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ABSTRACT

Background Pulmonary veins (PVs) contain cardiomyocytes with a high arrhythmogenicity for inducing atrial 
fibrillation. The swelling-activated outwardly rectifying Cl– currents (ICl,swell) are important in the electrical activity 
of cardiomyocytes. This study was to investigate whether ICl,swell play a role in the PV electrophysiological 
characteristics.

Materials and methods A whole-cell patch clamp was used to investigate the action potentials and ICl,swell 
in isolated rabbit single PV and atrial cardiomyocytes during immersion in isotonic (290–300 mosm L–1) and 
hypotonic (220–230 mosm L–1) solutions. The cell length and cell width were measured using confocal 
microscopy.

Results Hypotonic solution induced larger ICl,swell in the PV cardiomyocytes with pacemaker activity than those 
in the PV cardiomyocytes without pacemaker activity or atrial cardiomyocytes. Hypotonic solution shortened the 
action potential duration and increased the cell width to a greater extent in the PV cardiomyocytes than in the 
atrial cardiomyocytes. Moreover, hypotonic solution decreased the PV firing with a decrease in the transient 
inward currents and delayed after depolarizations.

Conclusions These findings suggest that the ICl,swell plays an important role in the electrical activity of the PV 
cardiomyocytes.
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Introduction

Atrial fibrillation is the most common cardiac arrhythmia 
seen in clinical practice and induces cardiac dysfunction and 
strokes [1,2]. Myocardial ischaemia has been shown to be an 
important factor in the occurrence of atrial fibrillation [3,4]. 
However, the underlying mechanisms of the pathophysiological 
mechanisms still remain unclear. The metabolites which 
accumulate in cardiomyocytes during ischaemia would increase 
the intracellular osmolarity and cause the development of an 
osmotic gradient between the intracellular and extracellular milieu 
and produce cell swelling [5]. The swelling-activated Cl– currents 
(ICl,swell) have been found in mammalian cardiomyocytes and 
modulate the cardiac electrical activity [6–10]. Previous studies 
have shown that ICl,swell will shorten the action potential (AP) 
duration and facilitate the genesis of re-entrant circuits [10]. 
Therefore, ICl,swell may play an important role in the 
pathophysiology of atrial fibrillation during myocardial 
ischaemia.

Pulmonary veins (PVs) are known to be important sources of 
ectopic beats which initiate paroxysmal atrial fibrillation or are the 
foci of ectopic atrial tachycardia and focal atrial fibrillation [11–13]. 
PVs also play a vital role in the maintenance of atrial fibrillation 
[14,15]. Previous studies have shown that PVs contain a mixture 
of working myocardium and pacemaker cells with distinctive 
electrical activity and high arrhythmogenesis [16–20]. PV 
cardiomyocytes receive their blood supply from the left 
circumflex coronary artery. Therefore, circumflex coronary artery 
disease may induce ischaemia in PV cardiomyocytes and produce 
cell swelling. Nevertheless, knowledge about ICl,swell in the PV 
cardiomyocytes has been limited. Since different cardiomyocytes 
have dissimilar ICl,swell [21], ICl,swell may play a crucial role in the 
PV electrical activity and produce ischaemia-induced atrial 
fibrillation. The purpose of the present study was to compare the 
ICl,swell among the PV and atrial cardiomyocytes and to investigate 
the role of the ICl,swell in PV arrhythmogenesis.
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Materials and methods

