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1 Desensitization of ETA endothelin receptor (ETAR) was compared between the rat and guinea-pig
with regard to negative chronotropic response (NC) in the right atria (RA).

2 ET-1 (100 nM) produced distinct NC in the presence of BQ788 (300 nM), and positive chronotropic
response (PC) in the presence of BQ123 (1 mM) in both species, showing that ETAR and ETB endothelin
receptor (ETBR) mediate NC and PC, respectively.

3 Repetitive applications of ET-1 (50 nM) desensitized PC, and the second application only induced a
strong NC in both species. Later applications of ET-1 produced virtually no response in the rat RA,
whereas they produced BQ123-sensitive NCs repetitively in guinea-pig RA, exhibiting marked species
di�erence in desensitization of ETAR-mediated NC.

4 Pretreatment with staurosporine (100 nM) prevented desensitization of ETAR in the rat RA
altogether. However, phorbol 12-myristate 13-acetate (PMA, 300 nM) failed to induce, but rather
hampered, desensitization of ETAR.

5 Partial amino acid sequencing of ETARs, spanning from the 2nd through the 4th intracellular loops,
revealed that all the potential Ser/Thr phosphorylation sites, including a protein kinase C (PKC) site, are
conserved among guinea-pigs, rats, rabbits, bovines and humans.

6 In guinea pig RA, pretreatment with okadaic acid (1 mg ml71) and PMA did not facilitate
desensitization of ETAR whereas these agents successfully desensitized ETAR during combined
stimulation of b-adrenoceptor and ETAR by isoproterenol (300 nM) and ET-1 (100 nM).

7 These results suggest that species di�erences in desensitization of ETAR are not caused by di�erences
in the site(s) of, but caused by di�erences in the environment for phosphorylation of the receptor.
Desensitization of ETAR appears to require phosphorylation of the receptor by PKC as well as a kinase
stimulated by b-adrenoceptor activation.
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Introduction

The endothelins (ETs) are a family of potent vasoactive

peptides termed endothelin-1, -2 and -3 (ET-1, -2 and -3), all of
which consist of 21 amino acid residues (Inoue et al., 1989).
The ®rst member of the family, ET-1, was initially described as

a potent vasoconstrictor produced by vascular endothelial cells
(Yanagisawa et al., 1988). ETs exert a wide variety of
biological actions, mediated by speci®c cell surface receptors

that belong to the superfamily of heptahelical G-protein
coupled receptors (GPCRs; Masaki et al., 1992; Morello &
Bouvier, 1996). To date, two subtypes of endothelin receptor,
named ETA and ETB endothelin receptors (ETAR and ETBR),

have been identi®ed (Arai et al., 1990; Hosoda et al., 1991; Lin
et al., 1991; Sakurai et al., 1990; Sakamoto et al., 1991). The
ETAR has an a�nity rank order of ET-15ET-2 > ET-3,

whereas the ETBR exhibits similar a�nities to all the three
isopeptides. ETAR and ETBR have distinct cell-type/tissue
distributions and thus mediate di�erent physiological actions

of ETs (Masaki et al., 1992). After full characterization of the

ETAR and ETBR, a number of selective ligands have been
developed. These include BQ123 and BQ788 which are,
respectively, ETAR- and ETBR-selective antagonists (Ihara et

al., 1992; Ishikawa et al., 1994), and BQ3020, an ETBR-
selective agonist (Kobayashi et al., 1993).

GPCRs play a key role in transmitting and regulating

neuroendocrine stimuli through their three major functions: (1)
ligand binding; (2) e�ector coupling and (3) desensitization.
Recent recombinant DNA techniques have facilitated investi-
gations into the structure-function relationships of ET

receptors with particular regard to the selectivities of ligand
binding and coupling to subclasses of G-proteins (Sakamoto et
al., 1993; Krystek et al., 1994; Takagi et al., 1995; Koshimizu et

al., 1995). For example, the 3rd intracellular loop of human
ETAR was found be important for the interaction with Gs
protein when expressed in CHO cells (Takagi et al., 1995).

Palmitoylation of one of the cysteine residues in the C-terminal
tail of human ETAR, which constructs the 4th intracellular
loop in the receptor, was found to be necessary for activation

of Gq protein (Horstmeyer et al., 1996). The C-terminal tail of
human ETAR was shown not to be responsible for its
uncoupling from Gq protein (Cyr et al., 1993). Here one has
to bear an important fact in mind, that all the three
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characteristics of GPCRs' functions are strongly in¯uenced
not only by their intrinsic structures and their ligands but also
by the intracellular environment to which the receptors are

exposed. For example, bovine and human ETARs couple with
Gs protein when expressed in CHO cells (Aramori &
Nakanishi 1992; Takagi et al., 1995), while ETAR couples
with Gi protein in hearts of guinea-pig (Ono et al., 1994; 1995a;

James et al., 1994) and humans (Vogelsang et al., 1994).
It is well known that desensitization of ET receptors

develops very rapidly and lasts much longer than in other

GPCRs such as b-adrenergic and neurokinin A receptors (Cyr
et al., 1993). However, the mechanisms underlying desensitiza-
tion of ET receptors are only poorly understood. Following our

previous discovery that ETAR mediates NC in RA (Ono et al.,
1994; 1995a, b), we encountered the surprising phenomenon
that although NC in RA mediated by ETAR desensitizes in the

rat, it does not desensitize in the guinea-pig. This striking
®nding is reminiscent of the previous belief that ET receptors
do not display homologous desensitization as evidenced by the
uniquely long-lasting vasoconstricting activity of ETs. By

making use of the guinea-pig RA as a model system that
spontaneously lacks desensitization of ETAR, we set out to
investigate the molecular mechanisms for desensitization of

ETAR in terms of negative chronotropic response. The
importance of phosphorylation of GPCRs for their desensitiza-
tion has been elucidated recently (Sibley et al., 1987; Dohlman

et al., 1991; Premont et al., 1995). ETARs of bovines, rats and
humans carry in common a single potential phosphorylation
site for PKC (XRXXSXRX) in their 3rd intracellular loops

(Kemp & Pearson, 1990; Lin et al., 1991) whereas none of these
carries Ser/Thr residue in its 1st intracellular loop (Arai et al.,
1990; Hosoda et al., 1991; Lin et al., 1991), indicating structural
importance of the region spanning from the 2nd through the

4th intracellular loops of ETAR for its e�ector coupling and
desensitization. We isolated and sequenced the corresponding
region of cDNAs for guinea-pig ETAR, as well as those for

rabbit ETAR for the reference, in order to search for a possible
di�erence in amino acid sequence involved in phosphorylation,
and investigated the role of PKC in desensitization of NC

mediated by ETAR. Preliminary results have been reported in
abstract form (Ono et al., 1996).

