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Angiotensin II and angiotensin II receptor blocker modulate
the arrhythmogenic activity of pulmonary veins
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1 Angiotensin II receptor blockers (AIIRBs) have been shown to prevent atrial fibrillation. The
pulmonary veins (PVs) are the most important focus for the generation of atrial fibrillation. The aim
of this study was to evaluate whether angiotensin II or AIIRB may change the arrhythmogenic activity
of the PVs.

2 Conventional microelectrodes and whole-cell patch clamps were used to investigate the action
potentials (APs) and ionic currents in isolated rabbit PV tissue and single cardiomyocytes before and
after administering angiotensin II or losartan (AIIRB).

3 In the tissue preparations, angiotensin II induced delayed after-depolarizations (1, 10, and 100 nM)
and accelerated the automatic rhythm (10 and 100 nM). Angiotensin II (100 nM) prolonged the AP
duration and increased the contractile force (10 and 100 nM). Losartan (1 and 10 uM) inhibited the
automatic rhythm. Losartan (10 uM) prolonged the AP duration and reduced the contractile force
(1 and 10 um).

4 Angiotensin II reduced the transient outward potassium current (/) but increased the L-type
calcium, delayed rectifier potassium (Ix), transient inward (/;;), pacemaker, and Na *—Ca’* exchanger
(NCX) currents in the PV cardiomyocytes. Losartan decreased the I, Ik, /;, and NCX currents.

5 Inconclusion, angiotensin II and AIIRB modulate the PV electrical activity, which may play a role

in the pathophysiology of atrial fibrillation.
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Introduction

Atrial fibrillation is the most common sustained arrhythmia in
clinical medicine. Hypertension and heart failure are important
risk factors for atrial fibrillation (Feinberg et al., 1995).
Activation of the atrial angiotensin system has been suggested
to play a role in the mechanisms of atrial fibrillation. In
humans, chronic atrial fibrillation and paroxysmal atrial
fibrillation are associated with significant changes in the atrial
expression of angiotensin receptors (Goette et al., 2000a). In
addition, patients with atrial fibrillation showed an increased
expression of the extracellular signal-regulated kinases and
angiotensin-converting enzyme in interstitial cells and marked
atrial fibrosis (Goette et al., 2000b; Boldt er al., 2003).
Angiotensin II, the major active component of the renin—
angiotensin system, has various effects on ionic currents.
Angiotensin II increases the intracellular free calcium, alters
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the potassium conductance, and induces the genesis of
transient inward currents (Daleau & Turgeon, 1994; Enous
& Opie, 1994; Boston et al., 1998; Yu et al., 2000). It has been
shown to increase spontaneous firing activity and change
the action potential (AP) duration of cardiomyocytes (Allen
et al., 1988; Chen et al., 1991). These findings suggest that
angiotensin II has a high arrhythmogenic activity and may
play an important role in the pathophysiology of atrial
fibrillation. However, our knowledge of the mechanisms of
angiotensin II-induced atrial fibrillation is limited.
Angiotensin II receptor blockers (AIIRBs) are medications
frequently used in the treatment of hypertension and
congestive heart failure and have several cardiac electro-
physiological effects. Nakashima er al. (2000) demonstrated
that the shortening of the atrial refractory period during rapid
atrial pacing was prevented by treatment with AIIRB. Another
AIIRB, irbesartan, also was found to contribute to the
maintenance of sinus rhythm after successful electrical
cardioversion (Madrid et al., 2002). These findings suggest
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a role for AIIRBs in the treatment of atrial fibrillation.
Nevertheless, it is not clear how AIIRBs prevent attacks of
atrial fibrillation.

