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Effects of Aging and Ouabain on Left Atrial Arrhythmogenicity
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Left Atrial Arrhythmogenicity and Aging. Objectives: Aging increases atrial fibrillation (AF) vul-
nerability. The left atrium (LA) is important for the generation of AF. However, the effect of aging on the
electrophysiological properties of the LA in general, on the specific LA sites, and of possible accentuation of
regional differences between the LA sites with aging is not clear. The purpose of this study was to evaluate
the effects of aging on the LA electrophysiological heterogeneity and ouabain-induced arrhythmogenicity.

Methods: We used conventional microelectrodes to record the action potentials (APs) in isolated young
(age, 3 months) and aged (age, 3 years) rabbit LA posterior wall (LAPW) and LA appendage (LAA) tissue
specimens before and after the administration of ouabain.

Results: Young LAPWs (n = 10) had larger AP amplitudes than young LAAs (n = 10, P < 0.05), and aged
LAPWs (n = 9) had longer AP durations than aged LAAs (n = 9, P < 0.05). Ouabain (1 µM) induced a
higher incidence (80% vs 30%, P < 0.05) of delayed afterdepolarizations (DADs) and spontaneous activity
(60% vs 10%, P < 0.05) in the young LAPWs than in the young LAAs. Compared with the young group,
the aged LAs had a higher incidence of DADs with a less negative resting membrane potential and smaller
maximum upstroke velocity. After the ouabain (1µM) administration, the aged LAPWs had a greater
shortening of the AP duration. Ouabain-induced spontaneous activity was similar between the young and
aged groups.

Conclusions: Aging enhanced the LA regional electrical heterogeneity and LAPW arrhythmogenesis.
(J Cardiovasc Electrophysiol, Vol. 18, pp. 526-531, May 2007)
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Introduction

Atrial fibrillation (AF) is the most common sustained car-
diac arrhythmia with significant morbidity and mortality.1

Previous studies have shown that the left atrium (LA) is im-
portant in the AF pathyphysiology.2,3 Several investigators
have shown the regional differences in LA electrophysio-
logic properties.4-7 The LA posterior wall (LAPW) exhib-
ited a significantly shorter AF cycle length, with frequent
rapid and repetitive electrical discharges than that of the other
LA regions.4-6 The significantly higher incidence of ectopic
beat-initiating AF from the LAPW suggests the arrhythmo-
genic potential of the LAPW.7 However, limited informa-
tion has been available regarding the electrophysiology of the
LAPW. A heterogeneous atrial electrophysiology is known
to increase the atrial dispersion and facilitate the occurrence
of AF. It has been shown that the right atrium (RA) contains
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an electrophysiological heterogeneity and may result in the
genesis of atrial arrhythmias.8 Therefore, it is possible that a
regional electrophysiologic difference in the LA may play a
role in the arrhythmogenic mechanism of AF.

Aging is an important factor for the AF pathophysiology
and the prevalence of AF increases with age.1 However, the
mechanism of increasing AF vulnerability in aging remains
poorly understood. Aging has been shown to increase the
atrial interstitial fibrosis, decrease the conduction velocity,
and change the action potential (AP) characteristics, which
may facilitate the occurrence of AF.9-12 Whether aging may
increase the LAPW arrhythmogenic activity to cause AF is
still unknown. Cardiac glycosides that are frequently used in
treating heart failure, especially for the rate control of AF,
can aggravate tachycardia-induced atrial electrical remodel-
ing with a AF predisposition.13,14 Nevertheless, the knowl-
edge of digitalis effects in age and regional differences is
unclear. Our previous study has shown the different ouabain
effects between those on the pulmonary veins and those on
the LA.15 Thus, the ouabain’s effects may differ in the various
LA regions to cause different arrhythmogenesis. The purpose
of this study was to evaluate the effects of aging on the LA
electrophysiological heterogeneity and ouabain-induced ar-
rhythmogenicity.

