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Dysregulation of intracellular Ca®* homeostasis is associated with various pathological conditions and arrhythmogenesis of the
heart. The objective of this study was to investigate the effects of an acute increase in intracellular Ca®* concentration ([Ca**];)
on the electrophysiology of ventricular myocytes by mimicking intracellular Ca>* overload. The [Ca>*]; was clamped to either
a controlled (65-100 nmol L) or increased (1 pmol L) level. The transmembrane action potentials and ionic currents were
recorded using whole-cell patch clamp techniques. We found that the acute increase in [Ca®*]; shortened the action potential
duration, reduced the action potential amplitude, maximum depolarization velocity and resting membrane potential, caused
delayed after-depolarizations (DADs), and triggered activity—compared with these parameters in the control. The increased
[Ca™); augmented late Iy, in a time-dependent manner, reduced Ic,; and Iy, and increased Iy, but not Ix,. The results of this

study can be used to explain calcium overload-induced ventricular arrhythmias.
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The inorganic calcium ion (Ca”™) is one of the most universal
and important messengers in living cells and is responsible
for signal transduction and regulation of vital functions [1].
The dysregulation of Ca** homeostasis increases intracellu-
lar calcium concentration ([Ca2+]i; i.e., intracellular Ca*'
overload) and is associated with various pathological condi-
tions of the heart, including myocardial ischemia/reperfu-
sion [2], heart failure [3], caffeine [4], digitalis intoxica-
tion [5], hypercalcinemia [6], and the proarrhythmic activ-
ity of drugs [7-9]. Increases in free oxygen species also
result in intracellular Ca®* overload and ventricular ar-
rhythmogenesis [10,11].

Cytosolic Ca”" is normally about 10~ mol L™" in the rest-
ing condition and may rise to 10~ mol L™ at 1-5 ms after
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after depolarization. In animal or human cardiomyocytes,
intracellular Ca** overload is associated with initiation and
maintenance of both atrial and ventricular arrhythmic ac-
tivities, including fatal ventricular tachycardia and ven-
tricular fibrillation [7,11,12]. The main mechanism of
Ca**-induced arrhythmias is alteration of the membranous
ionic currents, which results in shortening the action poten-
tial duration (APD), reducing the effective refractory period
(ERP), and making reentry easier [10,13].

Several pathological models have been used to investi-
gate the effects of calcium overload on membrane currents,
including elevated extracellular calcium concentration [6],
increased intracellular sodium concentration [14], heart
failure [15], myocardial ischemia/reperfusion [2], and use of
drugs (caffeine [4] or digitalis [5]). In addition, some other
research related to the mechanism of intracellular Ca**-de-
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pendent signaling transduction, including CaMK-II [15,16],
Ras [17], and PKC [18,19], for example, have gained sub-
stantial progress in terms of channel currents. These patho-
logical models of elevated [Ca®*]; mimic the condition of
calcium overload by a series of cellular reactions that may
interfere with the effectiveness of the calcium overload.
Therefore, some of the conclusions of these studies tend to
be contradictory, which makes this issue even more contro-
versial. As an example, it is difficult to tell whether the
changes in action potential and various membrane currents
were the result of the direct increase of intracellular Ca** or
indirect intracellular physical and chemical reactions. In fact,
models of calcium overload by direct elevation of [Ca2+]i
have rarely been investigated.

We hypothesized that a direct increase in [Ca®*]; may
also regulate membrane ion currents and is associated with
ventricular arrhythmic activity in cardiomyocytes. There-
fore, we established a model of acute calcium overload us-
ing a whole-cell path clamp technique; and we directly
regulated Ca®* concentration with a pipette solution to
change the [Ca®*];. The effects of an acute increase in [Ca®*];
on action potentials and various membrane currents as well as
ventricular arrhythmic activities were evaluated. Increased
[Ca2+]i was achieved at a concentration of 1 pmol L up to
about 10-fold higher than the resting [Ca2+]i [20].

