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Abstract

Expression and pharmacological properties of endothelin receptors (ETRs) were investigated in H9c2 cardiomyoblasts. The
mechanism of receptor-mediated modulation of intracellular Ca>" concentration ([Ca>"];) was examined by measuring fluorescence
increase of Fluo-3-loaded cells with flow cytometry. Binding assays showed that ['>T]endothelin-1 (ET-1) bound to a single class of high
affinity binding sites in cardiomyoblast membranes. Endothelin-3 (ET-3) displaced bound ['>’I]ET-1 in a biphasic manner, in contrast to
an ETg-selective agonist, IRL-1620, that was ineffective. The ETg-selective antagonist, BQ-788, inhibited ['*’I]JET-1 binding in a
monophasic manner and with low potency. An ET-selective antagonist, BQ-123, competed ['>*T]ET-1 binding in a monophasic manner.
This antagonist was found to be 13-fold more potent than BQ-788. Immunoblotting analysis using anti-ET, and -ETg antibodies
confirmed a predominant expression of the ET, receptor. ET-1 induced a concentration-dependent increase of Fluo-3 fluorescence in
cardiomyoblasts resuspended in buffer containing 1 mM CaCl,. Treatment of cells with antagonists, PD-145065 and BQ-123, or a
phospholipase C-f inhibitor, U-73122, abolished ET-1-mediated increases in fluorescence. The close structural analogue of U-73122,
U-73343, caused a minimal effect on the concentration—response curve of ET-1. ET-3 produced no major increase of Fluo-3 fluorescence.
Removal of extracellular Ca®" resulted in a shift to the right of the ET-1 concentration—response curve. Both the L-type voltage-operated
Ca”" channel blocker, nifedipine, and the ryanodine receptor inhibitor, dantrolene, reduced the efficacy of ET-1. Two protein kinase C
inhibitors reduced both potency and efficacy of ET-1. Our results demonstrate that ET, receptors are expressed and functionally
coupled to rise of [Ca®*]; in H9c2 cardiomyoblasts. ET-1-induced [Ca®T]; increase is triggered by Ca?* release from intracellular
inositol 1,4,5-trisphosphate-gated stores; plasma membrane Ca®" channels and ryanodine receptors participate in sustaining the Ca>*
response. Regulation of channel opening by protein kinase C is also involved in the process of [Ca>"]; increase.
© 2002 Elsevier Science Inc. All rights reserved.
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diacylglycerol; IPsR, IP; receptor; RyR, ryanodine receptor; [Ca®'];,
intracellular Ca>* concentration; [Ca”]c, cytoplasmic free Ca®* concen-
tration; VOCC, voltage-operated Ca%* channel; PKC, protein kinase C;
PMSF, phenylmethanesulphonyl fluoride; BQ-123, cyclo(p-o-Asp-Pro-p-
Val-Leu-p-Trp); BQ-788, N-[N-[N-[(2,6-dimethyl-1-piperidinyl)carbonyl]-
4-methyl-Leu]-1-(methoxycarbonyl)-p-Trp]-p-norLeu; IRL-1620, N-Suc-

ET-1, a 21-residue peptide, is recognised as a potent
vasoconstrictor [1]. In humans three distinct genes encode
for three endothelin (ET) isopeptides, ET-1, ET-2 and ET-3
[2]. Of these isopeptides, ET-1 is the only form constitu-
tively released by ET cells, but many other cells are now
known to have the ability to produce ETs (for reviews see
[3-5]). Besides modulating the smooth muscle tone, ETs

[Glu®,Ala'"""*]-endothelin-1 (8-21); Fluo-3 AM, Fluo-3 acetoxymethyl
ester; PD-145065, N-acetyl-a-[10,11-dihydro-5H-dibenzo[a,d]cycloepta-
dien-5-y1]-p-Gly-Leu-Asp-lle-Ile-Trp; U-73122, 1-[6-[[17B-3-methoxyes-
tra-1,3,5(10)-trien-17-ylJamino]hexyl]- 1 H-pyrrole-2,5-dione; U-73343, 1-
[6-[[17B-3-methoxyestra-1,3,5(10)-trien-17-yl]Jamino]hexyl]-2,5-pyrroli-
dine-dione; PE, phycoerythrin, GADPH, glyceraldehyde-3-phosphate
dehydrogenase; OD, optical density.

also stimulate cell proliferation in all tissues. All biological
effects are elicited by binding and activation of specific cell
surface receptors (endothelin receptors (ETRs)), which
belong to the large family of G protein-coupled receptors.
Pharmacological studies and molecular cloning [5] have
revealed the existence of at least two ETR subtypes with
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different cell distribution and roles in regulating the vas-
cular tone, termed ET, and ETy receptors [3]. ETR
activation leads to second messenger generation through
a variety of signal transduction pathways, including acti-
vation of phospholipase C-B (PLC) [5], A, and D [5-7],
inhibition or activation of adenylyl cyclase [5], activation
of both Ca®'-permeable non-selective cation channels
[5,8] and L-type voltage-operated Ca>* channels (VOCCs)
[3,5] and regulation of Na*/H" exchange activity [5].

ETs have direct effects on cardiac tissue [6] that synthe-
sises, stores and releases ET-1 [9]. Both binding studies [9]
and in situ hybridisation studies [8] have shown a wide
expression of ET, and ETg receptors in human atrial and
ventricular myocardium. However, homogenous popula-
tions of right atrial [10] or left [11] ventricular cardio-
myocytes demonstrated a high proportion of ET4 receptor
binding sites (86-90%) than that found in tissue prepara-
tions. In adult and neonatal rat ventricular cardiomyocytes
a homogenous population of ET, receptors coupled to
multiple effector pathways (i.e. activation of PLC and
inhibition of adenylyl cyclase) has been described [12,13].