Methods

Measurement of RA rate

Male Hartley guinea-pigs (350 ± 450 g body weight) and
Wistar rats (300 ± 350 g body weight) were used. Under

anaesthesia with pentobarbitone (50 mg kg71, i.p.), hearts
were quickly removed and RA dissected out in modi®ed
Krebs'-Ringer solution of the following composition (mM);

NaCl 113, KCl 4.8, CaCl2 2.2, KH2PO4 1.2, MgSO4 1.2,
NaHCO3 25 and D-Glucose 5.5. The Krebs'-Ringer solution
was maintained at 378C and bubbled with 95% O2 ± 5% CO2.
RAs were suspended in organ baths containing 20 ml of the

modi®ed Krebs'-Ringer solution continuously bubbled with
95% O2 ± 5% CO2, under the initial basic tensions of 0.5 g.
After an equilibration period of at least 30 min, application of

ET-1 was started. Spontaneous contractions of RA were
detected with a force-displacement transducer (Nihon Kohden
TB-611T, Tokyo, Japan) connected to an ampli®er (Nihon

Kohden AP-621G, Tokyo, Japan) and recorded on an Apple
Macintosh computer using the MacLab1 recording system
(AD Instruments, Castle Hill, NSW, Australia). RA rate was
counted `on-line' using the software `Chart'.

PMA, staurosporine and okadaic acid were dissolved in
DMSO, and BQ788 in methanol, at concentrations 1000 fold
greater than ®nal desired concentrations in the organ bath.

BQ123 was once dissolved in DMSO at a concentration of
0.5 mg/100 ml, and further diluted with distilled water to make
a concentration 200 fold greater than the desired ®nal
concentration. ET-1, isoproterenol(ISO)⋅HCl and acetylcholi-

ne(ACh)⋅HCl were dissolved in distilled water, and BQ3020
once dissolved in methanol and diluted by 0.05% bovine serum
albumin, at concentrations 200 fold greater than the desired

®nal concentrations. Aliquots of these stock solutions were
applied into the organ bath.

To record repeat-dependent desensitization of ETAR, ET-1

was applied to the organ bath for 5 min, unless otherwise
indicated, and the maximum magnitude of NC or PC attained
during this period was measured over the basal RA rate. When

ET-1 was applied in the presence of ISO, decline in RA rate
from the rate in the presence of ISO was measured as the NC.
After washing ET-1 throughly with Krebs'-Ringer solution, a
30 min period for recovery was given before the next

application of ET-1 was started. Time for the pretreatments
with BQ788, BQ123 or okadaic acid were 20 min, and that
with PMA was 10 min. Staurosporine was added to the organ

bath 20 min before the 1st application of ET-1 and was present
throughout the experiment.

Determination of partial amino acid sequence of ETA

endothelin receptor

Ten mg of total RNA prepared from whole hearts of guinea-
pigs or rabbits was reverse transcribed by Super Script II
(GIBCO BRL, Gaithersburg, MD, U.S.A.) and subjected to
RT-PCR. Guinea-pig or rabbit ETAR cDNAs encompassing

from the 2nd through the 4th intracellular loops were ampli®ed
by Thermal Cycler 480 (Perkin Elmer, Norwalk, CT, U.S.A.)
with a primer set: 5'-TCTGCGCGCTAAGTGTTGA-
CAGGT-3' (upper primer) and 5'-TCATCAGGCTTTAG-
GACTGGTAAC-3' (lower primer). The reactions were
carried out under the following condition: ampli®ed with 30

cycles of 948C for 1 min, 558C for 30 s and 728C for 1 min, and
extended at 728C for 10 min. Based on the reading frame of
cDNAs for ETARs of humans (Hosoda et al., 1991), rats (Lin et
al., 1991) and bovines (Arai et al., 1990), the amino acid

sequences for guinea-pig and rabbit ETARs were deduced from
their cDNA sequences, which were directly determined on both
strands by 373A DNA autosequencer (Applied Biosystems,

Inc., Foster City, CA, U.S.A.). Multiple-alignment of the
amino acid sequences for ETARs was performed by Gene-
Works software (IntelliGenetics, Mountain View, CA, U.S.A.).

Materials

PMA and staurosporine were purchased from Sigma Chemical
Co. (St. Louis, MO, U.S.A.), and okadaic acid from Wako
Pure Chemical Industries Ltd. (Osaka, Japan). ET-1 was from
Peptide Institute Co. (Ibaraki, Japan). BQ123 and BQ788 were

from American Peptide Co. (Sunnyvale, CA, U.S.A.). BQ3020
was kindly provided by Drs M. Ihara and M. Yano of Banyu
Pharmaceutical Co. (Tsukuba, Japan). All other chemicals

were of analytical grade.

Statistical analyses

All values are expressed as means+s.e.m.. Statistical analyses
were performed by using the StatView software (Abacus
Concepts, Inc. CA, U.S.A.). Repeat-dependency of the e�ect
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of ET-1 was statistically approved by the repeated measure
ANOVA. Statistical di�erence between two groups was tested
by ANOVA and Student's t-test. A value of P50.05 was

considered to be statistically signi®cant.

Results

Distinct roles of ETAR and ETBR in chronotropic
responses induced by ET-1

ET-1 (100 nM) induced both NC and PC in spontaneously
beating RA of the rat and guinea-pig (Figure 1a and b: left

panels), producing biphasic and triphasic chronotropic pro®les
in the rat and guinea-pig, respectively. In the rat, ET-1 usually
induced an initial rapid and profound decline of RA rate,

followed by a slow and steady increase (Figure 1a and b: top left
panels). In guinea-pig RA, on the other hand, ET-1 caused an
initial decline in RA rate, which was relatively small in size, a
following increase in RA rate which was relatively fast and a

slow declining phase once the peak response was reached
(Figure 1a and b: bottom left panels). BQ788 (300 nM), an
ETBR-selective antagonist (Ishikawa et al., 1994), eliminated

the positive chronotropic component such that ET-1 produced
a profound NC both in the rat and guinea-pig RAs in the
presence of BQ788 (Figure 1a, b (centre panels) and c). On the

other hand, BQ123 (1 mM), an ETAR-selective antagonist

(Ihara et al., 1992), almost completely blocked the initial
negative chronotropic component in RAs from both the rat and
guinea-pig (Figure 1a, b (right panels) and c; Ono et al., 1995a)

and signi®cantly enhanced the magnitude of PC (Figure 1c).

Repetitive applications of ET-1 in guinea-pig and rat
RAs

Desensitizations of both NC and PC, which were found to be
mediated by ETAR and ETBR respectively, were examined by

repetitive applications of ET-1 (50 nM) following extensive
washout and a 30 min recovery period. ET-1 did not elicit PC
at the second application any more, either in the rat or guinea-

pig RA, showing that ETBR-mediated PC desensitized easily
(Figures 2 and 3). Desensitization of the ET-1 response did not
a�ect the strong positive chronotropic e�ect of ISO, indicating

that the peptide did not heterologously desensitize b-
adrenoceptor-mediated PC (Figures 2 and 3).