1 Materials and methods

1.1 Cardiomyocyte isolation

The use of animals in this investigation conformed to the
Guide for the Care and Use of Laboratory Animals Regu-
lated by Administrative Regulation of Laboratory Animals
of Hubei Province and was approved by the Experimental
Animal Center of Wuhan University of Science and Tech-
nology. Guinea pigs of either sex, weighing 250-300 g,
were anesthetized by intraperitoneal injection of 20% ure-
thane (1000 mg kg™). The heart was excised and retro-
gradely perfused in modified Langendorff mode with
Ca**-free Tyrode solution bubbled with 100% O, and main-
tained at 37°C. The Tyrode solution contained (mmol L™:
135 NaCl, 5.4 KClI, 1 MgCl,, 0.33 NaH,PO,, 10 HEPES,
and 10 glucose (pH 7.4, adjusted with NaOH). The heart
was then perfused with Ca**-free Tyrode solution contain-
ing collagenase type I (0.2 mg mL™") and bovine serum al-
bumin (BSA, 0.5 mg mL™) for 30 min and then with KB
solution for another 5 min. The KB solution contained
(mmol L™"): 70 KOH, 40 KCI, 3 MgCl,, 20 KH,PO,, 0.5
EGTA, 50 L-glutamic acid, 20 taurine, 10 HEPES, and 10
glucose (pH 7.4, adjusted with KOH). The ventricles were
cut into small chunks and gently agitated in KB solution.
The cells were filtered through nylon mesh and stored in
KB solution at 4°C.
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1.2 Whole-cell patch clamp technique

The single-pipette whole-cell patch clamp technique using a
patch clamp amplifier (EPC-10 USB; HEKA Electronics,
Lambrecht/Pfalz, Germany) was applied to record trans-
membrane potentials and ion currents at configurations of
either a current clamp or a voltage clamp, respectively. A
cell suspension of 100 pL. was transferred to a small cham-
ber mounted on the stage of an inverted microscope and
allowed to adhere to the glass bottom of the chamber for
5 min. The cardiomyocytes, characterized by smooth, glossy
edges and surfaces and clear transverse striations without
contraction were used for this study. Sealing resistance was
maintained above 1 GQ. An 80% compensation of series
resistance was achieved without ringing. Residual linear and
capacitance were subtracted using a P/4 leak-subtract pro-
tocol.

Currents recorded from cells were filtered at 1 kHz, digi-
tized at 10 kHz, and saved in a computer hard drive for
measurement. All experiments were carried out at room
temperature (22-24°C).

1.3 Patch clamp on normal and increased [Ca“]i

A whole-cell path clamp technique was used to induce ionic
equilibrium between the pipette solution and the intracellu-
lar solution. In cells with normal [Ca2+]i, both CaCl,
0.65-1.0 mmol L™" and EGTA 10-11 mmol L™ were used
in the pipette solution, and the calculated intracellular
[Ca®]; was 65-100 nmol L™". The intracellular [Ca**]; was
calculated as follows:

[Ca®*],=(1+k([EGTA],+[Ca®* [))x[Ca**]))/(1+[Ca**];xk)

where [Ca2+]p and [EGTA], were the doses added in the pi-
pette solution, respectively, and k£ was the binding constant
between calcium and EGTA. An acutely increased [Ca2+]i
was obtained by clamping the Ca** concentration in the pi-
pette solution at 107° mol L ™! in the absence of EGTA [21].

1.4 Determination of transmembrane action potentials
and ionic currents

For recording an action potential (AP), the pipette solution
contained (mmol L_l): 120 KCl, 1 CaCl,, 5 MgCl,, 5
Na,ATP, 11 EGTA, 10 HEPES, and 10 glucose (pH 7.3,
adjusted with KOH). The bath solution was the Tyrode so-
lution (see above) containing 1.8 mmol L™ CaCl,. APs
were elicited by depolarizing pulses delivered in a width of
5 ms and 1.5-fold above the threshold at a rate of 1 Hz.

For recording late Iy, (In,) at the baseline (normal
[Ca®)), the pipette solution contained (mmol L™): 120
CsCl, 1 CaCl, , 5 MgCl,, 5 Na,ATP, 10 TEACI, 11 EGTA,
and 10 HEPES (pH 7.3, adjusted with CsOH). The bath
solutions contained (mmol L_l): 135 NaCl, 1 CaCl,, 1
MgCl,, 0.05 CdCl,, 10 HEPES, 10 glucose (pH 7.4, ad-
justed with NaOH). For recording Iy, at a condition of in-



242 Fan X R, et al.

creased [Ca*],, 10 mmol L' EGTA was removed and 1
umol L™ Ca®* was used in the pipette solution. Late Iy, was
recorded using 2500-ms voltage steps from a holding poten-
tial of —120 to —30 mV in myocytes. Current density was
measured at 200 ms after depolarization of the cell.

