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1. Introduction

Alterations in the mechanical state of the heart can affect its
electrophysiological behavior (Kohl et al., 2011; Ravens, 2003;
Taggart and Lab, 2008). This mechano-electric coupling (MEC) is
considered to play an important role in cardiac rhythm abnormal-
ities, especially in disease states such as old myocardial infarction
and chronic heart failure, in which ventricular walls are subjected
to abnormal hemodynamic loading stresses (Aimond et al., 1999;
Janse, 2004; Tomaselli and Marban, 1999). Sudden mechanical
impact to the heart can also disarrange the heart rhythm even in
healthy subjects, which in some instances leads to sudden cardiac
death (Link, 2012). However, this phenomenon (termed commotio
cordis) is rare, and evidence linking mechanical impact to fatal ar-
rhythmias is scarce.

The mechanisms underlying MEC relate to the activation of ion
channels by mechanical stretch (Sachs, 2010, 2011). Because such
stretch-activated channels (SACs) have long been suspected as
important contributors to MEC, there are many reports on char-
acterization of these channels (Bett and Sachs, 2000; Craelius et al.,
1988: Kohl et al., 1998; Niu and Sachs, 2003; Ward et al., 2008). In
particular, considering the physiological loading conditions for
each myocyte in the ventricular wall, numerous studies have been
performed in isolated cardiomyocytes in response to axial
stretching to elucidate the properties of SACs (Belus and White,
2003; Iribe et al., 2010; Kamkin et al., 2003; Riemer and Tung,
2003; Sasaki et al., 1992; Zeng et al., 2000). However, single chan-
nel recording in the stretch-imposed ventricular myocytes de-
mands technical proficiency because of the difficulty in
maintaining stable attachment of the glass electrode during the
stretch. These restrictions also impair the ability to study the dy-
namic properties of cellular MEC induced by transient mechanical
stretches.

Recent studies have revealed that axial stretching of car-
diomyocytes enhances Ca®* spark/wave rate via mechanisms
dependent on microtubule-mediated modulation (Iribe et al.,
2009), NADPH2 oxidase (NOX2) activation (Prosser et al., 2011)
and neuronal nitric oxide synthase (nNOS) activation (Jian et al,,
2014) of the ryanodine receptor. On the one hand, stretch acutely
increases the affinity of troponin C to Ca%* (Allen and Kentish,
1988), so that when stretched tissue is released there is a surge in
intracellular Ca%*, which can lead to Ca** waves (ter Keurs et al.,
2008). These spontaneous Ca®* releases are regarded as an
important substrate for triggered arrhythmias and delayed after
depolarizations (Fujiwara et al., 2008), though whether SACs and/
or Ca®* cycling contributes to MEC-related arrhythmias is unclear.

To clarify how MEC contributes to ventricular arrhythmias,
various studies have been performed with cardiac tissues and
whole heart preparations (Fasciano and Tung, 1999; Franz et al.,
1992; Hansen et al., 1990; Parker et al., 2001). However, many of
these reports are limited owing to lack of experimental method-
ologies for recording the electrical and mechanical activity simul-
taneously and with high spatiotemporal resolution. For instance,
optical mapping (Efimov et al., 2004; Herron et al.,, 2012), a tech-
nique used to examine spatiotemporal electrical behavior in the
heart, often necessitates either physically or pharmacologically
constraining the heart contraction, which limits its utility for MEC
research.

Herein, we review our techniques that we developed to resolve
these various methodological issues in isolated cardiac myocytes
(Section 2) and myocardial tissues (Section 3). Next, we discuss a
possible scenario for the link between cellular MEC and fatal ar-
rhythmias (Section 4). Furthermore, we briefly introduce our
ongoing studies using an optical trap technique to elucidate the
mechanisms of stretch-mediated Ca®* handling (Section 5), and
then provide a final conclusion (Section 6).

2. Cardiomyocyte study

There are only a small number of studies reporting the charac-
teristics of cardiomyocytes MEC upon axial stretching. Considering
the dynamic changes in stress and strain that an individual car-
diomyocyte experiences in the beating heart, it is important to
examine the responses to dynamic stretching on single car-
diomyocytes. In this section, we introduce our methodology for
examining single cardiomyocytes, in which we combine a carbon-
fiber technique with optical voltage measurement for assessing
cellular MEC upon dynamic stretching.

