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Human Girardi heart cells expressing endothelin ET, receptors (GH; cells) were transfect-
ed with human ET, ¢DNA, and coexpression of ET, and ETg in the ratio of 4:6 was
demonstrated by Scatchard analysis. ['**I]Endothelin (ET)-1 binding to ET,-transfected
GH cells (GH,; cells) was displaced by an ET, antagonist, BQ-123, in a biphasic manner. An
ET; agonist, BQ-3020, and an ET; antagonist, BQ-788, inhibited ['*I]ET-1 binding to GH,;
cells in a monophasic manner with low affinities (IC;,=2,800 and 890 nM, respectively);
IC,; values for ET; receptors seemed to be as weak as those for ET, receptors. However,
BQ-3020 and BQ-788 had a high affinity for ET; receptors in a binding experiment using
(*?*I]ET-1 in the presence of 1 «M BQ-123, where ET, receptors are masked (IC;,=0.48 and
0.89 nM, respectively). The ET;-mediated increase in intracellular calcium concentrations
in GH,; cells was not affected by 0.1 «M BQ-788 alone but was inhibited significantly by the
same concentration of BQ-788 in combination with 10 uM BQ-123. ET-1 suppressed
forskolin-stimulated accumulation of cAMP through the activation of ET, and ET; in GH,s
cells; 1 «M BQ-123 or BQ-788 inhibited the suppression by only 20%, whereas a mixture of
BQ-123 and BQ-788 (1 uM each) completely inhibited the cAMP decrease. These findings
suggest that the stimulation of ET, receptors with ET-1 results in a lowering of the affinity
of BQ-3020 and BQ-788 for ET; receptors in GH,; cells. We conclude that there is intracel-
lular cross-talk between ET, and ET; receptors in GH,; cells.

Key words: cross-talk, endothelin, endothelin receptor, Girardi heart cell, signal transduc-

tion.

Endothelin (ET)-1, the most potent vasoconstrictor pep-
tide, was originally isolated from the medium of cultured
endothelial cells (1). After its discovery, two related
peptides, ET-2 and ET-3, were identified (2). There are
two subtypes of ET receptors: ET,, selective to endothelin-
1 and endothelin-2, and ET;, nonselective to the three ET
isopeptides (3, 4).

We have previously reported on the ET, antagonist,
BQ-123 [cyclo(-D-Trp-D-Asp-Pro-D-Val-Leu-)] (5), the
ETy agonist, BQ-3020 (N-acetyl-Leu-Met-Asp-Lys-Glu-
Ala-Val-Tyr-Phe-Ala-His-Leu-Asp-Iie-Ile-Trp) (6) and
the ETy antagonist, BQ-788 (IN-cis-2,6-dimethylpiper-
idinocarbonyl-L- y-methylleucyl-D- N'"-methoxycarbonyl-
tryptophanyl-D-norleucine) (7). BQ-123 and BQ-788 in-
hibit ['**I]ET-1 binding to ET, receptors in human neuro-
blastoma-derived SK-N-MC cells with IC;, values of 24
and 1,300 nM, respectively, and to ET; receptors in human
Girardi heart cells with ICs, values of 9,700 and 1.2 nM,
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Abbreviations: BQ-123, cyclo(-p-Trp-D-Asp-Pro-p-Val-Leu-); BQ-
3020, N-acetyl-Leu-Met-Asp-Lys-Glu-Ala-Val-Tyr-Phe-Ala-His-
Leu-Asp-lle-Ile-Trp; BQ-788, N-cis-2,6-dimethylpiperidinocarbon-
yl-L- y-methylleucyl-D- N'*.methoxycarbonyltryptophanyl-D-norleu-
cine; DMEM, Dulbecco’s modified Eagle’s medium; ET, endothelin;
GH,p cells, ET,-transfected human Girardi heart cells; GH; cells,
human Girardi heart cells; G-protein, guanine-nucleotide-binding-
protein; IBMX, 3-isobuty!l-1-methylxanthine; MEM, minimum es-
sential medium; FBS, fetal bovine serum.

respectively (7). BQ-3020 inhibits ['**IJET-1 binding to
ET, receptors in porcine aortic smooth muscle cells with an
1Cso value of 940 nM and to ETg receptors in porcine
cerebellar membranes with an IC;, value of 0.2 nM (6).
In vascular systems, it was initially thought that vascular
smooth muscle ET, mediates vasoconstriction and endo-
thelial ETs mediates vasodilation through release of pro-
stacyclin or nitric oxide (8, 9). However, it is now apparent
that smooth muscle ET; also mediates vasoconstriction
(10-12) and airway constriction (13). Recent studies using
some ET agonists or antagonists have demonstrated that
endothelin-induced constrictions of swine pulmonary vein,
rabbit pulmonary artery, rat stomach strip, and guinea pig
ileum were not fully explained by only an ET, and/or
ETg-mediated mechanism, thus suggesting the existence of
unidentified receptor subtypes in these tissues (14, 15).
Since such novel receptor subtypes have not been defined at
the molecular level yet, their existence is still debatable.
Recently, Maggio et al. demonstrated possible cross-talk
between muscarinic receptors using chimeric a,-adrener-
gic/M; muscarinic receptors and various other mutant M,
receptors, suggesting cross-talk between guanine-nucleo-
tide-binding-protein (G-protein)-coupled receptors (16).
Furthermore, some d-opioid receptors are considered to
interact with 4 -receptors (17, 18). As ET receptors are also
G-protein-coupled, ET, and ET;y may interact with each
other in tissues possessing both receptor subtypes, result-
ing in a change in affinity for agonists or antagonists. If such
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changes in affinities of agonists or antagonists occur, it
would be difficult to determine the receptor subtypes based
on the potencies of the agonists or antagonists toward each
receptor subtype.

