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Abstract

Short exposure to low concentrations of digitalis drugs like ouabain protects the rat heart against 

ischemia/reperfusion injury through the activation of the Na/K-ATPase/c-Src receptor complex 

and subsequent stimulation of key intracellular cardioprotective signals. Rat Na/K-ATPase, 

however, is relatively insensitive to digitalis, and it is not known if similar results could be 

obtained in species with higher sensitivity. Thus, to determine whether ouabain pretreatment 

protects against ischemic injury and activates the Na/K-ATPase signaling cascade in a species 

with a cardiac glycoside sensitivity comparable to humans, the present study was conducted in the 

rabbit model. In Langendorff-perfused rabbit hearts, 20 min exposure to 500 nM ouabain resulted 

in positive inotropy as evidenced by a significant increase in +dP/dt, and this increase was 

accompanied by the activation of several well-characterized downstream mediators of the cardiac 

Na/K-ATPase receptor pathway, including Src, Akt, ERK1/2, and PKCε. A short (4 min) 

administration of a sub-inotropic dose of ouabain (100 nM) followed by an 8 min washout before 

30 min of global ischemia and 120 min of reperfusion resulted in protection against cell death, as 

evidenced by a significant decrease in infarct size. These data indicate that ouabain administration 

activates the Na/K-ATPase signaling cascade and protects against ischemic injury in a species 

with high cardiac Na/K-ATPase sensitivity.
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INTRODUCTION

The ubiquitous Na/K-ATPase is classically known for the active transport of Na+ and K+ 

across the plasma membrane. The well-known positive inotropic effect of ouabain and other 

related cardiac glycosides is generally accepted to result from the partial inhibition of the 

cardiac sarcolemmal Na/K-ATPase, which results in the accumulation of intracellular Na+ 
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and subsequent modulation of the Na+/Ca2+ exchanger. The resulting increase in 

intracellular Ca2+, in turn, augments contractile force (1). An increasing number of studies 

have shown that cardiac glycoside binding to the Na/K-ATPase also activates several signal 

transduction pathways. In the heart, ouabain activates multiple kinase activities including 

those of EGFR, c-Src, PKCs, ERK1/2, and Akt (8, 9, 15–17, 20, 23, 24, 32–34). We are just 

beginning to understand the physiologic role of the signaling function of Na/K-ATPases, but 

several studies have clearly shown its importance for the regulation of myocardial structure 

and function, including contractility, hypertrophy, and resistance to ischemia-reperfusion 

injury (5, 7, 11, 17, 22, 24, 28, 29, 31, 34). In the latter, the cardiac glycoside signal is 

transmitted from the sarcolemmal Na/K-ATPase to the mitochondria, and key mediators of 

this cardioprotective signaling pathway identified in Langendorff-perfused rat hearts include 

Src kinase, PKCε, mitoKATP and reactive oxygen species (ROS) (22, 24, 25). While much 

has been learned about the Na/K-ATPase mediated signal transduction pathways and their 

physiologic roles, it is important to note that the majority of the studies characterizing 

ouabain signaling and all of the studies on digitalis preconditioning were performed in rat 

hearts. Arguably, this restricts the implication of these findings, as myocardial physiology 

and vulnerability to ischemic injury are known to vary from one species to another (10, 14, 

27, 30, 36). Further, the concentration of digitalis required to produce a positive cardiac 

inotropic effect is markedly higher in rat than in other species (6, 21).

Accordingly, in order to establish whether the cardioprotective digitalis signaling pathway is 

likely to be of clinical relevance, we conducted the present study in isolated perfused rabbit 

hearts. In this model, the expression of Na/K-ATPase and kinetics of digitalis association/

dissociation are significantly more like that of human than is the rat (3, 26). The goals of the 

study were to determine 1) whether an ouabain induced increase in cardiac inotropy is 

accompanied by activation of the cardiac Na/K-ATPase signaling cascade, and 2) if sub-

inotropic doses of ouabain protects against ischemic injury in the rabbit heart, a species with 

high cardiac Na/K-ATPase sensitivity.

