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Summary 
Various types of mechanosensitive ion channels, including 
cationic stretch-activated channels (SACNS) and stretch-activated 
BKca (SAKca) channels, modulate heart rhythm. Bepridil has 
been used as an antiarrhythmic drug with multiple 
pharmacological effects; however, whether it is effective for 
mechanically induced arrhythmia has not been well investigated. 
To test the effects of Bepridil on SAKca channels activity, cultured 
chick embryonic ventricular myocytes were used for single-
channel recordings. Bepridil significantly reduced the open 
probability of the SAKca channel (PO). Next, to test the effects of 
bepridil on stretch-induced extrasystoles (SIE), we used an 
isolated 2-week-old Langendorff-perfused chick heart. The left 
ventricle (LV) volume was rapidly changed, and the probability of 
SIE was calculated in the presence and absence of bepridil, and 
the effect of the drug was compared with that of Gadolinium 
(Gd3+). Bepridil decreased the probability of SIE despite its 
suppressive effects on SAKca channel activity. The effects of 
Gd3+, which blocks both SAKca and SACNS, on the probability of 
SIE were the same as those of bepridil. Our results suggest that 
bepridil blocks not only SAKca channels but possibly also blocks 
SACNS, and thus decreases the stretch-induced cation influx 
(stabilizing membrane potential) to compensate and override the 
effects of the decrease in outward SAKca current (destabilizing 
membrane potential). 
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Introduction 
 

Mechanical stimuli modulate cardiac function at 
various levels. For instance, differentiation of Purkinje 
fibers from myocytes during embryogenesis is affected 
by mechanical stimuli via endothelin (Hall et al. 2004). In 
mature heart, mechanical stimuli affect the 
electrophysiological properties of the heart and 
sometimes cause arrhythmic events (mechanoelectric 
feedback; MEF) (Kohl et al. 1999, Lab et al. 1996). For 
instance, inappropriate placement of a transvenous right 
ventricular electrode or a pulmonary artery catheter 
sometimes produces an excessive intraventricular catheter 
loop, and physically stimulates the ventricular wall to 
cause catheter-induced arrhythmia (Voukydis et al. 
1974). Mediastinal chest drainage tubes, which are 
inserted after cardiac surgery as a standard practice, could 
result in physical arrhythmogenic stimulation during the 
postoperative period (Lim-Levy et al. 1986). One of the 
most critical examples of MEF is commotio cordis (fatal 
arrhythmia caused by a blunt precordial impact without 
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structural damage), which was first reported 130 years 
ago (Nesbitt et al. 2001). A precordial impact not only 
causes arrhythmia but can also effectively terminate 
ventricular tachycardia and fibrillation (Pellis et al. 
2010). 

This kind of mechanically induced modulation 
of heart rhythm is mediated by various types of 
mechanosensitive channels. For instance, in 
a Langendorff-perfused rabbit heart, stretch-induced 
atrial fibrillation could be suppressed by Grammostola 
spatulata mechanotoxin 4 (GsMTx4), a specific blocker 
of cationic stretch-activated channels (SACNS) (Bode et 
al. 2001). We have also shown that the incidence of left-
ventricular-wall stretch-induced extrasystole (SIE) was 
reduced by GsMTx4 and enhanced by Iberiotoxin (IbTx), 
a sarcolemmal stretch-activated BKca (SAKca) channel 
blocker, in isolated Langendorff-perfused chick hearts 
(Iribe et al. 2011). 

The SAKca channel was originally cloned from 
cultured chick embryo ventricular myocytes as a splicing 
variant of the BKca channel and includes a stress axis-
regulated exon (STREX) sequence, which is responsible 
for its stretch sensitivity (Naruse et al. 2009). 
Interestingly, STREX variants of BKca channels in 
chicks and humans share a short amino acid residue 
sequence (ERA) and show stretch sensitivity. On the 
other hand, STREX variants of these channels in mice 
and rabbits do not have the ERA sequence and do not 
show stretch sensitivity (Naruse et al. 2009). Therefore, 
chick heart could be a good model to estimate 
mechanically induced changes in cardiac 
electrophysiology in the human heart. 

