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Objective To investigate the alterations of cardiac electrophysiological properties and substantial
mechanism and find the stable arrhythmia mouse model in Kunming (KM) and C57BL6/] (C57) mice.

Methods Electrocardiogram recordings were used to analyze the QT interval in vivo, and mono-
phasic action potential of right and left ventricular epicardium was recorded to elicit changes of action
potential duration (APD) in conventional and programmed electrical stimulation (PES). Transient outward
potassium current (I,) was recorded via whole-cell patch-clamp technique in single right and left epicardial
myocytes.

Results QT interval was prolonged in KM mice relative to C57 mice (62.5114.47 ms vs.
52.59%+4.85 ms, P<0.05). The APD at 50% repolarization of the left ventricular epicardium (18.60£0.91 ms
vs. 12.90£0.35 ms), and APDs at 50% (17.31£6.05 ms vs. 12.00£3.24 ms) and 70% repolarization
(36.131£5.32 ms vs. 21.9528.06 ms) of the right ventricular epicardium in KM mice were significantly pro-
longed compared with C57 mice, respectively (all P<0.05). KM mice were more sensitive to PES-induced
ventricular tachycardia (25%, 3 of 12 hearts), and especially to Burst-induced ventricular tachycardia (50%,
6 of 12 hearts) compared with C57 mice, which were 20% (2 of 10 hearts) and 30% (3 of 10 hearts) respec-
tively. I, densities both in the left and right ventricular epicardial myocytes from KM mice were significantly
decreased compared with C57 mice, respectively (all P<0.01).

Conclusion  Our data showed that KM mice with the prolonged QT interval and APD are vulner-
abilities to ventricular arrhythmia, which are attributed to lower I, densities in ventricular myocytes ob-
tained from KM mice than that from C57 mice.
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S powerful tools to study disease models, mice
have been widely used in most disease re-
search.! So not surprisingly, a lot of efforts have
been invested to characterize the mechanisms
underling the cardiac electrophysiology about Kunming
(KM) mice, which are rather common to grow up in China.
In the past decade, several techniques for the study of
cardiac disease models in mice have been developed, in-
cluding aortic banding for cardiac hypertrophy, anterior
descending branch ligation for myocardial infarction, and
genetically modified mice models.? Arrhythmia, the serious
electrophysiological disorders of heart, is one of high risk
factors to cardiac sudden death. Recently, many re-
searchers have dedicated to the study of arrhythmia in
mouse models. Over 10 000 different transgenic mouse
models have been used to study electrical causes of heart
diseases.® But properties of mouse heart including small
volume, fast heart rate (HR), as well as lower T-wave,
result to lower arrhythmic inducibility, unstable electro-
physiological recording, and hard analysis. Thus, those
negative factors restricted the development of researches.
Our currently experimental setup is to find the stable
arrhythmia mouse model in KM and C57BL6/] (C57) mice
and elucidate their electrophysiological properties altera-
tions. It was noticed that the transient outward potassium
current (I,) as one of the main ion channels in 1 phase of
action potential (AP) maybe played a radical role for the
cardiac electrophysiological mechanisms of QT interval
prolongation induced the cardiac arrhythmias in mice.*
Here we systematically describe the cardiac electro-
physiological parameters in vivo and in vitro through
compared with the electrophysiological differences be-
tween KM and C57 mouse hearts. Especially, we answer
the possible mechanism about the differences of cardiac
electrophysiology with whole-cell patch-clamp technique.

