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Characterization of endothelin receptor subtypes mediating Ca2 +
mobilization and contractile response in rabbit iris dilator muscle
Mitsutoshi Satoh, Yoshihisa Yamamoto & 'Issei Takayanagi

Department of Chemical Pharmacology, Toho University School of Pharmaceutical Sciences, Miyama 2-2-1, Funabashi, Chiba
274, Japan

1 We investigated the characteristics of endothelin (ET)-induced contraction and changes in
intracellular Ca2+ concentration ([Ca21i]) using the fura-2-loaded and non-loaded rabbit iris dilator.
ET-1 and ET-2 (3-100 nM) and ET-3 (30-1000 nM) caused contraction in a concentration-dependent
fashion.
2 The selective ETB-receptor agonists, IRL1620 and sarafotoxin S6c produced only a small contraction
or no contraction at a concentration of 1 gM. The rank order of potencies for the contraction (pD2
value) was ET-l = ET-2 > ET-3 > > sarafotoxin S6c = IRL1620.
3 The contractile response to ET-3 was antagonized by pretreatment with BQ-123 (10 nM), a selective
ETA receptor antagonist. The contractile responses to ET-l and ET-2 were antagonized by pretreatment
with BQ-123 (10 gM), but not at a concentration of 10 nM.
4 ETs increased [Ca2+]i and sustained muscle contraction. ET-l (100 nM), ET-2 (100 nM), and ET-3
(1 tM) induced an elevation of [Ca21]i consisting of two components: first a rapid and transient elevation
to reach a peak, followed by a second, sustained elevation; a sustained contraction was produced
without a transient contraction. The ETB receptor-selective agonist, IRL1620 (1 gM) and sarafotoxin S6c
(1 gM) also induced a rapid and transient elevation of [Ca2+], to reach a peak and a sustained elevation,
together with only a small contraction or no contraction.
5 ET-1 (100 nM) induced a transient increase in [Ca2+], in a Ca2+-free, 2 mM EGTA-containing
physiological saline solution (Ca2+ -free PSS), and a small sustained contraction which was significantly
different from that induced by ET-l (100 nM) in normal PSS. The ET-1-induced increase in [Ca2+]i and
sustained contraction were not affected by the voltage-dependent Ca2+ channel blocker, nicardipine
(10 gM). The ET-1-induced transient increase in [Ca2+]1 was significantly reduced by the sarcoplasmic
reticulum (SR) Ca2+-ATPase inhibitor, cyclopiazonic acid (30 gM); however, the ET-1-induced sustained
contraction was not affected by this agent.
6 The selective ETA receptor antagonist, BQ-123 (100 nM) reduced the ET-3 (100 nM)-induced
contraction, but did not affect the transient increase or elevation of the second phase of [Ca2+]1.
However, this antagonist at 1 gM did not affect the ET-1 (100 nM)- and ET-2 (100 nM)-induced elevation
of [Ca2+]i and contractile response, or the IRL1620-induced elevation of [Ca2+],.
7 The selective ETB receptor antagonist, BQ-788 (1 gM) reduced the transient increase in [Ca21],
induced by ET-1 (30 nM), ET-2 (30 nm), ET-3 (100 nM) and IRL1620 (1 gM), but did not affect the
sustained elevation of [Ca2+]i and contractile responses produced by ET-1, ET-2 and ET-3.
8 Pretreatment with IRL1620 (1 gM) reduced the increase in [Ca2+], induced by IRL1620 (1 gM) and
sarafotoxin S6c (1 gM), as well as the ET-1 (100 nM)-, ET-2 (100 nM)- and ET-3 (1 gM)-induced
elevation of [Ca2+]i, whereas in the presence of IRL1620, ET-1-, ET-2- and ET-3-induced contractions
were unaltered.
9 These results suggest that ETA and ETB receptor subtypes exist in the rabbit iris dilator muscle, and
that the ETA receptor is divided into: (1) BQ-123-sensitive ETA subtypes activated by ET-1, ET-2 and
ET-3, and (2) BQ-123-insensitive ETA subtypes activated by ET-1 and ET-2, which cause the sustained
increase of [Ca2+]i and contraction; in contrast, ETB receptor subtypes, are activated by ET-1, ET-2, ET-
3, IRL1620 and sarafotoxin S6c and cause the transient and sustained increase in [Ca2+]i which is not
able to contract the smooth muscle.
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Introduction