Bepridil was originally developed as  
an antianginal drug due to its vasodilating and negative 
inotropic effects (Cosnier et al. 1977, Singh 1991). It is 
also known as an antiarrhythmic drug (Iijima et al. 2010, 
Yamashita et al. 2009) with multiple pharmacological 
effects including inhibition of Na+, K+, and Ca2+ currents 
(Cohen et al. 1992, Gill et al. 1992, Wang et al. 1999). 
Despite its multiple effects on myocardial 
electrophysiology, whether or not it affects 
mechanosensitive channels has not been thoroughly 
investigated. In this study, we investigated the effects of 
bepridil on single SAKca channel current in cultured 
chick ventricular myocytes and also estimated the effects 
on SACNS of drug-induced changes in SIE properties 
using isolated Langendorff-perfused chick hearts with 
a computer-controlled left ventricle (LV) wall stretch 
system. 

Methods 
 

All experiments were performed according to 
the Guiding Principles for the Care and Use of Animals 
approved by the Council of the Physiological Society of 
Japan. The study protocol was approved by the Animal 
Subjects Committee of Okayama University Graduate 
School of Medicine, Dentistry, and Pharmaceutical 
Sciences. 
 
Cell Culture 

Cultured chick ventricular myocytes were 
prepared as described elsewhere (Kawakubo et al. 1999, 
Tang et al. 2003). In brief, ventricles were dissected from 
10- to 12-day-old White Leghorn embryos under sterile 
conditions. The ventricles were minced in Ca2+- and 
Mg2+- free saline, and then exposed to saline containing 
2 mg/ml collagenase type IA (Sigma Chemical) for 
10 min at 37 °C to prepare cell suspensions. Cells were 
cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; GIBCO BRL) supplemented with horse serum 
(10 % vol/vol) and chick embryo extract (2 % vol/vol). 
Cells from 3 to 14 days of culturing were used for 
experiments. 
 
Single-Channel Recording 

Electrophysiological single-channel experiments 
were performed in the excised inside-out configuration of 
the patch-clamp technique. Patch electrodes were 
fabricated from disposable micropipettes (GD-1.5; 
Narishige Scientific Instrument Lab, Japan) in two stages 
on a vertical electrode puller (PP-83; Narishige Scientific 
Instrument Lab). The tips of the patch pipettes were fire-
polished on a microforge (MG-83; Narishige Scientific 
Instrument Lab). In order to get single channel recording 
glass pipettes with an electrode resistance of 5-15 MΩ 
were used. Currents were amplified using an Axopatch 
200B patch-clamp amplifier (Axon Instruments, CA) 
sampled at 8-10 kHz and filtered at 2 kHz via a 4-pore 
low-pass Bessel filter. Data acquisition and analysis were 
performed using the software pClamp 9.0 (Axon 
Instruments). In most cases the probability of the channel 
being open (PO) was simply calculated from the total time 
spent in the open state divided by the total time of the 
recording for the patches containing a single channel. 
When multiple channels were present in the patch, PO 
was calculated from the equation 
 

PO (%) = (1−PC
1/N) × 100, 
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where PC is the fraction of the closed state, and N is the 
number of channels in the patch. Continuous recording of 
2,000 ms were used to estimate PO values. Mechanical 
stretch in the patch was created by applying negative 
pressure in the pipette with a pneumatic transducer tester 
(DPM-1B; Bio-Tek Instruments) connected to a pipette 
holder. Single-channel recordings were made at room 
temperature (22-25 °C). The pipette solution facing the 
extracellular surface of the patch contained 145 mM KCl, 
10 mM HEPES, and 10 mM glucose adjusted to pH 7.4 
with KOH. The bath solution facing the cytoplasmic 
surface of the patch contained the same solution with 
1 mM EGTA and 0.94 mM CaCl2 to achieve 1 µM free 
Ca2+. These data was calculated using program EQCAL 
(Biosoft, MO) with the stability constants from reference 
(Owen 1976). To confirm that the channel in the patch is 
SAKca, single channel conductance was checked in six 
cells as follows. The single channel currents traces were 
obtained in symmetric 145 mM K+ solution with 1 µM 
free Ca2+ at -60, -30, +30 and +60 mV, then single 
channel conductances were calculated according to 
current-voltage relationships. 
 