The second application of ET-1 caused a profound NC in
both species. This NC, which we previously found to be

mediated by ETAR (Ono et al., 1994; 1995a,b), exhibited
marked species di�erence in its repeat-dependency. In the rat
RA, NC induced by ET-1 desensitized very easily (Figures 2

and 3a). In clear contrast, repetitive applications of ET-1 to
guinea-pig RA invariably produced a marked decline in RA
rate, which even tended to be augmented initially with the

repetitive applications (Figures 2 and 3a). The magnitude of

Figure 1 Distinct roles of ETAR and ETBR in the regulation of RA rate in rats and guinea-pigs. (a, b) Typical recordings (a) and
mean time courses (b) of RA rate responses (bpm; beats per min) induced by ET-1 (100 nM) in the rat (upper panels) and guinea-pig
(GP, lower panels) RAs. ET-1 was applied at points indicated by arrows in (a) or at time=0 in (b), in the absence of antagonists
(left), in the presence of BQ788 (ETBR-selective antagonist, 300 nM, centre) and in the presence of BQ123 (ETAR-selective
antagonist, 1 mM, right). Horizontal bars in (a) indicate 5 min. In (b) data points were obtained every 5 s from ®ve to eight
independent experiments for each panel. Vertical bars denote s.e.m. (c) Mean of maximum changes in RA rate induced by ET-1
(100 nM) attained in 10min. Vertical bars denote s.e.m.. In parentheses are the numbers of experiments. *P50.05, **P50.01;
signi®cantly di�erent from the control values in each species.
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NC in response to the 3rd application of ET-1 was almost
comparable to that induced by ET-1 in the presence of BQ788
as measured at 5 min after the application of the peptide

(Figures 1a, b and 3a). This desensitization-resistant NC in the
guinea-pig RA was almost completely blocked by BQ123
(1 mM, Figures 2 and 3b). The repeated measure ANOVA
indicated that the magnitude of NC induced by ET-1 was

signi®cantly repeat-dependent both in the rat (P50.01) and
guinea-pig (P50.001) RAs (Figure 3a). However, the time-
course of the decline in NC in guinea-pig RAs, along with the

repeated applications of ET-1, was signi®cantly slower than
that in the rat RAs (P50.05). In fact, NCs in response to the
3rd through the 8th applications of ET-1 were signi®cantly
larger in the guinea-pig RA than in the rat RA (Figure 3a).

Figure 2 Species di�erence in the desensitization of chronotropic responses induced by repetitive applications of ET-1 (50 nM). (a)
Typical recordings of RA rate in the rat (top panel) and guinea-pig (GP, middle and bottom panels), representative of ®ve to seven
independent experiments. In the bottom panel, BQ123 (1 mM) was present during the 6th application of ET-1. The numbers in
parentheses denote application orders of ET-1. (b) Mean RA rate before (basal) and after the application of ET-1 and ET-1 plus
ISO. Vertical bars denote s.e.m.. Numbers along the abscissas indicate application orders of ET-1. *P50.05, **P50.01 (paired t-
test); signi®cantly di�erent from each basal value.
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Long-term treatment with ET-1

Treatment of guinea pig RA with ET-1 for 30 min still
failed to cause desensitization of the ETAR-mediated NC

(Figure 4). The initial application of ET-1 (50 nM) induced a
typical chronotropic response consisting of two and three
phases in the rat and guinea-pig RAs, respectively (Figure

4a, b, Ono et al., 1995a); initial rapid decline, following fast
increase and then, in guinea-pig, a gradual decline in RA
rate. During the continuous presence of the peptide for

30 min, RA rate was maintained almost constant in the rat
RA, whereas it declined progressively in the guinea-pig RA,
reaching almost the basal value recorded before the

application of ET-1. After washing out the peptide, a
minimum recovery period of 30 min failed to restore RA
rate to the basal value in the rat RA but it restored the RA
rate back to the basal level in the guinea-pig RA. Although

the second application of ET-1 (50 nM) caused a detectable
and signi®cant NC in RAs of both species (Figure 4a and
b), the magnitude of NC in the guinea-pig RA, which was

almost comparable to that after the pretreatment with ET-1
for 5 min (Figure 3a), was signi®cantly larger than that in
the rat RA (Figure 4a and c).

E�ect of BQ3020 treatment on ET-1 response

We further tested whether stimulation of ETBR desensitizes

ETAR heterologously. BQ3020 (30 nM), an ETBR-selective
agonist, induced a slight but sustained increase in RA rate in
the rat RA. Eight minutes after application of BQ3020, a

higher concentration of BQ3020 (300 nM) did not cause any
further response (data not shown), whereas addition of ET-1
(300 nM) in the continuous presence of BQ3020 caused a

striking NC without accompanying a positive chronotropic

component (Figure 5), showing that stimulation of ETBR does
not heterologously desensitize the ETAR-mediated NC.

Treatment of the rat RA with staurosporine or PMA

A possibility was tested that phosphorylation of ETAR by PKC
might be involved in desensitization of ETAR in the rat RA.

Pretreatment with staurosporine at a PKC-selective concentra-
tion (100 nM; Tamaoki et al., 1986; Freedman et al., 1997) was
found to e�ectively prevent the development of desensitization

of ETAR in the rat RA (Figure 6a and b); in the continuous
presence of staurosporine, repeated applications of ET-1
(50 nM) successfully produced sustained NCs in the rat RA

(Figure 6a and b), which was in contrast to the results obtained
in the absence of staurosporine (Figures 2 and 3). Repeated
measure ANOVA indicated that the magnitude of NC did not
vary signi®cantly with time from the 2nd to the 6th applications

of ET-1 (P50.05). Thus, PKC was found to be necessary for
desensitization of ETAR.

Next, we examined a possibility that stimulation of PKC

could desensitize ETAR in the rat RA. In this particular
experiment, BQ788 (300 nM) was present throughout the study
to block ETBR, for the purpose of testing (1) whether NC has

already desensitized before the ®rst application of ET-1 and (2)
whether selective stimulation of ETAR desensitizes the
following NCs to ET-1. Pretreatment of the rat RA with PMA
(300 nM), a selective activator of PKC (Manger et al., 1986;

Kikkawa et al., 1989), however, did not cause desensitization of
ETAR (Figure 6c and d); single pretreatment with PMA not
only failed to desensitize NC in response to the ®rst application

of ET-1, but also prevented desensitization of the following
ETAR-mediated NCs, as evidenced by repeatable NCs in
response to ET-1 (Figure 6c and d). Repeated measure

ANOVA indicated there is no signi®cant time-dependent decay

Figure 3 Repeat-dependency of chronotropic e�ects of ET-1 (50 nM) in the rat and guinea-pig RAs. Means+s.e.m. of maximum
changes in RA rate attained in 5 min after each application of ET-1 (50 nM), obtained from ®ve to seven independent experiments
as illustrated in Figure 2, are shown. (a) Species di�erences in the development of desensitization in ETAR-mediated NC. *P50.05,
**P50.01, and ***P50.001. Symbols below the bars denote statistical signi®cance against the second response. Symbols on the
bottom indicate signi®cant di�erence between the species. NS; not signi®cantly di�erent. (b) Block by BQ123 (1 mM) of the
desensitization-resistant NC in guinea-pig RAs. BQ123 was pretreated only for the 6th application of ET-1. **P50.01. #P50.01,
compared with the 6th response in guinea-pig RA shown in (a).
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in the magnitude of NC from the 1st through the 6th
applications of ET-1 (P5=0.05).