Pulmonary veins (PVs) are important sources of ectopic
beats for the initiation of paroxysmal atrial fibrillation
(Haissaguerre et al., 1998; Chen et al, 1999) and the
maintenance of atrial fibrillation (Pappone et al., 2000). PVs
are known to contain cardiomyocytes with electrical activity
and are suggested to be subsidiary pacemakers (Blom et al.,
1999; Perez-Lugones et al., 2003). Through several mechan-
isms, PVs have been found to have a high arrhythmogenic
potential to induce atrial arrhythmias (Chen ef al., 2000; 2001;
2002; Hocini et al., 2002; Zhou et al., 2002). Studies of single
cells have shown that PVs have cardiomyocytes with and
without pacemaker activity (Chen et al., 2001; 2002). Long-
term (68 weeks) rapid atrial pacing (780b.p.m.) and the
administration of thyroid hormone or isoproterenol were
demonstrated to increase PV arrhythmogenic activity (Chen
et al., 2000; 2001; 2002). Angiotensin II is known to induce
structural changes with increasing cellular uncoupling (Sun
et al., 1997), which may further enhance the ectopic firing from
PVs. Therefore, it is possible that angiotensin II may provoke
atrial fibrillation by enhancing the ectopic electrical activity
from the PVs, and AIIRB may prevent atrial fibrillation
through suppression of the PV arrhythmogenic activity. The
purpose of the present study was to investigate the effects
of angiotensin II and AIIRB on the electrophysiological
characteristics and electrical activity of the PVs.

Methods

Tissue preparations and the electropharmacological study
in isolated PVs

The investigation conformed to the institutional Guide for the
Care and Use of Laboratory Animals. Rabbits (weight, 1-2 kg)
were anesthetized with an intraperitoneal injection of sodium
pentobarbital (40mgkg™') and the heart with lung was
removed after mid-line thoracotomy. Then, the PVs were
separated from the atria at the left atrium—-PV junction and
separated from the lungs at the end of the PV myocardial
sleeves in normal Tyrode’s solution with a composition
(in mM) of 137 NaCl; 4 KCI; 15 NaHCO3; 0.5 NaH,POy; 0.5
MgCly; 2.7 CaCl,, and 11 dextrose. One end of the preparation
was pinned to the bottom of a tissue bath and the other end
was connected to a Grass FT03C force transducer with an
initial tension of 250 mg. The adventitia of the PVs faced
upwards.

Transmembrane APs of the PVs were recorded by means of
machine-pulled glass capillary microelectrodes filled with
3moll~" of KCI and connected to a WPI Duo 773 electro-
meter. The electrical and mechanical events were displayed
simultaneously on a Gould 4072 oscilloscope and a Gould
TA11 recorder. The AP duration at repolarization of 90%
of the AP amplitude (APDyy) was measured during electrical
stimuli (1Hz) with a 2-ms duration and suprathreshold
strength (30% above the threshold) provided using a Grass
S88 stimulator through a Grass SIUSB stimulus isolation unit
(Chen et al., 2000). Angiotensin II (1, 10 and 100nM) or
losartan (1 and 10 uM, Merck & Co., Inc., NJ, U.S.A.) were
superfused to test the pharmacological responses.

Electropharmacological studies in single PV
cardiomyocytes

PV cardiomyocytes from rabbits were enzymatically disso-
ciated through the same procedure as described previously
(Chen et al., 2002). PV cardiomyocytes with pacemaker activity
were identified by the presence of constantly spontaneous
beating or an AP that maintained a spontaneous diastolic
depolarization during perfusion with normal Tyrode’s solution.

Whole-cell patch clamp was performed in the PV cardio-
myocytes with and without the administration of angiotensin II
(100nM) and losartan (10 uM) by an Axopatch 1D amplifier
(Axon Instruments, CA, U.S.A.) at 35+1°C (n=210). This
concentration was chosen because a previous study showed that
10 uM losartan exerted protective effects (Louch ez al., 2000). A
small hyperpolarizing step from a holding potential of —50 mV
to a testing potential of —55mYV 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. Normally, 60-80% series resistance (R;)
was electronically compensated. The APs were recorded in the
current—clamp mode and ionic currents in the voltage—clamp
mode (Chen et al., 2001; 2002). Micropipettes were filled with
a solution containing (in mM) CsCl 130, MgCl, 1, Mg,ATP 5,
HEPES 10, EGTA 10, NaGTP 0.1, and Na, phosphocreatine 5,
titrated to a pH of 7.2 with CsOH for the experiments on the
L-type calcium current (Ic,.p), containing (in mM) NaCl 20,
CsCl 110, MgCl, 0.4, CaCl, 1.75, tetracthylammonium 20,
BAPTA 5, glucose 5, Mg ATP 5, and HEPES 10, titrated to
a pH of 7.25 for the experiments on the Na™—Ca?* exchanger
(NCX) current, and containing (in mM) KCIl 20, K aspartate
110, MgCl, 1, MgATP 5, HEPES 10, EGTA 0.5, LiGTP 0.1,
and Na, phosphocreatine 5, titrated to a pH of 7.2 with
KOH for the experiments on the other currents.

