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Changes in ionic currents and reduced conduction velocity in
hypertrophied ventricular myocardium of Xinα-deficient mice

OObbjjeeccttiivvee::  mXinα, a downstream target gene of Nkx2.5 transcription factor, was shown to encode a proline-rich and Xin repeats-
containing protein which localizes to the intercalated disc of adult hearts. Our previous voltage-clamp studies have shown that the 
ventricular myocytes of mXinα-deficient mice exhibited a significant reduction in K+ currents (Ito and IK1), L-type Ca2+ currents, and 
maximum diastolic potential, leading to the development of early afterdepolarization (EAD) and arrhythmias. However, changes in 
cationic inward currents could also contribute to the genesis of EAD and arrhythmias in mXinα-deficient mice. 
MMeetthhooddss::  The present study aims to characterize changes in Na+ currents on depolarization and transient inward currents (Iti) on 
repolarization. Conduction velocity (CV) on the frontal surface of ventricles were also measured and compared. 
RReessuullttss::  Results of optical mapping on the Langendorff-perfused hearts at 37oC revealed a 36% reduction of CV in mXinα-/- ventricle.
Pacing (3 Hz)-induced tachyarrhythmias were more frequently found and ventricular fibrillation (VF, 21 Hz for 5 min) occurred in one out
of 8 mXinα-/- heart. When perfused at 30oC, no VF was observed in both types of preparations. Voltage-clamp study on isolated 
ventricular myocytes at 37oC shows increase in INa and Iti in mXinα-/- cardiomyocytes thus could explain the occurrence of re-entrant
triggered arrhythmias. 
CCoonncclluussiioonn::  The present results revealed that the CV was slower, but INa and Iti were increased in mXinα-/-cardiomyocytes thus were
prone to reentrant triggered arrhythmias. Hypothermia could reduce the occurrence of arrhythmias. 
(Anadolu Kardiyol Derg 2007: 7 Suppl 1; 90-2)
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Original Investigation

Introduction

Ablation of mXinα gene, encoding an intercalated discs 
protein (1), results in cardiac hypertrophy and cardiomyopathy
with a reduction in connexin 43 expression (2). Previous voltage-
clamp study revealed that mXinα-deficient ventricular myocytes
have markedly reduced L-type Ca2+ currents, transient outward
K+ currents and barium-sensitive inward rectifier K+ currents, in
agreement with some of the abnormal action potential (AP) 
characteristics, such as prolonged action potential (AP) and
reduced maximal diastolic potential (3). However, further 
experiments are required to explain the ionic mechanisms, in
addition to the reduced K+ currents, leading to the development
of early afterdepolarizations (EADs) and slow response APs (4)
observed in mXinα-/- myocytes. Changes in inward cationic 
currents might also contribute to EADs, slow response APs 
during depolarization and transient inward currents (Iti) on 
repolarization (5). The present study aims to characterize
changes in Na+ currents, Iti and conduction velocity (CV) of the
mXinα-/- murine ventricular myocardium. 

Methods 

Whole-cell patch-clamp techniques (6, 7) were used on 
ventricular myocytes isolated enzymatically from 16 to 20-week-old
wild-type and mXinα-/- male mice. Inward Na+ currents were
measured on depolarization for 40 ms in 22-24oC Tyrode solution
containing 5 mM NaCl (133 mM NaCl was replaced by equimolar
CsCl), 5 mM HEPES and 2 µM nifedipine (an ICa,L blocker).
Transient inward currents (Iti) were measured on repolarization
after a series of depolarizing pulses (50-3050 ms) in 37oC HEPES-
Tyrode solution as described (5). Optical mapping technique was
used to measure CV of murine ventricular myocardium as
described previously (8). In brief, the ascending aorta was 
cannulated and the heart was perfused with standard oxygenated
Tyrode solution (2.5 ml/min) of the following composition (in mM):
NaCl 137, NaHCO3 15.5, NaH2PO4 0.7, CaCl2 1.8, KCl 4, MgCl2 1,
and glucose 11.1, gassed with gas mixture (95% O2–5% CO2) to
pH 7.2-7.4 (37oC). Murine heart was stained with 15 mL standard
oxygenated Tyrode solution plus 30 µL of 2 mM di-4-ANEPPS in
DMSO (Molecular Probe, Paisley, UK) to monitor cardiac APs
and paced (3 Hz, 3 ms in duration, 3 fold threshold voltage) at the



basal portion of the right ventricle from a stimulator (S88J, Grass,
West Warwick, Rhode Island, USA). The murine heart was 
further perfused with 100 mL standard oxygenated Tyrode solu-
tion plus 25 µL of 10 µM cytochalasin D (Sigma, Missouri, USA)
to block cardiac contraction. The APs were then recorded and
the CV was calculated as described (8) on the frontal surface of
ventricle using optical mapping method. 

Statistical Analysis
Quantitative data were expressed as mean±S.E.M. Unpaired

Student’s t test and Chi-square test were used for comparison of
data between groups. P values less than 0.05 were considered to
be statistically significant.

