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Endothelin-1 Stimulates the Expression of L-Type Ca** Channels
in Neonatal Rat Cardiomyocytes via the Extracellular
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Abstract The cardiac L-type Ca>" channel current (IcaL)
plays an important role in controlling both cardiac excit-
ability and excitation—contraction coupling and is involved
in the electrical remodeling during postnatal heart devel-
opment and cardiac hypertrophy. However, the possible
role of endothelin-1 (ET-1) in the electrical remodeling of
postnatal and diseased hearts remains unclear. Therefore,
the present study was designed to investigate the tran-
scriptional regulation of I, ; mediated by ET-1 in neonatal
rat ventricular myocytes using the whole-cell patch-clamp
technique, quantitative RT-PCR and Western blotting.
Furthermore, we determined whether the extracellular
signal-regulated kinase 1/2 (ERK1/2) pathway is involved.
ET-1 increased Ic,p density without altering its voltage
dependence of activation and inactivation. In line with the
absence of functional changes, ET-1 increased L-type Ca®™
channel pore-forming o;c-subunit mRNA and protein
levels without affecting the mRNA expression of auxiliary

L. Yu- M. Li-T. She

Hubei Province Key Laboratory on Cardiovascular,
Cerebrovascular, and Metabolic Disorders, Hubei University of
Science and Technology, Xianning 437100, Peoples Republic of
China

L. Yu (X)) - M. Li (X)) - T. She - C. Shi - W. Meng -

B. Wang - M. Cheng

School of Basic Medicine, Hubei University of Science and
Technology, Xianning 437100, Peoples Republic of China
e-mail: ylz7210281034@163.com

M. Li
e-mail: mincaili0l @gmail.com

B- and a,/3-subunits. Furthermore, an actinomycin D chase
experiment revealed that ET-1 did not alter o;c-subunit
mRNA stability. These effects of ET-1 were inhibited by
the ET, receptor antagonist BQ-123 but not the ETp
receptor antagonist BQ-788. Moreover, the effects of ET-1
on Ic, 1 and o c-subunit expression were abolished by the
ERK1/2 inhibitor (PD98059) but not by the p38 MAPK
inhibitor (SB203580) or the c-Jun N-terminal kinase
inhibitor (SP600125). These findings indicate that ET-1
increased the transcription of L-type Ca®' channel in
cardiomyocytes via activation of ERK1/2 through the ET5
receptor, which may contribute to the electrical remodeling
of heart during postnatal development and cardiac
hypertrophy.

Keywords Endothelin-1 - L-type Ca®" channel -
Cardiomyocyte - Mitogen-activated protein kinase

Introduction

Although endothelin-1 (ET-1) plays important physiologi-
cal roles in vasoconstriction, cell proliferation and blood
pressure, it can also exert pathophysiological effects: pre-
vious studies have suggested that ET-1 is involved in the
development of various cardiovascular diseases such as
hypertension, ischemic heart disease, congestive heart
failure (Kirkby et al. 2008), cardiac hypertrophy (Schneider
et al. 2007) and arrhythmias. The arrhythmogenic effects of
ET-1 have been suggested by the following studies. First, it
has been shown that exogenous ET-1 may exert intrinsic
arrhythmogenic effects that are not solely attributable to
myocardial ischemia (Yorikane and Koike 1990). Second,
ET-1 administration decreases the conduction velocity in
cultured neonatal rat ventricular myocytes (Reisner et al.
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2009). Third, ET-1 receptor antagonists have exhibited
antiarrhythmic properties (Garjani et al. 1995; Geshi et al.
1999). Furthermore, it has been reported that ET-1 antag-
onists prevent electrical remodeling in an animal model of
congestive heart failure, resulting in a reduction of ven-
tricular arrhythmias (Matsumoto et al. 2002). However, the
ionic and subcellular mechanisms of the arrhythmogenic
actions of ET-1 are unclear.

A possible ionic mechanism underlying cardiac
arrhythmias is alterations in the function and expression of
various ion channels (including L-type Ca®* channels) and
transporters in the heart, which is known as electrical
remodeling. Upregulation of Ic,; has been reported in
some cardiovascular diseases such as hypertension (Xiao
and McArdle 1994), cardiac hypertrophy (Wang et al.
2001) and heart failure (Wang et al. 2008). Increased
activity of L-type Ca*" channels may lead to Ca®" over-
load in cardiomyocytes, which results in delayed afterde-
polarizations (DADs) (Hiraoka and Kawano 1984) and,
thereby, contributes to arrhythmias and to sudden death.
Moreover, an increase in calcium influx through Ic,p
prolongs action potential durations and triggers early af-
terdepolarizations (EADs) (Gaur et al. 2009; Ming et al.
1994). EADs and triggered activity can induce reentrant
arrhythmias. In addition, postnatal development is associ-
ated with alterations in cardiac channels (Cerbai et al.
1999; Grandy et al. 2007; Stocker and Bennett 2006),
including L-type Ca®" channels (Huang et al. 2006).
However, the possible role of ET-1 in electrical remodeling
in postnatal and diseased hearts remains unknown. There-
fore, the present study was designed to investigate ET-1
regulation of L-type Ca*" channel gene expression in
neonatal rat ventricular myocytes using the whole-cell
patch-clamp technique, quantitative RT-PCR and Western
blotting.

