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Abstract
We have previously shown that left atrial-pulmonary vein tissue (LA-PV) can generate reentrant
arrhythmias (atrial fibrillation, AF) in wild-type (mXinα+/+) but not in mXinα-null (mXinα-/-) mice.
With the present experiments, we investigated the arrhythmogenic activity and the underlying
mechanisms in mXinα+/+ versus mXinα-/- LA-PV.

Electrical activity and conduction velocity (CV) were recorded in LA-PV by means of a MED64
system. CV was significantly faster in mXinα+/+ than in mXinα-/- LA-PV and it was increased by
1 μM isoproterenol (ISO). AF could be induced by fast pacing in the mXinα+/+ but not in mXinα-/-
LA-PV where automatic rhythms could be present. ISO increased the incidence of AF in Xinα+/+
whereas it increased that of automatic rhythms in mXinα-/- LA-PV. In LA-PV with the right-atrium
attached (RA-LA-PV), automatic rhythms occurred in all preparations. In mXinα+/+ RA-LV-PV
simultaneously treated with ISO, strophanthidin and atropine, the incidence of the automatic rhythm
was about the same, but AF increased significantly. In contrast, in mXinα-/- RA-LA-PV under the
same condition, the automatic rhythm was markedly enhanced, but still no AF occurred.
Conventional microelectrode techniques showed a longer APD90 and a less negative maximum
diastolic potential (MDP) in mXinα-/- than mXinα+/+ LA-PV tissues. Whole-cell current clamp
experiments also showed a less negative MDP in mXinα-/- versus mXinα+/+ LA-PV
cardiomyocytes.

The fact that AF could be induced by fast pacing under several conditions in mXinα+/+ but not in
mXinα-/- LA-PV preparations appears to be due to a slower CV, a prolonged APD90, a less negative
MDP and possibly larger areas of conduction block in mXinα-/- myocardial cells. In contrast, the
non-impairment of automatic and triggered rhythms in mXinα-/- preparations may be due to the fact
that the mechanisms underlying these rhythms do not involve cell to cell conduction.
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Introduction
Atrial fibrillation (AF) is the most common arrhythmia in the aged in all human societies.
Clinical risk factors for the development of AF include age, gender, hypertension, diabetes
mellitus, valvular heart diseases, heart failure, etc. The diversity of the risk factors renders the
hope of a definitive control of AF unlikely (Oral, 2005; Gollob, 2006; Atienza and Jalife,
2007). Whether or not the susceptibility to the development of AF carries an underlying genetic
background thus deserves attention, not only for a better clinical management, but also a
possible better prevention (Pappone et al., 2006; Aksnes et al., 2007).

Many genes participate in the development and function of mammalian heart. Mutations in
these genes lead to a wide variety of inherited human diseases (Saba et al., 2005; Temple et
al., 2005; Gollob, 2006; Olson et al., 2006). In this connection, ectopic foci may initiate and
maintain (Haissaguerre et al., 1998) paroxysmal AF as well as atrial tachycardia in the
pulmonary veins tissue (PV) (Haissaguerre et al., 1998; Chen et al., 2000; Chen et al., 2001).
The multilayered left atrial muscle (myocardial sleeve) spreading onto the proximal PV has a
complex three-dimensional organization with disseminated myocardial clusters in the distal
PV (Chen et al., 2000).

The occurrence of independent pulsations of PV is consistent with the demonstration that
human PV contains P cells, transitional cells and Purkinje cells (Perez-Lugones et al., 2003).
Therefore, abnormal automaticity has been suggested as a mechanism of PV arrhythmogenic
activity (Haissaguerre et al., 1998). However, in our preliminary trials (Chen et al., 2007), focal
tachyarrhythmias and AF were detected, which were induced by bursts of fast pacing in the
absence and presence of cardioactive agents. Therefore, the mechanisms responsible for the
arrhythmias originating from the PV could include enhanced automatic rhythms, triggered
activity or AF (see Atienza and Jalife, 2007).

In this connection, we have shown that left atrial-pulmonary vein tissue (LA-PV) can generate
AF in wild-type (mXinα+/+) but not in mXinα-deficient (mXinα-/-) mice (Song et al., 2005).
This finding suggested the need to investigate the mechanism by which mXinα gene may play
a role in the arrhythmias originating from the left atrial-pulmonary vein tissue.

The Xin gene was first cloned from the developing chicken heart (Wang et al., 1996; 1999).
Xin gene contributes to regulate cardiac morphogenesis by participating in a BMP-Nkx2.5-
MEF2C (bone morphogenetic protein-Nkx2.5-muscle enhancer factor 2C) pathway (Wang et
al., 1999; Sinn, et al., 2002; Lin et al., 2005). The gene product has a region containing 16-
amino acid repeats, called Xin repeats (Wang et al., 1999; Pacholsky et al., 2004; Lin et al.,
2005; Cherepanova et al., 2006; Huang et al., 2006), and many conserved proline-rich regions.
The Xin protein is specifically found in the myotendinous junctions of skeletal muscle and in
the intercalated discs of cardiac muscle (Wang et al., 1999; Sinn et al., 2002; Lin et al.,
2005).

In the mouse, there are two homologous genes, mXinα and mXinβ. mXinα co-localizes with
N-cadherin and β-catenin at the intercalated discs and directly interacts with β-catenin (Lin et
al., 2005; Choi et al., 2007). The chicken Xin co-immunoprecipitates with both β-catenin and
N-cadherin obtained from embryonic heart lysates, suggesting that Xin is a part of the N-
cadherin/β-catenin complex (Sinn et al., 2002). The Xin repeats in human homologue
(hXinα, Cmya1) of Xinα have been shown to bind actin filaments in vitro (Pacholsky et al.,
2004) and the hXinα also contains binding domains for filamin c and Mena/VASP, actin
cytoskeleton regulators (Van der Ven et al., 2006). The hXinα has been mapped to 3p.21.1-21.3
chromosomal region by radiation hybrid analysis, a region which also contains a locus for
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dilated cardiomyopathy with conduction defect-2 (Lin et al., 2005). Targeted deletion of
mXinα in mice results in cardiac hypertrophy and cardiomyopathy with conduction defects
(Gustafson-Wagner et al., 2007). These findings suggest that mXinα may also play a role in
myopathic changes of cardiac function. An abnormal conduction could relevant to our finding
that AF can occur in mXinα+/+ but not in mXinα-/- mice (Song et al., 2004), since abnormal
conduction could disrupt the reentrant path.

