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ABSTRACT. Using bullfrog hearts, we previously reproduced a ST segment elevation in 
electrocardiogram (ECG), mimicking human ischemic heart disease. In the present study, by 
inducing subepicardial burn injuries on the inferior part of the frog heart ventricle, we could 
reproduce typical ECG changes observed in human inferior wall myocardial infarction, such as the 
marked elevation of the ST segments in inferior limb leads (II, III, aVF) and their reciprocal depression 
in the opposite limb leads (I, aVL). Due to the decrease in Na+/K+-ATPase protein expression, the 
resting membrane potential of injured cardiomyocytes shifted toward depolarization. Such induced 
electrical difference between the injured and intact cardiomyocytes was thought to be responsible 
for the creation of “currents of injury” and the subsequent ST segment changes.
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Inferior wall myocardial infarction accounts for 40–50% of all cases of acute myocardial infarction [1]. Inferior wall myocardial 
infarction generally has a more favorable prognosis than anterior wall myocardial infarction. However, its serious complications, 
such as high-degree atrioventricular block and severe hypotension due to right ventricular infarction, are often associated with worse 
outcomes [1]. To quickly diagnose acute myocardial infarction to improve the patients’ outcomes, the electrocardiogram (ECG) 
analysis is the most useful approach [19]. However, in inferior wall myocardial infarction, the typical ECG changes represented by 
an elevation of the ST segment cannot always be detected obviously, since the degree of such change is often subtle in ECG limb 
leads [21]. Besides, the presence of the ST segment elevation alone does not confirm the diagnosis of acute myocardial infarction, 
because it is also observed in other cardiac disorders, including early repolarization, acute pericarditis, right bundle-branch block 
and Takotsubo cardiomyopathy [7, 12]. “Reciprocal” ST segment change refers to a ST segment depression in ECG leads opposite 
to those that detect the ST segment elevation [20], which is frequently observed in acute inferior or anterior myocardial infarction. 
Since the reciprocal ST segment change is the finding characteristic to acute myocardial infarction, the presence of this change would 
confirm its diagnosis [3, 24]. In our previous studies, by simply inducing burn injuries on bullfrog hearts or partially exposing them 
to high-potassium (K+) or -magnesium (M2+) solutions, we reproduced a ST segment elevation in ECG, which is characteristically 
observed in human ischemic heart disease [9, 10, 16]. Recently, by inducing burn injuries on the opposite side of the frog heart 
ventricle, we could additionally reproduce the reciprocal ST segment depression in ECG [13]. Here, by inducing subepicardial burn 
injuries on the inferior part of frog heart ventricle, we were able to reproduce typical ECG changes mimicking those observed in 
human inferior wall myocardial infarction. By recording the action potential of cardiomyocytes and using immunohistochemistry, we 
additionally investigated the Na+/K+-ATPase protein expression and its function in burned heart ventricle. This study demonstrated 
the physiological mechanisms that underly the ECG changes typically observed in inferior wall myocardial infarction.