Methods

Rabbit LA Tissue Preparations

The investigation conformed to the institutional Guide for
the Care and Use of Laboratory Animals. Young rabbits
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(3 months) and aged rabbits (3 years) were anesthetized
with an intraperitoneal injection of sodium pentobarbital (40
mg/kg). A mid-line thoracotomy was then performed and
the heart and lungs were removed. For the dissection of
the LAPW and left atrial appendage (LAA), the LA was
opened by an incision along the mitral valve annulus, ex-
tending from the coronary sinus to the septum in a Tyrode’s
soluton with a composition (in mM) of 137 NaCl, 4 KCl,
15 NaHCO3, 0.5 NaH2PO4, 0.5 MgCl2, 2.7 CaCl2, and 11
dextrose. The LA was separated from the pulmonary veins
at the LA-pulmonary vein junction. Tissue strips (∼10 ×
5 × 0.5 mm) from the LAPW and LAA were then dis-
sected. One end of the preparation was pinned with nee-
dles to the bottom of a tissue bath. The other end was con-
nected to a Grass FT03C force transducer with a silk thread.
The tissue was superfused at a constant rate (3 mL/min)
with Tyrode’s solution that was saturated with a 97% O2–
3% CO2 gas mixture. The temperature was maintained con-
stant at 37◦C and the preparations were allowed to equili-
brate for 1 hour before the EP study. To assess the prepara-
tion viability, any tissues with a resting membrane potential
(RMP) less than –65 mV before drug administration were
excluded from the study and the contractile force elicited
at a 2-Hz electrical stimulus had to be obtained throughout
the entire study protocol to ensure the viability. The elec-
trophysiologic recordings from the superfused preparations
remained stable and viable for an experimental period of
2 hours.

Electrophysiological and Pharmacological Studies

The transmembrane AP of the LAPW and LAA were
recorded by means of machine-pulled glass capillary micro-
electrodes filled with 3M of KCl, and the LA preparation
was connected to a WPI model FD223 electrometer under
tension with 150 mg. The electrical and mechanical events
were displayed simultaneously on a Gould 4072 oscilloscope
and Gould TA11 recorder. The signals were recorded with DC
coupling and a 10-KHz low-pass filter cutoff frequency us-
ing a data acquisition system. Signals were recorded digitally
with 16-bit accuracy at a rate of 125 KHz. An electrical stim-
ulus with a 10-ms duration and suprathreshold strength (30%
above the threshold) was provided by a Grass S88 stimula-
tor through a Grass SIU5B stimulus isolation unit. Different
concentrations of ouabain (0.1, 1 µM) were sequentially su-

Figure 1. Tracings showing examples of APs
from young and aged LAPWs and LAAs. The
DADs (↓) were recorded in the aged LAPW
and LAA, but not in the young LAPW and LAA,
with a 2-Hz electrical stimulus.

perfused to test the pharmacological responses. The LAPW
and LAA preparations were treated with ouabain for at least
20 minutes for each concentration. The APs were elicited
through a 2-Hz electrical stimulus before and after the drug
administration. The RMP was measured during the period
between the last repolarization and onset of the subsequent
AP. The amplitude of the AP (APA) was obtained from the
RMP to the peak of the AP depolarization. The AP duration at
a repolarization of 90%, 50%, and 20% of the AP amplitude
were measured as the APD90, APD50, and APD20, respec-
tively. The maximum upstroke velocity (Vmax) was acquired
by the maximum positive value of the first derivative of the
AP. A delayed afterdepolarization (DAD) was defined as the
presence of a spontaneous depolarization of the impulse af-
ter full repolarization had occurred. Spontaneous activity was
defined as a constant occurrence of spontaneous APs without
using any electrical stimuli.

