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ABSTRACT. The present study aimed to investigate endothelin-1 (ET-1) receptors in human and swine
cardiomyocytes with binding studies using ET, and ET} selective receptor antagonists (BMS-182874 and
BQ-788, respectively). Cell distribution of mRNA expression for ET , and ET} subtypes was investigated by in
situ hybridization using specific cDNA probes. The 2°I-ET-1 binding, which reached equilibrium in about 120
min (K, = 0.051 = 0.003 min~ '), was only partially displaceable by the addition of a large excess of ET-1
(about 15% with a half-life of 20 min). In equilibrium binding studies, '*’I-ET-1 had a K of 0.43 = 0.08 nM
and a maximum binding (B,,,.) of 42.8 * 6.6 fmol/mg protein. ET , and ET} receptors are represented in human
and swine cardiomyocytes with an 85:15 ratio as indicated by the biphasic pattern of competition of both
BMS-182874 and BQ-788. In situ hybridization studies confirmed that myocytes mainly expressed mRNA for
ET 4, whereas expression of mRNA for the ET} subtype was documented in non-myocyte cells. These results
showed that ET-1 binds with high affinity and poor reversibility to specific receptors, in both human and swine
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isolated ventricular cardiomyocytes, without significant species differences.
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Endothelin-1 binds to two high-affinity specific membrane
receptors, ET ,** and ETj [1, 2]. Endothelin ET  receptor
exhibited a rank order of binding affinities of ET-1 > ET-2
>> ET-3, whereas endothelin ETy receptor showed com-
parable affinities for all three ET peptides. Both receptor
subtypes are similarly represented in left human heart with
an endothelin ET 5/ETy, ratio of 60% to 40% [3]. In animal
models, ventricular cardiomyocytes mainly express the
endothelin ET, receptor subtype [4, 5] whereas other
cardiac cell lines, such as fibroblasts and endothelial cells,
express both ET, and ETy [4, 6, 7], but no studies have
been performed in normal human left ventricular myocytes.
Although the primary sequence of ET receptors is largely
conserved, species differences have been reported both in
the amino acid sequence, 7% and 12% between rat and
human for ET, and ETjy respectively, and in binding
affinity for selective antagonists [8—12]. These findings
indicate that extrapolation of data derived from studies
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performed in small animals onto human subjects should be
undertaken with caution. The pig has certain unique
properties which render it attractive for heart research,
including a marked resemblance to humans in terms of
anatomy of coronary circulation and response to growth
factors [13, 14]. Furthermore, studies are in progress to use
large animals for cardiac xenotransplantation [15]. The
present study was therefore performed to define the kinetic
properties, density, affinity, and subtype distribution of
ET-1 receptors in human and swine left ventricular cardi-
omyocytes using selective ET, (BMS-182874) [16] and
ETy antagonists (BQ-788) [17], and non-selective ET o/
ETy receptor antagonist (PD-145065). In addition, the in
vivo distribution of endothelin receptor subtypes was inves-
tigated by in situ hybridization studies on left ventricular
tissue using specific cDNA probes.

MATERIALS AND METHODS

Tissue Procurement

Human myocardial tissue was obtained from five healthy
donors (aged 54 * 7 years) whose hearts were not used for
transplantation because of body size or age. The study was
conducted according to the Helsinki declaration of human
rights [18]. Four male farm pigs were used in the present
study. Preoperative weights ranged from 30 to 40 kg
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(average wt 35 * 3 kg). The surgical procedures were
conducted according to the guidelines of the European law
on animal use. Animals were premedicated with intramus-
cular ketamine (15 mg/kg) and diazepam (5 mg/kg). Anes-
thesia was induced with sodium pentobarbital (20 mg/kg
ev) and maintained with a mixture of 1% to 1.5% fluothane
and oxygen.

Cell Isolation

After explantation, the heart was placed in ice-cold car-
dioplegic solution (NaCl 82 mM, KCI 20 mM, CaSO, 0.5
mM, MgSO, 7.5 mM, NaHCOj; 23 mM, glucose 25 mM,
mannitol 55 mM) and immediately transferred to the
laboratory. The left coronary artery was cannulated and
perfused with calcium-free buffer (MEM) Eagle Joklik
(Sigma Chemicals) with 21 mM HEPES, 4.4 mM
NaHCO;, 1.5 mM KH,CO,, 1.7 mM MgCl,, 11.7 mM
glucose, 2 mM L-glutamine, 21 U/mL insulin (pH 7.2)
(HEPES-MEM buffer) gassed with 95% O, and 5% CO, at
32° for 10 min (blood washout). Collagenase perfusion was
carried out at 32° with HEPES-MEM buffer gassed with
95% O, and 5% CO, and Worthington type 1l collagenase
100 U/mL (20 mL/min) for 30 min. After digestion, the
portion of left ventricle was minced and shaken in resus-
pension buffer (HEPES-MEM buffer supplemented with
BSA 0.5%, 0.3 mM CaCl,, 10 mM taurine) and Worth-
ington type Il collagenase 100 U/mL for 30 min at 37°.
Intact cells were enriched by centrifuging the resuspended
pellet through Percoll (Pharmacia Fine Chemicals) at 35 g
for 10 min. Receptor binding studies were performed the
same day on freshly suspended cells (10° cells/mL) at room
temperature. Immunocytochemical staining performed us-
ing mouse monoclonal antibody against human myosin
(Sigma Chemicals, M8421) demonstrated that the cell