2.1. Carbon-fiber technique for single cardiomyocyte stretching

Single adult cardiomyocytes have been widely used to relate
subcellular molecular events to functional characteristics of the
heart. The simple geometry of a myocyte offers substantial ad-
vantages over multicellular preparations due to the fairly homo-
geneous strain distribution and exogenous factors (Palmer et al.,
1996; Yasuda et al., 2001). However, they are notoriously difficult
to manipulate and maintain because of the irritability and fragility
of the sarcolemma. A number of techniques have been proposed to
overcome these limitations. For example, Kamkin applied local
stretches to ventricular myocytes by pulling with a glass stylus and
patch-pipette (Kamkin et al., 2000), while Zeng and Riemer used a
pair of suction pipettes to pull the myocyte from each end (Riemer
and Tung, 2003; Zeng et al., 2000). A totally different technique was
introduced by Le Guennec (Le Guennec et al., 1990) in which a pair
of thin carbon fibers was attached to the myocyte surface, likely
because of electrostatic forces between the fibers and the surface
(Garnier, 1994). This technique was later modified with the use of
graphite-reinforced carbon (GRC; Tsukuba Material Information
Laboratory Ltd, Tsukuba, Japan) fiber (Sugiura et al., 2006) and/or
biocompatible adhesive (MyoTak; lonOptix, Milton, MA, USA; or
World Precision Instruments Inc., Sarasota, FL, USA) (Khairallah
et al,, 2012; Prosser et al., 2011) to enable firmer attachment be-
tween the fibers and the cellular surface, and was used for the
dynamic stretching of single cardiomyocytes (Nishimura et al.,
20064, 2006b; Seo et al., 2014).

We typically use a pair of carbon fibers and attach them to each
end of a cardiomyocyte to clamp it under a microscope (Sugiura
et al., 2006). One fiber is rigid to serve as a mechanical anchor,
while the other fiber is compliant and controlled quickly and
digitally by a connected piezoelectric transducer (P-841.40; Physik
Instrumente, Karlsruhe, Germany). The magnitude of the bending
motion of the compliant carbon fiber is monitored by a fast digital
dimensioning CCD camera (lonOptix, Milton, MA, USA) (Fig. 1A) to
calculate the contractile force by multiplying by the fiber stiffness.
The attachment of the carbon fibers to the myocyte surface results
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Fig. 1. A) Scheme of the fluorescence properties of di-8-ANEPPS. The dye was excited at 488 nm (dashed line) and two emission lights were detected separately in 560 and 620 nm
wavelength bands (shaded boxes). B) Diagram of the experimental setup for cardiomyocyte study. A pair of carbon fibers was attached to the myocyte surface, and the thin fiber was
controlled by a piezoelectric translator (PZT) connected to a personal computer (PC). The positions of the carbon fibers were captured by a charge-coupled device camera (CCD), and
the sarcomere length was measured by fast Fourier transformation (FFT). For optical voltage measurement, the dye was excited at 488 nm, and the emission light was recorded
ratiometrically by two photomultipliers (560 and 620 nm). A long wavelength (>650 nm) was used for the CCD observation. C) Ratiometry of cardiomyocyte action potential. During
active contraction indicated by sarcomere shortening, red (620 nm) and green (560 nm) fluorescence signals (raw voltage signals) were recorded with two photomultipliers
separately. Ratiometry (R560/R620) successfully removed the motion artifacts. Scale bars: 100 ms.

in minimal damage to the sarcolemma (Gannier et al., 1994) and
reduces the need for technical proficiency. Importantly, this tech-
nique does not interfere with simultaneous recording of the
sarcomere striation and the fluorescent membrane voltage mea-
surement (Nishimura et al., 20063, 2008) described below.

This carbon-fiber technique can be applied to various experi-
ments with some modifications. For instance, the force—length
relationship (Frank-Starling Mechanism) of a single cardiomyocyte
can be assessed by measuring contractile force and sarcomere
shortening at various stretch levels (Iribe et al., 2007; Nishimura
et al., 2004; Scimia et al., 2012; White et al., 1993). Modified tech-
niques were used for assessing slow force responses (Calaghan and
White, 2004; Seo et al., 2014) and Ca®* spark/wave rates (Iribe et al,,
2009; Prosser et al., 2011) by combining the stretch apparatus with
fluorescent calcium measurement. Furthermore, by attaching a
latex microsphere to the side of the tip of the compliant carbon
fiber, the indentation test can be applied by pushing it against the
myocyte horizontally (Nishimura et al., 2006b). Shear strain can be
also applied by shifting the glass flake connected to a piezoelectric
translator via the carbon fiber in both the longitudinal and trans-
verse plane (Nishimura et al., 2006b).