Once ET-1 is generated, it exerts its physiological and
pathophysiological effects primarily by binding to the ET
types A (ET,) and B (ETg) receptors (Schneider et al.
2007). Activation of these receptors can lead to activation
of various tyrosine and serine/threonine protein kinases.
ET-1 regulates the function of ion channels through direct
phosphorylation by protein kinases such as PKA and PKC
(Kiesecker et al. 2006; Zeng et al. 2009). In addition, ET-1
stimulates gene expression through a variety of signal-
transduction pathways that include the extracellular sig-
nal-regulated kinase 1/2 (ERK1/2) pathway (Cullingford
et al. 2008). The ERK1/2 pathway reportedly regulates the
expression of different ion channels in cardiomyocytes
(Jia and Takimoto 2006; Marni et al. 2009) and other cell
types (Dey et al. 2011; Mustafa et al. 2008). Therefore,
we also determined whether ET (ET4 and ETg) receptors
and ERK1/2 are involved in the modulation of I, by
ET-1.
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Materials and Methods
Cell Isolation and Culture

Primary cultures of cardiomyocytes were obtained from
neonatal ventricles of 1- to 2-day-old neonatal Sprague-
Dawley rats; all animal procedures were conducted in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH publication
85-23, revised 1996) and approved by the institutional
animal care and use committee at the Hubei University of
Science and Technology, China. Subsequently, the hearts
were dissected and ventricles separated from atria; single
ventricular myocytes were isolated using enzymatic dis-
sociation procedures adapted from previous reports (Fink
et al. 2000; Webster et al. 1993). Briefly, ventricular tissues
were minced into ~1 mm?> pieces, collected in Ca®*- and
magnesium-free Hanks’ balanced salt solution (HBSS)
containing 0.1 % trypsin (Sigma, St. Louis, MO) and
0.1 % collagenase type II (Sigma) and agitated for 7 min at
37 °C to dissociate cardiomyocytes. Remaining tissues
were incubated in a fresh enzyme solution and allowed to
dissociate for 7 min. This procedure was repeated five
times. Cell suspensions were collected, centrifuged and
resuspended in Dulbecco’s modified Eagle medium
(DMEM containing 1.05 mmol/l Ca”; GIBCO BRL,
Gaithersburg, MD) supplemented with 5 % fetal bovine
serum (FBS), 100 U/ml penicillin, 100 pg/ml streptomycin
and 4 mM L-glutamine. Dissociated cells were preplated
for 1 h at 37 °C to selectively remove nonmuscle cells.
Nonadherent cells (mostly cardiomyocytes) were then
plated into 35-mm dishes at a density of 1 x 10° cells/ml
for patch-clamp experiments and into 100-mm dishes at a
density of 5 x 10° cells/ml for molecular experiments.
Dishes were maintained in an incubator at 37 °C with 5 %
CO,. Medium was refreshed daily. After 48 h cultivation,
the medium was replaced by FBS-free medium and incu-
bated for 10 h before drug application. Subsequently,
cardiomyocytes were incubated with or without ET-1
(10 nM) in culture medium containing 5 % FBS for 24 h
before measurements. In some experiments, ET-1 antago-
nists (BQ-123, BQ-788) or MAPK inhibitors (PD98059,
SB203580 and SP600125) were included in the culture
medium. ET-1, BQ-123, BQ-788, PD98059, SB203580
and SP600125 were purchased from Sigma-Aldrich (St.
Louis, MO).

Voltage-Clamp Experiments

Control and ET-1-treated cardiomyocytes were cultured on
glass coverslips and transferred to a temperature-controlled
recording chamber, which was mounted on the stage of an
inverted microscope (Zeiss, Oberkochen, Germany).
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Cardiomyocytes were first superfused with normal Tyrode
solution containing (mmol/L) NaCl 135, KCI 5.4, CaCl,
1.8, MgCl, 1, NaH,PO, 0.33, glucose 10 and HEPES 10
(pH 7.4) with NaOH. Thereafter, the extracellular bath
solution was replaced by test solution for recording Ic, .
currents. Test solution consisted of (mmol/L) choline-Cl
140, TEA-C1 20, CaCl, 2, glucose 10, HEPES 10 and
tetrodotoxin 0.03 (pH 7.4 with TEA-OH). The pipette
solution was composed of the following (mmol/L) (Avila
et al. 2007): Cs-Asp 135, MgCl, 10, EGTA 10, CaCl, 1,
HEPES 10, glucose 5, ATP-Mg 5 and GTP-Na, 0.05 (pH
7.4 with CsOH).

Ic, currents were recorded from single ventricular
myocytes using the tight-seal whole-cell voltage-clamp
technique (Hamill et al. 1981) with an Axopatch 700B
amplifier (Molecular Devices, Foster City, CA). Command
generation and data acquisition were performed with
pClamp 8.0 software and a Digidata 1320 (Molecular
Devices). Current signals were filtered at 2 kHz and digi-
tized at 10 kHz. The recording pipettes were pulled from
borosilicate glass capillaries and had tip resistances of
2-5 MQ when filled with the pipette solution. The liquid
junction potential between the pipette and bath solutions
was always corrected before the formation of a giga-ohm
seal. The series resistance was electrically compensated by
40-80 %. Whole-cell recordings were started 5 min after
seal disruption, to allow for cell dialysis. Experiments were
conducted at 36.5 £ 0.5 °C.

