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Abstract

The role of stretch-activated channels (SACs) on the stretch-induced changes of rat atrial myocytes was
studied using a computer model that incorporated various ion channels and transporters including SACs. A
relationship between the extent of the stretch and the activation of SACs was formulated in the model
based on experimental findings to reproduce changes in electrical activity and Ca2+ transients by stretch.
Action potentials (APs) were significantly changed by the activation of SACs in the model simulation. The
duration of the APs decreased at the initial fast phase and increased at the late slow phase of repolarisation.
The resting membrane potential was depolarised from �82 to �70mV. The Ca2+ transients were also
affected. A prolonged activation of SACs in the model gradually increased the amplitude of the Ca2+

transients. The removal of Ca
2+

permeability through SACs, however, had little effect on the stretch-
induced changes in electrical activity and Ca2+ transients in the control condition. In contrast, the removal
of the Na+ permeability nearly abolished these stretch-induced changes. Plotting the peaks of the Ca

2+

transients during the activation of the SACs along a time axis revealed that they follow the time course of
see front matter r 2005 Elsevier Ltd. All rights reserved.
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the Nai
+ concentration. The Ca

2+

transients were not changed when the Nai
+ concentration was fixed to a

control value (5.4mM). These results predicted by the model suggest that the influx of Na+ rather than
Ca2+ through SACs is more crucial to the generation of stretch-induced changes in the electrical activity
and associated Ca2+ transients of rat atrial myocytes.
r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Mechanical stimulation such as stretch or dilation of the heart is known to modulate the
electrical activity of myocytes, which suggests that there is a feedback system in the heart, in
addition to excitation–contraction coupling, whereby mechanical stimuli modulate electrical
activity (Lab, 1982; Nazir and Lab, 1996). This feedback system is often referred to as mechano-
electric feedback (Lab, 1996; Kohl and Ravens, 2003). The stretch-induced modulation of
electrical activity includes after-depolarisation (Lab, 1978; Franz et al., 1989; Hansen, 1993),
depolarisation of the resting potential (Boland and Troquet, 1980; Franz et al., 1992) and
alteration of the action potential (AP) duration (Dean and Lab, 1989; Franz et al., 1989; Taggart,
1996). In severe cases, these changes are found to be arrhythmogenic. There is an increasing body
of evidence that major events of mechano-electric feedback are mediated by the activation of
stretch-activated channels (SACs) (Bustamante et al., 1991; Craelius, 1993; Hoyer et al., 1994;
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Kiseleva et al., 2000). In other words, SACs may act as a sensor or transducer of mechano-electric
feedback. There is also evidence that myocardial stretch modulates [Ca2+]i (Allen and Kurihara,
1982; Hongo et al., 1996; Calaghan et al., 2003). Changes in [Ca2+]i are associated with the slow
response: the secondary, slower increase in force that occurs after an immediate increase in force
by myocardial stretch. The opening of SACs is often used to explain this effect (Tavi et al., 1998;
Calaghan et al., 2003). As an alternative mechanism, the autocrine–paracrine effect involving the
Na+/H+ exchanger activation (Alvarez et al., 1999; Perez et al., 2001) or nitric oxide (NO) release
(Petroff et al., 2001; Casadei and Sears, 2003) has been suggested to mediate the slower increase in
force by myocardial stretch.
We previously described the effects of stretch on the electrical activity of rat atrial myocytes

(Zhang et al., 2000). In that study, we used two microelectrodes to mechanically stretch the atrial
myocytes, leading to depolarisation of the resting membrane potential and prolongation of the AP
duration, both of which are mediated by the activation of SACs that have non-selective
permeability to various cations. However, the physiological role of each cation in the stretch-
induced changes in electrical activity is very hard to predict or determine with the limited results of
stretch experiment. Recently, Dr. A. Noma’s group developed a cardiac cell model (Kyoto model)
to describe the electrical activity, Ca2+ transients, and contractile force in guinea-pig sino-atrial
node cells and ventricular myocytes (Matsuoka et al., 2003; Sarai et al., 2003). A modification of
the Kyoto model allowed us to simulate the electrical activity and Ca2+ transients of rat atrial
myocytes (see Methods). Combining the modified Kyoto model and quantitative results of our
study on SACs (Zhang et al., 2000), we were able to simulate the effect of stretch on the electrical
activity and Ca2+ transients. The simulated APs and Ca2+ transients are significantly changed
with increasing conductance of SACs in the model, and these results corresponded well with our
previous experimental finding. In addition to that comparison and because SACs are permeable to
both Na+ and Ca2+ (Sachs, 1988; Kim, 1993), we were prompted to investigate whether Na+ or
Ca2+ ion permeability is more important in the development of the stretch-induced changes in
electrical activity and Ca2+ transients in rat atrial myocytes.
2. Methods

