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Abstract

Atrial pacing to reduce paroxysmal atrial fibrillation
recurrences is performed in right atrial appendage
(RAA) traditionally. However, recent studies indicate
that atrial septal (AS) pacing produces better
outcomes than the RAA pacing. The underlying
mechanisms for this difference remained unclear. One
possible explanation for the superiority of AS pacing
over RAA pacing is that the two different regions have
distinct electrophysiological properties. The study was
to explore whether there indeed exist regional
differences of electrical activities between RAA and
AS, using whole-cell patch clamp techniques. The
results showed that RAA cells had longer action
potential duration, more negative resting potential and
greater amplitude of action potential, whereas AS cells
had more rapid depolarizing velocity. The sodium

current was significantly smaller in RAA cells, whereas
the calcium current was markedly smaller in AS cells.
The transient outward K* current was similar in both
regions. The ultrarapid delayed rectifier K* current
was greater in RAA than that in AS cells. The inward
rectifier K* current was similar at potentials more
negative to -60 mV in both regions. The results
indicate that RAA and AS of patients with rheumatic
heart disease possess distinct electrophysiological
properties. These differences provided a rational
explanation for the different efficacies in treating atrial
fibrillation by atrial pacing in RAA and AS regions.
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Introduction

Atrial fibrillation (AF) is the most common cardiac
arrhythmia in clinical practice and can lead to potentially
serious clinical consequences, including thromboembolism,
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impaired physical capacity, reduced left ventricular
function, and stroke [1]. The treatment of AF remains
suboptimal because of limited efficacy and potential side
effects of drug therapy [2]. A variety of non-
pharmacological approaches have been used in the
management of AF, including pacemakers, implantable
atrial defibrillators, catheter ablation, and surgery. A newer
strategy is to use atrial pacing to reduce paroxysmal AF
recurrences and consequent progression to chronic AF
[3-4]. Traditionally, atrial pacing is performed in right atrial
appendage (RAA). Recent research, however, indicates
that atrial septal (AS) pacing produces better outcomes
than the traditional RAA pacing [5-9]. The underlying
mechanisms for this difference remained unclear.

One plausible explanation for the superiority of AS
pacing over RAA pacing is that the two different regions
have distinct electrophysiological properties. The
heterogeneity of electrophysiology in the heart has long
been recognized as a critical determinant of normal cardiac
function and abnormally enhanced spatial dispersion of
repolarization however plays a significant role in
arrhythmogenesis [1, 2, 10-13]. Regional differences in
repolarization and the underlying ionic currents between
left and right atria [ 14], between the crista terminalis and
pectinate muscles [15], and even within the right atrium
[11], have been well documented and these differences
are believed to contribute to the occurrence of AF [1, 2,
10-13]. Action potential variations between the right and
left atrial roofs [14] or between the crista terminalis and
pectinate muscles [15] in rabbit seem to involve in
differences of transient outward K current (/). The
spatial differences of the ionic currents have been
reported from canine atrial myocytes in detail, with
corresponding differences in action potentials [11]. Recent
studies have shown that regional heterogeneity of the
ultrarapid delayed rectifier K™ current (£, ) exist within
the atria and 7, /I blockade reduces repolarization
dispersion in right atrium [16, 17]. To date, no data have
been available concerning the heterogeneity of action
potential waveform and underlying ionic mechanisms
between RAA and AS. Such information would be highly
relevant to susceptibility to AF and to the treatment of
AF [18, 19].

The present study was designed to explore whether
there indeed exist regional differences of electrical
activities between RAA and AS, using whole-cell current
clamp and whole-cell voltage-clamp techniques. The
object was to obtain data that can be used to explain why
RAA and AS pacing produces different efficacies in AF
management.

Materials and Methods

Patients

The study included 16 rheumatic heart disease (RHD)
patients undergoing open-heart surgery from May 2005 to Nov
2007. The aims of these surgeries were mitral valve
replacements. All patients were in normal sinus rhythm at the
time of surgery, with no documented history of previous atrial
fibrillation. The age of patients ranged from 37 to 70 years,
averaging 52.1£2.6 years. Nine patients were female and seven
patients were male. The investigations were approved by the
Ethical Committee of the Harbin Medical University and
performed in accordance with the principles outlined in the
Declaration of Helsinki. Specimens of RAA were obtained early
during the surgical procedure and before the institution of
cardiopulmonary bypass. Tissues of AS were obtained after
the hearts asystole by retro-perfuse cardioplegia solution
through aorta. The characteristics of RHD patients are given in
Table 1.