The general aim of the present study was to investigate the role of mXinα deletion in the various
types of arrhythmias (reentrant AF, triggered and automatic) (Atienza and Jalife, 2007) in the
murine LA-PV and right atrial RA-LA-PV tissues. In particular, we explored whether
mXinα deletion might affect differently automatic rhythms, triggered rhythms and AF.

The specific aims were to use both mXinα+/+ and mXinα-/- tissues to: (1) determine
conduction velocity in the absence and presence of adrenergic agonist isoproterenol (ISO); (2)
use both LA-PV and RA-LA-PV preparations, since the latter has a larger mass and includes
RA pacemaker tissues; (3) apply fast pacing to test the induction of AF and triggered rhythms;
(4) pace the preparations in the absence and presence of drugs that clinically may facilitate the
onset of arrhythmias; and (5) analyze by means of a microelectrode technique and whole cell
current clamp the action potential duration (APD), diastolic depolarization (phase 4 slope) and
the maximum diastolic potential (MDP), since this information may be pertinent to account
for the different forms of arrhythmias occurring in mXinα+/+ and mXinα-/- tissues.

Materials and Methods
All experimental protocols were approved according to the ROC Animal Protection Law
(Scientific Application of Animals), 1998. The PCR genotyping of the mXinα+/+ or
mXinα-/- animals was performed using tail DNA by the primer pairs described previously
(Wang et al., 1999). Mice aged 4 to 6 months were used. As shown in our recent report
(Gustafson-Wagner et al., 2007), fibrosis in mXinα-null murine myocardium is already
observed at 3 months of age. We did not detect obvious electrophysiological abnormalities in
mXinα-null mice prior to overt cardiomyopathy.

Isolation of left atrial-pulmonary vein (LA-PV) preparations
Mice were anesthetized with intraperitoneal injection of sodium pentobarbital (50 mg/kg). A
mid-line thoracotomy was performed, the hearts excised, pulmonary veins and atria isolated
and placed in 37 °C oxygenated Tyrode solution. The wet weights of LA-PV were about the
same for mXinα+/+ and mXinα-/- mice (2.9±0.2 mg and 3.3±0.4 mg, respectively). Those of
RA-LA-PV for mXinα+/+ and mXinα-/- mice were 7.0±0.5 mg and 6.0±0.5 mg, respectively.
The differences between the weights of two groups of preparations were not significant
(P>0.05). The Tyrode solution contained (in mM): NaCl 137, NaHCO3 15.5, NaH2PO4 0.7,
CaCl2 1.8, KCl 4, MgCl2 1 and glucose 11.1. The solution was gassed with gas mixture (95%
O2, 5% CO2, pH 7.2-7.4 at 37 °C). Before the experiments with MED64 Recording System,
the MED probe (MED-P515A; Panasonic, Tokyo, Japan; each electrode: 50 × 50 μm, interpolar
distance: 150 μm; Fig. 1) was soaked in 70% ethanol for 15 min and dried up. The surface of
the probes was treated overnight at room temperature with 0.1% polyethylenimine and 25 mM
borate buffer, pH 8.4. The probe surface was dried and rinsed three times with deionized water.
Finally, the probes were immersed in Tyrode solution and put in an incubator until use.

Construction of activation map in tissue preparations
Murine LA-PV was placed over the multi-electrode array (Fig. 1A). Each side of this array
was 1.45 mm in length. The right panel (Fig. 1B) shows the fast sweep-speed traces of the eight
recording electrodes aligned vertically. The traces show a time-dependent shift in the peak
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signals from the pacing point to the recording electrode, which was ≤ 1.45 mm away. Sweep-
speed traces were differentiated into dV/dt traces, as illustrated in Fig. 1C. The distance
between the minima of two differentiated signals was marked by green arrows, indicating the
local activation time (LAT). The activation map (Fig. 1D) was then constructed by means of
LAT between the two sites (Meiry et al., 2001).

Different types of rhythms
The types of rhythms were determined before and after 3 s of high-frequency pacing (3 ms
pulse duration, applied at 10, 20 and 30 Hz consecutively, each frequency for 1 s, a procedure
referred to hereafter as 10-30 Hz pacing or fast pacing). The rhythms were classified as
automatic (spontaneously active), triggered (occurring immediately after termination of
pacing) and reentrant rhythms (AF, with a frequency >18 Hz and duration >500 ms; Atienza
and Jalife, 2007) as in our previous study (Song et al., 2005).

As it will be indicated, some experiments were conducted in the presence of isoproterenol
(ISO), strophanthidin and atropine, singly or in combination. When all three drugs were
present, they will be referred to as combined drugs.

Action potential recording in LA-PV tissues
The LA-PV preparation was pinned to the tissue bath, perfused with Tyrode solution and
stimulated at 4 Hz with 2 ms pulses. The action potentials (APs) were recorded by means of
glass microelectrodes filled with 3 M KCl and connected to an electrometer (WPI Duo 223,
World Precision Instruments, New Haven, CT, USA). The action potential duration at 50 %
and 90% repolarization levels (APD50 and APD90, respectively), the maximum diastolic
potential and diastolic depolarization were measured. Electrical events were displayed on an
oscilloscope (model 4072, Gould Instruments, Cleveland, OH, USA) and simultaneously
recorded by means of a model TA11 (Gould) recorder.

