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Abstract

Effect of ventricular hypertrophy on the
electrophysiologic characteristics of
pulmonary vein and atrial cardiomyocytes:
implication in the genesis of atrial fibrillation

Background Ventricular hypertrophy is a
common cause of clinical atrial fibrillation
and also has been suggested to the most
important factor to mediate the relation
between hypertension and the risks of atrial
fibrillation. However, the information about



the  pathophysiology  to  ventricular
hypertrophy induced atiral fibrillation and
the data about the effect of ventricular
hypertrophy on the electrophysiology of
atrial myocytes are limited was limited.
Pulmonary veins were known to be important
sources to initiate paroxysmal atrial
fibrillation or the foci of ectopic atrial
tachycardia and focal atrial fibrillation. Our
previous  studies have  demonstrated
pulmonary veins contained cardiomyocytes
with distinct electrophysiological
characteristics and high arrhythmogenic
activities. Moreover, long-term rapid atrial
pacing and administration of thyroid
hormone also increased pulmonary vein
arrhythmogenic activities. Because
ventricular  hypertrophy  would change
cardiac electrophysiology and enhance
cardiac arrhythmia. It is possible that
ventricular hypertrophy may induce atrial
arrhythmia through increasing
arrhythmogenic  activities  from  PVs.
Therefore, the purpose of the present study is
to investigate the effects of experimental
ventricular hypertrophy due to long-term

complete atrioventricular block on the
electrophysiological ~ characteristics  and
membrane  ionic  currents of PV

cardiomyocytes. Methods:  Experimental
ventricular hypertrophy was induced from
complete atrioventricular block for 8 week in
canine heart. Through the perfusion of
digestive enzyme, single cardiomyocytes are
isolated from pulmonary veins of control or
ventricular hypertrophy dogs. Using the
whole-cell clamp technique, the action
potential, automaticity and ionic currents of
were recorded in single pulmonary vein
cardiomyocytes of control and
atrioventricular block hearts. Results: The
spontaneous activity (1.7+0.3 Hz versus
1.9+0.3 Hz) were similar between PV
cardiomyocytes from control (n=9) and AV
block (n=9) rabbits. However, AV block PVs
(9/11) have a higher incidence of delayed
afterdepolarization than those normal PVs
(4/13). The 90% of the action potential
duration (189+39 ms versus 183+33 ms)
were similar between PV cardiomyocytes
from control (n=10) and AV block (n=8)
rabbits. Moreover, There were larger

transient inward currents in AV block (n=15)
than in control (n=13) PV cardiomyocytes
(0.79£0.07 Versus 0. 49+0.09
pA/pF).Conclusions: Complete AV block
induced ventricular hypertrophy  would
increase PV trigger activity.

Keywords: Atrial fibrillation, ionic
currents, pulmonary vein, ventricular
hypertrophy.
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Atrial  fibrillation is the leading
sustained arrhythmia in elder patients [1-3].
Pulmonary veins (PVs) were known to be
important sources of ectopic beats with the
initiation of paroxysmal atrial fibrillation or
the foci of ectopic atrial tachycardia and
focal atrial fibrillation [4-6]. In addition, PVs
also were suggested to play a role in the
maintenance of chronic atrial fibrillation
[7-8]. Previous anatomical and
electrophysiological studies in isolated PVs
specimen have demonstrated that PVs
contain a mixture of pacemaker cells and
working myocardium [9-13]. Our previous
study in isolated canine PVs has shown the
presence of spontaneous activities or high
frequency irregular rhythms, which may
underlie the arrhythmogenic activity of PVs
[14]. Moreover, PVs were found to contain
cardiomyocytes with or without pacemaker
activities, which had distinct
electrophysiological characteristics,
arrhythmogenic activities and membrane
ionic currents [15-17]. The previous study
has demonstrated that long-term rapid atrial
pacing, a model used to study atrial
fibrillation has significant effects on PV
electrophysiological characteristics and also
increased PV arrhythmogenic activities
through the induction of triggered activities,
shortening of action potential duration or
enhancement of automaticity [15]. Similarly,
administration of thyroid hormone increased
PV arrhythmogenic activities [18]. All of
these findings indicated that PVs have
distinct electrophysiological characteristics
which may induce atrial fibrillation.