Adult bullfrogs weighing between 450 and 550 g (n=12) were bought from Ohuchi Shōten (Saitama, Japan) and were used in the 
following experiments. After initial induction of anesthesia with isoflurane (Pfizer Inc., New York, NY, USA), the frogs received 
intramuscular injection of ethyl carbamate (0.50 g/kg; Wako Pure Chemical Industries, Ltd., Osaka, Japan), a long-acting anesthetic, 
as we described previously [9–11, 13, 16, 22]. Under profound anesthesia, needle electrodes, which were made of silver wires coated 
with the layer of silver chloride and soldered to the output pins, were deeply inserted into the upper and lower limbs of the frog 
(Fig. 1). These electrodes were connected to the ECG amplifier and the electrical signals were detected from the limb leads (leads I, 
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II, III, aVR, aVL and aVF). In one of the bipolar limb leads, such as in lead I, the left arm electrode served as an exploring electrode 
(the positive pole) and the right arm electrode as a reference electrode (the negative pole), which detected the potential difference 
between the right and left arms [4, 15] (Fig. 1). Likewise, lead II detected the potential difference between the right arm and left 
leg, while lead III detected the difference between the left arm and left leg (Fig. 1). The right leg electrode served as an electronic 
reference to improve unwanted noise rejection (Fig. 1). In augmented unipolar limb leads, such as in aVR, aVL and aVF, the electrode 
in the left arm, right arm and left leg respectively served as the positive pole, while the negative pole was composed by averaging the 
measurements from the other limb electrodes [4, 15] (Fig. 1). Then ECG waveforms obtained from these limb leads were detected 
and recorded in a data logger (midi LOGGER HV GL2000, GRAPHTEC Corp., Yokohama, Japan). To induce subepicardial injury 
on the inferior wall of the frog heart ventricle, the frog heart was surgically exposed. Then, as we previously described [9, 13], the tip 
of a glass capillary tube (1.5 mm in diameter) was heated to more than 600°C in a flame, and was quickly pressed onto the inferior 
part of the ventricular surface (Fig. 1). By repeating such procedure several times, some overlapping burn injuries were generated in 
the subepicardial myocardium on the inferior wall of the frog heart (n=5). At the end of the experiments, we euthanized the frogs by 
the anesthetic overdose of ethyl carbamate. All experimental protocols were approved by the Ethics Review Committee for Animal 
Experimentation of Miyagi University. Experimental data were analyzed by Microsoft Excel (Microsoft Corp., Redmond, WA, USA) 
and reported as means ± standard error of the mean. Statistical significance was assessed by Student’s t test. A value of P<0.05 was 
considered significant.

In our previous studies, using electrodes directly placed on the ventricular surface of frog hearts (precordial leads), we obtained ECG 
waveforms that were almost identical to those of humans [9–11, 13, 16, 22]. In the present study, the amplitudes of ECG waveforms 
detected from the limb leads were much smaller than those detected from the precordial leads (Fig. 2, left). However, these waveforms 
were also enough to demonstrate a series of distinguishable QRS complexes and the following T waves (Fig. 2, left), between which 
the ST segments were recorded on the isoelectric lines. Then, immediately after burn injuries were made on the inferior part of the 
ventricular surface (Fig. 1), the ECG detected from the leads II, III and aVF demonstrated marked elevations of the ST segments (Fig. 
2, right). As we previously demonstrated, such changes in the ST segments indicated that myocardial injuries were induced in the frog 
heart ventricle [9, 13]. Additionally, the pattern of changes in these limb leads mimicked those typically observed in acute inferior 
myocardial infarction in humans [21]. By contrast, the ECG detected from the leads aVL and I showed obvious depressions of the 
ST segments from the isoelectric lines (Fig. 2, right). These findings also mimicked the reciprocal ST segment changes frequently 
observed in human inferior wall myocardial infarction [5, 21]. In general, the presence of reciprocal changes in ECG reflects the extent 
of myocardial ischemia [8] and supports the diagnosis of acute myocardial infarction [3, 24]. Of note, in cases of inferior myocardial 
infarction, the presence of such reciprocal ST segment depression in lead aVL clinically indicates the occlusion of the right coronary 
artery as the culprit lesion [2]. Therefore, the typical ECG findings reproduced in our frog heart model would help to determine the 
target vessel for revascularization, consequently facilitating the rapid initiation of coronary angioplasty.

