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EXPERIMENTAL INVESTIGATIONS

Altered Action Potential Dynamics in Electrically
Remodeled Canine Atria
—— Evidence for Altered Intracellular Ca?+ Handling ——

Koki Hoshiyama. MD; Motoki Hara, MD*; Kenji Yasui, MD**;
Hideo Mitamura, MD: Fumitaka Ohsuzu, MD*;
Itsuo Kodama, MD**; Satoshi Ogawa, MD

Background Electrical instability following sustained rapid excitation has been attributed to aliered ion chan-
nels. All;ran(ms of Ca?* handling could also contribute to abnormal dynamics of action potential, favoring the
initiation and perpetuation of anhythmm.

Methods and Results Transmembrane action potentials and wwitch force (TF) were recorded from normal
(n=6) and remodeled (6-week atrial pacing at 400beats/min. n=6) canine atria. When the cycle length (CL) was
suddenly prolonged in normal atria. both TF and action potential duration (APD) increased on the first beat, and
decreased subsequently. Opposite changes were observed with sudden CL shortening. These dynamics in both
APD and TF were abol mhgd by rvanodine. but augmented by cyclopiazonic acid. an inhibitor of the sarcoplasmic
reticulum (SR) Ca?+ pump. In remodeled atria (RA), dynamic changes in APD were also concordant with dynam-
ic changes in TF. The transient increases in APD and TF were enhanced. and the transient decreases were reduced
compared to normal atria. The maximal slopu of APD and TF restitution curves were flatter and the magnitude
of alternans was reduced in RA. The protein expression of SR Ca?* ATPase and SR Ca*-release channel in RA

Circe 71 2006: 70: 1488~ 1496

was significantly reduced.

Conclusi(m Altered Ca?* handling may underlic abnormal APD dynamics in RA.

1496)

(Circ J 2006; 70: 1488~

Key Words: Action potentials; Atrial fibrillation: Calcium handlmo Remodeling

atrial fibrillation (AF) during the past decade was
the demonstration that rapid atrial excitation alters
atrial electrophysiology to promote AF!-* This process.
termed “electrical remodeling”. includes shortening and
loss of rate-adaptation of the effective refractory period
(ERP) as well as a reduction of conduction velocity! With
respect to the cellular mechanisms underlying such clectri-
cal remodeling. most previous studies have focused on the
altered action potential (AP) configuration during the steady

state. resulting from altered function and expression of

sarcolemmal ion channels. For example. a shortening in
ERP, which reflects a shortening of the AP duration (APD).
has been atuributed primarily to a reduction of the L-type

Ca2* current (Ical) in association with a downregulation of

pore-forming IcaL a-subunits??

In addition to changes in sarcolemmal ion channels, sus-
tained rapid atrial excitation leads to profound changes in
cellular Ca?+ handling? giving rise to significant contractile
dysfunction. Such AF-related alterations in cellular Ca**
handling also could contribute to abnormal clectrophysio-

(Received June 14. 2006: revised manuscript received August 29.
2006; accepied September 4, 2000)

Cardiology Division. Department of Medicine. Keio University School
of Medicine, Tokyo. *Internal Medicine I. National Defense Medical
College. Saitama and **Department of Circulation, the Research In-
stitute of Environmental Medicine, Nagoya University. Nagoya. Japan
Mailing address: Motoki Hara, MD. Department of Internal Medi-
cine 1. National Defense Medical College. 3-2 Namiki. Tokorozawa.
Saitama 359-8513, Japan. E-mail: mhara@ndmec.ac.jp

n important advancement in our understanding of

logic propertics of the atria. The information availablc on
this issue is still imited. Hara et al reported that the dynam-
ics of APD. in response to an abrupt change of stimulation
cycle length (CL) in canine awia with AF, were different
from normal atrial They suggested an involvement of
altered Ca?* handling, because the difference in APD dy-
namics was abolished by ryanodine. The present study was
designed to obtain further insight into the role of Ca®*
dynamics in modulating APD in atria subjected to chronic
rapid atrial pacing.