2.1. Cell preparation

The investigation conformed to the guidelines provided by the Committee for Animal
Experiment of the College of Medicine, Seoul National University. Young adult Sprague-Dawley
rats (200–250 g) were killed by cervical dislocation. The hearts were isolated and perfused with
100ml of oxygenated normal Tyrode solution (37 1C). The perfusion solution was changed to
50ml of nominally Ca2+-free Tyrode solution, and then to the same solution containing
0.12mgml�1 collagenase (Yakult, Japan) and 50 mM CaCl2. After 14min, the hearts were
removed from the Langendorff apparatus and placed in a high-K+, low-Cl� storage medium. The
atria and their appendages were dissected into small pieces and mechanically dispersed with a fire-
polished Pasteur pipette in the same solution. Isolated myocytes were stored in the high-K+, low-
Cl� storage medium at 4 1C until use.
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2.2. Solutions

The high-K+, low-Cl� storage medium contained (in mM) 50 L-glutamate, 50 KCl, 20 taurine,
20 KH2PO4, 3 MgCl2, 10 glucose, 10 N-[2-hydroxyethyl]piperazine-N0-[2-ethanesulfonic acid]
(HEPES), 0.5 ethyleneglycol-bis(b-aminoethyl ether)-N,N,N0,N0-tetraacetic acid (EGTA); the pH
was adjusted to 7.3 with KOH. For the perfusion of myocytes during the electrophysiological
recordings, a normal Tyrode external solution and high K+ (140 KCl) pipette solution were used.
The normal Tyrode solution contained (in mM): 143 NaCl, 5.4 KCl, 0.5 MgCl2, 1.8 CaCl2, 5.5
glucose, and 5 HEPES (pH 7.4). The external Cs+ solutions contained (in mM): 140 CsCl, 2
MgCl2 and 10 HEPES (pH 7.4), and the internal Cs+ solution contained 140 CsCl, 1 MgCl2, 10
HEPES, 5 EGTA, 5 MgATP, 2.5 ditris-phosphocreatine and 2.5 disodium phosphocreatine (pH
7.2). The external and internal Na+ solutions were made by replacing 140mM CsCl with 140mM
NaCl. Unless otherwise noted, all chemicals were purchased from Sigma (St. Louis, MO, USA).

2.3. Electrophysiological recordings

The standard whole-cell voltage clamp method (Hamill et al., 1981) was performed using an
Axopatch-1C amplifier (Axon Instruments, CA, USA). The recording pipettes were fabricated
and fire-polished from 1.5mm o.d. glass (Clark Electromedical, UK) to produce microelectrodes
with resistances of 2–4MO when filled with a K+-rich recording solution. A gigaseal was made by
applying negative pressure at approximately �10mmHg, and seal resistance was usually above
2GO. The current signals were filtered via a 1–10 kHz, 4-pole Bessel-type low-pass filter and
digitised using Digidata 1200 (Axon Instruments) for subsequent analysis (pCLAMP software,
version 6.0.1, Axon Instruments). In most experiments, the temperature was set at room
temperature (20–24 1C). All averaged and normalised data are presented as means7S.E.M. The
reversal potentials were determined in each cell as the zero current intercept of the polynomial fit
(4-order) to the current–voltage relationship.

2.4. Application of stretch

The stretch was achieved by displacing two microelectrodes attached to the ends of atrial
myocytes (Zhang et al., 2000). The extent of the stretch was expressed as the percentile change in
cell length relative to the original cell length:

DL ¼ ðLstretch � LoriginalÞ=Loriginal � 100: (1)

2.5. Mathematical model

The model of stretch-induced changes in electrical activity used in this study was based on the
Kyoto model (Matsuoka et al., 2003; Sarai et al., 2003), and it can reproduce and describe the
various cellular activities of cardiomyocytes such as AP, sarcoplasmic reticulum (SR) Ca2+

dynamics, and cell contraction. In order to reproduce these activities, the model incorporated ion
channels, exchangers, pumps, Ca2+-binding proteins, SR compartment, and contractile
apparatus. The Kyoto model was originally developed to fit the experimental findings on the
guinea-pig sino-atrial node cells and ventricular myocytes. The improvement of the Kyoto model
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compared with the Oxsoft or Luo-Rudy model can be summarised as follows: (1) The Na+/Ca2+

exchanger, Na+/K+ pump, and SR Ca2+ pump are all described with the lumped two-state
model. (2) The recent experimental data on the background non-selective cation channels (Zhang
et al., 2000) are included. (3) The Ca2+-mediated inactivation and Ca2+-induced activation of the
ryanodine receptor channel are calculated. (4) The presence of common equations between the
sinoatrial node cell and ventricular cell makes it easy to compare them and develop another cell
model including atrial cell model. We had to make some species-specific modifications because
our experimental findings on the stretch-induced electrical activity were mainly obtained from rat
atrial myocytes. The ionic currents through the inward rectifier K+ channel (IK1) and
depolarisation-activated outward K+ channel (IK,out) were modified to fit the experimental
results of our voltage clamp study in rat atrial myocytes. The volumes of the cell were adjusted to
approximate those of the rat atrial myocytes. The ionic concentrations were also modified to be
the same as those used in our experimental work. In order to simulate the stretch-induced effects,
we also introduced the terms of SACs. There is a growing body of evidence that a stretch of
cardiomyocytes also activates the K+-selective TREK (Terrenoire et al., 2001; Niu and Sachs,
2003) and swelling-activated Cl�-selective (Sorota, 1992; Tseng, 1992; Vandenberg et al., 1994)
channels. However, the mode of stretch activating the channels is usually different from that of
SACs, which are activated by a stretch along the longitudinal axis. The stretch-sensitive TREK
and swelling-activated Cl�-selective channels have been found to be activated by applying a
negative pressure to the membrane patch and perfusing a hypoosmotic solution to the cell,
respectively. As we simulate the effects of a stretch along the longitudinal axis, only the SACs
were incorporated into the model.

