMP production with atrial 
membrane and the enhancement by ouabain of cellular cAMP 
production was amplified with PED inhibitor theophline. In the 
presence of the AC activator forskolin, ouabain further elevated 
atrial cAMP production. These findings are similar to those that 
ouabain increases intracellular cAMP production in the intestinal 
mucosa, pancreatic islets, and brain by stimulating AC [13,17,18]. 

We found that neither the PKA inhibitor H-89 nor the L-type 
Ca2+ channel inhibitor nifedipine altered ouabain-induced atrial 
dynamics, whereas the latter effect was completely abolished 
during the recovery period by the reverse mode of NCX inhibitor 
KB-R7943. These results suggested that ouabain increases atrial 
dynamics mainly by inhibiting the Na+-K+-ATPase, independent 
of the ouabain-induced increase in atrial cAMP. In previous 
reports, inhibitors of PDE3 and PDE4 increased atrial cAMP 
production but failed to increase atrial dynamics, most likely 
because these responses were compartmentalized [19]. Early 
studies showed that the PDE4 inhibitor rolipram does not exert 
positive inotropic action in either guinea pig atria [20] or rat 
ventricular papillary muscle [21]. Other studies also reported that 
the increase in cAMP production induced by the inhibition of 
PDE3 and PDE4 was localized, resulting in different effects on 
the regulation of calcium transients and myocardial mechanical 
activity [22,23]. Our findings are in agreement with those results.

To further investigate the role of ouabain-induced cAMP on 
rabbit atria, we examined the effects of ouabain and 8-Bromo-
cAMP on atrial ET-1 secretion and determined that secretion 
was significantly increased by both agents and blocked by the 
PKA inhibitor H-89 and by the MAPK/ ERK inhibitor PD98059. 
cAMP-dependent PKA signaling is related to the MAPK/ERK 
signaling pathway [7]. In previous work we showed that the 
MAPK/ERK signaling pathway is involved in the regulation of 
ouabain-induced atrial ET-1 secretion and to promotes atrial 
ANP release[8]. According to the results of this study, cAMP 
induced by ouabain stimulates atrial ET-1 secretion by activating 
PKA and the MAPK/ERK signaling pathways. These findings 
may explain the development of cardiac hypertrophy in response 

to digitalis-like compounds: by the ET-1 induced activation of the 
MAPK pathway, which is a key signaling route in the mechanical-
load-induced hypertrophic process [5].

In conclusion, this study demonstrated that ouabain induces 
atrial cAMP production by activating AC and is involved in the 
regulation of atrial ET-1 secretion via PKA and the MAPK/ERK 
signaling pathways.
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