We hypothesized that alterations to the Ca? handling in
clectrical remodeling could contribute to the abnormal APD
dynamics favoring the initiation and perpetuation of fibril-
lation. Recent studies have shown that non-steady state AP
characteristics have important implications for the develop-
ment of arrhythmias®'0 Several studies have suggested that
APD restitution kinetics are an important determinant of sta-
bility in several types of re-entrant circuits®3 Burashnikov
and Anizelevitch showed that late phase 3 triggered activity
induced by early afterdepolarization (EAD) occurs after a
long diastolic interval. causing immediate AF recurrence
after AF termination in a cholinergically-mediated model
of AF?

The purpose of this study was to test the following hypo-
theses: (1) that non-steady state APD dynamics, including
APD restitution and APD wransition after an abrupt change
in CL. arc rclated to intraccllular Ca>* handling in caninc
atria: and that (2) APD dynamics are altered in association.
with alered Ca?* handling in the setting of clectrical
remodeling.

Clireulation Jowmal 170170, Novewher 2006
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For this purpose, we investigated the dynamics of APD
and twitch force (TF) in response to abrupt CL changes in
normal and remodeled canine atria (6—-8 week rapid pac-
ing). because TF dynamics arc known to reflcct dynamic
changes in Ca®* released from the sarcoplasmic reticulum
(SR). We also examined the protein expression of SR Ca®*
ATPase (SERCA2), SR Ca?*-rclease channel (RyR2) and
sarcolemmal Nat/Ca?* exchanger (NCX1).

Methods

Animal Preparation
The investigation was approved by the Institutional Sci-

entific Review Committee of the Keio University School of

Medicine. The investigation conforms to the Guide for the
Care and Use of Laboratory Animals published by the US
National Institute of Health. Adult beagle dogs (weighing
10-15kg) of either sex were used {or the experiments. A
group of 6 dogs were anesthetized with sodium pentobarbi-
tal (20mg/kg iv). and a left intercostal thoracotomy was
performed. A bipolar pacing wire was positioned in the left
atrial appendage through the opening in the pericardium.
The clectrode Icads were tunneled subcutancously to the
back of the neck. where they were connected to a pace-
maker (Medtronic, Minneapolis. MN. USA). After the in-
cisions were closed. the animals were allowed to recover

Cireulation Jouwmal 1701, 70, Nevember 2006

Representative action potentials and twitch con-

and to a sudden decrease in the CL from 500 to 350 ms
(B).

for 10 days. The dogs then received rapid atrial pacing
(400 beats/min) with normal atrioventricular conduction for
6—8 weeks in a conscious and freely moving state. Clinical
signs of heart failure were not obscrved. Another group of
6 age-matched beagle dogs without inserted instrumenta-
tion served as controls.

Recordings of APs and Twitch Contraction

On the day of the study, dogs were anesthetized with
sodium pentobarbital (30mg/kg iv) and the hearts were
cxcised. Right atrial trabeculac were dissceted and sus-
pended in a Plexiglas tissue bath with the endocardial side
up. The preparations were superfused with Tyrode’s solu-
tion composed of (in mmol/L): NaCl 137, NaHCO3 12,
KCI 4.0, CaClz 2.7, MgCl2 0.5. NaH2P04 1.8. and glucose
5.5. The solution was equilibrated with 95% 02+5% COz2 at
36.5°C to maintain the pH at 7.4.

Transmembrane APs were recorded with standard glass
microelectrodes (3.0mol/L KCl, 10-15M€ DC resistance)
that were connected to a high-input impedance amplifier.
Isometric contractile force was recorded by using a force-
displacement transducer (Grass Instruments Co). The sig-
nals were displayed on an oscitloscope, digitized, and stored
in a compuler for offline analysis. APD was measured at
90% repolarization (APDoo).
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Fig2. Effects of different cycle lengths (CLs) on
the transitions of action potential duration was mea-
sured at 90% repolarization (APDun) (Left panels)
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Experimental Protocols

The preparations were equilibrated in the tissue bath un-
til clectrical and mechanical stability were achieved under
counstant stimulation through a pair of bipolar electrodes at
a basic CL (BCL) of 500 ms. Pulses were Sms in duration
and 1.5-2-fold the threshold intensity. The stimulation CL
was changed suddenly from 500 1o 200-3.000 ms: this pro-
cedure was repeated. Restitution of APD and TF was deter-
mined using single test pulses (S2) delivered after every
40t basic pulse (S1) at a BCL of 500 ms. The $152 coupling
interval was progressively decreased from 3.000 to 200ms.

