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Abstract

In perfused hearts, Ca2+ influx through L-type Ca2+ channels triggers Ca2+ release 
from the sarcoplasmic reticulum. In nearly all mammals, the inflow which activates 
the sarcoplasmic reticulum Ca2+ release occurs during phase 2 of the action potential. 
Interestingly, in murine models, the triggering event occurs during phase 1 of the 
action potential. The objective of this review is to determine how much Ca2+ influx 
occurs during phase 1. Moreover, we want to determine how much Ca2+ gets into 
the myocytes when Kv4.3 is blocked with 4-aminopyridine (4-AP). Moreover, 
we will evaluate changes in the open probability of Kv 4.3 following blockage via 
4-aminopyridine (4-AP). To test whether a decrease in a transient K+ current (Ito) 
will enhance Ca2+ influx across the plasma membrane and increase the amplitude of 
Ca2+ transients, pulsed local-field fluorescence microscopy, recordings using sharp 
microelectrodes, measurements of the developed pressure, and loose-patch photolysis 
were utilized. Furthermore, some experiments were performed using loose patch 
photolysis to evaluate the amplitude of the Ca2+ in intact beating hearts. Interestingly, 
4-AP increased not only the time required for AP to reach 30% repolarization but also 
the amplitude of Ca2+ transients in the epicardium in comparison to the endocardium. 
Furthermore, the activation of Ito with N-[3,5-Bis(trifluoromethyl)phenyl]-N’-[2,4-
dibromo-6-(2H-tetrazol-5-yl)phenyl]urea (NS5806) resulted in a reduction of Ca2+ 
current amplitude, which led to a reduction of the amplitude of Ca2+ transients.
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Introduction

The time course of the cardiac ventricular Action Potential (AP) is the initial biological 
event controlling contraction during the cardiac cycle. Normally, the extended duration 
of the ventricular AP increases the open probability of the L-type Ca2+ channel, leading 
to a sustained increase in Ca2+ influx. In very small mammals, the duration of the AP 
needs to be short enough to handle the higher heart rate (600 beats/min for mice). This 
physiological property led previous researchers to incorrectly assume an absent plateau 
or phase 2 in the mouse ventricular AP [1,2]. However, experiments from our lab 
recording APs at the intact organ level suggest that mouse ventricular AP does indeed 
exhibit a phase-2 [3,4], which is dependent on the activation of the Na-Ca exchanger 
(NCX) [4]. Although, the membrane potential of this phase-2 is more hyperpolarized 
when compared with larger mammals [3,5,6]. Furthermore, our experiments also 
strongly suggest the influx of Ca2+ triggering Ca2+ transients occur during AP phase-1. 
This likely occurs due to the deactivation of the L-type Ca2+ current, which produces a 
tail current triggering Ca2+ release from the sarcoplasmic reticulum [4]. This has been 
proposed for dog [7-9], rat [10-12], and mouse [13-15]. The experiments performed in 
the ventricular epicardium under voltage-clamp conditions show the activation of the 
L-type Ca2+ current but also the activation of the NCX [4]. In the present review, we 
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propose to gauge the role of a key K+ conductance activated during 
phase-1 repolarization in defining the transmural Ca2+ signaling. A 
combined and concurrent assessment of the mechanical activity, 
AP kinetics, electrocardiograms (ECGs), Ca2+ transients, and 
Ca2+ currents was performed on intact perfused hearts when Kv 
4.3 channels that were inhibited by 4-aminopyridine (4-AP) or 
activated with 1-[2,4-dibromo-6-(1H-tetrazole-5-yl)-phenyl]-3-
(3,5-bis-trifluoromethylphenyl)-urea (NS5806). Furthermore, 
the understanding obtained from the experiments presented 
here will help us to recognize pathophysiological mechanisms 
related to systolic heart failure and define novel pharmacological 
interferences to treat this set of clinical conditions.

Literature Review

Ethical approval

All animal experiments were performed on adult mice (Charles 
River Laboratories) following the Institutional Animal Care and 
Use Committee of the University of California, Merced. Animals 
were kept by the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals (National Institutes of Health 
Publication No. 85-23, Revised 1996). The Institutional Animal 
Care and Use Committee of the University of California Merced 
accepted the euthanasia method used (#2008-201).