MATERIALS AND METHODS

Electrocardiogram measurements and analysis

Six-lead surface-limb electrocardiogram measurements (I,
II, III, aVF, aVL, and aVR) were recorded on 8- to
12-week-old male KM and C57 mice, which were provided
by Experimental Animal Centre of Medical College of Wu-
han University. After anesthetized with 60 mg/kg pento-
barbital sodium, mice were prone positioned on a cus-
tom-made electrocardiogram recording platform. Body
temperature was maintained at 37°C by use of a thermally
controlled heating pad. Ag/AgCl gel-coated electrocardio-
gram electrodes were attached to the two front and left
rear paws of the mouse. The electrodes were connected to
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a standard 6-lead electrocardiogram amplifier module
(ADInstruments, Australia), which included high- and low
pass filters (set to 0.3 Hz and 1 kHz, respectively) and a
gain selection device (set to 1000-fold). Signals were
digitized continuously at 1 kHz and recorded by using the
data acquisition system (ADInstruments, Australia). For
ach mice the data were collected twice with a time interval
of 2 days (2x30 minutes of continuous recording). The
software (LabChart Pro V7, ADInstruments, Australia) was
used to analyze the electrocardiogram recorded data. For
each mouse, analysis of the cardiac rhythm and meas-
urements of HR were performed on 30 minutes of con-
tinuous experimental recording. The P-wave duration (Pd)
was measured from the first deflection of the P-wave to the
point where it rejoined the isoelectric line. The latter was
set at the first deflection of the P-wave. The PR interval was
measured from the beginning of the P-wave to the begin-
ning of the QRS complex. QRS duration was measured from
the first deflection of the Q-wave (or the R-wave when the
Q-wave was absent) to the point where the negative part of
the S-wave returned to the isoelectric line. The QT interval
was measured from the beginning of the QRS complex to
the end of the T-wave. T-end was defined as the point
where the negative part of the T-wave returned to the
isoelectric line. RR interval was determined automatically
by averaging individual RR intervals for the 60-second
period.®

Preparation of Langendorff-perfused hearts

The isolated heart was quickly excised and transferred to
ice-cold bicarbonate-buffered Krebs-Henseleit solution
(mmol/L: NaCl 119, NaHCOs; 25, KCI 4, KH,PO4 1.2, MgCl, 1,
CaCl; 1.8, glucose 10, and sodium pyruvate 2; pH 7.4)
bubbled with 95%0,-5%CO0,. A small section of aorta (3-4
mm) was identified and cannulated with a tailor-made
21-gauge cannula that had been prefilled with ice-cold
buffer. The aorta was secured onto the cannula with a
micro-aneurysm clip. The heart was then rapidly trans-
ferred and fixed to the Langendorff perfusion system
(ADInstruments, Australia). The perfusate was passed
through 200 and 5 um filters (Gene Corporation), and then
warmed to 37°C by a water jacket and circulator. Perfusion
was commenced in a retrograde manner through the aorta
at 2-2.5 mL/min by a peristaltic pump. In this way, the
heart was perfused by the Krebs-Henseleit solution passing
through the aorta, into the coronary ostium, and then into
the coronary arteries, draining into the right atrium. After
the initiation of perfusion, hearts regained a pink colour
and spontaneous rhythmic contractions.
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Bipolar electrogram recording and arrhythmia in-
duction

To examine the ventricular arrhythmia, the bipolar elec-
trogram (BEG, ADInstruments, Australia) was recorded
from the epicardial surface of the left ventricle using a
silver chloride (2 mm tip diameter) recording electrode.
The paired platinum stimulating electrodes paced the
epicardial surface of the right ventricle and hearts were
stimulated pulses via 1 ms square-wave stimuli at two
times excitation threshold (Grass, USA). These signals
were amplified using an amplifier (ADInstruments, Aus-
tralia) and band pass filtered between 0.3 Hz and 1 kHz. All
digitized data was then captured and analyzed using
LabChart Pro V7 software.

Monophasic AP (MAP) recording

MAP was recorded from the right and left ventricular
epicardium by a custom-made MAP electrode, which
composed of two strands of 0.25 mm Teflon-coated silver
wire (99.99% purity). The tips of the MAP electrode had
previously been galvanically chlorided to eliminate direct
current offset. MAPs were amplified with an amplifier and
band pass filtered between 0.3 Hz and 1 kHz. MAP wave-
forms were analyzed using LabChart Pro V7 software.

Electrical stimulated protocol

The programmed electrical stimulation (PES) and Burst
pacing is thought to be the conventional method to induce
arrhythmia. PES induction is thought to mimic physiological
initiations of ventricular tachycardia (VT), for the prema-
ture ventricular contraction often provokes VT episodes. As
the nonphysiological induction, the Burst pacing often re-
liably induce VT via cardiac electrical instability.