The I, was measured as an inward current during
depolarization from a holding potential of —50mV to testing
potentials ranging from —40 to +60mV in 10-mV steps for
300 ms at a frequency of 0.1 Hz by means of perforated patch
clamp with amphotericin B. The NaCl and KCl in the external
solution were replaced by tetracthylammonium chloride and
CsCl, respectively.

The transient outward current (I,) was studied with a
double-pulse protocol. A 30-ms prepulse from —80 to —40 mV
was used to inactivate the sodium channels, followed by a
300-ms test pulse to +60mV in 10-mV steps at a frequency
of 0.1 Hz. CdCl, (200 uM) was added to the bath solution to
inhibit /c,;. I, was measured as the difference between the
peak outward current and steady-state current. The delayed
rectified outward potassium current (/x) was measured from
the peak outward current at the end of 500ms of the
depolarization from —40 to +60mV in 10-mV steps at a
frequency of 0.1 Hz during the infusion of CdCl, (200 uM) and
4-aminopyridine (2mM) in the bath solution.

A transient inward current (/;) was induced at clamped
potentials from —40 to +40mV for a duration of 3 s and then
repolarized to —40 mV. The amplitude of the 7; 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 (Chen et al., 2001; 2002).

The inward rectifier potassium current (/) was activated from
—40mV to test potentials ranging from —20 to —120mV in 10-
mV steps for 1s at a frequency of 0.1 Hz under the infusion of
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CdCl, (200 uM) and 4-aminopyridine (2 mM) in the bath solution.
The amplitudes of the Iy, were measured as 1mM barium-
sensitive currents. After the infusion of barium (1 mM) to inhibit
Ik, the pacemaker current (/) was activated during hyperpolar-
ization from a holding potential of —40mV to test potentials
ranging from —20 to —120mV in 10-mV steps for 1s at 0.1 Hz.

The NCX current was elicited by depolarizing pulses between
—100 to + 100 mV from a holding potential of —40 mV for 300 ms
at a frequency of 0.1 Hz. The amplitudes of the NCX current were
measured as 10 mM nickel-sensitive currents. The external solution
(in mM) consisted of NaCl 140, CaCl, 2, MgCl, 1, HEPES 5, and
glucose 10 with a pH of 7.4, and contained strophanthidin (10 um),
nitrendipine (10 uM), and niflumic acid (100 uM).

Statistical methods

All quantitative data are expressed as mean+s.e. A paired
t-test or two-way repeated ANOVA were used to compare the
differences before and after the drug administration in the PV
specimens or PV cardiomyocytes with and without pacemaker
activity. Multiple comparisons were analyzed with the Fisher’s
least significant difference test. A P-value lower than 0.05 was
considered statistically significant.

Results

Effects of angiotensin Il and losartan on PV tissue
preparations

The superfusion with angiotensin II (10 and 100 nM) increased
the automatic rhythm in the spontaneously active PV tissue

a 02s
e—]

50

myv

Control

UL

Angiotensin 11 100 nM 15 min

preparations (n=7; Figure la). Figure 1b summarizes the
effects of different concentrations of angiotensin II on the PV
automaticity. This effect was reversible after the washout of
angiotensin II. In addition, angiotensin II induced the
occurrence of delayed after-depolarizations in two PVs
(InM) and three PVs (10 and 100nM) during electrical
stimulation (Figure 2a). Angiotensin II (100nM) prolonged
the APDy, and angiotensin II (10 and 100 nM) increased the
contractile force in the PVs without spontaneous activity
(n=1, Figure 2b). Figure 2c summarizes the effects of different
concentrations of angiotensin II on the APDy, and contractile
force of the PV tissue preparations.

