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We investigated the effect of a specific protein kinase C (PKC) inhibitor, bisindolylmaleimide I [BIM (I)],
on L-type Ca2+ channels in rat ventricular myocytes. BIM (I) alone inhibited the L-type Ca2+ current in a
concentration-dependent manner, with a Kd value of 3.31 ± 0.25 lM, and a Hill coefficient of 2.34 ± 0.23.
Inhibition was immediate after applying BIM (I) in the bath solution and then it partially washed out. The
steady-state activation curve was not altered by applying 3 lM BIM (I), but the steady-state inactivation
curve shifted to a more negative potential with a change in the slope factor. Other PKC inhibitors, PKC-IP
and chelerythrine, showed no significant effects either on the L-type Ca2+ current or on the inhibitory
effect of BIM (I) on the L-type Ca2+ current. The results suggest that the inhibitory effect of BIM (I) on
the L-type Ca2+ current is independent of the PKC pathway. Thus, our results should be considered in
studies using BIM (I) to inhibit PKC activity and ion channel modulation.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction reactive oxygen species (ROS), cell cycle, differentiation, and mod-
L-type Ca2+ channels play an important role in regulating action
potential duration, excitation–contraction (EC) coupling, and mod-
ulation of pacemaker activities in the cardiac muscle cells [1–3]. In-
deed, a small influx of Ca2+ ions through L-type Ca2+ channels
promotes Ca2+ release from intracellular Ca2+ storage. This process
results in an increase in intracellular free Ca2+ concentration,
which causes the EC coupling in the heart [4]. The changes in intra-
cellular calcium concentration are one of the most important fac-
tors maintaining heart function; therefore, regulation of the Ca2+

channel is one of the main therapeutic targets for cardiovascular
diseases, such as angina pectoris, hypertension, and certain cardiac
arrhythmias [5,6].

Protein kinase C (PKC) is an important enzyme that plays a cru-
cial role in many diverse cellular functions [7,8]. Biochemical and
physiological studies have revealed that PKC activation is closely
related to the release of hormones, cell growth, and generation of
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ulation of ion channels [9–12]. Therefore, PKC inhibitors are indis-
pensable tools for studies on PKC-related signaling mechanisms. To
date, numerous PKC inhibitors have been developed and widely
used in many laboratories. Among them, bisindolylmaleimide I
[BIM (I)], which is a bis-indolemaleimide compound derived from
staurosporine [13], inhibits the PKC ATP binding site with an IC50

value of 0.01 lM. Because BIM (I) shows higher selectivity for
inhibiting PKC than that of staurosporine, BIM (I) is most widely
and frequently used to inhibit PKC activity.

However, the unexpected effects of BIM (I) on other targets
make it difficult to properly interpret experimental data. Thus, in
the present study, we tested the effect of BIM (I) on L-type Ca2+

channels in freshly isolated rat ventricular myocytes with the
expectation of supporting correct result interpretations in experi-
ments related to Ca2+ dynamics.
2. Materials and methods

2.1. Cell preparation

Cells were prepared as described previously [14]. Briefly, male
Sprague–Dawley rats (250–300 g) were anesthetized with a
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mixture of pentobarbital sodium (50 mg/kg) and heparin (300 U/
ml). The procedure was conducted in accordance with the guide-
lines of the Committee for Animal Experiments of Kangwon Na-
tional University. The heart was cannulated and then
retrogradely perfused via the aorta on a Langendorff apparatus.
After a 25–30 min collagenase (1 mg/10 ml, Yakult) enzymatic
treatment, the left ventricle was dissected and agitated mechani-
cally with a fire-polished Pasteur pipette to isolate single
myocytes.

2.2. Electrophysiology

The L-type Ca2+ current was recorded in the whole-cell config-
uration using an Axopatch-1C amplifier (Axon Instruments Inc.,
Union, CA, USA), connected to a computer by a Digidata 1200 inter-
face (Axon Instrument). Current was sampled at 2–4 kHz and fil-
tered at 1–2 kHz.