For recording L-type calcium current (Ic,) at the base-
line (normal [Ca®'];), the pipette solution contained (mmol
L’l): 80 CsCl, 60 CsOH, 40 aspartic acid, 0.65 CaCl,, 5
HEPES, 10 EGTA, 5 MgATP, and 5 Na,-creatine phosphate
(pH 7.2, adjusted with CsOH). For recording L-type calcium
current (I, ) in increased [Ca2+]i, 10 mmol L™ EGTA was
removed and 1 pmol L™ Ca® was used in the pipette solu-
tion. The bath solution was the Tyrode solution (see above)
containing 50 pmol L™ tetrodotoxin (TTX) to block the Iy,.
Iy was determined using voltage-clamp stepped at 300 ms
from a holding potential of —40 mV to depolarizing levels
up to +60 mV in 10-mV increments at a rate of 0.2 Hz. The
current density at a depolarizing test pulse of +10 mV was
measured and analyzed.

For recording I at the baseline (normal [Ca2+]i), the pipette
solution contained (mmol L‘l): 60 KOH, 80 KCl, 40 aspartic
acid, 0.65 CaCl,, 5 HEPES, 10 EGTA, 5 MgATP, and 5
Na,-creatine phosphate (pH 7.2, adjusted with KOH). For
recording Iy (Ix. and Ix;) at increased [Ca®*];, 10 mmol L™
EGTA was removed and 1 umol L™ Ca®* was used in the
pipette solution. The bath solution for recording I, was the
Tyrode solution with 3 umol L™ nisoldipine to block cal-
cium currents. The bath solution for recording Ik, and Ik
was a Na'- and K'-free N-methyl-D-glucamine (NMG) so-
lution containing (mmol L™"): 149 N-methyl-D-glucamine, 5
MgCl,, 0.9 CaCl,, 5 HEPES (pH 7.4, adjusted with HCI),
and 3 umol L™ nisoldipine (to block I,). For recording ei-
ther Ik, or Ik, E-4031 at 10 umol L™ and chromanol 293B
at 30 pmol L were used to block I, and Iy, respectively.

For Ix;, whole-cell currents were elicited by applying
300-ms hyperpolarizing or depolarizing voltage steps be-
tween —100 and —10 mV in 10-mV increments from a hold-
ing potential of 40 mV to inactivate the sodium channel at a
rate of 0.2 Hz. Iy, was a series of large-amplitude steady-
state outward currents with strong rectifier characteristics
that could be selectively blocked by BaCl,. The steady-state
current density at the end of the clamp pulses was measured
at a test pulse of —80 mV, with an approximated resting
potential as an index.

Ix_qep Was elicited with depolarizing pulses of 1.5 s from
—40 mV to +40 mV at a rate of 0.1 Hz. Ix_,; was measured
as an index at a test pulse of +40 mV when the repolariza-
tion current was set back to —40 mV. A combination of
E-4031 at 10 pmol L™ and chromanol 293B at 30 pmol L™
was used to block I, and I, respectively.

1.5 Experimental protocols

Cells were randomized into two groups. Normal [Ca®");
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(65-100 nmol L™") was maintained in one group of cells as
the control, and another group of cells with Ca** in the pi-
pette solution was maintained at 1 pumol L™ (increased
[Ca2+]i). APs and ion currents were recorded every minute
for a total of 8 min in both cell groups.

1.6 Data analysis

All data were presented as mean+SD and analyzed using
FitMaster (v2x32; HEKA) and SPSS 13.0 (SPSS, Chicago,
IL, USA). Current density (i.e., amplitude of the current
divided by membrane capacitance) was selected for analysis.
Figures were plotted by Origin (V7.0; OriginLab, North-
ampton, MA, USA). Student’s r-test was used to determine
the difference between two groups of data. One-way and
two-way analyses of variance (ANOVA) were used to de-
termine the differences of the time-dependent effects.
P<0.05 was considered statistically significant.

