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Negative chronotropic actions of endothelin-1 on rabbit

sinoatrial node pacemaker cells
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1 The effects of endothelin-1 (ET-1) on sinoatrial (SA) node preparations of the rabbit heart were
studied by means of whole-cell clamp techniques.

2 ET-1 at 1 nM slowed the spontaneous beating activity and rendered half of the cells quiescent. At a
higher concentration of 10 nM, the slowing and cessation of spontaneous activity were accompanied by
hyperpolarization.

3 In voltage-clamp experiments, ET-1 decreased the basal L-type Ca®" current (/c,a,) dose-dependently
with a half-maximal inhibitory concentration (ECsy) of 0.42 nM and maximal inhibitory response (E.x)
of 49.5%. The delayed rectifying K™ current (/) was also reduced by 33.24+11.1% at 1 nM. In addition,
an inwardly rectifying K™ current was activated by ET-1 at higher concentrations (ECs,=4.8 nM). These
ET-1-induced changes in membrane currents were abolished by BQ485 (0.3 uM), a highly selective ET,
receptor antagonist.

4 When Ic,q, was inhibited by ET-1 (1 nM), subsequent application of 10 um ACh showed no
additional decrease in Ic,q,, suggesting the involvement of cyclic AMP in the effects of ET-1 on Ic,q). In
contrast, 1 nM ET-1 further decreased Ic,q, in the presence of 10 um ACh, suggesting that ET-1
activates some additional mechanism(s) which inhibit /c,q). The ET-1-induced Ic,q, inhibition was
abolished by protein kinase A inhibitory peptide (PKI, 20 um) or H-89 (5 um). However, the Ic,q,
inhibition was not affected by methylene blue (10 uM), suggesting a minor role for cyclic GMP in the
effect of ET-1 under basal conditions.

5 ET-1 failed to inhibit /c,q, when the pipette contained GDPSS (200 uM). However, incubation of the
cells with pertussis toxin (PTX, 5 ugml~!, >6h) only reduced the ET-l-induced inhibition to
21.5+9.5%, whereas it abolished the inhibitory effect of ACh on Ic,u).

6 Intracellular perfusion of 8-bromo cyclicAMP (8-Br cyclicAMP, 500 uM) attenuated, but did not
abolish the inhibitory effect of ET-1 on Ic,q,. This 8-Br cyclicAMP-resistant component (17.5+14.4%,
n=20) was not affected by combined application of 8-Br cyclicAMP with 8-bromo cyclicGMP (500 um),
ryanodine (1 uM) or phorbol-12-myristate-13-acetate (TPA; 50 nMm).

7 In summary, ET-1 exerts negative chronotropic effects on the SA node via ET,-receptors. ET-1
inhibits both Ic,q, and Iy, and increases background K™ current. The inhibition of Ic,r, by ET-1 is
mainly due to reduction of the cyclicAMP levels via PTX-sensitive G protein, but some other

2+

mechanism(s) also seems to be operative.
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Introduction

Endothelin, initially regarded as a potent endogenous vaso-
constricting peptide (Yanagisawa et al., 1988), has been shown
to have various actions on the heart (for review, see Rubanyi &
Polokoff, 1993). Due to its potent positive inotropic action, the
effects of ET-1 on the L-type Ca’* current (Ic,q,) have been
investigated in many studies (Tohse et al., 1990; Furukawa et
al., 1992; Lauer et al., 1992; Ono et al., 1994; Xie et al., 1996).
These studies all indicated that endothelin does not affect or
slightly (at most by 20%) reduces basal /c,q, in myocytes.
With regard to the chronotropic action of endothelin, Ishika-
wa et al. (1988) were the first to show that endothelin has a
positive chronotropic effect in guinea-pig atria. However,
subsequent experimental studies yielded conflicting results,
probably depending on the experimental conditions and spe-
cies used. That is, endothelin was found to either enhance
(Ishikawa et al., 1991; Ono et al., 1995) or reduce (Goetz et al.,
1988; Karwatowska-Prokopczuk & Wennmalm, 1990; Kim,
1991) the heart rate. Dual (both negative and positive) or no
chronotropic effects of endothelin have also been described
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(Kitayoshi et al., 1989; Kurihara et al., 1989; Vigne et al., 1989;
Han et al., 1990).

To understand the chronotropic mechanisms of action of
endothelin, electrophysiological effects of this peptide on single
mammalian pacemaker cells need to be clarified. To date, the
chronotropic action of endothelin on single myocytes has been
found only in neonatal rat atrial cells by Kim (1991), who
demonstrated the negative chronotropic action due to activa-
tion of inwardly rectifying muscarinic K* channels (Ixacn)-
However, no studies on the effect of endothelin on primary
pacemaking cells have been published. In guinea-pig atrial
cells, Ono et al. (1994) demonstrated that endothelin-1 (ET-1)
reduces Ic,1, via inhibition of a adenosine 3":5'-cyclic mono-
phosphate (cyclicAMP)-dependent pathway in addition to
muscarinic K" channel activation. These changes, if they oc-
curred in the sino-atrial (SA) node, would result in a decrease
in the rate of spontaneous beating. Based on these previous
observations, we studied the electrophysiological effects of ET-
1 on pacemaker cells isolated from rabbit SA node to address:
(1) its chronotropic effects and (2) the underlying ionic me-
chanisms with special reference to /c,q, and the background
K™* current.
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Methods