The clonal cardiac cell line H9c2 derived from embryo-
nic rat heart has been used as an experimental model to
study L-type VOCCs with cardiac-specific characteristics
[14] and the ontogenic expression of these channels [15].
When cultured in the presence of a low foetal bovine serum
(FBS) concentration, H9¢c2 cardiomyoblasts differentiate
to myotubes expressing both cardiac and skeletal L-type
VOCCs [15] and ryanodine receptor (RyR) Ca®" release
channels [16]. These cardiomyoblasts also express V;
receptors resulting in vasopressin-induced mobilisation
of Ca®* from intracellular stores, activation of PLC,
PLA, and the p42 MAP kinase [17-19]. In addition,
vasopressin stimulates H9c2 cell hypertrophy [20]. Thus,
this cardiac cell line is a particularly valuable tool for the
investigation of receptor-mediated modulation of [Ca®™];
during cell growth and differentiation.

The present study was undertaken in H9¢c2 cadiomyo-
blasts in order to dissect the signal transduction pathways
activated by ET-1, a major hypertrophic agent for cardi-
omyocytes. Here, we present evidence that the ET4 recep-
tor subtype is preferentially expressed in this cell line and
functionally coupled to an increase of [Ca2+]i. Receptor-
mediated [Ca®*]; variations are known to be triggered and
sustained by Ca*" release from intracellular inositol 1,4,5-
trisphosphate (IP3)-sensitive stores, but the participation of
plasma membrane Ca®" channels and RyRs is also obvious
in this event. In addition, protein kinase C (PKC) is
involved in modulating Ca®" channel opening. These
findings demonstrate the presence of a functional intact
signal transduction machinery which couples ET, recep-
tors to elevation of [Ca2+]i in rat cardiomyoblasts and
highlight integrated responses of intracellular and plasma
membrane Ca®" channels. The H9c2 cell line may repre-
sent a useful model to study ETR expression and coupling
to signal transduction pathways during differentiation and

hypertrophic responses. The importance of this cellular
model also arises from the consideration that the cardiac
ET-1/ET4 receptor system is upregulated in left ventricular
hypertrophy [21,22].

2. Materials and methods
2.1. Cell culture

H9c2 (2-1) rat cardiomyoblasts were propagated in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS, 1 mM pyruvate, 100 units/mL
penicillin, 100 pg/mL streptomycin and 0.02 mg/mL
2,4-difluoro-a, o -bis(1H-1,2,4-triazol-1-ylmethyl)benzyl
alcohol (fluconazole), at 37° in a humidified atmosphere
containing 5% CO, and subcultured before confluence.

2.2. Membrane preparation

Subconfluent monolayers (passages 16-24) were washed
with 8.1 mM Na,HPO,, 1.5mM KH,PO,, pH 74,
136.8 mM NaCl and 2.7 mM KCI (PBS), harvested with
acell scraper and collected by centrifugation at 1000 g. Cells
were homogenised in 10 mM Tris—HCI, pH 7.3, containing
1 mM EDTA, 160 pg/mL benzamidine, 200 pg/mL baci-
tracin, 0.1 mM phenylmethanesulphonyl fluoride (PMSF)
and 20 pg/mL trypsin inhibitor (buffer A) using a Polytron
homogeniser. The homogenate was centrifuged at 48,000 g
at 4° for 30 min. The resulting pellet was resuspended in
buffer A, homogenised and centrifuged as described earlier.
The membrane pellet was stored in aliquots at —80° until the
time of assay. Protein concentration was determined by the
method of Lowry et al. [23], using BSA as standard.

2.3. Binding assays

['I]ET-1 binding assays were performed as described
by Mazzoni et al. [24], with some modifications. Briefly,
cell membranes (~7.5 pg of proteins) were incubated with
['T]ET-1 (~20 pM) in 250 pL of 20 mM Tris—HCl buffer,
pH 7.4, at 37°, containing 2 mM EDTA, 0.1 mM bacitra-
cin, 0.1 mM PMSF, 1 pg/mL leupeptin, 5 pg/mL aprotinin
(buffer B) and 0.08 mg/mL BSA for 2 hr at 37°. After
incubation, the reaction was stopped with 3 mL of ice-cold
50 mM Tris-HCI, pH 7.3, at 4°, containing 0.1 mM baci-
tracin (buffer C). Membrane bound radioactivity was
separated from the free ligand by filtration through What-
man GF/C filters that had been pre-soaked in buffer C
containing 2 mg/mL BSA. The filters were washed
three times with 3 mL of buffer C. Non-specific binding
was defined as the binding that occurred in the presence
of an excess of ET-1 (100 nM). At 20 pM ['®I]ET-1,
specific binding was 95% of total binding. Dilution
and competition binding experiments were performed by
incubating membranes with ['>I]JET-1 in the presence
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and absence of various concentrations of the unlabelled
ligands: ET-1 (0.002-5 nM), ET-3 (0.005-1000 nM), cyclo-
(p-a-Asp-Pro-p-Val-Leu-p-Trp (BQ-123) (2.5-1000 nM),
N-[N-[N-[(2,6-dimethyl- 1 -piperidinyl)carbonyl]-4-methyl-
Leu]-1-(methoxycarbonyl)-p-Trp]-p-norLeu (BQ-788)
(1-1000 nM) and N-Suc-[Glu®,Ala'"'31ET-1 (8-21)
(IRL-1620) (0.01-100 nM). Stock solutions of ET-1 and
ET-3 were prepared in buffer B; other compounds were
dissolved in DMSO and then diluted in buffer B to the
desired concentration. In binding assays, the final concen-
tration of DMSO never exceeded 0.2%. Within this con-
centration, DMSO did not influence ['>I]ET-1 binding to
membranes.

[’H]Ryanodine binding assays were performed as des-
cribed by Zucchi et al. [25]. In each assay, the concentra-
tion of [*H]ryanodine (10 Ci/mmol) was 40 nM.