Ventricular hypertrophy has been shown to
be an important cause of atrial fibrillation
[19-21]. Additionally, left ventricular
hypertrophy has been suggested to the most
important factor to mediate the relation
between hypertension and the risks of atrial
fibrillation [20-21]. However, the
information about the pathophysiology to
ventricular  hypertrophy induced atiral
fibrillation was not available. Previous
studies have shown that ventricular
hypertrophy would prolong action potential
duration, increase dispersion of ventricular
repolarization, and accentuate  the
susceptibility to early afterdepolarization and
triggered activity [22-24]. Patch clamp also
shows that ventricular hypertrophy would
decrease delayed rectified potassium currents
and transient outward currents but increase
t-type calcium current and inward rectifier
potassium currents in ventricular myocytes
[25-28]. These electrohysiological changes
suggested that ventricular hypertrophy with
impaired ventricular diastolic function would
change cardiac electrophysiology. However,
the data about the role of ventricular
hypertrophy on the electrophysiology,
especially the changes of ionic currents of
atrial myocytes are limited. Because PVs
were known to play a critical role in the
initiation and  maintenance  of  atrial
fibrillation, it is possible that ventricular
hypertrophy would increase arrhythmogenic
activities of PVs and result in the occurrence
of atrial fibrillation. Our previous studies
also have shown that long term complete
atrioventricular (AV) block is an important
model of ventricular hypertrophy and also
has been shown to change cardiac
electrohysiology and enhance the occurrence
of ventricular arrhythmia [29]. Additionally,

our recent study also identified the molecular
mechanisms accounting for the high
arrhythmogenic activity of PVs, which
indicates the importance of to evalute
molecular  mechanisms of  ventricular
hypertrophy on PV and atrial myocytes [30].
Therefore. the purpose of the present study is
to investigate the effects of experimental
ventricular hypertrophy on the
electrophysiological characteristics,
membrane ionic currents and molecular basis
of PV and atrial cardiomyocytes.

Methods
Animal Preparation

All experiments were performed in
accordance with the Guidelines for Animal
Research in this institute. Dogs of male sex
weighing 15 to 20 kg (a mean weight of 16+2

kg)
pentobarbital (30 mg/kg i.v.). Additional

were anesthetized with  sodium
doses were given as necessary to maintain
anesthesis during the study. The dogs were
artificially ventilated with room air by use of
a cuffed endotracheal tube and constant
A fluid-filled

cannula was placed in the left femoral artery

volume cycled respirator.
and connected to a transducer (P23XL,
Hellege) to monitor arterial blood pressure,
and the left femoral vein was cannulated to
infuse drugs. A 7F deflectable catheter with
4-mm tip electrode was introduced into the
AV junction via the left femoral vein.
Complete AV block was produced by
radiofrequency energy which was delivered

between the tip of the catheter and the



backplate. The continuous unmodulated

radiofrequency current at 482 KHz was
delivered from a radiofrequency generator
(Atakr, Medtronic CardioRhythm) using a
temperature control mode with the maximal
temperature set at 60°C. Serum electrolytes
and arterial blood gases were monitored

during the  experiment.  After the

experimental protocols (described below),
the animals were allowed to recover with
proper care. Eight weeks later, all the dogs
underwent the same experimental protocols

and were then euthanized.

Isolation of Single Cardiomyocytes

After the healthy (control) and AV
block dogs were anesthetized, the hearts
were rapidly removed through a thoracotomy
and dissected at room temperature in normal
Tyrode solution with the composition (in mM)
of 137 NaCl; 4 KCI; 15 NaHCOs; 0.5
NaH,PO4; 0.5 MgCl,; 2.7 CaCl,, and 11
dextrose. Tyrode solution was equilibrated
with a gas mixture of 97% O, -3% CO,, with
a pH of around 7.4.

The PVs were separated from the left
atrium at 5 mm proximal to the junction of
PVs and left atrium. The wveins were
separated from the lung parenchyma at 20
mm distal to the ending of myocardial
extension onto pulmonary veins. The isolated
PVs after reversing the lumen were perfused
from the distal end through a polyethylene
tube, which was connected to a perfusion
pump with a perfusion rate of 500ml/hr. The
proximal end and side branches of PVs were
ligated with silk thread. The PVs were
perfusated with oxygenated Tyrode solution
and then replaced with oxygenated Ca®*-free

Tyrode solution containing 300 units/ml
collagenase (Sigma Type I) and 0.5 units/ml
protease (Sigma, Type XIV). After softening
of the PVs, the PVs were cut into fine pieces
and gently shaken in 5-10 ml of Ca**-free
oxygenated Tyrone solution until single
cardiomyocytes were obtained. The single
myocytes from left atrium and right atrium
were isolated from left and right appendages
through perfusion of the related coronary
artery with digestive enzyme. The solution
was then gradually changed to normal
oxygenated Tyrode solution. Only cells
showing cross striations were used.
Experiments were carried out at temperature
of 35°C. The cells were stabilized in the bath
for at least 30 min before experiments.