Losartan (1 and 10 uM) inhibited the automatic rhythm
(Figure 3a) in the spontaneously active PV tissue prepara-
tions (n=7). This effect was reversible after the washout
of losartan. Losartan (10uM) prolonged the APDy, and
losartan (1 and 10uM) decreased the contractile force
(Figure 3b) in the PVs without spontaneous activity
(n="7). Figure 3c summarizes the effects of different concen-
trations of losartan on the PV automaticity, APDy,, and
contractile force.

Effect of angiotensin II and losartan on the membrane
currents of PV cardiomyocytes

lco.r  Icar was increased after the administration of
angiotensin II (100nM) in the PV cardiomyocytes with and
without pacemaker activity (Figures 4a and b). However,
losartan (10 uM) had little effect on Ic,; in the PV
cardiomyocytes with and without pacemaker activity (Figures
4c¢ and d).
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Figure 1 Effects of angiotensin II on PV spontaneous activity. (a) The tracings and time course show an example that angiotensin
II (10 and 100nM) increased the PV spontaneous activity. The action potentials without a significant phase 4 depolarization
suggested that these recordings were not directly from the cardiomyocytes with pacemaker activity. (b) The concentration—response
curve of angiotensin II's effect on the automatic rhythm (n=7). *P<0.05, **P<0.01 versus before drugs.
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Figure 2 Effect of angiotensin II on the AP configuration and contractile force. (a) Superimposed tracings of a delayed after-
depolarization (arrow) during a 1 Hz electrical stimulation induced by 10 nM angiotensin II. (b and c¢) Superimposed tracings and
time course show the effects of angiotensin II (1, 10, and 100 nM) on the AP duration and contractile force. (d) The concentration—
response curve for angiotensin II’s effect on the 90% of the AP duration (APDy,) and contractile force (n=7). *P<0.05 versus

before drugs.

1,,, Ix I, was decreased after the administration of
angiotensin II (100nM) (Figures 5a and b) and losartan
(10 um) (Figures 5¢c and d) in the PV cardiomyocytes with
and without pacemaker activity. Ix was increased with the
administration of angiotensin II (100 nM) (Figures 6a and b)
and decreased with losartan (10 uM) (Figures 6¢ and d) in the
PV cardiomyocytes with and without pacemaker activity.

Ix; Angiotensin II decreased the Iy, in the PV cardiomyo-
cytes with pacemaker activity (Figure 7a), but slightly increased
the Ik, at the test potentials of —120 and —20mV in the
PV cardiomyocytes without pacemaker activity (Figure 7b).

Losartan decreased the I, in both the PV cardiomyocytes with
and without pacemaker activity (Figures 7c and d).

I, Angiotensin II (100 nM) increased I in the PV cardiomyo-
cytes with and without pacemaker activity (Figure 8a).
Figure 8b shows the tracings of /; in the PV cardiomyocytes
before and after the administration of angiotensin I (100 nM).
Moreover, the increase in I; due to angiotensin II (100 nM) was
significantly larger in the PV cardiomyocytes with pacemaker
activity than in those without pacemaker activity (at —120mV,
0.4940.15 versus 0.15+0.05pA pF~!, P<0.05). The adminis-
tration of losartan (10 uM) did not change Iy in the PV
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Figure 3 Effect of losartan on the PV electrical activity. (a) The tracings and time course show an example that losartan (1 and
10 uM) decreased the PV spontaneous activity. (b) The superimposed tracings and time courses of the effects of losartan (1 and
10 uM) on the AP duration and contractile force. (c) The concentration—response curve for losartan’s effect on the automatic rhythm
(n=17), APDy,, and contractile force (n=7). *P<0.05, **P<0.01, ***P<0.001 versus before drugs.

cardiomyocytes (Figure 8c). Figure 8d shows the tracings of I;
in the PV cardiomyocytes before and after the administration
of losartan (10 uM).