2.5.1. Stretch-activated non-selective cation channels (SACs) in the model

The amplitude of ISAC in rat atrial myocytes can be determined by the following equation with
a slight modification from the previous model (Sachs, 1994):

ISAC=ISAC;max ¼ 1=ð1þ expððDL� DL1=2Þ=ð�sÞÞÞ, (2)

where ISAC is defined as the current density (pA/pF) at each degree of direct stretch. ISAC,max is
defined as the current density at maximum stretch without cell death or breakdown of the seal. DL

is the percentile change in cell length, which was already described in Eq. (1). DL1/2 is the DL
where the ISAC reaches half the amplitude of ISAC,max. The s represents the slope factor describing
the stretch sensitivity. Fitting the ISAC–stretch relationship in our previous study (Zhang et al.,
2000) to Eq. (2) gives the values of 16.9% and 6.3% corresponding to DL1/2 and s, respectively.
The amplitude can be expressed simply as the function of permeability and the constant field
equations for each ion species without considering the voltage-dependent gating of channels
because ISAC shows linear voltage dependence (Zhang et al., 2000). From the reversal potential
(Vrev ¼ �6.1mV) in the presence of a physiological salt solution, it was calculated that the
permeability ratio of PNa:PK was 1:1.32. The permeability ratio was then used in the model to
calculate the fluxes of each cation by the activation of ISAC. The permeability ratio of PNa:PCa

(1:0.7) was obtained by fitting the results from Kim (1993). The SACs have been known to have a
time-dependent behaviour, a transient activation during a sustained stretch (Hu and Sachs, 1996).
Our experimental results (Zhang et al., 2000) also demonstrate that the activation of SACs is
transient with a sustained stretch. Although the activation is transient, it was static or growing at
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least 1min of stretch (see Fig. 2A). Therefore, we assumed that the increase in SACs conductance
is statically active during a short period of stretch (o30 s) in the modelling.

2.5.2. Background non-selective cation channels in the model

Under the whole-cell voltage clamp, the replacement of Na+ with NMDG+ significantly
reduced the membrane conductance in rat atrial myocytes (Youm et al., 2000). This conductance
still remained after blocking the time- and voltage-dependent ion channels under an isotonic Na+

condition. Although it showed a non-selective permeability over the various cations, the
permeability ratio (PCs:PNa:PLi ¼ 1.49:1:0.70) was different from that of ISAC (PCs:PNa:PLi ¼

1.05:1:0.98) (Zhang et al., 2000). This conductance was described in the model as a sum of cation
components according to their relative permeability ratios.

2.5.3. Model formulations for the inward rectifier K+current (IK1)

State C goes into state O reversibly

C !
an

bn

O,

State O also goes into state B reversibly

O !
m

l
B:

IK1 ¼ 43:2ðV � EKÞð½K
þ�o=5:4Þ

0:62nf U, (3)

EK ¼ �86:7ð½K
þ�i ¼ 140mM; ½Kþ�o ¼ 5:4mMÞ, (4)

an ¼ 1:0=ð8000 expððV � EK � 97Þ=8:5Þ þ 7 expððV � EK � 97Þ=300ÞÞ, (5)

bn ¼ 1:0=ð0:00014 expððV � EK � 97Þ=ð�9:1ÞÞ þ 0:2 expððV � EK � 97Þ=ð�500ÞÞÞ, (6)

m ¼ 12:75 expð0:035ðV � EK � 10ÞÞ=ð1þ expð0:015ðV � EK � 140ÞÞÞ, (7)

l ¼ 3 expð�0:048ðV � EK � 10ÞÞ

�ð1þ expð0:064ðV � EK � 38ÞÞÞ=ð1þ expð0:03ðV � EK � 70ÞÞÞ, ð8Þ

f B ¼ m=ðmþ lÞ, (9)

f U ¼ l=ðmþ lÞ. (10)

2.5.4. Model formulations for the depolarisation-activated outward K+ current (Ik,out)

IK;out ¼ IK;fast þ IK;slow, (11)

IK;fast ¼ IK;fastKþ IK;fastNa; (12)

IK;fastK ¼ 2:9mhKCF, (13)

