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Accelerated inactivation of cardiac L-type calcium
channels triggered by anaesthetic-induced
preconditioning
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Background and purpose: Cardioprotection against ischaemia by anaesthetic-induced preconditioning (APC) is well estab-
lished. However, the mechanism underlying Ca2+ overload attenuation by APC is unknown. The effects of APC by isoflurane on
the cardiac L-type Ca channel were investigated.
Experimental approach: In a model of in vivo APC, Wistar rats were exposed to isoflurane (1.4%), delivered via a vaporizer
in an enclosure, prior to thoracotomy. The Dahl S rats were similarly preconditioned to determine strain-dependent effects.
Whole-cell patch clamp using cardiac ventricular myocytes was used to determine the L-type Ca2+ current (ICa,L) characteristics
and calmodulin (CaM) levels were determined by Western blot analysis. Cytosolic Ca2+ levels were monitored using fluo-4-AM.
Action potential (AP) simulations examined the effects of APC.
Key results: In Wistar rats, APC significantly accelerated ICa,L inactivation kinetics. This was abolished when external Ca2+ was
replaced with Ba2+, suggesting that Ca2+-dependent inactivation of ICa,L was modulated by APC. Expression levels of CaM, a
determinant of ICa,L inactivation, were not affected. Attenuation of cytosolic Ca2+ accumulation following oxidative stress was
observed in the APC group. Simulations showed that the accelerated inactivation of ICa,L resulted in a shortening of the AP
duration. The Dahl S rat strain was resistant to APC and changes in ICa,L inactivation were not observed in cardiomyocytes
prepared from these rats.
Conclusions and implications: APC triggered persistent changes in the inactivation of cardiac L-type Ca channels. This can
potentially lead to a reduction in Ca2+ influx and attenuation of Ca2+ overload during ischaemia/reperfusion.
British Journal of Pharmacology (2009) 156, 432–443; doi:10.1111/j.1476-5381.2008.00026.x; published online 19
January 2009
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Introduction

Ischemic preconditioning (IPC) confers cardioprotective
effects whereby short, non-lethal ischemic episodes result in a
significant reduction in infarct size following a subsequent
prolonged ischaemia (Murry et al., 1986). Since IPC is invoked
by a short, non-fatal ischemic period, its potential clinical
application may be limited due to the difficulty in precisely
timing the preconditioning ischemic stimulus. However,

several pharmacological agents including volatile anaesthetics
are known to mimic the cardioprotective effects of IPC (Cason
et al., 1997; Kersten et al., 1997a). The efficacy of anaesthetic-
induced preconditioning (APC) is similar to that of IPC, and
mechanisms underlying its cardioprotective effects have been
intensely investigated. The key components of the intracellu-
lar signal transduction pathways include G-proteins, protein
kinase C (PKC)-d and e isoforms, protein tyrosine kinase,
mitogen-activated protein kinase, reactive oxygen species, sar-
colemmal and mitochondrial ATP-sensitive potassium chan-
nels (sarcKATP and mitoKATP channels respectively) (Kersten
et al., 1997b; Tanaka et al., 2002; Zaugg et al., 2002; Ludwig
et al., 2004; da Silva et al., 2004; Marinovic et al., 2006). Recent
evidence suggests that the signalling pathways converge at
the mitochondria and preserve their function, resulting in
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the cardioprotective effects afforded by preconditioning
(Krolikowski et al., 2005; Riess et al., 2005; Ljubkovic et al.,
2007). Nevertheless, key questions still remain unanswered on
how the converging signalling cascades affect mitochondrial
function and ultimately lead to cardioprotection.

In addition, whether there is a genetic component to APC
has not been clearly established. Previous studies have
reported species-dependent differences in response to myo-
cardial ischaemia (Galinanes and Hearse, 1990). Furthermore,
differential responses to resistance to myocardial ischaemia
have been shown in different rat strains (Baker et al., 2000).
Thus, a genetic component may also underlie the efficacy of
cardioprotection by APC.

A physiologically beneficial outcome of APC that confers
cardioprotection appears to be the attenuation of Ca2+ over-
load following ischaemia/reperfusion (Hoka et al., 1987; An
et al., 2001; Varadarajan et al., 2002). However, the mecha-
nism underlying this attenuation is unknown. A major
source of myocardial Ca2+ entry is via the L-type Ca channel.
Consequently, inhibition of the L-type Ca channel can
result in reduced Ca2+ entry, and thus lead to diminished
Ca2+ overload. On the other hand, Ca2+ entry via the L-type
Ca channel may also contribute to preconditioning. A small
increase in intracellular Ca2+ during IPC or Ca2+ precondi-
tioning has been reported to trigger PKC-dependent path-
ways that contributed to the induction of cardioprotection
(Miyawaki and Ashraf, 1997). This was abolished by block-
ade of Ca2+ influx via the reverse mode of the Na+/Ca2+

exchanger and the L-type Ca channel. Furthermore, atrial
trabeculae extracted from patients taking L-type Ca channel
blockers were resistant to cardioprotection by IPC (Cain
et al., 1999). Though an increase in cytosolic Ca2+ by IPC
would appear to counteract its cardioprotective effect, a rise
in cytosolic Ca2+ during an initial episode of brief ischaemia
can become attenuated in subsequent episodes of ischaemia
(Smith et al., 1996). Thus, a transient ischaemic event can
lead to a rapid adaptation of Ca2+ homeostasis during sub-
sequent episodes.