Isolation of PV cardiomyocytes

PV and atrial cardiomyocytes were enzymatically dissociated 
using the same procedure as described previously [22,23]. In brief, 
the heart with the lungs was removed from anesthetized rabbits 
after a mid-line thoracotomy. The PV and atrial cardiomyocytes 
were perfused in a retrograde manner via a polyethylene tubing 
cannulated through the aorta and left ventricle into the left 
atrium. The free end of the polyethylene tube was connected 
to a Langendorff perfusion column for perfusion with 
oxygenated normal Tyrode’s solution at 37 °C [containing: 
NaCl 137, KCl 5·4, CaCl2 1·8, MgCl2 0·5, N-(2-Hydroxyethyl) 
piperazine-N′-(2-ethanesulfonic acid) (HEPES) 10 and glucose 
11 mm; the pH was adjusted to 7·4 by titrating with 1 N 
NaOH]. The perfusate was replaced with oxygenated Ca2+-free 
Tyrode’s solution containing 300 units mL–1 of collagenase 
(Type I, Sigma, ST. Louis, Missouri, USA) and 0·25 units mL–1 
of protease  (Type XIV, Sigma) for 8–12 min. The atrial and 
proximal PVs (8–12 mm) were isolated and were gently shaken 
in Ca2+-free oxygenated Tyrode’s solution until single 
cardiomyocytes were obtained. The solution was then gradually 
changed to normal oxygenated Tyrode’s solution. The cells were 
allowed to stabilize in the bath for at least 30 min before the 
experiments.

Measurement of cell width and length in hypotonic 

and isotonic solutions

The PV and atrial cardiomyocytes were placed in an experimental 
chamber of a Zeiss LSM 510 laser scanning microscope  (Axiovert 
100 A, Carl Zeiss Co., Jena, Germany). The cells were allowed to 
settle on the bottom of the experimental chamber for 10 min. The 
cell width and length were measured in a frame scan mode 
composed of 512 × 512 pixels while immersed in the isotonic and 
hypotonic solutions at 35 ± 1 °C.

Electrophysiological study

A whole-cell patch-clamp was performed using an Axopatch 1D 
amplifier (Axon Instruments, Foster City, CA, USA) at 35 ± 1 °C, 
and borosilicate glass electrodes (outer diameter, 1·8 mm) were 
used, with tip resistances of 3–5 MΩ. Before the formation of the  
membrane-pipette seal, the tip potentials were zeroed in Tyrode’s 
solution (containing: NaCl 137, KCl 5·4, CaCl2 1·8, MgCl2 0·5, 
HEPES 10 and glucose 11 mm; the pH was adjusted to 7·4 by 
titration with 1 N NaOH). The AP and transient inward currents 
of the cardiomyocytes were measured during superfusion with the 
isotonic solution (290–300 mosm L–1) and hypotonic solution 
(220–230 mosm L–1). The isotonic solution contained (in mm): NaCl 
100, KCl 5, MgCl2 1, CaCl2 1·5, glucose 10, HEPES 10 and mannitol 
70, titrated to a pH of 7·4 with NaOH. The components of the 
hypotonic solution (220–230 mosm L–1) were the same as those for 

the isotonic medium except that mannitol was omitted. The APs 
and ionic currents were recorded in the current-clamp mode and 
in the voltage-clamp mode, respectively [20]. A small 
hyperpolarizing step from a holding potential of –50 mV to a 
testing potential of –55 mV for 80 ms was delivered at the 
beginning of each experiment. The area under the capacitative 
currents was divided by the applied voltage step to obtain the total 
cell capacitance. Voltage command pulses were generated by 
a 12-bit digital-to-analog converter controlled by pCLAMP 
software (Axon Instruments). Recordings were low pass-filtered at 
half the sampling frequency. Data were sampled at rates varying 
from 2 to 25 kHz.

The AP duration at 90% (APD90) of the full repolarization was 
measured during APs elicited by 2 Hz electrical stimulations. Only 
APs with stable morphology during paired stimulation were 
selected for measurement. The delayed after depolarization was 
defined as the presence of a spontaneous depolarization of the 
impulse after full repolarization had occurred. The micropipettes 
were filled with a solution containing (in mm) KCl 20, K aspartate 
110, MgCl2 1, Mg2ATP 5, HEPES 10, EGTA 0·5, LiGTP 0·1, and Na2 
phosphocreatine 5, titrated to a pH of 7·2 with KOH for the 
transient inward currents and AP experiments. To measure the 
activity of the volume-regulated Cl– channels, KCl was replaced 
by CsCl in the media and the pipette solutions contained (in mm): 
CsCl 40, Cs-aspartate 100, MgCl2 1, CaCl2 1·93, EGTA 5, ATP 2, GTP 
0·5, and HEPES 5. The pipette solutions were adjusted to a pH of 
7·2 with CsOH. The recordings were low pass-filtered at half the 
sampling frequency. Data were sampled at rates varying from 2 
to 25 kHz.