Cell isolation

Immediately after surgical excision, the specimens were
placed in KB solution gassed with carbogen (5% CO,, 95% O,)
at 4°C and quickly transported to laboratory within 15 min. We
used a modified isolation procedure based on the technique
described previously [12].

Myocardial specimens were cut into chunks and washed
three times in oxygenated Ca** free Tyrode’s solution at 37°C.
And then the tissues were incubated in 10 mL Ca?* free Tyrode’s
solution containing collagenase (0.25 mg/mL, type o, Sigma)
and BSA (0.25 mg/mL) for 40 min at 37°C, the solution was
always gassed with carbogen. Afterwards, tissues were
transferred to fresh 10 mL Ca?* free Tyrode’s solution containing
collagenase (0.13 mg/mL, type o). The incubation was finished
as soon as microscopic examination revealed a satisfactory
number of intact cardiomyocytes. Cells were then separated
by centrifugation and resuspended in KB solution and kept at
4°C at least 1 h before they were used. Finally, the CaCl,
concentration was increased again by 200 uM every 10 min to
a final concentration of 1.8 mM.

Electrophysiological Recordings

Only rod-shaped myocytes with clear cross-striation were
used. A small aliquot of the solution containing the isolated
cells was placed in a 1-mL chamber mounted on the stage of an
inverted microscope. The cells were allowed to adhere to the
bottom of the chamber and then were continuously superfused
with Tyrode’s solution initially.

The whole-cell patch-clamp techniques were used to
record ionic currents in the voltage-clamp mode using an
Axopatch 200B amplifier (Axon Instruments), and action
potentials (APs) were recorded in current-clamp mode.
Borosilicate glass electrodes were connected to a headstage
(CV 203 BU, Axon Instruments). When filled with pipette
solution the electrodes had tip resistances from 2 to 4 MQ. The
potential of the pipette was zeroed before contacting the cell
membrane in the bath solution. Voltage command pulses were
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Table 1. Clinical characteristics of patients

. . . LE Age Gender Diagnosis Ll .
with RHD at the time of cardiac surgery. MVS, No. (yr) (beats/min)
mitral valve stenosis; AVS, aortic valve 1 65 Female MVS 96
stenosis. 2 53 Female MVS 67
3 37 Female MVS, AVS 98
4 42 Female MVS, AVS 64
5 52 Male MVS, AVS 93
6 43 Male MVS, AVS 68
7 51 Male MVS, AVS 70
8 63 Female MVS 69
9 70 Male MVS 86
10 55 Female MVS 94
11 46 Female MVS 95
12 48 Female MVS, AVS 84
13 61 Male MVS, AVS 76
14 45 Male MVS 93
15 60 Male MVS 87
16 42 Female MVS 79
Mean=SEM 521+26 Female 56%; male 44% 824+32

generated by a 12-bit digital-to-analog converter controlled by

pClamp 9.0 software (Axon Instruments). Recordings were low A RAA cell B AS cell

pass-filtered at 1 kHz. Data were stored on the hard disk of an

IBM-compatible computer. Junction potentials between bath

and pipette solution averaged <10 mV and were corrected for 0— 0—

APs only. Three minutes after seal formation, the membrane [\ 30 mV

was ruptured by gentle suction to establish the whole-cell 100 ms

configuration. The capacitance and series resistance were

compensated and all ionic currents data were expressed as

current density (pA/pF) by normalizing the current to its
capacitance for each cell. Cells with significant leak currents
(seal resistance <1GQ) were rejected.

APs, calcium current and all potassium currents except
for I, were recorded at 34-35°C with the use of a Peltier-effect
device (N.B.Datyner). / _and sodium current (/) were studied
at 19-20°C. Action potentials were recorded at a frequency of
0.1 Hz.