Cell isolation

Isolation of single SA node cells was performed as described
previously (Habuchi ez al., 1995). The excised hearts from
heparin-treated rabbits weighing 2—3 kg (anaesthetised with
sodium pentobarbitone at 40 mg kg~' body weight) were
perfused, by a Langendorff system, with Ca’"-containing
(0.5 mM) phosphate-buffered K *-containing solution equili-
brated with 100% O, at 37°C. The composition of the phos-
phate-buffered solution was as follows (in mMm): NaCl 145, KClI
5.4, MgCl, 1.0, Na,HPO,2.24, and CaCl, 1.8 (pH=74, ad-
justed with NaH,PO, approx. 0.33 mMm). After 5 min of per-
fusion with the Ca®"-containing solution, the perfusate was
switched to Ca’*-free solution followed by an enzyme solution
containing 10 uml~' collagenase (Yakult, Tokyo, Japan) and
0.08 uml~' protease (Sigma, Type XIV, St. Louis, MO,
U.S.A)) for 15 min. A sheet-like preparation (5 x 3 mm) of the
SA node was prepared by trimming the surrounding tissue.
This was incubated in a second enzyme solution containing
1.3 uml™' type H collagenase (Sigma) and 14 uml™' type 111
elastase (Sigma) at 37°C. Fifteen to thirty minutes after com-
mencement of the incubation in the enzyme solution (200 ul),
aliquots were collected into KB solution containing (in mMm) K-
glutamate 90, oxalate 10, KCl 25, KH,PO, 10, MgSO, 1,
taurine 10, ethylene glycol-bis (b-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid (EGTA) 0.5, N-2-hydroxyethyl-pi-
perazine-N’-2-ethanesulphonic acid (HEPES) 5 and glucose 10
(pH=17.2, adjusted with KOH). This procedure was repeated
every 3—5 min. After washout of the enzyme from the KB by
centrifugation, the cells were stored in KB with 0.1% BSA
(Fraction V, Sigma) at 4°C. The cells stored in KB solution
were available for 8—12 h for experiments.

Electrical recordings

Spindle-shaped or ovoid SA node cells showing spontaneous
beating in the phosphate-buffered solution were used for the
experiments. In action potential experiments, clusters com-
posed of 2—5 cells showing well-synchronized activity were
used. Spontaneous action potentials were recorded by a per-
forated-patch method in the phosphate-buffered solution. The
pipette was filled with a solution containing (in mM): KCI 144,
NaCl 6, HEPES 5 (pH=7.2, adjusted with HCI). Amphoteri-
cin-B dissolved in dimethyl sulphoxide (80 mg ml~') was ad-
ded to the solution at a final concentration of 2.4 mg ml~".
Each parameter of the action potentials was defined by aver-
aging ten consecutive action potentials. The overshoot (OS)
and the maximal diastolic potential (MDP) were measured
from zero potential to the highest and lowest points of the
action potential, respectively. The action potential duration
(APDsy) was measured as the duration at 50% of the action
potential amplitude. The maximal upstroke velocity (dV/dt.)
was measured as the peak value of the first derivative of the
membrane potential digitized at 2 kHz. The amplifier used was
an Axopatch 1-D amplifier (Axon Instruments, Foster City,
CA, US.A).

Icay was recorded in two ways. In the perforated-patch
method, the amphotericin-B pipette solution with K* replaced
by Cs™ was used. The external solution was composed of (in
mM):NaCl 140, CsCl 10, HEPES 5, MgCl, 1.0, BaCl, 1.0,
CaCl, 1.8 and glucose 10 (pH=7.4, adjusted with NaOH).
Ic,q,y was elicited by 300 ms pulses to 0 mV from a holding
potential (HP) of —40 mV every 12 s. In the ruptured-patch
method, the pipette-filling solution for the recording of Ic,q,
contained (in mM): Cs-aspartate 85, CsCl 20, MgCl, 1, HEPES
5, Mg-ATP 5, Na;-GTP 0.2, Na, phosphocreatine 3, EGTA
10, CaCl, 1 and MgCl, 1 (pH=7.2, adjusted with CsOH, pCa
was 7.6 according to the stabilizing constants by Fabiato &
Fabiato, 1979). A double-pulse protocol was conducted to
minimize the rundown of Ic,q,, where a 500 ms prepulse was
applied from HP of —80 mV to —40 mV to eliminate the fast

Na* current and the T-type Ca®" current (Icor). This was
followed by 300 ms depolarization to 0 mV to elicit Ic,r). A
liquid-junction potential of 10 mV between the pipette solu-
tion and the superfusate was corrected for the ruptured-patch
method. Ic,q, was measured as the difference between the in-
ward peak and the current at the end of the test pulse. In the
case of rundown, Ic,q, change was estimated by comparison
between the raw current value during ET-1 application and the
estimated value in reference to the time course of rundown
under control conditions. Under these K *-free conditions, the
extracellular Cs™ (10 mM) was supposed to be high to activate
the Na*-K* pump and to avoid intracellular Ca®>* overload
(Eisner & Lederer, 1980). The delayed rectifying K* current
(Ix) was activated by 300 ms-depolarization to 0 mV. The
magnitude of Iy was evaluated from the tail current measured
as the difference between the peak of the tail on holding back
to —40 mV and the holding current. The hyperpolarization-
activated inward current (I;) was elicited by a 300 ms pulse to
—80 mV from HP of —40 mV. In the ramp experiments, the
cell was voltage-clamped with the perforated-patch pipette by
a ramp pulse from +40 mV to —120 mV over a period of 2 s
and repeated every 12 s in the presence of 1 uM nifedipine.