Partial amino acid sequence of guinea-pig ETAR

Figure 7 illustrates the multiple alignment of amino acid
sequences of ETARs from humans, bovines, rats, guinea-pigs

(DDBJ accession No. D83953) and rabbits (DDBJ accession
No. D83954). It was found that all the Ser/Thr residues,
which are potential sites for phosphorylation, are conserved

among these species (Figure 7). A single amino acid
substitution, Arginine306 in guinea-pig versus Lysine306 in all
the other species, was found near the PKC phosphorylation

site, located at the 3rd intracellular loop. A NPXX(X)Y
motif in the 7th transmembrane domain, a potential
sequence involved in internalization of heptahelical GPCRs

(Barak et al., 1994), was also completely conserved in all the
species (Figure 7).

Figure 4 Species di�erence in the development of desensitization of ETAR after a long-term treatment with ET-1. (a) Typical
recordings of RA rate in the rat (left) and the guinea-pig (right) RAs. Arrows indicate application of ET-1 (50 nM). The duration of
the treatment with ET-1 was 30 min for the ®rst and 5 min for the second applications, respectively. (b) Summaries of the time
courses of RA rate in the rat and guinea-pig RAs. Mean RA rates and s.e.m., obtained from six independent experiments in each
species, are illustrated. base; basal RA rate before the application of ET-1. peak NC, peak PC; maximum NC and maximum PC
attained in 30 min after the application of ET-1. ***P50.001, compared with the basal RA rate (paired t-test). NS; not signi®cantly
di�erent. **P50.01, by paired t-test. (c) Mean changes in RA rate induced by the second application of ET-1, obtained from six
independent experiments. Vertical bars denote s.e.m.. **P50.01, compared with rat.

Figure 5 E�ect of selective stimulation of ETBR on the ET-1-
induced chronotropic response in the rat RA. A representative trace
of RA rate response, obtained from four independent experiments, is
illustrated. After application of BQ3020 (30 nM) for 8 min, ET-1
(300 nM) was added to the bath, which caused sudden decline in RA
rate by 35.8+10.3 b.p.m. (n=4) during the ®rst 5 min.
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Figure 6 Involvement of PKC in the desensitization of ETAR in the rat RA. (a, b) Prevention by staurosporine (100 nM) of the
development of desensitization of ETAR-mediated NC. (c, d) E�ect of pretreatment with PMA (300 nM) on the desensitization of
ETAR-mediated NC. PMA was pretreated only before and during the 1st application of ET-1. (a, c) Typical RA rate responses to
the repeated applications of ET-1 (50 nM), for which numbers in parentheses indicate application orders. Concentration of ACh was
3 mM. (b, d) Summaries of the RA rate responses to ET-1, obtained from seven independent experiments, as illustrated in (a) and (c)
respectively. Left panels; means+s.e.m. of RA rate before (base) and after the application of ET-1 and ET-1 plus ACh. *P50.05,
**P50.01, compared with each basal value. Right panels; means+s.e.m. of the maximum changes in RA rate induced by ET-1 or
ACh in 5 min. Numbers along the abscissas indicate the application orders of ET-1. NS, not signi®cantly di�erent.

Figure 7 Multiple alignment of deduced amino acid sequences for ETARs of various species. Partial amino acid sequences of
guinea-pig and rabbit ETARs, spanning from the 2nd through the 4th intracellular loops, were determined (see Methods) and
compared with those of human, bovine and rat ETARs. Boxes numbered as I ±VII indicate putative transmembrane domains.
Shaded letters denote amino acid residues conserved among all the species. Note that all the Ser/Thr residues, indicated by reversed
letters, are conserved among all the species. P; putative palmitoylation site(s) (Horstmeyer et al., 1996). *Putative N-glycosylation
sites. [MGCK], [PKC]; consensus sequences for phosphorylation by mammary gland casein kinase and PKC, respectively (Kemp &
Pearson, 1990). [INT]; a putative motif for internalization of heptahelical GPCRs (Barak et al., 1994). The nucleotide sequences of
cDNAs for guinea-pig and rabbit ETARs were deposited in DDBJ under accession numbers D83953 and D83954, respectively.
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Treatment with okadaic acid and phorbol ester in guinea-
pig RA

We further tested whether alteration in phosphorylation state
of ETAR could facilitate desensitization of the receptor in
guinea-pig RA. Pretreatment of guinea-pig RA with okadaic
acid (1 mg ml71), an inhibitor of protein phosphatases (Cohen

et al., 1989), and PMA (300 nM), a selective activator of PKC,
did not a�ect the non-desensitizing property of ETAR-
mediated NC in guinea-pig RA (Figure 8a and b). Even after

pretreatment with these two agents, ET-1 (50 nM) repeatedly
induced NCs without developing desensitization. Repeated
measure ANOVA indicated that the magnitude of NC did not

change signi®cantly with the repeated applications of ET-1
(Figure 8b, P50.05). NC induced by ACh was also not
a�ected by pretreatment with PMA (Figure 8a and b).

We have recently reported that ET-1 exerts NC through
stimulation of ETAR in the presence of ISO (Ono et al., 1994;
1995a,b) which is known to activate cyclic adenosine 3', 5'-
monophosphate-dependent protein kinase (PKA) but not

PKC (Stiles et al., 1984; Bylund et al., 1994). This NC induced
by ET-1 during stimulation of b-adrenoceptors with ISO
(300 nM) was also reproducible without the development of

desensitization in the guinea-pig RA (Figure 8c and d). In this
setting, however, pretreatment with okadaic acid (1 mg ml71)
and PMA (300 nM) caused desensitization of ETAR-mediated

NC (Figure 8c and d). The NC induced by ET-1 was lost along
with repetitive applications of ISO plus ET-1 whereas NC in
response to ACh was not a�ected, which indicated establish-

ment of desensitization of ETAR-mediated NC in the guinea-
pig RA. Repeated measure ANOVA indicated that the
magnitude of NC signi®cantly decayed with the repeated

applications of ET-1 (Figure 8d, P50.05).

Discussion

We have previously found that ETAR mediates NC through
a pertussis toxin-sensitive Gi protein (Ono et al., 1994;

1995a,b). In the present study, we have found that ET-1
induced NC in the presence of BQ788, whereas it produced
PC in the presence of BQ123 in both rat and guinea-pig

RAs. These results clearly indicated that ETAR and ETBR
distinctly mediate negative and positive chronotropic e�ects
of ET-1, respectively, in both species. While the ETBR-

mediated PC rapidly desensitized in both species, desensitiza-
tion of NC mediated by ETAR exhibited a marked species
di�erence; ETAR homologously desensitized in the rat RA,
whereas it was found to be resistant to homologous

desensitization in guinea-pig RA. Although we have not
determined the subtype of G-protein responsible for the
ETBR-mediated PC in the present study, it is obvious that

stimulation of ETBR does not desensitize ETAR hetero-
logously. This is the ®rst report to demonstrate an ETAR-
mediated response which lacks homologous desensitization.