1,; Angiotensin II (100 nM) increased I; in the PV cardio-
myocytes with (from 0.43+0.10 to 0.68 +0.08 pApF ', n=11,
P <0.05) and without (from 0.31+0.09 to 0.45+0.12pApF !,
n=10, P<0.05) pacemaker activity. Figure 8e shows an
example from a single PV cardiomyocyte with pace-
maker activity before and after the administration of
angiotensin II (100nM). In contrast, losartan (10uM)

decreased the [7; in the PV cardiomyocytes with (from
0.57+0.18 to0 0.25+0.09 pA pF~!, P<0.05, n=8) and without
(from 0.43+0.11 to 0.18+£0.07 pA pF~!, P<0.05, n=6) pace-
maker activity. Figure 8f shows an example from a single PV
cardiomyocyte with pacemaker activity before and in the
presence of losartan (10 uM).

NCX currents Angiotensin II increased the outward and
inward nickel-sensitive NCX currents in the PV cardiomyo-
cytes with and without pacemaker activity (Figures 9a and b).
In contrast, losartan (10 uM) decreased the nickel-sensitive
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Figure 4 Effect of angiotensin II and losartan on /I, in PV cardiomyocytes. (a and b) The superimposed current traces
(depolarization from —50 to + 10 mV), time course, and I~} relationship (lower panels) of /... before and after angiotensin II
administration in PV cardiomyocytes with (n=10) and without (n=7) pacemaker activity. (c and d) Traces, time course, and I~V
relationship before and after the administration of losartan in PV cardiomyocytes with (n=6) and without (n=7) pacemaker

activity. *P<0.05 versus before drugs. The insets in the current traces show the various clamp protocols.

NCX currents in the PV cardiomyocytes with and without
pacemaker activity (Figures 9c and d). As a small remnant
current was present after the administration of nickel (10 mm),
this study also investigated the effects of angiotensin II
(100nM) and losartan (10uM) on the nickel-insensitive
currents. In the presence of nickel (10mM), there were no
significant changes in the nickel-insensitive currents with
the administration of angiotensin II (100 nM) (at +100mV,
1.7540.5 versus 1.81+0.43pApF~!, n=6) or losartan
(10 uM) (at +100mV, 1.97+0.23 versus 1.95+0.22pApF~!,
n=06), which indicates that the currents affected by angioten-
sin II and losartan are the NCX currents in the PV
cardiomyocytes.

Interaction of losartan and angiotensin II on the
arrhythmogenic activity of PV cardiomyocytes

This study also examined whether angiotensin II had an effect
on the arrhythmogenic activity of PV cardiomyocytes
pretreated with losartan. As the examples show in Figure
10a, the administration of 100 nM angiotensin II in the pre-
sence of 10 uM losartan only slightly increased the automatic
rhythm in the PV cardiomyocytes (from 0.7+0.2 to
0.94+0.3Hz, n=5, P>0.05). Obviously, the concentration of
100 nM angiotensin II is not sufficient to overcome the block of
10 uM losartan. In addition, 10 uM losartan also inhibited the
spontaneous activity of the PV cardiomyocytes (from 2.2+0.4

to 0.7+0.2Hz, n=35, P<0.05) in the presence of 100nM
angiotensin II (Figure 10b).

Discussion
Effects of angiotensin II on the electrical activity of PVs

Previous studies have indicated that angiotensin II has positive
inotropic and proarrhythmic effects (Allen ez al., 1988; Chen
et al., 1991; Gondo et al., 2001). In this study, we demon-
strated that angiotensin II increased the PV spontaneous
activity and triggered activity of delayed after-depolarizations,
which confirmed that angiotensin II plays an important role in
cardiac arrhythmias. As PVs play a pivotal role in the genesis
of atrial fibrillation, these findings also indicated that
angiotensin Il may induce atrial fibrillation through increasing
the PV arrhythmogenic activity.