preparation was almost pure (more than 99%).

Binding Studies

KINETIC ANALYSIS. The kinetics of association of '2°I-
ET-1 (100 pM, final concentration 2000 Ci/mmol, Amer-
sham) to isolated cardiomyocytes (10° cells/mL) at 22° in a
final volume of 0.2 mL was evaluated at selected times (30
sec to 240 min). Non-specific binding was measured as the
binding obtained by adding unlabeled ET-1 (1 pM, final
concentration). The incubation mixture was then rapidly
filtered under reduced pressure through Whatman GF/C
glass microfiber filters presoaked with polyethylene glycol
6.6%. The kinetic of dissociation was evaluated by adding
unlabeled ET-1 (1 wM, final concentration) to the reaction
mixture after 120 min of incubation. The residual binding
was measured at selected times (30 sec to 120 min). Kinetic
constants (K., K_;, and K;) were calculated according to
Weiland and Molinoff [19].
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EQUILIBRIUM STUDIES AND IDENTIFICATION OF ENDOTHELIN
RECEPTOR SUBTYPES. In equilibrium binding studies, iso-
lated cardiomyocytes (10° cells/mL) were incubated with
I251.ET-1 (100 pM) and increasing concentrations of either
unlabeled ET-1 (0-1 pM), PD-145065 (0-10 pM), BMS-
182874 (0—-1 mM), or BQ-788 (0—1 mM) for 120 min at
22° in a final volume of 0.2 mL. Incubation was stopped
and samples were processed as described above. The inhib-
itory constants for ET-1, PD-145065, BMS-182874, and
BQ-788 upon the '*’I-ET-1 binding to isolated cardiomy-
ocytes were preliminarily calculated according to Cheng
and Prusoff [20]. Competition binding data were then
analyzed by iterative curve fitting to a one- or two-site
binding model using a non-linear-fitting computer program
(LIGAND) to obtain the final estimation of K, for ET-1, K;
for PD-145080, BMS-182874 and BQ-788, and the recep-
tor density (B, ) values [21].

max

In Situ Hybridization Studies

cDNA probes for ET, and ETpy receptor subtypes were
prepared from the phage clones of human endothelin
receptors (ET,, American Type Culture Collection,
ATCC 105194 and ETy, ATCC 1250426). In situ hybrid-
ization studies were performed as previously described [22].
Positive controls were obtained for each sample using a
cDNA probe for the constitutively expressed D-glyceralde-
hyde-3-phosphate dehydrogenase (ATCC 57090) to ensure
that mRNA in myocardial biopsies was intact. To ensure
the specificity of the in situ hybridization signals, we performed
the following negative control studies: sections were tested
with hybridization mixture (1) without the probe and (2)
after incubation with RNAase A (1 Kunitz unit per liter)
for 1 hr at 37° before hybridization. In situ hybridization
staining was performed at the same time for all specimens
and at least twice on serial sections in each specimen.

Statistical Analysis

Each experiment was performed in triplicate. If not other-
wise indicated, all data given in the text are means *= SD.

RESULTS
Kinetic Studies

Kinetic studies revealed that the association of '*’I-ET-1
with human cardiomyocytes was specific but not readily
reversible (Fig. 1). '’I-ET-1 binding reached steady state
by 120 min and remained almost stable for the following 4
hr. The observed association constant (K_,) was 0.051 =
0.003 min~!. The addition of a 10,000-fold excess of
unlabeled ET-1 only partially displaced ’I-ET-1 specific
binding (15%) with a t;;, of 20 min. The dissociation rate
constant (K_;) was 0.034 = 0.007 min~ ' with a resulting
K, of 0.159 + 0.049 nM ™! min~'. The kinetically derived
dissociation constant was 0.22 = 0.033 nM (Fig. 1). Using
myocyte membranes instead of intact cells, we obtained the
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FIG. 1. Time-course of the association (@) and dissociation (O)
phase of '*’I-ET-1 specific binding to human isolated cardio-
myocytes. Each point represents the mean + SD.

same data, suggesting that cell uptake is not the basis for the
poor reversibility of »’I-ET-1 binding. Experiments per-
formed in swine cardiomyocytes showed a similar time
pattern with a kinetically derived dissociation constant of

0.15 = 0.012 nM.