IK;fastNa ¼ 0:26mhNaCF, (14)
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amðIK;fastÞ ¼ 1=ð1:4 expðV=ð�14241ÞÞ þ 0:35 expðV=ð�15ÞÞÞ, (15)

bmðIK;fastÞ ¼ 1=ð22:7 expðV=37:9Þ þ 1775 expðV=8:4ÞÞ, (16)

ahðIK;fastÞ ¼ 1=ð2:5 expðV=3:2Þ þ 2195 expðV=23:6ÞÞ, (17)

bhðIK;fastÞ ¼ 1=ð40:4 expðV=ð�76022ÞÞ þ 0:29 expðV=ð�5:4ÞÞÞ, (18)

IK;slow ¼ IK;slowKþ IK;slowNa; (19)

IK;slowK ¼ 1:8mhKCF, (20)

IK;slowNa ¼ 0:16mhNaCF, (21)

amðIK;slowÞ ¼ 1=ð0:0002 expðV=ð�7:2ÞÞ þ 1:37 expðV=ð�47:8ÞÞÞ, (22)

bmðIK;slowÞ ¼ 1=ð1346 expðV=16:0Þ þ 1600 expðV=11:3ÞÞ, (23)

ahðIK;slowÞ ¼ 1=ð6613 expðV=135222Þ þ 143392 expðV=12:1ÞÞ, (24)

bhðIK;slowÞ ¼ 1=ð4801 expðV=ð�125ÞÞ þ 119 expðV=ð�10:3ÞÞÞ. (25)

2.5.5. Constant field equations

KCF ¼
FV

RT

½Kþ�i � ½K
þ�o expð�FV=RTÞ

1� expð�FV=RTÞ
, (26)

NaCF ¼
FV

RT

½Naþ�i � ½Naþ�o expð�FV=RTÞ

1� expð�FV=RTÞ
, (27)

CaCF ¼
2FV

RT

½Ca2þ�i � ½Ca
2þ
�o expð�2FV=RTÞ

1� expð�2FV=RTÞ
. (28)

3. Results

3.1. Reconstruction of whole-cell membrane currents of rat atrial myocytes

The building of a computer model based on experimental findings is a prerequisite for the
simulation or prediction of physiological phenomena such as membrane excitability, transport,
and contractility. Based on the Kyoto model, we were able to make a computer model of rat atrial
myocytes demonstrating stretch-induced changes in electrical activity and Ca2+ transients with
some modifications to fit our experimental results (see Methods). In order to check the validity of
our model, we measured whole-cell membrane currents elicited by varying voltage steps or ramp
pulses and compared them with those from the model simulation. Fig. 1A illustrates a typical
series of whole-cell membrane currents of rat atrial myocytes activated by voltage steps between
�120 and +100mV from a holding potential of �80mV. In response to hyperpolarising voltage
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Fig. 1. Comparison of voltage clamp recordings from a single rat atrial myocyte with those in the model simulation.

(A) Experimental recordings on voltage steps to �120 to +100mV from a holding potential of �80mV. The duration

of the voltage steps is 500ms and the interval is 10 s. (B) Current recordings from voltage steps by model simulation.
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steps, large sustained inward currents appeared, whereas depolarisation up to �20mV induced
very small steady-state outward currents, which are known characteristics of inward rectifier K+

channels in cardiac myocytes. From –60mV, capacitive-like transient inward currents were also
noticed, which represent the activation of voltage-gated Na+ channels. From �20mV, time-
dependent outward currents became dominant. These currents represent the currents carried by
depolarisation-activated outward K+ channels. The depolarisation-activated outward K+

current is the main repolarisation-inducing current in rat atrial myocytes (Boyle and Nerbonne,
1992). As illustrated in Fig. 1B, the recording of the model simulation elicited by voltage steps
faithfully reproduced the typical time-dependent membrane currents in rat atrial myocytes (see
Fig. 1A).

3.2. Stretch-induced changes in I–V relationship

In a second series of experiments, the effects of stretch on the I–V relationship were examined.
Mechanical stimuli that have been used at the single-cell level include osmotic swelling, positive
inflation pressure, mechanical indentation, and uniaxial stretch (Cazorla et al., 1999; Riemer and
Tung, 2003). We chose uniaxial stretch to examine the effects of stretch on the I–V relationship
because it is generally assumed to be the most appropriate model analogous to the stretch of tissue
(Brady, 1991).
The atrial cells were dialysed with a high KCl pipette solution, and the membrane voltage was

held at �30mV. To obtain the brief current–voltage relationships (I–V curves), ramp pulses were
applied every 20 s (see the original chart trace in Fig. 2A). The I–V curves were obtained in control
conditions and during the application of stretch (20% stretch) and compared between the
experimental (Fig. 2A, control) and simulation recordings (Fig. 2B, control). The control I–V

curves obtained in both conditions showed strong inward rectification and outward rectification
was also noticeable from the membrane potential of 0mV. The reversal potentials ranged between
�80 and �65mV. A uniaxial stretch of single atrial myocytes (20% increase in length)
consistently increased the membrane conductance and shifted the reversal potential to the positive
direction (Fig. 2A, stretch). The difference between the currents before and after the stretch was
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Fig. 2. Experimental recordings showing the effect of stretch on the I–V relationship. (A) The effect of direct stretch by

two microelectrodes on the I–V relationship. In order to get an I–V relationship, ramp pulses from –120 to +60mV

with dV/dt of –225mV s�1 were applied to the cell every 20 s. The holding potential between ramp pulses was –30mV.