The whole-cell patch-clamp technique
was used by means of an Axopatch 1D
amplifier (Axon Instruments, Foster City,
CA). Borosilicate glass electrodes (outer
diameter, 1.8 mm) were used, with tip
resistances of 3-5 MQ. Before formation of
the membrane-pipette seal, tip potentials
were zeroed in Tyrode solution. Junction
potentials (8 mV) were corrected for APs
recording. The pipette solution contained (in
mM): KCI 120, MgCl; 1, Na,ATP 5, HEPES
10, EGTA 0.5, and CaCl;, 0.01, adjusted to
pH 7.2 with IN KOH. In order to visually
identify whether the cells have pacemaker
activity, we did not add ionic currents
blockers in pipette solution. The APs were
recorded in current-clamp mode and ionic
currents in voltage-clamp mode as described
previously.* Normal Tyrode solution was
used as bath solution for AP and current
(except L-type calcium current) recordings.
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. APs were elicited by pulses
of 2 ms and suprathreshold voltage (range
50~90 mV) at a frequency of 1 Hz. Voltage
command pulses were generated by a 12-bit
digital-to-analog converter controlled by
pCLAMP software (Axon Instruments,
Foster City, CA). AP measurements were
begun 5 minutes after cell rupture and the
steady-state AP duration was measured at
50% (APDsp) and 90% (APDgy) of full
repolarization. ~ Recordings were low
pass-filtered at half the sampling frequency.
Data were sampled at rates varying from 2 to
25 kHz.

Micropipettes were filled with a
solution containing (in mM) KCI 20, K
aspartate 110, MgCl, 1, Mg,ATP 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 APs
and transient inward currents.  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.

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 transient inward
current was measured as difference between
the peak of the transient current and the mean
of current just before and after the transient
current.

Statistical Analysis

All quantitative data are expressed as

mean + SE. Two way ANOVA test was used

to compare the differences between the PV
cardiomyocytes with and without pacemaker
activity and atrial myocytes from control and
long complete AV block dogs. Chi-square
test with Yates’ correction or Fisher’s exact
test was used for non-parametric data. A
P-value of < 0.05 was considered to be
statistically significant.

Results

Effect of AV block on the Electrical Activity
of PV Cardiomyocytes

Figure 1 shows the tracing of the
spontaneous activity in PV cardiomyocytes
from control and AV block canine hearts.
The spontaneous firing rhythm was similar
between control (n=9) and AV block (n=9)
PV cardiomyocytes (1.740.3 Hz versus
1.9+40.3  Hz). However, the PV
cardiomyocytes in AV block groups have a
greater incidence of delayed
afterdepolarization (9/11) than those in
control (4/13) PV cardiomyocytes. Figure 2
shows the tracing from a AV block PV
cardiomyocytes with delayed
afterdepolarization.

As the example shows in Figure 3. in
the cardiomyocytes without spontaneous
activity, the 90% of the AP duration was
similar between control (n=10) and AV
block (n=8) canine PVs (189+39 ms versus

183433 ms).
Effect of AV block on Transient Inward
Currents of PV Cardiomyocytes

Figure 4 shows the tracing of transient
inward currents in control and AV block PV
cardiomyocytes. There were larger transient
inward currents in AV block (n=15) than in
control  (n=13) PV  cardiomyocytes
(0.79+0.07 versus 0. 49+0.09 pA/pF)

Discussions



Although  ventricular  hypertrophy
could increase the incidence of atrial
fibrillation, the mechanisms still
obscure. Ventricular hypertrophy would
impair ventricular filling and induce atrial
enlargement. These changes in cardiac
structure  and  physiology favor the
development of atrial fibrillation. Neuberger
et al. have studied the effects of AV block on
atrial electrophysiology [30]. They found that
ventriclar hypertrophy due to AV block leads
to increases of paroxysmal atrial fibrillation.
However, the atrial refractory period was not
changed after AV block . In this study, we
also found that AV block would change the
AP duration of PV cardiomyocytes. The
increase incidence of delayed
afterdepolairzation suggests that AV blocks
would change the calcium handling in PV
cardiomyocytes and result in increasing
arrhythmogenesis of PVs. Previous studies
also have suggested that calcium regulation

remain

Is important in PV arrhythmogenesis [31. 32].

The administration of ryanodine induced
phase 4 depolarization in the PVs, but not in
the right or left atrial appendages [33].
Moreover, patterson et al. also indicated that
an enhanced Ca transient and increased
Na/Ca exchange may be required for
arrhythmia formation [34].