2.3. Solution and drugs

The composition of normal Tyrode solution, and high-K+ and
low-Cl� storage medium were described previously [14]. The bath
solution for recording L-type Ca2+ current was (mM): 140 NaCl, 10
CsCl, 5 HEPES, 0.33 NaH2PO4, 0.5 MgCl2, 16.6 glucose, 1.8 CaCl2, ti-
trated to pH 7.4 with NaOH. The pipette solution contained (mM);
106 CsCl, 20 TEA-Cl, 5 Mg-ATP, 5 NaCl, 10 HEPES, 10 EGTA, titrated
to pH 7.25 with CsOH. BIM (I), iberiotoxin, paxilline, isoproterenol,
and tetrodotoxin were purchased from Sigma Chemical Co. (St.
Louis, MO). Rp-8-CPT-cAMPS and Rp-8-Br-PET-cGMPS were pur-
chased from Biologic Life Science Institute (Bremen, Germany).

2.4. Data analysis

We used Origin 6.0 software (Microcal Software, Inc., North-
ampton, MA, USA) for data analysis. The kinetics of the interaction
between the drugs and channel proteins is described based on a
first-order blocking scheme [14,15]. The Hill equation was em-
ployed to calculate the apparent affinity constant (Kd), and the Hill
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coefficient was used for least-square fitting of the concentration
dependent data:

f ¼ 1=f1þ ðKd=½D�Þng

where f is fractional inhibition (f = 1 � Idrug/Icontrol) at each test po-
tential, and [D] is the drug concentration.

Steady-state activation was calculated from peak conductance:

GCa ¼ ICa=ðVm � V revÞ
dinf ðVÞ ¼ GCa=GCa;max

where GCa is peak conductance, ICa is the peak Ca2+ current, Vm is the
membrane voltage tested, dinf(V) is the steady-state activation
parameter, and GCa,max is the maximum value of GCa. Vrev represents
reversal potential, which was measured as the zero-current poten-
tial in the I–V relationship.

The steady-state activation and inactivation curve data were
obtained with individual two-pulse protocols, and fitted with the
following Boltzmann equations, respectively:

y ¼ 1=1þ expð�ðV � V1=2ÞkÞ for activation;
y ¼ 1=1þ expððV � V1=2ÞkÞ for inactivation;

where V is the test potential, V1/2 is the voltage at half-maximum
conductance, and k is the slope factor.

Data are presented as the mean ± SEM. The statistical analysis
was performed with the Student’s t-test. P < 0.05 was considered
significant.
3. Results

3.1. BIM (I) inhibits the L-type Ca2+ channel in dose-dependent manner

For the recording of L-type Ca2+ channel, Cs+ was included in the
internal and external solutions to suppress the K+ current. Tetrodo-
toxin (20 lM) was added to the bath solution, and the holding po-
tential was maintained at �50 mV to block Na+ and T-type Ca2+

current. Three lM BIM (I) inhibited the L-type Ca2+ current within
1 min throughout the whole voltage range tested (Fig. 1). Indeed,
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the current density of L-type Ca2+ channel recorded at 0 mV was
�11.66 ± 0.34 pA/pF under the control condition and
�6.39 ± 0.34 pA/pF in the presence of 3 lM BIM (I) (Fig. 1C). These
inhibitory reactions recovered to �60% of the control condition
after a 5 min washout (data not shown).

The inhibitory effect of BIM (I) on the L-type Ca2+ current was
proportional to the BIM (I) concentration (Fig. 2). Current traces
were recorded with depolarized pulses of 0 mV from a holding po-
tential of -50 mV. The peak L-type Ca2+ current is summarized in
Fig. 2B. Summarized data were fit with a non-linear least-square
fitting of the Hill equation. The half maximum inhibition (Kd)
was 3.31 ± 0.25 lM, and the Hill coefficient was 2.34 ± 0.23.

3.2. Effects of BIM (I) on steady-state activation and inactivation of the
L-type Ca2+ channel

To investigate whether the inhibitory effects of BIM (I) affected
the voltage dependence of the L-type Ca2+ channel, we analyzed
the steady-state activation and inactivation of the L-type Ca2+

channel before and after applying BIM (I). For the activation curve,
we applied a series of step-pulses through the voltage range of �50
to +10 mV, and the data were normalized by dividing the current
amplitude by the electromotive force at each potential. The data
obtained were least-square fitted with the Boltzmann equation
(Fig. 3A). BIM (I) (3 lM) had no significant effects on voltage-
dependent steady-state activation. The half-maximal activation
(V1/2) and the slope value (k) were �15.78 ± 0.37 and
4.75 ± 0.17 mV under the control condition, and �16.40 ± 1.08
and 4.65 ± 0.45 mV in the presence of 3 lM BIM (I).