The ET receptors, ETAR and ETBR, belong to a super-
family of GPCRs (Masaki et al., 1992; Morello & Bouvier,
1996), desensitization of which involves uncoupling from

Figure 8 Attempts to desensitize ETAR-mediated NC in guinea-pig RA by okadaic acid (OA, 1 mg ml71) and PMA (300 nM).
Single application of ET-1 (50 nM, a and b) or combined applications of ISO (300 nM) plus ET-1 (50 nM, c and d) were repeated. (a,
c) Typical recordings of RA rate responses. The numbers in parentheses indicate application orders of ET-1. ACh (3 mM) was added
after the 7th application of ET-1. In (c), open triangles denote application of ISO. (b, d) Summaries of NCs induced by repeated
applications of ET-1, obtained from six independent experiments, as illustrated in (a) and (c), respectively. Numbers along the
abscissas indicate application orders of ET-1. Left panels; means+s.e.m. of RA rate before (base) and after the application of ET-1
and ET-1 plus ACh. *P50.05 and **P50.01 (paired t-test), compared with each basal value. Right panels; means+s.e.m. of the
changes in RA rate induced by ET-1 or ACh in 5 min. *P50.05, **P50.01. #P50.05, compared with the value at the
corresponding time in (b). NS; not signi®cantly di�erent.
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G-proteins followed by sequestration from plasma membrane
and/or down-regulation (including degradation; Premont et
al., 1995; Morello & Bouvier, 1996). Recent studies have

revealed the importance of phosphorylation of GPCRs for the
uncoupling and sequestration of GPCRs. Two major
categories of enzymes are known to be involved in these
processes: (1) the second messenger-regulated protein kinases

such as PKC and PKA, which phosphorylate GPCRs in an
agonist-independent manner and therefore lead to hetero-
logous, as well as homologous, desensitization, and (2) G-

protein coupled receptor kinases (GRKs) which phosphorylate
only agonist-occupied GPCRs, causing homologous or
receptor-speci®c desensitization (Sibley et al., 1987; Dohlman

et al., 1991; Lefkowitz, 1993; Premont et al., 1995). The species
di�erences in the desensitization of ETAR found in the present
study provided useful native organ systems in which to

examine intracellular mechanisms involved in the phosphor-
ylation of ETAR which is both necessary for, and su�cient to
cause desensitization of ETAR. The rat RA showed rapid
desensitization of ETAR, providing a method in which to

search for pathways necessary for desensitization of the
receptor. The guinea pig RA did not display desensitization
of ETAR, providing us a reconstitution system in which to

develop desensitization of ETAR.
First, we examined the intracellular pathways leading to

desensitization of ETAR, by using the rat RA as a model of

normal ETAR desensitization. Phosphorylation of GPCRs by
protein kinases such as PKC or GRK is known to play a
crucial role in receptor desensitization (Sibley et al., 1987;

Dohlman et al., 1991; Lefkowitz, 1993; Premont et al., 1995).
Based on the fact that ETARs from bovine, human and rat
origin have a potential phosphorylation site for PKC in the
third intracellular loop (Arai et al., 1990; Hosoda et al., 1991;

Lin et al., 1991), we tested the contribution of PKC to
desensitization of ETAR. Pretreatment of the rat RA with
staurosporine (100 nM), a selective PKC inhibitor (Tamaoki

et al., 1986; Freedman et al., 1997), prevented development of
desensitization of ETAR during repetitive applications of ET-
1. Stimulation of PKC by PMA failed, however, to

desensitize ETAR in the rat RA; PMA rather prevented
desensitization of the receptor, probably as a consequence of
auto-phosphorylation and down-regulation of PKC (Darbon
et al., 1987; Kikkawa et al., 1989). Thus, staurosporine most

likely exerted its action through selective inhibition of PKC,
but not through a non-selective action on other protein
kinases such as GRKs (Lefkowitz, 1993; Premont et al., 1995;

Freedman et al., 1997).
Activation of ETAR produces NC by coupling with Gi

proteins (Ono et al., 1994; 1995a,b; Vogelsang et al., 1994),

which is also phosphorylated and inactivated by PKC (Katada
et al., 1985). We assume, however, that the target for
phosphorylation by PKC is not Gi protein but ETAR, since

PMA did not abolish ACh-induced NC, as discussed below.
These results indicate that phosphorylation of ETAR by PKC
is necessary for desensitization of ETAR-mediated NC. It is
likely that activation of PKC through Gq protein/phospholi-

pase C (PLC) intra-signaling cascade, which is known to be
stimulated by ETAR itself in the heart (Hilal-Dandan et al.,
1992; Vogelsang et al., 1994), is responsible for homologous

desensitization of ETAR-mediated Gi protein pathway. Similar
PKC-dependency of GPCR desensitization has been reported
for a1- (Leeb-Lundberg et al., 1985) and b2- (Pitcher et al.,

1992; Yuan et al., 1994) adrenoceptors, AT1B (Tang et al.,
1995), 5-HT1A (Raymond 1991), 5-HT2 (Weng et al., 1994),
LTD4 (Vegesna et al., 1988) and V1 vasopressin receptors
(Gallo Payet et al., 1991).

A requirement for phosphorylation of ETAR by PKC in the
genesis of desensitization prompted us to search for possible
amino acid substitutions in guinea-pig ETAR which did not

desensitize, within or surrounding the potential recognition
sequence for PKC. This region is conserved among ETARs
from bovine, human and the rat origin (Arai et al., 1990;
Hosoda et al., 1991; Lin et al., 1991). Sequencing of cDNA for

guinea-pig and rabbit ETARs revealed, however, that not only
the potential PKC sequence but also all the other Ser/Thr
residues are totally conserved widely among all the species

tested including the guinea-pig, implying the physiological
relevance of this sequence. Furthermore, a NPXX(X)Y motif
in the seventh transmembrane domain of ETAR, a potential

sequence for agonist-induced sequestration of GPCRs (Barak
et al., 1994), was also well conserved in ETARs of all the
species. In the present study measuring RA rate, treatment

with okadaic acid, a potent phosphatase inhibitor (Cohen et
al., 1989), did not promote desensitization of ETAR in guinea-
pig RA. These results suggest that phosphorylation of ETAR
at the PKC site is ine�cient or inadequate in guinea-pig RA to

induce desensitization, probably due to a di�erence in its
intracellular environment for phosphorylation of the receptor
at the PKC recognition site. Here, the possibility of

augmented dephosphorylation of ETAR in the guinea-pig RA
was unlikely to be the cause of such di�erence. A defect in
sequestration of the receptor was also unlikely to be the cause

of the lack of desensitization of ETAR in guinea-pig RA.
Therefore, the lack of desensitization of ETAR-mediated NC
in guinea-pig RA is most probably due to impaired

phosphorylation of ETAR by PKC and/or other protein
kinases such as GRKs. The amino acid substitution from
Lysine306 to Arginine306 near the PKC site in the 3rd
intracellular loop of guinea-pig ETAR might cause a structural

hindrance for the access of PKC to the potential phosphoryla-
tion site of guinea-pig ETAR.

A similar PKC-dependency of ETAR desensitization has

recently been reported in Xenopus oocytes co-expressing
human neurokinin A (NKA) receptors and human ETAR
(Cyr et al., 1996). By examining chloride current stimulated by

intracellular calcium, the release of which is coupled to Gq/
PLC cascade, they found that stimulation of the NKA
receptors desensitized ETAR through activation of PLC.
Together with these ®ndings, our present results indicate that

phosphorylation of ETAR by PKC is essential for desensitiza-
tion of the receptor in terms of both Gi- and Gq-pathways,
both of which are coupled to ETAR in cardiac myocytes (Hilal-

Dandan et al., 1992; Ono et al., 1994; 1995a; James et al., 1994;
Vogelsang et al., 1994).