Drugs used in the study included ryanodine. isoproterenol
hydrochloride, and cyvclopiazonic acid (CPA). Ryanodine
was dissolved in dimethyl sulfoxide (DMSO) and diluted
in distilled water to make a stock solution. The final con-
centration of DMSO in the bath did not exceed 1 pmol/L
and had no cffccts on APs or contractions.

Western Blots

The protein expression of SERCA2, RyR2 and NCXI
was estimated by Western blot analysis using tissue homo-
genates of the right atrial trabeculae. The procedures were
essentially the same as those described previously!! Primary
antibodics used for the Western blots were as follows: anti-
SERCAZ2 (1:1,000, Affinity Bioreagents #MA3-919). anti-
RyR2 (1:5.000. Sigma. #R-128), and anti-NCX1 (1:500
Affinity Bioreagents, #MA3-926). The immunoblots were
developed with horseradish peroxidase-labeled goat anti-
mouse IgG (BD Transduction Laboratories, #M15345) as a
secondary antibody (1:2,000 for SERCA2 and NCXI;
1:10.000 for RyR2) for | h. followed by visualization using
an ECL reagent, The density of the protein bands was quan-
tified by using a CS Saver and Analyzer (ATTO & Rise
Corporation) and the value was normalized to the amount
of total protein.

Statistical Analysis

Statistical analysis was performed with the Student’s
t-test for paired or unpaired data, and ANOVA followed by
Bonferroni's test was then used, as appropriate. All data are
expressed as the mean=SE, unless otherwise specified. A
value of p<0.035 was considered to be significant.

PYRRE T W T ST SO T YT T S S | b tnnd
ist 3rd Sth 7th (beat) Ist 3rd Sth  7th (beat)

1500 ms

changed abruptly from a basal 1 e»el of 500ms to
several different levels (n=6). Note that the dynamic
change in action potential duration occurred in par-
allel with dynamic changes in TF.

Results

APD and TF Dynamics in Normal Atria in Response
to Sudden Clmnaes in CL

Fig 1A shows upxumntauvc mnmdmus of APs and
twitch contractions in normal canine atria subjected to a
sudden increase in the CL from 500 to 1.500ms. The
APDuo increased abruptly from 173 ms (steady-state at CL
500ms) to 218 ms with the first beat of the longer CL,
which then shortencd in steps during subscquent beats.
This observation is consistent with the ecarly phase of rate-
adaptation described in @ previous report (Hara et al4). The
TF recorded simultaneously showed parallel changes. TF
amplitude increased abruptly from 0.83 to 1.38g with the
first beat at the longer CL. which then decreased in a step-
wise fashion during subsequent beats. In the present study.
we analyzed APD and TF dynamics only in the carly phasc
of rate-adaptation. When the pacing CL was abruptly short-
ened, the opposite elfect was observed (Fig 1B). Both
APDuo and TF were abruptly decreased with the first beat,
which then increased during subsequent beats. Thus, APD
and TF showed a transient increase when CL was abruptly
prolonged. and a transient decrease when CL was abruptly
shortened in normal atria.

Fig2 shows the effects of different CLs on the transient
changes in APDoo and TF. The CL was suddenly changed
from the basal value of 500ms to several different values.
Transient changes in APDon and TF of different magnitudes
were observed for all of the stimulation protocols with
peaks in the first beat of the new CL. The greater the differ-
cnce between the basic and the new CL, the greater the
magnitude of transient changes in both APD9o and TF was.

Note that both APD and TF showed alternans when the
new CL was short, although APD alternans was less promi-
nent than TF alternans. The shorter the new CL. the greater
was the magnitude of alternans. The magnitudes of APD
and TF alternans were the largest at the beginning of the
new CL and gradually decreased 1o a plateau after the 10%
beat.