Pulsed Local-Field Fluorescence Microscopy (PLFFM)

measure physiological data by exciting exogenous fluorescent 
indicators and sensing the light emitted by these molecules present 
in the tissue [4,7,16-18]. In PLFFM, the excitation and emitted 
light is conducted through a multimode optic fiber located either 
in the epicardium or in the endocardium. The measurement in 
these two regions allowed comparing the physiological properties 
of the epicardium and the endocardium where we measure 
membrane potential and Ca2+ transients. To study the time course 
and the physiological distribution of the signal, the emitted light 
from different sites must be recorded simultaneously from the 
epicardium and the endocardium. 

The light source is a 532 nm, solid-state neodymium-doped 
yttrium-aluminum-garnet laser (Enlight Technologies), and 
we measure from the epicardium and the endocardium using 
optical fibers having a numerical aperture of 0.67. The beam is 
focused either with an aspheric lens or a microscope objective. 
The lens focused the light beam into an optical fiber that was in 
contact with the tissue. For endocardial measurements, we made 
a small incision on the surface of the left ventricular free wall, 
facilitating the placement of the fiber onto the epicardium and the 
endocardium.

Loose-Patch Photolysis (LPP)

The Loose-Patch Photolysis (LPP) permits the measurement of 
ionic currents in an intact heart during triggered physiological 
APs [5]. This includes PLFFM [4,7,16-18], photo-breaking 
compounds with Ultraviolet (UV) pulsing [18-22], microelectrode 
measurements, and loose-patch recordings [23,24].

The Loose-Patch Pipette (LPP) was made with a giant glass patch 
pipette and the tip was heated with a torch to decrease the diameter 
size of one end to ∼ 200 µm. This allows the optical fiber to be 
placed at the tip of the pipette. This fiber was used to record action 
potentials or Ca2+ transients using a potentiometric dye (di-8-
Anepps) and the Ca2+ indicator Rhod-2. Small UV light pulses were 
used to break photosensitive compounds, allowing us to measure 
membrane currents during an action potential [5]. The giant patch 
pipette was filled with Tyrode’s solution. A micromanipulator was 
used to place the patch pipette on the epicardium of the ventricle, 
where the interior of the patch pipette was voltage-clamped with 
the same potential as the bath. A flash photolysis system let us 
fractionally change the L-type Ca2+ current ionic current (i.e., Ca2+ 
currents by photolyzing nifedipine) under the loose-patch pipette. 
Nifedipine was locally photo-inactivated by UV illumination 
generated by a diode-pumped solid-state UV laser (355 nm). 
UV light was applied through an external quartz multimode 
fiber-optic or by a fiber positioned inside the patch pipette. The 
distinction between the total current measured in the presence and 
the absence of the drug permits us to reveal the current that was 
pharmacologically blocked. As the area under the pipette is much 
smaller than the space constant, the neighboring tissue imposes 
an electrotonic coupling. This electrotonic coupling will act as 
an electric sink and impedes the activation of the photolitically 
activated current from producing any changes in the local AP. As 
the transmembrane current there does not produce a change of the 
membrane potential, mimics what happens under a voltage-clamp 
condition, but in this case, the ventricular syncytium is acting as a 
spatial clamp. Finally, hearts were paced between 4-6 Hz at 33°C.

Statistical analysis

The physiological records of the APs, ECG, Ca2+ transients, Ca2+ 
currents, and ventricular pressure were evaluated. The AP trace for 
each set of experiments was evaluated at certain repolarization times 
(APD30 or APD90). The repolarization times between control 
and non-control experiments were then evaluated and normalized 
to the control values for each heart. After this normalization, 
values from five experiments (n=5 hearts, or otherwise noted) were 
compiled. Statistical analysis was performed with Origin 2020 
using a Smirnoff-Kolmogorov approach. Specifically, we measured 
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the fractional Ca2+ transient amplitude concerning a control 
trace; the rise time of Ca2+ transient, and the half relaxation time, 
measured as the time it takes for the Ca2+ transient to relax to half 
of its maximum amplitude. Each of these parameters recorded in 
control and non-control experiments was evaluated and normalized 
to the control values for each heart used. The data from all the Ca2+ 
transients obtained from five experiments (n=5 hearts unless stated 
otherwise) were compiled, and statistical analysis was performed 
with origin 2020 using a Smirnoff-Kolmogorov approach.