Based on these previous reports, the L-type Ca channel
may potentially play diverse but pivotal functional roles in
protecting the myocardium during preconditioning. Ca2+

influx may contribute to the underlying cardioprotective sig-
nalling cascade, while its attenuation may contribute to a
reduction in reperfusion injury. The consequence of a pre-
conditioning stimulus on this channel has not been estab-
lished. Furthermore, whether APC affects the molecular
modulators of Ca channel function has not been investi-
gated. For example, the effect of APC on CaM is unknown
even though a major aspect of Ca2+-dependent inactivation is
the involvement of CaM, through its association with the
channel (Dick et al., 2008).

The purpose of this study was to investigate the effect of
preconditioning on the cardiac L-type Ca channel current,
ICa,L. We hypothesized that preconditioning triggers persistent
changes in the biophysical profile of the L-type Ca channel
and a physiologically relevant model of in vivo APC with
isoflurane was utilized to test this hypothesis. Our results
showed that APC triggered a persistent change in the inacti-
vation profile of the L-type Ca channel, with a specific accel-
eration of Ca2+-dependent inactivation.

Methods

In vivo anaesthetic-induced preconditioning
This study was approved by the Institutional Animal Care and
Use Committee of the Medical College of Wisconsin. Adult
male Wistar and Dahl S rats (Harlan, Indianapolis, IN) were
used for this study. Two strains of rats were chosen to deter-
mine whether the efficacy of APC was dependent on strain,
which would be indicative of a genetic component. The rats
were divided into two groups, non-APC (control) and APC
(in vivo preconditioning). For in vivo APC, rats were exposed
to 1.4% (1.0 minimum alveolar concentration) isoflurane
(Baxter, Deerfield, IL) delivered via a vaporizer in an enclosure
for 30 min followed by a 30 min recovery period prior to
thoracotomy (Stadnicka et al., 2006). In the non-APC group,
rats were not exposed to isoflurane prior to thoracotomy. This
was a physiologically relevant model of preconditioning by
APC. Since the rats were exposed to isoflurane in an enclosure,
the animals were subjected to all the triggering events
induced by the volatile anaesthetic and not only to those
confined to the heart. This included any changes in the sys-
temic input and contributions from the vasculature and the
endothelium. This contrasts with the method of precondi-
tioning using an isolated heart on a Langendorff apparatus
where the preconditioning stimulus is applied at the level of
the organ, in the absence of systemic input.

Isolation of cardiac ventricular myocytes
Cardiac ventricular myocytes were enzymatically isolated
from adult male Wistar and Dahl S rats weighing 180–280 g as
previously described (Aizawa et al., 2004). Briefly, rats were
anaesthetized with thiobutabarbital (Inactin, 200 mg·kg-1,
i.p.) and heparinized with 1000 U heparin (Baxter). Under
anaesthesia, the heart was quickly removed and mounted on
a Langendorff apparatus followed by retrograde perfusion
through the aorta with a solution containing Joklik medium
(Sigma-Aldrich, St. Louis, MO) and heparin at pH 7.23. After
allowing for the blood to clear from the heart (for approxi-
mately 1–2 min), the perfusate was replaced with an enzyme
solution containing Joklik medium, collagenase (Type II;
Invitrogen, Carlsberg, CA), protease (Type XIV) and bovine
serum albumin (Serologicals Proteins, Kankakee, IL) at pH
7.23. The solutions were gassed with 95% O2 and 5% CO2,
and the temperature was maintained at 37°C. Following
15–20 min of perfusion with the enzyme solution, the ven-
tricles were cut from the heart, minced and incubated in a
shaking bath with the enzyme solution for 5–8 min. The
resulting myocyte suspension was then filtered, centrifuged
and stored in a modified Tyrode solution at room tempera-
ture. The myocytes were used for experiments within 10 h
following the isolation procedure.

Solutions
The isolated cardiomyocytes were stored in a modified Tyrode
solution that contained (in mmol·L-1): 132 NaCl, 4.8 KCl, 1
CaCl2, 1.2 MgCl2, 10 HEPES, 5 dextrose, and pH was adjusted
to 7.4 with NaOH. For the recording of whole-cell ICa,L, the
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pipette solution contained (in mmol·L-1): 110 CsCl (substitute
for potassium), 1 CaCl2, 1 MgCl2, 11 EGTA, 10 HEPES, 5
Mg-ATP, at pH 7.3 adjusted with CsOH. To isolate for ICa,L, the
bath (external) solution contained (in mmol·L-1): 132
N-methyl-D-glucamine (substitute for sodium), 4.8 CsCl, 2
CaCl2, 2 MgCl2, 10 HEPES, 5 dextrose and 5 mmol·L-1 of
4-aminopyridine (transient outward potassium current
antagonist), at pH 7.4 adjusted with HCl. For the investiga-
tion of the voltage-dependent inactivation and recovery from
slow inactivation, CaCl2 was replaced with BaCl2, so Ba2+ was
the charge carrier to remove Ca2+-dependent inactivation. All
chemicals used in this study were obtained from Sigma-
Aldrich (St. Louis, MO), unless otherwise noted.