In our previous studies, the transient
inward currents have been demonstrated to
induce delayed afterdepolarization in the PV
cardiomyocytes. In  this study, we
investigated the effects of AV block on the
transient inward currents and found that AV
block would increase the transient inward
currents in PV cardiomyocytes. Because
transient inward currents have been
suggested to induce delayed
afterdepolarization. These findings may

account for the genesis of delayed
afterdepolarization in AV block PVs.
Conclusions

AV  block increases the PV

arrhythmogenesis through the increase of
delayed afterdepolairtzation and transient
inward currents. These fidngs may account
for the occurrence of atrial fibrillation in
ventricular hypertrophy.

References
1. Kannel WB, Abbott RD, Savage DD,

McNamara PM. Epidemiologica
features of atrial fibrillation: the
Framingham Study. N Eng J Med.
1982;306:1018-1022.

2. Camm AJ. Preface. In Murgatroyd FD,
Camm AJ (eds). Nonpharmacological
treatment of atrial fibrillation. Armonk,
NY, Futura, 1997.

3. Vaidya NA, Bhoseley PN, Rao DB, et al.
Tachyarrhythmias in old age. J Am
Geriatr Soc. 1976;24:412-414.

4. Walsh EP, Saul JP, Hulse E, Rhodes
LA, Hordof AJ, Mayer JE, Lock JE.
Transcatheter ablation of ectopic
atrial tachycardia in young patients
using radiofrequency current.
Circulation 1992;86:1138-1146.

5. Haissaguerre M, Jais P, Shah DC, et al.
Spontaneous initiation of atrial
fibrillation by ectopic beats originating
in the pulmonary veins. N Engl J Med
1998;339:659-666

6. Chen SA, Hsieh MH, Tai CT, et al.

Initiation of atrial fibrillation by


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&term=%22Neuberger+HR%22%5BAuthor%5D

10.

11.

ectopic beats originating from the
pulmonary veins:
Electrophysiological characteristics,
pharmacological responses, and
effects of radiofrequency ablation.
Circulation 1999;100:1879-1886.

Pappone C. Rosanio S. Oreto G.

Tocchi M. Gugliotta F. Vicedomini G.

Salvati A. Dicandia C. Mazzone P.
Santinelli V. Gulletta S. Chierchia S.
Circumferential radiofrequency
ablation of pulmonary vein ostia: A
new anatomic approach for curing
atrial fibrillation. Circulation.
2000;102:2619-28

Sueda T, Imai K, Ishii O. Orihashi K,
Watari M, Okada K. Efficacy of
pulmonary vein isolation for the

elimination of chronic atrial

fibrillation in cardiac valvular surgery.

Ann Thorac Surg 2001;71:1189-1193.

Masani F. Node-like cells in the
myocardial layer of the pulmonary
vein of rats: an ultrastructural study. J
Anat 1986;145:133-142

Nathan H, Eliakim M. The junction
between the left atrium and the
pulmonary veins: an anatomic study
of human hearts. Circulation
1966;34:412-422.

Saito T, Waki K, Becker AE. Left
atrial myocardial extension onto
pulmonary veins in humans: anatomic

observations relevant for atrial

12.

13.

14.

15.

16.

17.

arrhythmias. J Cardiovasc
Electrophysiol 2000;11:888-894.

Cheung DW. Electrical activity of the
pulmonary vein and its interaction with
the right atrium in the guinea-pig. J
Physiol (Lond) 1981;314:445-456.

Cheung DW. Pulmonary vein as an
ectopic focus in digitalis-induced
arrhythmia. Nature 1981;294:582-584.

Chen YJ, Chen SA, Chang MS, Lin
ClI. Arrhythmogenic activity of
cardiac muscle in pulmonary Veins of
the dog :Implication for the genesis of
Atrial Fibrillation. Cardiovasc Res
2000;48:265-273.

Chen YJ, Chen SA, Chen YC,
Yeh HI, Paul C, Chang MS, Lin
Cl. Effects of rapid atrial pacing
on the arrhythmogenic activity of
single cardiomyocytes from
pulmonary veins: implication in
initiation of atrial fibrillation.
Circulation 2001;2849-2854.

Michelakis ED, Weir EK, Wu X,
Nsair A, Waite R, Hashimoto K,
Puttagunta L, Knaus HG, Archer
SL. Potassium channels regulate
tone in rat pulmonary veins. Am J
Physiol Lung Cell Mol Physiol
2001;280:L.1138-L1147.

Chen YJ, Chen SA, Chen YC,
Yeh HI, Chang MS, Lin ClI.
Electrophysiology of single

cardiomyocytes isolated from



18.

19.

20.

21.