To measure /¢, 1, the holding potential (V},) was kept at
—80 mV. A 50-ms prepulse to —40 mV was applied before
the voltage protocol to inactivate all sodium channels, and
total calcium currents were then elicited by a series of
200-ms depolarizing pulses in 10-mV increments from
—40 to 460 mV. The bath solution was then changed to
nifedipine (L-type Ca®" channel antagonist, 3 pmol/L)—
containing solution, and nifedipine-insensitive calcium
currents were measured 5-10 min later. I, was obtained
by subtracting nifedipine-insensitive calcium currents from
total calcium currents recorded from the same cells with
the same protocol before nifedipine infusion. The Ic,p
current size was defined as the difference between the peak
inward current and the current remaining at the end of the
200-ms depolarizing pulse.

To evaluate the steady-state activation of Ca>" currents,
cell membrane potential was held at —80 mV. Ic,1. was
elicited by 200-ms test pulses from —40 to 460 mV in
10-mV increments after a 50-ms prepulse to —40 mV. To
study the steady-state inactivation of Ca®" currents, cell
membrane potential was held at —40 mV, stepped to levels
of —50 to 20 mV for 2,000 ms in 10-mV increments
and then stepped to the test potential of 0 mV for
200 ms. Stimulation frequency was 0.2 Hz. These mea-
surements were made about 20 min after establishment of

the whole-cell mode to minimize the contribution of time-
dependent shifts of steady-state gating parameter mea-
surements. Current density was calculated by dividing the
current amplitude by the cell capacitance (Cy,). C,, was
measured at the beginning of each experiment as described
previously (Yuan et al. 1996). For each cell, a capacitance
transient due to a 5-mV step was measured and analyzed as
follows: Cp, = 1 lo/[AV(1 — I1../15)], where 1. is the time
constant of the capacitative current relaxation, [, is the
peak capacitative current determined by single exponential
fit and extrapolation to the first sample point after the
voltage step AV, and I, is the amplitude of the steady-
state current following the voltage step.

To evaluate the steady-state activation, we calculated
the peak conductance (g) for each cell according to the
equation g = I/(V, — Viey), Where g is the conductance
calculated at the membrane potential V,,,, I is the current
amplitude and V., is the reversal potential derived from
I-V curve extrapolation for each cell. Activation curves
were fitted with the Boltzmann equation, g = gma/
{1 + expl[(Vin — Va)/k,]}, where g is the peak conductance
at test voltage Vi, gmax 1S the maximum conductance, V, is
the voltage of half-maximal activation and k, is the slope
factor. Steady-state inactivation curves were fitted with a
Boltzmann function, [ = I, /{1 + exp[(Vin, — V)/kil},
where [ is the peak current at test voltage V,,, V; is the
voltage of half-maximal inactivation and k; is a slope
factor.

Voltage-clamp data analysis was performed with Origin
7.5 software (Microcal Software, Northampton, ME) and
Clampfit 10.0 software (Axon Instruments, Weatherford,
TX).

Quantitative RT-PCR

Primary cultures of cardiomyocytes were treated with ET-1
or vehicle (control) in the presence or absence of specific
inhibitors for 24 h. Total RNA was extracted from
cardiomyocytes using TRIzol Reagent (Invitrogen, Carls-
bad, CA) following the manufacturer’s instructions. Single-
stranded cDNA was synthesized from 2 pg total RNA
using oligo d(T) primer and ReverTra Ace reverse trans-
criptase (Toyobo, Osaka, Japan). SYBR Green PCR
amplifications were performed using an iCycler iQ Real-
Time Detection System (Bio-Rad, Hercules, CA) associ-
ated with the iCycler Optical System Interface software
(version 2.3, Bio-Rad). All PCR experiments were carried
out in triplicate with a reaction volume of 25 pl using
SYBR Green (Roche, Indianapolis, IN) as a detection
reagent. Oligonucleotide primer sequences and optimal
reaction conditions are summarized in Table 1. Amplifi-
cation involved one cycle at 95 °C for 5 min for initial
denaturation, followed by 35 cycles of denaturation at
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95 °C for 30 s, primer annealing at the optimal tempera-
tures (see Table 1) for 30 s and extension at 72 °C for 45 s.
Amplification data acquisition and analysis were carried
out using the iCycler Optical System Interface software.
Data were calculated by the 27AACT method and normal-
ized to GAPDH, compared with those of control. The size
of the PCR products was confirmed using a 2 % agarose
ethidium bromide—stained gel under UV irradiation.

To investigate the possible effects of ET-1 on L-type
Ca®" channel o;c-subunit mRNA stability, the transcrip-
tional inhibitor actinomycin D (5 pg/ml) was added alone
or simultaneously with ET-1 into the medium and then the
cells were harvested after 0, 1, 2, 12 and 24 h.