2.4. Western blotting

SDS-polyacrylamide gel (4-20%) electrophoresis of
cardiomyoblast membrane proteins (~30 g of protein in
each well) was carried out according to the method of
Laemmli [26]. Proteins were electroblotted from SDS-—
polyacrylamide gels to nitrocellulose (0.2 pm), then incu-
bated overnight at 4° in PBS (10 mM NaH,PO,, pH 7.4,
0.9% NaCl) containing 3% low fat dried milk and 0.2%
Tween 20 (PBS/milk). The nitrocellulose membrane was
then incubated in PBS/milk containing sheep polyclonal
anti-ET, or -ETy antibodies (10-20 pg/mL) for 1 hr atroom
temperature followed by four washes with PBS/milk. After-
wards, nitrocellulose was incubated in PBS/milk containing
peroxidase-labelled secondary antibody (1:8000 dilution)
for 1 hr at room temperature. The washing step was repeated
as described earlier, followed by two washes with PBS and
one with distilled water. The immunoblot was incubated in
an enhanced chemiluminescent substrate for 1 min at room
temperature and then briefly exposed to a Kodak Biomax
ML film. The intensity of immunoreactive bands was
quantified by densitometric scanning with a Bio-Rad Model
GS-670 Imaging Densitometer (Bio-Rad Laboratories).

2.5. [Cd®"]; measurements

Subconfluent cell cultures in 60-mm plastic petri dishes
were incubated for 30 min at 37° in the absence of light in
loading buffer (20 mM HEPES, pH 7.4, 130 mM NacCl,
5mM KCl, 2mM CaCl,, 1mM MgSO,, 0.8 mM
Na,HPO,, 0.2 mM NaH,PO,, 25 mM mannose and
1 mg/mL BSA) containing 2 pM Fluo-3 acetoxymethyl
ester (Fluo-3 AM) and 0.008% Pluronic F-127 dissolved in
DMSO. After incubation, the monolayers were washed in
detaching buffer (10 mM HEPES, pH 7.4, 140 mM NacCl,
5 mM KCl, 0.55 mM MgCl, and 3 mM EDTA) and incu-
bated in the same buffer at 37° for 10 min. Detached cells
were harvested by low-speed centrifugation (1000 g),
resuspended in assay buffer (10 mM HEPES, pH 7.4,

140 mM NaCl, 5 mM KCl, 0.55 mM MgCl, and 1 mM
CaCl,) and analysed on a FACScan flow cytometer with
the CellQuest software (Becton Dickinson Labware). Poly-
styrene spheres were used for calibration and normalisa-
tion of the flow cytometer prior of each experiment. In each
sample 5000 events were recorded and analysed using
FACSComp software. A blue excitation at 488 nm from
an argon-ion laser was used for three-colour analysis of
Fluo-3 green, YO-PRO-1 iodide green and propidium
iodide red fluorescences. The forward- and right-angle
light scatters (FSC and SSC) were used to gate the cells.
Fluo-3 was excited at 488 nM with Fluo-3 emission
detected at 525 nm. YO-PRO-1 was excited at 491 nm
and green emission was detected at 509 nm while propi-
dium iodide was excited at 535 nm and red emission
detected at 617 nm. FSC, SSC and Fluo-3 fluorescences
were displayed on a linear scale whereas those of propidium
iodide YO-PRO-1 were represented on a logarithmic scale.
The “time” parameter was activated on a scale of 1000 ms
(100 s/channel). Cells were analysed at typical rates of 100—
150 cells/s. Data were collected in histograms displaying
the ratio of Fluo-3 fluorescence vs. time and YO-PRO-1
fluorescence vs. propidium iodine fluorescence.

To convert Fluo-3 fluorescence data into absolute [Ca2+]i,
a calibration procedure was carried out on each experiment
as described by Vandenberghe and Ceuppens [27]. To obtain
the maximal fluorescence, cells were selectively permea-
bilised to divalent cations using 10 pM ionomycin in assay
buffer without MgCl,. The minimal fluorescence was deter-
mined after the addition of 2 mM MnCl.,.

To determine the cellular response, baseline, un-
stimulated measurements were followed by addition of
various concentration of ET-1 (0.25-5000 nM) or ET-3
(1-5000 nM). The cell flow was halted during this addition
and sample measurement was carried out within 2-3 s. In
the experiments performed in the absence of extracellular
Ca®", 1 mM CaCl, was replaced with 1 mM EGTA in the
assay buffer. To test the effects of ETR antagonists and a
L-type VOCC blocker, the unstimulated baseline measure-
ments were followed by addition of 1 pM N-acetyl-o-
[10,11-dihydro-5H-dibenzola,d]cycloeptadien-5-yl]-p-
Gly-Leu-Asp-Ile-Ile-Trp (PD-145065), BQ-123 or nifedi-
pine, after which various concentrations of ET-1
(1-5000 nM) were added. Dantrolene (100 pM), an inhi-
bitor of RyRs, was added together with Fluo-3 AM to cell
cultures and then incubated as described earlier. Following
cell detachment, basal and ET-1-stimulated fluorescence
measurements were performed as indicated. In experi-
ments designed to understand the role of PLC, adenylyl
cyclase or PKC activation, cell suspensions were preincu-
bated for 5 min at room temperature in the presence
of 10 uM 1-[6-[[17B-3-methoxyestra-1,3,5(10)-trien-17-
yllamino]hexyl]-1H-pyrrole-2,5-dione (U-73122) (inhibi-
tor of PLC), 1-[6-[[17B-3-methoxyestra-1,3,5(10)-trien-
17-yl]amino]hexyl]-2,5-pyrrolidine-dione (U-73343)
(structural analogue of U-73122, but inactive as inhibitor
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of PLC), 1 uM forskolin (activator of adenylyl cyclase) or
2 uM chelerytrine (PKC inhibitor) before stimulation with
various concentrations of ET-1 (1-5000 nM). To further
test a possible role of PKC in ET-1-induced variations
of [Ca”]i in cardiomyoblasts, two other PKC inhibitors
were used, calphostin C and a PKC pseudosubstrate pep-
tide, myr-Phe-Ala-Arg-Lys-Gly-Ala-Leu-Arg-Gln (20-28
sequence from PKC-o and PKC-B) (myr-PKC(20-28)).
Subconfluent cell cultures were incubated in loading buffer
containing 50 nM calphostin C for 30 min at room tem-
perature under fluorescent light. Subsequently, cells were
incubated for 30 min at 37° followed by addition of 2 uM
Fluo-3 AM and further incubation at 37° for 30 min.
Alternatively, cardiomyoblasts were incubated in the pre-
sence of myr-PKC(20-28) (10 uM) and Fluo-3 for 30 min
at 37°. At the end of this incubation period, cells were
detached and both basal and ET-1-stimulated fluorescence
measurements were performed as described earlier.