2.2. Fluorescent voltage measurement in single cardiomyocytes

The influence of mechanical stretch on the membrane potential
is one of the major fields of MEC research. We coupled the carbon-
fiber technique with fluorescent voltage measurement using a
transmembrane voltage-sensitive dye, which allows us to avoid the
motion contamination often detected in standard patch-pipette
voltage recording. Voltage-sensitive dyes can be used to monitor
fast events such as action potentials and membrane depolarization,
and ratiometric evaluation of two simultaneously detected

emission wavelengths can effectively remove motion artifacts often
detected by the standard patch-pipette technique (Knisley et al.,
2000; Tai et al., 2004). However, voltage-sensitive dyes have
some weaknesses. First, because voltage-sensitive dyes only pro-
vide a measurement of relative voltage change, the fluorescent
signal should be calibrated against the direct electrode measure-
ment. Second, since phototoxicity of the dye to cardiomyocytes is
not negligible under high-dose (30—60 uM), it should be prevented
by limiting the loading dose of the dye, reducing the illumination
wattage and adding a combination of antioxidants (catalase,
glucose oxidase and Trolox C) (Bullen and Saggau, 1999; Schaffer
et al,, 1994). We used di-8-ANEPPS, a ratiometric dye, with its
emission spectrum shifting reversibly to shorter wavelengths in
response to membrane depolarization (Fig. 1A). The emitted light
for shorter wavelengths (560 nm) increases simultaneously with
the decrease in the emitted light for longer wavelength (620 nm)
during depolarization. Hence, the ratiometry of these two wave-
lengths theoretically cancels out the changes in fluorescence in-
tensity caused by motion. A diagram of our experimental system is
shown in Fig. 1B. After excitation of the dye at 488 nm with a
filtered mercury light, the emission light (>550 nm) was separated
by a dichroic beam-splitter (570 nm), filtered (560 and 620 nm,
respectively) and then detected separately by photomultipliers. The
ratio of the fluorescence intensities (R560/R620; fluorescence at
560 nm relative to that at 620 nm) was calculated and converted
into membrane potential. The sarcomere striations of the myocytes
can be simultaneously measured by bright illumination above
650 nm (Fig. 1B). Fig. 1C shows sarcomere shortening and di-8-
ANEPPS fluorescence signals at 620 and 560 nm. Although mo-
tion artifacts were apparent in the 620- and 560-nm traces, the
ratiometry (R560/R620) successfully cleared the artifact
(Nishimura et al., 2006a).
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2.3. Membrane potential response to cardiomyocyte stretching

When transient stretches were applied to quiescent rat ven-
tricular myocytes, transient depolarization of the membrane po-
tential was observed. Fig. 2 shows the membrane potentials (R560/
R620) together with the applied stretches quantified by the relative
change in the sarcomere length (Nishimura et al., 2006a). The
amplitude of the depolarization increased as the stretch magnitude
was increased (Fig. 2A). When the stretch ratio exceeded 15%, ac-
tion potentials were invoked in some myocytes (Fig. 2A). Admin-
istration of 10 pM gadolinium, a non-specific SAC blocker, almost
completely suppressed these responses (Fig. 2B). These observa-
tions were in agreement with the predictions from computational
models in which SAC activity is incorporated (Kohl et al., 1998; Rice
et al,, 1998; Riemer et al., 1998).

Thus, our methodology combining carbon-fiber technique with
fluorescent voltage measurement enables the recording of acute
changes in membrane potentials in cardiomyocytes during dynamic
axial stretching. Compared with our technique, other reported
techniques combining membrane potential or current measure-
ment with axial stretching allow static or relatively slow stretches
(Kamkin et al., 2000; Riemer and Tung, 2003; Zeng et al., 2000). The
data presented with our current technique demonstrate that the
membrane potential responds to stretch in a length-dependent
manner, which was most likely dependent on SAC activation.

3. Myocardial tissue study

The impact of the mechanical stretch on cardiac electrical ac-
tivity has been also studied at the ventricular level by applying
balloon dilatations to the left ventricles (Franz et al., 1989, 1992;
Hansen et al., 1991; Hansen et al., 1990; Lerman et al., 1985;
Parker et al., 2004, 2001; Zabel et al., 1996). These studies have
clarified the influence of volume pulse intensity, timing, and speed
on monophasic action potentials. However, it is difficult to assess
the link between volume/pressure loading stresses and the stretch
levels of individual cardiomyocytes because of the complex struc-
ture of the intact ventricles. In this respect, the use of excised
ventricular myocardial tissue specimens is suitable for comparisons
between a global stretch (corresponding to ventricular volume
pulse) with local strain (corresponding to cardiomyocyte stretch),
thereby facilitating the understanding of the link between them. In
this section, we introduce our studies with ventricular myocardial
tissue in which we performed dynamic stretching and measured
electrical activity with the optical mapping technique.
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3.1. Stretching device for ventricular myocardial tissue

The use of rectangular myocardial specimens has a number of
advantages for studying MEC and related arrhythmias. For example,
this shape enables us to visualize two-dimensional myocardial
electrophysiological activity to establish the basis of arrhythmias.
Furthermore, the local strain pattern in the surface can be related to
a global stretch applied to the specimen. Indeed, a number of
studies of MEC have been conducted with cell cultured myocardial
sheets (Kong et al., 2005; Thompson et al., 2011; Zhang et al., 2008),
which provides an in vitro preparation that can be examined under
controlled conditions. However, these models rule out the role of
heterogeneous structure of the real ventricular wall, which is
believed to be critical for establishing a link between the cellular
MEC and arrhythmias observed at the organ level. Another disad-
vantage of cell culture models is that when cells are grown on a
rigid surface, they cannot be stretched.