Pharmacological Modification of Intracellular
Ca**-Handling

Dynamic changes in APD in response to a sudden change
in CL were thought to reflect beat-to-beat changes in intra-
cellular Ca?* hdﬂdhﬂ“ because they were always accompa-
nied by parallel changes in TF. To confirm this hypothesis,

Circulation Journal 1ol 70, November 2006
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Effects of agents that modulate Ca?* handling on action potential (AP) and twitch force (TF) dynamics in normal

atria, (A) ryanodine (1 pgrool/L, n=6). (B) isoproterenol (1 gmol/L. n=6). (C) cyclopiuzonic acid (CPA) (10 umol/L. n=6).
(Left panels) Transition of the AP duration was measured at 90% repolarization (APDun) and TF after abruptly changing
the cycle length (CL) from 300 to 1.500 ms before and after the application of each agent. (Right panels) Representative

experiments. Note that each agent had a similar effect on both AP duration and TF dynamics.

we examined the effects of ryanodine, isoproterenol and
CPA on APD and TF dynamics after an abrupt prolonga-
tion of CL in normal atria.

Fig3A shows the effects of ryanodine on the dynamic
changes in APD9o and TF. Ryanodine binds specifically o
the Ca?*-release channel in the SR and at low concentra-
tions (<30pumol/L) locks the channel in an open state.
causing Ca?* leakage from the SR into the cytosol and
subsequently out of the cell!? Tn atrial muscles treated with
I pmol/L. ryanodinc. the transient increases in APDgo and
TF in response to a sudden prolongation of the CL to
1.500ms were completely abolished.

Fig 3B shows the effects of isoproterenol, a f-adrenergic

Ciradation Journal - Vol 70, Nevewber 2006

receptor agonist. In the muscles treated with 1 gmol/L iso-
proterenol, the transient increases in the APDwo and TF
were less prominent than in the control group. The percent
increase in the first beat from the baseline in the absence
and presence of isoproterenol was 16.2+1.2 vs 10.9£2.4%,
respectively, for APDw (n=6. p<0.05); and 45.1+2.5 vs
17.1£3.5%, respectively. for TF (n=6. p<0.05). Subsequent
reductions in the APD and TF from the % to 8" beats dur-
ing the longer CL were minimized. The percent reduction
in the abscnce and presence of isoproterenol was 5.0+1.1
vs 2.7+£0.2%. respectively. for APDoo. and 21.1£7.0 vs
2.9+1.2%, respectively. for TF (n=6. p<0.03).

Fig3C shows the effects of CPA. a specific inhibitor of
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500 to 350ms (B) between normal and remodeled atria (n=6, respectively). Ordinates are normalized to the same values
as those during bipolar electrodes at a basic CL of 500 ms. Representative experiments are also shown.

SR Ca?+-ATPasc. In the muscles treated with 10 umol/L
CPA, the transient increasces in the APDoso and TF were
more prominent than in the control group. The percent in-
crease in the first beat {rom the baseline value in the absence
and presence of CPA was 15.8x1.8 vs 25.8+0.94%, respec-
tively, for APDw (n=6. p<0.05): and 41.2£3.2 vs 75.7%
10.3%. respectively, for TF (n=6. p<0.05). Subsequent
reductions in the APD and TF from the 13t to 8 beats also
were enhanced. The percent reduction in the absence and
presence of CPA was 3.3£1.0 vs 10.2£0.7%. respectively.
for APDoe and 8.6x5.4 vs 40.7+4.6%. respectively, for TF
{n=6. p<0.05).

Therefore, drugs that modulate intracetiular Ca?* han-

dling had similar effects on APD and TF dynamics, further
supporting the concept that APD dynamics are associated
with Ca?* handling.

AP and TF Dvnamics in Electrically Remodeled Arria

Figd shows APD and TF dynamics in remodeled atria
after an abrupt change of CL from 500ms to various CLs.
Although the shapes of transition curves appeared similar
to normal atria, the magnitudes of the transient changes in
APD and TF were different (Figs 2,4).