22.

rabbit pulmonary veins:
implication in initiation of focal
atrial fibrillation. Basic Res
Cardiol 2002;97:26-34

Chen YC, Chen YJ, Chen SA,
Chang MS, Chan P, Lin CI.
Effects of thyroid hormone on the
arrhythmogenic activity of
pulmonary vein cardiomyocytes. J
Am Coll Cardiol
2002;39:366-372.

Healey JS, Connolly SJ.  Atrial
fibrillation: hypertension as a
causative agent, risk factor for
complications, and potential
therapeutic target.Am J Cardiol.

2003;22;91:9G-14G.

Verdecchia P, Reboldi G,
Gattobigio R, Bentivoglio M,
Borgioni C, Angeli F,Carluccio E,
Sardone MG, Porcellati C. Atrial
fibrillation in hypertension:
predictors and
outcome.Hypertension.
2003;41(2):218-23.

Barbier P, Alioto G, Guazzi MD.
Left atrial function and ventricular
filling in hypertensive patients
with paroxysmal atrial fibrillation.
J Am Coll Cardiol.
1994;24(1):165-70.

Xu X, Rials SJ, Wu Y, Sakata JJ,
Liu T, Bharucha DB, Marinchak
PA, Kowey PR. Left ventricular

23.

24,

25.

26.

217.

hypertrophy decreases slowly but
not rapidly activating delayed
rectifier potassium currents of
epicardial and endocardial
myocytes in rabbits. Circulation
2001;103:1585-1590.

Bailly P, Benitah JP, Mouchoniere
M, Vassort G, Lorente P.

Regional alteration of the transient
outward current in human left
ventricular septum during
compenstated hypertrophy.
Circulation 1997;96: 1266-1274.

Jauch W, Hicks MN, Cobbe SM.
Effects of contraction-excitation
feedback on electrophysiology
and arrhythmogenesis in rabbits
with experimental left ventricular
hypertrophy. Cardiovasc Res
1994;28:1390-1396.

Tomita F, Bassett AL, Myerburg
RJ, Kimura S. Diminished
transient outward currents in rat
hypertrophied ventricular
myocytes. Circ Res
1994;75:296-303.

Kleiman RB, Houser SR. Outward
currents in normal and
hypertrophied feline ventricular
myocytes. Am J Physiol
1989;256:H1450-H1461.

Aronson RS. Characteristics of
action potentials of hypertrophied

myocardium from rats with renal



28.

29.

30.

31.

32.

hypertension. Cir Res.
1980;47:443-454.

Martinez ML, Heredia MP,
Delgado C. Expression of T-type
Ca’* channels in ventricular cells
from hypertrophied rat hearts. J
Mol Cell Cardiol
1999;31:1617-1625.

Chen YJ, Hsieh MH, Chiou CW,
Chen SA. Electropharmacologic
characteristics of ventricular
proarrhythmia induced by
ibutilide. J Cardiovasc Pharmacol
1999; 34: 237-247.

Neuberger HR, Schotten U,
Verheule S, Eijsbouts S, Blaauw
Y, van Hunnik A, Allessie M.
Development of a substrate of
atrial fibrillation during chronic
atrioventricular block in the goat.
Circulation. 2005;111:30-7

Chen YJ, Chen YC, Tai CT, Yeh

HI, Lin CI, Chen SA. Angiotensin

I and angiotensin Il receptor

blocker modulate the

arrhythmogenic activity of

pulmonary veins. Br J Pharmacol

(in press)

Chen YC, Chen SA, Chen YJ, Tai CT,
Chan P, Lin CI: T-type calcium current
in electrical activity of cardiomyocytes
isolated from rabbit pulmonary vein. J
Cardiovasc Electrophysiol
2004;15:567-571.

33.

34.

Honjo H, Boyett MR, Niwa R, Inada S,
Yamamoto M, Mitsui K, Horiuchi T,
Shibata N, Kamiya K, Kodama I:
Pacing-induced spontaneous activity in
myocardial sleeves of pulmonary veins
treatment

after with  ryanodine.

Circulation 2003;107:1937-1943.
Patterson E, Po SS, Scherlag BJ,

Lazzara R. Triggered firing in
pulmonary veins initiated by in vitro
autonomic nerve stimulation, Heart

Rhythm 2005;2:624-631.



Figure 1
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The spontaneous activity from control and
AV block canine PVs.

Figure 2
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Genesis of delayed after depolarization from
a AV block canine PV cardiomyocytes.

Figure 3
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The AP morphology  from PV

cardiomyocytes with out pacemaker activity
from control and AV block canine PVs.
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Example of transient inward currents from
PV cardiomyocytes with pacemaker activity
from control and AV block canine PVs.
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