The pipette had a resistance of 1-2 MQ. The cell capaci-
tance and series resistance were measured from approx. two
thirds of the cells tested. The cells had a capacitance of
38.3+7.9 pF (n=280), and the compensated series resistance
measured 6.8+1.3 MQ for the perforated-patch method
(n=37), and 1.44+0.6 MQ (n=43) for the ruptured-patch
method. All the experiments were conducted at a bath tem-
perature of 36—37°C.

Chemicals

Endothelin-1 (Peptide Institute, Osaka, Japan) was dissolved
in 0.01% acetic acid to make a stock solution of 10 uM.
Acetylcholine, isoprenaline (Sigma), and methylene blue
(Wako Pure Chemicals, Osaka, Japan) were dissolved in dis-
tilled water just before use. BQ485 (perhydroazepin-l-yl-leucyl-
D-tryptophanyl-D-tryptophan, Novabiochem, Laufelfingen,
Switzerland) and phorbol-12-myristate-13-acetate (TPA, Sig-
ma) were dissolved in dimethyl sulphoxide (500 uM and 1 mMm,
respectively as stock solutions). Pertussis toxin (PTX), 8-bro-
mo-cyclic 3',5-adenosine monophosphate (8-Br cyclicAMP),
and 8-bromo-cyclic 3',5-guanosine monophosphate (8-Br cy-
clicGMP) were purchased from Sigma. Guanosine-5-0-(2-
thiophosphate) trilithium salt (GDPfs) was from Research
Biochemical International (Natick, MA, U.S.A.). Protein
kinase A inhibitory peptide (PKI), H-89 (N-[(2-(p-bromocin-
namylamino)ethyl)]-5-iso-quinoline sulphonamide) and rya-
nodine were from Calbiochem (La Jolla, CA, U.S.A.).

Data acquisition and statistics

The electrical signals were filtered at 2 kHz in voltage-clamp
experiments, but were not filtered in the action potential ex-
periments. They were displayed on a digital oscilloscope (Ni-
colet 310C, Madison, Wis, U.S.A.) with a sampling rate of
0.01 ms, and the voltage-clamp data were stored on floppy
discs. The action potential data were stored on a digital data
recorder (TEAC RDI101-T, Tokyo, Japan) with a sampling
rate of 0.05 ms. The digitised data were analysed on a com-
puter (NEC 98, Tokyo, Japan). The data were expressed as
means +s.d. Statistical analyses were performed by Student’s ¢
test, and P values less than 0.05 were considered significant.

Results

Negative chronotropic effects of ET-1

Figure la illustrates a typical effect of ET-1 on spontaneous
action potentials in SA node cells. ET-1 at 1 nM gradually
reduced the action potential amplitude, and subsequently
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stopped the beating with little reversal after washout. The
corresponding action potentials (triangles) in the lower panel
show the reduction of the spontaneous firing frequency (SFF),
OS and MDP by ET-1. The dV/dt,,.. was also concomitantly
reduced from 7.8 Vs~! to 5.2 Vs~!. Table 1 shows a summary
of the action potential parameters before and 1 min after
commencement of 1 nM ET-1 application obtained from 10
cell preparations. ET-1 significantly reduced all the parameters
measured (P<0.05) except APDs,. Subsequently five cell pre-
parations stopped beating with a resting potential of
—31.3+2.5mV. At a higher concentration of 10 nm, ET-1
slowed the beating more quickly and hyperpolarization of the
MDP developed (Figure 1b). Of eight preparations exposed to
10 nm ET-1, five stopped beating with a resting potential of
—65.0+3.1 mV. Little reversal of the action potential wave-
forms was observed after washout of ET-1 in all the action
potential experiments, which did not allow us to carry out
repeated experiments on the same preparation.