1.7 Drugs and reagents

Collagenase type I and BSA were purchased from Gibco
(Gibco, Invitrogen, Paisley, UK) and Roche (Basel, Swit-
zerland). Tetrodotoxin was provided by Hebei Fisheries
Research Institute (Qinhuangdao, China). All other chemi-
cals, including E-4031 and Chromonal 293B, were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).

2 Results

2.1 Effects of increased [Caz+]i on transmembrane ac-
tion potentials

In myocytes under normal [Ca®*]; (n=15; Table 1, Figure
1A), control values of the resting potential (RMP), AP am-
plitude (APA), and maximum depolarization velocity (Vi.x)
were (—80+2.5) mV, (120+8) mV, and (213+22) V s,
respectively. The APDs at 90% (APDy), 50% (APDs), and
30% (APDj) of repolarization were (317+£27), (270£23),

Table 1 Effect of acute increase in intracellular Ca®* concentration
([Ca®*])) on the parameters of the transmembrane potentials in the ven-
tricular myocytes in guinea pigs”

Control (normal [Ca*'];, Acutely increased [Ca®*];

TPf;?em(?;irls) n=15) (n=11)
1 5 1 5
RMP (mV)  -80+25  -80+1.6 —78+1.5"  —67x3.5"
APA (mV) 120+8 11711 116+9 98+5"#
Vmax (Vs™) 213122 206+27 201=18 17615
APDy (ms) 31727 30533 2354227 101x157*
APDs (ms) 270+23 266+28 212+21" 73147
APDj3 (ms) 202+19 193+26 18321 46+10"*

a) *, P<0.05; **, P<0.01, compared with control. #, P<0.01, compared
with acutely increased [Ca*; at 1 min.
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Figure 1 Representative recordings of action potentials (AP) and delayed after depolarizations (DAD) and triggered activities (TA) in cells with either

normal (control) or increased intracellular calcium concentration [Ca®*]. APs were recorded from single ventricular myocytes with either normal [Ca*];

(control, A) or increased [Ca**]; for 1 and 5 min (A). DADs and triggered activities were recorded only in cells with increased [Ca*1; (B-D). Arrows indicate
depolarizing pulse.

and (202+19) ms, respectively. All of these parameters re-
mained unchanged for a period of 5—8 min.

By contrast, in cells with acutely increased [Ca2+]i (n=11;
Table 1, Figure 1A), the RMP, APA, and V,,,,x at 1 min were
(=78.0+1.5) mV (P<0.05 vs. control), (116£9) mV, and
(201£18) V s’l, respectively. The RMP, APA, and V,,,
were significantly reduced, by 18%, 18%, and 17%, respec-
tively, at 5 min compared with that at 1 min and the control
values (n=11, P<0.01; Table 1, Figure 1). The APDyy,
APDs,, and APD;, were shortened by 26%, 21%, and 9%,
respectively, at 1 min (n=15, P<0.05-0.01 vs. control and at
1 min) and by 68%, 73%, and 77%, respectively, at 5 min
(n=15, P<0.01; Figure 1A). All of these parameters reached
steady-state after exposure to acutely increased [Ca®"]; for 5
min.

In myocytes exposed to increased [Ca®"];, delayed after-
depolarization (DAD) was found in five of 15 cells (33%),
and triggered activity appeared in three of 15 cells (20%)
when the stimulation cycle length was shortened to 100 ms
(Figure 1B-D). DAD and triggered activity were not ob-
served in any of these cells under normal [Ca®™]..

2.2 Time course of the effects of increased [Ca2+]i on
membrane ion currents

In the cells with normal [Ca2+]i (control), the amplitudes of

Inats Icar, Ixis Ik, and Ixg were (=0.58+0.05) pA/pF (n=7),
(-10.85+1.33) pA/pF (n=7), (-14.36+0.62) pA/pF (n=6),
(0.48+0.03) pA/pF (n=5), and (1.26+0.09) pA/pF (n=5),
respectively (Figure 2, control). All these currents remained
relatively stable for a period of 8 min (P>0.05; Figure 2,
control).