Stock solutions of BQ-123, forskolin, dantrolene, U-
73122, U-73343 and calphostin C were prepared in DMSO.
In cell assays, the final concentration of DMSO never
exceeded 0.1%.

In order to estimate the proportion of apoptotic and
necrotic cells in our samples, detached cardiomyoblasts
resuspended in assay buffer (see earlier description) con-
taining YO-PRO-1 dye and propidium iodide were ana-
lysed by the flow cytometer as described earlier. Three cell
populations were distinguished on the basis of their fluor-
escence as follows: apoptotic cells showed green fluores-
cence, dead cells showed red and green fluorescence while
live cells showed little or no fluorescence. To detect early
apoptotic cells by flow cytometry, the binding method of
the fluorochrome phycoerythrin (PE)-labelled annexin V to
membrane phosphatidylserine was used [28]. Briefly, car-
diomyoblasts were treated with calphostin C or DMSO and
then detached as described earlier. Cells were centrifuged
and resuspended in 10 mM HEPES, pH 7.4, 150 mM NacCl,
5 mM KCl, 1 mM MgCl, and 1.8 mM CaCl,. After addi-
tion of recombinant annexin V-PE, cells were incubated at
room temperature for 15 min and centrifuged. Following a
washing step with PBS containing 0.01% NaNj, cells were
resuspended in this buffer and analysed by the flow and
analysed on a FACScan flow cytometer.

2.6. Reverse transcriptase—polymerase chain reaction
(RT-PCR) amplification and sequencing

Total RNA was prepared from subconfluent H9¢2 cell
cultures using the RNeasy Mini Kit. Leading strand cDNA
was synthesised from 1 pg of DNase-treated RNAs in
50 pL and cDNA were amplified using HSEnhanced Avian
Reverse Transcriptase Kit. Incubation at 42° for 50 min
was followed by denaturation for 2 min at 94°. PCR
reactions were carried out for 35 cycles for 15s at 94°
and anneal-extending for 1 min at 68° followed by a final
extension for 5 min at 68°. Two pairs of PCR primers

(5 M) were used. One primer couple was specific for the
RyR, gene (forward primer, 5'-AAGGAGAGCATTTCC-
CGTACGAGC-3’; reverse primer, 5'-AAAGAGGCCTG-
CTTGCGACAGA-3') while the control primer pair was
designed to amplify rat glyceraldehyde-3-phosphate dehy-
drogenase (GADPH) (forward primer, 5'-GCAACTCC-
CATTCTTCCACCTTTGA-3'; reverse primer, 5'-TTGG-
AGGCCATGTAGGCCATGA-3"). Each pair contained a
fluorescent dye-labelled primer (6-FAM-tagged). Thus, the
RT-PCR allowed the simultaneous amplification of a 119-
bp fragment related to RyR, and a 135-bp fragment related
to GADPH. The fragments were revealed using the ABI
PRISM 310 Genetic Analyzer (Applied Biosystems) and
analysed with the GeneScan program (Applied Biosystems).

2.7. Analysis of data

The Cell Quest computer program (Becton Dickinson)
was used to collect and perform statistical analysis of
fluorescence experiments. Fluorescence data were ana-
lysed by non-linear least squares fitting, using the sigmoi-
dal dose-response equation of the GraphPad Prism Version
3.00 computer program (GraphPad Software). The Ecsg
values were derived from the resulting concentration—
response curves. A non-linear multipurpose curve-fitting
computer program (EBDA/LIGAND; Elsevier-Biosoft)
[29] was used to transform dilution experiments of
['T]ET-1 with unlabelled ET-1. Displacement, dilution
and saturation data were analysed and fitted using either
competition or hyperbolic binding equations of the Graph-
Pad Prism Version 3.00 computer program. Single- and
multiple-site models were statistically compared to deter-
mine the best fit and differences between models were
tested by comparing the residual variance using a partial F
test and a significance level of P < 0.05 (GraphPad Prism
Version 3.00). The 1c5q values obtained from displacement
and dilution curves were converted to K; values by the
Cheng and Prusoff equation [30]. Values represent the
mean + SEM of at least three experiments. Mean and
SEM values were calculated using the statistical analysis
of GraphPad Prism Version 3.00 computer program.

2.8. Materials

H9c2 (2-1) rat cardiomyoblasts at passage 12 were
obtained from the American Type Culture Collection
(ATCC). ['®IIET-1 (2200 Ci/mmol) and [*H]ryanodine
(60 Ci/mmol) were purchased from NEN Life Science
Products. ET-1, ET-3, BQ-788, PD-145065, IRL-1620,
sheep polyclonal anti-ET, and -ETg antibodies were from
Alexis Corp. BQ-123, forskolin, ionomycin, aprotinin,
leupeptin, benzamidine, DMEM, calphostin C, chelerythr-
ine, nifedipine, dantrolene, propidium iodine, nitrocellu-
lose membranes, DNase and the HSEnhanced Avian
Reverse Transcriptase Kit were products of Sigma Che-
mical Co. Bacitracin and PMSF were purchased from
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Fluka Chemie AG. SDS—polyacrylamide (4-20%) minigels
were from Bio-Rad Laboratories, while the ECL western
blotting detection reagent was from Amersham Pharmacia
Biotech. The anti-sheep IgG antibody was purchased
from Calbiochem-Novabiochem Corp. Recombinant
annexin V-PE was from MedSystems Diagnostics GmbH.
The RNeasy Mini Kit was purchased from Qiagen Inch.
Fluo-3 AM, Pluronic F-127 and YO-PRO-1 iodine were
obtained from Molecular Probes, Inc. FBS, penicillin
and streptomycin were products of Gibco. Fluconazole
(Diflucan®™) was obtained from Roering-Pfizer. U-73122,
U-73342 and myr-PKC(20-28) were purchased from Bio-
mol Research Laboratories, Inc. Other agents and reagents
were from standard commercial sources.