The current-voltage relationship of the ICl,swell was measured as 
the difference between the elicited chloride currents while 
immersed in the isotonic and hypotonic solutions, which were 
induced from clamped potentials from a hold potential of –40 mV 
to test potentials from –100 to +100 mV with an increment of 20 mV 
for a duration of 0·3 s.

The transient inward current was induced by clamped 
potentials from –40 to +40 mV for a duration of 3 s and then 
repolarized to –40 mV. The amplitude of the transient inward 
current was measured as the difference between the peak of the 
transient current and the mean of the current just before and after 
the transient current [20].

Statistical analysis

Continuous variables are expressed as the mean ± S.E.M. 
The differences among the atrial cardiomyocytes and PV 
cardiomyocytes with and without pacemaker activity were 
analyzed by a one-way anova. Multiple comparisons were 
analyzed with the Bonferroni t-test. The differences before and 
after the superfusion of the hypotonic solution were analyzed by 
a paired T-test. A P-value lower than 0·05 was considered to be 
statistically significant.
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Results

Effect of the hypotonic solution on the cellular size

Compared to those observed in the isotonic solution, 
immersion in the hypotonic solution increased the cell width and 
cell length in the PV and atrial cardiomyocytes (Fig. 1a). Moreover, 
hypotonic solution increased the cell width in the PV 
cardiomyocytes with pacemaker activity to a greater extent than 
those in the atrial cardiomyocytes or PV cardiomyocytes without 
pacemaker activity (Fig. 1b). However, hypotonic solution 
increased the cell length to a similar extent among the atrial 
cardiomyocytes and PV cardiomyocytes with or without 
pacemaker activity (Fig. 1c).

ICl,swell of the PV and atrial cardiomyocytes

Figure 2a shows the recordings of the ICl,swell in the atrial 
cardiomyocytes and PV cardiomyocytes with and without 
pacemaker activity. The current densities of the ICl,swell differed 
among the atrial cardiomyocytes and PV cardiomyocytes with or 
without pacemaker activity. Figure 2b shows the I-V relationship 
of the ICl,swell in the PV and atrial cardiomyocytes. The ICl,swell in 
the PV cardiomyocytes were   larger than those in the atrial 
cardiomyocytes. In addition, the PV cardiomyocytes with 
pacemaker activity had larger ICl,swell than those without 
pacemaker activity. The administration of 1 mm of ICl,swell blocker, 
DIDS (4,4′-diisothiocyanostilbene-2,2′-disulfonic acid) [24], 
reduced the swelling-activated outward currents. Those 
findings confirmed that these currents belonged to the ICl,swell 
(Fig. 2c).

Effects of hypotonic solution on the PV electrical 

activity

As in the example shown in Fig. 3a, the exposure of the cells to 
the hypotonic solution decreased the PV firing rates from 2·2 ± 0·2 
to 1·1 ± 0·3 Hz (n = 9, P < 0·05) in the PV cardiomyocytes with 
pacemaker activity. In the PV cardiomyocytes without pacemaker 
activity, hypotonic solution shortened the APD90 and depolarized 
the resting membrane potential (Fig. 3b). In the atrial 
cardiomyocytes, the hypotonic solution also decreased the APD90. 