Next, we investigated the signaling pathway(s), activation of

which is (are) su�cient to induce desensitization of ETAR, by
using guinea-pig RA which can be regarded as a naturally
occurring reconstituting system for desensitizing the receptor.

PMA alone failed to facilitate desensitization of ETAR-
mediated NC in the guinea-pig RA. ET-1-induced NCs did
not desensitize in the presence of ISO. In contrast, ET-1
desensitized the ETAR-mediated NC in the combined

stimulation of PKC and b-adrenoceptors by PMA and ISO,
which indicated that stimulation of PKC and b-adrenoceptors
was su�cient to facilitate desensitization of ETAR. Stimulation

of PKC is known to phosphorylate and consequently
inactivate Gi protein (Katada et al., 1985). However, this is
unlikely to be involved in the facilitation of the desensitization

of ETAR by PMA, since PMA by itself failed to attenuate NCs
induced by both ET-1 and ACh, which are mediated by Gi

protein (Endoh et al., 1985; Boyer et al., 1986; Brown, 1990;
Ono et al., 1994; 1995a). Therefore, the major target of
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phosphorylation by PKC was suggested not to be Gi protein
but to be ETAR itself.

On the other hand, the b-adrenoceptor is known to activate
PKA, as well as GRKs which phosphorylate and desensitize
agonist-bound GPCRs (Benovic et al., 1986; Lefkowitz, 1993;
Premont et al., 1995). However, PKA phosphorylation site
does not exist in either ETAR (present observation) or Gi

protein (Katada et al., 1985). Moreover, ISO did not attenuate
ACh-induced NC which is mediated by Gi (Endoh et al., 1985;
Boyer et al., 1986; Brown, 1990). Therefore, phosphorylation

of ETAR or Gi protein by PKA is also unlikely to be the
mechanism underlying the facilitation of the desensitization of
ETAR by b-adrenoceptor stimulation in guinea-pig RA, which
raises the possibility that GRK is involved in the facilitation of
desensitization of ETAR by ISO. In our observation,
pretreatment with ISO plus PMA did not attenuate ETAR-

mediated NC in response to the ®rst application of ET-1 (data
not shown), probably because GRK can desensitize ETAR
only when it is occupied by its agonist ET-1 (Lefkowitz, 1993;
Premont et al., 1995). Upon these considerations, the

facilitation by b-adrenoceptor stimulation of the desensitiza-
tion of ETAR seems to be most likely mediated by recruitment
of GRKs. We assume that the combination of PKC and GRK

are necessary for and su�cient to the development of ETAR
desensitization, in terms of NC.

The e�ect of ET-1 on guinea-pig RA was initially described

as PC which exhibited extensive tachyphylaxis (Ishikawa et al.,
1988); the chronotropic response obviously altered from PC
into NC following repetitive applications of the peptide. In so

far as PC and NC to ET-1 are mediated, respectively, by ETBR

and ETAR, and since ETBR does not desensitize ETAR
heterologously as shown in the present study, repeat-dependent
changes in the relative contributions to the regulation of RA

rate of the two receptor pathways, desensitization-sensitive
ETBR and desensitization-resistant ETAR, would quite reason-
ably explain this repeat-dependent `reversal' of the chrono-
tropic e�ect of ET-1. ETAR has been reported to be coupled

with the PLC/PKC pathway through a PTX-insensitive Gq

protein in cardiac myocytes (Hilal-Dandan et al., 1992;
Vogelsang et al., 1994). Functional coupling of ETAR with

Gq/PLC has been reported to be regulated by palmitoylation of
the receptor at its carboxy terminal tail; loss of palmitoylation
hampers activation of PLC/PKC pathway via ETAR (Horst-

meyer et al., 1996). Weak or impaired coupling of ETAR with
Gq/PLC pathway might cause insu�cient stimulation of PKC,
rendering ETAR resistant to desensitization, as observed in

guinea-pig RA in the present study. Alteration in PKC activity
during postnatal development of animals (Puceat et al., 1994;
Clerk et al., 1995) might also dramatically a�ect the
susceptibility of ETAR to desensitization. Dynamic changes in

such intracellular environments for ETAR may a�ect desensi-
tization of the receptors, which in turn could modulate not only
quantitative but also qualitative regulations of cardiac

functions by ETs.

The authors thank Drs M. Ihara and M. Yano of Banyu
Pharmaceutical Co. for kindly providing BQ3020. This work was
supported in part by Human Science Foundation, Japan, (K.O.) and
by the grant in aid from the Ministry of Education, Science, Sports
and Culture of Japan (K.O.).

References

ARAI, H., HORI, S., ARAMORI, I., OHKUBO, H. & NAKANISHI, S.

(1990). Cloning and expression of a cDNA encoding an
endothelin receptor. Nature, 348, 730 ± 732.

ARAMORI, I. & NAKANISHI, S. (1992). Coupling of two endothelin
receptor subtypes to di�ering signal transduction in transfected
Chinese hamster ovary cells. J. Biol. Chem., 267, 12468 ± 12474.

BARAK, L.S., TIBERI, M., FREEDMAN, N.J., KWATRA, M.M.,

LEFKOWITZ, R.J. & CARON, M.G. (1994). A highly conserved
tyrosine residue in G protein-coupled receptors is required for
agonist-mediated b2-adrenergic receptor sequestration. J. Biol.
Chem., 269, 2790 ± 2795.

BENOVIC, J.L., STRASSER, R.H., CARON, M.G. & LEFKOWITZ, R.J.

(1986). b-adrenergic receptor kinase: identi®cation of a novel
protein kinase that phosphorylates the agonist-occupied form of
the receptor. Proc. Natl. Acad. Sci. U.S.A., 83, 2797 ± 2801.

BOYER, J.L., MARTINEZ-CARCAMO, M., MONROY-SANCHEZ, A.,

JUAREZ-AYALA, J., PASTELIN, G., POSADAS, C. & GARCIA-

SAINZ, J.A. (1986). E�ect of pertussis toxin on the heart
muscarinic-cholinergic receptors and their function. Life Sci.,
39, 603 ± 610.

BROWN, A.M. (1990). Regulation of heartbeat by G protein-coupled
ion channels. Am. J. Physiol., 259, H1621 ±H1628.

BYLUND, D.B., EIKENBERG, D.C., HIEBLE, J.P., LANGER, S.Z.,

LEFKOWITZ, R.J., MINNEMAN, K.P., MOLINOFF, P.B., RUFFO-

LO, R.R. JR. & TRENDELENBURG, U. (1994). International union
of pharmacology nomenclature of adrenoceptors. Parmacol.
Rev., 46, 121 ± 136.

CLERK, A., BOGOYEVITCH, M.A., FULLER, S.J., LAZOU, A.,

PARKER, P.J. & SUGDEN, P.H. (1995). Expression of protein
kinase C isoforms during cardiac ventricular development. Am.
J. Physiol., 269, H1087 ±H1097.

COHEN, P., KLUMPP, S. & SCHELLING, D.L. (1989). An improved
procedure for identifying and quantitating protein phosphatases
in mammalian tissues. FEBS Lett., 250, 596 ± 600.