Isolation of LA-PV cardiomyocytes and whole cell patch-clamp
The murine hearts were perfused in a retrograde manner via a polyethylene tubing (0.35-mm
outer diameter) inserted through the aorta and left ventricle into the left atrium. The free end
of the polyethylene tubing was connected to a Langendorff perfusion column for perfusion
with oxygenated Tyrode solution of the following composition (in mM): NaCl 137, KCl 5.4,
CaCl2 1.8, MgCl2 0.5, HEPES 10 and glucose 11, at 37 °C. pH was adjusted to 7.4 with 1 N
NaOH. The perfusate was replaced for 8 to 12 minutes with oxygenated Ca2+-free Tyrode
solution containing 300 units/mL collagenase (Sigma type I), 0.25 units/mL protease (Sigma,
type XIV) and 1% albumin.

The LA-PVs were cut from the heart and placed in a dissection chamber containing Kraftbruehe
(KB) solution of the following composition (in mM): KCl 85, MgSO4 5, KH2PO4 10, EGTA
10, taurine 20, glucose 20 and albumin 1%. pH was adjusted to 7.4 with 1 N KOH. The tissue
was cut into fine pieces and gently shaken in 0.5 mL of KB solution until single cardiomyocytes
were obtained. The solution was gradually changed to normal oxygenated Tyrode solution.
The cells were allowed to equilibrate in the bath for at least 30 minutes before the experiments.

The whole-cell patch clamp was performed in cardiomyocytes by means of an Axopatch 1D
amplifier (Axon Instruments, Union, CA, USA) at 35 °C as described previously (Loh et al.,
1992; Chen et al., 2001; Chen et al., 2003). Borosilicate glass pipettes (1.8-mm OD) were used,
with tip resistances of 3 to 5 MΩ. The pipette solution contained the following (in mM): KCl
20, K aspartate 110, MgCl2 1, Mg2ATP 5, HEPES 10, EGTA 0.5, LiGTP 0.1, and Na2
phosphocreatine 5, adjusted to pH 7.2 with 1 N KOH. Before formation of the membrane-
pipette seal, tip potentials were zeroed in Tyrode solution. Junction potentials between the bath
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and pipette solution (9 mV) were corrected for action potentials (APs) recording only. APs
were measured during superfusion with normal Tyrode solution. The APs were recorded in
current-clamp mode as described previously (Loh et al., 1992). A hyperpolarizing step from a
holding potential of -50 mV to the testing potential of -55 mV was applied for 80 ms at the
beginning of experiment. The area under the capacitive currents was divided by the applied
voltage step to obtain the total cell capacitance. Voltage command pulses were generated with
a 12-bit digital-to-analog converter controlled by pCLAMP software (Axon Instruments). Data
were sampled at rates varying from 2 to 25 kHz. Recordings were low-pass filtered at half the
sampling frequency.

Statistical analysis
The quantitative data are expressed as mean ± SEM. Data were compared between groups by
Chi square test or Student's t test before and after drug treatments, P < 0.05 was considered
statistically significant.

Results
Measurement of conduction velocity and conduction block in LA-PV tissues

The extracellular recording of electrical activity was carried out as illustrated in Figure 1 (see
Methods). The conduction velocity (CV) between two recording sites was measured as
illustrated in Figure 2 by dividing the distance between two sites by the LAT (Meiry et al.,
2001). Measurements were carried out in Tyrode solution at 37 °C, but the effects of a low
temperature (25 °C) and of tetrodotoxin (TTX) were also measured, as they would be expected
to change the conduction velocity. Indeed, the time from the electrical stimulus to the wave
peak was significantly longer at the lower temperature and more so with TTX treatment (Fig.
2A).

The average data are shown in the graph in Figure 2B. In n = 5, the conduction velocity in LA-
PV preparations of wild-type mice was reduced significantly from 66±3 at 37 °C to 25±3 cm/
s at 25 °C. Similarly, the conduction velocity was significantly reduced by TTX at 37 °C (32
±9 cm/s) and more so at 25 °C (13±4 cm/s). These findings show that in the wild type LA-PV
preparations conduction velocity is decreased by low temperature and TTX and these changes
are detected by the MED64 system.

Activation maps, conduction velocity and conduction block in LA-PV tissues of wild-type
and Xinα-deficient mice

Typical examples of activation maps of a wild-type and a mXinα-/- LA-PV tissue are shown
in Figures 3A and B, respectively. The conduction velocity in mXinα-/- preparation was slower
than that in the mXinα+/+ preparation (28 vs. 46 cm/s). The average data obtained in 10
mXinα+/+ and in 10 mXinα-/- preparations show that conduction velocity was significantly
smaller in the mXinα-/- (29±3 cm/s) than in mXinα+/+ preparations (52±3 cm/s) (Fig. 3C).
Also, there was a trend for the mXinα-/- preparations to have a larger area of conduction block
(defined as the area with a conduction velocity ≤ 10 cm/s; Eijsbouts et al., 2004) (Fig. 3D).

Since the β-agonist ISO increases conduction velocity in the heart (Munger et al., 1994), it was
tested also in these preparations. As shown in Figure 3C, ISO (1 μM) significantly increased
the conduction velocity in mXinα+/+ from 52±3 to 85±8 cm/s, but barely changed that of
mXinα-/- LA-PV (29±3 vs. 33±4 cm/s). In the presence of ISO, conduction block was not
significantly different between mXinα+/+ and mXinα-/- LA-PV (Fig. 3D).

These results indicate a slower conduction velocity and a smaller increase in conduction
velocity to adrenergic activation in the mXinα-/- compared to the mXinα+/+ preparations.
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Different rhythms in mXinα+/+ and mXinα-/- LA-PV preparations without and with right atrium
attached

The right-atrium was left attached to the LA-PV preparation (RA-LA-PV preparation, see
boxed inset in Fig. 5), since some results might depend on the inclusion of right atrial pacemaker
cells (Lu et al., 1965) and a larger mass of the preparations (Garrey, 1914;Wakimoto et al.,
2001). In Figure 4, the tracings of electrical activities (8 sets aligned vertically and 8 sets aligned
horizontally) from a RA-LA-PV preparation were recorded by means of the MED64 system.
The origin of the electrical stimulation is indicated by a star located at the central bottom block.
In each set of traces, the end of stimulation artifact (10-30 Hz for 3 s) was followed by the
responses to fast pacing. In 10 of 64 recording sites, high frequency electrical activities with
amplitude larger than 0.5 mV were observed.