Western Blotting

Western blotting was used to measure the protein expres-
sion of the L-type Ca®" channel ol c-subunit (also named
Ca,1.2). Cultured cardiomyocytes were washed with ice-
cold PBS twice. Subsequently, cells were collected by
scraping and lysed at 4 °C in RIPA buffer consisting of
150 mM NaCl, 20 mM Tris (pH 7.5), 1 mM EDTA, 1 mM
EGTA, 1 % Triton X-100, 2.5 mM sodium pyrophosphate,
1 mM B-glycerolphosphate, 1 mM Na3;VOy,, 1 pg/ml leu-
peptin and 1 mM phenylmethanesulfonyl fluoride. After
centrifugation at 12,000x g for 30 min at 4 °C, the super-
natants were collected and served as total cell extracts. The
protein concentration of the supernatant was determined
using the BCA assay (Pierce, Rockford, IL). After nor-
malization, equal amounts of protein (30 pg) were sub-
jected to 7.5 % (for ojc-subunit) or 12 % (for ERK1/2, p38

or JNK) SDS-polyacrylamide gel electrophoresis (PAGE)
and transferred to a polyvinylidene difluoride membrane
(Immobilon-P; Millipore, Billerica, MA). Nonspecific
binding was blocked with 5 % nonfat milk prepared in
Tris-buffered saline with Tween-20 (TBST) containing
150 mM NacCl, 100 mM Tris and 0.1 % Tween-20 (pH 7.4
adjusted with HCI). Subsequently, the membranes were
incubated with the primary antibodies (anti-Ca,1.2 anti-
body from Alomone Labs, Jerusalem, Israel; anti-phospho
ERK1/2, anti-phospho p38 or anti-phospho JNK from Cell
Signaling, Boston, MA; anti-ERK1/2, anti-p38 or anti-
JNK, from Santa Cruz Biotechnology, Santa Cruz, CA) at
4 °C overnight. After being washed three times with
TBST, membranes were incubated with horseradish per-
oxidase (HRP)-conjugated anti-rabbit IgG antibody
(Beyotime Institute of Biotechnology, Haimen, Jiangsu,
China) diluted 1:1,000 in TBST for 1 h at 37 °C. Specific
protein bands were visualized using an enhanced chemi-
luminescence (ECL) Western blotting kit (Beyotime
Institute of Biotechnology) according to the manufacturer’s
instructions and quantified with the gel analysis program of
Image J software (NIH, Bethesda, MD). B-Actin was used
to normalize the protein sample loading.

Statistical Analysis

All data are expressed as means = SEM. Statistical anal-
ysis was performed using unpaired Student’s #-tests and
one-way ANOVA where appropriate. Differences were
considered significant when P < 0.05.

Table 1 Oligonucleotide primer sequences and optimal reaction conditions for real-time quantitative RT-PCR

Gene Accession number Primer sequence (5'-3') Annealing temperature (°C) Product size (bp)

e NMO012517 F: 5-CCAGCCCAGAAAAGAAACAG-3’ 60 271
R: 5-ACTGCCTTTTCCTTAAGGTGCA-3'

pl NMO017346 F: 5-AGGACTTCCTGCACATCAAGG-3' 60 175
R: 5-TTGTCACCTGACTTGCTGGAG-3

p2 NMO053851 F: 5-ATCCATCACAAGAGTCACTGC-3’ 55 526
R: 5-GGTGGGGCTCAGAGGTAAAG-3'

p3 NMO012828 F: 5-TCAGCCGACTCCTACACCAG-3' 55 602
R: 5-GACGCGGGTGATGGAGATC-3’

02/01 NMO001110847 F: 5-GAAAGGCTTTAGCTTCGCGTTT-3' 60 103
R: 5-TCTCTCTTCTCCTCCATCCGTG-3'

02/02 NM175592 F: 5-CAGTGGTGGGTGTCAAAC-3’ 55 134
R: 5-TACCTCGCAGTCCATCTC-3'

02/63 NM175595 F: 5-TCCGAACGCACCATCAAG-3' 55 114
R: 5-ACTGTCCACCACCACCAT-3

GAPDH NMO017008 F: 5-AGTTCAACGGCACAGTCAAG-3’ 60 148
R: 5-GTGGTGAAGACGCCAGTAGA-3

F forward, R reverse

@ Springer
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Results

ET-1 Upregulated the L-type Ca>* Channel
ojc-Subunit of Neonatal Ventricular Myocytes

Cardiac L-type Ca®" channels are heterotetramers consti-
tuted of at least four distinct subunits (oc, B, oo, 0)
(Colecraft et al. 2002). The o;c-, B-, and o,-subunits are
products of distinct genes, while o, and & are encoded by
the same gene (De Jongh et al. 1990). In the present study,
we examined the modulation of mRNA expression of these
subunits by ET-1. Quantitative PCR revealed the expres-
sion of these subunit mRNAs in control and in ET-1-
treated cardiomyocytes. Application of ET-1 for 24 h sig-
nificantly increased L-type Ca®" channel oyc-subunit
mRNA in a concentration- and time-dependent manner
(Fig. 1a, b). Furthermore, treatment of cells with the tran-
scriptional inhibitor actinomycin D completely blocked
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Fig. 1 Effects of ET-1 on L-type Ca®>" channel o c-subunit mRNA
and protein. a ET-1 (0.1-100 nM) exposure for 24 h resulted in a
dose-dependent increase in the level of L-type Ca®* channel oyc-
subunit mRNA in neonatal cardiomyocytes. b Treatment with ET-1
(10 nM) stimulated the expression of L-type Ca** channel ol
subunit mRNA in a time-dependent manner. ¢ The increase in L-type
Ca®" channel o, c-subunit protein by ET-1 (10 nM) was prevented by
BQ-123 (1 uM) but not BQ-788 (1 pM). Data are presented as the
mean value == SEM. The mean value of each control is defined as 1.
d The actinomycin D (5 pg/ml) chase experiment revealed that ET-1
did not alter o,c-subunit mRNA stability. *P < 0.05 versus each
control. The number of experiments is indicated in parentheses

ET-1 stimulation of o;c-subunit mRNA (Fig. 1d). These
results suggested that the increase in o;c-subunit mRNA
might be due to a transcriptional mechanism.