Results 

• 4-AP–sensitive Kv channels define the relaxation of phase-1 
and define the mechanical properties on an intact beating mouse 
heart: To test if changes in phase 1 repolarization would impact 
cardiac contractility at the intact heart level. Moreover, experiments 
were performed measuring the developed pressure in the left 
ventricle when Ito was blocked with increasing concentrations 
of 4-AP. Figure 1 shows the effect of different concentrations of 
4-AP and how an increase in the 4-AP concentration increases 
the developed pressure. Low concentrations of 4-AP (10 µM) 
produced a significant increase in the amplitude of the ventricular 
developed pressure (Figure 1A). Figure 1B shows the effect of 
increasing concentrations of 4-AP. At all concentrations, systolic 
pressure significantly decreased when 4-AP was washed out. A 
dose-response curve in Figure 1C shows significant increases in the 
measured pressure for each concentration of 4-AP (n=5 hearts). 
Increasing 4-AP concentration largely affected the developed 
pressure, suggesting that? Kv 4.3 and 4.2 channels can control 
contractility.

• 4-AP–sensitive Kv channels define the electrophysiological 
properties on an intact beating mouse heart: In addition, the 
impact of 4-AP on ventricular electrical activity was explored. 
Our lab previously revealed the mouse epicardial AP displays a 
fast phase-1. Figure 2 shows the effect of 4-AP on the phase-1 
repolarization of the epicardial AP. Figures 2A-2C depicts the action 
of 4-AP when a heart was perfused with increasing concentrations. 
Additionally, perfusion with 4-AP slowed phase-1 repolarization 
and prolonged the duration of the AP. A prolongation in APD30 
was observed in response to increasing concentrations of 4-AP 
(Figure 2D). Furthermore, a fractional increase of APD90 (Figure 
2E), which was smaller than that of APD30, was also observed. 
Indeed, 10 µM of 4-AP increased APD30 and ADP 90 by 
52% and 8.4%, respectively. This indicates channels blocked by 
4-AP mostly define the early fast repolarization during phase-1. 
Although low concentrations of 4-AP have a profound effect on 
the mechanical response and AP repolarization, it is difficult to 
relate these two variables. 

Therefore, it is very important to evaluate the waveform of the 
transmural ECG signals to have an idea of the relationship 
between the action potential and the EKG. In the mouse, the 
T-wave reflects the difference in timing between the repolarization 
of the apex and the repolarization of the base. However, when the 
ECG was transmurally recorded (with one electrode in the left 
ventricular chamber and a second one outside the left ventricular 
epicardial layer), the mouse T wave showed the temporal difference 
in the transmural repolarization, an event also observed in larger 
mammals. Furthermore, the transmural ECG is an ideal tool to 
explore the J wave produced because of the kinetic difference in 
phase-1 repolarization between epicardium and endocardium. 
Figure 3A illustrates a simultaneous recording of an epicardial AP 
and the corresponding transmural ECG. The 4-AP containing 
solutions were retro-perfused through the coronary circulation. 
The effect of different 4-AP concentrations on AP repolarization 
was evaluated by assessing the APD30 and APD90 of consecutive 
epicardial APs. Remarkably, since the J wave emerges during the 
fast phase-1 repolarization, evaluating this wave provides a precise 
way to assess the fast repolarization during phase 1 at different 
transmural levels. 

Figures 3B and 3C shows the effect of 10 and 100 µM of 4-AP 
on the J wave amplitude and kinetics. As shown in the inset of 
Figure 3C, 4-AP increased the J wave duration and decreased the 
amplitude. Perfusion with 4-AP produced a significant increase 
(at the 0.01 level) in the J wave half duration of 100.3 ± 11% 
(Figure 3D). Additionally, 100 µM of 4-AP significantly decreased 
(at the 0.01 level) the amplitude of the J wave of 43 ± 32% in four 
different independent hearts (Figure 3E). Altogether, experiments 
presented in Figure 3 suggest 4-AP affects the rate of phase 1 
repolarization (J wave half duration), and have a differential effect 
on epicardial and endocardial repolarization.