MATERIALS AND METHODS

Chemicals and Reagents

Ouabain and all other reagents were purchased from Sigma-Aldrich. Antibodies against total 

and phosphorylated ERK1/2, total and phosphorylated Akt, total PKCε, and all secondary 

antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The 

polyclonal anti-Src pY418 antibody was obtained from Invitrogen (Carlsbad, CA).

Langendorff Perfusion

Experiments were conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Heath, and all protocols were 

approved by the Institutional Animal Care and Use Committee at the University of Toledo, 

College of Medicine. Male New Zealand White rabbits (2.2–2.8 kg) were anesthetized with 

pentobarbital sodium (50mg/kg, i.v.) and heparinized (1000 U/kg). The perfusion protocol 

was adapted from Kilgore et al, and Pierre et al (13, 24). Briefly, hearts were rapidly 

removed and mounted on a non-recirculating Langendorff apparatus and perfused with 
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Krebs–Henseleit (KH) solution containing (in mmol/L): NaCl (118.0), KCl (4.0), CaCl2 

(1.65), KH2PO4 (1.3), MgSO4 (1.2), Ethylene glycolbis (2-aminoethylether)-N, N, N′, N′-

tetraacetic acid (0.3), NaHCO3 (25), D-glucose (11). The buffer was continuously 

oxygenated with a mixture of O2 (95%) and CO2 (5%), resulting in a pO2 of 618 mmHg, a 

pCO2 of 30 mmHg and a pH of 7.4. The KH buffer was delivered at a constant flow rate of 

20–25 mL/minute, and coronary perfusion pressure (CPP) was monitored with a pressure 

transducer connected to a side arm of the aortic cannula. The temperature of the buffer and 

isolated heart was maintained at 37°C with a temperature-controlled circulating water bath. 

A drainage cannula was inserted into the apex of the left ventricular cavity to vent the 

Thebesian flow. End diastolic pressure (EDP), isovolumic left ventricular developed 

pressure (LVDP, the difference between systolic and diastolic left ventricle pressures) and 

the index of left ventricular contractile function during systole (+dP/dtmax) were measured 

via a water-filled latex balloon inserted in the left ventricle and secured with a purse string 

suture. The balloon was connected to a P23XL Becton Dickinson pressure transducer, and 

the pressure signal was augmented via a Grass CP122 AC/DC strain gage amplifier and 

recorded using a PowerLab data acquisition system (2/26, ADInstruments). LVDP and 

+dP/dtmax, were continuously monitored during the experiment and quantified afterwards 

using LabChart software (ADInstruments). Hearts were paced at 3 Hz (2 ms duration, 4V) 

with bipolar electrodes attached to the left ventricle using a Grass SD9 stimulator, and the 

pacing was maintained throughout the experiment. The EDP was adjusted initially to 6 

mmHg. After 20 minutes of equilibration, one of two protocols (described below) was 

begun.

Perfusion Protocols

Protocol A—To determine the effect of ouabain exposure on contractility, rabbit hearts 

were perfused for a total of 30 minutes with either KH alone or with 10 minutes of KH 

followed by 20 minutes of 100nM or 500nM ouabain (Figure 1, Protocol A). To determine if 

signaling accompanied ouabain induced inotropy, (as evaluated by phosphorylation of Src, 

ERK1/2and Akt and PKCε translocation), rabbit hearts perfused with KH or with 500nM 

ouabain were quick-frozen in liquid nitrogen and powdered for immunoblotting as described 

below.

Protocol B—To examine the effect of ouabain pretreatment on ischemic injury, hearts 

were perfused with either KH for 20 minutes or KH for 8 minutes followed by 100nM 

ouabain for 4 minutes followed by KH for 8 minutes (Figure 1, Protocol B). Both groups 

were then subjected to 30 minutes of normothermic global ischemia followed by 120 

minutes of reperfusion. At the end of the experiment, the hearts were stained for the 

determination of infarct size as described below.