Endothelins (ETs) have a wide variety of biological effects in (Arai et al., 1990) and their responses are blocked by the ETA-
many different tissues, iris (Ishikawa et al., 1993), blood vessels selective antagonist, BQ-123 (Ihara et al., 1992; Moreland et
(Yanagisawa et al., 1988), uterus, trachea, vas deferens and al., 1992). ETB receptors are activated by ET-1, ET-2 and ET-3
others (Borges et al., 1989). At least two ET receptor subtypes at similar concentrations (Sakurai et al., 1990), and activated
(ETA and ETB) have recently been identified. ETA receptors are by ETB-selective agonists, sarafotoxins and IRL1620 {Suc-
activated by ET-1 and ET-2 at concentrations lower than ET-3 [Glu9, Ala`'`5]-ET-1(8-21)} (Kloog et al., 1988; Takai et al.,

1992; Shetty et al., 1993; Karaki et al., 1993). In the ocular
tissues, application of ET-1 into the anterior chamber of the
cat eye caused a reduction in pupil size (MacCumber et al.,

'Author for correspondence. 1991; Granstam et al., 1992) and produced contraction of the
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isolated iris sphincter muscle of the pig (Geppetti et al., 1989)
and the rabbit (Abdel-Latif, 1991; Osborne & Barnett, 1992).
In rat iris sphincter, ET interacts with two different receptor
subtypes, ETA and ETB which exist post- and presynaptically
at cholinergic neuroeffector junctions of the rat iris (Shinkai et
al., 1994). In rabbit iris sphincter, ET-1 activates phospholi-
pase C which leads to the hydrolysis of phosphatidyl inositol
4,5-bisphosphate (PIP2) into inositol trisphosphate (1P3) and
1,2-diacylglycerol (DAG) (Xuan et al., 1989; Hay, 1990).
Elevation of the cytosolic Ca21 concentration ([Ca2+],) in
smooth muscle cells causes contraction and other intracellular
signal transductions. However, there is no report on the rela-
tion between [Ca2+]i and contraction produced by ET re-
ceptors, including subtypes in the rabbit iris dilator muscle.

In the present experiments in which simultaneous mea-
surements of [Ca2+]i and contraction were made using fura-2-
loaded muscle, we have identified the ET receptor subtypes
related to the contraction of smooth muscle, and suggest (1)
that the activation of BQ-123-sensitive and -insensitive ETA
receptors caused increase of [Ca2+]i and sustained contraction,
and (2) that the activation of ETB receptors caused the tran-
sient increase in [Ca2+],; this did not contract the rabbit iris
dilator muscle.

Methods

Measurement of mechanical response

The dilator muscle strips were dissected from male albino
rabbits, weighing 2-3 kg according to the method of Ta-
kayanagi & Kaneko (1982). They were suspended in 2 ml or-
gan baths filled with a physiological saline solution (PSS)
gassed with a mixture of 95% 02 and 5% CO2 at 370C. The
solution contained (in mM): NaCl 118, MgCl2 1.2, CaCl2 2.5,
KH2PO4 1.2, NaHCO3 5.0 and glucose 11.0 dissolved in dis-
tilled water. After equilibration in normal PSS for 60 min, the
responses to an agonist were recorded isometrically under an
initial tension of 100 mg. The solution contained propranolol
(1 tM), yohimbine (300 nM), desmethylimipramine (100 nM),
and normetanephrine (1 jiM), to block 13- and X2-adrenoceptors
and to inhibit neural and non-neural uptake of catechola-
mines, respectively. The responsiveness of each preparation
was first tested by at least 3 applications of noradrenaline
(100,M) for the dilator effect to confirm that the same am-
plitude of contraction would be obtained each time. Only one
cumulative concentration-response curve to ET was de-
termined. The responses were expressed as percentages of the
contraction, where noradrenaline-induced contraction was
defined as 100%. The agonist activity of drugs was expressed
in terms of pD2 values. The antagonist activity of BQ-123 (an
ET receptor antagonist) was expressed as the pA2 value which
was calculated as described by Van Rossum (1963). When we
determined the effects of BQ-123 on the ET-induced contrac-
tion, the strip was incubated for 30 min before application of
the agonist (for references, see Hisayama & Takayanagi, 1988;
Ihara et al., 1992). Two iris preparations were prepared from
the same animals, and one of them was used as control.