In this respect, we chose to use rectangular myocardial tissue
prepared from the right ventricular (RV) free wall, thus preserving
its heterogeneous structure, to assess local strain (Fig. 3A) (Seo
et al, 2010). To avoid tissue ischemia, the coronary artery
perfusing the RV free wall was kept intact and the aorta was con-
nected to the Langendorff apparatus for retrograde perfusion.
Cyanoacrylate tissue adhesive (Vetbond™; 3M, St. Paul, MN, USA),
which is often used for sealing surgical incisions of animals, was
used to glue the tissue-to-tissue supports. For our purpose, we
apply a transient stretch within 200 ms. Accordingly, we chose a
vibration shaker (ET-126A; Labworks Inc., Costa Mesa, CA, USA),
designed for general purpose vibration testing, for applying stretch.
This shaker provides a large displacement capability and high ac-
celeration with little or no velocity restrictions, and is able to move
against large loads. This shaker is equipped with a displacement
transducer (IW12; TWK-Elektronik, Diisseldorf, Germany) to
measure the actual displacement in response to the stretches for
feed-back controls. Zirconia beads (diameter, 0.5 mm) were
attached to the myocardial surface (Fig. 3A) as landmarks for mo-
tion tracking, which are used for both strain measurement and
optical mapping.

3.2. Optical voltage/strain mapping in myocardial tissue

Optical mapping allows the simultaneous measurement of ac-
tion potentials from a large number of recording sites with a higher
spatiotemporal resolution than electrical mapping with multi-
electrode arrays (Sahakian et al., 2001; Schuessler et al., 1993), and
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Fig. 2. Effect of dynamic stretching on resting membrane potential. A) Stretches of varying amplitudes (5%, 10%, 15%, and 20% in sarcomere length; upper traces) and the corre-
sponding membrane potential responses (R560/R620; lower traces). Bar 500 ms. B) Effect of gadolinium (10 pM) on the resting membrane potential responses induced by dynamic
stretching. Scale bar: 500 ms. The spike and notch in the sarcomere length for the 20% stretch was due to the momentary loss of length control caused by cell contraction.
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Fig. 3. Tissue preparation and the experimental setup. A) Photograph of the tissue preparation. Scale bar: 5 mm. B) Diagram of the experimental setup for tissue study. The trimmed
RV wall was glued to a pair of tissue supports connected to a force transducer (FT) and a linear motor (LM). ECG, force (f) and displacement (d) signals are amplified (Amp) and
recorded by a personal computer (PC) through an AD converter (A/D). Stretch and electrical stimulation commands are generated by the PC and transferred to LM and an electrical
stimulator (Stim) through a DA converter (D/A). For optical voltage mapping, the tissue is illuminated by light emission diodes (LEDs). The emission light is split by a dichroic mirror
(DM) and narrowed down to two frequency bands by appropriate filters (F1: 540 + 20 nm and F2: 680 + 20 nm). The optical images are captured by two independent CMOS
cameras coupled with image intensifiers (1.I) and stored in a memory controller (M/C) and the PC. L: lens.

can be used to generate maps of electrical propagation. There also
exist a number of modalities for evaluation of local strain distri-
butions, including sonomicrometry (Toyoda et al., 2004; Villarreal
et al., 1988) and tagged MRI (Moore et al., 2000; Prinzen et al.,
1999). However, despite the close interdependence between elec-
trophysiological activity and strain (i.e., MEC), there are few studies
that combine multisite electrical recordings with simultaneous
mechanical measurement.