AIIRBs have been shown to prevent the occurrence of
atrial fibrillation; however, knowledge about the mechanisms
is limited. Decreasing atrial stretch, preventing atrial
fibrosis, or modifying the sympathetic tone has been proposed
as the mechanisms of the AIIRB-related prevention of
atrial fibrillation (Madrid et al., 2002). However, it is not
clear whether AIIRBs may alter the PV electrical activity,
thus reducing the occurrence of atrial fibrillation. In this
study, we demonstrated that AIIRB can inhibit the PV
spontaneous activity. As these effects were found in the
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Figure 5 Effect of angiotensin II and losartan on /,, in PV cardiomyocytes. (a and b) Current traces, time course, and the I~V
relationship (lower panels) of [, before and after angiotensin II administration in PV cardiomyocytes with (n=7) and without
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The insets in the current traces show the various clamp protocols.

absence of angiotensin II, these findings indicated that
AIIRB had a direct antiarrhythmic effect through the
reduction of the PV arrhythmogenic activity. In addition,
treatment with losartan could prevent or attenuate the
proarrhythmic effects of angiotensin II in the PV cardiomyo-
cytes, which suggests that losartan also works as an antagonist
of angiotensin II to prevent atrial fibrillation. Both these
effects may reduce the occurrence of atrial fibrillation. It has
been shown that the maximal plasma concentration of losartan
is near 1 uM (Sasaki et al., 1996). Therefore, it is possible that
the effects of losartan on the PVs are relevant to the clinical
setting in vivo.

Effects of angiotensin II on membrane currents
of PV cardiomyocytes

This study showed that angiotensin II increased Ic,.;, Ix, and
inhibited [, in PV cardiomyocytes. These results were similar
to the known effects of angiotensin II on ventricular
cardiomyocytes (Daleau & Turgeon, 1994; Boston et al.,
1998). The increase in Ic,; with the administration of
angiotensin II not only prolongs the AP duration but may

also contribute to the enhanced contractile force of the PV
specimen. Additionally, this study showed that AIIRB
decreased I, and Ix. These effects may contribute to the
prolongation of the AP duration by AIIRB in PV cardio-
myocytes.

In this study, angiotensin II was found to inhibit Iy, in the
PV cardiomyocytes with pacemaker activity, which may
facilitate the arrhythmogenic activity of the PV cells. However,
angiotensin Il only had a little effect on Iy, in the PV
cardiomyocytes without pacemaker activity. Although the
underlying mechanisms were not clear, the different pharma-
cological responses between PV pacemaker and nonpacemaker
cells indicate the varying electrophysiological characteristics
of PV cardiomyocytes. /I; is known to contribute to the
automaticity of cardiomyocytes. However, the effects of
angiotensin II and AIIRB on /; are not clear. We found
that angiotensin II increased I; in PV cardiomyocytes,
especially in those with pacemaker activity. Therefore, the
angiotensin II-induced increase of [y may enhance the
automaticity of PV cardiomyocytes. However, the insignificant
effects of AIIRB on I; suggest that the direct antiarrhythmic
effect of AIIRB in PV cardiomyocytes is not related to the
function of I;.
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Figure 6 Effect of angiotensin II and losartan on I in the PV cardiomyocytes. (a and b) Superimposed current traces
(depolarization from —40 to + 60 mV), time course, and the -V relationship (lower panels) of Ix before and after the administration
of angiotensin II in PV cardiomyocytes with (n=10) and without (n =7) pacemaker activity. (c and d) Traces, time course, and the
I~V relationship before and after the administration of losartan in PV cardiomyocytes with (n=9) and without (n=7) pacemaker
activity. The insets in the current traces show the various clamp protocols. ¥ P<0.05, ¥**P<0.01, *** P<0.001 versus before drugs.
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Figure 7 Effect of angiotensin II and losartan on Ik, in PV cardiomyocytes. (a and b) Current traces and the /-V relationship
(lower panels) of I, before and after the administration of angiotensin II in PV cardiomyocytes with (n=7) and without (n=6)
pacemaker activity. (¢ and d) Traces and the /-V relationship before and after losartan in PV cardiomyocytes with (n=6) and
without (n=06) pacemaker activity. The insets in the current traces show the various clamp protocols. *P<0.05, **P<0.01,
*#%P<0.001 versus before drugs.