3. Results

3.1. Characterization of ['*I1JET-1 binding sites in
H9c2 cardiomyoblasts

['>T]ET-1 bound to membranes prepared from H9c2 rat
cardiomyoblasts in a specific manner. All assays were
performed at membrane protein concentrations (30—
50 pg/mL) that were within the linear range of their
concentration curve. Time course experiments showed that
['>ST]ET-1 binding reached equilibrium by 2 hr at 37° at the
ligand (20 pM) and protein (30 pg/mL) concentrations
used (data not shown).

Dilution experiments of ['2I]ET-1 with unlabelled ET-1
and transformation of data demonstrated that specific

4004
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Bound (fmolmg protein)
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0 500 1000 1500 2000 2500
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Fig. 1. Equilibrium binding of ['®IJET-1 to H9c2 cardiomyoblast
membranes. The saturation isotherm was obtained by transformation of
dilution binding data; (O) specific binding, (@) non-specific binding.
Membranes (7.5 pug of protein) were incubated with ['®I]ET-1 (20 pM) in
the presence and absence of increasing concentrations of unlabelled ET-1
ranging from 0.002 to 5 nM as described under “Section 2. Non-specific
binding was measured in the presence of 100 nM ET-1. Values shown are
means from a representative experiment performed in duplicate and repeated
two additional times with similar results. For this experiment, the K and
Bpax values were 136.21 pM and 398 fmol/mg protein, respectively. The
curve and line were fitted using the non-linear and linear regression analysis
of computer program GraphPad Prism Version 3.00.

o ET-1
e ET3
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Fig. 2. Competition of ['®I]JET-1 binding to H9c2 cardiomyoblast
membranes by unlabelled ET-1, ET-3, BQ-123, BQ-788 and IRL-1620.
Membranes (7.5 pg of protein) were incubated in duplicate with ['>T]ET-1
(20 pM) in the presence and absence of increasing concentrations of
ligands, as described under ““Section 2. Non-specific binding was
measured in the presence of 100 nM ET-1. The non-linear regression
analysis of the GraphPad Prism computer program was used to fit the
concentration—response curves and derive Icso values. The data points
represent the means = SEM of at least three independent experiments.

binding was saturable (Fig. 1). Analysis of saturation data
using the non-linear curve-fitting technique of GraphPad
Prism Version 3.0 program revealed that the best fit observed
was for one-site model. The derived Kp and B, values
were 123.30 +12.90 pM and 382 £ 16 fmol/mg protein
(N = 3), respectively. As expected, ET-1 dilution data were
represented by a monophasic competition curve fitted by
one-site model (Fig. 2). In Table 1, the derived inhibition
constant (K;) is shown. The competition curve of ['>I]ET-1
binding by ET-3 was biphasic with a significant better fit for
a two-site than one-site model (Fig. 2) suggesting the
presence of two binding sites. This curve was shifted to
the right respect to ET-1 dilution curve. In addition, specific
binding was not completely inhibited even at 1 pM ET-3. To
perform a pharmacological characterisation of ETRs in rat
cardiomyoblast membranes the inhibition of ['I]ET-1
binding by an ETx-selective antagonist (BQ-123), an
ETg-selective antagonist (BQ-788) or agonist (IRL-1620)
was investigated. The antagonists inhibited specific binding
in a concentration-dependent manner (Fig. 2) while the
agonist, IRL-1620, was not effective within the concentra-
tion range (0.01-100 nM) tested (Fig. 2). The competition
curve of BQ-123 was monophasic represented by one-site
model but shifted to the right respect to ET-1 dilution curve.
A complete inhibition of ['>I]ET-1 binding was reached at
1 uM BQ-123. The ETg-selective antagonist, BQ-788, was
aless potent inhibitor than BQ-123 (Fig. 2). The competition
curve was monophasic fitted by one-site model but this
antagonist did not block approximately 20% of [ I]ET-1
binding sites at the maximal concentration (1 pM) tested.
Table 1 summarises the percentage distribution of binding



788 F. Ceccarelli et al./Biochemical Pharmacology 65 (2003) 783-793

Table 1

Inhibition of ['?’IJET-1 binding to H9¢2 cardiomyoblast membranes by agonist and antagonist ligands

Ligand Ky (nM) Ry (%) K, (nM) R (%) Ry (%)
ET-1 0.12 £ 0.02 100.00 - - -
ET-3 0.75 + 0.08 54.45 147.39 £ 15.47 45.55 -
BQ-123 18.23 + 2.17 100.00 - - -
BQ-788 236.98 £ 24.82 80.80 - - 19.20
IRL-1620 - - - - 100.00

Cardiomyoblast membranes (~7.5 pig) were incubated with ['>IJET-1 (~20 pM) in the presence and absence of increasing concentrations of ligands, as
described in ““Section 2”’. The non-linear regression analysis of the GraphPad Prism computer program was used to fit the dose-response curves and derive
the 1c5q values. The 1cs( values were converted to K; values by the Cheng and Prusoff equation [30]. Ky and K are the K; values for the high and low affinity
sites while Ry and Ry indicate their respective percentage of distribution. Ry represents the estimated percentage of binding sites that are not blocked by the
competing ligand. All K; values are expressed as means == SEM of at least three experiments, each performed in duplicate.

sites and K; values for all compounds tested as competitors
of ['I]ET-1 binding to cardiomyoblast membranes.