We employed a marker-tracking scheme together with optical
mapping to establish the relationship between strain distributions
and electrical activity in cardiac preparations (Seo et al., 2010). The
diagram of the experimental system is shown in Fig. 3B. The tissues
were loaded with a voltage-sensitive dye, di-4-ANEPPS. Di-4-
ANEPPS is known to respond to changes in the membrane poten-
tial fairly quickly and sensitively (Fluhler et al., 1985; Knisley et al.,
2000), while di-8-ANEPPS, which we used in the cardiomyocyte
study, has improved photostability and less phototoxicity (Bullen
and Saggau, 1999; Schaffer et al., 1994). The epicardial surface of
the tissues was illuminated by filtered excitation light
(480 + 10 nm) obtained from bluish-green light-emitting diodes
(Nichia Chemical Industries, Tokushima, Japan), and the emitted
fluorescent light was collected by a high numerical aperture com-
plex photographic lens (50 mm F/1.2; Nikon, Tokyo, Japan), which
was split by a dichroic mirror (580 nm; Andover, Salem, NH, USA)
and narrowed down to two frequency bands (540 + 20 nm and
680 + 20 nm) through bandpass filters (Andover, Salem, NH, USA).
We used two independent complementary metal oxide semi-
conductor (CMOS) cameras with image intensifiers (FASTCAM-Ul-
tima; Photron, Tokyo, Japan) to simultaneously collect the dual-
wavelength lights at high frame rate (500 frames/s). Conventional
CMOS sensors offer advantages by achieving a very fast frame rate
with a large field of view, but smaller dynamic ranges, compared
with electron multiplying charge-coupled devices (EM-CCDs). On
the other hand, the recent advance of scientific CMOS (sCMOS)
sensors offers wide dynamic range and extremely low noise,
possibly becoming major instruments for optical mapping studies
(Efimov and Salama, 2012).

The optical images captured by this system have black dots ar-
ranged in a square lattice reflecting the zirconia beads attached to
the tissue surface. These positional data were used for calculating
epicardial local strain by dividing the distances between the bead
markers in the stretched state by the corresponding distances in
the reference state. This enables us to obtain local strain maps of
the stretched tissue with corresponding optical maps. As noted,

these positional data are also used for the motion tracking tech-
nique to remove motion-induced contamination from the optical
maps.

3.3. Image processing to remove motion artifact

Motion artifact becomes more serious in tissue preparations,
which disturbs the fluorescent signal along the light path and in the
x-y plane. To avoid this issue, most optical mapping studies have
only dealt with immobile preparations where the motion was
inhibited mechanically and/or pharmacologically (e.g., butane-
dione monoxime and blebbistatin) (Herron et al., 2012; Lou et al.,
2012). However, such preparations are nonphysiological as they
ignore the role of MEC. One alternative methodological solution is
to use an optical recording system based on a fiber optic image
conduit, which permits the elimination of motion artifacts in
myocardial tissue (Rohr and Kucera, 1998), although the number of
the recording site is limited. By contrast, we have used ratiometry
combined with a motion-tracking technique to resolve the problem
in optical mapping (Inagaki et al., 2004; Seo et al., 2010). For motion
tracking, the initial images were used as a reference, and the cor-
responding positions of the bead landmarks attached to the tissue
surface in the successive image were automatically determined by
template matching of the image of each bead. We used the posi-
tional data to determine the affine transformation matrices for the
geometric distortion during the stretch or contraction. With the
affine transformation based on motion tracking, we traced the
tissue points, presumably a cluster of specific myocytes, during a
stretch, and showed the sequential changes in the transmembrane
potential of each tissue segment. Throughout the course of calcu-
lations, ratiometry with numerator wavelengths of 540 + 20 nm
and denominator wavelengths of 680 + 20 nm was used to remove
the artifacts caused by motion along the light path.

To compensate for motion artifact, other researchers have also
used affine transformation (Rohde et al., 2005; Svrcek et al., 2009)
or non-linear transformation (Westergaard et al., 2008). Another
reported method involves the use of grid points surrounded by a
constant control area in each frame to find best matches with those
of the reference frame (Bagwe et al., 2005). The major difference
between these techniques and ours is the use of landmarks for
motion tracking, which enables more stable tracking. In fact, the
images without landmarks are often devoid of distinct features,
which makes it difficult to track the motion especially in the
dynamically stretched tissue. The use of landmarks also facilitates
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Fig. 4. Optical membrane potentials after motion tracking and/or ratiometric processing. A) Intracellular glass microelectrode signal (APg), ratiometric signal (APg), and
540 + 20 nm wavelength signal after motion tracking (APyr). B) Scatter plot of action potential duration at 50% repolarization (APDs) obtained from ratiometric and simultaneous

microelectrode recordings (n = 7).

the quantification of epicardial strain distribution. Bourgeois and
colleagues recently developed a similar but sophisticated technique
in which ring-shaped markers were used for motion tracking to
successfully remove motion artifact generated by heart contraction
(Bourgeois et al., 2011).

Fig. 4A shows typical action potential recordings (540 + 20 nm
wavelength signal after motion tracking processing, and the ratio-
metric signal) from the optical mapping system, and a simulta-
neous recording from an intracellular glass microelectrode in the
freely beating rabbit ventricle (Inagaki et al., 2004). In both optical
signals after the motion tracking, the action potentials upstroke is
not contaminated by motion. However, in the 540 + 20 nm
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wavelength signal, the action potential plateau and repolarization
remain distorted by the motion artifact. We found that ratiometry
removed this artifact and gave a similar action potential contour to
that obtained from a microelectrode signal. The combined results
shown in Fig. 4B indicate agreement of action potential duration at
50% repolarization measured ratiometrically with that measured
from microelectrode signals.