For immunohistochemistry, intact frog hearts (n=5) were harvested before burn injuries were induced, which were compared to 
those harvested immediately after burn injuries were induced (Fig. 1). Cross sections of the hearts were fixed in 4% paraformaldehyde, 
embedded in paraffin, deparaffinized in xylene, and then 3-μm sections were stained with Masson’s trichrome (Fig. 3A). In normal 
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Fig. 1. Detection of electrocardiogram (ECG) signals from the limb leads and induction of inferior wall burn injury in bullfrog heart. 
Needle electrodes, inserted into the upper and lower limbs of the frog, were connected to the ECG amplifier and the electrical signals 
were detected by a data logger. In one of the bipolar limb leads, such as in lead I, the left arm (L) electrode served as an exploring 
electrode (the positive pole) and the right arm (R) electrode as a reference electrode (the negative pole). Likewise, lead II detected the 
potential difference between the right arm and left leg (LF), while lead III detected the difference between the left arm and left leg. The 
right leg (RF) electrode served as an electronic reference to improve unwanted noise rejection. In augmented unipolar limb leads, such 
as in aVR, aVL and aVF, the electrode in the left arm, right arm and left leg respectively served as the positive pole, while the negative 
pole was composed by averaging the measurements from the other limb electrodes. To induce subepicardial burn injuries on the inferior 
wall of the myocardium, a heated glass capillary tube was repeatedly placed on the inferior part of the frog heart ventricle.
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frog hearts, the surface of the ventricle was composed of massive layers of cardiac muscles, which was covered by the thin layers of 
epicardium (visceral pericardium) (Fig. 3A, top left). After inducing burn injuries, the majority of the cardiac muscles were fibrously 
degenerated and became atrophic (Fig. 3A, top right). Due to the accumulation of fibrous material, the connective tissue layers 
within the epicardium became thicker. Na+/K+-ATPase is an active pump, which constantly transports sodium (Na+) ions out of cells 
but potassium (K+) ions into the cells [6]. In our recent studies, the functional blockade of this pump activity was deeply associated 
with the ST segment elevation in ECG [10, 16]. In the present study, the ST segment elevation and its reciprocal depression was 
similarly induced by myocardial burn injuries (Fig. 2). Therefore, we examined the expressional difference of Na+/K+-ATPase before 
and after burn injuries were made in the frog heart ventricle (Fig. 3A, bottom). Consistent with our previous findings [10, 13, 16], 
immunohistochemistry demonstrated that Na+/K+-ATPase α-subunit protein (1:50; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) 
almost ubiquitously expressed on the plasma membrane of cardiomyocytes in normal frog heart ventricles (Fig. 3A, bottom left). 
However, in the fibrously degenerated or atrophic cardiac muscles after the burn injury, the expression of Na+/K+-ATPase protein 
almost totally disappeared (Fig. 3A, bottom right).

Since Na+/K+-ATPase helps to maintain the resting membrane potential of cells [6], we examined the action potential of cardiomyocytes 
after bury injuries were induced (Fig. 3B). To monitor the transmembrane action potential, we employed the suction-electrode method 
as described previously [9–11, 16, 22]. As shown in Fig. 3Ba, a chloride-coated silver wire, which was inserted into a polyethylene 
tube (1 mm in diameter), was used as a recording electrode. It was put on the surface of the frog heart ventricle and connected to 
the data logger. The tip of the tube was filled with the external solution containing 115 mM NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM 
MgCl2, 5 mM Hepes and 5 mM Na-Hepes (pH 7.4 adjusted with NaOH). A negative pressure was applied to the recording electrode 
using a syringe connected to the tube, and the cellular membranes were broken under the tube (Fig. 3Ba). This enabled us to detect 
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Fig. 2. Changes in electrocardiogram (ECG) before and after burn injuries were induced on the inferior wall. ECG detected from the 
bipolar limb leads (I, II and III) and unipolar limb leads (aVR, aVL and aVF) before (left) and after burn injuries were induced on the 
inferior part of the ventricle (right).
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the compound action potentials from the crowds of cells under the tube [18]. The experiments were performed at room temperature 
(22–24°C). Before inducing burn injuries, the action potential of cardiomyocytes demonstrated typical waveforms representing the 
depolarization and repolarization cycles (Fig. 3Bb, left), which were followed by the resting membrane potential in-between. After burn 
injuries were induced in the same way as we did in Fig. 1, the suction-electrode was directly put on the burned surface of the frog heart 
ventricle (Fig. 3Ba). The cardiac action potentials obtained from the 5 crowds of burned cells out of 2 bullfrog hearts demonstrated a 
marked shift of the resting membrane potential to the depolarized side (Fig. 3Bb, right), showing statistical significance (15.2 ± 1.36 
mV shift toward depolarization, n=5). In the present study, the amplitudes of the action potentials were smaller than those obtained 
from the conventional method using glass microelectrodes [17]. In our suction-electrode method, as previously demonstrated in frog 
hearts [23], a tight seal could not be obtained between the cardiac muscles and the polyethylene tube due to the large orifice of the tube.