Tissue Preparation, SDS-Page and Immunoblotting

Rabbit hearts perfused with KH or with 500nM ouabain (Figure 1, Protocol A) were quick-

frozen in liquid nitrogen. One hundred mg of powdered left ventricle was placed into an ice-

cold buffer containing 30 mM histidine, 250 mM sucrose, 1 mM EDTA, 1 mM 

phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1 mM NaF, 10 nM okadaic 

acid, 10 μg/ml aprotinin, 10 μg/ml leupeptin and then homogenized in a 30 ml homogenizer 
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by repeating 5 times a series of 8 up-and-down strokes separated by 30 s intervals. Lysates 

were then centrifuged at 16,000×g for 15 minutes, and supernatants (50 μg) were probed for 

total and phosphorylated Src, Akt, and ERK1/2 levels as described previously (17, 24). To 

assay PKCε translocation from cytosolic to particulate fraction, the same homogenates were 

centrifuged at 100,000 ×g for 1 hour at 4°C. The supernatant designated as the cytosolic 

fraction was removed and saved. The pellet was homogenized in the solution containing 1% 

Triton and the particulate fraction was prepared as we previously described (21, 24).

Infarct Size

Rabbit hearts undergoing ischemia/reperfusion (Figure 1, Protocol B) were sliced into 

approximately 2 mm thick transverse sections and incubated in triphenyltetrazolium chloride 

solution (TTC, 1% in phosphate buffer, pH 7.4) at 37°C for 20 minutes, then further 

incubated for 20 minutes in formalin. TTC stains the viable tissue in a bright-red color, 

which allows the discrimination between viable (red) and nonviable (pale yellow) tissue. 

Slices were subsequently scanned and analyzed using Image J software (National Institutes 

of Health). Infarct size was expressed as a percentage of the area at risk (equivalent to total 

cardiac muscle mass), as reported previously (24, 37).

Statistical Analysis

Results are expressed as mean ± SEM. All data sets were normally distributed and compared 

using unpaired bilateral Student’s t test or one-way ANOVA followed by Dunnet’s post-hoc 

analysis. P<0.05 was considered statistically significant.

RESULTS

Ouabain-Induced Inotropy and Signaling

We first determined the effect of ouabain exposure on contractility (Figure 1, Protocol A). 

As shown in Figure 2, control +dP/dtmax was 2270 ± 30 mmHg/sec., and while 20 minutes 

of perfusion with 100 nM ouabain did not induce a significant increase in +dP/dtmax (2670± 

150 mmHg/sec, N.S.), 500 nM ouabain resulted in a significant positive inotropic effect of 

about 40% (3270 ± 230, P<0.05). To determine whether ouabain induced signaling 

accompanies the positive inotropic action of 500 nM ouabain in the isolated rabbit heart, we 

examined the activation of Src, Akt, and ERK1/2 at the end of the 20 minute exposure to 

ouabain. The results presented in Figure 3 show that ouabain caused a significant activation 

of Src, Akt, and ERK1/2. Additionally, as shown in Figure 4, 500 nM ouabain resulted in a 

significant increase in the PKCε translocation to the particulate fraction of the Langendorff-

perfused rabbit heart lysates. Taken together, these data demonstrate that the positive 

inotropic effect of ouabain in isolated rabbit hearts is accompanied by activation of Na/K-

ATPase signaling cascade.

Ouabain Preconditioning

The functional study using protocol A revealed that a ouabain dose of 100 nM did not 

produce a significant inotropic effect in the rabbit, and we wished to determine if this sub-

inotropic dose was capable of providing cardioprotection against ischemia/reperfusion injury 

in the rabbit similar to that observed in the rat (21). Cardiac baseline parameters were set 
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equally for both the ouabain pretreated (OIR) and untreated (IR) groups (Table, Time = 0), 

consistent with values reported by others for Langendorff-perfused rabbit heart preparation 

(12, 13, 35). As expected, hemodynamics remained stable over the course of the pre-

ischemic perfusion period in the untreated group (Table, IR at T=0 and 20). Furthermore, 4 

minute infusion of 100 nM ouabain did not result in any significant change in CPP, EDP or 

LVDP (Table, OIR at Time = 0 vs 20 min). Ischemia resulted in cardiac arrest in all groups. 