In the cells with an increased [Ca2+]i of 1 pmol L' in the

pipette solution, time-dependent consecutive changes in Iy,,
Ica, Ik, and I, were observed. The amplitudes of these
currents reached steady-state at about 5 min (Figure 2A-D).
At 1 min after exposure to increased [Ca2+]i, Ica was sig-
nificantly lower than that in the control (Figure 2B). There
were significant increases in Iy, and I, but not in Ix,, and
decreases in Ic,. and Ix; at 2-8 min compared with 1 min
(P<0.05-0.01).

2.3 Effects of increased [Ca**]; on membrane ion cur-
rents

Increased [Ca®]; to 1 umol L™" significantly enhanced Iy,
from (-0.60+0.06) pA/pF to (-1.04+0.08) pA/pF at 5 min
(n=7, P<0.01 compared with either the control or at 1 min;
Figures 2A and 3). Similar to the inhibition of endogenous
Ina. (Figure 3A, control), 2 pmol L™ TTX attenuated the
enhanced Iy, to (-0.14+0.02) pA/pF (P<0.01 vs. 5 min of
increased [Ca®];; Figure 3B) in the continuous presence of
increased [Ca®*];.

Increased [Ca2+]i decreased I, from (—10.85x1.33)
pA/pF to (—6.35+£0.40) pA/pF at 1 min (n=7, P<0.01 vs.
control) and to (—3.04+0.29) pA/pF at 5 min (n=7, P<0.01
vs. both control and 1 min of increased [Ca®'];; Figures 2B
and 4).

Increased [Ca2+]i decreased Ik, with relative decreases of
(-13.76+0.58) pA/pF at 1 min and (-9.70+0.18) pA/pF at 5
min (n=8, P<0.01 vs. both control (-14.36+0.63) pA/pF and
1 min of increased [Ca®*];; Figures 2C and 5).

In cells with increased [Ca2+]i, Ix was (1.24+0.09) pA/pF
at 1 min and was significantly increased to (2.03+£0.22) pA/pF
at 5 min (n=10, P<0.01 vs. both the control and increased
[Ca2+]i at 1 min; Figure 6A). Specifically, Ix;gep and Ixy.il
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Figure 2 Time-dependent changes of late I, (A), Ica. (B), Iki (C), Ik, (D) and Ik, (E) in control (normal intracellular calcium) and in cells with increased
intracellular Ca®* concentration ([Ca>"];) between 1 and 8 min. All currents were recorded continually for 8 min. *, P<0.05; **, P<0.01, compared with con-
trol. #, P<0.05; ##, P<0.01, compared with cells with increased [Ca2+]i at 1 min.
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Figure 3 Representative recordings of late Iy, in cells with either normal

or acutely increased intracellular Ca®* concentration ([Ca®*];). Late Iy, was

recorded from a guinea pig ventricular myocyte exposed to either normal

(control, A) or 1 and 5 min after being exposed to increased [Ca*]; (B) in
the absence and presence of 2 umol L™ TTX.

were (0.31+0.02) pA/pF and (0.52+0.03) pA/pF at 1 min
(P>0.05 vs. control) and (0.70+0.04) pA/pF and (1.19+
0.11) pA/pF at 5 min, respectively (n=7, P<0.01 vs. both the
control and increased [Ca*']; at 1 min; Figures 2D and 6B).

By contrast, Ixs remained unchanged, Ixs.gep and Ikl being
(2.72+0.19) pA/pF and (1.22+0.09) pA/pF at 1 min and
(2.61+0.21) pA/pF and (1.25+0.08) pA/pF at 5 min, respec-
tively (n=7, P>0.05 vs. control; Figures 2E and 6C).

3 Discussion

Based on the results, we concluded that (i) increased [Ca2+]i
decreased RMP, APA, and V., of an AP and shortened
APDs; (ii) multiple ion currents were regulated in cells with
increased [Ca2+]i, including elevation of Iy, and Ik, and
reduction of I, and Ix;; (iii) DAD and triggered activity
were elicited in cells exposed to increased [Ca®*];. Therefore,
intracellular dysregulation of calcium homeostasis may
regulate multiple membrane ion currents and cause abnor-
malities of cellular electrical activity.