Measurement of cytosolic Ca2" and tension in fura-2-
loaded preparation

The experiments were carried out as described previously (Sato
et al., 1988; Hisayama et al., 1990). The dilator strips were
incubated with normal PSS gassed with 100% 02, which
contained (mM): NaCl 145, KC1 4.5, CaCl2 2.5, MgCl2 1.2, N-
2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES)
20, N,N'-tetrakis (2-pyridylmethyl)ethylendiamine (TPEN) 10,
glucose 11 and ethylenediamine N,N'-tetraacetic acid (ED-
TA.2Na) 10 JiM (pH 7.4 at 370C). A high-K+ solution was
made by substituting NaCl with equimolar KCl. The strips
were incubated with 5 gM fura-2/AM in normal PSS for 3 -4 h
at room temperature in the presence of 0.2% Cremophor EL,

then rinsed with the solution for 15 min. Thereafter, experi-
ments were performed with a double wavelength excitation
fluorimeter (CAF 100, Japan Spectroscopic Co., Tokyo, Ja-
pan) where the fura-2-loaded strips were fixed horizontally in a
bath that was bubbled with 100% 02 at 370C. After equili-
bration in normal PSS, the strips were challenged with
72.7 mM high-K+ solution three times. Tension generated by
the last challenge was used as a reference value to normalize
the size of the response to ETs. In some experiments, we used
Ca2+-free PSS (made by omitting Ca2+ from normal PSS and
adding 2 mM ethyleneglycolbis (13-aminoethylether), N,N'-tet-
raacetic acid (EGTA)). Simultaneously, 500 nm fluorescence
emitted by 340 nm and 380 nm excitation (F3 and F380, re-
spectively) were measured by successive alternating illumina-
tions (48 Hz), and the ratio (R340/380) of F340 to F380 was
automatically calculated. In the muscle strips that were suc-
cessfully loaded with fura-2, the increase in [Ca2+]i resulted in a
symmetrical increase in F340 and decrease in F380, and increase
in R340/380. Relative changes in [Ca21], were determined by
measuring the R340/380 (Himpens & Somlyo, 1988; Sato et al.,
1988; Hisayama et al., 1990).

Statistics

Numerical results are expressed as means+ s.e., and statistical
significance was calculated by Student's t test or Duncan's new
multiple range test. A P value < 0.05 was considered to in-
dicate a significant difference.

Drugs

The following drugs were used: endothelin-1, endothelin-2,
endothelin-3, IRL1620 (suc-[Glu9,Ala"15"endothelin-l-[I 1-21])
and sarafotoxin S6c (Peptide Institute, Osaka, Japan), BQ-788
(N-cis-2,6-dimethyl-piperidinocarbonyl -L-y-methylleucyl-D -1-
methoxycarbonyltryptophanyl-D-norleucine) (Calbiochem-
Novabiochem AG, L6ufelfingen, Switzerland), fura-2-pentaa-
cetoxymethylester (fura-2/AM), ethyleneglycolbis (P-ami-
noethylether)N,N'-tetraacetic acid (EGTA), ethylenediamine
N,N'-tetraacetic acid (EDTA.2Na), N,N'-tetrakis (2-pyr-
idylmethyl)ethylendiamine (TPEN) and N-2-hydroxyethyl-
piperazine-N'-2-ethanesulphonic acid (HEPES) (Dojindo
Laboratories, Kumamoto, Japan), noradrenaline hydro-
chloride (Wako Pure Chemical Industries, Ltd., Osaka, Ja-
pan), Cremophor EL (Nacalai Tesque, Kyoto, Japan),
cyclopiazonic acid, nicardipine hydrochloride, diltiazem hy-
drochloride, verapamil hydrochloride, desmethylimipramine
hydrochloride, (± )-normetanephrine hydrochloride, (±)-
propranolol hydrochloride, yohimbine hydrochloride, flurbi-
profen, prazosin and tetrodotoxin (Sigma Chemical Co., St.
Louis, MO, U.S.A.), all in powder form. BQ-123 (cyclo[-Asp-
Pro-Val-Leu-Trp-]) was a gift from Tsukuba Research In-
stitute of Banyu Pharmaceutical Co., Ltd., Tsukuba, Japan.
Other chemicals used were of analytical grade.