Cardiac function resumed at reperfusion, but was significantly compromised in all groups. 

At the end of the 2 hour reperfusion period, the significantly decreased LVDP and the 

increased CPP and EDP (Table, time = 170 min vs. 0 or 20 min) indicated that cardiac 

function remained compromised to a comparable extent in hearts with or without ouabain 

pre-treatment. On the other hand, as shown in Figure 5, hearts pretreated with ouabain had 

significantly reduced infarct size compared to that of untreated hearts (39 ± 2% vs. 51 ± 4% 

of the area at risk, P < 0.05). Taken together, these data indicate that ouabain 

preconditioning in the Langendorff-perfused rabbit heart protects against ischemia-

reperfusion-induced cell death but does not result in a significant improvement in functional 

recovery within two hours of reperfusion.

DISCUSSION

The aim of this work was to investigate whether Na/K-ATPase signaling accompanies an 

increase in inotropy upon ouabain administration and to determine if sub-inotropic doses of 

ouabain protect against ischemic injury in an animal model that mimics human Na/K-

ATPase expression and digitalis association/dissociation kinetics.

Signaling Accompanies Inotropy

These studies in the rabbit heart recapitulate previous findings in other animal models that 

demonstrate that the positive inotropic effect of ouabain in isolated hearts is accompanied by 

activation of the Na/K-ATPase signaling cascade (24). Specifically, the results presented in 

Figure 3 show that ouabain caused a significant activation of Src, Akt, and ERK1/2, and 

these findings are comparable to those observed in cardiac cells and isolated hearts from 

guinea pig and rat (24). In addition, as shown in Figure 4, 500 nM ouabain resulted in a 

significant increase in PKCε translocation to the particulate fraction of the Langendorff-

perfused rabbit heart lysates, consistent with previous findings in the rat (24). Thus, the 

present study shows that cardiac Na/K-ATPase mediated signal transduction pathways 

described in other animal models are also present in the more human-like rabbit heart.

Ouabain Preconditioning in Rabbit vs. Rat Heart

The reperfusion protocol described in Figure 1 was chosen because it is one of the most 

commonly used protocols to study ischemia-reperfusion injury in Langendorff-perfused 

hearts (13). It is also the protocol that we and others have previously used to study the 

protective effect of digitalis in rat (5, 24). The functional study using protocol A revealed 

that a dose of 100 nM ouabain did not produce any significant inotropic effect in our 

conditions, comparable to the effect produced by 10 μM in the rat model we have previously 

reported (24). This finding is also in good agreement with the known difference in ouabain 

sensitivity between the two species (6, 19). Thus, we used this concentration in protocol B to 
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test whether ouabain preconditioning occurs in the rabbit myocardium, which has a digitalis-

sensitivity comparable to human. The present study demonstrates that pretreatment of 

isolated perfused rabbit heart with 100nM ouabain significantly reduces infarct size (Figure 

5), consistent with previous studies conducted in isolated rat heart (5, 24). Unlike studies 

conducted in rats, however, we did not find any improvement in LVDP, CPP or EDP after 

120 minutes of reperfusion when the hearts were pretreated with ouabain (Table). Apparent 

discrepancies between functional recovery at early reperfusion and infarction, which are the 

two most commonly used endpoints to assess the extent of ischemia-reperfusion injury and 

protection, have been well documented (4, 12, 36). While increased functional recovery is 

an important outcome of cardiac preconditioning, infarct size is considered a more reliable 

end point, as its measurement is independent of “stunning” phenomena that may accompany 

reperfusion (4, 18). In fact, many consider the measurement of infarct size the “gold 

standard” for determining the degree of cardioprotection provided by a given intervention 