I; has been shown to play an important role in the PV et al., 2000). In this study, we also demonstrated that /; of PV
arrhythmogenic activity (Chen et al., 2001; 2002). Previous cardiomyocytes was increased by the administration of
studies have shown that angiotensin II and AIIRB can increase angiotensin II and decreased by that of AIIRB. These findings
and suppress 1;, respectively (Enous & Opie, 1994; Louch may account for the antiarrhythmogenic effects of losartan
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Figure 8 Effect of angiotensin II and losartan on /; and /;; in PV cardiomyocytes. (a) The I~V relationship of /; before and after the
administration of angiotensin II in PV cardiomyocytes with (n=14) and without (n=17) pacemaker activity. (b) Superimposed
current traces before and after the administration of angiotensin II. (c) The I~V relationship of /; before and after the administration
of losartan in PV cardiomyocytes with (n = 8) and without (n = 10) pacemaker activity. (d) There was a similar amplitude of ; before
and after the administration of losartan. (e and f) Angiotensin II increased /;; and losartan decreased 7;. The insets in the current
traces show the clamp protocols. *P<0.05 versus before drugs. (g) The administration of BAPTA-AM (50 uM) reduces the inward
currents in the PV cardiomyocytes confirms that this inward current on repolarization represents /;;.

and proarrhythmogenic effects of angiotensin II in PVs.
Similar to the report in a previous study (Aiello ez al., 2002),
angiotensin II was found to increase the NCX currents in PV
cardiomyocytes. In addition, we demonstrated that NCX
currents were inhibited by AIIRB. NCX currents have been
suggested to play a role in the genesis of [; and also to
contribute to the automaticity in cardiomyocytes. These results
suggested that angiotensin Il and AIIRB may alter the NCX
currents and then change the 7;; and arrhythmogenic activity of
PV cardiomyocytes. It is possible that the decrease of NCX
currents might be responsible for its direct antiarrhythmic

effects of losartan and contribute to the low recurrence rate of
atrial fibrillation in the patients receiving AIIRB. A previous
study showed that the inhibition of the NCX currents may
reduce the occurrence of atrial fibrillation through the
prevention of atrial remodeling (Miyata et al., 2002). The
decrease in the PV arrhythmogenic activity may be another
important mechanism underlying the inhibition of NCX
currents that result in a reduction in the atrial fibrillation.
Moreover, changes in the NCX currents may contribute to the
effects of angiotensin II and AIIRBs on the contractile force of
the PV tissue specimens.
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Figure 9 Effect of angiotensin II and losartan on the NCX currents in the PV cardiomyocytes. (a and b) Current traces and the /-1
relationship of nickel-sensitive NCX currents before and after the administration of angiotensin II in PV cardiomyocytes with
(n=06) and without (n="7) pacemaker activity. (c and d) Traces and the I~V relationship of nickel-sensitive NCX currents before
and after the administration of losartan in PV cardiomyocytes with (n = 6) and without (n = 8) pacemaker activity. The insets in the
current traces show the various clamp protocols. *P<0.05, **P<0.01, ***P<0.001 versus before drugs.
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Figure 10 Interactions of losartan and angiotensin I on the PV electrical activity. (a) Angiotensin II (100 nM) only slightly
increased the spontaneous activity in the presence of 10 uM losartan. (b) In the presence of angiotensin II (100 nM), 10 uM losartan
inhibited the spontaneous activity of the PV cardiomyocytes.

Conclusions

These studies showed that angiotensin II and AIIRB modulate
the PV electrical activity, which may play a role in the
pathophysiology of atrial fibrillation.
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