Results

Endothelin-produced contraction

The cumulative application of noradrenaline contracted iso-
lated strips of rabbit iris dilator in a concentration-dependent
manner. The pD2 value for noradrenaline was 5.48 + 0.09
(n=8). A single application of ETs induced a slowly devel-
oping tonic-contraction in dilator muscles which reached
maximum tension (ET-1; 150.3+10.8 mg, n=6; ET-2:
139.4+14.2 mg, n=6; ET-3: 145.9+20.6 mg, n=6) within
30 min; this was similar to or larger than the noradrenaline-
induced maximum contraction. Relative maximum effect
(Ea,,) values (% noradrenaline E,,,) for ET-1, ET-2 and ET-3
were 106.4+4.72% (n=5), 99.1+6.58% (n=5) and
102.4 + 5.37% (n = 5), respectively. The ETs also caused con-

centration-dependent contraction (Figure 1). The pD2 values
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Figure 1 Concentration-response curves for the ET-1, ET-2, ET-3,
IRL1620 and sarafotoxin S6c in the rabbit iris dilator: (-) ET-l; (0)
ET-2; (0) ET-3; (El) IRL1620; (A) sarafotoxin S6c. Ordinate scale:
% of the maximum contraction to noradrenaline (100 kM). Abscissa
scale: the negative logarithm of the molar concentration of the ETs
and ET-related peptides. Each value is presented as a mean+s.e. of
4-6 experiments.

obtained from the concentration-response curves for ET- 1,
ET-2 and ET-3 were 7.58 + 0.28 (n = 4), 7.54+ 0.06 (n = 5) and
6.73 + 0.07 (n = 4), respectively. However, the selective ETB
receptor agonists, IRL1620 (1 gM) and sarafotoxin S6c (1 gM)
produced only small contractions (Figure 1). The rank order of
potencies for the contraction (pD2 values) was ET- 1= ET-
2 > ET-3 > > IRL1620 = sarafotoxin S6c, suggesting that ETs
produce the muscle contraction by activating ETA receptors.
Moreover, these concentration-response curves were not af-
fected by pretreatment with flurbiprofen (1 gM) or prazosin
(1 yM) (data not shown).

As shown in Figure 2, the concentration-response curves for
ETs were shifted to the right in a parallel manner by the se-
lective ETA receptor antagonist, BQ-123 at 10 Mm for ET-1
and ET-2, or at 10 nM for ET-3. The apparent pA2 values for
BQ-123 against ET-1, ET-2 and ET-3 were 5.78 +0.12 (n= 6),
5.98 + 0.11 (n = 4) and 8.32+ 0.15 (n = 4), respectively.

ET-induced elevation of [Ca2+]i and contraction

In smooth muscle of rabbit iris dilator, neither [Ca2+]i nor
muscle tension changed spontaneously. High K+ (72.7 mM)-
induced a sustained increase in [Ca2+]i and force (Figure 3),
which lasted at least 30 min. ET-1 (100 nM), ET-2 (100 nM)
and ET-3 (1 gM) produced a transient increase in [Ca2+1],
however, they induced only a slowly developing sustained
contraction (Figure 3a, b and c). The amount of [Ca2+]i and
the magnitude of contraction induced by ETs were much
greater than those stimulated by high K+. On the other hand,
the selective ETB agonists, IRL1620 (1 pM) and sarafotoxin
S6c (1 pM), induced transient and sustained increases in
[Ca2+]j. These responses were similar to and their amplitudes
were smaller than those induced by ET-1, ET-2 and ET-3; but
they did not cause contraction or produced only a small con-
tractile response (Figure 3d and e). To examine the char-
acteristics of ET-induced increase in [Ca2+]i and contraction,
the influence of Ca2+-free PSS and the effects of nicardipine
(10 pM), diltiazem (10 gM) and cyclopiazonic acid (30 gM) in
normal PSS on the increase in [Ca2+]i and the contraction
induced by ET-1 (100 nM) were tested. The transient increase
in [Ca2+], induced by ET-1 (100 nM) was reduced to 50% in
Ca2+-free PSS, approximately. In contrast, the sustained in-
crease in [Ca2+]J was completely abolished and the ET-1-in-
duced contraction was significantly reduced with the decrease
of sustained [Ca2+]J (Figure 4b). Neither the transient and
sustained increase of [Ca2+]i nor the contraction induced by
ET-1 (100 nM) was affected by a voltage-dependent Ca2+
channel blocker, nicardipine at 10 gM, which is sufficient to
block voltage-dependent Ca21 channels (Huang et al., 1990;
Xuan et al., 1994) (Figure 4c). The ET-1-induced contraction
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Figure 2 Effect of BQ-123 on the concentration-response curves for
ET-1 (a), ET-2 (b) and ET-3 (c) in the rabbit iris dilator. In (a): (0)
ET-l alone; (0) after treatment with BQ-123 (10 pM, 30min). In (b),
(@) ET-2 alone; (0) after treatment with BQ-123 (1OpM, 30min). In
(c), (0) ET-3 alone; (0) after treatment with BQ-123 (10 nM,
30min). The concentration-response curves for peptides were shifted
to the right after treatment with the selective ETA receptor
antagonist, BQ-123. Ordinate scale: % of the maximum contraction
to noradrenaline (100 pM). Abscissa scale: the negative logarithm of
the molar concentration of ETs. Each value is presented as a
mean ± s.e. of 4- 6 experiments.