In our previous studies, the exposure to high- K+ or high- Mg2+ solutions functionally blocked the activity of Na+/K+-ATPase in 
cardiomyocytes, which inhibited the inward transportation of K+ ions [16, 22]. This increased the extracellular K+ concentration, but 
decreased the intracellular K+ concentration instead. In the present study, the protein expression of Na+/K+-ATPase was almost totally 
disappeared in fibrously degenerated cardiac muscles after the burn injury (Fig. 3A). Similarly to the “functional” blockade caused 
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Fig. 3. Na+/K+-ATPase expression and the transmembrane action potential after burn injuries were induced in bullfrog heart. (A) Top: 
Masson’s trichrome staining in intact ventricular cardiomyocytes (Control) and those after the burn injury (Burned). Magnification 
× 20. bottom: Immunohistochemistry using an antibody for Na+/K+-ATPase α-1 subunit (brown), counterstained with hematoxylin 
in intact ventricular cardiomyocytes (Control) and those after the burn injury (Burned). Magnification × 20. (B) a: Suction electrode 
method was employed to monitor the transmembrane action potential. A negative pressure was applied to the recording electrode, 
which was placed on the surface of the frog heart ventricle and connected to the data logger. To induce subepicardial burn injury, the 
heated glass capillary tube was pressed onto the ventricular surface where the transmembrane action potential was recorded. b: The 
action potential of cardiomyocytes was recorded before (left) and after burn injuries were induced (right).
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by high K+ or Mg2+ [16, 22], burn injuries caused the “expressional” blockade of the pump activity in cardiomyocytes. As a result, 
this restrained the extracellular K+ ions from being transported back into cardiomyocytes, increasing the ratio of the extracellular over 
the intracellular K+ concentrations. In the present study, as we previously predicted from our immunohistochemistry results and the 
Nernst equation [9, 13], the resting membrane potential actually shifted toward depolarization in injured cardiomyocytes (Fig. 3Bb). 
Such induced electrical difference in the resting membrane potential between the injured and adjacent intact cardiomyocytes would 
create the “currents of injury” within the myocardium [14]. Since the resting membrane potential shifted toward depolarization in 
injured cardiomyocytes during diastole of the cardiac cycle (Fig. 3Bb), the currents physically arose from the injured subepicardium 
and flowed towards the normal ventricular surface during this phase [14].

Among the limb leads, leads II, III and aVF are called “inferior limb leads”, since they detect electric heart vectors directing 
downwards (Fig. 4, left), with the electrode in the left leg serving as the positive pole. In other words, these inferior limb leads could 
be expressed as if they primarily observe (view) the heart from the inferior wall of the ventricle (Fig. 4, left). When myocardial injury 
was induced on the inferior wall of the ventricular surface (Fig. 4, left), the currents of injury flowed away from the views of the leads 
II, III and aVF (white arrows). Because these currents flowed during diastole of the cardiac cycle, the ECG vector during this phase 
was negatively deflected from the isoelectric line (Fig. 4, right bottom), which alternatively made the ST segment appear elevated 
during systole (Fig. 4, right bottom). In contrast to the inferior limb leads, leads aVL and I detect electric heart vectors directing the 
superior part of the ventricle (Fig. 4, left), with the electrode in the left arm serving as the positive pole in both leads. These leads 
are also expressed as if they primarily observe (view) the heart from the superior part of the ventricle (Fig. 4, left), which is almost 
opposite to the direction of the lead III. Therefore, when myocardial injury was induced on the inferior wall of the ventricle (Fig. 4, 
left), the currents of injury flowed nearly towards the views of the leads aVL and I (white arrows). This caused the ECG vector to be 
positively deflected during diastole (Fig. 4, right top), alternatively making the ST segment appear depressed during systole.

In conclusion, by inducing subepicardial burn injuries on the inferior part of the frog heart ventricle, we could reproduce typical 
ECG changes mimicking those observed in human inferior wall myocardial infarction. Due to the decrease in Na+/K+-ATPase protein 
expression, the resting membrane potential of injured cardiomyocytes elevated. Such induced electrical difference between the injured 
and intact cardiomyocytes was thought to be responsible for the creation of “currents of injury” and the subsequent ST segment changes 
typically observed in inferior wall myocardial infarction.
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