Human atrium-derived Girardi heart cells are a unique
cell line that expresses ETy but not ET, (GH; cells), and in
which activation of the ETjy results in an increase in
intracellular calcium levels (19). We tried to construct a
cell line that coexpresses ET, and ETg (GH,; cells) by
means of transfection with human ET, ¢DNA and to
demonstrate possible intracellular cross-talk between the
two endothelin receptor subtypes in receptor binding
studies and by measuring intracellular calcium levels and
cAMP contents.

MATERIALS AND METHODS

Materials—BQ-123, BQ-788, and BQ-3020 were synthe-
sized in our laboratory. ['*I]ET-1 and ['**I]ET-3 were
purchased from Amersham International (Buckingham-
shire, England); ET-1 and ET-3, from Peptide Institute
(Osaka); pertussis toxin, from Sigma Chemical (St. Louis,
MO, USA); and G418, from Life Technologies (Grand
Island, NY, USA). All other chemicals and reagents used
were of the highest quality available.

Transfection and Stable Expression of the Cloned
Human ET, Receptors—The expression plasmid pCDNA-
1neo containing the entire coding region of the human ET,
receptor was a gracious gift from Dr. Jwu-Sheng Tung,
Merck Research Laboratories (Rahway, NJ, USA) (20).
The plasmid was transfected into Girardi heart cells, and
grown in minimum essential medium (MEM) containing
10% fetal bovine serum (FBS) using the calcium phosphate
method (21). After growth (48 h), the cells were selected
for stable integration of the endothelin receptor expression
vectors by adding 5 mg/ml of G418 to the medium and were
isolated by single cell cloning. The expression of ET,
receptors was confirmed by ['**I]ET-1 binding studies.

Cell Culture—GH, cells were grown in MEM containing
10% FBS and 5 mg/ml G418 at 37°C under atmospheric
conditions of 95% air-5% CO,. GH; cells were grown in
MEM containing 10% FBS under the same conditions.
Confluent cells in 24- or 96-well plates were used for each
assay.

Binding Experiments—Confluent cells were washed
three times with Hank’s balanced salt solution (HBSS)
containing 0.1% glucose and 0.3% BSA and were incubated
with ['2*I]ET-1 or ['**I]JET-3 under atmospheric condi-
tions of 95% air-5% CO,. The cells were then washed three
times with ice-cold buffer. Cell-bound radioactivity was
determined with a gamma counter (Packard: COBRA
5002). Nonspecific binding was elucidated by adding 200
nM ET-1. Membrane fractions of GHg or GH,p cells were
prepared as previously described (22) and were incubated
with ['*IJET-1 in 50 mM Tris-HC! (pH 7.4) containing
0.1 mM phenylmethylsulfonyl fluoride, 1 uM pepstatin,
2 uM leupeptin, 1 mM 1,10-phenanthroline, 1 mM EDTA,
10 uM CaCl;, 10 uM MgCl,;, and 0.1% BSA. Free and
cell-bound [**I]ET-1 were separated by filtration using
Whatman GF/C glass fiber filters. Radioactivity was
determined with the gamma counter. Nonspecific binding
was elucidated by adding 200 nM ET-1.

Measurement of Intracellular Free Calcium Ion Concen-
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tration ([Ca’*],)—[Ca?*]; was fluorometrically measured
using a Ca®*-gensitive fluorescent dye, fura-2. GHp cells
and GH,, cells were harvested using 0.25% trypsin and
0.02% EDTA. The cells were washed once with Dulbecco’s
modified Eagle’s medium (DMEM) containing 20 mM
Hepes and 0.3% BSA (pH 7.4) (DMEM/Hepes/BSA). The
cells were then suspended in DMEM/Hepes/BSA and
incubated with 2 M fura-2 acetoxymethylester at 37°C for
30 min. The cell suspensions were diluted with a 10-fold
volume of DMEM/Hepes/BSA and again incubated at 37°C
for 20 min. The fura-2-loaded cells were centrifuged and
resuspended in Krebs-Henseleit Hepes buffer containing
0.1% BSA (pH 7.4). Fluorescence intensity at an emission
wavelength of 510 nm and excitation wavelengths of 340
and 380 nm was monitored with a JASCO CAF-110 spec-
trofluorometer (Tokyo).

Measurement of cAMP Accumulation in the Cells—
After removal of the culture medium, the cells were
washed three times with Locke’s buffer, pH 7.4 (NaCl, 154
mM; KCl, 5.6 mM; CaCl,, 2 mM; MgCl,, 1 mM; NaHCO,,
3.6 mM; glucose, 5.6 mM; Hepes, 10 mM; IBMX, 0.3 mM)
and equilibrated in the buffer for 10 min at 37°C. After
pretreatment with 10 M forskolin, the cells were incubat-
ed with endothelin-1. The buffer was then changed to ice-
cold 50 mM sodium acetate buffer, pH 4.0. In some experi-
ments the cells were pretreated with 100 ng/ml pertussis
toxin for 6 h at 37°C before the assays. The samples were
quickly frozen with liquid N, and stored at —80°C until use.
The frozen samples were thawed at room temperature and
centrifuged at 2,000 X g for 15 min. The supernatant was
transferred to tubes and dried in a vacuum oven. The cAMP
content was determined using the cAMP EIA System
(Amersham, England).

Statistics—Data are expressed as mean+ SE. Statistical
comparison was performed using the analysis of variance
followed by the Newman-Keuls test; p <0.05 was taken as
the criterion of significance.