was also not affected by treatment with the Ca2"-ATPase in-
hibitor, cyclopiazonic acid at 30 Mm, which is sufficient to in-
hibit Ca2"-ATPase (Uyama et al., 1992; Henry, 1994); whereas
the transient increase in [Ca2"]i induced by ET-1 was sig-
nificantly reduced by treatment with cyclopiazonic acid. The
transient increase in [Ca2+]i induced by IRL1620 (1 gM) was
not affected by nicardipine (10 gM) or diltiazem (10 gM) in
normal PSS, but significantly reduced by treatment with cy-
clopiazonic acid (30 Mm) (Table 1). ET-1 and IRL1620 pro-
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duced a transient increase in [Ca2"]i in Ca2"-free PSS. These
observations suggested that the transient increase in [Ca2+]
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caused by ETs was induced by Ca2" release from intracellular
Ca2+ stores such as the sarcoplasmic reticulum (SR) and that
the sustained increase in [Ca2+1] caused by ET-1 was due to
Ca2+ influxes induced by activation of the non voltage-de-
pendent Ca21 channels, which developed the sustained con-
traction.

To determine the relation of ET receptor subtypes (ETA and
ETB) to the increase in [Ca2+]i and the mechanism of contrac-
tion, we used a selective ETA receptor antagonist BQ-123 and
examined the response of ETs in preparations pretreated with
the selective ETB agonist, IRL1620 (tachyphylaxis studies).

Effects of BQ-123, BQ-788 and treatment with IRL1620
on ET-I-, ET-2-, ET-3- and sarafotoxin S6c-induced
increase in [Ca2+]i and contraction

BQ-123 (1 gM) did not affect ET-1 (30 nM)- or ET-2 (30 nM)-
induced elevation of [Ca2+]i (transient and sustained) or con-
traction (Figure 5a and b) and IRL1620 (1 gM) induced in-
crease in [Ca2+], (transient and sustained) (Figure 5d). BQ-123
(100 nM) did not affect the ET-3 (100 nM)-induced increase in
[Ca2+]j, but almost completely eliminated the sustained con-
tractile response (Figure 5c).

BQ-788 (1 gM) reduced the transient elevation of [Ca21],
induced by ET-1 (30 nM), ET-2 (30 nM), ET-3 (100 nM) and
IRL1620 (1 gM), but did not affect the sustained elevation of
[Ca2+], induced by these agonists (Figure 6). In addition ET- I-,
ET-2- and ET-3-induced contractions were not affected by this
antagonist (Figure 6a, b and c).

IRL1620 (1 gM)-induced a transient and sustained increase
in [Ca2+]j, but did not elicit contraction of the smooth muscle.
IRL1620-induced transient sustained increase in [Ca2+], was
completely abolished by exposure to IRL1620 (1 gM) for
30 min (Figure 7a). Thereafter, the transient increase in [Ca2+]i
and sustained contraction induced by ET-1 (100 nM) were
smaller than those obtained in the normal preparations. ET-2
(100 nM) and ET-3 (1 gM) also produced similar responses to
those obtained by ET-1 in the preparations treated with the
successive applications of IRL1620 (1 gM). The elevation in
[Ca2+1] induced by sarafotoxin S6c (1 gM) in the preparation
treated with IRL1620 was significantly less than that in the
untreated preparation (Figures 3e and 7e), but there was still a
small residual response.