Additionally, we found that the ET 5 receptor antagonist
BQ-123 (1 uM) prevented the increase of o c-subunit
protein induced by ET-1, whereas the ETg receptor
antagonist BQ-788 (1 uM) did not (Fig. 1c). ET-1 did not
affect the mRNA expression of L-type Ca®" channel B- and
olp/d-subunits (Fig. 2).

ET-1 Increased I, 1. Density in Ventricular Myocytes
via ET 5 Receptor without Altering the Kinetic
Properties of Ic, 1

Neonatal rat ventricular myocytes exhibited a typical
nifedipine-sensitive I,y (Fig. 3a), the density of which
was significantly increased at test potentials between —30
and 430 mV under ET-1 stimulation (10 nM, 24 h)
(P < 0.01) (Fig. 3b). The effects of ET-1 on I, density
were markedly attenuated by a specific ET, receptor
antagonist, BQ-123 (1 uM), but not by a specific ETy
receptor antagonist, BQ-788 (1 uM). Thus, the effects of
ET-1 were mediated through the ET, receptor.

Next, the voltage dependence of nifedipine-sensitive
Ic,p activation (Fig. 3c) and inactivation (Fig. 3d) was
also measured in control and in ET-1-treated cardiomyo-
cytes. Similar values for half-maximal activation (V,) and
inactivation (V;) voltages and slope factors (k, and k;) were
obtained in both groups (Table 2).

Furthermore, time-dependent effects of ET-1 on L-type
Ca®* current density were observed. As shown in Fig. 3e, f,
ET-1 (10 nM) increased the nifedipine-sensitive Ic, 1 peak
densities in cardiomyocytes in a time-dependent manner.
The Ic,; peak density at 1 h of ET-1 treatment was similar
to that at 0 h. Thus, though ET-1 reportedly increases Ic, 1.
through direct phosphorylation of L-type Ca®" channel by
PKC (He et al. 2000), the effects of direct phosphorylation on
Ic,1 peak density under our experimental conditions
seemed to be eliminated by the long-lasting washout of the
extracellular perfusate before whole-cell recording. In our
voltage-clamp experiments, cardiomyocytes grown on cov-
erslips were mounted on the stage of an inverted microscope
(Zeiss) and continuously perfused with normal Tyrode
solution for 20 min to remove the culture medium and
nonbound cells. Subsequently, the extracellular bath solu-
tion was replaced by test solution for recording /¢, 1 currents.
Thus, an increase in I, peak density at 2, 12 or 24 h of
ET-1 treatment may not be due to direct phosphorylation of
L-type Ca*" channels. In addition, we cannot role out the
possibility that the lack of short-term effect of ET-1 might be
due to the configuration of the patch-clamp technique (con-
ventional whole-cell vs. perforated patch). A previous study
has demonstrated that the /¢, response to angiotensin II is
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Fig. 2 Effects of ET-1 on
L-type Ca>* channel B- and o,/
d-subunit mRNA expression.
ET-1 (0.1-100 nM) exposure
for 24 h did not alter L-type
Ca®* channel B1-3 (a—c) and
0l,/61-3 (d—f) subunit mRNA in
neonatal cardiomyocytes. Data
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significantly modified by rupture of the membrane patch by
means of the conventional patch-clamp technique (Ichi-
yanagi et al. 2002). The perforated patch-clamp technique,
which maintains the integrity of the physiological intracel-
lular milieu, has been suggested as a more appropriate
method for evaluating the drug-induced effects on I, .

ERK1/2 Signaling Pathway Was Involved
in ET-1-Induced Upregulation of Ic,

It is well known that ET-1 activates the mitogen-activated
protein kinase (MAPK) subfamilies such as ERK1/2, c-Jun
N-terminal kinase (JNK) and p38 (Sugden and Clerk 2005).
In the present study, the ability of ET-1 to induce the phos-
phorylation of ERK1/2, p38 and JNK in neonatal cardio-
myocytes was evaluated by Western blotting. As shown in
Fig. 4, ET-1 triggered ERK1/2, p38 and JNK phosphoryla-
tion. Subsequently, PD98059, SB203580 and SP600125,
inhibitors of ERK1/2, p38 and JNK, respectively, were used
to evaluate the precise role of each MAPK in the regulation of
Ic,1.- To check the specificity of each inhibitor, cardiomyo-
cytes were preincubated for 30 min with inhibitors (10 M)
and then stimulated for 2 h with ET-1 (10 nM). Levels of
phosphorylated ERK1/2, p38 and JNK were measured by
Western blotting analysis. Pretreatment of cardiomyocytes
with PD98059 (10 puM) significantly inhibited ET-1-induced
ERK1/2 activation and was without significant effect on p38
and JNK phosphorylation (Fig. 4). SB203580 (10 uM)
inhibited ET-1-induced p38 phosphorylation without affect-
ing ERK1/2 and JNK activation, while SP600125 (10 uM)
prevented the phosphorylation of JNK after ET-1 stimulation
without affecting ERK1/2 and p38 activation.