In Figure 5, the induction of an episode of AF by 10-30 Hz pacing in the mXinα+/+ RA-LA-
PV preparation is illustrated in greater detail. The preparation was rhythmically and regularly
active (around 4 Hz) before pacing. Fast pacing-induced AF with a frequency of about 50 Hz
and a duration of 9 s before the rhythms returned to the control value 12 s later. The sections
of the trace in Figure 5A labeled with the letters a, b and c are shown at higher time base in
Figure 5B. ISO and other cardioactive agents were also tested with regard to the onset of
different rhythms, since they can clinically play a role. The electrical activity of a mXinα+/+
LA-PV is shown in Figure 6A in Tyrode solution and in Figure 6B in the presence of
strophanthidin. Before and after 10-30 Hz pacing, the preparation was quiescent both in the
absence or presence of strophanthidin. In the presence of both ISO (3 min) and strophanthidin,
no spontaneous activity occurred, but fast pacing induced a 7 s triggered rhythm with a cycle
length of about 400 ms. After 6 min exposure to ISO in the presence of strophanthidin,
automatic activity was present with a cycle length of about 3 s. Fast pacing induced AF which
had a frequency of 38 Hz and lasted for 3 s (Fig. 6D).

The importance of the presence of both ISO and strophanthidin is shown by the fact that when
strophanthidin was removed from the solution (still in the presence of ISO at 24th min) pacing
did not induced AF but only triggered activity which lasted for 1 s only (Fig. 6E).

The inclusion of pacemaker tissues of the right atrium (RA-LA-PV preparation) led to
somewhat different effects of fast pacing. In a mXinα+/+ RA-LA-PV preparation, automatic
activity (cycle length: 1250 ms) was present before pacing and overdrive suppression
(disappearance of automatic activity for 12 s) was induced by fast pacing (Fig. 6F). The long
overdrive suppression could have been due to pacing-induced release of acetylcholine by the
vagus nerve endings in RA-LA-PV tissue (Lu et al., 1965). To test this possibility, atropine
was added to the same preparation. Atropine shortened the basic cycle length from 1250 to
610 ms and inhibited overdrive suppression (after drive, the cycle length actually shortened to
around 273 ms) (Fig. 6G).

Because ISO and strophanthidin fostered the induction of AF and triggered rhythms, and
atropine abolished overdrive suppression, a combination of these drugs was given to find out
whether fast pacing would induce AF and triggered rhythms in those preparations that did not
develop any in the absence of the drugs.

As illustrated in Figure 7A, in control a mXinα+/+ RA-PV-LA preparation was spontaneously
active with a cycle length of 480 ms. After fast pacing, the cycle length increased to 750 ms.
In the presence of ISO, strophanthidin and atropine, the spontaneous rate became faster (cycle
length 234 ms) and fast pacing induced an episode of AF (Fig. 7B). The traces recorded in
Figure 7B are shown at faster time base on the right side of Figure 7, the same letters identifying
the same trace segments. In the presence of cardioactive drugs, fast drive was followed by an
irregular rhythm (panel a), which became AF within 9 s (panels b and c). AF had a frequency
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of about 30 Hz and lasted for 3.2 s before the rhythm returned 12 s later to the value before
pacing (cycle length around 330 ms) (panel d). The importance of RA for the genesis of AF
was demonstrated by the fact that after removal of RA from the RA-LA-PV preparation, AF
could no longer be induced (traces not shown).

In Figure 8, the electrical activity of a mXinα-deficient type (mXinα-/-) RA-PV-LA preparation
was recorded in the absence (control) and in the presence cardioactive drugs (1 μM ISO, 10
μM stroph. and 0.1 μM atropine; panel B). In control, the fast drive led to an acceleration of
discharge (compare the top right panel with the right a panel). In the presence of the combined
drugs, the rate of discharge was higher and the fast drive modified the spontaneous rhythm
little. Therefore, in mXinα-deficient type RA-PV-LA preparation fast drive did not lead to AF
either in control or in the presence of combined drugs.

Average values of incidence of different rhythm in mXinα+/+ and mXinα-/- LA-PV and RA-LA-
PV preparations in the absence and presence of drugs

The average results obtained with the different protocols are summarized in Table 1. In the
mXinα+/+ LA-PV preparations AF and triggered rhythms occurred whereas in mXinα-/- LA-
PV preparations automatic rhythms were more frequent (but not significantly) and triggered
rhythm could occur, but no AF was present (Table 1).

In mXinα+/+ LA-PV preparations (no RA), in the presence of ISO (1 μM) the incidence of AF
(4/10 vs. 2/10) and of triggered rhythms (6/10 vs. 4/10) was higher (but not statistically) as
compared with drug-free tests. In mXinα-/- preparation (no RA), in the presence of ISO the
incidence of automatic rhythms was higher than in mXinα+/+ LA-PV preparations (7/10 vs.
1/10) and that of triggered rhythms was the same (6/10 vs. 6/10). Still, no AF was observed in
mXinα-/- preparations (Table 1).