Solutions

The KB solution contained (in mM) glutamic acid 70,
taurine 15, KCI 30, KH,PO, 10, HEPES 10, MgCl, 0.5, glucose
10, EGTA 0.5 at pH 7.4 adjusted by KOH. The standard Tyrode’s
solution contained (in mM) NaCl 136, KC1 5.4, CaCl, 1.8, MgCl,
1.0, NaH,PO, 0.33, HEPES 10, glucose 10; pH adjusted to 7.4
with NaOH. This solution was used as extracellular solution
for action potential studies and was modified as indicated below
when specific currents were studied. The pipette solution for
action potential and potassium currents recordings contained
(in mM) KCI 20, K-aspartate 110, MgCl, 1.0, HEPES 5, EGTA 10,
Na,ATP 5; pH adjusted to 7.2 with KOH. In order to measure
selectively K™ currents, / was inactivated by using a holding
potential (HP) of -40 mV or by adding tetrodotoxin (TTX, 30
uM, Sigma) in extracellular solution. Interference with calcium
currents was omitted by the use of CdCl, (0.2 mM, Sigma) in
the extracellular solution. For /  recording, 4-Aminopyridine

Fig. 1. Representative action potentials (APs) recorded in a
RAA cell (A) and an AS cell (B) from a RHD patient.

(4-AP, 50 uM) was added in extracellular solution to block 7,

The external solution for recordings of [ contained (in
mM) CsCl1 120, NaCl 25, HEPES 5, MgCl, 1.0, CaCl, 1.0, Glucose
10; pH adjusted to 7.4 with CsOH. The internal solution for 7,
recording contained (in mM) CsCl 20, CsF 110, NaCl 5, HEPES
5, EGTA 10, MgATP 5; pH adjusted to 7.2 with CsOH. The
extracellular solution for L-type Ca** current (/. ) recording
contained (in mM) 136 choline Cl, 5.4 CsCl, 1.0 MgCl,, 2.0 CaCl,,
5 HEPES, 10 glucose; pH adjusted to 7.4 with CsOH. The internal
solution for /  recording contained (in mM) 20 CsCl, 110
Aspartate acid, 110 CsOH, 5 HEPES, 1.0 MgCl,, 10 EGTA, 5
MgATP; pH adjusted to 7.2 with CsOH.

Data Analysis

Group data are presented as mean £ SEM, and » indicates
the number of cells from at least eight individual patients.
Nonlinear and linear curve fittings were performed with the
Clampfit routine in pCLAMP. Statistical comparisons among
groups were performed by ANOVA and #-test. A two-tailed value
of P<0.05 was taken to indicate statistical significance.
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Rea RP 0s APA Vi APDs, APDy,
cglon 7 mV) (mV) mV) (mV/ms) (ms) (ms)
RAA  16(8) -63.040.8 40.241.1 103.241.4 16844 189429 345434
AS 16(8)  -57.5£0.9%%  37.3%0.9 94 741 4%% 236:+10%* 118+19 246423

Table 2. Action potential characteristics of RAA and AS cells from patients with RHD. RP, resting potential;
0S, overshoot; APA, amplitude of action potential; V _, maximum upstroke velocity (dV/dt) of phase 0 of
action potential; APD, and APD,, action potential duration at 50% and 90% of repolarization, respectively.
n indicates the number of atrial myocytes, and the number in bracket indicates the number of patients.

*P<0.05, **P<0.01 versus RAA group.

Results

The cell membrane capacitance determined in 80
RAA myocytes was 65.9+0.7 pF, and the capacitance
determined in 78 AS myocytes was 100.2+0.4 pF
(P<0.01).

Comparison of action potentials (APs) between

RAA and AS cells

Figure 1 shows representative APs recorded from
RAA (panel A) and AS (panel B) myocytes. We identified
several important differences of APs between RAA and
AS cells. First, the APs of RAA cells demonstrated
prominent plateau phase whereas those in AS cells were
triangular. This difference was also reflected by much
longer AP duration (APD) in RAA than that in AS cells
(RAA/AS %1.04, P<0.01). Second, resting membrane
potential was significantly different, with ~6 mV more
negative in RAA than that in AS cells (P<0.01). And third,
AP amplitude was approximately 9 mV greater in RAA
than that in AS cells (P<0.01). Correspondingly, the
maximum upstroke velocity (V) of the rising phase of
AP was also greater in AS cells (236+10 mV/ms, P<0.01)
than that in RAA cells (1684 mV/ms). Comparison of
AP characteristics between RAA and AS cells is
summarized in Table 2.