The left upper inset shows the chart recording of current traces before, during, and at recovery of stretch (20%) in

normal Tyrode external and high K+ internal solution. The lower inset shows the I–V relationship obtained from the

left upper inset before and during stretch. (B) Simulation recordings of current traces and I–V relationship before and

during stretch. Pulse protocols and ionic concentrations are the same as those in A. The activation of SACs was

determined by Eq. (2) (see Methods for details).

J.B. Youm et al. / Progress in Biophysics and Molecular Biology 90 (2006) 186–206194
obtained by digital subtraction and was regarded as the stretch-activated current (ISAC). The
reversal potential of ISAC was �6.173.7mV (n ¼ 7). The PNa/PK was found to be 0.76, as
calculated from the value of the reversal potential (�6.1mV) under physiological ionic condition.
A simulation model of the stretch was developed with the formulation and incorporation of SACs
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into our computer model using quantitative data such as the permeability ratio, voltage-, and
stretch-dependence obtained from our experimental results (see Methods). As illustrated in
Fig. 2B, the model simulation faithfully reproduced the experimental results in Fig. 2A. The
activation of SACs in the model simulation increased the whole-cell membrane currents and
shifted the reversal potential to the positive direction.

3.3. Stretch-induced changes in AP

The stretch of cardiomyocytes along the longitudinal axis has been shown to depolarise the
diastolic membrane (Hansen et al., 1991; Kohl et al., 1999; Zhang et al., 2000). However, the
effect on the AP duration (APD) is variable: decrease (White et al., 1993; Tung and Zou, 1995) or
increase (Zeng et al., 2000) in APD. We performed stretch experiments using our simulation
model and compared them with experimental results. As the amplitude of ISAC was increased by a
virtual stretch, the diastolic membrane of the model cell was depolarised in a stretch-dependent
manner. If the increase in the conductance of SACs was sufficient, the depolarisation reached a
threshold that resulted in the firing of APs (Fig. 3B). Stretch-induced APs had longer duration
than electrically generated APs, but the amplitude of stretch-induced APs was slightly decreased,
possibly via partial inactivation of sodium channels during the slow depolarisation to the
threshold level. The model agreed well with our previous data (Zhang et al., 2000) that showed a
stretch (20%) generated APs without electrical stimulation (Fig. 3A). The APD during the stretch
was also significantly changed in opposite directions at different levels of repolarisation. The APD
at a 90% repolarisation level (APD90) was increased from 73.8 to 123.1ms by a 10% stretch, while
the APD at a 20% repolarisation level (APD20) was decreased from 4.6 to 4.0ms (Fig. 3C).
Comparing the APD between stretches of 10% and 20%, the APD of 20% stretch was
significantly decreased (data not shown; APD20 ¼ 3.57ms, APD90 ¼ 54.9ms), possibly via partial
inactivation of the L-type Ca2+ current secondary to the severe degree of depolarisation (resting
membrane potential ¼ �53.2mV).
The activation of SACs would increase the membrane permeability for both Na+ and Ca2+

because SACs are non-selective to cations (Kim, 1993). However, the prediction or determination
of the differential effects of increased permeability of each ion species through SACs under
physiological ionic conditions is improbable because of the technical difficulty. By using the
simulation models, we could circumvent the technical difficulty that is expected in real
experiments; thus, we decided to investigate whether one of the ion species (i.e., Na+ or Ca2+)
plays a more essential role in the stretch-induced modulation of electrical activity in atrial
myocytes. We tested two different cases in which permeability to one of the ions through SACs
was set to 0. As shown in Fig. 4B, reducing the Ca2+ permeability to 0 from control failed to
significantly affect the stretch-induced changes in the AP (Fig. 4A). On the other hand, reducing
the Na+ permeability nearly abolished the stretch-induced changes in the AP under a control
condition (Fig. 4C).