Changes in the membrane currents by ET-1

To clarify the mechanism(s) underlying the negative chrono-
tropic effects of ET-1, voltage-clamp experiments were con-
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Figure 1 Effects of ET-1 on spontaneous beating action potentials in
SA node cell cluster. (a) A low-speed chart recording (upper) and the
corresponding action potential waveforms (lower) indicated by
symbols. The period of ET-1 (1 nMm) superfusion is indicated by the
horizontal bar. (b) Hyperpolarization of the spontaneous action
potentials and the resting potentials induced by 10 nm ET-1. A low-
speed chart recording (left) and the corresponding action potential
waveforms (right) indicated by symbols.

ducted on single SA node cells in phosphate-buffered solutions.
In Figure 2a, 300 ms depolarizing pulses to 0 mV elicited a
peak inward current, and subsequently Ix. In five cells tested,
application of 1 nM ET-1 reduced the peak inward current
from —465+96 pA to —267+59 pA (P<0.05), and the Ix
tail from 72.34+43.3 pA to 40.1+23.3 pA (P<0.05). The
amplitudes of these currents did not recover to the control level
following washout of the peptide. Such irreversible or long-
lasting effects of ET-1 have also been described for the ino-
tropic (Kelly et al., 1990) and chronotropic (Ishikawa et al.,
1988; Reid e al., 1989) effects on the heart. On the other hand,
as shown in Figure 2b, ET-1 modified neither the peak inward
current nor I tail following superfusion of cells with 0.3 um
BQ485 for 5 min, a specific antagonist of ET 4 receptors (Itoh
et al., 1993). Similar results were obtained in all 5 cells tested.

Time (min)
0 2 4 6 8 10 12

Current (pA)

c eled A o e oo (i) am --
(i), (i)
(i) I 200 pA
(iii)
) 100 ms
o ()
Time (min)

0 2 4 6 8 10 12

—~ 200 : : : ; ;
< RARRRRRRIRE

2 o BQ485 0.3 um

£ 200 ET-11 nwm

5 400 g

©  _600*-

Figure 2 (a) Effects of ET-1 on the membrane currents in a single
SA node cell with the perforated-patch method in phosphate-buffered
K " -containing solution. The upper panel illustrates the inward
current peak on depolarization, the holding current, and Ik tail on
holding back to —40 mV plotted against time. The lower panel
shows the corresponding current tracings indicated by numbers (i—
iii) in the upper panel. The dotted line in the trace indicates zero
current level. (b) Absence of effect of ET-1 on the peak inward
current and Ix tail in the presence of BQ485. The current tracings
before (i) and during ET-1 (1 nM) application (ii) are shown below.

Table 1 Effects of ET-1 1 nM on the action potential parameters in SA node

MDP (mV) 0S (mV)
Control —60.5+4.3 23.944.8
ET-1 —57.6+4.6% 17.84+7.2%

AV dtey (Vs SFF (min ") APDs, (ms)
8.3+4.1 211441 81.6+11.3
5.242.8% 1554 88* 88.8+14.7

Data (means+s.d. of 10 experiments) were obtained before and 1 min after commencement of ET-1 application. *Denote significance

(P <0.05) as compared with the control value.
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Thus, the membrane current changes induced by ET-1 in SA
node cells (Figure 2a) are mediated by ET, receptors.

The inhibitory effects of ET-1 were more precisely examined
on Ic,q, under K* free conditions and on Ik in the presence of
nifedipine (Figure 3). ET-1 inhibited Ic,q, with an ECs, of
0.42 nM and E,., by 49.5% (solid circles). ET-1 at concen-
trations of 1 nM or less also inhibited /i tail (open squares) to
a similar extent as the inhibition of /c,1,. However, activation
of a background outward current induced by ET-1 did not
allow us to plot a complete dose-response curve for Ix. In line
with the hyperpolarization of the membrane potential ob-
served in Figure 1b, this background current developed in re-
sponse to ET-1 at 3 nM or higher (see below).

Figure 4a shows representative changes in the holding
current at —40 mV in response to ET-1 and ACh. The current
shifted outward in response to 10 nM ET-1, but not to 1 nMm
ET-1. The dose-response relationship (Figure 4b, solid circles)
revealed that ET-1 activated the holding current with an ECs,
of 4.8 nM. The current density induced by ET-1 at a saturating
concentration (30 nM) was 1.04+0.4 pA pF~'. This value was
comparable to that of the Ik tail measured in the experiments
in Figure 3 (1.340.4 pA pF™"), or that of Ixcn activated by
30 nM ACh (open triangles in Figure 4b), indicating that this
current was large enough to hyperpolarize the membrane po-
tential. Figure 4c illustrates the current-voltage relationships
obtained by the ramp pulse protocol (see Methods) before and
during superfusion with 10 nM ET-1. The ET-1-induced cur-
rent showing inward rectification (lower panel) was effectively
abolished by subsequent addition of 0.1 mM BaCl, and was
not activated by ET-1 in the presence of 0.3 um BQ485 (n=3,
data not shown). The reversal potentials (V,.,) for the current
(Figure 4d) measured with the ramp experiments showed a
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Figure 3 Dose-dependent inhibition of /¢, and Ik by ET-1 by the
perforated-patch methods. (a) The left panel shows representative
examples of Ic,,) tracings before (marked as C) and during ET-1
application (0.3, 1 and 10 nM). On the right, I tracings with (1) and
without (C) 1 nM ET-1 are shown. (b) the relative /cyq) and Ix
values plotted against concentrations of ET-1. The symbols and
vertical lines represent means and s.d., respectively. The smooth
curve was drawn according to the least squares fitting of mean values
to the equation:

relative Jcy) = | — Emax/(1 + ECso/D)
where, D denotes the concentration of ET-1 (nm). The maximal

response (Enax) = 0.495, half-maximal inhibitory (ECsy) = 0.42 nM
for Ic,). The numbers of experiments are shown in parentheses.

slope of 59.1 mV by 10 fold changes in [K *],.. (solid circles),
resembling those of Ixacn (open triangles). When K* in the
extracellular and internal perfusate was replaced with Cs™ by
means of the perforated-patch method, ET-1 at 10 nM pro-
duced no discernible changes in the background currents
(Figure 4e, n=3). These findings clearly indicated that the ET-
I-induced changes in the background current were the result
mostly of an increase in K* conductance.