After having shown that these inhibitors were specific for
each MAPK, we used them to evaluate the role of these
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MAPKs in the modulation of L-type Ca®" channel expres-
sion. As shown in Fig. 5, the relative expression of o c-
subunit mRNA was upregulated by ET-1 (10 nM) in the
presence or absence of SP600125 (10 pM) and SB203580
(10 uM). Importantly, expression of o c-subunit mRNA was
not altered by SB203580 or SP600125 alone. However, co-
treatment with PD98059 (10 pM) markedly blocked ET-1-
induced upregulation of o;c-subunit mRNA (Fig. 5). These
results suggested that ET-1 enhanced functional expression
of Ic, 1 channels by means of ERK1/2 pathway activation.
To further confirm the interaction of the ERK1/2 signaling
pathway on ET-1 modulation of nifedipine-sensitive Ic, .,
some electrophysiological experiments were carried out.
Figure 6a—c exhibits representative nifedipine-sensitive
I, traces and their modulation by ET-1 in the presence or
absence of three different MAPK inhibitors. The p38 MAPK
inhibitor (SB203580) and the JNK inhibitor (SP600125) did
not affect ET-1 stimulation of I, (Fig. 6d, e). However, as
shown in Fig. 6f, ET-1 failed to increase nifedipine-sensitive
Ic,1 in the presence of PD98059, suggesting that ET-1-
induced Ic,; upregulation was mediated by ERK1/2 acti-
vation. In addition, we showed that /¢, density remained
unchanged with each MAPK inhibitor alone. These elec-
trophysiological findings were highly consistent with our
RT-PCR data in Fig. 5. Therefore, we concluded that the
ERK1/2-dependent signaling pathway was involved in
ET-1-induced I, upregulation in neonatal cardiomyocytes.

Discussion
In neonatal ventricular myocytes, ET-1 increased the tran-

scriptional expression of L-type Ca>* channel o, -subunit and
Ica . density, which were both mediated by the ET 4 receptor.
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Fig. 3 Effects of ET-1 on Ic, 1
density, activation and
inactivation parameters.

a Typical I, traces in control
(top), 10 nM ET-1 (middle-up),
10 nM ET-1 plus 1 pM BQ-123
(middle-down) and 10 nM ET-1
plus 1 uM BQ-788 (bottom)
treatment for 24 h. I, was
measured as the nifedipine-
sensitive current. The voltage
protocol is shown in the inset.
b Averaged current density—
voltage relationships of peak
nifedipine-sensitive Ic, in
response to various depolarizing
pulses in control and 10 nM
ET-1, 10 nM ET-1 plus 1 pM
BQ-123 and 10 nM ET-1 plus
1 uM BQ-788 treatments for
24 h. ¢ Normalized activation
curves obtained from the
current—voltage (/-V) curves
shown in b. d Normalized
inactivation curves. The voltage
protocol is shown in the right
inset. The corresponding kinetic
parameters describing the
voltage dependence of
activation and inactivation are
shown in Table 2.

e Representive nifedipine-
sensitive Ic, traces for time-
dependent effects of ET-1 (10
nM). f A time-course analysis of
nifedipine-sensitive Ic, 1.
amplitudes at 10 mV in
cardiomyocytes after ET-1

(10 nM) treatment for the
indicated times. Data are
presented as the mean

value & SEM. *P < 0.05
versus control, #p < 0.05 versus
ET-1. n represents the number
of experiments

Table 2 Kinetic parameters of /¢, activation and inactivation

A Before nifedipine After nifedipine Subtracted B _e— Control (n=6)
ControI—I —-o- ET-1(n=6)
1 —& ET-1+BQ-123 (n=8)
-z ET-1+BQ-788 (n =7)
ET-1 ]
ET-1+
BQ-123_J_
ET-1+
BQ-788_]
60 -40 20 0 20 40 60 80
V, (mV)
C —e— Control (n=7) D —e— Control (n=7)
—o— ET-1(n=6) —o— ET-1(n=6)
129 _a- ET-1+BQ-123 (n =6) Loy -a~ ET-1+BQ-123 (n =6)
10— ET-1+BQ-788 (n=7) 0.8 | o ET-1+BQ-788 (n=7)
T 2 0.6
. 0.8 - +20 my 2000 ms
g 1 = 0.4
> 0.6 -40 mV.
5 ] 0.2 -
0'4'_ 0.0 4
0.2 —rrr1 T rrrrrrrrrri
] -60 -50 -40 -30 -20 -10 0 10 20
0.0 Test Voltage (mV)
.50 -40 -30 -20 -10 0 10 20 30 4
Test Voltage (mV)
E ET-1 Oh 1h 2h F - —
N £ -100p I 1
_ 77 = i J_
lf = 80t J_
" o —
' o 60} %
ET-1 12h  24h 5
o
= 40}
»
4 pAlpF S 20}
=]
,__3 &b 7) {6) (6) {7) (7)
ET-1 0 1 2 12 24
(10 ni) Time (h)

Activation Inactivation

Va k, n V k; n
Control -6.7+0.7 834+06 7 -346+14 4207 7
ET-1 76 £1.0 92+13 6 -362+22 50+£08 6
BQ-123 -70+09 79+07 6 -338+19 52408 6
BQ-788 -6.0+09 96+08 7 -375+18 40+06 7

In addition, ERK1/2 activation was critical for the ET-1-
induced increase in transcription of the o;c-subunit gene.