3.4. Stretch-induced changes in Ca2+ transients

The evidence that myocardial stretch modulates [Ca2+]i exists (Allen and Kurihara, 1982;
Hongo et al., 1996; Tavi et al., 1998; Calaghan et al., 2003). The opening of SACs is often
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Fig. 3. Comparison of the effects of direct stretch on the membrane potentials by experimental findings with those by

model simulation. (A) The effects of direct stretch (20%) on the diastolic membrane potential and AP obtained

experimentally. The direct stretch depolarised the diastolic membrane and triggered an AP (arrow) without an electrical

stimulus. The duration of the AP triggered by a current injection (upward triangle) was prolonged by the stretch

compared with the control. Reproduced with the permission of Zhang et al. (2000). (B) The effects of the direct stretch

on the diastolic membrane potential and the AP in a model simulation. (C) Comparison of APs between the control and

the 10% stretch in a model simulation. The model simulation depolarised the diastolic membrane (from �82 to �70mV

at) and prolonged the APD at a 90% repolarisation level (from 73.8 to 123.1ms).
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suggested as a possible mediator of the stretch-induced changes in Ca2+ transients (Tavi et al.,
1998; Calaghan et al., 2003). Fig. 5A illustrates the model-predicted effects of stretch on the Ca2+

transients. A simulated stretch gradually increased the amplitude of the Ca2+ transients as well as
the diastolic [Ca2+]i (Fig. 5A). The release of the stretch slowly reversed the stretch-induced
changes to the control level.
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Fig. 4. Model predictions of the AP changes by activation of SACs (corresponding to a 10% stretch) with different

ionic permeabilities. (A) A prediction of changes in APs when PNa:PK:PCa through SACs is 1:1.32:0.70. (B) A

prediction of changes in APs when PCa is 0 (PNa:PK:PCa ¼ 1:1.32:0). (C) A prediction of changes in APs when PNa is 0

(PNa:PK:PCa ¼ 0:1.32:0.7). The stimulus interval was 1.0 s.
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With regard to the APs, it was suggested that the permeability to Na+ rather than Ca2+ plays
a more crucial role in the stretch-induced modulation of electrical activity in atrial myocytes
(Fig. 4). As for which ion species plays a more crucial role in the generation of the gradual
increase in the amplitude of Ca2+ transients during the stretch, Fig. 5B shows that reducing the
Ca2+ permeability has little effect on the stretch-induced changes in the Ca2+ transients. On
the other hand, reducing the Na+ permeability nearly abolished the stretch-induced changes
(Fig. 5C), which contradicts the possibility that the Ca2+ influx through SACs could directly
increase the amplitude of Ca2+ transients during a stretch. As an alternative mechanism, an
indirect pathway of Ca2+ influx could be proposed. The activation of SACs should increase
[Na+]i because the channels are permeable to Na+ as well as Ca2+ (Kim, 1993). The
accumulation of Na+ could then lead to the upregulated operation of the Na+/Ca2+ exchanger
in reverse-mode during the rising phase of the APs, which finally would increase the Ca2+ influx.
In support of this possibility, the sustained activation of SACs by a virtual stretch gradually
increased [Na+]i while the release of the stretch very slowly reversed [Na+]i in the model
simulation (Fig. 6A). Interestingly, the peaks of the Ca

2+

transients during the stretch along a time
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Fig. 5. Model predictions of changes in Ca2+ transients by activation of SACs (corresponding to a 10% stretch) with

different ionic permeabilities. (A) A prediction of changes in Ca2+ transients when PNa:PK:PCa through SACs is

1:1.32:0.70. (B) A prediction of changes in Ca2+ transients when PCa is 0 (PNa:PK:PCa ¼ 1:1.32:0). (C) A prediction of

changes in Ca2+ transients when PNa is 0 (PNa:PK:PCa ¼ 0:1.32:0.7). The stimulus interval was 1.0 s.
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axis were found to follow the time course of [Na
+

]
i
(Fig. 6B), which further supports the idea that

the gradual increase in the amplitude of Ca2+ transients during a stretch has an association with
an indirect pathway related to the increase in Na+ influx through SACs. We tested this idea by
making [Na+]i unchanged during the stretch or by removing the [Na

+

]
i
-dependent activation of

the Na+/Ca2+ exchanger using the model simulation. As shown in Fig. 7B, making [Na+]i
constant markedly attenuated the stretch-induced changes in the Ca2+ transients. Removing the
[Na+]i-dependent activation of the Na+/Ca2+ exchanger also reduced the stretch-induced
changes in the Ca2+ transients (Fig. 7C).
4. Discussion

The objectives of the present study were to reproduce the stretch-induced changes of rat atrial
myocytes and to study the role of SACs in these changes using a model simulation. The
experimental part of the study demonstrated that a stretch increases membrane conductance and
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Fig. 6. Model predictions of [Na+]i (A) and Ca2+ transients (B) during application and release of stretch (10% stretch).