At potentials more negative than — 50 mV, Iy is activated in
the SA node. Changes in I; in response to ET-1 may have
perturbed the current elicited by the ramp pulses. Indeed, we
measured I; by the perforated-patch method, and found that
ET-1 (10 nM) inhibited it to 58.1 +35.4% of the control (n=6).
To test how I; modified the measurement of V.., for ET-1-
induced background current, we measured the reversal po-
tential in the presence of 1 mM CsCl to block /.. Under these
conditions, V,.s for the ET-1-induced current with and with-
out CsCl were similar; —84.7+4.6 mV (n=3) vs
—823+06mV (n=4) at 54mM [K']. and
—99.7+1.5mV (n=3) vs —101.0+1.7 mV (n=4) at 2.7 mm
[K *Jou respectively, indicating that I; did not markedly affect
measurements of V... However, the shape of the current-vol-
tage relationship (lower panel in Figure 4c) may have been
somewhat distorted by /; at negative potentials.

Intracellular mechanisms underlying ET-1-induced
inhibition of le. .y,

Acetylcholine (ACh) inhibits basal /¢, in SA node (Brown &
Denyer, 1989; Petit-Jacques et al., 1993) and activates an in-
wardly rectifying K* current (Ixacn). Taking such similarities
in the electrophysiological actions between ET-1 and ACh into
account, we tested whether ET-1 inhibits /c,q, through the
same intracellular mechanisms as ACh. As shown in Figure Sa,
when Ic,q, was inhibited by 1 nM ET-I1, further addition of
ACh at a saturating concentration of 10 uM (Petit-Jacques et
al., 1993) had no effect on I,y i.e., Icuq) Was decreased by
42.84+12.0% of the control by 1 nm ET-1, but was not de-
creased any further by addition of 10 uM ACh (n=4). In
contrast, when Ic,q, was maximally inhibited by 40.3+7.9%
with 10 uM ACh, subsequent application of 1 nM ET-1 further
suppressed it by 22.9+8.8% (n=4, Figure 5b).

To examine the intracellular mechanism underlying the ET-
l-induced Ic,q, inhibition the ruptured-patch method was used
to modify the intracellular milieu. With this method, 1 nm ET-
1 inhibited Ic,q, by 40.5£9.9% (n=09), similar to that ob-
tained with the perforated-patch method. The ACh inhibition
of basal Ic,q, in SA node cells was shown to be mainly due to
reduction of the intrinsic cyclic AMP concentration (Petit-
Jacques et al., 1993). To assess the roles of cyclic AMP and
cyclicAMP-dependent protein kinase (PKA), we examined the
effects of ET-1 on cells in which the cyclicAMP-dependent
phosphorylation of the Ca?" channels was abolished by PKI
(20 um) in the pipette. The presence of PKI consistently caused
a rapid rundown of /¢, to about 20—30% of the initial value
10 min after rupture of the membrane (Figure Sc), suggesting
inhibition of the intrinsic phosphorylation of the Ca®>* chan-
nels in the cells (Petit-Jacques ef al., 1993). At 15—20 min after
the membrane rupture, isoprenaline (Iso) at 100 nM showed
little enhancement of Ic,q,, suggesting sufficient inhibition of
PKA activity. Subsequent application of ET-1 at 1 nM showed
no inhibition of Ic,q, (n=4). Inclusion in the pipette of H-89
(5 uM), which similarly caused a rapid rundown of Ic,q, to
about 20% of the initial value, also prevented the inhibition of
Icaqy by 1 nM ET-1 (n=4, data not shown). From these ob-
servations, it is likely that ET-1 inhibits Ic,q, only when the
Ca*" channels are phosphorylated by PKA.

In addition to PKA, the Ca®>" channels are known to be
regulated by cyclicGMP (Fischmeister & Hartzell, 1987; Han
et al., 1995). This nucleotide, which reduces intracellular cy-
clicAMP levels via stimulation of the cyclicGMP-stimulated
phosphodiesterase (type II PDE) (Méry et al., 1993), was
shown to be increased by ET-1 through a PTX-insensitive G
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Figure 4 Changes in the background current by ET-1. Cells were superfused with the K *-containing solution by means of
perforated-patch recording with K " -rich solution. (a) Time course of the holding current at —40 mV by ET-1 and ACh. (b) Dose-
response curves for the holding current shift by ET-1 and ACh, and a mean control value of Ik tail. Data are expressed as current
densities. The smooth curve was drawn by fitting the mean values to the equation:

Aly = Emax/(l + D/ECSO)

where Epax = 1.0 pA pF~!, ECsy = 4.8 nM for the holding current changes by ET-1. Each symbol represents the mean value and
s.d. The numbers of experiments are shown in parentheses. (¢c) Current-voltage plots for the background current before and during
application of 10 nm ET-1, and subsequent addition of 0.1 mm BaCl,. The cell was voltage-clamped by use of a ramp pulse (see
Methods) in K" -containing solutions with 5 mm HEPES instead of phosphate buffer (pH=7.4 adjusted with NaOH). The

difference currents between with and without 10 nm ET-1 are plotted against voltage in the lower panel. (d) Correlation between
[K " Jout and reversal potential (V,.,) for ET-1-induced (n = 4) and ACh-induced (n = 3) currents. The straight line was drawn by
the least squares fitting. (e) Background current-voltage plots under K *-free conditions inside and outside the cell.

protein in neonatal rat atrial slices (Shraga-Levine & Soko-
lovsky, 1996). The possible role of cyclicGMP-related path-
ways in the ET-l-induced inhibition of basal Ic,i, was
examined with a guanylate cyclase inhibitor, methylene blue
(MB). During superfusion with 10 uM MB, ET-1 at 1 nM re-
duced Ic,q) by 40.24+9.2% (n=35), a value similar to that ob-
served without MB. Therefore, it is unlikely that cyclicGMP or
type II PDE contributes to the inhibition of basal Ic,q, by ET-
1. The possible role of the cyclicGMP-dependent protein ki-
nase in inhibition of Ic,q, by ET-1 will be examined further
later (see Figure 7b).

The effects of ACh on myocardial membrane currents are
characteristically inhibited by PTX, indicating the involvement
of a specific G protein. Ono et al. (1994) and Xie et al. (1996)
demonstrated that in guinea-pig myocytes, ET-1 reduces iso-
prenaline-enhanced Ic,q, via the PTX-sensitive G-protein.
Indeed, the /c,q, inhibition by ET-1 in the SA node cells was
totally mediated by G-proteins since dialysis with GDPfS
(200 um) completely abolished the effects of ET-1 (Figure 6a,

n=4). However, ET-1 slightly reduced /c,q, in the cells treated
with PTX (21.5+9.5%, n=6), despite the observation that the
PTX treatment completely prevented the inhibitory effect of
ACh in these cells (Figure 6b). In conjunction with the finding
that ET-1 inhibited /c,q, in the presence of ACh (Figure 5b),
this observation indicates that ET-1 has some action(s) in
addition to those of ACh.

We next examined the effects of ET-1 on Ic,q, when the
Ca®" channels were fully phosphorylated by PKA dialysis with
8-Br cyclicAMP (500 uM), a non-hydrolyzable cyclicAMP
analogue. As shown in Figure 7a, immediately after rupture of
the membrane a continuous rundown was observed; i.e. there
was no increase in Ic,q), suggesting that the intracellular 8-Br
cyclicAMP concentrations are sufficiently high due to the high
concentration of 8-Br cyclicAMP in the pipette (500 uM) and
due to the small size of SA node cells. The /¢,y , amplitude was
reduced to 64.2+14.8% of the initial value 5 min after com-
mencement of the recording (n=20). This time course of
rundown was similar to that observed without 8-Br cyclicAMP
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Figure 5 (a) Absence of Ic,, inhibition by 10 uM ACh following
prior application of ET-1 1nMm. The K*-free perforated-patch
method was used. /¢, was elicited by depolarization to 0 mV from
HP of —40 mV. (b) Additional inhibition of Ic,q) by 1 nm ET-1
after saturating inhibition by 10 um ACh. Solutions were the same as
those used in (a). (c) Absence of Ic, inhibition by isoprenaline (Iso)
and ET-1 under intracellular loading with 20 um PKI. Ic,q) was
recorded immediately after rupture of the membrane.

in the pipette (68.9+12.1% of the initial value after 5 min,
n=7T). Under these conditions, neither isoprenaline (100 nM)
nor ACh (10 um) affected Ic,q),  However, addition of 1 nM
ET-1 still inhibited the 8-Br cyclicAMP-stimulated Ic,q, by
17.5+14.4% (n=20), a value significantly smaller than that
observed in the non-dialysed cells (see Figure 7c). The 8-Br
cyclicAMP-stimulated Ic,q, was similarly reduced by 1 nM
ET-1 even when the cyclicGMP-dependent kinase was fully
activated by intracellular loading with 8-Br cyclicGMP
(500 puMm), i.e. ET-1 at 1 nM reduced Ic,q, by 16.7+14.9% in
cells loaded with both 8-Br cyclicGMP (500 um) and 8-Br
cyclicAMP (500 um) (n=12).