PES was made by cycles each consisting of a drive train
of eight stimuli (S1) at a cycle length of 125 ms followed by
the ninth extra-stimulus (S,). The first S;-S, interval
equaled the pacing interval. Successive cycles progres-
sively reduced the S;i-S, interval by 1 ms until the S;
stimulus could no longer evoke a ventricular deflection.® In
arrhythmic induction, both PES and Burst pacing (2 ms
pulses at 50 Hz, 400 ms burst duration) were used to
determine susceptibility to ventricular arrhythmia induc-
tion.” Burst pacing used up to 30 bursts of pacing in both
ventricular locations.

The incidence of arrhythmias was analyzed by the
inducibility and duration of arrhythmias based on PES and
Burst pacing. According to the duration VT episode, the
mice were divided into four groups: no response, less than
10 seconds, between 10 and 30 seconds, and greater than
30 seconds groups.
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Ventricular myocytes isolation

Single left and right ventricular myocytes were obtained
from hearts of 12- to 14-week-old male mice as described
previously.® ° The heart was rapidly removed and mounted
on a Langendorff apparatus by aortic canulation, and
perfused initially for 10 minutes with normal Tyrode's so-
lution, and then switched to a nominally Ca**-free solution
for an additional 5 minutes. Tyrode's solution had the
following composition (in mmol/L): NaCl 125, NaHCOs 24,
NaH,PO,4 0.42, KCI 5.4, CaCl, 1.8, MgCl, 1.05, glucose 11,
and taurine 10. The all perfusion solutions were bubbled
with 100% O, and pH adjusted to 7.4 with NaOH. There-
after, hearts were perfused for 30 minutes with a zero-
calcium solution containing 0.08 mg/mL type II colla-
genase (Sigma Chemical Co, USA) and 0.05 mg/mL pro-
tease XIV (Sigma Chemical Co, USA). The enzymes were
washed out by perfusion with a high-potassium, low-
chloride saline (KB medium) for 5 minutes. The subepi-
cardial layers were respectively dissected from the left and
right ventricular free wall.'® Single cells were maintained in
a KB medium at 4°C for up to 2 hours before used by
electrophysiological experiments. Normally, Ca?*-free so-
lution was prepared by omitting CaCl, from the Tyrode's
solution. The KB medium had the following composition (in
mmol/L): potassium glutamate 80, KCI 40, taurine 20,
KH,PO4 3, glucose 10, HEPES 10, and EGTA 0.2. The pH
was adjusted to 7.4 with KOH.

I, and current-voltage relationship (I-V) curve of I,
recordings

I, recordings were performed on rod-shaped myocytes
with clear cross striations and no spontaneous contractions
using the whole-cell configuration of the patch-clamp
technique.!! During the experiments, the myocytes, which
were placed in a 500 pyL chamber on the stage of an in-
verted microscope (IX70-122, Olympus, Japan) and al-
lowed to adhere onto the glass bottom of the chamber for
10-15 minutes, were continuously superfused with the
extracellular solution (2 mL/min). And solution exchange of
the bath was achieved within 30 seconds. The external
solution had the following composition (in mmol/L): NaCl
140, KCI 5.4, CaCl; 0.1, CoCl, 0.4, MgCl, 1.0, HEPES 10,
and glucose 11, and pH was adjusted to 7.4 with NaOH.
The recording patch pipettes were pulled from borosilicate
glass with a two-stage vertical puller (PP-83, Narishige,
Japan). Resistances of pipettes ranged from 2.5 to 3.5 MQ
when filled with pipette solution. The pipette solution had
the following composition (in mmol/L): potassium aspar-
tate 90, KCI 54, KH,PO, 10, HEPES 5, EGTA 0.1, pH ad-
justed to 7.3 with KOH. Transmembrane currents were
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recorded by an EPC-9 amplifier (List Instruments, Ger-
many), which received rectangular voltage pulses from a
PC with running Pulse-pulsefit software interface (Version
8.31, HEKA Co., Germany). Capacitance transients and
leakage currents were corrected by the EPC-9 amplifier,
which provided compensation for series resistance. Current
signals were filtered at 3 kHz by a 8-pole Bessel filter,
digitized at a sampling rate of 1 kHz, stored on the com-
puter running Pulse-pulsefit software which was addition-
ally used for the generation of voltage pulses and data
analysis.