3.2. Immunoblotting resolution of ET, and
ETg receptors

To verify the expression of ETR subtypes in H9c2 cells,
we performed immunoblotting analysis of cardiomyoblast
membrane proteins using either an anti-ET, or -ETg
affinity purified antiserum. The antibodies were raised
against 13-amino acid peptides from the carboxyl-terminal
sequence of ET, and ETg receptors. The two sequences
share just one amino acid in common. In separate lanes, the
antisera recognised protein bands of similar molecular
mass, indicating that both receptor subtypes were
expressed in cardiomyoblasts (Fig. 3, panel a). The ETy
receptor immunoreactive band was particularly intense and
corresponded to a 39-40 kDa (N = 3) protein while the
ETg band, which similarly migrated as a 39-41kDa
(N = 3) protein, was barely detectable. Densitometric
scanning showed that the OD of the ET, band was
approximately 7-fold higher than that of the ETg band
(Fig. 3, panel b). In addition, less intense bands were visible
with both anti-ET, and -ETg antibodies. In the ET4 lane,
these bands migrated as ~61 and 95 kDa proteins while in
the ETg lane they showed relative molecular masses of
~32 and 59-74 kDa, respectively. While the ~32 kDa
band may represent a product of proteolytic degradation
of the mature ETg receptor polypeptide [5], the higher
molecular mass bands may result from a different profile of
receptor glycosylation [5] and immature receptor forms
still containing the signal peptide as part of their amino-
terminal tail [31]. Indeed, affinity-labelling studies of ETRs
showed the heterogeneity of their molecular mass [5].

3.3. ET-stimulated Ca*" signalling in H9c2
cardiomyoblasts

ET-1 acting through ET, receptors stimulates PLC acti-
vation leading to IP; and diacylglycerol (DG) production.
The integrity of the signal transduction pathway activated by
ET, receptors in cadiomyoblasts was examined evaluating
intracellular Ca*" mobilisation. Among cardiomyoblast

population, Fluo-3 fluorescence was recorded from those
cells within the viable cell gate. Average values of viable,
necrotic and apoptotic cells were 53.68 £ 3.12, 35.99 +
2.55 and 8.94 £ 1.95% (N = 15), respectively. In addition,
a calibration procedure was used in each experiment to
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Fig. 3. Immunoblot analysis of ET, and ETg receptors in H9c2
cardiomyoblast membranes. Membrane proteins (30 pg) were separated by
SDS-polyacrylamide (4-20%) gel electrophoresis and transferred onto
nitrocellulose. Antibody binding to ETRs was detected as described under
“Section 2”. (a) A representative immunoblot. Molecular mass standards are
indicated on the left side. (b) The density of the immunoreactive bands was
measured using the Bio-Rad Model GS-670 Imaging Densitometer. The OD,
expressed as arbitrary units, represents the integrated area of ~39—41 kDa
bands. Each value is the means + SEM of three independent experiments.
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Fig. 4. Concentration-response curves of ET-1 and ET-3 actions on
[Ca®*]; and effects of various experimental conditions. Fluo-3-loaded cells
were detached and harvested by low-speed centrifugation. Resuspended
cells were analysed on a FACScan flow cytometer as described under
“Section 2. Fluo-3 fluorescence was measured before and 1-2 s after the
addition of ETs. F, Fluo-3 fluorescence after ET stimulation; F, basal
Fluo-3 fluorescence. (a) ET-1 concentration-response curves in control
conditions (buffer containing 1 mM CaCl,) or in the presence of an ETR

convert Fluo-3 fluorescence values into absolute [Ca*'];.

The average basal [Ca®"], was 110.80 & 8.51 nM (N = 15).
ET-1 elicited a concentration-dependent increase of fluor-
escence (Fig. 4, panel a), which reached the maximal effect
at 1 uM. The Ecsq value was 176.00 + 2.03 nM (N = 6)
with a Hill coefficient of 1.1. As illustrated in Fig. 4 (panel
a), the ET-1-induced increase of fluorescence was abolished
by both a non-selective (PD-145065) and an ET,-selective
(BQ-123) antagonist. BQ-123 (1 uM) completely blocked
the effect of 5 uM ET-1. ET-3 was not able to increase
the fluorescent signal within a concentration range of
1-1000 nM, while at higher concentrations a modest
increase of fluorescence was detectable (Fig. 4, panel b).
These results suggest that in cardiomyoblasts the ET-1-
stimulated variation of [Ca®"]; is mainly mediated through
activation of ET, receptors.

The mode of ET-1-induced [Ca®"]; increase in cardio-
myoblasts linked to ET, receptors was examined evaluat-
ing the role of extra- and intracellular Ca*" sources.
Removal of extracellular Ca*" (in the presence of 1 mM
EGTA) induced a profound modification of ET-1 concen-
tration—response curve (Fig. 4, panel c), which was shifted
to the right and did not reach the maximal effect seen in
control experiments. The estimated Ecs, value of 5.34 pM
(N = 3) was 30-fold higher than that obtained in control
experiments. Thus, ET-1 potency was negatively influ-
enced by a Ca®"-free medium, suggesting a partial depen-
dence of the response upon extracellular Ca** inflow. Cell
pretreatment with 1 pM nifedipine to inhibit L-type
VOCCs caused a shift to the right in the ET-1 concentra-
tion—response curve and a decrease of the maximal fluor-
escence (Fig. 4, panel c). The calculated Ecsy value was
228.00 £ 2.11 nM (N = 3). The potency of the agonist and
its maximal effect were reduced by cell treatment with
nifedipine. Similarly, cell preincubation with 100 pM dan-
trolene, a blocker of RyRs, caused a decrease of ET-1
potency as well as a reduction in its maximal effect. The
concentration—response curve in response to ET-1 (Fig. 4,
panel c) was shifted to the right, and the derived Ecs, value
was 210.30 +=2.10 nM (N = 3).