Oxidative stress
A cell survival study was conducted to validate the in vivo APC
model by comparing the tolerance against oxidative stress
between the non-APC and APC myocytes (Marinovic et al.,
2006). The cell suspension was transferred to a chamber on an
inverted microscope (Eclipse TE2000-U; Nikon, Tokyo, Japan)
and the myocytes were allowed to settle for 10 min, after
which they eventually attached to the glass coverslip. They
were then exposed to 0.4% Trypan blue solution for 2 min
followed by washout with glucose-free Tyrode solution. Cells
that were rod-shaped and not stained were considered to be
viable and this number was counted. Following a 5 min perfu-
sion with the glucose-free Tyrode solution, the myocytes were
subjected to oxidative stress by perfusion with 200 mmol·L-1

H2O2 and 100 mmol·L-1 FeSO4 for 17 min. Subsequently, the
myocytes were reperfused with glucose-free Tyrode solution
for another 20 min. The myocytes were exposed to Trypan blue
again and the living myocytes were counted to determine the
percentage of cell death. For each group, 3–4 rats were utilized,
and 1–3 experiments were conducted from myocytes isolated
from each animal. The percentage of cell death was calculated
from at least 200 myocytes for each experiment. For the
survival study, the n number denotes the number of experi-
ments that were conducted.

Electrophysiology
The whole-cell configuration of the patch clamp technique
was used to record ICa,L. Patch pipettes were pulled from boro-
silicate glass capillary tubes (Garner Glass, Claremont, CA)
using a horizontal micropipette puller (P-97; Sutter Instru-
ment, Novato, CA), and heat polished using a microforge
(MF-830; Narishige, Tokyo, Japan). The pipette resistances
were in the range of 2–5 MW. ICa,L was monitored using a patch
clamp amplifier (Axopatch 200B; Molecular Devices, Sunny-
vale, CA) interfaced with a digitizer (Digidata 1322A; Molecu-
lar Devices) to a computer. Data acquisition and analysis
were conducted using pClamp 9.2 (Molecular Devices), and
additional analyses were performed using Origin 7 (Origin-
Lab, Northampton, MA). All the experiments were performed
under room temperature. For the patch clamp studies, 38 rats
were utilized (19 each for the non-APC and APC groups). The
n number denotes the number of myocytes from which the
current recordings were obtained.

L-type Ca2+ current measurement
ICa,L was elicited by 400 ms duration test pulses from a holding
potential of -80 to +50 mV in 10 mV increments at a rate of
0.33 Hz. A conditioning pulse (to -50 mV; 50 ms) was used
to inactivate any residual cardiac sodium current before each
test pulse. ICa,L was normalized to cell capacitance and the
resultant current density was plotted against the test poten-
tials to yield the current-voltage relationship.

Steady-state activation curve
The conductance was calculated with the following equation,
G = I/(Vm - Vrev), where I is the current amplitude, Vm is the
test potential and Vrev is the reversal potential. The corre-
sponding steady-state activation curves were obtained by
normalizing the conductance to the peak conductance. The
normalized conductances (G/Gmax) were then plotted against
the test potentials and fitted with the Boltzmann function,

G G V V kmmax exp= + − −( )[ ]1 1 1 2

where V1/2 is the voltage at half-maximal conductance and k is
the slope factor.

Steady-state inactivation curve
The steady-state inactivation curves were obtained using a
standard protocol, in which 500 ms conditioning pulses
from a holding potential of -80 mV to +20 mV in 10 mV
increments were followed by a 600 ms test pulse to 0 mV.
Current amplitude was normalized to the peak current
(I/Imax), and plotted against each conditioning potential. The
steady-state inactivation curves were also fitted with the
Boltzmann function,

I I V V kmmax exp= + −( )[ ]1 1 1 2

to obtain V1/2, the voltage at which half the channels are
available for opening, and k, the slope factor.

Recovery from fast and slow inactivation
A standard two-pulse protocol was used to monitor the recov-
ery of ICa,L from fast inactivation. A 500 ms conditioning pulse
to 0 mV was followed by a 600 ms test pulse to 0 mV in
varying intervals from 0 to 550 ms in 50 ms increments. The
holding potential was set at -80 mV. Current amplitude elic-
ited by the test pulses were normalized to the peak current
elicited by the conditioning pulse. The normalized currents
were plotted against each time interval, and fitted with a
single exponential function that yielded the time constant for
recovery from fast inactivation.

To investigate the recovery from slow inactivation, Ba2+ was
used as the charge carrier. The Ba2+ current, IBa, was elicited
using a two-pulse protocol, in which a 5 s conditioning pulse
to 0 mV was followed by a 50 ms test pulse to 0 mV in varying
intervals from 1 to 15 s in 1 s increments from a holding
potential of -80 mV. Current amplitude obtained during the
test pulse was normalized to the peak current obtained during
the conditioning pulse and plotted against the varying time
intervals. The resultant plot was then fitted with a double
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exponential function to obtain the fast and slow time con-
stants (tfast and tslow respectively) for the recovery from slow
inactivation.