The stimulus interval was 1.0 s.
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shifts the reversal potential to the positive direction. The study also demonstrated that the stretch
depolarises the diastolic membrane and prolongs the APD, which are thought to be produced by
the opening of the SACs. A relationship between the extent of the stretch and the opening of the
SACs was then formulated and included in the model simulation to perform a modelling study.
The modelling part of the study demonstrated that introducing the SACs into the model
successfully reproduces the stretch-induced changes of the AP, such as diastolic depolarisation
and APD prolongation, obtained from the experimental part of the study. The modelling part of
the study also suggested that the opening of SACs during a sustained stretch makes the Ca2+

transients bigger. Finally, the model predicted that the influx of Na+ rather than Ca2+ through
SACs has a more crucial role in the development of these stretch-induced changes in the AP or
Ca2+ transients.
The ISAC induced by the stretch in the rat atrial myocytes showed a nearly linear voltage

dependence and reversed polarity near �6mV under physiological ionic conditions. ISAC has also
been analysed with a similar technique in the ventricular cells of humans (Kamkin et al., 2000),
guinea-pigs (Sasaki et al., 1992; Kamkin et al., 2000; Calaghan et al., 2003), rats (Kamkin et al.,
2000), mice (Kamkin et al., 2003), and frogs (Riemer and Tung, 2003). In most cases, ISAC showed
a voltage dependence and reversal potential similar to our results. ISAC is thought to act as an
outward current at positive potentials and an inward current at negative potentials because the
reversal potential of the ISAC is near 0mV. Therefore, the activation of the ISAC can speed up early
repolarisation and retard late repolarisation. In addition, the activation of the ISAC should
depolarise the diastolic cell membrane because the stretch shifts the currents to more negative
values at negative potentials. In agreement with this idea, the activation of the ISAC, in both the
model simulation and the real experiment, decreased the APD at positive potentials and increased
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Fig. 7. Model predictions of changes in Ca2+ transients under (A) control conditions, (B) constant [Na+]i (5.4mM),

and (C) removal of [Na+]i-dependent activation of the Na+/Ca2+ exchanger during the stretch (10% stretch). Each

trace in the right panel (solid: redrawn from the point indicated by solid arrows in the left panel; dotted: redrawn from

the point indicated by dotted arrows) denotes the expanded Ca2+ transients. The stimulus interval was 1.0 s.
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it at negative potentials: thus, the two APs crossed over (Fig. 3). In guinea-pig ventricular
myocytes, a direct stretch induced diastolic depolarisation and AP prolongation (Kamkin et al.,
2000), which agrees with our results. Calaghan et al. (2003) also found that the direct stretch of
guinea-pig ventricular myocytes prolonged the APD. However, there are contradictory reports on
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the effect of stretch on the APD (White et al., 1993; Tung and Zou, 1995), showing that a stretch
decreased the APD. The discrepancy seems to result from the different definitions of APD used in
each study. If one determines APD at early repolarisation, the response to stretch should be
recognised as a decrease in APD, while the response is regarded as an increase when determined at
late repolarisation. The acceleration of early repolarisation by a stretch is noteworthy in that it
reduces the refractory period, which favours a pro-arrhythmic condition (Wijffels et al., 1997;
Franz and Bode, 2003).
When the extent of stretch-induced diastolic membrane depolarisation reached a threshold, APs

were triggered without electrical stimulation in both the model simulation and the real experiment
(Fig. 3). The stretch-induced premature APs have also been shown in the papillary muscle of a
Rhesus monkey (Kaufmann and Theophile, 1967) and in the rat atrium (Kamkin et al., 2000).
These results strongly suggest the pro-arrhythmic effect of an excessive ISAC (Stacy et al., 1992).
The involvement of SACs in the stretch-induced vulnerability to atrial arrhythmia was
demonstrated by using the specific SAC blocker isolated from the venom of the tarantula
Grammostola spatulata (Bode et al., 2001).
The stretch of the intact heart, isolated muscle, and single myocyte causes an immediate

increase in force owing to an increase in myofilament Ca2+ sensitivity, followed by a secondary
and slower increase in force that takes place over several minutes (Parmley and Chuck, 1973;
Tucci et al., 1984). Allen and Kurihara (1982) showed that the slow response is associated with a
corresponding increase in the magnitude of the Ca2+ transients. The increase in the magnitude
of the Ca2+ transients produced by a stretch has been clearly demonstrated in the rat atrium (Tavi
et al., 1998) and isolated rat ventricular trabeculae (Kentish and Wrzosek, 1998; Alvarez et al.,
1999). Our model simulation agreed with these results and also demonstrated an increase in the
amplitude of Ca2+ transients during a stretch (Fig. 5). The underlying mechanism of the stretch-
induced changes in Ca2+ transients, however, still remains to be explained. In order to explain the
gradual increase of Ca2+ transients during a stretch, the possible pathway of Ca2+ influx must be
discussed. Primarily, Ca2+ influx through SACs must be discussed. The majority of SACs have
considerable permeability for both monovalent and divalent cations (Sachs, 1988; Kim, 1993).
Our model of SACs also has permeability for Ca2+ and Na+. Thus, the activation of SACs
should lead to an increase in the amplitude of the Ca2+ transients. Our model simulation,
however, suggested that the permeability for Na+ rather than Ca2+ is the major trigger for the
stretch-induced change in Ca2+ transients (Fig. 4). Although Ca2+ influx through SACs is also
noticeable, it is unlikely that this is the major pathway of Ca2+ influx during a stretch. As a
second possibility, Ca2+ influx through the L-type Ca2+ current (ICa,L) should be discussed.
Although the major Ca2+ influx pathway during an AP is the L-type Ca2+ current (ICa,L) in the
cardiac cell, this possibility is also unlikely given the results that an axial stretch caused no
increase in ICa,L in guinea-pig, ferret, and rat myocytes (Sasaki et al., 1992; Hongo et al., 1996;
Kamkin et al., 2000; Belus and White, 2003). However, there is a possibility that extra Ca2+ might
enter the cell via ICa,L and partly contribute to the increase in the amplitude of Ca2+ transients
owing to delayed voltage-dependent inactivation during the prolonged depolarisation (Calaghan
et al., 2003; Kamkin et al., 2003). Finally, an increase in Ca2+ influx through the Na+/Ca2+