Comparison of sodium current (I, ) between RAA

and AS cells

Figure 2 shows typical examples of [ traces
recorded from RAA and AS cells, respectively. I was
elicited, from an HP of -80 mV, by a series of 100-ms
depolarizing test potentials (TP) from —60 mV to +40
mV with 10-mV increments. Detailed analyses revealed
some significant differences of I between RAA and
AS cells. First, [ density was overall smaller in RAA

cells relative to that in AS cells (P<0.01), but the
statistically significant differences were limited to
potentials negative to -10 mV (Fig. 2B); at the plateau
range of voltages (between -10 mV and +10 mV), there
was no significant difference of 7 density between RAA
and AS cells.

Second, the time-dependent properties of /, in RAA
and AS cells were different. The kinetics of 7, were
analyzed by bi-exponential fitting to the descending phase
of the current traces for activation and the rising phase
for inactivation, and the results are displayed in Figure
2C. The time constants for activation (1, ) and
inactivation (t__ ) derived from the fitting were averaged
in Fig. 2D and it is clear that both activation and
inactivation processes were faster in RAA cells,
compared with AS cells. For instance, the T, at -30 mV
where I peaked was 0.40+0.02 ms in RAA cells and
0.61+0.04 ms in AS cells (P<0.01). Similarly, the T,
was 1.12+0.08 ms for RAA and 1.94+0.15 ms for AS
(P<0.01).

And finally, the voltage-dependent properties of 7,
were different between RAA and AS cells (Fig. 3).
Currents for activation were determined using a 50-ms
prepulse of —100 mV to 100-ms test pulses between —
100 and 0 mV from an HP of 0 mV. To evaluate the
voltage dependence of activation, chord conductance was
calculated using the equation: g=I/(V -V ), where g
represents the conductance, [ is the current amplitude
measured at a test potential ¥, and V_ the equilibrium
potential of Na* channels (+40 mV) calculated using the
Nernst equation based on our experimental conditions.
Then the g values at various potentials were normalized
to the maximum g value at 0 mV and plotted against V, to
construct an activation curve. The relationship between
g/g_ . and membrane potential was fit by the Boltzmann
function with V) values —42.842.0 mV in RAA (n=16)
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Fig. 2. Comparison of I density and
kinetics between RAA and AS cells of
RHD patients. (A) 1, traces from a RAA
and an AS cell, respectively. (B) I,
density-voltage relationships in RAA
(n=16) and AS cells (n=16). (C) I, traces
elicited by a 100-ms voltage step to —40
mV from —-80 mV in a RAA (left panel)
and an AS (right panel) cell. The raw data
(points) were fitted by bi-exponential
function (solid lines) and the descending
phase represents the activation and the
ascending phase the inactivation time
courses. The arrows indicate the zero
current level. (D) Voltage dependence of

B
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Fig. 3. Comparison of voltage-
dependent properties of I between

RAA and AS cells of RHD patients. (A)
Representative recordings and protocol
used to assess inactivation (availability,
I/ ) in a RAA cell. (B) Voltage
dependence of activation (g/g, ) and
inactivation. //I __and g/g_  were fitted
by Boltzmann distribution: y=1/
{I+exp[(V-V,,)/S]}, where V is
membrane potential, V|, is the voltage
for half-maximum current, and S'is a slope B
factor. (C) Superimposed recordings of
I, recovery from inactivation obtained
in a RAA cell. P, and P, identical pulses
delivered at varying P, and P, interval
(At). (D) P, current normalized by P, (—% 0.2
current and plotted versus P -P, interval.
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30 0

and —46.2+0.8 mV in AS (n=16) myocytes. Accordingly,
the slope factors were 3.0£0.4 and 3.4+0.2 mV,
respectively. The voltage-dependent inactivation
properties were assessed using a two-step protocol: the
membrane was first stepped to potentials between —120
and 0 mV to condition /_ and then pulsed to a test potential
of~20 mV to record /. I inactivation curves were
constructed by plotting relative availability of I (/I :
I amplitude at various conditioning potentials divided by
the maximum / amplitude at -120 mV) as a function of

the conditioning potential. The voltage dependence of
inactivation was fit by the Boltzmann function to
determine the voltage for half availability of 7 (V)
and the slope factor. The V| , values were around 14 mV
more negative in RAA myocytes (—74.7£1.6 mV, n=16)
than those in AS myocytes (—60.1+0.5 mV, n=15, P<0.01).
The slope factors were 6.3+0.2 and 5.2+0.3 mV for RAA
and AS cells (P<0.01), respectively.