Ca2+ current inactivation kinetics and transmembrane
charge transfer
ICa,L inactivation kinetics were quantified by fitting the current
traces with a double exponential function of the form

I A t A t CCa L fast fast slow slow, exp exp= × −( ) + × −( ) +τ τ

where tfast and tslow are the fast and slow time constants,
respectively, Afast and Aslow are the respective amplitudes of the
time constants, and C is the final amplitude following the
inactivation. The fraction of channels that gated either fast or
slow was quantified by the respective amplitudes with the
following equations:

Fraction A A Aslow slow fast slow= +( )

Fraction A A Afast fast fast slow= +( )

In experiments where the voltage-dependent inactivation of
ICa,L was investigated, Ba2+ substituted for Ca2+ as the charge
carrier in the external solution to remove Ca2+-dependent
inactivation and the Ba2+ current (IBa) was recorded.

To correlate the changes in Ca2+ influx to the changes in ICa,L

inactivation kinetics, the transmembrane charge transfer was
determined. This was calculated by integrating the area of ICa,L

traces after the capacitive transients to the time point of
100 ms. This temporal duration was chosen to mimic the time
course of a rat action potential at room temperature (Linz and
Meyer, 2000).

Western blotting
Western blot analysis was carried out to determine the cyto-
solic levels of calmodulin (CaM). Ventricles were excised from
both non-APC and APC hearts, and homogenized on ice in a
solution that contained (in mmol·L-1): 20 Tris-HCl, 150 NaCl,
1 EDTA, 1 EGTA, 1% Triton X-100, and cocktails of protease
inhibitors (complete mini; Roche, Indianapolis, IN) and phos-
phatase inhibitors (cocktail set II; Calbiochem, San Diego,
CA), pH 7.4. The homogenate was centrifuged for 10 min at
10 000¥ g (4°C), and the resulting supernatant was centri-
fuged for 1 h at 100 000¥ g (4°C) to separate the cytosolic and
membrane fractions. The total protein concentration was
determined by a modified Lowry method (Bio-Rad, Hercules,
CA). Equal amounts of proteins (100 mg) were separated on a
15% polyacrylamide gel and transferred to the nitrocellulose
membrane (Bio-Rad). The membrane was blocked with 5%
fat-free milk and incubated overnight at 4°C with a rabbit
monoclonal CaM antibody (Epitomics, Burlingame, CA) at
1:1000 dilution. After being washed, the membrane was incu-
bated for 1 h at room temperature with a horseradish
peroxidase-conjugated anti-rabbit immunoglobulin G (Bio-
Rad) at 1:10 000 dilution. Chemiluminescence was detected
after incubation with Luminol/Enhancer solution (Pierce,
Rockford, IL) using radiographic film. To verify equal protein
loading, the membrane was re-probed with a mouse mono-

clonal anti-b-actin antibody at 1:1000 dilution followed by
incubation with a horseradish peroxidase-conjugated anti-
mouse immunoglobulin G (Bio-Rad) at 1:5000 dilution and
developed on film. CaM/b-actin ratio was quantified using the
ImageJ software (National Institutes of Health, Bethesda,
MD).

Cytosolic Ca2+ measurement
A Ca2+-sensitive indicator, fluo-4-AM (2 mmol·L-1; Invitrogen,
Carlsbad, CA) that preferentially loaded into the cytosol was
used to assess cytosolic Ca2+. Images were obtained with a
confocal microscope (Eclipse TE2000-U) equipped with a 40¥/
1.3 oil-immersion objective. Excitation at 488 nm was
achieved with an argon laser. After 20 min of dye loading,
followed by a 5 min dye washout, cells were exposed to an
oxidative stress protocol identical to that used in the cell
survival study described above. Images were taken every
5 min. Data were analysed with the Metamorph 6.1 software
(Universal Imaging, West Chester, PA).

Simulation of the action potential
Simulations of the cardiac AP were conducted using Cellular
Open Resource (COR), a modelling environment developed
by the Oxford Cardiac Electrophysiology Group in the
Department of Physiology at the University of Oxford (Great
Britain) (Garny et al., 2003). Specifically, simulations were run
using the Fox-McHarg-Gilmour (FMG) model on COR (Fox
et al., 2002). This model was chosen for its ease of use in
determining the effect of changes in the L-type Ca channel’s
Ca2+-dependent inactivation on the AP profile. To simulate an
AP with the time course that mimicked that of a rat cardiac AP
at room temperature, the FMG model was modified by adjust-
ing the amplitudes of the following potassium (K) currents: Ito

(transient outward K current), IKr (rapidly activating delayed
rectifier K current), IKp (plateau K current) and IK1 (inward
rectifier K current). Contributions from IKs (slowly activating
delayed rectifier K current) were eliminated. In addition,
since the original FMG model included an enhanced
Ca2+-dependent inactivation of the L-type Ca channel, modi-
fications were made to incorporate the ‘basal’ rate of Ca2+-
dependent inactivation as described by the phase-2 Luo-Rudy
model (Luo and Rudy, 1994). Specifically, the Ca2+-dependent
inactivation gate at steady state was defined by

f Ca KCa i mfCa= + [ ]( )⎡⎣ ⎤⎦
+1 1 2 2

where [Ca2+]i is the intracellular Ca2+ concentration, and KmfCa

is the half-saturation constant. For the initial conditions, KmfCa

was set at 0.60 mmol·L-1 (Luo and Rudy, 1994).