• The block of 4-AP–sensitive Kv channels have a large effect 
in controlling the phase 1 electrophysiological behavior of the 
epicardium to the endocardium: Recently, our group reported 
for the first time the assessment of epicardial and endocardial APs 
using potentiometric dyes and a dual PLFFM. The idea is to use 
retroperfusion a beating heart through the coronary bed with the 
potentiometric dye Di-8-ANNEPS. After the heart was retro-
perfused with the dye, two independent high-numerical-aperture 
optical fibers attached to PLFFM record changes in membrane 
potential in the epicardium and the endocardium. PLFFM 
allows the assessment of electrophysiological parameters across 
the ventricular wall. A typical experiment in which epicardial 
and endocardial AP were simultaneously recorded is presented in 
Figure 4A, where three main features can be observed. First, the 



406 Interv. Cardiol. (2021) 13,6: 403-414

Review Article

Figure 1: 4-AP shows the increases in the developed ventricular systolic pressure in intact mouse hearts. (A) Time course of the developed pressure in the absence 
(control) and presence of 10 µM 4-AP. (B) Graph of the progression of the systolic pressure peak time course upon perfusion with different concentrations of 4-AP. (C) 
Dose-response plot for different concentrations of 4-AP. All the tested 4-AP concentrations induced a significant increase in the systolic pressures (peak of the developed 
pressure, 1,099 total measurements) concerning the control condition. N=5 hearts.
Note: (     ) 10 µM 4-AP; (     ) 20 µM 4-AP; (     ) 50 µM 4-AP; (     ) 100 µM 4-AP 

Figure 2: The application of 4-AP makes a larger increase on APD30 than on APD90. (A-C) The plots indicate successive recordings of epicardial ventricular AP upon 
perfusion with several concentrations of 4-AP. (D and E) The effect of different 4-AP concentrations was evaluated on the AP repolarization. The APD30 and APD90 of 
consecutive epicardial APs. It is likely to observe the effect on APD30 is much larger than on APD90.
Note: (     ) 1 µM; (     ) 10 µM; (     ) 100 µM; (     ) 1 mM



407 Interv. Cardiol. (2021) 13,6: 403-414

Review Article

endocardium depolarizes before the epicardial layer. For all the 
experiments, the population means between the control and the 
perfused hearts with 100 µM 4-AP were significantly different (*, 
p<0.01), n=4 hearts. Second, the repolarization during phase-1 
was slower in the endocardium than in the epicardium (4.66 ± 
0.76 ms vs. 2.35 ± 0.37 ms, n=10 hearts). Finally, the epicardial 
layer presented a prominent spike-and-dome morphology, an 
experimental observation presented in several mammalian models. 
As the epicardium and the endocardium display significant 
differences in the early repolarization kinetics, we decided to 
evaluate the effect of blocking Kv channels with 4-AP on each 
layer (Figures 4A-4G). Interestingly, 4-AP perfusion had a larger 
effect on the APD30 of the epicardial AP (Figure 4C) than on 
the APD90 (Figure 4D). Although 4-AP also slowed down the 
rate of repolarization in the endocardium (Figures 4E and 4F), 
the effect on the phase 1 repolarization rate was smaller in the 
endocardium than on the epicardial AP. Indeed, the ratios of the 
APD30 in the absence and presence of 100 µM 4-AP were 5.3 
times in epicardium versus 3 times in endocardium. This lower 
sensitivity in the endocardium can reflect the lower expression of 
Kv 4. x. A differential effect of 4-AP on simultaneous epicardial and 

endocardial optically recorded APs can be observed in Figure 5A. 
In the picture, we can see the differences between the relaxations of 
phase 1 and the difference in timing for the activation between the 
endocardium and the epicardium. The kinetic differences between 
epicardial and endocardial Ca2+ transients recorded simultaneously 
on an intact perfused heart (Figures 5A-5H). It is possible to observe 
the differences in the kinetics of these transmurally recorded Ca2+ 
transients. The effect of 100 µM 4-AP (dark cyan traces) on the 
kinetics of epicardial and endocardial Ca2+ transients, respectively. 
(Figures 5C and 5F) The distribution of the APD30 measurements 
of epicardial and endocardial APs before and after the application 
of 100 µM 4-AP. 4-AP induced a significant decrease in the rate 
of repolarization. Interestingly, there were statistically significant 
differences (*) in the Ca2+ transients (P<0.01); F) and epicardium 
(2.34 ± 0.37 ms, 376 measurements, black circles; C) before the 
application of the drug. However, this statistically significant 
difference between endocardium and epicardium disappeared Ca2+ 
transients level (5D and 5G).; D) and endocardium (90.34 ± 4.21 
ms, 374 measurements, black circles vs. 90.93 ± 3.33 ms, 499 
measurements, dark cyan circles; G, n=10 hearts.