5 min - 1.07

-~~~~~~~~~~- 0.83

IRL1620 104 M

5 min - 1.01

-10.76

]0.1 g

STx S6c 106 M

Figure 3 Typical tracings of cytosolic Ca2+ level (upper trace,
expressed as RUO/380) and muscle tension (lower trace) induced by
lOOnM ET-1 (a), lOOnM ET-2 (b), 1 pM ET-3 (c), 1AM IRL1620 (d)
and 1uM sarafotoxin S6c (STx S6c) (e) in rabbit iris dilator. Each
trace shown is typical of 3-6 experiments.

Discussion

ET-1, ET-2 and ET-3 were found to produce contractile re-
sponses in a concentration-dependent manner but IRL1620
and sarafotoxin S6c did not contract the iris dilator muscle of
the rabbit. The rank order of potency was ET-1 = ET-2 > ET-
3> >IRL1620 = sarafotoxin S6c. From the observation that
ETB-selective agonists did not cause contraction of smooth
muscle, it seems that ETs produced the contraction by the
activation of ETA receptor subtypes in rabbit iris dilator. The
same findings were observed by Ishikawa et al. (1993) in rabbit
iris sphincter and dilator and by EL-Mowafy & Abdel-Latif
(1993) in rabbit iris sphincter. As shown in Figure 2, the
concentration-response curves to ET-1, ET-2 and ET-3 were
shifted to the right by an ETA-selective antagonist, BQ-123
(Ihara et al., 1992) with no effect on the maximum response to
these peptides. The antagonistic effect of BQ-123 against ET-3
was consistent with those (7.3-7.96 nM) reported previously
(Ihara et al., 1992; Nakamichi et al., 1992). However, the an-

tagonistic effect of BQ-123 against ET-1 and ET-2 were much
weaker than those reported by Ihara et al. (1992) and Naka-
michi et al. (1992). These findings suggest the existence of BQ-
123-insensitive ET receptors activated by ET-1 and ET-2 in
addition to BQ-123-sensitive ETA receptors.

As shown in Figure 3, all three ETs produced an increase in
[Ca2+]i and muscle tension, and increase in [Ca2+], without
tension development was produced by IRL1620 and sar-
afotoxin S6c. This latter increase was transient and sustained,

a

R340/380

Tension

b

R340/380

Tension

c

R340/380

Tension

d

R340/380

Tension

K

0

R340/380

Tension

K

1280

3

A_



M. Satoh et al Ca2, mobilization and contraction by ET-receptors

5 min
1.00

w

40.54

10.19

5 min
1in- 0.92

w

-l 0.50

c

R340/380

Tension

Nicardipine 105 M

ET-1 1 -7M

5 min
w l 1.04

I 0.64
d

R340/380

5 min
0.70

-I 0.40

Tension
.1 9

K OCa

ET-1 1O-7M

K CPA 3 x 10 M

ET-1 10-7 M

Figure 4 Effects of treatment with Ca2+-free PSS (O Ca), nicardipine and cyclopiazonic acid (CPA) on lOOnM ET-1-induced
cytosolic Ca2+ level (upper trace, expressed as R3Q/380) and muscle tension (lower trace) in rabbit iris dilator. (a) Normal PSS, (b)
Ca2+-free PSS, (c) 10yM nicardipine (10min), (d) 30/iM CPA (60min). Each trace shown is typical of 4-6 experiments.

Table 1 Effects of treatment with Ca2+-free PSS, nicardipine (10 jFM) and cyclopiazonic acid (30 gM) on endothelin-l (100 nM) and
IRL1620 (1 uM)-induced cytosolic Ca2+ level and contraction in rabbit iris dilator

[Ca2+]j (transient) [Ca2+]i (sustained) Contraction (%)

ET-J
Normal PSS
Ca2+-free PSS
Nicardipine
Cyclopiazonic acid
IRL 1620
Normal PSS
Ca2+-free PSS
Nicardipine
Cyclopiazonic acid

6
4
6
4

4
3
4
6

412.7 +40.8
212.4+ 13.3*
433.9 +40.6
15.3 ± 2.7*

258.2+ 17.5
170.2 + 15.2*
267.9+45.0
15.4 ± 5.7*

208.1 + 18.8
0

256.3 +48.5
122.0 + 37.8*

160.0+ 14.4
0

152.0+23.8
60.9 + 14.8*

%: expressed as percentage of Ca2+ level and contraction induced by 72.7 mM KCl.
NC: no contraction.