I-V curve of I;, were elicited by 500 ms depolarizing
voltage pulses from a holding potential of -80 mV, to dif-
ferent test potential at 10 mV increased from -50 mV to
+50 mV. It suggested that the current was the transient
outward current, which was activated and inactivated
rapidly as well as could be inhibited by 2 mmol/L
4-aminopyridine. The maintained component, which did
not show time dependent current decay, activated at po-
tential positive to -30 mV, and increased the current am-
plitude along with the test voltage increase. Ionic currents
were corrected for cell capacitance and are expressed in
terms of current density (in pA/pF). The experiments were
performed at room temperature (22-25°C).

Statistical analysis

Measurement data were expressed as mean=SEM. Statis-
tical analysis was performed with Fisher exact test and
Student’s t test by using SPSS 16.0. A value of P<0.05 was
considered statistically significant. Patch-clamp data were

PR interval

St
QRS duration

QT interval
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analyzed using Pulsfit and Origin 6.0 (Microcal, USA) for
plotting graphs.

RESULTS

Surface electrocardiogram

To determine the cardiac electric difference in vivo, the
surface electrocardiogram were recorded in KM (Fig. 1A)
and C57 mice (Fig. 1B). Comparisons between KM and C57
mice showed that the QT interval was prolonged in KM mice
relative to C57 mice (P<0.05, Table 1). In addition, the PR
interval and QRS duration had significant difference be-
tween two groups (all P<0.05), but the P-wave duration
was unchanged (Table 1).

Epicardial MAP recordings during regular pacing and
PES

MAPs were recorded from the left and right ventricular
epicardium during regular pacing to determine whether
prolongation of the QT interval was associated with
electrical modifications in KM and C57 mice. In isolated
hearts of KM mice, we observed a significant prolonga-
tion of MAP duration recorded from the left ventricular
epicardium at 50% repolarization and MAP duration of
the right ventricular epicardium at 50% and 70% re-
polarization, compared with C57 mice, respectively (all
P<0.05; Fig. 2, Table 2). Moreover, it was not signifi-
cantly altered on MAP amplitude and diastolic membrane
potential in the left and right ventricular epicardium of
both KM and C57 mice.
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Figure 1. Recordings of surface lead II of electrocardiogram in Kunming (KM, A) and C57BL6/] (C57) mice (B).
The PR interval, QRS duration, and QT interval in KM mice are prolonged relative to C57 mice.

Table 1. Comparisons of main parameters of surface electrocardiogram in KM and C57 mice® (ms)

Mice Number of hearts PR interval P-wave duration QRS duration QT interval
KM mice 12 45.87+7.01" 10.90+2.99 13.31+3.74" 62.51+4.47"
C57 mice 10 37.97+3.28 8.68+1.42 9.82+0.76 52.59+4.85

SPlus-minus values are mean+SEM.
“P<0.05 compared with C57 mice.
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Figure 2. Recordings of monophasic action potential (MAP) obtained from the left and right ventricular epicardium in KM and C57 mice.
A. MAP of the left ventricular epicardium of KM mice;
B. MAP of the left ventricular epicardium of C57 mice;
C. MAP of the right ventricular epicardium of KM mice;
D. MAP of the right ventricular epicardium of C57 mice.
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Table 2. Comparisons of MAP duration at 30%, 50%, 70%, and 90% full repolarization in
the right and left ventricular epicardium of KM and C57 mice$

: . Number of MAP (ms)
Region Mice
hearts APD3q APDsg APD7 APDgo
Left ventricular epicardium KM mice 12 10.57+1.63 18.602‘:0.91* 36.83+8.15 56.26+6.37
C57 mice 10 9.99+0.91 12.90+0.35 30.22+7.79 52.60+6.78
Right ventricular epicardium KM mice 12 10.14+3.34 17.31+6.05" 36.13+5.32" 56.12+5.45
C57 mice 10 9.16+2.51 12.00+3.24 21.95+8.06 47.63+6.38

SPlus-minus values are mean+SEM.

APD3o, APDso, APD7o, and APDyg: action potential duration at 30%, 50%, 70%, and 90% repolarization.

*P<0.05 compared with C57 mice.

PES and Burst induced VT

The incidences of PES-induced VT and Burst-induced VT in
KM mice (25%, 3 of 12 hearts and 50%, 6 of 12 hearts)
were higher than those in C57 mice (20%, 2 of 10 hearts
and 30%, 3 of 10 hearts, all P<0.05). The duration of
induced VT was longer in KM mice in which VT lasted
greater than 30 seconds (16.7%, 2 of 12 hearts) and
between 10 and 30 seconds (8.3%, 1 of 12 hearts) than
that in C57 mice (0, P<0.01; Table 3).