The time dependence of /, recovery from
inactivation was studied using a paired-pulse protocol

Atrial Electrophysiological Properties and Rheumatic Heart Disease
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Fig. 4. Comparison of /_ density
and voltage-dependent properties A RAA cell B
between RAA and AS cells of RHD . P TP (mV)
patients. (A) Typical recordings of o
I, from a RAA cell and an AS (?ell, +50 mV
respectively. (B) /., density- % ™
voltage relations. (C) [, activation -30 mV -40 mV j;l
and inactivation curves. (D) R
Reactivation time course of /. 12 AS cell <‘_>_“I
cells for each region, *P<0.05 or =
**P<0.01 versus RAA group. E 1 pA/pF
50 ms
C D
510 1.0 § 5
= 0.8 0.8 S =
- = °©
2 0.6{ 20 mV 06 o Q
S 04 %‘LO mv 045 T
= - e E
T 0.2 B0 mv 02 5
<ool_ ¢ ®eelo0* =
-100-80 -60 -40 -20 0 20 5 65 125185245305 365
TP (mV) P4 - P, interval (ms)

illustrated in Figure 3C: identical clamp pulses (P, P,)
were delivered from an HP of —100 mV to a step potential
of -30 mV with a variable interpulse interval (5 ms
increment, P -P.) at 0.2 Hz. The current during P, (/)
relative to the current during P, (/) was plotted as a
function of the P -P, reactivation interval (Fig. 3D). The
reactivation curves were fitted by mono-exponential
function to determine the reactivation time course. There
was no significant difference of recovery time constants
between RAA (11.2+1.0 ms, n=16) and AS myocytes
(10.8+£0.4 ms, n=16).

Comparison of L-type Ca’* current (I,,,) between

RAA and AS cells

I, was evoked by depolarizing pulses ranging from
-30mV to+50 mV from an HP of -40 mV (Fig. 4). Striking
differences of /| was found between RAA and AS cells;
I, density in RAA cells was nearly 4-fold larger than
that in AS cells at the plateau voltage range (from -10
mV to +20 mV). For instance, at 0 mV, /. averaged -
3.46+0.12 pA/pF in RAA cells (n=12) and -0.86+0.03
pA/pF in AS cells (n=12, P<0.01).

Figure 4C shows the voltage-dependence of /.
activation and inactivation. The activation of /. was
determined from the /-V relation in figure 4B, using the
equation of g=I/(V -V, where V_represents the
equilibrium potential of Ca*" channels. The relationship
between g/g and membrane potential was fit by the

Boltzmann function with V/, , -9.1+1.0 mV in RAA cells
and —8.0+0.8 mV in AS cells (»=12 in both regions).
Accordingly, the slope factors were 4.4+0.1 and 4.2+0.2
mV, respectively. The voltage-dependence of 7
inactivation was recorded using a two-step protocol (see
inset): the membrane was first stepped to 300 ms
potentials between —100 and +20 mV to condition /.
and then 0 mV to test the extent of inactivation. /.
inactivation curves were obtained by plotting relative
availability (//I__ )of1_  asa function of the conditioning
potential. The voltage dependence of inactivation could
be fit by the Boltzmann function with V', —18.4 + 0.8
mV in RAA cellsand —17.9+0.6 mV in AS cells (=12 in
both region). Accordingly, the slope factors were 5.7+0.6
and 4.8+0.4 mV, respectively. No apparent difference in
the voltage-dependent activation and inactivation
properties was observed.

The time dependence of /. recovery from
inactivation was studied using a paired-pulse protocol (Fig.
4D): identical clamp pulses (P, P,) were imposed from
an HP of —=80 mV to a step potential of +10 mV with a
variable interpulse interval (20ms increment) at 0.2 Hz.
The reactivation curves were fitted by a bi-exponential
function of y=A exp(-t/t )+A exp(-t/t,)+y0. T, averaged
55+£3 ms in RAA and 72+5 ms in AS cells (n=12/region,
P<0.05); t, averaged 335+22 ms in RAA and 375448

ms in AS cells.
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Fig. 5. Comparison of /  density between RAA and AS cells
of RHD patients. (A) Typical recordings of I from a RAA cell
and an AS cell, respectively. (B) /,, density-voltage relations
for each region (n=16 in RAA and 15 in AS).