In Fig 5A, transitions for the APDoo and TF after abrupt-
Iy prolonging the CL from 500 to 1,500ms are compared
between normal and remodeled atria. In this figure, ordi-

Cirenlation Journal 17070, November 2006
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nates are normalized to the same values as those during a
CL of 500 ms. Representative experiments are ajso shown.
Although the steady-state APDyo and TF (BCL 500ms) in
remodeled atria were lower compared to normal atria, the
transient increases in the APDoo and TF were significantly
augmented. The percent increase in the first beat from the
baseline values in normal and remodeled atria was 16.1x
1.2 vs 25.4x4.6%, respectively, for APDwo (n=6, p<0.05):
and 56.1£9.1 vs 174£23.8%. respectively, for TF (n=6. p<
0.05). The percent reduction {rom the 15010 8® beats during
the longer CL in normal and remodeled atria was 5.0+0.7
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pulse (S1) (S182) interval was longer than the BCL.

vs 12.4+1.8%, respectively, for APDoo: and 11.824.9 vs
34.7+8.0%, respectively, for TF (n=6. p<0.05). These
changes in the AP and TF dynamics in remodeled atria
were similar to the effects of CPA in normal atria.

In contrast. the transient decreases in the APDw and TF
in response to a sudden shortening in the CL were signifi-
cantly reduced in remodeled atria. When the CL was short-
enced from 500 to 350ms, the percent decrease in the first
beat from the baseline value in normal and remodeled atria
was 15.7+0.6 vs 10.320.8%. respectively, for APD (n=6.
p<0.05); and 34.2+3.5 vs 21.922.9, respectively, for TF
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Fig® Histogram and representative Western blots reflecting the
expression of SR Ca** ATPase (SERCAZ2; 110kDa), SR Cal*-release
channel (RyR2: 365kDa) and sarcolemmal Na*/Ca> exchanger
(NCX1: 120kDa)y in normal (n=4) and remodeled atria (n=4). Re-
modeled atria had lower expressions of SERCA2 and RyR2 compared
with normal atria (¥p<0.03). No significant difference in NCX1 ex-
pression was observed. p<0.05.

(n=6, p<0.05).

The magnitudes of APD and TF alternans were remark-
ably reduced in the remodeled atria (Figs 2.4). In Fig6, the
magnitudes of APD and TF alternans were compared be-
tween normal and remodeled atria. The differences be-
tween the long and short APD and TF after the 10% beat
were calculated as the magnitudes of alternans.

Restitution Kinetics for APD and TF

The restitution kinetics for APD and TF would be altered.
because APD and TF with the first beat after an abrupt
shortening or prolongation of CL constitute restitution
curves. Fig 7A shows the restitution curves for APDvo and
TF in normal and remodeled canine atria. The restitution
curve for APD was altered in parallel with that of TF in
remodeled atria. In Fig 7B, ordinates are normalized to the
same values as those during a BCL of 500ms. The slopes
of APD and TF restitution curves in remodeled atria were
flatter when the S1S2 interval was shorter than the BCL.
and steeper when the SiS2 interval was longer than the
BCL. Such changes in the slopes in remodeled atria can be
explained by the finding that the transient decrease in the
APD and TF after a sudden CL shortening was reduced,
and that the transicnt increase after a sudden CL prolonga-
ton was enhanced.

As a whole. the maximal slope of the APD restitution
curve in the remodeled atria was significantly reduced com-
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parcd with that in normal atria. The mean maximal slope of
APD restitution curve calculated in each preparation in
normal and remodeted atria was 0.29+0.02 vs 0.19+0.03.
respectively (n=6. p<0.03).

Protein Expression Influencing the Intracellular Calcium
Handling in Remodeled Atria

The expression of the SERCA2, NCX1, and RyR2 in re-
modeled atria were compared with those in normal atria
(Fig 8). Both SERCA2 and RyR2 were significantly de-
creased in remodeled atria (n=4). There was no significant
difference in the amount of NCX between the 2 groups.

Discussion

Most investigations of atrial electrophysiological remod-
eling have {ocused on steady state conditions at a constant
pacing CL, and the underlying cellular mechanisms have
been solely autributed to alterations in sarcolemmal ion
channels. In the present study, we showed that dynamic AP
characteristics are also altered in clectrical remodeling
beeause of altered intraccllular Ca?* handling, This is the
first study to show a relationship between abnormal Ca?+
handling and altered dynamics of AP repolarization in elec-
trical remodeling.