ET-1 Might Increase Transmembranous /¢, Current
through Stimulating the Expression of the L-Type Ca*"
Channel o c-Subunit

Although several studies have demonstrated that ET-1
increases Ic,; through direct phosphorylation of the
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Fig. 4 Specific inhibition of A B p-ERK1/2 || p—pSSD p-JNK O]
MAPK activation by PD98059, _ERK1/2
SB203580 and SP600125. P >
a Western blotting bands o 6.0 I ; 0 ! )
phosphorylated ERK1/2, p38 =T =t o 4
and JNK. b Densitometric = . " .
analysis of effects of blockers p-p38 _ _gé sok 1 : = | F : # : ES
on phosphorylation of ERK1/2, o - 4 i *
p38 and JNK. Each band was t-p38 E
normalized to B-actin. Data are P g 30
presented as the mean &
value + SEM of six to eight p-JNK _ = 20
independent trials. *P < 0.05 o
versus control, *P < 0.05 versus £ qok
T .
€ 0.0 8 8
ET-1 - + + + + ET-1 - + + + +
PD98059 = = = = PD98059 = = + - =
SB203580 S S SB203580 - = = + =
SP600125 ol - 5 SP600125 - - = - +
— 1998). Meanwhile, we showed that /¢, density in ET-1-
e treated cardiomyocytes was increased but that the voltage
' dependence of activation and inactivation and the kinetics
_5 20l : | . | . ;‘ of Ic,1 inactivation did not change. The transcriptional
% * *k * inhibitor actinomycin D completely blocked ET-1 stimu-
‘;i_ 15k L 1 1 lation of oc-subunit mRNA. Therefore, the increase in
g Ic,1 density may be due to ET-1-induced transcriptional
5 10 activation of the pore-forming o;c-subunit gene rather than
= an increase of mRNA stability.
2 0.5 |-
o ERK1/2 Was Involved in the ET-1-Induced
6) (7) (6) (6) (6) {7) (6) {7 ) a8 TVOIVeC iy
0.0 Upregulation of I, in Neonatal Cardiomyocytes
ET-1 -~ + = + = 4+ +
- - 4+ + = = = = . .
ggggg?gg S OB A E o oE g & B ERK1/2 is known to modulate the expression of genes
PD98059 - - - = = = 4+ + involved in cardiac cell growth, proliferation (Li et al.

Fig. 5 Upregulation of L-type Ca*" channel o;c-subunit mRNA by
10 nM ET-1 was prevented by 10 pM PD98059 but not by 10 uM
SB203580 or 10 uM SP600125. Inset Agarose gel electrophoresis
showing amplified fragments. Data are presented as the mean
value £ SEM. The mean value of control group is defined as 1.
*P < 0.05 versus each control, *P < 0.05 versus ET-1. Numbers in
parentheses indicate the number of experiments

channel in cardiomyocytes (He et al. 2000), transcriptional
regulation of the Ic,; channel by ET-1 has never been
reported.

In the present study, we demonstrated that ET-1
increased expression of the L-type Ca>* channel o c-sub-
unit in neonatal cardiomyocytes but did not affect expres-
sion of the L-type Ca®" channel B- and 0,/3-subunits. The
o c-subunit forms the membrane pore and voltage sensor
and is the major determinant of channel identity and
pharmacology, whereas the other subunits modulate the
voltage dependence, kinetics of activation and inactivation
and current amplitude (Benitah et al. 2010; Letts et al.
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2011), differentiation (Zhai et al. 2007) and apoptosis (Yeh
et al. 2010); and ERK1/2 activation has been reported in
several cardiac diseases such as cardiac hypertrophy
(Lorenz et al. 2009), heart failure (Takeishi et al. 2001) and
myocardial infarction (Yeh et al. 2010). This study is the
first to implicate ERK1/2 signaling in modulation of the
L-type Ca>" channel. We demonstrated in this study that
ET-1 treatment of cardiomyocytes stimulated ERK1/2
activity, resulting in upregulation of /-, channel expres-
sion. Furthermore, the ERK1/2 pathway has been reported
to regulate the expression of other ion channels in cardio-
myocytes (Jia and Takimoto 2006; Marni et al. 2009) and
other cell types (Dey et al. 2011; Mustafa et al. 2008). In
addition, other hypertrophic factors, such as angiotensin I,
isoprenaline and aldosterone, reportedly activate the
ERK1/2 pathway (Lu et al. 2012; Okoshi et al. 2004; Tang
et al. 2011) and regulate ion channels (Alvin et al. 2011;
Carrillo et al. 2011; Martin-Fernandez et al. 2009) in
cardiomyocytes. Thus, the results of our study and others
suggest that ERK1/2 may occupy a central regulatory
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A Control ET-1 B Control ET-1 C Control ET-1
O-rk 0> O-rk 0> 0> 0> (
SB203580 ET-1+ SP600125 ET-1+ PD98059 ET-1+
SB203580 SP600125 PD98059
0+V— 0+ 0> 0> 0_,\( 0> r.
J 4 pA/pF J 4 pAlpF J 4 pA/pF
200 ms 200 ms 200 ms
D E F
= = = -10.0 l l
S e T oy E-00r M1 M1 g0 1 i
= 8.0} J_ _L = 80| l J_ E 8.0 F J_
— — LI_
uﬁ- 6.0} LS 6.0 L £ 6.0 f
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= © p 7) (6} {6) (6
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ET-1 - + - + ET-1 - + = + ET1 - + - +
SB203580 - - + + SP600125 - - + + PD98059 - - + +

Fig. 6 Effects of ET-1 and three different MAPK inhibitors on I,
density. a—c Representative nifedipine-sensitive I, traces at 10 mV
from neonatal cardiomyocytes treated with vehicle and ET-1 (10 nM)
with or without the following MAPK inhibitors for 24 h: a SB203580
(10 uM), b SP600125 (10 pM), ¢ PD98059 (10 uM). d—f Summarized
data for nifedipine-sensitive Ic,; amplitudes at 10 mV in vehicle and

position in the signaling mechanism of ion channel
remodeling of the diseased heart.