Statistical analysis
Data are shown as mean � SEM. One-way ANOVA followed
by Scheffe’s test was used to compare the data among the
three groups in the cell survival study. The unpaired Student’s
t-test was used for comparisons between the non-APC and
APC groups in the patch clamp studies and Ca2+ measure-
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ments. Statistical analyses were performed using the Origin 7
software and P < 0.05 was considered significantly different.

Results

Validation of the in vivo APC model: protection against
oxidative stress
To validate the effectiveness of the in vivo APC model, a cell
survival study was conducted to determine the efficacy of in
vivo APC in inducing tolerance against oxidative stress injury
on isolated myocytes obtained from the Wistar rats. Myocytes
from the non-APC and APC groups were subjected to oxida-
tive stress as described in Methods. As a time control, myocytes
were perfused for 42 min with glucose-free Tyrode solution.
As shown in Figure 1, in the time control group, the per cent
cell death was low after this perfusion. In the non-APC group,
oxidative stress resulted in a markedly increased proportion
of dead cells and exposure to the APC protocol significantly
attenuated this high percentage of cell death in myocytes
following oxidative stress. These results using the Wistar rats
confirmed that in vivo APC was very effective in decreasing
cell death following oxidative stress. This cardioprotection
persisted past the cell isolation procedure.

Effects of in vivo APC on ICa,L steady-state activation,
inactivation and recovery from inactivation
To characterize the effects of APC on ICa,L, whole-cell current
recordings were made from isolated myocytes obtained from
Wistar rats that had been previously preconditioned by isof-
lurane via the in vivo APC protocol. The ICa,L current-voltage
relationship, the steady-state activation and inactivation
curves, and the recovery from fast and slow inactivation were
determined. Figure 2A depicts representative ICa,L traces
recorded from ventricular myocytes isolated from a control
(non-APC) rat heart. The current-voltage relationships
obtained from the non-APC and APC groups suggested that
the voltage dependence of activation was unaltered by APC
(Figure 2B). The peak ICa,L densities were also not significantly
different between the two groups with -7.6 � 0.4 pA·pF–1 in

the non-APC and -8.8 � 0.5 pA·pF–1 in the APC groups
(n = 21–22 per group). The absence of a significant shift in the
voltage dependence of activation was confirmed by construct-
ing the steady-state activation curve (Figure 2C, Table 1). In
addition, the steady-state inactivation curves obtained from
the non-APC and APC groups were not significantly different
(Figure 2D, Table 1). Moreover, recovery from fast inactiva-
tion of ICa,L was not affected by in vivo APC (Figure 2E, Table 1).
As ICa,L also exhibits slow inactivation, the effect of APC on
recovery from slow inactivation was determined. As was the
case for recovery from fast inactivation, APC had no signifi-
cant effect on recovery from slow inactivation (Figure 2F,
Table 1).

Effects of in vivo APC on ICa,L inactivation kinetics and
transmembrane charge transfer
Though in vivo APC did not result in any significant persis-
tent changes in the steady-state activation and inactivation
curves, and in the recovery from fast and slow inactivation,
it did significantly accelerate ICa,L inactivation kinetics, as
demonstrated in Figure 3A. Specifically, tfast in the voltage
range of -20 to +10 mV, and tslow in the voltage range from
-20 to +40 mV were significantly decreased compared with
the non-APC group (n = 21–22 per group; Figure 3B). Addi-
tional analysis of ICa,L inactivation, fitted with the double
exponential function (see Methods), revealed that APC
induced a greater fraction of channels to favour fast inacti-
vation as determined by the relative fraction of channels
that gated fast (Figure 3c). This was accompanied by a cor-
responding decrease in the relative fraction of channels that
gated slow (data not shown). These results were not affected
by the time interval between cell isolation and the electro-
physiological recordings, and persisted during the 10 h
period the myocytes were used.

In order to quantify the change in ionic influx due to the
acceleration of ICa,L inactivation, the transmembrane charge
transfer was determined. To correlate Ca2+ influx during a rat
ventricular AP, the charge transfer was calculated during
100 ms. As summarized in Figure 3D, a significant decrease in
charge transfer resulted from the APC-triggered acceleration
of ICa,L inactivation.

As the inactivation of ICa,L consists of voltage- and Ca2+-
dependent components, experiments were conducted to
determine which of the components, if not both, were
affected by APC. The result above showed an increase in the
fraction of channels in the fast inactivated state, which sug-
gested that the effect of APC was likely to be on the Ca2+-
dependent inactivation of the channel. Consequently,
experiments were conducted to test this hypothesis. Ba2+ was
utilized as the charge carrier to remove Ca2+-dependent inac-
tivation. Under this condition, the inactivation of ICa,L was
due to the voltage-dependent mechanism. As shown in
Figure 4A, IBa exhibited markedly slower inactivation kinetics
as expected. In contrast to its effect on ICa,L, APC did not affect
IBa inactivation kinetics (Figure 4B). Under our recording con-
ditions, inactivation of IBa was best fitted by a double expo-
nential function (Findlay, 2002). This indicated that APC
accelerated the Ca2+-dependent inactivation of ICa,L, but had
no effect on voltage-dependent inactivation.
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Figure 1 Effects of in vivo APC on cardiomyocyte survival after oxi-
dative stress. Myocytes were isolated from Wistar rat hearts. In the
non-APC group, oxidative stress significantly increased the percent-
age of cell death compared with the time control (TC) group. This
effect of oxidative stress was significantly attenuated by in vivo APC.
*P < 0.05 vs. TC, †P < 0.05 vs. non-APC. n = 7–10 per group.