RESULTS

Expression of ET, in Transfected Girardi Heart Cells—
To confirm the expression of transfected human ET,
receptors in GH,s cells, we performed Scatchard plot
analysis using ['**I]ET-1 or ['**I]ET-3. As shownin Fig. 1,
A and B, Scatchard plot analysis using ['**I]ET-1 provided
identical K, values for GH, cells (33+6 pM) and GH;
cells (33+8 pM), and 1.8-fold different Bna.x values in
GH, 5 cells vs. GHj cells (2.1 £0.1 fmol/10° cells vs. 1.2+
0.1 fmol/10° cells). In the case of ['**I]ET-3, the K, and
Biax values in GH,j cells were 13+2 pM and 1.1+0.05
fmol/10® cells, respectively. Good agreement of Bnax
values for ['**I]ET-1 to GH; cells and ['*I]ET-3 to GH,s
cells indicates that the density of ETj receptors in GH,p
cells is about 1.2 fmol/10° cells, and that another portion of
Brex (0.9 fmol/10° cells) involves ET,. Therefore, we
consider that GH,; cells coexpress both ET, and ET; in the
ratio of 4:6.

Comparison of the Binding Affinities of BQ-3020 in
GH,p Cells and GHy Cells—['*I]ET-1 binding to GHj
cells was displaced by ET-1, ET-3, BQ-123, BQ-3020, and
BQ-788 in a monophasic manner with ICs values of
0.023+0.0002, 0.026+0.001, 9,900+1,700, 0.62+0.09,
and 1.24+0.2 nM, respectively (Fig. 2A). In GH,p cells,
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Fig. 1. Scatchard plot analysis of (A) ['**I)ET-1 () binding to
GH; cells or (B) ['*I]ET-1 (®) or ["**I]ET-3 (O) binding to GH,,
cells. Confluent cells were incubated with various concentrations of
(***IJET-1 or ['*I]ET-3 at 37°C for 4 h. The results are presented as
the mean of three individual experiments.

['*I]JET-1 binding was displaced by ET-1 in a monophasic
manner (ICs=0.054+0.009 nM), but by ET-3 and BQ-
123 in a biphasic manner. The high affinity site for BQ-123
(ICs =16 + 3 nM) represented 40% of the receptor popula-
tion, whereas the low affinity site (IC;,=17,000+2,600
nM) represented 60% of the population, suggesting the
existence of ET, and ETy receptors in a ratio of 4:6 (Fig.
2B). This receptor subtype ratio was consistent with the
result obtained in Fig. 1B. In tissues possessing both ET,
and ETp, BQ-3020 is known to inhibit ['**I}ET-1 binding in
a biphasic manner (23). Therefore, we suspected that
BQ-3020 would inhibit ['**[JET-1 binding to GH,; cells in
a biphasic manner. Contrary to our expectations, BQ-3020
showed monophasic inhibition with a low affinity (ICs, =
2,800+ 140 nM) (Fig. 2B), although it has a high affinity for
ETs in GHs cells, as shown in Fig. 2A. Furthermore,
BQ-788, having a high affinity for ETs in GH;y cells, also
displaced ['*I]ET-1 binding to GH,; cells in a monophasic
manner with a low affinity (IC;, =890+350 nM) (Fig. 2B).
The resultant IC;, values for BQ-3020 and BQ-788 to
inhibit ['**I]ET-1 binding to GH,, cells were comparable to
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Fig. 2. Effects of ET-1 (), ET-3 (), BQ-123 (w), BQ-3020 (D),
and BQ-788 (a) on ('*I]ET-1 binding to (A) GH; cells or (B)
GH,; cells. Confluent cells were incubated with 12 pM ['**I]ET-1 at
37°C for 4 h. Each point represents the mean+SE (n=3).

those previously reported for ET, (6, 7), suggesting that
the affinities of BQ-3020 and BQ-788 for ET; in GH,; cells
are more than 700 times lower than those in GHj cells.
Binding Affinities of BQ-3020 and BQ-788 for ET,
Receptors in GH,p Cells—We next conducted competitive
binding experiments using ['**I]ET-1 in the presence of 1
M BQ-123 or ['*IJET-3 to clarify the affinities of
BQ-3020 and BQ-788 for ET; in GH,; cells. ET-1, ET-3,
BQ-123, BQ-3020, and BQ-788 inhibited [***I]ET-1 bind-
ing in the presence of 1 xM BQ-123, and ['**I]ET-3 binding
to GHas cells in a monophasic manner (data not shown); the
ICs, values are summarized in Table I. The resultant IC;,
values for each ligand were comparable to those required to
inhibit {***I]ET-1 binding to ET: receptors in GHjy cells,
indicating that the affinities of BQ-3020 and BQ-788 for
ET} in GH,; cells are not different from those in GHj, cells.
Binding Studies Using a Membrane Preparation of GH, s
Cells—The experimental difference between the results
shown in Fig. 2B and Table I is only the binding of ET to
ET,. If a certain ET,-mediated intracellular signal were
required to reduce the affinities of BQ-788 and BQ-3020 for
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ETs, such a reduction should not be observed in our ['?°]]-
ET-1 binding experiments using a membrane preparation
of GH.g cells because intracellular signal transductions
ought no longer to be observable in the membrane prepara-
tions. We further investigated the effects of these ligands
on ['*I]ET-1 binding to membrane preparations of GH,;
cells or GH; cells. In membranes derived from GHj cells,
{***I]ET-1 binding was displaced by ET-1, ET-3, BQ-123,
BQ-3020, and BQ-788 in a monophasic manner with IC;s,
values of 0.0421+0.001, 0.031+0.004, 29,000+ 3,600,
0.19+0.02, and 1.7+0.2 nM, respectively (Fig. 3A). The
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Fig. 3. Effects of ET-1 (@), ET-3 (0), BQ-123 (m), BQ-3020 (0),
and BQ-788 (a) on ('*I]ET-1 binding to membrane prepara-
tions of (A) GH, cells or (B) GH,; cells. The membranes were
incubated with 12 pM ['*I]ET-1 at 25°C for 4 h. Each point repre-
sents the mean+SE (n=3).
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ICs; values for the ligands were comparable to those
observed in the cell binding experiment (Fig. 2A), indicat-
ing that the affinity of ET} for each ligand was similar in the
whole cells and in membrane preparations. Displacement
curves for ET-1 and BQ-123 in membranes derived from
GH,; cells were the same as those observed in whole cells;
ICs, values for ET-1 and BQ-123 were 0.04540.004, and
4.0+0.6 (high-affinity site; ET,), and 53,000+6,100 nM
(low-affinity site; ET;), respectively. The displacement
profiles of BQ-3020 and BQ-788 in membrane preparations
were very different from those in the whole cells; BQ-3020
displaced ['**I]ET-1 binding to membranes in a biphasic
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Fig. 4. Effects of BQ-123 (@) and BQ-788 (O) on the ET-1-
induced increase in [Ca**], in (A) GH; cells or (B) GH,; cells. The
cells were treated with the indicated concentrations of each antagonist
for 5 min and then stimulated with 100 nM ET-1. Each point repre-
sents the mean+SE (n=3).