Recordings of I, in the ventricular epicardial myo-
cytes obtained from KM and C57 mice

Figure 3A-D displays representative recordings of I, cur-
rents of the left and right ventricular epicardial myocytes
isolated from KM and C57 mice. At 50 mV, I, density of the
left ventricular epicardial myocytes was significantly lower
than that of the right ventricular epicardial myocytes for
KM mice (11.8+4.5 pA/pF versus 17.8+3.3 pA/pF, P<0.05;

Fig. 3E). But for C57 mice, the difference in I, density
between the left and right ventricular epicardial myocytes
had no significance (25.9+4.2 pA/pF, n=8 and 29.2+6.7
pA/pF, n=10; P>0.05; Fig. 3E). Compared with KM mice,
I, density of C57 mice at 50 mV was significantly increased
by about 45% in left ventricular epicardial myocytes and
increased by 60% in the right ventricular epicardial myo-
cytes, respectively (all P<0.01). Figure 3E shows the
changes of I-V curve of I, in left and right ventricular
epicardial myocytes isolated from KM and C57 mice. For
KM mice, Ii, densities of the right ventricular epicardial
myocytes were significantly altered upward compared to
left ventricular epicardal myocytes; however for C57 mice,
no significant difference was noted between right and left
ventricular epicardial myocytes. But I, densities of both
the right and left ventricular epicardial myocytes in C57
mice were significantly higher than those in KM mice (all
P<0.01).

Table 3. Comparison of incidence of electrical stimulated ventricular tachycardia (VT) in KM and C57 mice (%)

Mice No response VT lasting <10 seconds VT lasting between 10 and 30 seconds VT lasting >30 seconds
KM mice 50 (6/12) 25 (3/12) 8.3 (1/12) 16.7 (2/12)
C57 mice 70 (7/10) 30 (3/10) 0 0




Vol. 27, No.2 CHINESE MEDICAL SCIENCES JOURNAL

< 500 ms
(=%

+500 mV

C D

= KM-left ventricular epicardial myocytes

® KM-right vantricular epicardial myocytes
4. C57-left ventricular epicardial myocytes
¥ C57-right vantricular epicardial myocytes

~ 407
(18
. 1
g 301 1 o
oy y A ##
2 201 14+ I.
3 I ) i
= i =
E 10+ - X /g///%//{“ 1

-60-50-40-30-20-10 0 10 20 30 40 50 60

Voltage (mV)
E

85

Figure 3. Recordings of transient outward potassium current (I,) in the left and right ventricular epicardial myocytes isolated from KM and

C57 mice.

A. I, in the left ventricular epicardial myocytes of KM mice;
B. I, in the right ventricular epicardial myocytes of KM mice;
C. I, in the left ventricular epicardial myocytes of C57 mice;
D. Iy, in the right ventricular epicardial myocytes of C57 mice;

E. Current-voltage relationship curve of I, recorded from the left and right ventricular epicardial myocytes of KM and C57 mice.
*P<0.05 compared with left ventricular epicardial myocytes of KM mice (n=8); “"P<0.01 compared with the left ventricular
epicardial myocytes obtained from KM mice (n=8); *#*P<0.01 compared with the right ventricular epicardial myocytes from KM

mice (n=10).

DISCUSSION

In present study, our idea is triggered on that we
observed KM mice, which are widely used as experimental
preparations by scientific researchers in China, easily died
of arrhythmias when we anesthetized them using common
dose before we developed a model for cardiac electro-
physiological experiments. But the phenomenon did not
occur in C57 mice administrated with the same or larger
dose of anesthetic. Sometimes, when we inject a drug to
improve HR of KM mice, such as isoproterenol, we en-
counter a same problem that the KM mice experience
ventricular fibrillation. To facilitate phenotypic analysis of
gene-targeted animals, as well as to evaluated the poten-
tial and limitations of mouse models, the physiology of the