Langendorff-perfused heart preparation 

Langendorff-perfused hearts were prepared as 
described elsewhere (Iribe et al. 2011). In brief,  
2-week-old chicks (body weight 90-120 g) were heavily 
anesthetized with ether. After paramedian sternotomy, the 
heart was rapidly excised from chest and washed in cold 
normal Tyrode (NT) solution (136 mmol/l NaCl, 
5.4 mmol/l KCl, 1 mmol/l MgCl2, 0.3 mmol/l NaH2PO4, 
1.8 mmol/l CaCl2, 10 mmol/l glucose, and 5 mmol/l 
HEPES; pH 7.4 adjusted with NaOH). The pericardium 
was then removed. The aorta was cannulated and two 
major branches from the arch of the aorta were ligated. The 
heart was then perfused with NT solution at a constant 
flow rate of 12 ml/min using a flow roller pump system. 
The left atrium appendage was opened and a thin latex 
balloon with an unstressed volume of 150 µl was fitted into 
the LV chamber. The balloon was connected to our 
custom-made LV volume (LVV) changer and a pressure 
transducer; the circuit was primed with water. The LVV 
changer comprised a 0.5-ml syringe connected to a rapid 
microstepping motor (Fig. 1). The stepper was controlled 
by custom software written in LabView (National 
Instruments, Austin, TX). Electrocardiogram (ECG) and 
LV pressure (LVP) were continuously monitored. The data 
were digitized and acquired online at 500 Hz by custom 
LabView software and a fast analogue-to-digital/digital-to-

analogue interface (NIDAQCard-6062E; National 
Instruments). The temperature of the heart was maintained 
at 37 °C, and the perfusate was oxygenated throughout the 
experiment. 
 
 

 
 

Fig. 1. Schematic overview of the left ventricular (LV) wall 
stretch system for stretch-induced extrasystole experiments.  
LV volume (LVV) was controlled by changing the volume of  
a latex balloon inserted into the LV. LV pressure (LVP) and 
electrocardiogram (ECG) were monitored. 
 
 
SIE protocol 

Initial LVV (Vi) was adjusted such that the 
diastolic LVP was 10 mmHg (35-45 µl). After obtaining 
a stable and regular beating state under sinus rhythm, 
a transient LV wall stretch pulse was applied by inflating 
and deflating the LV balloon with 40 % of Vi (40 ms 
inflation, 10 ms plateau, and 40 ms deflation). The 
upstroke of LVP was used as a trigger to identify the start 
of a cardiac cycle, and an approximately 200-ms delay 
was inserted before the pulse. The delay time was 
adjusted to ensure that the pulse was applied after LVP 
returned to the diastolic pressure. Stretch was repeated 
20 times, and the percentage of SIE occurrence was 
calculated to give the probability of SIE. 
 
Statistics 

All the values are presented as mean ± standard 
error of the mean (SEM). Statistical assessment was 
performed using two-way ANOVA. A P value of less 
than 0.05 was considered to indicate a significant 
difference between means. 
 
Results 
 

The slope conductance of the SAKca channels 
was 262.8±10.9 pS (n=6), which was consistent with 
those reported in previous studies (Kawakubo et al. 1999, 
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Tang et al. 2003). 