APC effects on the cardiac L-type Ca channel
436 A Tampo et al

British Journal of Pharmacology (2009) 156 432–443



Cytosolic CaM levels
A major aspect of Ca2+-dependent inactivation is the involve-
ment of CaM which associates with the channel. To investi-
gate the mechanism of APC-induced changes in ICa,L

inactivation kinetics, changes in the expression of cytosolic
CaM were determined by Western blot analysis. CaM expres-
sion levels were compared between the non-APC and APC
groups (n = 6 hearts per group). As shown in Figure 5, the
cytosolic CaM expression levels, normalized to b-actin, were
unchanged by APC. This suggested that APC did not induce a
change in the expression levels of CaM.

Attenuation of cytosolic Ca2+ accumulation
Based on our results, in vivo APC significantly improved cell
survival and also triggered the acceleration of ICa,L inactivation
kinetics that could lead to diminished Ca2+ influx. However,
the question of whether APC did indeed result in the attenu-
ation of cytosolic Ca2+ accumulation in our model still
remained. This was addressed by monitoring cytosolic Ca2+

with confocal microscopy. Using an identical oxidative stress
protocol as in the cell survival study described above, cytoso-
lic Ca2+ was monitored by loading isolated myocytes with the
fluo-4-AM fluorescent indicator and monitored over time.
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curves were observed between the two groups (n = 21–22 per group). (D) Steady-state inactivation curves. Similarly to (C), data were fitted
with the Boltzmann function. No significant shifts in the steady-state inactivation curves were observed between the two groups (n = 22 per
group). (E) Recovery from fast inactivation. The inset depicts the standard two-pulse protocol that was utilized as described in Methods (n = 19
per group). (F) Recovery from slow inactivation. The inset depicts the two pulse protocol that was utilized as described in Methods (n = 4 per
group). There were no significant differences in the recoveries from fast and slow inactivations between the non-APC and APC groups.
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Rats in the in vivo APC group were exposed to isoflurane prior
to thoracotomy as described in Methods. As shown in Figure 6,
cytosolic Ca2+ accumulation was observed in both the non-
APC and APC groups following oxidative stress. However, in
myocytes isolated from the APC group, this accumulation of
Ca2+ was significantly attenuated as compared with that of the
non-APC group. These results demonstrated that myocytes
from the APC group were better protected against stress-
induced Ca2+ accumulation.

Action potential simulation
To characterize the effects of accelerated ICa,L inactivation
kinetics on the AP, simulations were conducted. Simulations
were run using a modified FMG model of the cardiac AP as
described in Methods. The resultant simulation is depicted in
Figure 7A. As expected, the ICa,L activation and inactivation
kinetics during an AP with dynamic changes in the mem-
brane potential differed from those observed during a rectan-
gular test pulse. In the modified FMG model, based on our
experimental results, the descending phase of the ICa,L inacti-
vation was accelerated by 23% in the APC-simulated ICa,L

compared with the control-simulated ICa,L. This change in ICa,L

inactivation kinetics resulted in a limited shortening of the
APD, as shown in Figure 7B. In the control-simulated AP, the
APD50 and APD90 were 83.0 and 98.1 ms, respectively, while in
the APC-simulated AP, they were 77.8 and 92.9 ms.

Although changes in CaM levels did not appear to account
for the accelerated inactivation kinetics based on our Western
blot analysis, AP simulations were run to test whether
changes in Ca2+ sensitivity of the L-type Ca channel can lead
to the observed changes in inactivation. To accommodate this
change in Ca2+ sensitivity, the half-saturation constant for
Ca2+ in the modified FMG model was adjusted (see Methods).
We found that arbitrarily decreasing the half-saturation con-
stant by approximately 28%, from 0.60 to 0.43 mmol·L-1,
accelerated the inactivation of ICa,L by only 5% (Figure 8).

Rat strain-dependent effects
Previous studies have reported on rat strain-dependent differ-
ences in resistance to myocardial ischaemia, indicative of a

genetic component to cardioprotection (Baker et al., 2000).
However, rat strain-dependent differences for APC have not
been established. We conducted survival studies on cardi-
omyocytes from the Dahl S strain of rats and found that they
showed resistance to the cardioprotective effects of in vivo
APC (n = 5–9 per group; Figure 9a). This contrasted the effects
of APC on the Wistar rats (Figure 1). Subsequently, to confirm
that the observed changes in ICa,L inactivation were correlated
with APC, we profiled the ICa,L inactivation in myocytes iso-
lated from the Dahl S rats. As shown in Figure 9 (panels B and
C), APC failed to alter ICa,L inactivation kinetics in myocytes
obtained from the Dahl S rats (n = 9 per group). Thus, in a rat
strain that is resistant to APC, changes in ICa,L inactivation
were not evident.