Statistical Analysis

All quantitative data are expressed as the mean ± SEM.
A paired t-test was used to compare the differences before
and after the drug administration and the differences between
LAPW and LAA within the same age group. A two-way anal-
ysis of variance was used to compare the differences between
the young and aged LAPWs or LAAs. Multiple comparisons
were analyzed with the Tukey test. Nominal variables were
compared by a chi-square analysis with Yates correction or
Fisher’s exact test. A P value less than 0.05 was considered
statistically significant.

Results

Electrophysiological Heterogeneity of the Young
and Aged LA

As the examples show in Figure 1, there were only electric-
driven APs without any spontaneous activity or DADs in the
young LA. The amplitude of the AP (APA) was significantly
larger in the young LAPW than in the young LAA (Table 1).
However, the RMP, Vmax, APD20, APD50, and APD90 were
similar between the young LAPWs and LAAs.

In the aged LA, there were only electric-driven APs with-
out any spontaneous activity (Fig. 1). The APD50 and APD90
in the LAPW were longer than those in the LAA (Table 1).
In addition, three (33%)0 LAPWs and one (11%) LAA had
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TABLE 1

Baseline Electrophysiological Characteristics of Aged and Young LAPWs
and LAAs

Young Aged

Electrophysiological LAPW LAA LAPW LAA
Properties (n = 10) (n = 10) (n = 9) (n = 9)

APA (mV) 97 ± 2 87 ± 3∗ 80 ± 3† 81 ± 3
RMP (–mV) 75 ± 1 75 ± 1 72 ± 1† 72 ± 1†

Vmax (m/s) 125 ± 10 119 ± 9 80 ± 14† 85 ± 10†

APD20 (ms) 10 ± 1 8 ± 1 11 ± 2 9 ± 1
APD50 (ms) 23 ± 1 22 ± 1 26 ± 3 19 ± 2∗
APD90 (ms) 81 ± 3 81 ± 3 95 ± 6† 77 ± 2∗
�APD90 (LAPW-LAA, ms) 7 ± 1 19 ± 3†

∗P < 0.05 versus the LAPW in the same age group.
†P < 0.05 versus the same region in the young LA.

DADs. However, the APA, RMP, Vmax, and APD20 were sim-
ilar between the two regions.

Compared with the young LA, both the aged LAA and
LAPW had a less negative RMP and smaller Vmax. In addi-
tion, the aged LAPW had a smaller APA and longer APD90
than the young LAPW (Table 1). In contrast, there were sim-
ilar APA and APD90 between the aged and young LAAs.
Moreover, the APD20 and APD50 of LAA and LAPW were
similar between the young and aged LAs, respectively.

The incidence of DADs was studied in 19 young LAPWs,
15 young LAAs, and nine aged LAPWs and LAAs. DADs
were observed in three of nine (33%) aged LAPWs, but in
none of the 19 (0%) young LAPWs (P < 0.05). DADs were

Figure 2. Effects of ouabain on the young LAPWs and LAAs. Panel A:
The superimposed tracings of the AP configuration before and after the
ouabain (0.1, 1 µM) with a 2-Hz electrical stimulus. Note that ouabain (1
µM) induced the occurrence of a DAD (↓). Panel B: The tracing shows an
example of ouabain (1 µM)-induced spontaneous activity in a young LAPW.
The development of a phase 4 depolarization is noted.

observed in only one out of nine (11%) aged LAAs and in
none of the 15 (0%) young LAAs (P > 0.05).

Ouabain Effects on the Heterogeneity of the Young LA

As the examples and average data show in Figures 2 and
3, ouabain (0.1 µM) significantly decreased the RMP and
shortened the APD90 in the LAA (n = 10) and LAPW (n =
10). Ouabain (0.1 µM) induced the occurrence of DADs in
40% of the LAPWs and in 20% of the LAAs. The amplitude
of the ouabain-induced DADs (2.8 ± 0.1 mV vs 2.2 ± 0.1
mV, P > 0.05) was similar for the LAPW and LAA. However,
ouabain (0.1 µM) only shortened the APD20 and APD50 in
the LAPW, but not in the young LAAs.