TABLE 1. IC,, values for {'*I]ET-1 or ['*I]ET-3 binding to ET; receptors in GH,, cells. Confluent cells were incubated with 12 pM
(**I)ET-1 in the presence of 1 xM BQ-123 or 12 pM ['**I)ET-3 at 37°C for 4 h. The results are presented as the mean+ SE of three individual

experiments.
. ICso (nM)
Ligand ET-1 ET-3 BQ-123 BQ-788 BQ-3020
[(*1JET-1° 0.038£0.001 0.017+£0.004 ND* 0.89+0.1 0.49+0.1
(***I]ET-3 0.031+0.001 0.016+0.004 12,000+ 4,600 2.0 +1.0 0.27+0.05

*ET, receptors were blocked by 1 4M BQ-123. *Not determined.
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manner (ICs: 0.17+0.04 nM, ETg; 810+210 nM, ET,)
and BQ-788 displaced the binding with an IC;, of 244+3.3
nM (Fig. 3B). These results suggest that the binding of
ET-1 to ET, leads to characteristic changes in ETy in GH,;
cells, and that the changes may occur because of ET,-
mediated intracellular signaling.

Effect of Possible Cross-Talk between ET, and ETy on
[Ca**], Response—We designed experiments to determine
whether a reduction of the affinities of BQ-788 and BQ-
3020 18 observed in functional analysis. In GH; cells, both
ET-1 and ET-3 produced a dose-dependent increase of up to
100 nM in [Ca?*), with similar EC;, values of 0.31+0.03
and 0.2840.02 nM, respectively (data not shown). The
ET-.1-induced increase in [Ca**], was substantially inhib-
ited by BQ-788 (IC,,=0.58 +0.04 nM), but not by BQ-123
at concentrations of up to 100 nM (Fig. 4A), thus suggesting
an ETg-mediated response. On the other hand, in GH,s
cells, ET-1 increased [Ca®**]; by up to 100 nM with an ECs,
of 1.5+0.2 nM, and ET-3 and BQ-3020 increased [Ca?*],
by up to 2740.3 and 24+0.7 nM at the concentration of
100 nM with EC,, values of 4.564+2.7 and 4.0+0.2 nM,
respectively (data not shown). The ET-1-induced increase
in (Ca®*], was inhibited by BQ-123 with a high affinity
(ICs,=17+4.4 nM) and by BQ-788 with a low aflinity
(ICs, =6,800+530 nM). About 20% of the [Ca**], increase
was insensitive to BQ-123 (Fig. 4B), suggesting that ET-1-
induced increases in [Ca?*); are mediated by both ET, and
ET5; in a ratio of 8:2 in GH, 3 cells.

We expected that 100 nM BQ-788 would inhibit 20% of
the ET-1-induced increase in [Ca®*], in GH,5 cells, since
20% of the response was mediated by ET in GH,p cells and
100 nM BQ-788 almost completely inhibited the 100 nM
ET-1-induced increase in [Ca?**] in GHp cells (Fig. 4A).
Contrary to our expectations, 100 nM BQ-788 had no effect
on the ET-1-induced increase in [Ca**]; in GH,p cells.
However, the same concentration of BQ-788 significantly
inhibited the ET-1-induced [Ca?*], response in the pres-
ence of 10 uM BQ-123 (Fig. 5). As shown in Fig. 4B,
BQ-123 at this concentration completely blocked the

]
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ET-1-induced [Ca2*]t (% of Control)
8

0 2 z
BQ-123 (-) () +) &
BQ-788 (-} (+) -y &

Fig. 5. Effects of BQ-788 on the ET-1-induced increase in
[Ca?t], in GH,; cells in the presence or absence of BQ-123. The
cells were treated with 100 nM BQ-788 for 5 min in the presence or
absence of 10 ©M BQ-123 and then stimulated with 100 nM ET-1.
The values of BQ-788 (—) are shown as control values. Each column
represents the mean+SE (n=3). *p-values <0.05.
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ET,-mediated increase in [Ca®**],, but did not affect the
ET;s-mediated increase in [Ca®*],. In addition, the ET-3-
and BQ-3020-induced increases in [Ca?*], were also inhib-
ited completely by 100 nM BQ-788 (data not shown). These
results indicate that BQ-788 has a high affinity for ETy
unless ET, is stimulated by ET-1, and that ET, stimulation
may result in a reduction of the affinity of BQ-788 for ET;,
as observed in our binding experiments.