U-73122 has been shown to inhibit receptor-mediated
PLC activation in various cell types [32-34]. As shown in
Fig. 4 (panel d), ET-1-induced increase of fluorescence was
completely abolished by cardiomyoblast preincubation with
U-73122 (10 uM). To verify the specificity of U-73122
effect, we treated cardiomyoblasts with U-73343, a close

antagonist (1 pM PD-145065 or BQ-123). (b) ET-3 concentration—
response curve. (¢) ET-1 concentration—response curves in the presence
of 1 mM EGTA without CaCl,, 1 pM nifedipine or 100 pM dantrolene. (d)
ET-1 concentration—response curves in the presence of 10 uM U-73122,
10 pM U-73343 (negative control of U-73122), 2 pM chelerythryne or
10 uM myr-PKC(20-28). The non-linear regression analysis of the
GraphPad Prism computer program was used to fit concentration-response
curves and derive Ecs, values. The data points represent the means & SEM
of at least three independent experiments.
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structural analogue of U-73122, which does not inhibit PLC
[32,35]. U-73343 (10 uM) had a modest effect on ET-1-
induced increase of fluorescence, slightly reducing its max-
imal efficacy (Ecsg value 183.10 + 7.70 nM, N = 3) (Fig. 4,
panel d). This result suggests that ET,-mediated variation of
[Ca®"]; is triggered by activation of PLC resulting in
generation of IP5, thereby realising Ca>* through IP5-gated
channels located on endoplasmic reticulum (ER).
Stimulation of PLC in response to occupation of ETRs is
associated with intracellular generation of both IP; and
DG, followed by PKC activation. In turn, PKC-mediated
pathways may modulate L-type VOCCs [36]. Indeed, in rat
ventricular myocytes both ET-1 and a DG analogue
increase L-type Ca®" current through activation of PKC
[37]. Therefore, it was important to substantiate a possible
role of PKC in ET-1-induced increase of [Ca*"]; in H9c2
cardiomyoblasts. However, cell pretreatment with an inhi-
bitor of PKC, calphostin C (50 nM), induced a shift of cell
distribution within the viable cell gate (data not shown).
The amount of viable, apoptotic and necrotic cells were
unmodified by treatment with calphostin C but ET-1
caused a variable and inconsistent increase of fluorescence.
Using the binding of PE-labelled annexin V to cell mem-
brane phosphatidylserine [28], we verified that the shifted
cells were in a very early phase of apoptosis (data not
shown). Thus, chelerithryne (2 pM) and myr-PKC(20-28)

80 100

120

F. Ceccarelli et al./Biochemical Pharmacology 65 (2003) 783-793

1 1uMET-1
1 WM FSK
B 1.MFSK +1pMET-1
204
(=)
o
M 1
w
& 10
w
. =

Fig. 5. Effect of forskolin on basal and ET-1-stimulated [Ca®*];. Cell
suspensions were preincubated for 5 min at room temperature in the
presence and absence of 1 pM forskolin before stimulation with and
without 1 uM ET-1. Cell fluorescence was analysed on a FACScan flow
cytometer as described under ‘““Section 2”. F, Fluo-3 fluorescence after
addition of forskolin, ET-1 or forskolin plus ET-1; F,, basal Fluo-3
fluorescence. Data points represent the means & SEM of three independent
experiments.

(10 uM) were used to inhibit PKC [38—40]. Chelerithryne
is a selective PKC inhibitor while myr-PKC(20-28) is
specific for PKC-o and PKC-f. Both agents affected the
concentration-response curves of ET-1, reducing both
potency and maximal effect (Fig. 4, panel d). The derived
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Fig. 6. RT-PCR detection of the RyR; transcript in H9¢2 cardiomyoblasts. RNA was isolated cardiomyoblasts as described under ““Section 2”. PCR products
generated by primers designed to amplify sequences of specific genetic messages for RyR, and GADPH (control) were fractionated on capillary
electrophoresis and detected by fluorescence measurement. The area of each peak is proportional to the amount of each transcript. The negative control

represents the result obtained with no RNA but with reverse primers.
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ECsq values for chelerithryne and myr-PKC(20-28) inhibi-
tion of ET-1 effect were 778.50 +2.60 nM (N = 3) and
615.10 £2.56 nM (N = 3), respectively.

Forskolin, a stimulator of adenylyl cyclases, has been
shown to induce an increment of the inward Ca*" currents
in H9c2 cadiomyoblsts [14], implying the involvement of
cAMP in L-type VOCC modulation. We tested whether
1 uM forskolin was able to cause an increase of fluores-
cence of Fluo-3-loaded cells. Pretreatment of cells did not
induce any significant increase of basal fluorescence and
did not modify the stimulatory response of 1 pM ET-1
(Fig. 5). Furthermore, forskolin did not affect the dose—
response curve of ET-1 (1 nM-5 uM; data not shown).

3.4. RyR expression in H9c2 cardiomyoblasts

Szalai et al. [16] have reported that RyR mRNA is not
detectable until after cardiomyoblasts differentiate into
myotubes. However, we observed an effect of dantrolene
on ET-1-induced increase of [Ca®"]; in H9¢2 cells from
subconfluent cultures, which suggests the presence of RyRs
in these cells. Further supporting this idea, [*H]ryanodine
bound to cardiomyoblast membranes (15 fmol/mg proteins,
N =2). Using RT-PCR, we identified RyR, mRNA
from subconfluent cell cultures (Fig. 6). Similar results
were obtained from two independent batches of cultures.
Although the amount of mRNA encoding for RyR, present
in cardiomyoblasts was significantly lower than that in rat
myocardium (data not shown), the presence of this mRNA
correlates to the functional effect of the RyR blocker,
dantrolene.

4. Discussion

In the present study, we show that H9c2 cardiomyoblasts
express ETRs mainly of the ET, subtype which are
functionally coupled to rise of [Ca®h] ;. To measure [Ca®h) ;
variations in cardiomyoblast suspensions, a cytofluori-
metric method based on the use of the Ca®" indicator
Fluo-3 was adopted [27]. Repeated measurements and tests
to verify cell viability demonstrated the validity of this
method for studying [Ca®"]; in H9¢2 cells. In this assay, we
examined the plateau of the Ca®" response.

Stimulation of cells with ET-1 induced a concentration-
dependent rise of [Ca®"]; which was inhibited by both non-
selective and ETx-selective antagonists indicating that ET-
1 acts through the ET4 receptor. The observation that ET-3
did not cause a similar concentration-dependent increase of
[Ca®"]; further supports the exclusive activation ET,
receptors by ET-1.