Competition Experiments

Specific *’I-ET-1 binding to intact human and swine left
ventricular cardiomyocytes accounted for 80-85% of the
total binding and was a linear function of the number of
cells added to the binding reaction between 10° and 5 X
10° cells/mL. Scatchard analysis of binding data yielded a
straight line in both human and swine cells, with an affinity
in the low nanomolar range. In human cells, the K; was
0.43 = 0.08 nM with a B, of 42.8 = 6.6 fmol/mg protein,
corresponding to 43,724 * 6,530 binding sites/cell. ET
receptors of swine cardiomyocytes had a similar affinity and
B, (Table 1). Both unlabeled ET-1 and PD-145065

displaced '*°I-ET-1 binding in a monophasic manner, with

371

100

= ET-1
v PD-145065

754

504

25

%['2°I}-ET-1 specific bound

0 T T T T
-2 11 10 -9 -8 -7 -6 -5

Log ligand [M]
FIG. 2. Competition experiments using isolated cardiomyocytes.
Effects of ET-1 and PD-145065 on specific '**I-ET-1 binding.

Binding is expressed as the percentage of specific binding in the
absence of competitors. Each point represents the mean + SD.

Hill coefficients close to the unit (Fig. 2). Conversely,
the best fitting of competition binding data for BMS-
182874 and BQ-788 was obtained with a two-component
binding model, indicating the presence of a small per-
centage of ETy receptors (about 15% for both antago-
nists) (Fig. 3). Both BMS-182874 and BQ-788 were
highly selective, because the two mean inhibitory con-
stants (K;) were 73 = 23 nM (ET,) and >100 uM (ETy)
for BMS-182874 (Table 1) and 318 = 81 nM and 0.63 =
0.03 nM (ET, and ETp, respectively) for BQ-788.
Competition in pig cardiomyocytes yielded similar in-
hibitory constants (Table 1).

In Situ Hybridization Studies

In human hearts, negative and positive controls showed
that the hybridization was specific for mRNA and that the
mRNA in the left ventricular tissue specimens was intact
(Fig. 4, A and B). In human hearts, mRNA for ET,

receptors was expressed in both the myocytes and non-

TABLE 1. Competition studies of [*?°I]-ET-1 binding to human and swine isolated cardiomyocytes

ET-1 PD-145065 BMS-182874 BQ-788

Human cardiomyocytes

B, (fmol mg™!) 42.8 = 6.6 - - -

K, (nM) 0.43 = 0.08 6.6+ 1.7 - -

ny 0.97 0.93 0.57 0.49

ET, (%) - 85+ 2 86 *3

K, - 73 =23 nM 318 = 81 nM

ETg (%) - 15*2 14*2

K, - >100 pM 0.63 = 0.03 nM
Swine cardiomyocytes

B,... (fmol mg™') 38.5*x9.2 - - -

K, (nM) 0.24 = 0.09 9.7%x12.6 - -

ny 0.94 0.95 0.51 0.48

ETA (%) - 87=*3 87+ 4

K, - 85 + 28 nM 327+ 22nM

ETg (%) - 13x2 14=*2

K, - >100 pM 0.58 = 0.4 nM

nyy, Miu coefficient.
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FIG. 3. Competition experiments using isolated cardiomyocytes.
Effects of BMS-182874 and BQ-788 on specific **’I-ET-1 bind-

ing. Binding is expressed as the percentage of specific binding in the
absence of competitors. Each point represents the mean * SD.
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myocyte cells (Fig. 4C). In contrast, mRNA for ETg
receptors was almost exclusively expressed in fibroblasts
and endothelial cells (Fig. 4D). Similar results were ob-
tained in swine hearts.
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DISCUSSION

The present results indicate that ET, is the prevalent
(85%), but not the only, receptor subtype expressed by
normal human cardiomyocytes, since selective ET 4, (BMS-
182874) and selective ETy antagonists (BQ-788) displaced
the »’I-ET-1 binding with a non-linear pattern showing
the presence of a small percentage (15%) of ETy receptors.
Cardiac ET-1 activities are mediated by two endothelin
receptor subtypes, ET, and ETp, both represented in
human left ventricular myocardium [23] with an average
proportion of 60:40 (ET ,:ETy) [3]. The prevalent expres-
sion of ETy by interstitial cells (endothelial cells and
fibroblasts) and the shared distribution of ET, subtype
between myocyte and non-myocyte cardiac cells in human
and porcine hearts is well documented in in situ hybridiza-
tion studies. The discrepancy between the almost absent
mRNA signal for the ETy subtype in cardiomyocytes at in
situ hybridization and the 15% of ET} receptors detected at
binding studies in the same cell type might be attributed to
two factors. Firstly, the messenger and the protein of ETg
receptors might have a different half-life and turn-over and