Figure 2 shows dose-dependent effect of bepridil 
on single SAKca channel activities in symmetric 145 mM 
K+ solutions at +30 mV. In the absence of bepridil,  
PO was almost fully opened (PO=96.24±0.58 %, n=13) at 
a membrane potential of +30 mV (panel A, top). This  
PO value is reasonable for SAKca channels with a free 
Ca2+ concentration of 1 µM (Kawakubo et al. 1999, Tang 
et al. 2003). In the presence of bepridil, the PO value 
decreases in a dose-dependent manner and almost 
completely blocked with 20 µM bepridil (panel A, 

bottom). The concentration-dependent inhibition of 
bepridil on the channel activities is summarized and 
plotted in panel B. We fitted the data with the following 
Hill equation, 
 

𝑃𝑃𝑂𝑂 = 100
[𝐵𝐵]𝜂𝜂𝜂𝜂

[𝐵𝐵]𝜂𝜂𝜂𝜂 + (𝐼𝐼𝐼𝐼50)𝜂𝜂𝜂𝜂 

 

where [B] is the concentration of bepridil and ηH is the 
Hill coefficient. The best fit was obtained with 
IC50=1.866 µM and the Hill coefficient=-1.68. 
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Fig. 2. (A) Effect of bepridil (1-20 µM) on single-channel activity of a SAKca channel at +30 mV. PO (probability of the channel being 
open), OT (channel open time) and OdT (time constants for open channel dwell times) decreased, and CT (channel close time) and CdT 
(time constants for closed channel dwell times) increased in a dose-dependent manner. (B) PO-bepridil concentration curve. PO of SAKca 
channel almost completely blocked with 20 µM bepridil (control: n=13, 1 µM: n=14, 2 µM: n=8, 5 µM: n=3, 20 µM: n=4). * P<0.05 vs. 
control. Data are presented as mean ± SEM. 
 
 

Figure 3 shows representative ECG and LVP 
traces of SIE. A QRS complex and T wave sets of SIE 
with patterns that differed from regular beats appeared 
after a short delay from initiation of the ventricular wall 
stretch (ΔT). Ectopic beats emerged without the 
preceding P wave, and usually with a compensatory 
pause (longer beat interval after an extrasystolic event). 

The stretch induced a triangular diastolic LVP increase 
because of the LV volume change. This was followed by 
another increase in LVP from an ectopic LV contraction 
when SIE was initiated. The probability of SIE being 
caused by the LV wall stretch was 21.7±1.6 %, which is 
consistent with our previous results (Iribe et al. 2011). 
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Fig. 3. Representative electro-
cardiogram (ECG) (black) and left 
volume pressure (LVP) (grey) traces in 
stretch-induced extrasystole (SIE). 
Ectopic QRS complex sets appeared 
on ECG after a delay (ΔT) from the 
beginning of the stretch signal. 
 
 
 
 

We tested the effects of bepridil on SIE and 
compared them with those of Gadolinium (Gd3+), 
a potent, but non-specific blocker of mechanosensitive 
channels. Figure 4 shows the effect of bepridil (1 µM) 
and GdCl3 (3 µM) on the probability of SIE and ΔT of the 
SIE. Panel A shows the average probabilities of SIE of all 
hearts (“n” indicates the number of hearts analyzed). Both 
drugs significantly reduced the probability of SIE, 

however, there was no significant difference between the 
drugs. Then, the SIE beats with ECG traces that were 
clear enough to analyze ΔT were selected, and the 
average values are shown in panel B (“n” indicates the 
number of beats analyzed). Both drugs have a tendency to 
increase ΔT, although the increase was not statistically 
significant. 
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Fig. 4. Effects of bepridil (1 µM) 
(n=7) and Gd3+ (3 µM) (n=10) on the 
probability of SIE and ΔT. Both drugs 
significantly decreased the probability 
of SIE and showed a tendency to 
increase ΔT. * P<0.05 vs. control. 
Data are presented as mean ± SEM. 
 
 
 
 

 
Discussion 
 

We have previously reported that sarcolemmal 
stretch-activated BKca (SAKca) channels exist in  
post-hatch chick ventricular myocytes (Iribe et al. 2010), 
and we found that IbTx, a specific BKca channel blocker, 
significantly increase the probability of SIE, while 
GsMTx4, a specific SACNS blocker, significantly 
decreases the probability of SIE, suggesting that the 
outward SAKca current counterbalances stretch-induced 
cation influx via SACNS to prevent stretch-induced 
depolarization, namely SIE (Iribe et al. 2011). 