AP Dynamics After an Abrupt Chunge in CL

When the CL was abruptly prolonged in normal atria. the
APD of the first beat at the new CL abruptly increased and
then decreased in a step-wise fashion during subsequent
beats. In contrast, when the CL was abruptly shortened. the
APD of the first beat abruptly decreased and then increased
during subsequent beats. Abrupt changes in APD with the
first beat may be caused partly by the incomplete recovery
of sarcolemmal ion channels. such as Ixs, e and Icat. How-
cver, itis difficult to explain the mechanism responsible for
the stepwise changes in the APD based on the recovery of
ton channel {unction. In the present study, we found that
the time-course of APD changes paralleled the time-course
of TF changes. and that drugs that modulate intracellular
Ca** handling (ryanodine, isoproterenol. CPA) had similar
effects on APD and TF dynamics. These results suggest
that APD dynamics are associated with Ca®* handling. The
underlying mechanisms responsible for the TF dynamics
after an abrupt CL change are well understood!? When the
CL is abruptly increased, the initial TF is increased because
a greater fraction of SR Ca?* is released because of the
longer pacing interval. During the longer diastolic interval,
more Ca2* is taken back up into the SR and becomes avail-
abic for rclcase! This Jarger SR Ca?* relcase stimulates
more Ca?* extrusion via the Na#/Ca®* exchanger (NCX).
Consequently. there is a progressive decline in the amount
of SR Ca?*, which is reflected by the step-wise decline in
TF12 Based on the above theory. we hypothesize that APD
dynamics are caused by changes in NCX current that
reflect changes in Ca released from the SR. As NCX
generates a net inward current during Ca®* extrusion. APD
dynamics can be explained by the NCX current. The APD
of the first beat increases because of a large NCX current,
which is caused by the release of a greater fraction of SR
Ca?+. The APD gradually decreases because the NCX cur-
rent gradually decreascs as a result of a progressive decline
in the amount of SR Ca* released.

The hypothesis that APD dynamics reflect changes in the
Ca** released from the SR explains many phenomena
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obscrved in the present study. In Fig2. the APD and TF
increased transiently with the prolongation of CL., because
more Ca?* was taken back up into the SR during the longer
diastolic interval and then released. Ryvanodine abolished the
ransient increase in the APD and TF. Because ryanodine
causes calcium leakage from the SR during the diastolic
interval. the large Ca™* release from the SR and the subse-
quent large NCX current after the abrupt CLL prolongation
can no longer occur. Isoproterenol. which stimulates the
SR Ca?* pump and increases the sarcolemmal Ca* current.
attenuated the abrupt increase and step-wise decline in both
APD and TF. As isoproterenol stimulates CaZ* re-uptake
into the SR. most of the Ca>* released from the SR may
have been taken back up, and made available for rclease
during the diastolic interval at the bascline CL. Thus, sud-
denly prolonging the CL had less effect on Ca?* uptake
during diastole and the changes in APD and TF were
blunted. Furthermore, because most of the Ca®* released
from the SR is recirculated into the SR. minimum Ca* may
be extruded via NCX in the presence of isoproterenot!2
Thus. the amount of SR Ca?* does not decrease progres-
sively, which cxplains the loss of a step-wisc decline in the
APD and TF. CPA had effects opposite to those of isopro-
terenol, which can be explained by the partial inhibition of
the SR Ca?* pump. A complete blockade of the SR Ca**
pump might deplete SR Ca? and transient increases of APD
and TF might not occur. Thus. it is plausible that APD dy-
namics are caused by changes in NCX current that reflects
changes in Ca?* relcased from the SR.

Recently. Burashnikov and Antzelevilch showed that
late phase 3 EAD-induced triggered activity occurred after
a long diastolic interval following the termination of rapid
atrial excitation in a cholinergically-mediated model of
AF? Although we did not observe EADs in the present
study. our study provides a theoretical basis for their re-
sults: that is, a phasc 3 EAD would be mediated by the
inward NCX current through accentuated SR release after a
long preceding diastolic interval.

Altered AP Dynamics in Remodeled Atria

APD dynamics after an abrupt CL change were altered in
remodeled atria. The transient increase in the APD after a
sudden CL prolongation was cnhanced. and the transicnt
decrease after a sudden CL shortening was reduced. com-
pared with normal atria. These changes in APD dynamics
were parallel to the changes in the TF dynamics, suggesting
that altered AP dynamics in remodeled atria are caused by
altered intracellular Ca® handling.