exchanger operating in a reverse-mode could be possible. Our model predicted that the activation
of SACs could increase the amplitude of Ca2+ transients indirectly. The influx of Na+ through
the SACs is thought to induce Na+ accumulation in the cytosol, as SACs are permeable to Na+.
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There is evidence that a stretch increases the cytosolic and total Na+ concentration in human,
mouse, and rat ventricular myocytes (Alvarez et al., 1999; Baartscheer et al., 2003; Isenberg et al.,
2003). Na+ accumulation favours the reverse-mode operation of the Na+/Ca2+ exchanger during
the rising phase of the AP (Alvarez et al., 1999; Perez et al., 2001; Calaghan et al., 2003). The
increase in Ca2+ influx through the Na+/Ca2+ exchanger could then make the Ca2+ transients
bigger during the stretch. In support of the above explanation for the underlying mechanism,
making [Na+]i unchanged during the stretch or removing the [Na+]i-dependent activation of the
Na+/Ca2+ exchanger in the model produced a marked decrease in the stretch-induced changes in
the Ca2+ transients (Fig. 7C).
The results concerning the stretch-induced change of the diastolic [Ca2+]i are controversial. Some

studies do show an increase in the diastolic [Ca2+]i (White et al., 1993; Gannier et al., 1994, 1996),
which agrees with our findings. However, there are conflicting studies that show that the diastolic
[Ca2+]i does not change during the stretch (Hongo et al., 1996; Tavi et al., 1998). The contradictory
data in the literature may be explained by considering that a moderate increase of Ca2+ influx is
well counterbalanced by the Na+/Ca2+ exchanger or plasmalemma Ca2+ pump, whereas a severe
increase in Ca2+ influx eventually leads to Ca2+ accumulation, elevating diastolic [Ca2+]i. The
exact influence and role of a stretch on the diastolic [Ca2+]i remain to be studied.
The model simulation of the present study faithfully reproduced the stretch-induced changes in

APs and Ca2+ transients of rat atrial myocytes and also provided insight into the possible role of
SACs in the stretch-induced changes and the underlying mechanism. The Na+ influx via the SACs
not only changes the shape of APs, but also augments the Ca2+ transients most probably via a
reverse-mode operation of the Na+/Ca2+ exchangers. The further investigation about the stretch-
induced modulation of various ion channels in cardiac myocytes and the incorporation of those
parameters would improve the model prediction of the cardiac electrophysiology.
Editor’s note

Please see also related communications in this volume by Sobie et al. (2005) and Cooper et al.
(2005). For further downloadable content please see http://www.physiome.org.nz/publications/
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Appendix

Parameter details and definition of symbols are given in Tables 1 and 2.
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Table 1

Parameter details

Cell geometry:

Cell volume: Vi ¼ 4046mm3

SR release site: Vrel ¼ 0.02Vimm
3

SR uptake site: Vup ¼ 0.05Vimm
3

Membrane capacitance: Cm ¼ 50 pF

Ionic concentrations used:

[K+]i ¼ 140mM

[Na+]i ¼ 5.4mM

[Ca2+]i ¼ 3.5 nM

[K+]o ¼ 5.4mM

[Na+]o ¼ 140mM

[Ca+]o ¼ 1.8mM

Table 2

Definition of symbols

Inward rectifier K+ channel:

IK1: inward rectifier K+ current

C: closed state

O: open state

B: blocked state

n: activation gate

fB: fraction of block

fU: fraction of unblock

an and bn: opening and closing rate constants, respectively, ms�1

m: rate constant of block, ms�1

l: rate constant of unblock, ms�1

Depolarisation-activated outward channel:

IK,out: depolarisation-activated outward K+ current

IK,fast: fast component of depolarisation-activated outward K+ current

IK,slow: slow component of depolarisation-activated outward K+ current

m,h: activation and inactivation gates, respectively

am and bm: opening and closing rate constants, respectively, of activation gate, ms�1

ah and bh: opening and closing rate constants, respectively, of inactivation gate, ms�1

F: Faraday constant, 96.4867Cmmol�1

R: gas constant, 8.3143CmVK–1mmol�1

T: absolute temperature, 298.15K

V: membrane potential, mV

EK: reversal potential of K
+, mV
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