3.4. Stretch-induced excitation in myocardial tissue

The use of this technique in a tissue preparation provided us
with a unique opportunity to elucidate the relationships among

stretch

isochronal map strain distribution

Fig. 5. Alterations in the electrical activation and strain distributions in cardiac tissues in response to stretches. A) Ratiometric optical signals in response to 5%, 10%, and 30%
stretches. Scale bar: 100 ms. B and C) Representative optical maps in response to 10% and 30% stretches, respectively. The left side of the tissue was stretched leftward. The stretch
starts at 0 ms. Scale bar: 4 mm. D) Representative isochronal maps of transmembrane potentials (left) and strain distributions (right). Top and bottom show 10% and 20% stretch,

respectively. Scale bar: 4 mm.
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electrical excitation, global strain, and local strain. Fig. 5A shows
representative transmembrane potential signals in response to
stretches of varying amplitudes (Seo et al., 2010). With a uniaxial
stretch with a small amplitude (5%), the myocardial tissue was
depolarized but an action potential was not invoked (Fig. 5A left).
Above a certain level of amplitude (>10%), however, focal exci-
tation and its propagation were observed (Fig. 5A middle, Fig. 5B).
A larger stretch (30%) induced multiple excitations (Fig. 5A right,
Fig. 5C). Evaluation of the relevance between stretch-activated
excitation and epicardial local strain revealed that although a
uniaxial global stretch was applied to the preparation, excitation
was usually only induced in a limited area where the local strain
was high (Fig. 5D). Furthermore, this heterogeneity in the strain
distribution reflected the complex structure of the ventricular
wall, such that the excitation is initiated in regions where the wall
is thin (Seo et al., 2010). This finding is supported by other
experimental evidence showing that an increase in intraventric-
ular volume by pulmonary arterial occlusion results in non-
uniform stretch of the right ventricular wall, which is associated
with different alterations in regional monophasic action potential
morphology, including the initiation of early after depolarizations
(Chen et al., 2004). Accordingly, with increased intraventricular
stress, excitations are usually initiated from the region of largest
strain (Quinn, 2014). Whereas the heterogeneous structure of the
ventricles normally works for its vigorous contraction, adverse
hemodynamic overloads in disease states lead to abnormalities in
the ventricular shape and regional wall motion (Katz and Katz,
1989), which may sometimes evoke focal excitations from
thinner areas.
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4. Relevance of cellular mechano-electric coupling to stretch-
induced arrhythmias

The mechanisms by which mechanical stretches can lead to fatal
arrhythmias have been predominantly investigated by computer
simulation (Pfeiffer et al., 2014; Quinn, 2014; Quinn and Kohl, 2011;
Trayanova et al., 2011). Two-dimensional (Garny and Kohl, 2004)
and three-dimensional (Li et al., 2004) models of ventricular tissue
have demonstrated that mechanically induced sustained arrhyth-
mias (i.e., re-entry) may occur only when focal excitations initiated
by mechanical stimuli interact with the preceding electrical acti-
vation of the myocardial tissue. Our experimental results suggest
that the focal excitation can be induced with intermediate-strength
mechanical stimuli. To elucidate the link between the focal ectopic
excitation and a fatal arrhythmia, detailed evaluation of spatio-
temporal electrical behavior is necessary. Therefore, we investi-
gated the characteristics of mechanically-induced ectopy in the
whole heart and its potential for inducing sustained fatal arrhyth-
mias with our modified optical mapping system (Fig. 6A) coupled
with the motion tracking and the image processing techniques
introduced in the tissue study. We applied a controlled volume
pulse to the isolated Langendorff-perfused rabbit RV at various
coupling intervals (90—130 ms) with a preceding electrical stimulus
(Seo et al., 2010). As shown in Fig. 6B, we observed re-entrant ar-
rhythmias with a volume pulse of intermediate size (1.5 mL). As
shown in Fig. 6C, a large volume pulse (2 mL) did not elicit ar-
rhythmias. Importantly, only an intermediate volume pulse
(1.5 mL) applied after a proper coupling interval (110 ms) triggered
re-entrant arrhythmias.
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Fig. 6. Occurrence of stretch-induced re-entrant arrhythmias in the whole heart preparations. A) Diagram of the experimental setup for whole heart study. This system is a modified
version of the tissue stretching system described in Fig. 3B. A balloon (B) is inserted into RV of the perfused whole heart and is connected to a piston pump (P) with a linear motor
(LM) to apply servo-controlled volume pulses. B) Representative phase maps of re-entrant arrhythmia. The volume pulse (1.5 mL) was applied at 110 ms after an electrical stimulus
started at 0 ms. Scale bar: 4 mm *Phase singularity points. C) Excitation probabilities in relation to the coupling intervals and the intensities of the volume pulses (n = 3).
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There are extensive studies examining the electrophysiological
effects of volume increases in the intact heart (Franz et al., 1989,
1992; Hansen et al., 1991; Hansen et al., 1990; Parker et al., 2004,
2001; Zabel et al., 1996). For example, Hansen et al. examined the
effects of rapid, transient, volume increases in an isolated, perfused,
canine ventricle, and observed ectopic excitations during or shortly
after the volume pulse, although they did not record direct elec-
trophysiological behavior (Hansen et al., 1990). Franz et al. also
investigated the effects of increases in ventricular diastolic volume
on epicardial monophasic action potentials in Langendorff perfused
rabbit hearts, and clearly demonstrated its effect on the incidence
of extrasystole (Franz et al., 1992). However, no experimental
studies have succeeded in determining the characteristics of
stretch-induced fatal arrhythmias with this preparation. Recent
advances in optical mapping and its combination with our motion-
tracking technique provide the first evidence that the re-entrant
arrhythmias can be induced by intermediate-volume pulse
coupled with preceding electrical stimulation (Fig. 6B) (Seo et al.,
2010). One of the limitations in our system is that the mapped re-
gion in the intact heart is restricted to the field of view of the sensor,
which makes it difficult to track electrical waves as they can drift in
and out of view. To overcome this problem, novel techniques to
image the entire surface (front and back) of the heart such as
panoramic imaging are needed (Bourgeois et al., 2012; Kay et al.,
2006).