Thus, adding ISO increased the incidence of triggered and AF in mXinα+/+ LA-PV and of
automatic and triggered rhythms (but did not induce AF) in mXinα-/- LA-PV preparations. In
all 10 mXinα+/+ and 10 mXinα-/- RA-LA-PV preparations (RA attached), automatic rhythms
were present, the spontaneous cycle lengths being 455±90 vs. 623±75 ms, respectively (NS).
AF occurred in 2/10 mXinα+/+ RA-LA-PV preparations, but again AF did not occur in
mXinα-/- RA-LA-PV preparations (0/10). In mXinα+/+ RA-LA-PV preparations, in the
presence of the combined drugs, the rate of the automatic rhythm was similar (cycle length
515±100 ms vs. drug-free control of 455±90 ms), but the incidence of AF increased
significantly (5/10). The frequency and duration of AF in the mXinα+/+ RA-LA-PV
preparations under the combined drug treatment were 41±23 Hz and 6.4±2.4 s, respectively.

In contrast, in mXinα-/- RA-LA-PV preparations, the combined drugs markedly increased the
rate of the automatic rhythm (cycle length 206±18 ms vs. 623±75 ms in drug-free control,
P<0.05)> Yet, no AF was induced by fast drive (0/10, P<0.05 with respect to mXinα+/+
preparations), as illustrated in Figure 8.

Thus, the presence of right atrium led to automatic discharge in all preparation and to the
occurrence of AF in the mXinα+/+ RA-LA-PV preparations, but did modify the lack of
induction of AF in mXinα-/- RA-LA-PV preparations. In the presence of the right atrium, the
combined drugs increased the occurrence of pacing-induced AF in mXinα+/+ RA-LA-PV but
there was no AF in mXinα-/- RA-LA-PV preparations, although in the latter the combined
drugs enhanced automatic discharge. Therefore, in mXinα+/+ LA-PV preparations AF could
be induced under basal conditions and its incidence was increased by ISO and by the combined
drugs in the presence of the RA. In contrast, in mXinα-/- RA-LA-PV preparations AF was not
induced under any of the conditions studied, including the presence of ISO, of the RA atrium
or of combined drugs.
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Cellular electrophysiology of mXinα+/+ and mXinα-/- cardiomyocytes
The AP configuration was studied in isolated LA-PV tissues driven electrically at 4 Hz. In
Figure 9A, left panel, APD90 was 18 ms in a mXinα+/+ LA-PV cell (top trace) and 31 ms in
a mXinα-/- LA-PV cell (bottom trace). In the right panel of Figure 9A, the superimposed AP
traces show that the APD90 of the mXinα-/- was appreciably longer than that of the mXinα+/
+ cell. As summarized in Table 2 and Figure 9D, results in 8 pairs of LA-PV tissues driven at
4 Hz revealed a significantly longer APD50 and APD90 in mXinα-/- vs. mXinα+/+ preparations.

Automatic activity was observed in the LA-PV cardiomyocytes isolated from both mXinα+/+
and mXinα-/- preparations. In Figure 9B, the last driven AP (indicated by the upward arrow)
was followed by automatic APs in the cardiomyocytes of the mXinα+/+ (left panel) and of
mXinα-/- (right panel) LV-PV preparations. For comparison, the AP traces of automatic
cardiomyocytes isolated from mXinα+/+ and mXinα-/- LA-PV were superimposed in Figure
9C. As summarized in Fig. 9D and Table 2, the average MDP of 8 mXinα-/- cells (-65±3 mV)
was lower (but not significantly) than that of the 2 mXinα+/+ cells (-68±2 mV).

In the remaining cardiomyocytes, no automatic rhythms were observed although electrical
stimulation at 0.1 Hz could induce driven AP. In all cardiomyocytes (37 mXinα-/- cells, of
which 29 driven and 8 automatic) the average MDP of mXinα-/- cells (-69±1 mV) was
significantly less negative than the average MDP of 26 mXinα+/+ cardiomyocytes (-74±2 mV,
P<0.05; 24 driven plus 2 automatic) (Fig. 9D and Table 2). The average diastolic slope of 37
mXinα-/- cardiomyocytes (18±4 mV/s) was not significantly different from those of 26
mXinα+/+ LA-PV cardiomyocytes (5±3 mV/s, P>0.05) (Table 2).

Discussion
Our findings show that the mXinα-/- LA-PV preparations had a slower conduction velocity
which was increased but little by adrenergic activation with respect to the mXinα+/+ LA-PV
preparations. Furthermore (although it did not reach statistical significance), the mXinα-/- LA-
PV preparations had a larger area of conduction block. Also, ISO increased the incidence of
triggered rhythms and AF in mXinα+/+ LA-PV and of automatic and triggered rhythms (but
not of AF) in mXinα-/- LA-PV preparations. The presence of right atrium (right atrial
pacemakers and larger tissue mass) led to automatic discharge in all preparations, but still no
AF occurred in mXinα-/- RA-LA-PV. Cardioactive drugs increased the incidence of AF in
mXinα+/+ RA-LA-PV but not in mXinα-/- RA-LA-PV preparations, although they enhanced
the automatic discharge in the latter preparation. APD50 and APD90 were significantly longer
and the MDP less negative in mXinα-/- preparations.

We conclude that mXinα deletion prevents the induction of AF, but does not impair automatic
or triggered rhythms because it affects electrophysiological properties that are important for
the induction of AF but not for automatic or triggered rhythms.

Non-critical role of tissue mass in the lack of AF inducibility in mXinα-/- preparations
According to critical mass theory (Garrey, 1914; Wakimoto et al., 2001), it should be difficult
to induce AF in the heart of small animals (such as mice) due to a lack of a critical mass >
100-200 mm2. Indeed, it is not easy to induce AF in the heart of small animals like the mouse
(Garrey, 1914; Wakimoto et al., 2001; Nerbonne, 2004). However, focal AF could be induced
by acetylcholine in vivo (Wakimoto et al., 2001) or by ISO in the murine LA-PV preparations
(Song et al., 2005).

By means of extra-cellular recording with the MED64 system, the present experiments
demonstrated the presence of focal AF in two tenths of mXinα+/+ in both LA-PV and RA-LA-
PV preparations. That the tissue mass was not the critical factor in the lack of focal AF in
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mXinα-/- LA-PV preparation is suggested by the fact that AF did not occur even when the
tissue mass was increased by the attached right atrium. Furthermore, the combined drugs
treatment increased significantly the incidence of AF in mXinα+/+ and yet the tissue mass was
the same as in the absence of drugs.