Effect of Possible Cross-Talk between ET, and ETy on
cAMP Response—In GHj cells, ET-1 (100 nM) had no
effect on the level of cAMP. Forskolin increased cAMP
from 3.3+0.4 pmol/10° cells (basal level) to 27+0.2
pmol/10® cells, which was reduced by ET-1 to 15+0.6
pmol/10° cells. The inhibitory effect of ET-1 on forskolin-
stimulated cAMP accumulation was completely abolished
by BQ-788 and pertussis toxin, but not by BQ-123 (Fig.
6A), suggesting a role of ETj in the inhibition of adenylate
cyclase activity by ET-1 through pertussis toxin-sensitive
G-proteins. In GH, cells, ET-1 itself could not alter cAMP,

40
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Fig. 6. Effects of BQ-123, BQ-788, and PTX on ET-1-induced
inhibition of FSK-stimulated accumulation of cAMP in (A) GH,
cells or (B) GH,x cells. Confluent cells treated with or without 100
ng/m! PTX for 6 h were incubated with 10 «M FSK in the presence
or absence of 10 uM BQ-123 or 10 zM BQ-788 for 5 min, and then
exposed to 100 nM ET-1 for 5 min. Each column represents the
mean+ SE (n=3). *p-values <0.05 compared with (A, B) FSK(+)
and ET-1(+) or (C) FSK(+) and BQ-3020 (+).
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but significantly suppressed the forskolin-induced increase
in cAMP from 30+ 0.5 to 16+0.6 pmol/10° cells. Neither
BQ-123 nor BQ-788 could inhibit the ET-1-induced sup-
pression completely at the high concentration of 10 xM
(Fig. 6B). BQ-3020 itself had no direct effect but signifi-
cantly inhibited the forskolin-induced increase in cAMP to
the same extent as ET-1 (194:-0.6 pmol/10° cells). The
inhibitory effect of BQ-3020 was abolished completely by
BQ-788 but scarcely by BQ-123 (data not shown), implicat-
ing ET; receptors. In addition, the dose-response curves for
ET-1, ET-3, and BQ-3020 to inhibit forskolin-induced
cAMP accumulation suggested the involvement of ET,
receptors. As shown in Fig. 7A, these agonists inhibited
forskolin-induced cAMP accumulation in the rank order of
ET-1>ET-3=BQ-3020 with EC,, values of 0.07, 0.9, and
0.9 nM, respectively. ET-1 was 10-fold more potent than
ET-3 or BQ-3020, suggesting a contribution of ET, recep-
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Fig. 7. (A)Dose-response curves of ET-agonists for the inhibi-
tion of FSK-stimulated cAMP accumulation in GH,, cells. The
cells were incubated with the indicated concentrations of ET-1 (@),
ET-3 (m), or BQ-3020 (a). (B) Effects of ET-antagonists on ET-1-
induced inhibition of FSK-stimulated cAMP accumulation in GH,s
cells. The cells were treated with the indicated concentrations of
BQ-123 (@), BQ-788 (m), or a mixture of equal concentrations of
these antagonists (A) for 5 min in the presence of 10 #M FSK, and
then exposed to 100 nM ET-1 for 5 min. Each point represents the
mean+ SE (n=3).
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tors. These results indicate that both ET, and ETg receptor
subtypes are involved in the suppression of cAMP in GH, 5
cells. In addition, pertussis toxin treatment of the cells
completely abolished the effects of ET-1 and BQ-3020 on
the forskolin-induced increase in cAMP, suggesting that
both ET, and ET; couple to pertussis toxin-sensitive G-
proteins.

Figure 7B indicates that BQ-123 and BQ-788 at concen-
trations of 0.1-10,000 nM had little effect on ET-1-induced
inhibition of forskolin-stimulated cAMP accumulation. The
ICs values for the antagonists were estimated to be
higher than 10 ¢ M. However, a mixture comprising equal
amounts of the two antagonists clearly inhibited the ET-1
response with an IC;, value of 28 nM each. The potencies of
the antagonists seemed to be enhanced when they were
used as a mixture. For example, BQ-123 or BQ-788 at a
concentration of 1 4M produced 20% inhibition of the ET-
1-induced suppression of cAMP, whereas a mixture of 1
#M of each antagonist completely inhibited the ET-1
response. Blockade of either ET, or ETg barely inhibited
the ET-1 response, but blockade of both receptors inhibited
the effect of ET-1 on forskolin-stimulated cAMP accumula-
tion, suggesting a synergistic action of ET, and ET; to
inhibit adenylate cyclase activity.

DISCUSSION

In the present study, the competition binding study of GH,p
cells using ['**I]ET-1 showed that the affinities of BQ-3020
and BQ-788 for ET;, receptors in GH,; cells were more than
700 times lower than those in GH; cells. However, when
ET, was free from ET-1, the affinities of these ligands to
ET; in GH,p cells were almost comparable to those in GHy
cells. Therefore, we considered that the stimulation of ET,
with ET-1 may reduce the affinities of BQ-3020 and
BQ-788 for ET;s. In function studies, 20% of the ET-1-
induced increase in [Ca?*]; was mediated by ETg in GH,
cells; BQ-788 (100 nM) had no effect on this {[Ca?*],
increase, but significantly inhibited it in the presence of
BQ-123. ET-1 decreased cAMP through ET, and ET; in
GH,; cells, and the ability of BQ-788 to inhibit the ET-1-
induced cAMP decrease was significantly enhanced by BQ-
123. Therefore, the affinity of BQ-788 for ET; seems to be
reduced by the stimulation of ET, with ET-1. Further-
more, in contrast to the results in Fig. 2B, BQ-3020
increased (Ca®*], and decreased forskolin-stimulated accu-
mulation of cAMP in GH,; cells as potently as ET-3 did,
suggesting a high affinity of BQ-3020 to ET; when ET, is
not stimulated by ET-1. Thus, we believe that there is
cross-talk between ET, and ET; in GH, 5 cells. Stimulation
of ET, receptors with ET-1 may induce a characteristic
change in ETjy receptors.