(18, 36). Accordingly, the protective effect of ouabain on post-ischemic infarct in the rabbit 

heart is an indication of a preconditioning effect. Furthermore, like ouabain, other forms of 

preconditioning have shown a significant effect on post-ischemic function in rat but not 

rabbit hearts, and this difference has been attributed to differences in the ratio of stunning 

and infarction produced by ischemia in these species (12). Thus, the species-specificity in 

post-ischemic recovery is likely to be a factor in the apparent discrepancy between earlier 

reports in rats and the present study. Previous studies in the rat showed a clear association 

between the activation of the Na/K-ATPase signaling cascade and ouabain induced 

cardioprotection (24), suggesting that activation of the Na/K-ATPase cascade may also play 

a role in the ouabain induced cardioprotection observed in the rabbit. Although the evidence 

presented here that ouabain also induces activation of the cardioprotective PKCε in the 

rabbit heart (fig. 4) further suggests that Na,K-ATPase signaling cascade is involved, other 

mechanisms of action of cardiac glycosides have been proposed (2). Hence, additional 

studies designed to address this question are required to firmly establish the association 

between ouabain induced cardioprotection and activation Na/K-ATPase signaling cascade in 

rabbit heart.

Conclusion

In conclusion, the results of this work clearly demonstrate that in the rabbit heart, a species 

with high Na/K-ATPase affinity for ouabain, ouabain-induced increases in inotropy are 

accompanied by the activation of the Na/K-ATPase signaling cascade, and preconditioning 

the heart with sub-inotropic doses of ouabain protects against ischemia-reperfusion injury. 

The results of these studies provide strong support for a bridge between the findings in rat 

heart and the more human-like rabbit, and validate the rabbit heart as a more human-like 

model in which to examine the potential therapeutic value of ouabain preconditioning.
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Figure 1. Experimental protocols
Protocol A was used for all inotropy and signaling studies. Ouabain was perfused at 100 or 

500 nM for 20 min. Protocol B was used for preconditioning studies. Ouabain was given for 

4 min at the dose of 100 nM, as indicated. After ischemia, all hearts were reperfused with 

standard Krebs-Henseleit buffer for 2 hours.
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Figure 2. Dose Effect of Ouabain Exposure on contractility
Rabbit hearts were Langendorff-perfused for 20 min in the presence or absence of 100 or 

500 nM ouabain. Values are means ± SEM of 9 separate experiments. * P < 0.05 vs control.
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Figure 3. Activation of Src, Akt and ERK 1/2 by ouabain in rabbit heart
Rabbit hearts were Langendorff-perfused for 20 min in the presence or absence of 500 nM 

ouabain. Lysates were assayed for the total and phosphorylated forms of the kinases. A. 
Representative immunoblots. B. Activation quantified as ratio of phosphorylated to total 

form for each kinase. Shown are means ± SEM from 3 independent experiments. * P < 0.05 

vs. control.
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Figure 4. Effect of ouabain on PKCε activation
Rabbit hearts were perfused for 20 min in the presence or absence of ouabain 500 nM 

(protocol A). Cytosolic (C) and particulate (P) fractions obtained from tissue lysates were 

then assayed and compared for their contents in PKCε. Upper panel: representative western 

blot. Lower panel: means ± SEM of 3 separate experiments. * P < 0.01 vs control.
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Figure 5. Ouabain (100nM) pretreatment reduces infarct size after ischemia-reperfusion
Top: representative picture of staining with TTC (viable tissue is red). Bottom: plot of 

infarct size as a percentage of the area at risk (equivalent to whole myocardium) for control 

(IR) and ouabain-treated heart (OIR). Open symbols depict individual values while solid 

symbols depict group means ± SEM of 7 independent experiments for each group. * P<0.05 

vs. IR
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