Slow conduction velocity, conduction block and occurrence of AF in murine LA-PV
Conduction velocity and conduction block have close relationship with AF (Tamaddon et al.,
2000; VanderBrink et al., 2000). Xin gene is co-localized with N-cadherin or Cx43 in
myocardium of mouse (Sinn et al., 2002). In mXinα-/- mice, there is a significant decrease in
the expression level of β-catenin, N-cadherin, and desmoplakin, which could be expected to
compromise the integrity of the intercalated discs and functionally impair adhesion as well as
gap junctions, leading to cardiac conduction defects (Gustafson-Wagner et al., 2007).

In support of such an expectation, the present experiments demonstrated a slower conduction
velocity and larger areas of conduction block in mXinα-/- LA-PV preparations as compared
to mXinα+/+ preparations. Slower conduction velocity in atrial preparation would be a risk
factor for developing reentrant atrial tachyarrhythmias (Shiroshita-Takeshita et al., 2005;
Weiss et al., 2005), but this may be a matter of degree. In Cx40-null mice, atrial but not
ventricular conduction velocity is reduced by 30% and, consequently, atrial but not ventricular
tachyarrhythmias are readily observed (Verheule et al., 1999). In contrast, in our experiments,
the significantly slower conduction velocity in mXinα-/- LA-PV preparations was associated
with a lack of AF induction compared with the appearance of focal AF in one third of mXinα
+/+ LA-PV preparations. In this connection, it should be noted that the slower conduction
velocity in mXinα-/- LA-PV preparations was associated with a greater percentage of areas of
block. It is possible that the latter could have contributed to preventing the induction of the AF
in the mXinα-/- LA-PV preparations by disrupting the paths for reentry. The diminished
electronic interactions together with the longer action potentials might also hindered the
incidence of AF. ISO significantly increased conduction velocity in Xinα+/+ preparation (Fig.
3C) and yet it increased the incidence of AF (Table 1), suggesting that the role of conduction
velocity in the induction of AF can be modified by several factors, such as dispersion of
repolarization or prolonged action potentials. Accordingly, experimentally different conditions
may account for the fact that in KCNE1-null mouse heart an occasionally generated AF could
be abolished by ISO (Temple et al., 2005).

That the areas of conduction block may disrupt the conditions for the induction of AF seems
to be supported by the fact that islands of scar tissues abolish AF (Page et al., 2004). In this
connection, the fibrosis that develops in the Xinα-null mice (Gustafson-Wagner et al., 2007)
could be a contributing factor.

The effects of digitalis glycosides on cardiac arrhythmias are well documented (Gheorghiade
et al., 2004; Vassalle and Lin, 2004). In our laboratory, we used strophanthidin to induce cardiac
arrhythmias in the ventricular tissues of large animal (such as dog) (Lin and Vassalle, 1978)
and failing human myocardium (Lee et al., 2004). Strophanthidin can induce calcium overload
and triggered rhythms (Lin and Vassalle, 1978; Vassalle and Lin, 2004). While the combination
of ISO and strophanthidin increased the incidence of AF in the mXinα+/+ LA-PV preparations
(Fig. 6D and Table 1), it failed to do so in mXinα-/- preparation, again stressing the importance
of normal cell-to-cell junctions in the genesis of AF.

In a previous publication (Lai et al., 2007), we reported that in the ventricles of Langendorff
perfused hearts the incidence of pacing-induced ventricular tachycardia was significantly
higher in isolated mXinα-null (vs. wild-type control, P<0.05). But the difference in ventricular
reentrant arrhythmias (VF) between mXinα-/- and wild-type preparations was not significant
(1/8 vs. 0/12, P>0.05). Also in ventricular myocytes, the transient inward current Iti induced
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on repolarization after a prolonged depolarization (3050 ms) was significantly larger in
mXinα-/- than in wild-type ventricular myocytes. Thus the mXinα-/- preparations may be prone
to the development of triggered (but not reentrant) arrhythmias.

Unpublished data from our laboratory show that there are differences in certain ionic currents
between atrial and ventricular myocytes of the mXinα-null mice, possibly related to different
ultrastructures (e.g. lack of T-tubules in atrial cells) (Ayettey and Navaratnam, 1978),
excitation-contraction coupling and intracellular Ca2+ regulation (Forbes and van Niel, 1988;
Berlin, 1995). The sodium current (INa) of mXinα-null atrial cardiomyocytes (in contrast to
ventricular myocytes) was smaller than that of wild type mice. The threshold voltage for INa
was around -60 mV and INa peaked between -40 to -30 mV (peak current 30% smaller in
mXinα-/- atrial myocytes). The smaller INa in atrial myocytes could contribute to a different
susceptibility to arrhythmias. However, we still need to learn more about the characteristics of
INa and Iti in atrial myocytes of the mXinα-null mice.

Xinα gene, automatic and triggered rhythms
mXinα gene deletion did prevent the induction of AF, but did not impair automatic or triggered
rhythm or their enhancement by ISO or combined drugs (Table 1). These results appear to
reflect the different mechanisms underlying different forms of activity.

The automatic rhythms were mostly related to RA pacemakers, since spontaneous rhythms
were present in all the mXinα+/+ and mXinα-/- RA-LA-PV preparations studied. This suggests
that mXinα gene deletion does not affect the pacemaking mechanism. This is also strongly
supported by the fact that in the presence of ISO spontaneous discharge was present in all
mXinα-/- LA-PV preparations. Also, the combined drugs treatment significantly shortened the
spontaneous cycle length in mXinα-/- but not in mXinα+/+, in contrast to the fact that AF did
not occur in mXinα-/- preparations (Table 1).