BIM (I) (3 lM) shifted the inactivation curve to a negative po-
tential for the voltage-dependence of the steady-state inactivation.
The L-type Ca2+ channel inactivation curve was obtained using a
double-pulse protocol: a 2-s pre-pulse for each potential and a test
pulse of 0 mV for 300 ms. The peak test pulse current was mea-
sured and normalized to the maximum peak current, and fit with
the Boltzmann equation (Fig. 3B). The half-maximal activation
(V1/2) and the slope value (k) were �28.98 ± 0.19 and
4.40 ± 0.10 mV in the control condition, and �32.92 ± 0.43 and
5.52 ± 0.22 mV in the presence of 3 lM BIM (I), respectively.
3.3. Other PKC inhibitors did not alter the inhibitory effect of BIM (I) on
the L-type Ca2+ channel

We tested other PKC inhibitors on L-type Ca2+ channel to con-
firm whether the inhibitory effect of BIM (I) on the L-type Ca2+

channel was due to inhibiting PKC. As shown in Fig. 4, PKC inhibi-
tory-peptide (PKC-IP), included in the pipette solution (dialyzed
10 min), did not affect the L-type Ca2+ current and did not signifi-
cantly alter the inhibitory effects of BIM (I) on the L-type Ca2+ cur-
rent. Addition of extracellular chelerythrine (3 lM, for 10 min),
which is a general PKC inhibitor but structurally different from
BIM (I), also did not affect the L-type Ca2+ current and did not sig-
nificantly change the inhibitory effects of BIM (I) on the L-type Ca2+

current. These results strongly suggest that the inhibitory effect of
BIM (I) on the L-type Ca2+ current was not due to inhibiting PKC.
4. Discussion

In this study, we investigated the effects of BIM (I) on the L-type
Ca2+ channel in rat ventricular myocytes. BIM (I) (3 lM) decreased
L-type Ca2+ channel activity within 1 min after the application, and
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the inhibition was not voltage-dependent (Fig. 1) Additionally, the
inhibitory effect of BIM (I) on the L-type Ca2+ channel was concen-
tration-dependent (Fig. 2). BIM (I) did not significantly alter stea-
dy-state activation of the voltage-dependent L-type Ca2+ channel
kinetics but shifted the steady-state inactivation curve toward a
more negative potential, with changes in the slope factor of Boltz-
mann equation (Fig. 3).

The L-type Ca2+ channel plays a crucial role in cardiac function
by regulating EC coupling, action potential duration, and intracel-
lular Ca2+-dependent signal transduction pathways [16,17]. Thus,
controlling the L-type Ca2+ channel is important to maintain car-
diac function. Because phosphorylation by protein kinases is the
main regulatory mechanism for activating and/or inhibiting the
L-type Ca2+ channel [18,19], several protein kinase inhibitors are
widely used in studies on L-type Ca2+ channel-related signaling
mechanisms.