Figure 3: The effect of 4-AP on the left ventricle transmural ECG signal. (A) Superimposed epicardial AP (red trace) and transmural ECG (black trace) (B and C) The 
effect of two different concentrations (10 and 100 µM) of 4-AP on transmural ECG recordings. (C) relative to control (black trace). Thus, the perfusion with 100 µM 
4-AP reduces the left ventricle transmural repolarization gradient. (D) We evaluated the J wave half duration in the presence of 100 µM 4-AP. The drug significantly 
spread out the J wave (p<0.01). (E) We evaluated the J wave amplitude. Although there is scattering in the data, it is likely to notice that 4-AP has a big impact on 
J-wave amplitude (p<0.01). For all the experiments, the population means between control and the perfused hearts with 100 µM 4-AP were significantly different using 
a Smirnoff-Kolmogorov test (*, p<0.01). n=4 hearts.



408 Interv. Cardiol. (2021) 13,6: 403-414

Review Article

Figure 5: The perfusion with 4-AP has a larger effect on the Ca2+ transients of the epicardial layer than on the endocardial. (A and E) The effect of 100 µM 4-AP on 
the amplitude is larger in the epicardium when the heart was externally paced at 7 Hz. (B-F) The effect of 100 µM 4-AP shows the difference in the amplitude of Ca2+ 
transients between Epi and Endo (p<0.01). (C and G) shows the effect of half duration when 4-AP was perfused. However, if we compare the effect of 4-AP on Endo (G; 
dark cyan circles) versus Epi (C; dark cyan circles), the effect in endocardium is significantly smaller (p<0.01) on the Epi (G and H) than in the Endo (n=4 hearts. (E) 
Illustrates the effect of 4-AP has a significant effect (P<0.01) on the Ca2+ transients integral in the Epi and the Endo (p<0.01). n=4 hearts.
Note: (        ) Control; (        ) 100 µM 4-AP

Figure 4: We evaluated the effect of 4-AP on the epicardial and the endocardial optically recorded APs simultaneously. (A) The kinetic differences between the 
epicardial and the endocardial APs. Additionally, it is also possible to see that phase 1 of the epicardial AP is much faster. (B and E) Illustrates the effect of 100 µM 
4-AP (dark cyan traces) on the kinetics of the epicardial and the endocardial APs. (C and F) Illustrates the distribution of the measurements in the epicardium and the 
endocardium of APD30, wherein the presence of 4-AP the relaxation of phase 1 is much slower. Interestingly, there are statistically significant differences (*) in the APD30 
(p<0.01) between the Endo and the Epi using the Smirnoff-Kolmogorov test (p<0.01); However, this statistically significant difference between the endocardium and 
the epicardium. The APD90 is evaluated (14.21 ± 1.36 ms, 499 measurements, dark cyan circles, vs. 12.17 ± 1.88 ms, 499 measurements, dark cyan circles: (D and G). 
The perfusion with 100 µM 4-AP does not induce statistically significant changes at the APD90 level for Epi (D) and Endo (90.34 ± 4.21 ms, 374 measurements, black 
circles vs. 90.93 ± 3.33 ms, 499 measurements, dark cyan circles: (G). n=10 hearts.
Note: (        ) Endocardium; (        ) Epicardium; (        ) Control; (        ) 100 µM 4-AP
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• Evaluation of the Ca2+ transients at the epicardial and endocardial 
layer: Undoubtedly, the perfusion of the hearts with 4-AP had a 
dramatic effect on both the mechanical and electrical properties of 
the mouse heart. However, none of the experiments presented above 
defined the relationship between excitability and contractility. The 
most likely scenario is that 4-AP will enhance Ca2+ release from the 
SR by changing the amplitude and the kinetics of the L-type Ca2+ 
currents. The Ca2+ transient recordings were obtained by perfusing 
the heart with the Ca2+ indicator Rhod-2 and simultaneously 
recording fluorescence signals with two independent optical fibers. 
Experiments presented in Figure 5 illustrate the effect produced by 
the perfusion of the heart with 100 µM 4-AP on the amplitude is 
larger in the epicardial than in the endocardial Ca2+ transients (n=4 
hearts). Perfusion with 4-AP induced an increase in the amplitude 
and half relaxation time of the epicardial Ca2+ transients (Figures 
5A-5D). This is consistent with the larger epicardial effects of 4-AP 
due to the heterogeneous expression of Kv 4.x channels across the 
ventricular wall. The results presented in Figure 5 demonstrate the 
increase in the systolic pressure with 4-AP observed in Figure 1 is 
due to an increase in the amplitude and the kinetics of the Ca2+ 
transient.