Comparison of transient outward K* current (1 )

between RAA and AS cells

I was studied with 150-ms depolarizing pulses
between —40 and +50 mV from an HP of =70 mV at 0.5
Hz. The amplitude of /  was measured as the difference
between the peak outward current and the current at the
end of' the clamp pulse. Figure 5 shows typical recordings
of I in the cells from RAA and AS. There were no
significant differences in /  density between RAA and
AS cells; mean current densities at +50 mV averaged
7.0£0.5, 7.1+£0.3 pA/pF in RAA (n=16) and AS (rn=15)
cells, respectively (Fig. 5B).

The voltage-dependence of /  activation was
determined from the /- relation. The equation of form
g=II(V -V ) was used, where V', represents the equilibrium
potential of K* channels. The data points were fitted by
the Boltzmann function to obtain half-activation voltage
(V,,,) and slope factor (Fig. 6). No significant regional
differences in the voltage dependence of /_ activation
were observed. V, , and slope factors were 18.4+2.4
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Fig. 6. Comparison of steady-state voltage-dependent and
time-dependent properties of /  between RAA and AS cells of
RHD patients. (A) I activation (n=14 in each group) and
inactivation (n=16 in RAA and 15 in AS) curves. (B) Activation
and inactivation time constants of /(14 cells/region). (C)
Reactivation time course of /_(n=16 in RAA and 14 in AS).

and 13.7£2.4 mV in RAA (n=14), and 15.5+3.3 and
16.0+£2.1 mV in AS (n=14), respectively.

Voltage-dependent inactivation was studied with
400-ms pre-pulses between —100 and +40 mV from an
HP of —80 mV, followed by a 300-ms test pulse to +60
mV. The amplitudes of current were normalized and
plotted against the voltage of the conditioning pulses. The
half-inactivation voltage and slope factor averaged —
39.7+1.7 and 9.4+0.8 mV in RAA (n=16), and -47.6+2.1
and 7.5+£0.5 mV in AS (n=15), respectively.

I activation was well fitted by a mono-exponential
function and the inactivation kinetics was fitted by a bi-
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Fig. 7. Comparison of 7 _density between RAA and AS cells
of RHD patients. (A) Typical recordings of 7, _from a RAA cell
and AS cell, respectively. (B) /density-voltage relations for
RAA (n=18) and AS (n=16) cells. *P<0.05, **P<0.01 versus
RAA group.

exponential function. The results indicate no significant
interregional differences between RAA and AS (Fig. 6B).
Recovery from inactivation of / was assessed with the
use of paired pulses (P, P,) of 300-ms duration to +50
mV from an HP of —-80 mV with varying interpulse
intervals (20ms increment) at 0.2 Hz. The amplitude of
I elicited by P, was normalized to /_elicited by P, and
was plotted versus the interpulse intervals (Fig. 6C). Data
were fitted by mono-exponential function, and no
significant interregional differences were found. The
recovery time constants averaged 54.7+4.2 ms in RAA
(n=16) and 54.4£3.9 ms in AS cells (n=14).

Fig. 8. Comparison of /., density between RAA and AS cells
of RHD patients. (A) Typical recordings of /, from a RAA cell
and an AS cell, respectively. (B) /,, density-voltage relations
for RAA and AS cells (n=16 in each group, *P< 0.01). The inset
shows the outward /., current at potentials between -70 mV
and -30 mV.