However, several reports have proposed that protein kinase
inhibitors have nonspecific actions toward untended targets. H-
89, a protein kinase A (PKA) inhibitor, with an IC50 value of
0.048 lM [20], not only directly inhibits ATP-sensitive K+(KATP)
channels (Kd = 1.19 lM), inward rectifier K+ (Kir) channels (Kd =
3.78 lM), and voltage-dependent K+(Kv) channels (Kd = 1.02 lM)
but also activates the big-conductance Ca2+-activated K+ (BKCa)
channels (Kd = 0.47 lM) in coronary arterial smooth muscle cells
[21–23]. Among PKC inhibitors, calphostin C (effective range,
0.05–0.25 lM [24]) inhibits L-type Ca2+ channels in ventricular
myocytes at concentrations of 0.001–1 lM [25]. Another PKC
inhibitor, chelerythrine (IC50 value for PKC = 0.7 lM [26]), inhibits
acetylcholine-activated currents in PC12 cells at 0.1–10 lM, and
atrial myocytes with an IC50 value of 0.49 lM [27]. Staurosporine
(IC50 value for PKC = 0.0027 lM [28]), which has a similar structure
to BIM (I), inhibits muscarinic K+ channels in atrial myocytes in the
concentration range of 10–100 lM, Kv1.3 channels expressed in
CHO cells (IC50 = 1.2 lM), Kv channels in coronary arterial smooth
muscle cells (IC50 = 1.3 lM), L-type Ca2+ channels in ventricular
myocytes (IC50 = 0.062 lM), and Na+ channels in ventricular
myocytes (IC50 = 1.1 lM) [27]. Ro 31-8220 (IC50 value for PKC =
0.01 lM [29]) also directly inhibits Na+ channels in cerebral cortex
synaptosomes with an IC50 value of 1.1 lM [27], and Rottlerins
specifically inhibits PKCd (IC50 value for PKCd = 3–6 lM [30]),
directly activates BKCa channels expressed in HEK 293 cells at a
concentration of 0.5 lM [27]. Additionally, U73122, a phospholi-
pase C-specific inhibitor (IC50 = 0.2 lM [31]), inhibits BKCa channels
(IC50 = 2.3 lM) and Kir3.1 channels (IC50 = 0.54 lM) expressed on
HEK293 cells [32]. Genistein, a tyrosine kinase-specific inhibitor
with an IC50 value of 0.002 lM [33] has many unexpected effects
on ion channels. For example, genistein inhibits Kv4.3 (IC50 =
124.78 lM), hKv1.4 (50 lM used), and Kir2.3 (IC50 = 19.3 lM)
channels expressed in CHO cells, Kir channels in rat osteoclasts
(IC50 = 54 lM 5 min; 27 lM 10 min), delayed-rectifier K+ channels
in cardiac myocytes (IC50 = �30 lM), Kv channels in coronary arte-
rial smooth muscle cells (IC50 = 7.51 lM), T-type Ca2+ channels in
spermatogenic cells (IC50 = 22.7 lM), and L-type Ca2+ channels in
ventricular myocytes (IC50 = 17.5 lM) [34–41].

BIM (I) (IC50 value for PKC = 0.02 lM [13]) also showed side ef-
fects on ion channels. In fact, BIM (I) inhibits Kv1.5 channels ex-
pressed in CHO cells (IC50 = 0.38 lM), Kv channels in arterial
smooth muscle cells (IC50 = 0.27 lM for rabbit coronary artery;
0.23 lM for rat mensenteric artery), Na+ channels in cerebral cor-
tex synaptosomes (IC50 = 10–100 lM), acetylcholine-activated K+

channels in atrial myocytes (IC50 = 98.69 lM), and hERG channel
expressed in Xenopus Oocytes (IC50 = 13.2 lM) [27,42–45]. How-
ever, to date, no studies have investigated the effects of BIM (I)
on L-type Ca2+ channels. In this study, we showed that BIM (I)
inhibited L-type Ca2+ channels with a Kd of 3.31 lM. As shown in
Fig. 4, other PKC inhibitors, such as PKC-IP and chelerythrine, did
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not affect the L-type Ca2+ current, and did not alter the inhibitory
effect of BIM (I). Therefore, we conclude that the inhibitory effect
of BIM (I) on the L-type Ca2+ channel seems independent of the
PKC pathway.

The interaction mechanisms between L-type Ca2+ channels and
its inhibitors have been suggested by previous reports [46–48]. Be-
cause BIM (I) and L-type Ca2+ channel inhibitors share structural
similarities, predicting the interaction mechanisms between BIM
(I) and the L-type Ca2+ channel is possible. The overall size of
BIM (I) is similar to that of SQ 32910, a benzothiazepine based L-
type Ca2+ channel inhibitor. Moreover, BIM (I) contains the func-
tional groups (e.g., aromatic amines [such as puridine, purrole,
and indole], carbonyl group, lots of amines, and aromatic rings),
similar to the dihydropyridine based L-type Ca2+ channel inhibi-
tors. These structural similarities between BIM (I) and the L-type
Ca2+ channel inhibitors are found in drugs such as staurosporine,
NS 1619, and BMS 204352, which also show inhibitory effects on
the L-type Ca2+ channel besides their own function [14,27,49].

In the present study, we demonstrated that BIM (I) inhibited the
L-type Ca2+ current in a concentration-dependent manner but
independent of the PKC pathway. These results should be consid-
ered in studies when applying BIM (I) to regulate PKC in cells.
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