Although remodeling of Ca™ handling appears to be re-
sponsiblc for the altered AP dynamics. the precise mecha-
nisms are not clear from the present study. Because we only
measured TF. we could not determine which process of
Ca?* handling was altered. The reduced SR Ca?*-pump
activity might, in part. explain the change of APD dynam-
ics. because the expression of SERCA2 was reduced and
CPA administered in normal atria mimicked the APD and
TF dynamics of remodeled atria. Increased activity of NCX
could also explain the enhanced transient incrcase in the
APD in remodeled atria. although the expression of NCX
did not increase significantly in the present study. Upregu-
lation of NCX has been shown in atrial myocardium of
paticnts with AF! Further stadics will need to be conducted
in order to understand the precise mechanisms of remodel-
ing of Ca?* handling. including direct measurements of
Ca?* transients and analysis of the fractions of Ca?* trans-
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ported by the SR. NCX, and slow inward channcl.

The enhanced transient increase of APD and TF after CL
prolongation in remodeled atria may reflect enhanced Ca?t
extrusion from the cell. This enhanced Ca extrusion as
well as reduced Icar. is a protective mechanism against Ca?+
overload. Thus, remodeling of Ca?* handling can be re-
garded as an adaptive response to the Ca™ overload caused
by AF.

Restitution Kinetics and Alternans of APD in Remodeled
Atria

Altered Ca?* handling in clectrical remodeling changed
the restitution kinetics for APD. The maximal slope of the
APD restitution curve was flatter in remodeled atria. This
would Icad to a reduced magnitude of APD alternans. In
fact, the magnitude of APD alternans was significantly
reduced in remodeled atria

The maximal slope of the APD restitution curve in the
present study was <! in both normal and remodcled atria
This is because the restitution curve was determined with a
standard S182 protocol. Dynamic restitution would more
closcly approximate the restitution rclationship during
rapid excitation!3

The slope of the APD restitution curve and the magni-
tude of APD alternans have been shown to be important
determinants of stability in several types of re-entrant
circuits®™? In the ring model of atrial re-entry, Frame and
Simpson showed that a steep slope favored large CL oscil-
lations and termination of re-entry, whereas a flat slope
decreased oscillations and stabilized re-entry® In contrast, a
steep slope precipitated the breakup of single spiral waves
into multiple smaller spirals®7 A flatter slope in the remod-
eled atria may stabilize single anatomical re-entry. but may
decrease the number of functional multiple wavelets?10

Clinical mplications

It is known that the recurrence of AF occurs early {sev-
eral days) alter pharmacological or electrical cardioversion.
which is attributable to electrical remodeling. So far, the
shortening of steady-state APD has been solely attributed
to this phenomenon, but altered non-stecady-state AP dy-
namics shown in the present study (altered APD restitution
and APD transition) may also contribute to the carly recur-
rence of AF.

As discussed above. the slope of the APD restitution
curve can influence the stability of re-entrant arrhythinias.
Although the precise mechanisms of AF have not been
understood, a variety of mechanisms such as focal drivers,
mother rotors with fibrillatory conduction. and multiple re-
entrant circuits arc thought to play a role in the initiation
and maintenance of AF. The flatter slope in electrical
remodeling may stabilize AF in patients where a stable
rotor plays an important role in the maintenance of AFH10

AF recurrence immediately after the termination of the
arrhythmia (IRAF) is frequently observed. Burashnikov and
Antzelevitch suggested that late phase 3 EAD-induced trig-
gered activity might be a possible mechanism of IRAF?
This EAD occurs after a long diastolic interval following
the termination of rapid atrial excitation. As was discussed
above, it might be mediated by the inward NCX current
through accentuated SR Ca?* release. In the present study.
the transicnt increcase in APD after a sudden CL prolonga-
tion was enhanced in remodeled atria. This suggests that
triggered activity caused by EADs and TRAF might occur
more easily in remodeled atria.
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Conclusions