As for the triggered rhythms, the underlying mechanism is believed to be delayed
afterdepolarizations which are induced by an electrogenic extrusion of calcium by the sodium-
calcium exchange. The calcium extruded during diastole is released by a calcium overloaded
sarcoplasmic reticulum (SR) (Vassalle and Lin, 2004). This mechanism readily accounts for
the fact that triggered rhythms are induced by rapid pacing which increases the calcium loading.

Indeed, ISO could enhance triggered arrhythmias mostly by enhancing the calcium overloading
of the cardiomyocytes (Vassalle and Lin, 2004; Yuan et al., 2007). Accordingly, ISO increased
markedly the triggered rhythms in mXinα-/- LA-PV preparations.

Electrophysiological modifications
In the current-clamp mode of patch clamp experiments, automatic rhythms were observed in
8 of 37 cardiomyocytes isolated from mXinα-/- LA-PV, which had a less negative MDP than
the mXinα+/+ LA-PV cardiomyocytes (Table 2, Fig. 9). The less negative MDP may influence
the spontaneous discharge in mXinα-/- LA-PV preparations, but it was not associated with
incidence of AF in these mXinα-/- LA-PV preparations. Still, it is likely that in the mXinα-/-
LA-PV preparations the longer APD90 (Fig. 9A and D) may combine with the deficiency of
cell-to-cell coupling and area of conduction block in preventing the induction of AF.

Conclusions
The present results show that automatic rhythms, triggered rhythms and induction of AF were
affected differently by mXinα gene deletion. The results indicate that the induction of AF was
consistently hindered in mXinα-deficient preparations even under conditions that enhance its
induction mXinα+/+ preparations. The mechanisms that prevent the induction of AF in the
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mXinα-/- preparations appear to involve a decrease in conduction velocity and longer action
potentials (with a possible contribution of larger areas of conduction block): these changes
apparently prevent the establishment of reentry paths. However, automatic and triggered
rhythms were not suppressed in mXinα-/- preparations, since their underlying mechanisms do
not depend on conduction, but rather on the pacemaker current (automatic rhythm) or calcium
overload of the SR (triggered rhythms). Further in vivo experimentation is required to establish
whether the present observations apply to intact animals, but the results illustrate how AF may
critically depends on the absence of certain normal intercellular components.
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Figure 1.
Panel A illustrates the placement of murine LA-PV tissue over the multi-electrode array. Panel
B illustrates sweep-speed traces of electrical potentials recorded extracellularly between two
of 64 sites. The traces in millivolts were differentiated into dV/dt traces in panel C. The
constructed activation map is shown in panel D. LA: left atrium; PV: pulmonary vein.
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Figure 2.
Effects of low temperature and tetrodotoxin on conduction velocity. Panel A shows the effects
of reducing temperature in Tyrode solution (25 °C Tyr and 37 °C Tyr) and in the presence of
3 μM tetrodotoxin (TTX, 25 °C +TTX and 37 °C +TTX) on conduction velocity of LA-PV
preparations. Results of 5 experiments are summarized in panel B. The ordinate indicates the
conduction velocity in centimeters per second at 25 °C vs. 37 °C before and after TTX
treatment. #, P < 0.05, between 25 vs. 37 °C; *, P < 0.05, before and after treatment with TTX.

Lai et al. Page 15

Life Sci. Author manuscript; available in PMC 2008 December 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Activation maps of wild-type (mXinα+/+, A) and Xinα-deficient (mXinα-/-, B) LA-PV tissue,
showing conduction velocity (C) and conduction block (D) in the absence and presence of 1
μM isoproterenol (ISO). The conduction block was defined as an apparent local conduction
velocity slower than 10 cm/s. n = 10; #, P < 0.05, drug-free vs. ISO; *, P < 0.05, Xinα+/+ vs.
Xinα-/-.
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Figure 4.
Extracellular recordings of electrical activities in a RA-LA-PV preparation with a MED64
system. The 64 traces were aligned vertically and horizontally. Origin of electrical stimulation
is indicated by the star located in the central bottom block. In each set of traces, the end of
stimulation artifacts (10-30 Hz for 3 s) was followed by responses to the fast pacing. The trace
(indicated by an arrow) to the right of the site of electrical stimulation was magnified and shown
in Figure 5.
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Figure 5.
Electrical activity of a wild-type (mXinα+/+) recorded with the MED64 system in a RA-LA-
PV preparation perfused in Tyrode solution. The top panel shows the extracellular recordings
at a slow speed. The lower panels show the fast-speed recordings before and after the 10-30
Hz pacing for 3 s in Tyrode solution. The sections of the trace after pacing labeled with a, b
and c in panel A are identified by the same letters in panel B. The boxed inset shows a picture
of a RA-LA-PV preparation with the multi-electrode array placed over LA. Bar = 1 mm. RA:
right atrium; LA: left atrium; PV: pulmonary vein.
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Figure 6.
Automatic activity and AF in a wild-type (mXinα+/+) LA-PV preparation in the absence and
presence of cardioactive agents recorded with the MED64 system. Fast pacing (10-30 Hz for
3 s) was applied in the absence of drug treatment (drug free, panel A), during exposure to
strophanthidin for 12 min (stroph., 10 μM; panel B), during exposure to strophanthidin and
isoproterenol for 3 min (ISO, 1 μM) (panel C) and for 6 min (panel D), and during exposure
to ISO only (panel E). A mXinα+/+ RA-LA-PV preparation was paced in the absence of drugs
(panel F) and in the presence of atropine (0.1 μM) (panel G).
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Figure 7.
Electrical activity of a wild-type (mXinα+/+) RA-PV-LA preparation in the absence (panel A)
and presence (panel B) of cardioactive drugs (1 μM ISO, 10 μM stroph. and 0.1 μM atropine)
recorded with the MED64 system. The right panels show the fast-speed recordings after pacing
in the presence of cardioactive drugs at three time points (indicated by a, b and c).
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Figure 8.
Electrical activity of a mXinα-deficient type (mXinα-/-) RA-PV-LA preparation recorded with
the MED64 system in the absence (panel A) and presence of cardioactive drugs (1 μM ISO,
10 μM stroph. and 0.1 μM atropine; panel B). The top right panel shows the fast-speed
recordings before pacing in control solution. Combined drugs were added between panels A
and B. The right panels show fast-speed recordings in the absence (panel a) and the presence
(panel 5b) of the combined drugs at two time points indicated by the letters.
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Figure 9.
Action potentials recorded from LA-PV preparations of a wild-type (mXinα+/+) and a
mXinα-deficient (mXinα-/-) mice. In panel A, the action potentials (APs) from the mXinα+/+
(open triangle) and the mXinα-/- (solid triangle) preparation were superimposed. In panel B,
the driven AP is indicated by an upward arrow and was followed by automatic APs. In panel
C, traces of automatic APs of mXinα+/+ (open triangles) and mXinα-/- (solid triangles)
cardiomyocytes were superimposed. In panel D, the graph shows the average values of action
potential duration (APD50 and APD90) in 8 mXinα+/+ and 8 mXinα-/- LA-PV preparations.
The differences in maximum diastolic potential (MDP) of 26 mXinα+/+ and 37 mXinα-/- LA-
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PV preparations are statistically significant. *, P<0.05 by Student's t test between mXinα+/+
and mXinα-/- LA-PV preparations.
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Table 1
Effects of isoproterenol (ISO) and other cardio-active agents on rhythms of LA-PV or RA- LA-PV tissues of wild-type
and mXin-deficient mice.