Direct Phosphorylation and Enhanced Expression
of the L-Type Ca** Channel: An Apparent Paradox
of ET-1 Actions on Cardiomyocytes

The results presented here demonstrate that ET-1 stimulates
the expression of cardiomyocyte L-type Ca>" channels,
which seems to contradict previous findings that ET-1
increases Ic,1 through direct phosphorylation of L-type
Ca”" channels (He et al. 2000). A possible explanation for
this apparent paradox is that different PKC isoforms might
mediate these actions of ET-1. These include conventional
(cPKC-a, cPKC-B), novel (nPKC-8, nPKC-¢) and atypical
(aPKC-A, aPKC-() isoforms. These different PKC isoforms
can independently phosphorylate o;c-subunit Ser'?%, a
common phosphorylation site for PKA and PKC (Yang et al.
2005). Phosphorylation of o,c is believed to lead to
increased channel activity. Among these PKC isoforms,

ET-1 (10 nM) treatment for 24 h with or without SB203580 (d),
SP600125 (e) and PD98059 (f). Data are presented as the mean value
+ SEM. *P < 0.05 versus control, $P < 0.05 versus SB203580 or
SP600125, *P < 0.05 versus ET-1. Numbers in parentheses indicate
the number of experiments

novel PKC isoforms (nPKC-3, nPKC-¢) have been demon-
strated to be activated by ET-1 through the ET 4 receptor in
neonatal cardiomyocytes (Clerk et al. 1994; Heidkamp et al.
2001). ET-1 did not induce activation of cPKC-ao and aPKC-
C (Clerk et al. 1994). Activation of nPKC-6 and nPKC-¢
reportedly led to ET-1-induced activation of the downstream
ERK1/2 pathway (Clerk et al. 1994; Heidkamp et al. 2001).
Thus, our results and the above findings prompted us to
speculate that novel PKC isoforms (nPKC-3, nPKC-¢) might
mediate these different actions of ET-1. On the one hand, ET-1
might increase the activity of the L-type Ca®" channel
through direct phosphorylation by different PKC isoforms.
On the other hand, chronic ET-1 treatment might also stim-
ulate gene expression of the L-type Ca”>" channel through
novel PKC isoform—mediated activation of the ERK1/2
pathway. Because novel PKC isoforms are activated through
Ca”*-independent pathways (Mackay and Mochly-Rosen
2001), direct phosphorylation of L-type Ca®" channels
might not be responsible for the subsequent increase in
expression of L-type Ca®" channels. Future studies
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examining whether PKC-dependent mechanisms contribute
to ET-1-stimulated expression of the L-type Ca*" channel in
cardiomyocytes should provide important information
regarding intracellular signaling.

In conclusion, the results of this study have elucidated
that functional activity and expression of the L-type Ca®"
channel is upregulated by ET-1 treatment in neonatal
cardiomyocytes, which is ET, receptor—dependent, and
that this regulation is mediated by the ERK1/2 pathway.
ET-1 acts to upregulate the L-type Ca?" channel in
cardiomyocytes to potentially promote L-type Ca®" chan-
nel-associated electrical remodeling and arrhythmias in
diseased hearts. Furthermore, previous work of Solti et al.
(1998) showed that preconditioning with the Ca®* channel
blocker verapamil prevented ET-1-induced characteristic
ventricular tachycardias and ventricular fibrillation in
anesthetized dogs, which supports a key role of the L-type
Ca”" channel in ET-1-associated arrhythmias. In addition
to disease, our findings are of physiological relevance. The
ET-1 signaling system is important for heart development
(Asai et al. 2010; Brand et al. 2002). In fact, several
components of the ET-1 signaling system are involved in
cardiac development (Brand et al. 2002; Kurihara et al.
1995) and differentiation (Chen et al. 2010; Gassanov et al.
2004). The corresponding effects might involve induction
of cardiac-specific genes including the L-type Ca>" chan-
nel. Developmental changes in the function and expression
of the L-type Ca®" channel have been demonstrated in
rabbit cardiomyocytes during postnatal development (Hu-
ang et al. 2006). Increased gene expression of endothelin
receptors has been reported in the murine heart after birth
(Adur et al. 2003). Within this context, our present study
can be interpreted to suggest that ET-1 may contribute to
the electrophysiological maturation of cardiomyocytes
during postnatal development. It will be interesting to
investigate the potential effects of ET-1 on the functional
expression of ion channels in neonatal cardiomyocytes in
the near future. Our findings also highlight an additional
action of ET-1 that is directly linked to transcriptional
regulation of the cardiovascular system.
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