CYR, C.R., DEVI, L.A., RUDY, B. & KRIS, R.M. (1996). Heterologous
desensitization of the human endothelin A and neurokinin A
receptors in Xenopus laevis oocytes. Recept. Signal Transduct., 6,
99 ± 109.

CYR, C.R., RUDY, B. & KRIS, R.M. (1993). Prolonged desensitization
of the human endothelin A receptor in Xenopus Oocytes.
Comparative studies with the human neurokinin A receptor. J.
Biol. Chem., 268, 26071 ± 26074.

DARBON, J.M., OURY, F., CLAMENS, S. & BAYARD, F. (1987). TPA
induces subcellular translocation and subsequent down-regula-
tion of both phorbol ester binding and protein kinase C activities
in MCF-7 cells. Biochem. Biophys. Res. Commun., 146, 537 ± 546.

DOHLMAN, H.G., THORNER, J., CARON, M.G. & LEFKOWITZ, R.J.

(1991). Model systems for the study of seven-transmembrane-
segment receptors. Ann. Rev. Biochem., 60, 653 ± 688.

ENDOH, M., MARUYAMA, M., & IIJIMA, T. (1985). Attenuation of
muscarinic cholinergic inhibition by islet-activating protein in
the heart. Am. J. Physiol., 249, H309 ±H320.

FREEDMAN, N.J., AMENT, A.S., OPPERMANN, M., STOFFEL, R.H.,

EXUM, S.T. & LEFKOWITZ, R.J. (1997). Phosphorylation and
desensitization of human endothelin A and B receptors ±
Evidence for G protein-coupled receptor kinase speci®city. J.
Biol. Chem., 272, 17734 ± 17743.

GALLO-PAYET, N., CHOUINARD, L., BALESTRE, M.N. & GUILLON,

G. (1991). Involvement of protein kinase C in the coupling
between the V1 vasopressin receptor and phospholipase C in rat
glomerulosa cells: e�ects on aldosterone secretion. Endocrinol-
ogy, 129, 623 ± 634.

HILAL-DANDAN, R., URASAWA, K. & BRUNTON, L.L. (1992).
Endothelin inhibits adenylate cyclase and stimulates phosphoi-
nositide hydrolysis in adult cardiac myocytes. J. Biol. Chem., 267,
10620 ± 10624.

HORSTMEYER, A., CRAMER, H., SAUER, T., MuÈ LLER-ESTERL, W. &

SCHROEDER, C. (1996). Palmitoylation of endothelin receptor A.
Di�erential modulation of signal transduction activity by post-
translational modi®cation. J. Biol. Chem., 271, 20811 ± 20819.

HOSODA, K., NAKAO, K., ARAI, H., SUGA, S., OGAWA, Y.,

MUKOYAMA, M., SHIRAKAMI, G., SAITO, Y., NAKANISHI, S. &

IMURA, H. (1991). Cloning and expression of human endothelin-
1 receptor cDNA. FEBS Lett., 287, 23 ± 26.

Densensitization of ETA endothelin receptor796 K. Ono et al



IHARA, M., NOGUCHI, K., SAEKI, T., FUKURODA, T., TSUCHIDA,

S., KIMURA, S., FUKAMI, T., ISHIKAWA, K., NISHIKIBE, M. &

YANO, M. (1992). Biological pro®les of highly potent novel
endothelin antagonists selective for the ETA receptor. Life Sci.,
50, 247 ± 255.

INOUE, A., YANAGISAWA, M., KIMURA, S., KASUYA, Y., MIYAU-

CHI, T., GOTO, K. & MASAKI, T. (1989). The human endothelin
family: Three structurally and pharmacologically distinct iso-
peptides predicted by three separate genes. Proc. Natl. Acad. Sci.
U.S.A., 86, 2863 ± 2867.

ISHIKAWA, K., IHARA, M., NOGUCHI, K., MASE, T., MINO, N.,

SAEKI, T., FUKURODA, T., FUKAMI, T., OZAKI, S., NAGASE, T.,

NISHIKIBE, M. & YANO, M. (1994). Biochemical and pharmaco-
logical pro®le of a potent and selective endothelin B-receptor
antagonist, BQ-788. Proc. Natl. Acad. Sci. U.S.A., 91, 4892 ±
4896.

ISHIKAWA, T., YANAGISAWA, M., KIMURA, S., GOTO, K. &

MASAKI, T. (1988). Positive chronotropic e�ects of endothelin,
a novel endothelium-derived vasoconstrictor peptide. P¯uÈgers
Arch., 413, 108 ± 110.

JAMES, A.F., XIE, L.-H., FUJITANI, Y., HAYASHI, S. & HORIE, M.

(1994). Inhibition of the cardiac protein kinase A-dependent
chloride conductance by endothelin-1. Nature, 370, 297 ± 300.

KATADA, T., GILMAN, A.G., WATANABE, Y., BAUER, S. & JAKOBS,

K.H. (1985). Protein kinase C phosphorylates the inhibitory
guanine-nucleotide-binding regulatory component and appar-
ently suppresses its function in hormonal inhibition of adenylate
cyclase. Eur. J. Biochem., 151, 431 ± 437.

KEMP, B.E. & PEARSON, R.B. (1990). Protein kinase recognition
sequence motifs. Trends in Biochem. Sci., 15, 342 ± 346.

KIKKAWA, U., KISHIMOTO, A. & NISHIZUKA, Y. (1989). The
protein kinase C family: heterogeneity and its implications. Ann.
Rev. Biochem., 58, 31 ± 44.

KOBAYASHI, M., IHARA, M., SATO, N., SAEKI, T., OZAKI, S.,

IKEMOTO, F. & YANO, M. (1993). A novel ligand, [125I]BQ-
3020, reveals the localization of endothelin ETB receptors. Eur. J.
Pharmacol., 235, 95 ± 100.

KOSHIMIZU, T., TSUJIMOTO, G., ONO, K., MASAKI, T. & SAKAMO-

TO, A. (1995). Truncation of the receptor carboxyl terminus
impairs membrane signaling but not ligand binding of human
ETB endothelin receptor. Biochem. Biophys. Res. Comm., 217,
354 ± 362.

KRYSTEK, S.R. JR., PATEL, P.S., ROSE, P.M., FISHER, S.M.,

KIENZLE, B.K., LACH, D.A., LIU, E.C.-K., LYNCH, J.S., NO-

VOTNY, J. & WEBB, M.L. (1994). Mutation of peptide binding
site in transmembrane region of a G protein-coupled receptor
accounts for endothelin receptor subtype selectivity. J. Biol.
Chem., 269, 12383 ± 12386.

LEEB-LUNDBERG, L.M.F., COTECCHIA, S., LOMASNEY, J., DEBER-

NARDIS, J.F., LEFKOWITZ, R.J. & CARON, M.G. (1985). Phorbol
esters promote a1-adrenergic receptor phosphorylation and
receptor uncoupling from inositol phospholipid metabolism.
Proc. Natl. Acad. Sci. U.S.A., 82, 5651 ± 5655.

LEFKOWITZ, R.J. (1993). G protein-coupled receptor kinases. Cell,
74, 409 ± 412.

LIN, H.Y., KAJI, E.H., WINKEL, G.K., IVES, H.E. & LODISH, H.F.