Discussion and conclusions

In the present study, we found that in vivo APC by isoflurane
accelerated ICa,L inactivation kinetics, while all other mea-
sured biophysical characteristics of the L-type Ca channel
remained unchanged. Although the acute inhibitory effects
of volatile anaesthetics on the cardiac L-type Ca channel
have been previously reported (Bosnjak et al., 1991;
Pancrazio, 1996; Camara et al., 2001; Suzuki et al., 2002),
this is the first report on an APC-triggered persistent change
in a biophysical property of the channel. The voltage-
dependent inactivation of the channel was not affected by
in vivo APC, suggesting that the induced change in inacti-
vation kinetics was due to the effects of APC on Ca2+-
dependent inactivation. In addition, these observed changes
in ICa,L inactivation in the Wistar rats were not evident in
the Dahl S rats that were resistant to APC. Thus, the changes
in ICa,L inactivation observed in the Wistar rats are a conse-
quence of APC.

The mechanism underlying this observation is unknown.
Based on the biophysical analysis, APC induced the L-type Ca
channels to favour the fast inactivated state. Key components
of Ca2+-dependent inactivation of the L-type Ca channel are
modulated by CaM, whereby binding of Ca2+ to CaM that is
bound to the carboxy-terminal tail of the a-subunit of the
channel is a likely necessary step (Peterson et al., 1999; Van
Petegem et al., 2005; Zhou et al., 2005). Using a general
approach, we hypothesized that APC triggered changes in the
CaM levels that can be linked to changes in the L-type Ca
channel inactivation. Our results showed that APC did not
induce changes in cytosolic CaM levels. Consequently, the
accelerated inactivation of ICa,L was not due to changes in the
expression levels of CaM. However, this does not exclude
potential changes in the functional role of CaM in the inac-
tivation of ICa,L. For example, changes in the Ca2+ binding to
the C-lobe of CaM, purported to be a required step for Ca2+-
dependent inactivation (Peterson et al., 1999; Alseikhan et al.,
2002), can potentially be modified by APC. Additionally, since
binding of apoCaM to the IQ motif of the L-type Ca channel
is also a critical component of inactivation (Tang et al., 2003),
changes in this interaction could also influence Ca2+-
dependent inactivation.

Although the net physiological consequence of the APC-
triggered change in ICa,L inactivation was not established, it

Table 1 The effects of in vivo APC on the steady-state activation and
inactivation curves, and recovery from fast and slow inactivation
of ICa,L

non-APC APC N per group

Steady-state activation
V1/2 (mV) -16.4 � 0.6 -17.8 � 0.9 21–22
k 4.9 � 0.2 4.6 � 0.2

Steady-state inactivation
V1/2 (mV) -31.0 � 0.5 -31.7 � 0.5 22
k 5.1 � 0.1 4.8 � 0.1

Recovery from fast inactivation
t (ms) 91.8 � 3.4 86.7 � 4.0 19

Recovery from slow inactivation
tfast (s) 0.47 � 0.03 0.42 � 0.04 4
tslow (s) 6.4 � 1.8 6.5 � 1.1

Data are presented as mean � SEM.
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Figure 3 Effects of in vivo APC on voltage- and Ca2+-dependent inactivation of the cardiac L-type Ca channel. (A) Sample whole-cell ICa,L traces
recorded from myocytes in the non-APC and APC groups monitored at 0 mV from a holding potential of -80 mV are shown. The current traces
were superimposed. Arrow indicates zero current level. (B) The fast and slow time constants of the inactivation kinetics of ICa,L in myocytes from
the non-APC and APC groups are plotted against test potentials. Compared with the non-APC group, APC significantly decreased tfast in the
range from -20 to +10 mV and tslow in the range from -20 to +40 mV. (C) The fraction of channels that ‘fast inactivated’ was determined from
the double exponential fit to the inactivating ICa,L traces. In the APC group, the fraction in the fast inactivated state was significantly increased
compared to the non-APC group. (D) Changes in ICa,L inactivation was correlated to changes in the total influx of charge by integrating the
area of ICa,L traces during a 100 ms period. The charge transfer was significantly decreased by APC in the range from -20 to +30 mV. *P < 0.05
vs. non-APC. n = 21–22 per group.
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can potentially contribute to reduced Ca2+ influx and to
changes in cardiac electrophysiology. Regarding the former,
since the L-type Ca channel is a major route of Ca2+ influx
into the cytosol, the acceleration of ICa,L inactivation kinetics
can potentially contribute to a decrease in Ca2+ overload, and
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Figure 5 Cytosolic calmodulin (CaM) levels. Effects of in vivo APC
on cytosolic CaM levels were determined by Western blot. (A) Rep-
resentative results from one heart each from the non-APC and APC
groups are shown. b-actin was used as the loading control. (B)
Summary of the CaM/b-actin ratio in the non-APC and APC groups
are shown. No significant differences were observed between two
groups (n = 6 hearts per group).
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subsequently reduce mitochondrial Ca2+ overload, and
prevent or delay apoptosis. Our results showed a significant
decrease in the total charge transfer as a result of the ac-
celerated ICa,L inactivation by APC. Studies have indeed
demonstrated that APC significantly reduced cytosolic Ca2+

concentration, relative to non-preconditioned hearts follow-
ing global ischaemia (An et al., 2001; Varadarajan et al., 2002),
and attenuated cytochrome c release from mitochondria
(Qian et al., 2005). These effects can be correlated with a
reduction in infarct size and with improved functional recov-
ery following ischaemia/reperfusion.