Receptors added to the membranes prepared from cells
are not linked to the intracellular signal transduction
cascades. Therefore, we conducted binding experiments
using a membrane preparation of GH,p cells to examine
whether intracellular signaling was involved in the cross-
talk between ET, and ET; receptors. Under this experi-
mental condition, we could not observe a lowering of the
affinity of BQ-3020 or BQ-788 for ETp receptors. There-
fore, we conclude that stimulation of ET, receptors induces
a characteristic change in ETg receptors through ET,-
mediated intracellular signaling, resulting in a lowering of
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the affinities of BQ-3020 and BQ-788 for ET; receptors.

Interestingly, in contrast with the results for BQ-3020
and BQ-788 in Fig. 2B, ET-3 displaced ('*I]ET-1 binding
to GH,3 cells in a biphasic manner, suggesting that ET-3
possesses high affinity for ET; even when ET-1 binds to
ET, in GH,; cells. Therefore, we thought it important to
evaluate the binding profile of another ETj-selective ligand
to examine whether the affinity-lowering of ET;-selective
ligands was applicable only to BQ-3020 and BQ-788.

Recently, Ogawa et al. have reported a novel ET;-selec-
tive antagonist, RES-701-4, obtained from the culture
broth of Streptomyces sp. (24). The IC,, values of RES-701-
4 for ET, and ETg have been reported to be >1,000 nM
(bovine lung) and 8 nM (bovine cerebellum), respectively.
Therefore, we next examined the inhibition profile of this
antagonist in GH,p cells. RES-701-4 was found to have a
high affinity for ETp in GHp cells (IC,,; 36 nM), while it
inhibited {***I]ET-1 binding to GH,; cells in a monophasic
manner with a low affinity (ICs; 20,000 nM, data not
shown), suggesting that the ET-1-induced affinity-lowering
of ET;-selective ligands for ETy was not specific to BQ-
3020 and BQ-788.

Recent point-mutagenesis studies in ET receptors re-
vealed that a single amino acid replacement within hET, or
hET; differentially affects the binding affinity of some
ET-ligands (25, 26). Lee et al. demonstrated that replace-
ment of Lys'®? in hETy by Arg, Ala, Met, Asp, or Glu does
not alter the affinity of ET-1 for mutant receptors, but
results in a decrease in binding affinity of ET-2 (11-
48-fold), ET-3 (70-280-fold), sarafotoxin s6c (88-880-
fold), and IRL 1736 (4,900-30,000-fold) for the mutant
receptors (27), suggesting that various ET peptides do not
quantitatively use the same set of receptor-ligand interac-
tions when bound to hET;.

One possible speculation to explain the difference be-
tween ET-3 and other ET;-selective ligands tested in our
present study is that stimulation of ET, receptors with
ET-1 induces a partial conformational change in ET;
receptors, lowering the affinity for ETy of some ETj;-selec-
tive ligands, but not ET-3. However, the reason why the
ET-1 differently alters the affinity of ET-3 and other
ET;-selective ligands for ETz in GH,z cells remains
unclear.

Avissar et al. have demonstrated that rat heart and brain
muscarinic receptors take a dimeric form by using photo-
affinity labeling (28). Potter et al. reached a similar
conclusion based on systematic analysis of the agonist
binding properties of muscarinic receptors in various rat
tissues (29). Recently, Maggio et al. demonstrated a
functional interaction between muscarinic receptor sub-
types by using chimeric receptors (16). Furthermore, some
6-opioid receptors are considered to be able to interact with
u-receptors (I18). Rothman et al. demonstrated that a
u-receptor antagonist, #-funaltrexamine, attenuates the
ability of 6-antagonists and naloxone to reverse &-recep-
tor-mediated physiological effects (17). Jiang ef al. have
confirmed, using the mouse tail-immersion test, that at
sub-antinociceptive doses &-opioid receptor agonists modu-
late antinociceptive responses to 4 -opioid receptor agonists
(30). A similar paradigm in which ET, and ETy receptors
form a complex may explain the characteristic changes in
ET; receptors observed in this study.

Some studies have demonstrated subtype-selective
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short-term desensitization of receptors. Liggett et al
found that agonist stimulation of £;-adrenergic receptors
results in desensitization of the receptors, which depend on
the agonist-induced phosphorylation of the C-terminal tail
of the receptors, while 8 receptors do not have such a
property of desensitization (31). A;-Adenosine receptors
and ,C10- and «,C2-adrenergic receptors, but not A,
receptors and «,C4 receptors, also undergo agonist-pro-
moted desensitization, which is thought to depend on cAMP
accumulation and phosphorylation of the third intracellular
loop of the receptors (32, 33). We hypothesize that certain
intracellular signaling derived from ET, may induce partial
desensitization of ET receptors, resulting in a lowering of
the affinities of BQ-3020 and BQ-788 for ET}; receptors.
However, the mechanism of interaction between ET, and
ET; receptors remains to be clarified.

Recent pharmacological studies in isolated vascular and
non-vascular tissues have suggested the possible existence
of another receptor subtype (34). Swine pulmonary vein,
rabbit pulmonary artery, and guinea pig ileum possessing
both ET, and ETj are considered to have the third receptor
subtype, since the responses of these tissues cannot be fully
explained by the activity of the known receptors, ET, and
ET:s (14, 15). The present study demonstrated that the
stimulation of ET, results in a change in the affinity of BQ-
3020 and BQ-788 for ETj receptors in GH,; cells possess-
ing both receptor subtypes. If such cross-talk between ET,
and ET; occurred in the tissues mentioned above, receptor
subtypes responsible for contraction could not be defined
based on the potencies of known ET, and ET; ligands.
Furthermore, only ET, and ETjg, but not a third receptor
subtype, were detected in rabbit pulmonary artery and
guinea pig ileum in ['**I]ET-1 binding experiments using
membrane preparations of these tissues (12, 35). There-
fore, the receptor interaction might be a sufficient alterna-
tive explanation for these pharmacological events.