Ouabain (1 µM) decreased the APA, RMP, and Vmax, and
shortened the APD20, APD50, and APD90 in both the LAPW
and LAA. Ouabain (1 µM) induced the occurrence of DADs
in 80% of the LAPWs (n = 10) and 30% of the LAAs (n =
10) (P < 0.05), and exhibited a significantly larger amplitude
(5.0 ± 0.6 mV vs 2.4 ± 0.2 mV, P < 0.05) of the DADs in
the LAPW than in the LAA. Ouabain (1 µM) also induced
spontaneous activity (Fig. 2B) in six of 10 LAPWs with a
duration of 4 ± 0.8 minutes, but only induced spontaneous
activity in one of 10 LAAs with a duration of 1 minute (60%
vs 10%, P < 0.05).

Figure 3. The average data of the APA, RMP, Vmax, APD20, APD50, and
APD90 from the young LAPWs and LAAs before and after ouabain (0.1,
1 µM) administration measured during a 2-Hz electrical stimulus. ∗P <

0.05, and ∗∗P < 0.01, ∗∗∗P < 0.001, comparsions between before and after
ouabain (0.1, 1 µM) administration in LAPWs. #P < 0.05, and ##P < 0.01,
###P < 0.001, comparsions between before and after ouabain (0.1, 1 µM)
administration in LAAs.
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Figure 4. Effects of ouabain on aged LAPWs and LAAs. Panel A: The su-
perimposed tracings show the effects of ouabain (0.1, 1 µM) on the AP
configuration with a 2-Hz electrical stimulus. Note that ouabain (1 µM)
induced a DAD (↓). Panel B: The tracing shows an example of ouabain
(1 µM)-induced spontaneous firing in an aged LAPW.

Ouabain Effects on the Heterogeneity of the Aged LA

In the aged LA (Figs. 4 and 5), ouabain (0.1 µM) signifi-
cantly decreased the RMP and shortened the APD20, APD50,
and APD90 in both the LAPW (n = 9) and LAA (n = 9).
Moreover, ouabain (0.1 µM) induced DADs in 67% of the
LAPWs and in 44% of the LAAs (P > 0.05). The amplitude
of the ouabain-induced DADs (3.1 ± 0.5 mV vs 2.6 ± 0.3
mV, P > 0.05) was similar for the LAPW and LAA.

Ouabain (1 µM) significantly decreased the APA and
RMP, and shortened the APD20, APD50, and APD90, in both
the LAPW and LAA, but did not change the Vmax. Ouabain
(1 µM) induced the occurrence of DADs in 89% of the
LAPWs (n = 9) and in 56% of the LAAs (n = 9), respec-
tively, and exhibited a significantly larger amplitude of the
DADs (6.7 ± 1.0 mV vs 3.3 ± 0.5 mV, P < 0.05) in the
LAPW than in the LAA. Moreover, ouabain (1 µM) induced
spontaneous activity (Fig. 4B) in 33% of the LAPWs with an
average duration of 22.2 ± 18.5 minutes, but did not induce
any spontaneous activity in the LAA.

Comparisons Between the Effects of Ouabain
in the Young and Aged LAs

Figure 6 shows the changes in the AP parameters after
the administration of ouabain (1 µM) in young and aged
LAAs and LAPWs. Ouabain (1 µM) shortened the APD90
to a greater extent in the aged LAPWs than in the young
LAPWs. In the presence of ouabain (1 µM), the aged LAPW
tended to have a larger amplitude of the DADs than did the
young LAPW (P = 0.07).