Results 

MMeeaassuurreemmeenntt  ooff  CCVV  oonn  tthhee  ffrroonnttaall  ssuurrffaaccee  ooff  vveennttrriiccllee  iinn
LLaannggeennddoorrffff  ppeerrffuusseedd  hheeaarrtt  

Figure 1 shows representative activation maps obtained
from the frontal surface of ventricles of mXinα+/+ and mXinα-/-
hearts. When paced at the base portion of the right ventricle,
activation spreads progressively in the mXinα+/+ heart. In 
contrast, a slower activation with frequently interrupted propa-
gation was observed in the mXinα-/- heart. The CV could be
determined from these activation maps. The CV was significantly
slower in mXinα-/- heart than in mXinα+/+ heart. At 37°C, the
average CV calculated from 11 mXinα+/+ ventricles was 86±9
cm/s, whereas the CV from 6 mXinα-/- ventricles reduced signif-
icantly to 55±7 cm/s (p<0.05). The incidence of pacing (3 Hz)-
induced ventricular tachycardia (VT) was 1 in 12 mXinα+/+
preparations, whereas the frequency (4 out of 8) of pacing-
induced VT was significantly higher in mXinα-/- preparations
(p<0.05). Ventricular fibrillation (VF, 21 Hz for 5 min) occurred in
one out of 8 mXinα-/- ventricles but none in 12 mXinα+/+ 

ventricles (1/8 vs. 0/12, p>0.05). At a lower temperature (30 °C),
the CV of 3 mXinα+/+ ventricles decreased to 60±14 cm/s and,
interestingly, there was no significant changes in the CV of 3
mXinα-/- ventricles (56±8 cm/s). At 30°C no VF was observed in
both groups of ventricles although the incidence of VT appeared
higher in mXinα-/- (4/5) ventricles as compared to 1/4 in
mXinα+/+ ventricles (p>0.05). Thus, a moderate hypothermia
appears to reduce the occurrence of arrhythmias. 

EExxppeerriimmeennttss  oonn  vveennttrriiccuullaarr  mmyyooccyytteess  iissoollaatteedd  ffrroomm  wwiilldd  ttyyppee
aanndd  mmXXiinnα--//--  mmiiccee

The membrane capacitance (Cm) of isolated ventricular
myocytes were measured by a small hyperpolarizing step 
(from -50 to -55 mV) (5-7). Results revealed a 38% larger Cm (and
therefore larger surface area) in mXinα-/- than in mXinα+/+ 
ventricular myocytes, consistent with hypertrophied mXinα-/-
myocytes detected previously (2).

We determined further the Na+ inward currents (INa) in 
ventricular myocytes perfused in 22-24°C solution. Extracellular
[Na+]o was reduced to 5 mM in the presence of 133 mM Cs+, 5 mM
HEPES and 2 µM nifedipine. As shown in Figure 2, INa inward 
currents on depolarization was significantly larger in mXinα-/-
than in mXinα+/+ ventricular myocyte. In 37°C HEPES-Tyrode
solution (containing 137 mM [Na+]o), on repolarization to the 
holding potential (-40 mV) after prolonged depolarizing 
pulses (for 1050-3050 ms) (see Figure 3), the average oscillatory
transient inward currents (Iti) after depolarizing pulse of 3050 ms
(5) was 0.488±0.081 pA/pF for 28 mXinα-/- ventricular myocytes.
For 27 mXinα+/+ myocytes, similar clamp protocol induced 
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Figure 1. Activation maps of murine ventricles induced by 3 Hz elect-
rical pacing at 37oC. Panel A and panel B show the activation maps of
a wild-type (mXinα+/+, CV=88 cm/s) and a mXinα-deficient 
(mXinα-/-, CV=44 cm/s), respectively, on the frontal surface of Langen-
dorff’s perfused ventricular myocardium. In the diagram underneath
panel A, *indicates site of electrical stimulation and oblique arrow
indicates direction of activation. Note the slower CV and presence of
irregular conduction in the mXinα-/- heart (panel B).
CV- conduction velocity

Figure 2. Sodium inward currents (INa) in a wild-type (mXinα+/+) (pa-
nel A) and a mXinα-deficient (mXinα-/-) (panel B) ventricular myocy-
tes. Clamp protocol is shown at right upper corner. Panel C shows
current-voltage relationships in the two groups of myocytes. n, num-
ber of myocytes tested. Values are mean±S.E.M. p<0.05 - differences
are significant between groups by paired Student’s t test.



significantly smaller Iti (average values 0.203±0.059 pA/pF,
p<0.05). Also average Iti in the 27 mXinα+/- (0.508±0.103 pA/pF)
were significantly larger than the 27 mXinα+/+ myocytes (p<0.05).

Results of these patch-clamp studies indicate that both INa

currents induced on depolarization and the arrhythmogenic Iti

currents generated on repolarization to the holding potential
were increased in mXinα-/- and mXinα+/- hearts. 

Discussion

The present results, together with our previous report (3),
clearly show that mXinα-/- mouse myocytes exhibit increased
Na+ inward currents, reduced transient outward K+ currents and
inwardly rectifying K+ currents in concomitant with prolonged AP
and slower CV. These changes in electrophysiological 
properties of ventricular myocytes likely render mice being
prone to develop EAD and VF. The enhanced Iti in mXinα-/- 
ventricular myocytes is in contrast to the depressed Iti observed
in ventricular myocytes of dilated myopathic Syrian hamster (5).
Thus the underlying cellular mechanisms for hypertrophied
mXinα-/- myocardium (2, 9) were different from that of dilated
cardiomyopathic hamster model (5, 10). We will incorporate
research techniques used in the laboratory of Roshchevsky (11)
in our joint research works in the future.
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Figure 3. Transient inward currents (Iti) induced on repolarization after
depolarizing pulses of increasing durations (50, 550, 1050, 1550, 2050,
2550 and 3050 ms) applied once every 10 s on Iti (indicated by upward
arrows after depolarizing pulse duration of 3050 ms). Superimposed
current traces were recorded in wild-type (mXinα+/+, panel A), 
heterozygous (mXinα+/-, panel B) and homozygous (mXinα-/-, panel C)
ventricular myocytes. Clamp protocol is shown at right upper corner. 