As shown in Figure 2, the present single-channel 

study demonstrated that bepridil inhibits SAKca channel 
activity. The absolute value of the Hill coefficient (1.676) 
is greater than 1.0 indicating the number of bound 
bepridil at the maximal channel inhibition level is more 
than one, thus positive cooperativity among binding sites. 
Although a single-site inhibitor (Hill coefficient=1) 
requires 81 times more inhibitor concentration to achieve 
90 % inhibition than a 10 % inhibition, Figure 2B shows 
that Bepridil (Hill coefficient=1.686) can do the same 
over less than a 20-fold concentration range. 

We expected that bepridil would increase the 
probability of SIE by inhibiting SAKca outward current. 
However, contrary to our expectation, bepridil 
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significantly reduced the probability of SIE in the present 
study, as shown in Figure 4. One possible explanation for 
the inconsistency between these results is that bepridil 
inhibits not only SAKca but also SACNS current. As 
a result, the effect of blocking the outward SAKca current 
(facilitating SIE) can be counterbalanced and overridden 
by the effect of blocking the SACNS inward current 
(reducing SIE). The present results show that the effect of 
bepridil on SIE is almost identical to that of the  
non-specific mechanosensitive channel blocker Gd3+ 
(Fig. 4). Gd3+ has been used not only as a blocker of 
SACNS (Hansen et al. 1991, Yang et al. 1989) but also as 
a blocker of SAKca channels (Tang et al. 2003). 
Therefore, it is reasonable to consider that bepridil may 
block both SAKca and SACNS. 

Another finding that supports the inhibitory 
effect of bepridil on SACNS is the change in ΔT. Although 
the lengthening of ΔT was not significant in the present 
study, bepridil and Gd3+ showed the same tendency to 
prolong it (Fig. 4). We have previously reported that 
GsMTx4 prolongs ΔT, and that extension of ΔT is 
associated with slowed stretch-induced depolarization 
due to the decrease in stretch-induced cation influx via 
SACNS (Iribe et al. 2011). Here again it is reasonable for 
bepridil to block SACNS to reduce the stretch-induced 
cation influx (prolonging ΔT) to compensate and override 
the effects of the decrease in outward SAKca current 
(shortening ΔT). 

Although the effects of bepridil on SIE suggest 
that it inhibits SACNS, the present study does not provide 
any direct evidence in electrophysiological experiments. 
Here again it is reasonable for bepridil to block SACNS to 
reduce the stretch-induced cation influx (prolonging ΔT) 
to compensate and override the effects of the decrease in 
outward SAKca current (shortening ΔT). However, in 
practice, it is not feasible to perform either single-channel 
or whole-cell current recordings to study SACNS in SIE. 

Regarding single-channel studies, SACNS have never 
been patched for single-channel current recordings in 
ventricular myocytes, probably because SACNS is located 
in the T-tubule (Zeng et al. 2000). Therefore, 
examination of the effects of bepridil on a single  
SACNS current is not a realistic approach. Regarding 
whole-cell studies, although there have been several 
studies of the SACNS component in the whole-cell current 
(Zeng et al. 2000, Kamkin et al. 2000, Kamkin et al. 
2003), all these studies were performed under static cell 
stretch conditions that are not suitable for the SIE study. 
As we previously reported, the speed of stretch 
significantly affects the activity of the mechanosensitive 
channels (Iribe et al. 2011, Iribe et al. 2010). Therefore, 
quick stretch needs to be applied to reproduce the same 
activation as in SIE. However, it is very challenging to 
maintain the whole-cell configuration during such a quick 
and dynamic cell stretch; therefore, whole-cell 
experiments are not a realistic option either. 

In conclusion, we investigated the effects of 
bepridil on a single SAKca channel current in cultured 
chick ventricular myocytes and the effects of bepridil on 
SIE using isolated Langendorff-perfused chick hearts. We 
found that bepridil blocks SAKca channels and reduces 
the probability of SIE. These results suggest that bepridil 
possibly also blocks SACNS. 
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