In the present study, we created Girard heart cells
coexpressing ET, and ETy by transfecting Girardi heart
cells with human ET, ¢cDNA and demonstrated a possible
characteristic change in ETy upon stimulation of ET,. Our
results suggest that some of the vascular or nonvascular
contraction considered to be mediated by novel endothelin
receptor subtypes can be explained by an interaction
between ET, and ET} receptors.

The authors thank Dr. Jwu-Sheng Tung (Merck Research Labora-
tories, Rahway, NJ, USA) for providing the expression plasmid of
human ET, receptors and Ms. Anne Thomas (Merck & Co., Rahway,
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REFERENCES

1. Yansagisawa, M., Kurihara, H., Kimura, S., Tomobe, Y., Ko-
bayashi, M., Mitsui, Y., Yazaki, Y., Goto, K., and Masaki, T.
(1988) A novel potent vasoconstrictor peptide produced by
vascular endothelial cells. Nature 332, 411-415

2. Inoue, A., Yanagisawa, M., Kimura, S., Kasuya, Y., Miyauchi,
T., Goto, K., and Masaki, T. (1989) The human endothelin
family: three structurally and pharmacologically distinct isopep-
tides predicted by three separate genes. Proc. Natl. Acad. Sci.
USA 88, 2863-2867

3. Arai, H., Hori, S., Aramori , L., Ohkubo, H., and Nakanishi, S.
(1990) Cloning and expression of a cDNA encoding an endothelin
receptor. Nature 348, 730-732

4. Sakurai, T., Yanagisawa, M., Takuwa, Y., Miyazaki, H., Kimura,

J. Biochem.

2T0Z ‘2 $800100 U0 [e1idsoH UensuyD enybuey) e /61o0'sjeulnopiojxorql//:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

Cross-Talk between ET, and ETs Receptors

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

S., Goto, K., and Masaki, T. (1990) Cloning of a cDNA encoding
a non-isopeptide-selective subtype of the endothelin receptor.
Nature 348, 732-735

. Thara, M., Noguchi, K., Saeki, T., Fukuroda, T., Tsuchida, S.,

Kimura, S., Fukami, T., Ishikawa, K., Nishikibe, M., and Yano,
M. (1992) Biological profiles of highly potent novel endothelin
antagonists selective for ET, receptor. Life Sci. 50, 247-255

. Thara, M., Saeki, T., Fukuroda, T., Kimura, S., Ozaki, S., Patel,

A.C., and Yano, M. (1992) A novel radioligand ['**1]BQ-3020
selective for endothelin (ETg) receptors. Life Sci. 51, PL 47-52

. Ishikawa, K., Thara, M., Noguchi, K., Mase, T., Mino, N., Saeki,

T., Fukuroda, T., Fukami, T., Ozaki, S., Nagase, T., Nishikibe,
M., and Yano, M. (1994) Biochemical and pharmacological profile
of a newly developed, potent and selective endothelin B receptor
antagonist BQ-788. Proc. Natl. Acad. Sci. USA 91, 4892-4896

. De Nucci, G., Thomas, R., D’Oreleans-Juste, P., Antunes, E.,

Walder, C., Warner, T.D., and Vane, J.R. (1988) Pressor effects
of circulating endothelin are limited by its removal in the
pulmonary circulation and by the release of prostacyclin and
endothelium-derived relaxing factor. Proc. Natl. Acad. Sci. USA
85, 9797-9800

. Warner, T.D., Mitchell, J.A., De Nucci, G., and Vane, J.R.

(1989) Endothelin-1 and Endothelin-3 release EDRF from iso-
lated perfused arterial vessels of rat and rabbit. J. Cardiovasc.
Pharmacol. 13 (Suppl. 5), S85-S89

Moreland, S., McMullen, D.M., Delaney, C.L., Lee, V.G., and
Hunt, J.T. (1992) Venous smooth muscle contains vasocon-
strictor ETy-like receptors. Biochem. Biophys. Res. Comunun.
184, 100-106

Clozel, M., Gray, G.A., Breu, V., Léffler, B.-M., and Osterwal-
der, R. (1992) The endothelin ET; receptor mediates both
vasodilation and vasoconstriction in vivo. Biochem. Biophys. Res.
Commun. 186, 867-873

LaDouceur, D.M., Flynn, M.A_, Keiser, J.A., Reynolds, E., and
Haleen, S.J. (1993) ET, and ET; receptors coexist on rabbit
pulmonary artery vascular smooth muscle mediating contraction.
Biochem. Biophys. Res. Commun. 196, 209-215

Hay, D.W.P., Luttmann, M.A., Hubbard, W.C., and Undem,
B.J. (1993) Endothelin receptor subtypes in human and guinea-
pig pulmonary tissues. Br. J. Pharmacol. 110, 1175-1183
Sudjarwo, S.A., Hori, M., Takai, M., Urade, Y., Okada, T., and
Karaki, H. (1993) A novel subtype of endothelin B receptor
mediating contraction in swine pulmonary vein. Life Sci. 83,
431-437

Warner, T.D., Allcock, G.H., Corder, R., and Vane, J.R. (1993)
Use of the endothelin antagonists BQ-123 and PD 142893 to
reveal three endothelin receptors mediating smooth muscle
contraction and the release of EDRF. Br. J. Pharmacol. 110, 777-
782