Peak Iy, is a major depolarizing current and is associated
with the O phase of an AP. A recent study indicated that
increased [Ca®*]; caused a reduction of peak Iy, owing to the
decrease in Na® channel conductance [3]. In the present
study, we found that increased [Ca2+]i caused a decrease in
APA and V., which is consistent with previous reports.
Maltsev et al. [21] reported that increased [Ca2+]i caused a
rightward shift in Iy, in normal and failed hearts. Iy,  was
also increased significantly in normal and failing cardiac
cells when [Ca™"]; was patched at 1 pmol L™ in the pipette
solution, which is consistent with the findings in this study.

Richard et al. [22] demonstrated that increased [Ca2+]i by
SR Ca** release caused Ca**-induced Ca®* channel inactiva-
tion. Consistently, we found that significantly decreased Ic,.
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was recorded at the first minute after exposure to high
[Ca*"];. Meanwhile, the I, in cells with increased [Ca®'];
was also increased. These changes in Ic,. and Ix, acceler-
ated the repolarization of ventricular myocytes and shorted
the APD. In addition, the significant decrease in Ix; was

recorded after exposure to high [Ca2+]i, which may decrease
the RMP. In our present research, the variations of multiple
ionic currents caused the abnormalities in RMP and AP.
Numerous reports have indicated that abnormal cellular
electrical activity was found in cells with intracellular cal-
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current, respectively. #, P<0.05; ##, P<0.01, compared with cells with increased [Ca“]; at 1 min at each test potential.

cium overload. For example, I, [23,24] and I, [25] were
decreased significantly in failed hearts, and increased
[Ca2+]i augmented Ik in a concentration-dependent manner
[26,27]. Clinical use of digitalis [28] or loss of function of
the L-type Ca®* channel in patients with Ca®* channel
(CNCNA) mutations is associated with increased [Ca2+]i
and secondary short QT syndrome [29].

As a second messenger, intracellular Ca®* modulates
many ion channels by affecting the intracellular signal
transduction mechanism, including gene expression and
channel protein synthesis [30]. Elevated intracellular Ca**
activates Ca”*/calmodulin-dependent protein kinase II
(CaMK 1II) and protein kinase C (PKC), and it regulates
multiple ion channels including Na*, Ca**, and K* channels
in the myocardium [16,18,31,32]. Ca**-induced activation
of CaMK II and PKC may be closely related to the increase
in SCN5A gene expression and Iy, . Therefore, increased
Ca®* augments Iy, through an intracellular signal transduc-
tion mechanism. An increase in Iy, caused by increased
Ca* should prolong the APD [33]. However, the role of
increased Iy, in APD was offset by the upregulation of I,
and the downregulation of I, .

Significant up- or downregulation of ion currents in ven-
tricular myocytes causes electrophysiological abnormalities
that induce seriously electrical turbulence and the genesis of
arrhythmia. Decreased RMP causes increased excitability of
myocytes and decreased conduction velocity of ventricular
myocardium, which underlies the mechanisms of reentrant

arrhythmia. Augmentation of Ix, and reduction of Ic,.
causes abnormal rapid repolarization and shortened APD,
which is associated with short QT syndrome, with the
shortened refractory period widening cardiac repolarization
dispersion. Increased [Ca®"]; also upregulates transient in-
ward currents [34], including the sodium/calcium exchanger
current (Incx) [35] and calcium-activated CI™ current [36].
This is likely the cause of the DADs and triggered activity.
DADs and triggered activity can cause ectopic ventricular
beats and abnormal conduction of an action potential in the
heart.

Intracellular calcium overload or increased [Ca®']; has
been demonstrated in many pathological conditions [2—10].
Increased [Ca?"); augments Iy, . Increased Iy, increases the
intracellular Na* concentration, which further increases the
[Ca™]; by activating the reverse sodium/calcium exchange,
thereby forming a vicious circle [37,38]. These mechanisms
play a role in the genesis of ventricular arrhythmias, even
sudden cardiac death. Class III antiarrhythmic agents and
ranolazine (an Iy, inhibitor) are effective in treating cal-
cium overload-induced arrhythmia, suggesting that Iy,
plays an important role in this pathway [33,39].

4 Conclusion

Acutely increased [Ca®*]; enhances Iy, and I, and de-
creases I, and peak Iy, and Ix;, which are associated with
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reductions of APD, APA, V,,.x, RMP, and arrhythmic activ-
ity. These results can be used to explain the calcium over-
load-induced ventricular arrhythmias in clinical and ex-
perimental observations.
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