In the present study. we showed thatt (1) not only
steady-state AP but also non-steady-state AP dynamics 1is
altered in eleetrical remodeling: and that (2) this altered AP
dynamics is caused by altered Ca®* handling rather than
altered sarcolemmal ion channels. Because non-steady-
state AP characteristics have important implications for the
development of arrhythmias, the present study provides
new insight into arrhythmogenesis in atrial electrical re-
modeling. Moreover, the present study predicts that intra-
cellular Ca?* handling might be a new therapeutic target for
the treatment or prevention of AF.
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Abstract

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is characterized by adrenergic induced bidirectional or polymorphic
ventricular tachycardias. Some of CPVT families were reported to be associated with cardiac ryanodine receptor gene (RyR2) mutations.
However, association between RyR2 and other arthythmogenic disorders is not clarified. In this study, we analyzed 83 Japanese patients
including patients with long-QT syndrome, Brugada syndrome, idiopathic ventricular fibrillation, arthythmogenic right ventricular
caridiomyopathy and CPVT. Genetic screening of RyR2 revealed 3 distinet mutations among 4 families with CPVT (75% of incidence).
However, no mutation was found in other groups. This is the first report to demonstrate prevalence of RyR2 mutations in various
arrhythmogenic disorders in Japan. RyR2 mutations were detected frequently in CPVT but not in other diseases.

© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Calcium channel; Mutation; Delayed after depolarization; Ventricular tachycardia; Sudden death

1. Introduction

Catecholaminergic polymorphic ventricular tachycardia
(CPVT) is an autosomal dominant inherited disorder
characterized by adrenergic induced polymorphic ventri-
cular tachycardias (PVT) and associated with sudden
cardiac death in childhood and adolescence. The cardiac
ryanodine receptor gene (RyR2) has been shown to be
linked to CPVT [1]. To date, more than 30 RyR2 missense
mutations have been reported in CPVT and arthythmo-
genic right ventricular caridiomyopathy (ARVC) [1-3].
However, the prevalence of RyR2 mutation in other
arthythmogenic disorders such as long-QT syndrome,

* Corresponding author. Tel.: +81 25 227 2185; fax: +81 25 227 0774.
E-mail address: yoshiyaaizawa-circ@umin.ac.jp (Y. Aizawa).
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Brugada syndrome is not known. The purpose of this
study is to clarify the impact of RyR2 mutations on various
ion channel disorders in Japan.

2. Materials and methods

We performed genetic analysis of RyR2 against 83
Japanese patients. Those were 24 patients with long-QT
syndrome (LQT), 48 patients with idiopathic ventricular
fibrillation (IVF) including Brugada syndrome (BrS), 4
patients with CPVT and 7 patients with ARVC. Those
patients were diagnosed according to typical clinical
characteristics of the disease. The KCNQI, KCNH2,
SCNS5A, KCNEI and KCNE2 were also screened but no
mutation in such genes in these patients. Blood sample
was obtained from each patient after a given informed
consent of genetic analysis. We used PCR-SSCP method
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followed by DNA sequencing or direct sequencing. We
also screened each identified mutation against more than
100 unrelated healthy controls to exclude the possibility of
a polymorphism.

3. Result

We identified 3 distinct RyR2 mutations among 4
genetically unrelated families with CPVT and 2 of those
mutations were novel. (Fig. 1) However, no mutation was
found in LQT, IVF and BrS patients.

3.1. Family 1

A 20-years-old male was referred to the hospital
because of recurrent syncope occurring during physical
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or emotional stress. Syncope first developed at 10-years of
age and recurrently over the last 10 years. PVT followed
by ventricular fibrillation (VF) was documented during EP
study. The patient had no family history of syncope or
sudden death. Clinical evaluation including cardiac
catheterization revealed no structural abnormality. Resting
ECG was normal. Stress test performed on a treadmill
induced premature ventricular contractions (PVC) in a
pattern of bigeminy. Bi-directional ventricular tachycardia
(BVT) was induced by isoproterenol infusion. The
arrhythmia was suppressed with R-blocker using Propra-
nolol. PCR-SSCP analysis of the proband revealed an
abnormal band in exon 47 of RyR2 and DNA sequencing
confirmed a G to A transition at the position of 7202
leading to amino acid change of histidine for arginine
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