Maggio, R., Vogel, Z., and Wess, J. (1993) Coexpression studies
with mutant muscarinic/adrenergic receptors provide evidence
for intermolecular “cross-talk” between G-protein-linked recep-
tors. Proc. Natl. Acad. Sci. USA 90, 3103-3107

Rothman, R.B., Long, J.B., Bykov, V., Jacobson, A.E., Rice,
K.C., and Holaday, J.W. (1988) 8-FNA binds irreversibly to the
opiate receptor complex: in vivo and in vitro evidence. J.
Pharmacol. Exp. Ther. 247, 405-416

Traynor, J.R. and Elliott, J. (1993) ¢8-Opioid receptor subtypes
and cross-talk with g-receptors. Trends Pharmacol. Sci. 14, 84-
86

Mihara, S. and Fujimoto, M. (1992) Non-isopeptide-selective
endothelin receptors in human Girardi heart cells. Life Sci. 50,
219-226

Vol. 121, No. 3, 1997

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

447

Williams, Jr., D.L., Jones, K.L., Alves, K., Chan, C.P., Hollis,
G.F., and Tung, J.-S. (1993) Characterization of cloned human
endothelin receptors. Life Sci. 53, 407-414

Graham, F.L. and van der Eb, A.J. (1973) A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology 62,
456-467

Thara, M., Saeki, T., Funabashi, K., Nakamichi, K., Yano, M.,
Fukuroda, T., Miyaji, M., Nighikibe, M., and Ikemoto, F. (1991)
Two endothelin receptor subtypes in porcine arteries. J. Cardio-
vasc. Pharmacol. 17, S119-121

Kobayashi, M., Thara, M., Sato, N., Saeki, T., Ozaki, S., Ikemoto,
F., and Yano, M. (1993) A novel ligand ['**I1)BQ-3020, reveals
the localization of endothelin ET; receptors. Eur. J. Pharmacol.
235, 95-100

Ogawa, T., Ochiai, K., Tanaka, T., Tsukuda, E., Chiba, S., Yano,
K., Yamasaki, M., Yoshida, M., and Matsuda, Y. (1995) RES-
701-2, -3, -4, novel and selective endothelin type B receptor
antagonists produced by Streptomyces sp. J. Antibiotics 48,1213~
1220

Lee, J.A., Elliott, J.D., Sutiphong, J.A., Friesen, W.dJ., Ohlstein,
E.H., Stadel, J.M., Gleason, J.G., and Peishoff, C.E. (1994) Tyr-
192 is important to the peptide ligand affinity and selectivity of
human endothelin type A receptor. Proc. Natl. Acad. Sci. USA
91, 7164-7168

Webb, M.L., Patel, P.S., Rose, P.M., Liu, E.C.K., Stein, P.D.,
Barrish, J., Lach, D.A., Stouch, T., Fisher, S.M., Hadjilambris,
0., Lee, H., Skwish, S., Dickinson, K.E.J., and Krystek, R. Jr.
(1996) Mutational ansalysis of the endothelin type A receptor
(ET,): interactions and model of the selective ET, antagonist
BMS-182874 with the putative ET, receptor binding cavity.
Biochemistry 35, 2548-2556

Lee, J.A., Brinkmann, J.A., Longton, E.D., Peishoff, C.E., Lago,
M.A., Leber, J.D., Cousins, R.D., Gao, A., Stadel, J.M., Kumar,
C.S., Ohlstein, E.H., Gleason, J.G., and Elliott, J.D. (1994) Lys
182 of endothelin B receptor modulates agonist selectivity and
antagonist affinity: evidence for the overlap of peptide and non-
peptide ligand binding sites. Biochemistry 33, 14543-14549
Avissar, S., Amitai, G., and Sokolovski, M. (1983) Oligomeric
structure of muscarinic receptors is shown by photoaffinity
labeling: subunit assembly may explain high- and low-affinity
agonist states. Biochemistry 80, 156-159

Potter, L.T., Ballesteros, L.A., Bichajian, L.H., Ferrendelli,
C.A., Fisher, A., Hanchett, H.E., and Zhang, R. (1991) Evidence
for paired m, muscarinic receptors. Mol. Pharmacol. 39, 211-221
Jiang, Q., Mosberg, H.I., and Porreca, F. (1990) Modulation of
the potency and efficacy of mu-mediated antinociception by delta
agonists in the mouse. J. Pharmacol. Exp. Ther. 2564, 683-689
Liggett, S.B., Freedman, N.J., Schwinn, D.A., and Lefkowitz,
R.J. (1993) Structural basis for receptor subtype-specific regula-
tion revealed by a chimeric £,/ 5,-adrenergic receptor. Biochemis-
try 980, 3665-3669

Ramkumar, V., Olah, M.E., Jacobson, K.A., and Stiles, G.L.
(1991) Distinct pathways of desensitization of A,- and A;-adeno-
sine receptors in DDT, MF-2 cells. Mol. Pharmacol. 40, 639-647
Eason, M.G. and Liggett, S.B. (1992) Subtype-selective desen-
sitization of a,-adrenergic receptors. JJ. Biol. Chem. 287, 25473-
25479

Bax, W.A. and Saxena, P.R. (1994) The current endothelin
receptor classification: time for reconsideration? Trends Phar-
macol. Sci. 16, 379-386

Hori, M., Sudjarwo, S.A., Oda, K., Urade, Y., and Karaki, H.
(1994) Two types of endothelin B receptors mediating relaxation
in the guinea pig ileum. Life Sci. 54, 645-652

ZT0Z ‘2 Je0o100 uo [eridsoH uensuyd enybueyd Te /610°s feuinopioxo-qlj/:dny wouy pepeojumoq


http://jb.oxfordjournals.org/