Figure 5. The average data of the APA, RMP, Vmax, APD20, APD50, and
APD90 in the aged LAPWs and LAAs after ouabain (0.1, 1 µM) adminis-
tration measured during a 2-Hz electrical stimulus. ∗P < 0.05, and ∗∗P <

0.01, ∗∗∗P < 0.001, comparisons between before and after ouabain (0.1,
1 µM) administration in LAPWs. #P < 0.05, and ##P < 0.01, ###P < 0.001,
comparisons between, before, and after ouabain (0.1, 1 µM) administration
in LAAs.

Discussion

The left atria play an important role in the pathophysiol-
ogy of AF.2,3 The results of this study showed that young
LAPWs had larger APAs than the young LAAs and that the
aged LAPWs had a longer APD90 and APD50 than the aged
LAAs. Those findings proved our hypothesis that regional
differences exist in the LA electrophysiological characteris-
tics, and also correlated with the clinical observations that
LAPW had a higher incidence of ectopic beat-initiating AF7

and contributes to the AF maintenance.16,17 Moreover, the
higher DAD incidence in the aged LAPWs suggests that
LAPW and aging have a vital role in the AF genesis. The
longer APD observed in the aged LAPW might be consid-
ered to prevent AF. However, this effect also resulted in an
increase in the APD dispersion in the aged LA, which would
favor the genesis of reentrant arrhythmias and potentiate the
occurrence of AF.

The result of this study showed that aging depolarized
the RMP in LAs. This finding agrees with that reported by
Anyukhovsky et al.10 Based on those findings, we suggest that
the greater depolarized RMP may imply a greater tendency
to cause DADs in triggering arrhythmias and that DADs
were only found in the aged rather than young LAs. Since
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Figure 6. Changes in the AP parameters
after ouabain (1 µM) administration in the
young and aged LAAs and LAPWs measured
during a 2-Hz electrical stimulus.

triggered activity is thought to be one of the AF mechanisms,
the more aging-related depolarized RMP is, in part, prone to
having the higher AF propensity. In addition, smaller APA
and Vmax in the aged LAs might be due to aging-related
changes in the Na+ current kinetics18 and density.12 We also
found that the aging-associated electrophysiological changes
were significantly different between the LAPW and LAA.
Aging may have heterogeneous effects on the LA electrical
activity. Previous studies have indicated that chronic AF pa-
tients have greater histopathologic changes in the LAPW than
in LAA.19,20 The investigators proposed that the regional het-
erogeneity in the LA may be caused by a greater wall stress
in the LAPW due to its thinner wall and larger volume,19 or
attributable to the different embryological origins,21 as the
LAA is developed from the embryonic LA and the LAPW is
originated from an outgrowth of the pulmonary veins. Those
notions may contribute to the regional difference of electro-
physiologic findings in LA as observed in the present study.

In this study, ouabain was found to induce larger ampli-
tudes of the DADs in the LAPW than in the LAA. This re-
sult may be explained by the fact that the larger APA in the
young LAPWs was supposedly due to greater Na+ currents.
Therefore, inhibiting Na+/K+-ATPase by ouabain may in-
crease intracellular Na+ and induce a greater Ca2+ overload
to cause DADs through forward Na+-Ca2+ exchanges. More-
over, in the aged LAPW, due to the more calcium influx, the
longer APD at baseline may have resulted in larger DADs
after administrating ouabain.

Limitations of the Study

The data should be interpreted with caution due to the
limitations of this study. First, we investigated the aging ef-
fects on the electrophysiological properties only in the LA.
Therefore, we are not sure that RA can produce similar aging
effects. But, the more important role of LA (rather RA) in AF
pathophysiology suggests that our findings provided impor-
tant insight to understand the aging-related AF vulnerability.
Second, the regional heterogeneity was studied only from
LAPW and LAA. Although the regional differences between

the two sites were clearly shown in the aged LAs, the effects
of aging on the other regions in LA were not clear.

Conclusions

Heterogeneity of the LA and distinctive LAPW electri-
cal characteristics were observed. Aging changed the atrial
electrophysiology and further enhanced the LAPW arrhyth-
mogenesis.
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