ET-1 is known to stimulate phosphoinositide hydrolysis
by phospholipase C (Vigne et al., 1989). The resultant ac-
tivation of protein kinase C (PKC) (Hattori et al., 1993)
may reduce I, (Satoh, 1992). However, prior activation of
PKC by TPA (50 nMm) did not affect the actions of ET-1
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Figure 6 (a) Effects of 1 nM ET-1 on /¢, under internal perfusion
with GDPSS (200 um). A double pulse protocol was used under K *-
free conditions. Rundown of Ic,q, continued, reaching a quasi-
steady state of approx. 35% of the initial value. Note that 1 nm ET-1
failed to inhibit ICQ(L{. (b) Effect of ET-1 on Ic,, in cells treated
with PTX (5 ugml™', >6h). The recordings were made by the
perforated-patch method under K *-free conditions. Note that ACh
(10 um) had no effect on Ic,q). Further addition of ET-1 (1 nm)
inhibited this current by 33%. Inset shows /¢, tracings indicated by
arrows on the current plots.

significantly. That is, ET-1 reduced the 8-Br-cyclicAMP-sti-
mulated Ic,q, by 17.5+9.7% (n=6). The activation of
phospholipase C produces inositol triphosphate (IP3), which
mobilizes the Ca®" in intracellular stores. Previously, Tohse
et al. (1990) demonstrated that ryanodine, an inhibitor of
Ca’" release from the sarcoplasmic reticulum, abolished the
inhibition of ventricular Ic,q, by endothelin possibly via
Ca?"-induced inactivation. Following pretreatment with
ryanodine (incubated in 10 uM ryanodine-containing KB
solution for 4 h) plus intracellular dialysis with 10 uM rya-
nodine and 500 uM 8-Br cyclic AMP, 1 nm ET-1 still re-
duced Ic,q) by 19.6+11.3% (n=7). Figure 7c shows a
summary of Ic,q, reduction by ET-1 under various condi-
tions. Briefly, intracellular perfusion with 8-Br cyclicAMP
(500 um) significantly reduced the Ic,q, inhibition in com-
parison with the control perfusion (standard solution), and
this reduction was not affected by 8-Br cyclicGMP, TPA or
ryanodine.

Discussion

Negative chronotropic effects of ET-1

Pacemaker activity in SA node cells is known to be due to a
complex interplay of various ionic currents (for review, see
Irisawa et al., 1993). Among these currents, Ic,q, plays a sig-
nificant role in both the diastolic depolarization and upstroke
phase. Deactivation of Ix is also important in diastolic depo-
larization. Ir and Ic,r) are operative in early and late phases of
the diastolic depolarization, respectively. In addition, small
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Figure 7 (a) Effects of ET-1 on cells internally loaded with 8-Br
cyclicAMP (500 um). The time course of Ic,q, rundown was not
affected by isoprenaline 100 nM (Iso) or ACh 10 uM. Addition of ET-
1 1 nM reduced the amplitude of /¢, ). The dotted line indicates the
extrapolated basal time course of rundown. (b) ET-1 inhibition of
Icay with intracellular perfusion of 8-Br cyclicGMP (500 um)
together with 8-Br cyclicAMP (500 uMm). (c¢) Summary of effects of
ET-1 InM on Ic,). Mean current values and s.d. relative to those
under control conditions are plotted. Numbers in parentheses denote
the numbers of cells examined. *Denotes significance (P<0.05) as
compared with the value in standard solution.

changes in the time-independent background currents can
predominantly affect the electrical activity in SA node. In the
present study, we focused on Ic,q, and the background K™
current to understand the chronotropic mechanisms of ET-1 in
SA node cells because autonomic or hormonal modulations of
these currents are important in the control of pacemaking
activity (Irisawa et al., 1993).

ET-1 exerted potent negative chronotropic effects on SA
node cells through ET, receptors. A gradual slowing of beat-
ing with depolarization of MDP was observed at a concen-
tration of 1 nM, whereas 10 nM ET-1 was needed to cause
hyperpolarization. These changes suggest that at least two
different ionic mechanisms are involved. In the voltage-clamp
experiments, 1 nM ET-1 strongly inhibited /¢, (40%) and Ix
(33%) (Figure 3b), but the holding current was not modified at
this concentration (Figures 2a and 4a). The reduction of dV/
dt,.x and OS should be explained by the inhibition of /¢, and
the depolarization of MDP, the inhibition of Ix. Pharmaco-

logical inhibition of Ix was shown to suppress the rate of
diastolic depolarization on the rabbit SA node (Verheijck et
al., 1995). Therefore, the attenuation of I, in addition to the
inhibition in /c,q,, would also have contributed to slowing of
the diastolic depolarization and decrease in SFF. The resting
potential induced by 1 nM ET-1 (around —31 mV) was
strongly depolarized from the K* equilibrium potential. Thus,
activation of the background K™ current seemed to have only
a small role in the chronotropic effect of ET-1 at this con-
centration. On the other hand, ET-1 at 10 nM reduced or
completely inhibited the spontaneous beating with hyperpo-
larization. Similar results were previously obtained in cultured
neonatal rat atrial cells by Kim (1991), who suggested that the
endothelin-induced negative chronotropic action was exclu-
sively due to the activation of Ixcp). Other ionic currents may
also contribute to the negative chronotropic action of ET-1.
ET-1 also inhibited 7, which must have contributed to slowing
of the diastolic depolarization. Ic,r), which was found to
participate in the late phase of the diastolic depolarization
(Hagiwara ef al., 1988), has been shown to be enhanced by ET-
1 in neonatal rat myocytes (Furukawa et al., 1992). Although
we did not examine the effects of ET-1 on /¢, in these pa-
cemaker cells, its enhancement may have attenuated the ne-
gative chronotropic effects of ET-1 to some extent. ET-1 has
also been shown to enhance the Na*-Ca”" exchanger (Ballard
& Schaffer, 1996). The inward exchange current, if enhanced,
would facilitate the diastolic depolarization (Noble, 1984). On
the other hand, the attenuation of Ic,q, by ET-1 in turn would
reduce this current during repetitive excitation. Computer si-
mulation studies would be helpful to investigate the roles of
these currents in the chronotropic effects of ET-1. In vascular
smooth muscle cells, ET-1 induces other background currents
such as non-specific cation current (Van Renterghem et al.,
1988; Chen & Wagoner, 1991) or chloride current (Van Ren-
terghem & Lazdunski, 1993). In the present study, no dis-
cernible changes were observed in the background current with
ET-1 when K™ was replaced by Cs* (Figure 4e). Therefore,
these ET-1-induced background currents are absent, or very
small, in the SA node pacemaker cells.