[] Rhythms Automatic rhythms Triggered rhythms Atrial fibrillation

† LA-PV
(Drug-free)

mXinα+/+ 1/10 4/10 2/10

mXinα-/- 3/10
(‡ SCL: 307±77 ms) 2/10 0/10

† LA-PV
(ISO 1 μM)

mXinα+/+ 1/10
(‡ SCL: 200 ms) 6/10 4/10

mXinα-/- 7/10*
(‡ SCL: 327±31 ms)

6/10 0/10*

†† RA-LA-PV
(Drug-free)

mXinα+/+ (‡ SCL :455±90 ms)
10/10 2/10

mXinα-/- (‡ SCL :623±75 ms)
10/10 0/10

†† RA-LA-PV
(Combined drugs)

mXinα+/+ (‡ SCL:515±100 ms)
10/10 5/10

mXinα-/- (‡ SCL:206±18 ms #)
10/10 0/10*

[]
Three types of rhythms (automatic, triggered and atrial fibrillation) (Atienza and Jalife, 2007) observed in LA-PV or right atrial (RA)-LA-PV tissues

of wild-type (mXinα+/+) and mXin-null (mXin α-/-) mice.

†
LA-PV preparations were driven at 3 Hz in control Tyrode solution (Drug-free) or in Tyrode solution containing 1 μM isoproterenol (ISO 1 μM).

††
RA-LA-PV preparations were perfused either in drug-free solution or in Tyrode solution containing combined drugs (1 μM ISO plus 10 μM

strophanthidin and 0.1 μM atropine) and then subjected to high-frequency supra-threshold electrical stimulation at 10-30 Hz for 3 sec.

‡
SCL, steady-state spontaneous cycle length.

#
P<0.05, significant difference in the values of SCL in the presence of combined drugs as compared to values in drug-free solution by paired Student's

t test.

*
P<0.05, significant difference in the incidence of reentrant rhythms or automatic rhythms between mXinα+/+ and mXin α-/- by χ2 analysis.
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Table 2
Electrophysiological characteristics of LA-PV tissues and spontaneously active LA-PV cardiomyocytes obtained from
wild-type and Xinα-deficient mice.

# Genotype n Xinα+/+ n Xinα-/-

LA-PV tissues

 † Incidence of autom. tissues 2/10 6/14

 †† Spont. cycle length, ms 2 1851±1106 6 537±189

 ‡ MDP, -mV 10 79±2 14 68±4*

 ‡ APA, mV 8 91±3 8 88±4

 ‡ APD50, ms 8 8±1 8 11±1*

 ‡ APD90, ms 8 23±2 8 33±2*

Cardiomyocytes

 Incidence of autom. cells 2/26 8/37

 § APA, mV 26 87±4 37 95±3

 § APD50, ms 26 15±1 37 13±1

 § APD90, ms 26 58±4 37 54±3

 Spont. cycle length, ms 2 568±296 8 470±102

 § MDP, -mV 26 74±2 37 69±1*

 § Phase-4 slope, mV/s 26 5±3 37 18±4

 []MDP of autom. Cells, -mV 2 68±2 8 65±3

 []Phase-4 slope of autom. cells, mV/s 2 28±19 8 43±6

#
Genotypes of LA-PV preparations: mXin α+/+, wild-type mice; mXinα-/-, Xinα-deficient mice; LA-PV tissues vs. cardiomyocytes.

†
Incidence of automatic (autom.) preparations, numbers of cells showing spontaneous activity over total numbers of cardiac preparations measured in

each group.

††
Spontaneous (Spont.) cycle length indicates cycle length in ms of spontaneous AP; n, number of preparation.

‡
Action potential (AP) parameters of LA-PV tissues driven at 4 Hz. MDP, maximum diastolic potential; APA, AP amplitude; APD50 and APD90, AP

duration at 50% and 90% repolarization level, respectively.

§
Action potential parameters of 26 mXin α+/+ and 37 mXinα-/- LA-PV cardiomyocytes at 0.1 Hz basic electrical stimulation. Abbreviations MDP, APA

and APD are similar to those of tissues. Of these cardiomyocytes, 2 mXin α+/+ and 8 mXinα-/- cells showed spontaneous APs.

[]
The automatic APs were recorded immediately after the last driven beat (at 0.1 Hz electrical stimulation). Phase-4 slope, slope of diastolic depolarization

in mV/s.

*
Significantly different from mXinα+/+ myocytes (P<0.05).
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