The pharmacological characterisation of the binding site
revealed that both ET-3 and BQ-788, an ETg-selective
antagonist, inhibited ['>IJET-1 binding with low potency,
while the ETg-selective agonist, IRL-1620, was ineffective
as inhibitor. On the other hand, under similar experimental

conditions we have shown that IRL-1620 completely dis-
placed ['®T]JET-1 binding to rat cerebellar membranes
[41]. Low amounts of ETy receptors were detectable by
western blotting in membranes prepared from H9c2 car-
diomyoblasts. However, this ETR subtype did not show the
classical pharmacological characteristics of the rat cere-
bellar ETy receptor and was not functionally coupled to
increase of [Ca”'];. It is possible that cardiomyoblasts
express an atypical or immature form of the ETy receptor
subtype.

ET-1 caused a concentration-dependent rise of [Ca
via a mechanism involving PLC activation and release of
Ca*" from IP3-gated intracellular stores. The addition of
U-73122, a PLC inhibitor, completely blocked the ET-1-
induced response indicating that the increase of [Ca®']; is
secondary to activation of PLC. The initiating event
appears to be the increased production of IP; that binds
to IP; receptor (IP3R) Ca®" channels on the ER with
consequent opening of these channels and release of
Ca”". Following this trigger, other processes influence
and maintain the agonist-induced increase of [Ca”]i.
The involvement of extracellular Ca®" entry was supported
by the marked shift to the right of ET-1 concentration—
response curve in the absence of extracellular Ca®" (Fig. 4).
Various types of plasma membrane Ca>" channels may be
responsible for Ca®" inflow, including L-type VOCCs.
Nifedipine caused a shift to the right of ET-1 concentra-
tion—response curve decreasing both its potency and effi-
cacy (Fig. 5). Whereas the potency reduction was modest
the effect of nifedipine on ET-1 efficacy was more con-
sistent. A marked activity of this dihydropyridine Ca**
channel inhibitor could not be expected, since cardiomyo-
blasts from subconfluent cultures are known to have a
modest expression of L-type VOCCs [16]. These channels
are also modulated by PKC-mediated pathway [36,42]. In
rat ventricular myocytes, both ET-1 and a DG analogue
increase L-type Ca”" current through activation of PKC
[37]. Using cell-permeable PKC inhibitors we verified
whether ET-1-induced activation of PKC to cause opening
L-type VOCCs or other membrane Ca”" channels. One
PKC inhibitor, calphostin C, induced cell apoptosis at a
concentration corresponding to the 1c5o for PKC inhibition,
while chelerithryne and myr-PKC(20-28) modified ET-1
concentration—response curves, causing a reduction of both
potency and maximal efficacy. In the presence of these
PKC inhibitors, ET-1 potency decreased by 3- to 4-fold.
These data indicate that in cardiomyoblasts PKC exerts a
positive regulation on membrane Ca*" channels.

Since the L-type Ca”" current of H9c2 cardiomyoblsts is
augmented by the B-adrenergic agonist, isoproterenol, via
cAMP [14], we examined the effect of forskolin on varia-
tion of [Ca”]i. Forskolin did not cause any increase of
[Ca®"); and did not modify the Ca>" response induced by
ET-1. Thus, our results do not support any involvement of
cAMP-dependent phosphorylation of L-type Ca** VOCCs
as suggested by Hescheler ef al. [14]. We can also exclude a

2+]A
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role of cAMP-activated plasma membrane Ca>" channels
in rising [Ca®"); in cardiomyoblasts. Since protein kinase
A (PKA) phosphorylates IP;Rs with consequent enhance-
ment of IP5-induced Ca®" release in various cell types [43],
we could expect to detect an additive effect of forskolin on
ET-1-induced [Ca”]i rise. However, this was not the case
in our experimental conditions, either for inability to
measure the initial transient peak of [Ca®™"); rise or for
reaching the maximal activation of IP;R Ca®" channels.

Although H9c2 cardiomyoblasts in subconfluent cul-
tures do not completely express Ca®" channels with the
cardiac phenotype [15,16], we tested whether cell treat-
ment with dantrolene, a RyR inhibitor, affected the
response to ET-1. Surprisingly, dantrolene caused a shift
to the right of the ET-1 concentration-response curve,
notably reducing the ET-1 efficacy. Thus, RyRs appeared
to release Ca®" in response to ET-1 stimulation. Local rise
of [Ca®"]. as consequence of IP;R Ca*" channels opening
may induce RyRs on ER to open and release more Ca’". As
in the case of plasma membrane L-type VOCCs, RyRs do
not play a major role in maintaining the increase of [Ca>"];
induced by ET-1. A functional coupling between L-type
VOCCs and RyRs may exist in these modestly differentiated
cells, which may result in the similar effects of nifedipine
and dantrolene. However, we had a serious problem with
these functional results since Szalai et al. [16] reported that
RyR mRNA is not detectable in undifferentiated cardio-
myoblasts. Therefore, we examined [*H]ryanodine binding
to cardiomyoblast membranes and the presence of RyR,
mRNA obtained from subconfluent cultures. Both binding
assays and RT—PCR suggested the presence of low amounts
of RyRs in H9c2 cardiomyoblasts. Differences of cell
culture conditions and/or RT-PCR assays may explain
the discrepancy between our results and previous reported
observations [16].

Our findings demonstrate that H9c2 cardiomyoblasts
express a high proportion of ET receptors. In this embryo-
nic cell line, ET, receptors are functionally coupled to rise
of [Ca”]i through activation of PLC and PKC. Since ET-1
exerts clear positive inotropic effects on myocardium
acting through ET4 receptors [22], and the cardiac ET-
1/ET receptor system is involved in heart hypertrophy and
failure [21,22], H9c2 cell line may represent an useful in
vitro model to study the role of ET-1 system in cardiac
pathophysiology. This cell model may also be used to
improve our knowledge on regulation of Ca>" homeostasis
and its importance in hypertrophic response in cardiac
cells.
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