normal mouse heart needs to be understood in detail.** **
The present electrophysiological research delineates the
range of surface electrocardiogram and AP duration (APD)
at normal KM and C57 mouse hearts, as well as the inci-
dence of arrhythmias induced by PES and Burst pacing in
KM and C57 mouse hearts. Moreover, the underlining
mechanism was investigated using patch-clamp technique.
The major findings of our study are: (1) Compared with
C57 mice, KM mice display prolonged QT interval in surface
electrocardiogram recording. (2) Epicardial MAP duration in
isolated KM mouse heart exhibits the significant delayed
repolarization at 50% repolarization in the left ventricle
and at 50% and 70% repolarization in the right ventricle
compared with C57 mice. (3) Ventricular arrhythmia in-
ducibility in heart isolated from KM mice seems higher than
that in the heart obtained from C57 mice. (4) At last, sig-
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nificant differences of I, density in the left and right ven-
tricular epicardial myocytes isolated from C57 and KM mice
might increase the heterogeneity of QT interval and APD,
as well as elicit the occurrence of arrhythmias.

Our analysis identified C57 mice as a strain with
shorter QT interval and APD, and KM mice, a Chinese
special stain, with longer QT interval and APD, as well as
higher inducibility of ventricular arrhythmias. The current
findings are similar to the results described in previous
researches. * > To clarify the substantial ionic mechanism
that KM mice were easily induced to occur VA, we chose I,
as the index and right and left ventricular epicardial
myocytes obtained from C57 and KM mice as carriers.
Because of bigger mammals with long APD in ventricular
myocytes, I, in ventricular myocytes of bigger mammals
only composes the plateau of AP rather than determining
the APD. In contrast, Ii, in ventricular myocytes of mice
contributes to every phase of the repolarisation during the
entire AP. As soon as Iy is altered, the APD is readily
changed in mice hearts.'® The increase in APD is mainly
supported by a reduction of the I, density since no sig-
nificant modification was observed in densities of L-type
calcium channel (Ic.-1), sodium-calcium exchange current
(Incx), delayed rectifier potassium current (Ik), and inward
rectifier potassium current (Ix1) in some mouse strains. The
lower amplitude of I;, current was associated with a lower
Kv4.3 protein expression both in the left and right ventri-
cles while the amount Kv4.3 mRNA expression was de-
creased only in the left ventricle.”*® On the other hand,
although an endo-epicardial gradient for K* outward cur-
rents obviously take place in the mouse right and left
ventricular free wall, I, density is rather low and have no
carried main role in endocardial than epicardial myocytes.
While other potassium currents: rapidly activating and very
slowly inactivating K* current (I, siow), Slowly activating and
noninactivating K* current (Iss), and Ix; have no changes in
endocardial myocytes compared with epicardial myo-
cytes.!® Therefore, I, in epicardial myocytes really plays a
key role in cardiac electrophysiological changes. In our
work, we found that I, density of the left or right epicardial
myocytes isolated from KM mice was significantly de-
creased in comparison to that of myocytes from C57 mice.
I, density of the left epicardial myocytes was significantly
lower than that of the right epicaridal myocytes obtained
from KM mice, while for C57 mice I, density was also
slightly decreased in the left epicardial myocytes compared
with the right epicardial myocytes. To differ from HR of
larger mammals, the HR of mouse is rather rapid to ap-
proximately arrive to 600 beats/min. Though there is only
a bit of changes in APD in mice heart with a rapid stimulus,
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the VA might completely be triggered. There is reason to
believe that I, in cardiac myocytes of KM and C57 mice was
distinctly altered.

Due to the mechanism of the ion channel’s difference
between the two strains of mouse, the prolonged QT in-
terval and vulnerability to VA in isolated KM mouse heart
could be well explained. In human the long QT syndrome
linked to the electric alteration of repolarization has been
proposed as an important marker for the occurrence of
ventricular tachycardia and a potential episodes for de-
velopment of Torsade de pointes,?® which is generally as-
sociated with life-threatening arrhythmias and sudden
death.?* The electrocardiogram and AP changes observed
in this study could result to enhanced dispersion of re-
fractoriness and variability of electrical activity, which
could finally be contributed to high inducibility of VA in
isolated KM mouse heart.

In conclusion, KM mice had the prolonged QT interval
and APD, and were vulnerable to VA, which were attributed
to lower I, densities in ventricular myocytes of KM mice.
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