Our proposed mechanism of how cellular MEC leads to fatal
arrhythmias observed in the whole heart preparation is shown in
Fig. 7. First, membrane potential responds to stretch in an
amplitude-dependent manner in single cardiomyocytes (Fig. 2). At
the tissue level, conversely, the electrical activity is highly hetero-
geneous especially when the intermediate strength of global
stretch is applied to the tissue (Fig. 5). This is because of the
modulation by the inhomogeneous structure of the ventricular
wall. At the organ level, when the medium volume pulse is applied
at a certain coupling interval, the stretch-induced focal excitation

can develop into fatal re-entrant arrhythmias (Fig. 6). This scenario
may explain the etiology of commotio cordis, which often occurs
because of a nonpenetrating chest wall blow when the rib, sternum,
and heart are themselves uninjured. Indeed, experimentally, com-
motio cordis was reported to be induced by baseball projectiles with
intermediate strength (Link et al., 2003), although the mechanisms
have been elusive. Our studies indicate the non-uniformity of the
ventricular wall structure is associated with a high susceptibility to
fatal arrhythmias, which may be a predictor of sudden cardiac
death.

5. Future directions: laser optical trap combined with real-
time Ca?* imaging in cardiomyocytes

In this review, we have described our observations of mechan-
ical stress-induced electrical activities made at cell, tissue, and or-
gan levels, and discussed their inter-relationships. However, to gain
further insight into the mechanisms underlying mechanical stress-
induced electrical activity, we need to extend our limit of obser-
vation to the subcellular level. As the first step toward this goal, we
made a preliminary attempt to determine how cardiomyocytes
respond to a minute stimulus applied to the sarcolemma. As an
actuator to apply a stimulus of small magnitude, we adopted the
laser optical trap technique (Sugiura et al., 1998) with which we can
trap and manipulate a small bead under a microscope (IX70;
Olympus, Tokyo, Japan) using an infrared laser beam (1064 nm
IRCL-1W; Crystalaser, Reno, NV, USA) introduced via an objective
lens (60x, n.a. 1.4). Cardiomyocytes isolated from 6-week-old
Wistar rats were loaded with calcium indicator (Fluo-8) and fixed
on laminin-coated coverslips in buffer containing 1.1 mM Ca®*. To
this preparation we added a small bead (diameter 6.0 pm Polybead
Carboxylated; Polysciences Inc., Warrington, PA, USA) coated with
an RGD peptide (Sigma—Aldrich, St. Louis MO, USA) as the selective
ligand to integrin. We selected a bead firmly attached to the
sarcolemma, and then trapped and moved it with the optical trap
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Fig. 7. Schematic illustration of our proposed mechanism. (1) At the cellular level, membrane potential responds to stretch in an amplitude-dependent manner. (2) At the tissue
level, however, globally applied stretch is modulated by the inhomogeneous structure of the ventricular wall to cause heterogeneous excitation. (3) This effect becomes manifest in
response to stretch of medium intensity and may trigger fatal arrhythmias when coupled with a preceding electrical propagation.
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Fig. 8. Ca>" spark responses to subcellular level stimulus. A) A microsphere coated with RGD peptide was attached to the sarcolemma and trapped by the laser optical trap. Stimulus
of small amplitude was applied by moving the laser beam. B) The microsphere was moved in the transverse direction (arrow) and the fluorescent signals were sampled at three
locations in the same cell. C) Top row: displacement of the laser beam. 2nd to 4th rows: fluorescent signals from the Ca?" indicator at 3 locations indicated in B. Ca> sparks
coincided with the mechanical stimulus were observed in the locations remote from the stimulus site (1 and 2).