Comparison of ultrarapid delayed rectifier K*

current (I, ) between RAA and AS cells

To record 7, a 100-ms prepulse of +40 mV was
applied to inactivate / , followed by 150-ms test pulses
between —40 and +60 mV from —50 mV after a 10-ms
interval at 0.5 Hz. [, was measured from zero current
to the steady-state level at the end of depolarization step.
I . density was significantly larger at potentials from -10
mV to +60 mV in RAA cells than that in AS cells (Fig.
7). For instance, at +60 mV, /, _density averaged 4.9+0.4
pA/pF in RAA cells and 3.3+0.3 pA/pF in AS cells
(P<0.01).
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Comparison of inward rectifier K current (1)

between RAA and AS cells

I, was elicited by 300-ms pulses from an HP of —
40 mV to voltages ranging from —120 mV to -20 mV at
0.2 Hz (Fig. 8). No significant regional differences in /|
density between RAA and AS were observed at potentials
from —120 to =70 mV; I, | density at —120 mV averaged
-4.3+0.4 and —4.6+0.3 pA/pF in RAA (n=16) and AS
(n=16), respectively. However, significantly greater
outward /| at voltages of -60 mV, -50 mV and -40 mV
was seen in RAA than that in AS cells.

Discussion

In this study, we compared in detail the electrical
activities at the cellular level (action potentials) and ionic
level (ion currents) between right atrial appendage (RAA)
and atrial septum (AS) of the same heart. The major
finding of this study is that RAA and AS of patients with
RHD possess distinct electrophysiological properties,
which are well reflected by their different morphologies
and durations of action potentials (APs), and by their
different biophysical properties and densities of ionic
currents. These differences provided a rational
explanation for the different efficacies in treating AF by
atrial pacing in RAA and AS regions.

The main differences in APs between RAA and AS
cells are resting membrane potential (RMP) and AP
duration (APD); RAA cells generally have more negative
RMP and longer APD. Consistent with the more polarized
membrane potential in RAA cells, /| current densities at
potentials between -60 mV and -40 mV where outward
I, was seen were significantly larger in these cells relative
to those in AS cells. APD is determined by the balance
between inward and outward currents operating during
the period of excitation. In this study, we found smaller
I, and greater [ in RAA compared with AS cells;
based on these data one would expect to see shorter APD
in RAA than that in AS cells. However, /., is remarkably
larger (approximately 4 folds) in RAA than in AS cells
and this APD-prolonging force overweighed the APD-
shortening factors (smaller /| and greater /),
conferring longer APD in RAA cells. We consistently
observed greater V_and sodium channel availability in
AS cells than that in RAA cells (table 2 and Figure 3),
despite that the resting potential is more negative in RAA
(-63.0 mV) than in AS (-57.5 mV). This seemingly
“contradictory” observation could be explained by the fact
that at -63.6 mV, the availability in RAA is 0.133, which

is substantially smaller than the availability in AS cells at
-57.2 mV (0.352).

Our study elucidated the electrophysiological basis
at the cellular and ionic levels for the clinically observed
differences of effectiveness of RAA and AS pacing in
preventing recurrence of AF. It is known that one of the
most important characteristics of electrical remodeling in
AF is impaired intracellular Ca*" handling leading to Ca®"
overload in atrial myocytes. During an excitation, Ca*"
enters into the cytosol with repeated rapid pacing and
more Ca* influx is expected. The greater /., in RAA
cells is deemed to allow for a greater Ca®" influx. Moreover,
APD in RAA is much longer than that in AS cells, which
should allow for more Ca?" entry into the cell during an
AP. Thus, an intracellular Ca?* overload may more readily
happen in RAA cells. In contrast, I, density is larger in
AS cells, which would allow for faster conduction in these
cells compared with RAA cells. It should be noted that
these points of views are highly speculative and detailed
future studies are needed to clarify these issues. The
present work lays the groundwork for the future studies.

One important limitation of this study is the lack of
healthy hearts as a control. The reason for that is on one
hand, we have had restricted cases of explanted hearts
for the study, and on the other hand, we figured that the
atrial tissues from patients with rheumatic heart disease
(RHD) might be of better choice for the particular purpose
of our study. The objective of the present study was to
decipher the cellular and ionic mechanisms underlying
the different efficacies for preventing the recurrent atrial
fibrillation (AF) between RAA pacing and AS pacing. It
is obviously more rational to conduct our study with atrial
samples that are more closely relevant to AF. And it is
well known that patients with RHD are highly susceptible
to AF induction; nearly one-quarter of RHD patients have
AF [20-22]. Moreover, in our study the comparisons were
made between RAA and AS in pairs from the same hearts
and it is hard, if not impossible, to obtain such samples
from healthy individuals.
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