Figure 1 The change in the cell size occurring between isotonic 
and hypotonic solutions. Panel a shows the cell images from a 
pulmonary vein (PV) cardiomyocyte in an isotonic and hypotonic 
solution superfusion. The a, b (88·8, 13·7 μm) and a′, b′ (90·6, 
14·8 μm) show the cell length and width of a PV cardiomyocyte 
in the isotonic and hypotonic solutions. Panel b shows the 
average cell length and width in atrial (n = 14) and PV 
cardiomyocytes with (n = 9) and without (n = 12) pacemaker 
activity.
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Those effects could be reversed by the administration of DIDS 
(1 mm). However, compared with those in the atrial 
cardiomyocytes, hypotonic solution induced a significantly 
greater APD90 shortening in the PV cardiomyocytes with a 
constant speed to reach a steady state (Fig. 3b,c). In contrast, 
hypotonic solution shortened the APD90 with a relatively slow 
response in atrial cardiomyocytes (Fig. 3c). Moreover, in the 
PV cardiomyocytes with delayed after depolarizations,
hypotonic solution significantly decreased the amplitude of 
the DADs from 10·0 ± 1·7 to 1·6 ± 0·7 mV (n = 8, P < 0·01, Fig. 3d).

Effects of the hypotonic solution on the transient 

inward currents

In order to evaluate the mechanism of hypotonic solution-induced 
decrease of delayed after depolarization, we compared the 
transient inward currents of cardiomyocytes during immersion in 
isotonic and hypotonic solutions. Hypotonic solution decreased 
the transient inward currents both in the atrial cardiomyocytes 
and PV cardiomyocytes (Fig. 4). Those effects could be reversed 
by the administration of DIDS (1 mm, Fig. 4c). Therefore, the 
activation of ICl,swell may reduce the transient inward currents, 
decreasing hypotonic solution-induced delayed after 
depolarizations.

Discussion

In this study, for the first time, we identified the existence of the 
ICl,swell in the PV cardiomyocytes and found different current 
densities of the ICl,swell between the PV and atrial cardiomyocytes. 
Those results confirmed that the PV cardiomyocytes contained 
distinct electrophysiological characteristics [25]. Similarly, ICl,swell 
in atrial and sinoatrial node cells also differed [26]. The results of 
this study showed that the changes in the cell width during 
immersion in hypotonic solution were greater in the PV 
cardiomyocytes than in the atrial cardiomyocytes. These findings 
were hypothesized to arise from different cytoskeletons between 
the atrial cardiomyocytes and PV cardiomyocytes [27], since the 
PV cardiomyocytes have to adapt themselves to the vascular 
structure and they should have a more flexure structure with a 
susceptibility to volume changes. In addition, the significant 
increase in the cell width in the PV cardiomyocytes may cause 
larger ICl,swell. The PV and atrial cardiomyocytes are known to have 
different embryological origins and may have different cell 
structures [18]. Taken together, those findings suggested that 
non-uniform ICl,swell existed in the cardiomyocytes.

In this study, we found that osmotic swelling induced a greater 
APD90 shortening in the PV cardiomyocytes as compared to those 

Figure 2 The example of ICl,swell tracings (a) and the I-V relationship (b) during osmotic swelling in the atrial cardiomyocytes (n = 7) 
and PV cardiomyocytes with (n = 7) or without (n = 7) pacemaker activity. *P < 0·05 vs. atrial cardiomyocytes, #P < 0·05 vs. PV 
cardiomyocytes without pacemaker activity. The insets in the current traces show the various clamp protocols. (c) shows that ICl,swell 
blocker (DIDS, 1 mM) reduced hypotonic solution-induced ICl,swell in a PV cardiomyocyte.
20 © 2008 The Authors. Journal Compilation © 2008 Blackwell Publishing Ltd
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in the atrial cardiomyocytes. Activation of the ICl,swell is known to 
shorten the AP duration in cardiomyocytes [10]. The larger ICl,swell 
in the PV cardiomyocytes will produce greater APD90 shortening 
with a rapid time course during immersion in hypotonic solution. 
As micro re-entry plays a critical role in the PV arrhythmogenesis, 
the significant hypotonic solution-induced APD90 shortening will 
facilitate the genesis of micro re-entry circuits in the PVs and 
enhance the PV arrhythmogenesis to induce atrial fibrillation 
during myocardial ischaemia. Moreover, osmotic swelling may 
cause a decrease in conduction velocity due to a slight 
depolarization of diastolic potential with inactivation of the Na+ 
current [28]. This effect may also enhance the occurrence of micro 

re-entry. Since human and rabbit PVs have similar 
electropharmacological characteristics [25], our findings should be 
comparable with the clinical situations.