linearly with a small amplitude (<1 pm) by steering the galvano-
mirror equipped in the beam path (Fig. 8A). Fluorescent images
were viewed and recorded by spinning disc confocal laser scanning
microscope (CSU-X1; Yokogawa, Tokyo, Japan) with a high-speed
camera (SV-200i; Photoron, Tokyo, Japan). The detailed method is
described in the online supplementary material.

The applied stimulus provoked calcium sparks, but they were
clustered in a remote area rather than at the site of the stimulus
(Fig. 8B and C). Furthermore, treatment with colchicine, which
inhibits microtubule polymerization, abolished these responses
(data not shown). Although the number of observations is limited,
these data suggest a role of the cytoskeletal network in the
transmission of a mechanical stimulus within the myocyte,
consistent with earlier reports (Iribe et al., 2009; Prosser et al.,
2011). This may be related to the observation by Parker that
treatment with taxol, which polymerizes microtubules, increased
the frequency of arrhythmias induced by volume pulse to the
rabbit left ventricles (Parker et al., 2001). By contrast, in a swine
model of commotio cordis, colchicine treatment increased the
probability of chest impact-induced ventricular fibrillation
(Madias et al., 2008).

It has been demonstrated that Ca®* waves can be initiated in
damaged myocardial region where non-uniform muscle are sub-
jected to contraction-associated stretch, which may lead to pre-
mature beats and triggered arrhythmias (ter Keurs, 2012;
Wakayama et al.,, 2005). Such a non-uniform activity in myocar-
dium is often observed in pathological state such as myocardial
infarction and heart failure (Quinn, 2014). It is evident that acute
stretch of ventricles can result in re-entrant arrhythmias by trig-
gering through stretch-induced changes in membrane potential
(Seo et al., 2010), although intracellular Ca?>* handling may play
other roles especially in diseases. Although further studies are
needed, continuing studies at multiple biological system levels and
possible integration by numerical simulation will help further our
understanding of mechanical stress-induced arrhythmia and to
develop effective preventative measures.

6. Conclusions

In this review, we introduced our unique experimental tech-
niques in various experimental settings. Our studies provide a
possible scenario for the link between cardiomyocyte MEC and fatal
arrhythmias induced by acute mechanical stresses. Further devel-
opment and utility of these techniques will promote basic studies
and a comprehensive understanding of the molecular mechanisms
of MEC and its translation to stretch-induced arrhythmias.

Editors’ note

Please see also related communications in this issue by Yu et al.
(2014) and Wang et al. (2014).

Acknowledgments

This research is supported by the Japan Society for the Promo-
tion of Science (JSPS) through its “Funding Program for World-
Leading Innovative R&D on Science and Technology (FIRST Pro-
gram)” and the JSPS Postdoctoral Fellowship for Research Abroad to
K.S.. Figs. 1 and 2 were reprinted from Cardiovascular Research 72,
Nishimura, S., Kawai, Y., Nakajima, T., Hosoya, Y., Fujita, H., Katoh,
M., Yamashita, H., Nagai, R., Sugiura, S., Membrane potential of rat
ventricular myocytes responds to axial stretch in phase, amplitude
and speed-dependent manners, pp. 403—411, 2006, with permis-
sion from Oxford University Press. Figs. 3, 5 and 6 were reprinted
from Circulation Research 106, Seo, K., Inagaki, M., Nishimura, S.,
Hidaka, [, Sugimachi, M., Hisada, T., Sugiura, S., Structural Hetero-
geneity in the Ventricular Wall Plays a Significant Role in the
Initiation of Stretch-Induced Arrhythmias in Perfused Rabbit Right
Ventricular Tissues and Whole Heart Preparations, pp. 176—184,
2010, with permission from Wolters Kluwer Health. Fig. 4 was
reprinted from Proceedings of the 26th Annual International Con-
ference of the [EEE EMBS, Inagaki, M., Hidaka, 1., Aiba, T., Tatewaki,
T., Sunagawa, K., Sugimachi, M., High resolution optical mapping of