• Effects on the L-type Ca2+ current: Changes in the AP phase 1 
repolarization will likely induce an increase in the amplitude of the 
L-type Ca2+ current. Recently, our laboratory was able to measure 
for the first time Ca2+-dependent currents during a triggered AP at 
the intact heart level using the novel LPP technique [4]. To assess if 
changes during the repolarization of phase 1 defined the kinetics of 
Ca2+ influx into the cell, we performed LPP experiments in hearts 
exposed to 4-AP. A typical experiment is shown in Figures 6A and 
6B, which illustrates epicardial currents recorded in the absence 
and presence of 100 µM 4-AP, respectively. The LPP recording 
shows two components, one fast early current, and a late slower 
current. As demonstrated in a previous article [4], the current 
during the early phase is carried by Ca2+ ions permeating through 
L-type Ca2+ channels, and the late component is mediated by the 
influx of Na+ through the NCX. Furthermore, in [4], this Ca2+ 
influx was terminated by voltage-dependent deactivation and not 
by Ca2+ dependent inactivation. This late Na+ current through the 
NCX is activated by Ca2+ released from the SR. Remarkably, the 
perfusion of the heart with 4-AP not only induced an increase in 
the amplitude of the fast inward component of the current but 
also increased its mean duration. Figures 6C and 6D reinforces this 
observation: Currents recorded from five different animals show 
the increase in the current amplitude and the total charge carried 
through the L-type Ca2+ currents during phase-1 was significantly 
larger in hearts perfused with 4-AP (57% for the total charge) than 
in control hearts (Figure 6E).

• Activation of Kv 4.x channels speed the relaxation of the action 
potential during phase-1, reduces the mechanical response 
by increasing the rate of repolarization during phase-1; this 
finally leads to an attenuation in the L-type Ca2+ and the Ca2+ 
transient: Results presented in this review indicate the blockage 
of Kv channels increases the systolic force because a slower AP 
repolarization phase-1 increases the Ca2+ influx through L-type 
channels, activating a larger Ca2+ transient with the concomitant 
increase in contractility. A final proof of concept supporting 
this idea is the assessment of contractility (i.e., Ca2+) when 
the Kv channels are activated instead of inhibited. Kv channels 
are tetramers in which each α subunit has six transmembrane 
segments. Although this is the main structure for K+ permeation, 
other regulatory subunits can modify the level of expression and 
also can regulate the kinetics of the channels. Moreover, a central 
regulatory subunit, K+ channel-interacting protein (KChIP), has 
a central role in regulating the Kv 4. x channels. Furthermore, 
some drugs can interact with Kv 4.x channels when KChIP is also 
expressed in the plasma membrane. Interestingly, NS5806 can slow 
the rate of inactivation of Kv 4.x when the α subunit interacts with 
KChIP [25]. Thus, we expect that NS5806 will accelerate the rate 
of repolarization during phase 1. Figure 7 illustrates experiments 
on epicardium that were designed to test this idea. Figure 7A shows 
10 µM NS5806 dramatically accelerated phase-1 repolarization 
(see inset) and decreased both the amplitude of phase-2 and the 
APD90. Statistical data obtained from five different hearts (Figures 
7B and 7C) show significant changes in the APD30 and APD90 of 
epicardial AP. If the prolongation of phase-1 induced an increase in 
contractility, we expect an increase in the rate of repolarization will 
attenuate the amplitude of myoplasmic Ca2+ transients. Indeed, 
when the hearts were perfused with NS5806, there was a strong 
decrease in the heart mechanical activity.

• Activation of Kv 4.3 reduces the mechanical response by 
increasing the rate of repolarization during phase 1; this finally 
leads to an attenuation in the L-type Ca2+ and the Ca2+ transient: 
Figure 8A shows the time course of the normalized developed 
pressure in a heart that was perfused with 30 µM NS5806. A 
statistical analysis of the effect of NS5806 on the developed 
pressure is shown in Figure 8B (103.2 ± 6.7% for the control and 
38.0 ± 5.5% for NS5806; n=3 hearts).