ICl,swell has been found in pacemaker cells; however, ICl,swell and 
cell swelling in the pacemaker activity of cardiomyocytes has been 
obscure. The results of this study first showed that cell swelling 
may reduce the PV firing rates. Transient inward currents are 
known to induce delayed after depolarizations and play an 
important role in the PV firing rates. In this study, activation of 
ICl,swell would decrease the transient inward currents and reduce 
the PV firing rates or delayed after depolarizations. Those effects 
may be caused by ICl,swell-induced APD90 shortening, which would 

Figure 3 Effects of hypotonic solution on the PV electrical activity and action potential (AP) morphology. (a) shows an example 
of hypotonic solution reducing the PV firing rates from 1·8 Hz to 0·8 Hz and also inhibiting the delayed after depolarizations (↓). 
Right panel shows the time course of the osmotic swelling on the PV firing rates. (b) shows the superimposed tracings and 
the average resting membrane potential (RMP) and AP duration at 90% of the full repolarization (APD90) in the PV (n = 8) and atrial 
cardiomyocytes (n = 8) during isotonic and hypotonic solutions. Hypotonic solution-induced a larger decrease in the APD90 in the 
PV cardiomyocytes than in the atrial cardiomyocytes. (c) shows the time course of hypotonic solution on the APD90 in a PV 
cardiomyocyte and atrial cardiomyocyte, respectively. (d) shows an example of the hypotonic solution reducing the amplitude of 
the delayed after depolarization (↓) in a PV cardiomyocyte. The APs were elicited by electrical stimuli delivered at 2Hz. 
**P < 0·01, and ***P < 0·005 vs. the isotonic solution.
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reduce the calcium entrance and decrease the intracellular calcium 
to decrease Na+/Ca2+ activity and transient inward currents. An 
opposite effect of the arrhythmogenesis of the APD90 shortening, 
reducing the PV firing rates and delayed after depolarizations 
by ICl,swell, may decease the PV arrhythmogenic activity. 
Taken together, ICl,swell have complex effects on the PV 
arrhythmogenesis.

Heart failure is an important risk factor of atrial fibrillation and 
produces haemodynamic perturbations that cause cell swelling [1]. 
However, this study showed that cell swelling will reduce the PV 
firings rates and delayed after depolarizations. Those effects 
differed from the known effects of stretch on the PV 
cardiomyocytes [29], whereas stretch will increase PV firing rates 
and triggered activity. It also has been shown that stretch and 
swelling have different electrophysiological effects. Stretch may 
generate early and delayed after depolarizations [30]. In contrast, 
similar to that in this study, cell swelling reduces the triggered 
activity [28].

Conclusions

This study found different hypotonic effects on the PV and atrial 
cardiomyocytes. The significant ICl,swell in the PV cardiomyocytes 
suggests that ICl,swell play a crucial role in the PV electrical activity 
and arrhythmogenesis.
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Figure 4 Effects of hypotonic solution on the transient inward currents. (a) shows that hypotonic solution reduces the transient 
inward currents in a PV cardiomyocyte with pacemaker activity. (b) shows the average transient inward currents of the atrial 
cardiomyocytes (n = 7) and PV cardiomyocytes with (n = 10) or without (n = 7) pacemaker activity during the isotonic and hypotonic 
solutions. *P < 0·05 and **P < 0·01 vs. the isotonic solution superfusion. (c) shows the administration of DIDS (1 mM) reversing 
the hypotonic solution-induced decrease in the transient inward currents. The inset in the current traces shows the clamp protocol.
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