(1991). Cloning and functional expression of a vascular smooth
muscle endothelin 1 receptor. Proc. Natl. Acad. Sci. U.S.A., 88,
3185 ± 3189.

MANGER, B., HARDY, K.J., WEISS, A. & STOBO, J.D. (1986).
Di�erential e�ect of cyclosporin A on activation signaling in
human T cell lines. J. Clin. Invest., 77, 1501 ± 1506.

MASAKI, T., YANAGISAWA, M. & GOTO, K. (1992). Physiology and
pharmacology of endothelins. Medicinal Res. Rev., 12, 391 ± 421.

MORELLO, J.P. & BOUVIER, M. (1996). Palmitoylation: a post-
translational modi®cation that regulates signalling from G-
protein coupled receptors. Biochem. Cell Biol., 74, 449 ± 457.

ONO, K., ETO, K., SAKAMOTO, A., MASAKI, T., SHIBATA, K., SADA,

T., HASHIMOTO, K. & TSUJIMOTO, G. (1995a). Negative
chronotropic e�ect of endothelin-1 mediated through ETA

receptors in guinea pig atria. Circ. Res., 76, 284 ± 292.
ONO, K., ETO, K., SAKAMOTO, A., MASAKI, T., TSUJIMOTO, G. &

SATAKE, M. (1995b). ETA receptor-mediated modulation of
calcium and potassium currents in guinea-pig and rabbit atrial
myocytes. Heart Vessels, 9, (Suppl) 102 ± 105.

ONO, K., SAKAMOTO, A., MASAKI, T. & SATAKE, M. (1996).
Desensitization of ETA endothelin receptor-mediated negative
chronotropic response; species di�erence and receptor amino
acid sequences. Jpn. J. Pharmacol., 71, (Suppl) I, 154P.

ONO, K., TSUJIMOTO, G., SAKAMOTO, A., ETO, K., MASAKI, T.,

OZAKI, Y. & SATAKE, M. (1994). Endothelin-A receptor mediates
cardiac inhibition by regulating calcium and potassium currents.
Nature, 370, 301 ± 304.

PITCHER, J., LOHSE, M.J., CODINA, J., CARON, M.G. & LEFKOWITZ,

R.J. (1992). Desensitization of the isolated b2-adrenergic receptor
by b-adrenergic receptor kinase, cAMP-dependent protein
kinase, and protein kinase C occurs via distinct molecular
mechanisms. Biochemistry, 31, 3193 ± 3197.

PREMONT, R.T., INGLESE, J. & LEFKOWITZ, R.J. (1995). Protein
kinases that phosphorylate activated G protein-coupled recep-
tors. FASEB J., 9, 175 ± 182.

PUCEÂ AT, M., HILAL-DANDAN, R., STRULOVICI, B., BRUNTON, L.L.

& BROWN, J.H. (1994). Di�erential regulation of protein kinase C
isoforms in isolated neonatal and adult rat cardiomyocytes. J.
Biol. Chem., 269, 16938 ± 16944.

RAYMOND, J.R. (1991). Protein kinase C induces phosphorylation
and desensitization of the human 5-HT1A receptor. J. Biol.
Chem., 266, 14747 ± 14753.

SAKAMOTO, A., YANAGISAWA, M., SAKURAI, T., TAKUWA, Y.,

YANAGISAWA, H. & MASAKI, T. (1991). Cloning and functional
expression of human cDNA for the ETB endothelin receptor.
Biochem. Biophys. Res. Comm., 178, 656 ± 663.

SAKAMOTO, A., YANAGISAWA, M., SAWAMURA, T., ENOKI, T.,

OHTANI, T., SAKURAI, T., NAKAO, K., TOYO-OKA, T. &

MASAKI, T. (1993). Distinct subdomains of human endothelin
receptors determine their selectivity to endothelinA-selective
antagonist and endothelinB-selective agonists. J. Biol. Chem.,
268, 8547 ± 8553.

SAKURAI, T., YANAGISAWA, M., TAKUWA, Y., MIYAZAKI, H.,

KIMURA, S., GOTO, K. & MASAKI, T. (1990). Cloning of a cDNA
encoding a non-isopeptide-selective subtype of the endothelin
receptor. Nature, 348, 732 ± 735.

SIBLEY, D.R., BENOVIC, J.L., CARON, M.G. & LEFKOWITZ, R.J.

(1987). Regulation of transmembrane signaling by receptor
phosphorylation. Cell, 48, 913 ± 922.

STILES, G.L., CARON, M.G. & LEFKOWITZ, R.J. (1984). Beta-
adrenergic receptors: biochemical mechanisms of physiological
regulation. Physiol. Rev., 64, 661 ± 743.

TAKAGI, Y., NINOMIYA, H., SAKAMOTO, A., MIWA, S. & MASAKI,

T. (1995). Structural basis of G protein speci®city of human
endothelin receptors. A study with endothelinA/B chimeras. J.
Biol. Chem., 270, 10072 ± 10078.

TAMAOKI, T., NOMOTO, H., TAKAHASHI, I., KATO, Y., MORIMO-

TO, M. & TOMITA, F. (1986). Staurosporine, a potent inhibitor of
phospholipid/Ca++ dependent protein kinase. Biochem. Bio-
phys. Res. Comm., 135, 397 ± 402.

TANG, H., SHIRAI, H. & INAGAMI, T. (1995). Inhibition of protein
kinase C prevents rapid desensitization of type 1B angiotensin II
receptor. Circ. Res., 77, 239 ± 248.

VEGESNA, R.V., WU, H.L., MONG, S. & CROOKE, S.T. (1988).
Staurosporine inhibits protein kinase C and prevents phorbol
ester-mediated leukotriene D4 receptor desensitization in RBL-1
cells. Mol. Pharmacol., 33, 537 ± 542.

VOGELSANG, M., BROEDE-SITZ, A., SCHAÈ FER, E., ZERKOWSKI, H.-

R. & BRODDE, O.-E. (1994). Endothelin ETA-receptors couple to
inositol phosphate formation and inhibition of adenylate cyclase
in human right atrium. J. Cardiovasc. Pharmacol., 23, 344 ± 347.

WENG, W., REYNOLDS, I.J., JANI, J.P., BLASKOVICH, M., SEBTI,

S.M., DAVIES, P. & PITT, B.R. (1994). Desensitization of 5HT2

receptors by protein kinase C activation in distal pulmonary
vascular smooth muscle cells in culture. Microcirculation, 1,
129 ± 135.

YANAGISAWA, M., KURIHARA, H., KIMURA, S., TOMOBE, Y.,

KOBAYASHI, M., MITSUI, Y., YAZAKI, Y., GOTO, K. & MASAKI,

T. (1988). A novel potent vasoconstrictor peptide produced by
vascular endothelial cells. Nature, 332, 411 ± 415.

YUAN, N., FRIEDMAN, J., WHALEY, B.S. & CLARK, R.B. (1994).
cAMP-dependent protein kinase and protein kinase C consensus
site mutations of the b-adrenergic receptor. E�ect on desensitiza-
tion and stimulation of adenylylcyclase. J. Biol. Chem., 37,
23032 ± 23038.

(Received November 12, 1997
Revised June 19, 1998

Accepted July 21, 1998)

Densensitization of ETA endothelin receptor 797K. Ono et al