reverting to the baseline within 30 min; the increases induced
by the three ETs also had two phases (transient and sustained)
which lasted more than 30 min. In the absence of extracellular
Ca2, ET-1 produced only a transient increase in [Ca2 ]i which
was not accompanied by corresponding transient contractions;
the sustained contractions produced in the Ca2"-free PSS were

significantly reduced by elimination of the sustained increase in
[Ca2"Ji. Neither the increase in [Ca2+]i nor the contraction was
affected by L-type Ca2"-channel blockers, whereas after
treatment with the Ca2"-ATPase inhibitor, cyclopiazonic acid,
the transient increase in [Ca2"]i induced by ET- I was decreased
without affecting the contraction. These findings strongly
suggest that when Ca2" was released from intracellular Ca2"
stores, the transient increase in [Ca2 ]i did not relate to the
contraction, and instead, the subsequent increase in [Ca2+]i
produced by Ca2+-influx from extracellular Ca2+ through non

L-type (non voltage-dependent) Ca2" channels caused the
sustained contraction. Kurata et al. (1993) reported a similar
observation on eicosanoids in the rat thoracic aorta: in the
presence or absence of extracellular Ca2", prostaglandin F2a
(PGF2,A) and the thromboxane agonist, U-46619, produced a

transient increase in [Ca2+]i by releasing Ca2+ from the in-
tracellular Ca2+ stores or the SR; the transient increase was

not accompanied by corresponding transient contractions.
Further, the contraction began to develop and was well sus-

tained in the descending phase of the transient increase in
[Ca2+]j. They suggested that the signal-transducing pathway
utilized for development of the sustained contraction is dif-
ferent from that for the intracellular Ca2+ release. The L-type
Ca21 channel blockers, nicardipine, diltiazem and verapamil,
at concentrations sufficient to block Ca21 channels, did not
influence the contractile responses to noradrenaline in rabbit
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ET-1 (a), ET-2 (b), ET-3 (c) and IRL1620 (d). Each agonist was applied after 30min treatment with BQ-123, (a) 1 gM BQ-123
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iris dilator (Kokubu et al., 1993). In endothelial cells and
vascular smooth muscle, Ca2"-channel blockers also have no

effect on the ET-l-induced elevation of [Ca2"]j, indicating that

the L-type (voltage-dependent) Ca2" channels are not involved
in the ET-l-activated Ca2" influx (Masaki et al., 1991; Aoki et
al., 1994). Abdel-Latif & Zhang (1991) also made a similar
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observation in rabbit iris sphincter, finding that neither nife-
dipine nor nicardipine had any effect on ET-l-induced con-
centration-response curves and IP3 accumulation. They
concluded that ET-1 acts via a mechanism other than activa-
tion of dihydropyridine-sensitive channels in this tissue. These
findings suggest that in the muscle of rabbit iris dilator, func-
tional L-type (voltage-dependent) Ca21 channels may not exist
or that Ca2+ may enter the muscles through non-selective ca-
tion channels.