• Activation of Kv 4.3 reduces the amplitude of Ca2+ transient: 
Moreover, Figures 9A-9D reveals 10 µM NS5806 perfusion 
induced a reduction in the amplitude, rise time, and half relaxation 
time, and the duration of epicardial Ca2+ transients. Furthermore, 
to unmask the molecular mechanism by which NS5806 reduces 
the amplitude of Ca2+ transient, we performed experiments to 
record the Ca2+ influx through L-type Ca2+ channels in the presence 
of 10 µM NS5806.
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Figure 6: Point out that the increase in the contractility is mediated by a larger influx of a Ca2+ current promoted by 4-AP during phase 1 (A and B). Figure D shows the 
time course of Ca2+-dependent ionic currents recorded with LPP before (black trace) and after (dark cyan trace) the perfusion with 4-AP has a significant increase. (C) 
Shows the effect of 4-AP on the amplitude of the early Ca2+ current (p<0.01). (E) 4-AP not only also increases time integral (1.13 ± 0.99 times, 21 measurements, black 
circles vs. (p<0.01). Results from five different hearts illustrate that the amount of Ca2+ that gets into the cell during 4-AP perfusion is significantly larger. n=5 hearts.
Note: (        ) Control; (        ) 100 µM 4-AP

Figure 7: This shows that the perfusion with NS5806 accelerates phase 1 repolarization. (A) Effect of NS5806 on the time course of epicardial AP, where the black traces 
are the controls, and the violet traces are in the presence of 10 µM NS5805. NS5806 shortened both APD30 (see inset) and APD90. (B) The considerable effect (*, p< 
0.01) of 10 µM NS5805 on APD30. (C) The significant effect (p<0.01) of 10 µM NS5805 on APD90, n=5 hearts.

Figure 8: Reveals that upon perfusion with NS5806 there is a decrease in the left ventricle pressure. (A) Time course of the left ventricle developed pressure during an 
isotonic contraction at a constant afterload before (black trace) and after (violet trace) perfusion with 30 µM NS5806. (B) The significant effect (*, p<0.01) of NS5806 
on the normalized pressure n=3 hearts.
Note: (        ) Control; (        ) 30 µM NS5806

Note: (        ) Control; (        ) 100 µM NS5806



411 Interv. Cardiol. (2021) 13,6: 403-414

Review Article

Figure 9: Shows the effect of NS5806 on the amplitude of the Ca2+ transients. (A) Effect of 10 µM NS5806 on the amplitude of the epicardial Ca2+ transients. (B) The 
substantial effect (p<0.01) on the amplitude. (C) 10 µM NS5806 has a significant effect (*, p<0.01) on the rise time of epicardial Ca2+ transients (p<0.01). (D) 10 µM 
NS5806 has a significant effect (*, p<0.01) on the half relaxation time of epicardial Ca2+ transients (p<0.01)). n=4 hearts.
Note: (        ) Control; (        ) 10 µM NS5806

• Activation of Kv 4.3 induces attenuation in the L-type Ca2+: 
Figures 10A and 10B show an increase in the magnitude of Ito 
decreases the amplitude of Ca2+ currents measured with LPP. 
Moreover, increasing the rate of repolarization not only affected 

the amplitude of the Ca2+ current but also decreased the duration 
of the current (Figures 10C and 10D). This effect seems to be a 
consequence of faster deactivation of the L-type Ca2+ current due 
to an increased rate of AP repolarization during phase-1.

Figure 10: Illustrates the effect of NS5806 on the amplitude of the Ca2+ influx through L-type Ca2+ channels (A and B). (C) Effect of NS5806 increasing the amplitude 
of the L-type Ca2+ current in the absence (black trace) and the presence (violet trace) of 10 µM NS5806. (D) Summarized significant effect (p<0.01) of 10 µM NS5806. 
NS5806 reduces the amount of Ca2+ permeating (fractional integral of the Ca2+ current) into the myocytes, n=5 hearts.
Note: (        ) Control; (        ) 10 µM NS5806
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Discussion