ET-1-induced inhibition of I,y

Our experiments demonstrated that subnanomolar concen-
trations of ET-1 exhibited a potent inhibitory effect on basal
Ic.a) in SA node. In this tissue, the basal adenylate cyclase
activities have been shown to be higher than those in atrial or
ventricular myocardium (Taniguchi ez al., 1979). Potent inhi-
bition by ACh of basal Ic,q, in SA node cells (Brown &
Denyer, 1989; Petit-Jacques et al., 1993) has been explained by
such a distinctive activity of the intracellular adenylate cyclase,
because the inhibitory effects of ACh were abolished when the
cells were dialyzed with PK1 or cyclicAMP (Petit-Jacques et al.,
1993). ET-1-induced /¢, inhibition is also likely to be a result
of reduction of intracellular cyclicAMP levels, based on the
observations that (1) Ic,q, inhibition by ET-1 was attenuated
on cells loaded with PKI (Figure 5¢) or 8-Br cyclicAMP
(Figure 7a), and (2) the absence of an effect of ACh on Ic,q,
after ET-1 application (Figure 5a). Indeed, ET-1 is known to
inhibit cyclicAMP levels enhanced by isoprenaline in rat ven-
tricular myocytes (Hilal-Dandan et al., 1992), human atrium
(Vogelsang et al., 1994) and guinea-pig atrium (Ono et al.,
1994).

However, ET-1 further reduced /c,q, after maximal (i) in-
hibition by ACh, or (ii) stimulation by 8-Br cyclicAMP, sug-
gesting some additional action(s) of ET-1 to inhibit Ic,a,.
Delpech et al. (1995) also showed that ET-1 inhibited /c,q, in
the presence of 8-Br cyclicAMP in guinea-pig atrial cells. We
have confirmed that ET-1 inhibited rabbit atrial Ic,q, during
stimulation by isoprenaline, but not under the basal conditions
(data not shown). In addition, ET-1 did not inhibit /c,q, in SA
node cells loaded with PKI (Figure 5c). These observations
indicated that ET-1 inhibits /¢, , only when the Ca®" channels
are phosphorylated by PKA. Such an additional effect of Ic,q,
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inhibition was also observed in the effects of ET-1 on the PTX-
treated cells (Figure 6b). This observation suggests that ET,
receptors appear to be coupled with some population of G
proteins, of which the sensitivity to PTX is different from that
of the muscarinic-receptor-linked G; protein.

There are various possible candidates for the cyclicAMP-
resistant inhibitory component of the effect of ET-1 including
intracellular Ca?" mobilization (Vigne et al., 1989), PKC
(Hattori et al., 1993), and cyclicGMP (Shraga-Levine & So-
kolovsky, 1996), all of which have been shown to mediate the
actions of ET-1 on heart cells via PTX-insensitive G protein
(Sokolovsky, 1993; Shraga-Levine & Sokolovsky, 1996).
However, the present results indicate that none of these me-
chanisms could explain the 8-Br cyclicAMP-resistant inhibi-
tory component in SA node cells (Figure 7c). ET-1 may affect
the phosphorylation-dephosphorylation processes of the Ca**
channels, or ET-1-activated G proteins may affect the channels
phosphorylated by PKA.

Changes in the background K= currents by ET-1

A small change in the background conductance is sufficient to
affect the spontaneous activity of the SA node because of the
high membrane resistance (Irisawa et al., 1993). In the present
study, the ET-1-induced background current was an inwardly
rectifying K " -selective current. Similar current induction in
atrial cells by ET-1, with ECs, of 20 nM or less, was found by
Kim (1991) and Ono et al. (1994). In contrast to the stimu-
lating action on these K™ channels, inhibitory actions of ET-1
on Ixacn (Spiers et al., 1996) and Ixrpy (Kobayashi et al.,
1996) have been observed at concentrations (10—30 nM) si-
milar to those used in the present study. Measurement of the
current density at —40 mV revealed that ET-1-induced current
was much smaller than that induced by ACh (Figure 4b). The
small enhancement of the K* conductance by ET-1 may have
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