We made another interesting observation in this study:
with fura-2-loaded dilator muscle viz BQ-123 (1 gM) did not
affect the ET-1- or ET-2-induced increase in [Ca2+]i and
muscle tension, or IRL1620-induced increase in [Ca2+]J,
whereas low concentrations of BQ-123 (100 nM) significantly
reduced the sustained contraction induced by ET-3 without
affecting the transient and sustained increase in [Ca2+]j.
Further, BQ-788 (1 gM) reduced the transient increase in
[Ca21], induced by ETs and IRL1620, but did not affect the
sustained elevation of [Ca2']i and contraction. Thus, the
activation of ETA receptors is important for the muscle
contraction, and the muscle contraction is caused by only a
small increase in [Ca2+],. In addition to our findings, many
investigators have also demonstrated that ETs mobilized
Ca21 from both intracellular and extracellular sources in
various cell types, such as aorta, brain capillary endothelial
cells, mesangial cells, glial cells and PC12 phaeochromacy-
toma cells (Miashiro et al., 1988; Takuwa et al., 1990; Vigne
et al., 1990; Martin et al., 1990; Thomas et al., 1991). ETs
activate phospholipase C, which catalyzes hydrolysis of
phosphatidyl inositol biphosphate into inositol trisphosphate
(1P3) and diacylglycerol (Vigne et al., 1990; Martin et al.,
1990; Thomas et al., 1991; Abdel-Latif & Zhang, 1991; EL-
Mowafy & Abdel-Latif, 1991; Osborne & Barnett, 1992). IP3
induces the release of Ca2+ from its intracellular storage site
in cells, presumably the endoplasmic reticulum (Newby &
Henderson, 1990). In the rabbit iris sphincter muscle, ET-1
induced the accumulation of IP3 within 5 min (Abdel-Latif
& Zhang, 1991; Osborne & Barnett, 1992; EL-Mowafy &
Abdel-Latif, 1994), which may have caused the ETs-induced
transient increase in [Ca21], in our experiments. As shown in
Figure 6, the selective ETB receptor antagonist, BQ-788
(Fukuroda et al., 1994) almost completely eliminated the
transient increase in [Ca2+]J induced by ETs and IRL1620.
These findings suggest that the ETB receptor mediating in-
crease in [Ca2+]i induced by ET-1, ET-2, ET-3 and IRL1620
is related to the transient increase in [Ca2+]i mediated by the
accumulation of IP3. Added to these findings, the results
shown in Figure 7 indicate that the accumulation of IP3 may
be produced by activation of not only ETA receptors but
also ETB receptors. EL-Mowafy & Abdel-Latif (1994) de-
monstrated another observation that ETs induce both IP3
and cyclic AMP formation, two second messengers with
apparently opposite physiological functions to contraction of
smooth muscle. In the present experiment, ET related pep-
tide-induced increase in [Ca2+]j, which is not accompanied
by muscle contraction, may be related to the production of
intracellular second messengers including cyclic AMP. We
cannot show for certain whether the transient increase in
[Ca2+], through ETB receptors activates the cyclic AMP-
protein kinase A pathway and influences the ETs-induced
muscle contraction. But as shown in Figure 7a, we have
provided evidence that treatment with IRL1620 decreases the
transient increase in [Ca2+ ]j, and completely eliminates it
with two applications. This observation makes it clear that
the increase in [Ca2+]i evoked by activation of ETB receptors
is reduced by exposure to and repeated applications of ETB
agonists (tachphylaxis). And further the application of ET-1,
ET-2 and ET-3 after the treatment with IRL1620 produces
smaller increases in [Ca2'j1 and the sustained contraction,
whose amplitude is not significantly different from those
produced without IRL1620, in spite of no-response for sar-
afotoxin S6c. The increase in [Ca2+]i and contraction in-
duced by the activation of ETA receptors were not changed
by tachphylaxis (down-regulation) of ETB receptors. Fur-
thermore the ETB selective antagonist, BQ-788, reduced ET-
1-, ET-2- and ET-3-induced transient elevation of [Ca2]i,
but did not affect their sustained contraction (Figure 6).
These results suggest that the transient increase in [Ca2+] is
mainly produced by ETB receptor subtypes, and the con-
tractile response is produced by activation of ETA receptors;
the elimination of elevation of [Ca2+]i produced by exposure
to the ETB agonist, IRL1620, is not due to exhaustion or
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reduction of Ca2+ in Ca2+ stores but to the decrease of the
products of the intracellular second messengers stimulated by
activation of ETB receptors.

MacCumber et al. (1991) demonstrated the presence of
immunoreactive ET-1 and ET-3 in the rabbit eye and showed
that the iris-ciliary body contains the highest concentrations of
ET among the various tissues of the eye. Characterization of
the receptors as in binding studies and genetic experiments and
the physiological role of the transient increase in [Ca2+ ], which
did not produce contraction of smooth muscle may need fur-
ther study, as is also true of the intracellular signal transduc-
tion in the ET receptors mediating contractile response. In the
present studies, we have shown that ETA and ETB receptor
subtypes exist in the rabbit iris dilator muscle, and the ETA

receptors are divided into BQ-123-sensitive ETA subtypes ac-
tivated by ET-1, ET-2 and ET-3, and BQ-123-insensitive ETA
subtypes activated by ET-1 and ET-2, which cause the increase
in [Ca2+]i and sustained contraction. ETB receptor subtypes
activated by ET-1, ET-2, ET-3, IRL1620 and sarafotoxin S6c
cause the transient and sustained increase in [Ca2+]j, which is
not able to contract the smooth muscle.

The donation of BQ-123 by BANYU Pharmaceutical Co. is
gratefully acknowledged. This study was supported by Grants-in-
Aid for Scientific Research from the Ministry of Education, Science
and Culture, Japan (Nos. 05304026 and 06772154).
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