FIG. 4. In situ hybridization for D-glyceraldehyde-3-phosphate dehydrogenase, ET 4, and ETz mRNA in myocardial sections of left
ventricular tissue of human donors (magnifications X400). (A) positive GAPDH mRNA signals in both myocytes and interstitial cells
of left ventricular tissue and (B) RNAase treatment of the same specimen. (C) positive ET, mRNA signals in both myocytes and
non-myocyte cells of left ventricle. (D) positive ET; mRNA signals in left ventricular interstitial cells.



Endothelin Receptors in Cardiomyocytes

secondly, and probably more important, the sensitivity of
non-radioactive in situ hybridization might be insufficient
to appreciate the small amount of mRNA for ETy subtype
expressed in cardiomyocytes. This different distribution of
the two ET receptor subtypes between myocyte and non-
myocyte in the left ventricle of human and pigs is similar to
that reported in previous binding studies performed on
human atrial [3] and rat ventricular myocytes and fibro-
blasts [4]. In the present study, we decided to investigate ET
receptor binding only on freshly isolated, immediately used
myocytes and not on cultured fibroblasts because of the
possible changes in membrane receptors induced by cell
passages in culture, as demonstrated for other seven-trans-
membrane domain receptors [24, 25].

The interest of the prevalent expression of ET, on
human ventricular cardiomyocytes stems from the observa-
tion that only ET 4 receptors are functionally important in
human heart [26], with the phospholipase Cfinositol
triphosphate/diacylglycerol system representing the major
intracellular signaling pathway [6]. Furthermore, ET 5 sub-
types have different intracellular effects between atrial and
ventricular cells because, as previously demonstrated in
studies performed on cardiac membranes, ET, receptors
couple to IP formation and inhibition of adenilcyclase in
atrial preparations [26], whereas in left ventricle they
couple only IP formation [26]. Under our experimental
conditions, the *’I-ET-1 binding to human cardiomyo-
cytes matched the characteristics of receptor binding such
as saturability, rapidity, and specificity of the binding, and
showed a binding affinity in the low nanomolar range.
However, using kinetic analysis we estimated that in both
human and pig hearts the affinities of ET-1 for ET,
receptors were about twice as high as those determined in
saturation analysis. These minor differences could be re-
lated to the slow kinetic of *’I-ET-1 dissociation (Fig. 1),
since determination of the K; by kinetic analysis provides a
more accurate estimate of affinity than do Scatchard
analysis and saturation binding when the binding kinetics
are very slow [20]. Other investigators have also reported
picomolar or higher affinities for '*’I-ET-1 binding to its
receptors using kinetic analysis, and much lower affinity in
saturation analysis [27-30]. Thus, the discrepancy between
the two calculated K, for the '’I-ET-1 binding might
indicate the effects of the slow equilibration time of the
binding reaction.

A previous study performed using FR139317 reported a
lower affinity and a higher density of ET 4 cardiac receptors
in pig heart in comparison to values obtained in adult
humans, but this difference probably reflects the neonatal
source of porcine tissue [11]. In our study, no major
differences were detected between human and pig ET
receptors on isolated cardiomyocytes. The close similarity
between human and swine ET receptor binding properties
seems to be particularly relevant, given that these animals
are considered among the most appropriate donors for
cardiac xenotransplantation [31]. Cyclosporine was re-
ported to enhance ET-1 formation [32], and an increased
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cardiac mRNA expression for ET-1 appears to be colocal-
ized to foci of fibroblast proliferation and myocardial
fibrosis in humans following cardiac transplantation [33].
The human-swine similarity in ET-1 receptor binding
could make possible the use of the same ET antagonists
adopted for human use in recipients of swine cardiac
xenotransplantation as well.

Differences, however, do seem to exist when the present
findings are compared with those previously reported in rat.
These pharmacological differences between human and rat
regarding both the ETy [11] and ET 5 subtypes [9, 11] may
be accounted for by the 7-9% and 12% species difference in
the primary sequences of ET, and ETy receptors, respec-
tively [9, 34, 35].

In conclusion, the present findings obtained in normal
human and pig hearts indicate that cardiomyocytes express
mainly ET , but also a low percentage of ET receptors, and
that no major differences exist between human and pig ET
receptors.
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