In addition to the L-type Ca channel, contributions from
other sources of Ca2+, for example, the roles of the Na+/Ca2+

exchanger and the ryanodine receptors on the sarcoplasmic
reticulum, and the buffering capacity of the mitochondria,
must also be considered in determining the precise mecha-
nism(s) underlying Ca2+ overload attenuation, induced by
APC. Our results showed that cytosolic Ca2+ accumulation was
decreased following oxidative stress in myocytes obtained
from preconditioned hearts. Although this demonstrated the
functional efficacy of our APC model, the contribution from
the L-type Ca channel in attenuating Ca2+ overload was uncer-
tain as the Ca2+ measurements were conducted under in vitro

conditions in non-contracting myocytes. Consequently,
other mechanisms are likely to be involved. On the other
hand, in a beating heart, cytosolic Ca2+ accumulation follow-
ing stress might be greater due to influx of Ca2+ via the L-type
Ca channel, which is a major source of Ca2+ entry into the
cytosol. Thus, one can speculate that the acceleration of ICa,L

inactivation kinetics triggered by APC would be likely to con-
tribute to decreased Ca2+ accumulation in contracting myo-
cytes. Overall, our results suggested that the preconditioned
myocytes were better able to handle Ca2+ accumulation
following stress.

With regard to cardiac electrophysiology, though the cardio-
protective effect of APC is well established, in terms of reduc-
tion in infarct size, its effect against arrhythmias has not been
firmly documented. For example, studies using the isolated
heart model of APC showed that sevoflurane can delay the
onset of ventricular fibrillation or have no effect on this type of
arrhythmia (Novalija et al., 1999; Kevin et al., 2003). Based on
our simulation studies, the accelerated ICa,L inactivation would
result in the shortening of the cardiac APD. It is well estab-
lished that APC enhances the opening of the sarcKATP channel
and this effect can also lead to the shortening of the APD.
Consequently, the acceleration of ICa,L inactivation could
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Figure 9 Effects of in vivo APC on the Dahl S strain of rats. (A) Cell survival study. Oxidative stress significantly increased the percentage of
cell death in the non-APC group compared with the time control (TC) group. In the APC group, cell survival following oxidative stress was not
significantly different from the APC group, indicating resistance to cardioprotection in the Dahl S rats. *P < 0.05 vs. TC. n = 5–9 per group. (B)
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potentiate this effect, resulting in a further shortening of the
APD and triggering re-entrant arrhythmias. Hence, a critical
balance between the sarcKATP channel opening and accelera-
tion of ICa,L inactivation may underlie some of the confusion
regarding the effects of APC on cardiac rhythm. The overall
effect on cardiac electrophysiology, thus, will depend on the
cumulative effects the APC-triggered signalling cascade would
have on the various sarcolemmal ion channels. Furthermore, it
may also depend on the timing of the opening of the sarcKATP

channel. Currently, the magnitude and duration of the activa-
tion of the sarcKATP channel during the various phases of
preconditioning (stimulus, washout, ischaemia and reperfu-
sion) are unknown, although a recent study suggested that
the sarcKATP channels were more likely to open during the
ischaemia/reperfusion period and contribute to cardioprotec-
tion (Marinovic et al., 2006; Stadnicka et al., 2006).

One intriguing but remarkable aspect of our findings is that
only one biophysical characteristic of the L-type Ca channel,
the rate of inactivation, was affected by APC. All other mea-
sured parameters remained unchanged. The direct, acute
application of volatile anaesthetics is known to inhibit ICa,L

amplitude and thus to depress cardiac contractility (Hanley
et al., 2004). However, this inhibition is absent in the persis-
tent effect triggered by isoflurane preconditioning. This
change in the inactivation kinetics may allow for the fine
tuning of Ca2+ entry without affecting the contractile ability
of the cardiac myocytes. Furthermore, a recent study pro-
posed that accelerating ICa,L inactivation while preserving peak
ICa,L may be an effective way to prevent arrhythmias (Mahajan
et al., 2008).

To date, studies systematically exploring the effect of APC
on the cardiac sarcolemmal voltage-gated ion channels have
been limited, despite the strong probability that the signalling
mechanism triggered by APC can modulate the function of
these proteins. In pursuit of the mechanism underlying APC,
studies have focused on the intracellular signalling cascade
and on mitochondrial function (Bienengraeber et al., 2005).
With respect to the role of ion channels in APC, those not
gated by voltage, specifically the sarcKATP and mitoKATP chan-
nels, have been intensely investigated. The roles of other ion
channels, particularly those on the mitochondria such as the
voltage-dependent anion and the calcium activated potas-
sium channels and the adenine nucleotide translocase, have
yet to be established.

In conclusion, the results of this study showed that in vivo
APC triggered the acceleration of ICa,L inactivation kinetics in
cardiomyocytes. Voltage-dependent inactivation of ICa,L was
not affected, suggesting the involvement of Ca2+-dependent
inactivation. Although a direct physiological consequence
of this change in inactivation has yet to be determined, this
alteration in the L-type Ca channel may contribute to the
preservation of cardiomyocytes against Ca2+ overload and sub-
sequent cell death.
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