We have provided evidence that strongly suggests the Ca2+ 

influx which led to an activation of Ca2+ transients occurs during 
phase-1 of the action potential. Furthermore, the kinetics of this 
fast repolarization can control contractility in mice hearts. The 
main property is the presence of a strong phase-1 during the 
early repolarization of the action potential. This event permits 
the heart of a mouse to beat at an extremely high frequency. The 
concept that the phase-1 rate of repolarization could be involved 
in regulating the amplitude of Ca2+ transients has been historically 
debated by several authors [11,12,25]. Moreover, in this review, 
we integrated, at the intact heart level the relationship between 
the rate of phase-1 repolarization, Ca2+ influx, and contractility 
throughout the free ventricular wall. The Ito current is encoded by 
two genes, Kv 4.2 and Kv 4.3 [26-30]. Figure 1 shows increasing 
concentrations of 4-AP resulted in increased systolic pressures, an 
effect previously observed in isolated myocytes described by [14] 
was increasing the concentration of 4-AP to 100 µM increased the 
mechanical shortening of mouse myocytes. Moreover, our pressure 
recordings were made under isotonic conditions at a constant load, 
suggesting an increase in the pressure during 4-AP was due to the 
blocking effect of this drug on the phase-1 repolarization of the AP.

Data presented in Figure 2 show perfusion with 4-AP slowed 
down the AP repolarization during phase-1. Furthermore, the 
effect on APD30 was much larger than on APD90. Moreover, as 
we previously proved [4,6,7,31-33], APs recorded from different 
ventricular regions on perfused heart shows an important phase 
[4,7,26,31-33]. The transmural ECG recordings in mouse hearts 
displayed a notable J wave [31]. This J wave occurs because of the 
different rates of repolarization during the AP phase-1 [34]. 

Experiments described in Figure 3 show 4-AP perfusion in intact 
mouse hearts reduced the amplitude of the J wave (Figures 3C-3E) 
and significantly widened its half duration (Figure 3D). One likely 
effect for the reduction in the amplitude of the J wave could be that 
4-AP reduces the changes among the epicardial and endocardial 
rate of phase-1 repolarization. 

Results presented in Figure 4 show the difference between 
epicardial and endocardial AP repolarization during phase-1. This 
variation can be described by a diminished expression of Kv 4.3 
at the endocardium ventricular layer [32,33,35]. Remarkably, 
the differences between endocardial and epicardial APD30 were 
highly reduced when the heart was coronary perfused with 100 
µM 4-AP (Figures 4C and 4F). Even more, no significant changes 
were observed at the APD90 level in both regions during the 

4-AP treatment (Figures 4D and 4G). 4-AP had a bigger effect 
on the epicardium due to the higher expression of Kv. 4.3 in 
this ventricular layer. The fact that 4-AP had a larger effect on 
the epicardial than on the endocardial, is because there is a larger 
expression of Kv. 4.3 in the epicardium [36].

Figure 5 showed that 100 µM 4-AP had a smaller effect on the 
amplitude of the endocardial Ca2+ transient than on the epicardial 
Ca2+ transient. Our experiments were performed at 33°C and 7 
Hz. 4-AP had a significant effect on both phase-1 repolarization 
and the amplitude of Ca2+ transient during systole. 

We have established the LPP technique allows the recording 
of Ca2+ currents at the whole heart level. Moreover, Figures 6 
illustrates 4-AP perfusion increased the amplitude of the L-type 
Ca2+ current. Likewise, if the same method were applied when Ito 
had been partially blocked with 100 µM 4-AP, the effect would 
become dramatically larger.

Interestingly, the APD30 measurements shown in Figures 7B and 
7C become much faster when following 10 µM NS5806 perfusion. 
Phase-1 repolarization had a profound effect on epicardial and 
endocardial contractility.

Figures 8A and 8B reveals that 10 µM NS5806 accelerated phase-1 
thus, reducing the ventricular developed pressure (Figures 8A and 
8B).

Furthermore, a significant change was observed in the amplitude, 
the rise time, and the half duration of the Ca2+ transients in the 
epicardial layer (Figures 9A-9D). 

This effect correlates very well with the effect of NS5806 on the 
L-type Ca2+ currents (Figures 10A-10D). This data further solidifies 
the notion that Kv.4.3 channels regulate contractility. Moreover, 
NS5806 only interacts with KChiP, a regulatory subunit that 
interacts with Kv. 4.3 channels [37]. 

Conclusion

Taken together, the results presented in this review demonstrate, for 
the first time, the role of Ito in explaining how cardiac contractility 
is reduced when the heart is perfused with NS5806. Furthermore, 
ventricular myocytes are electrically coupled through connexins 
43. Finally, this step repolarization gradient can produce a graded 
contractility response across the ventricular wall that is defined 
by each layer. This suggests the transmural differences in Ca2+ 
signaling are imperative in defining the contractile properties of 
the ventricular wall.
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