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Endothelin modulates calcium channel current in neurones of
rabbit pelvic parasympathetic ganglia

L.*4+T, Nishimura, *T. Akasu & 1J. Krier

*Department of Physiology, Kurume University School of Medicine, 67 Asahi-machi, Kurume 830, Japan and {Department of
Physiology, Michigan State University, East Lansing, MI 48824, U.S.A.

1 The effects of endothelin were studied, in vitro, on neurones contained in the rabbit vesical pelvic
ganglion by use of intracellular and single-electrode voltage clamp techniques under conditions where
sodium and potassium channels were blocked.

2 In the current-clamp experiments, endothelin (1 uM) caused a depolarization followed by a hyperpolar-
ization of the membrane potential. In the voltage-clamp experiments, endothelin (0.01-1 um) caused an
inward current followed by an outward current in a concentration-dependent manner.

3 Membrane conductance was increased during the endothelin-induced depolarization and inward
current. Membrane conductance was decreased during the endothelin-induced hyperpolarization and
outward current.

4 The endothelin-induced inward and outward currents were not altered by lowering external sodium
concentration or raising external potassium concentration.

5 The endothelin-induced inward current was depressed (mean 72%) in a Krebs solution containing
nominally zero calcium and high magnesium. These results suggest that a predominent component of the
endothelin-induced inward current is mediated by calcium ions.

6 The calcium-insensitive component of the inward current was abolished by a chloride channel blocker,
4-acetamide-4'-isothiocyanostilbene-2,2'-disulphonic acid. The mean reversal potential for the calcium-
insensitive component of the inward current was — 18 mV. This value is near the equilibrium potential for
chloride. Thus, it is presumed that the calcium-insensitive component of the inward current is carried by
chloride ions.

7 Endothelin caused an initial depression followed by a long lasting facilitation of both rapidly and
slowly decaying components of high-threshold calcium channel currents (N- and L-type).

8 In summary, the data show that for neurones in the vesical pelvic ganglia, endothelin causes mem-
brane depolarization and activates an inward current. The ionic mechanisms involve receptor-operated
calcium and chloride currents. Also, endothelin causes an initial depression followed by a long-lasting
facilitation of the voltage-dependent calcium current.
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Introduction

Endothelin is a potent vasoconstrictor peptide recently iso-
lated from porcine and human vascular endothelial cells (Itoh
et al., 1988; Yanagisawa et al., 1988). In porcine coronary
artery smooth muscle, endothelin augmented the
dihydropyridine-sensitive voltage-dependent calcium channel
current (Goto et al., 1989; Silberberg et al., 1989) whereas in
portal vein smooth muscle, endothelin augmented both the T-
and L-type calcium channel current (Inoue et al., 1990).

Endothelin may also function as a neuropeptide (Masaki,
1989) in the central and peripheral nervous systems. Endothe-
lin binding sites and immunoreactivity have been identified
and depolarizing responses to endothelin have been reported
for neurones (Giaid et al., 1989; Koseki et al., 1989; Yoshi-
zawa et al., 1989a,b; MacCumber et al., 1990). Little is known,
however, regarding the action of endothelin on neuronal ionic
conductances and how activation of the endothelin receptors
alters the operation of neuronal voltage-dependent calcium
channels. The present study was undertaken to determine
whether endothelin regulates the ionic conductance and
voltage-dependent calcium channels of mammalian autonomic
neurones, by use of intracellular current clamp and single-
electrode voltage clamp techniques. A preliminary account of
some of this work has been published (Nishimura et al., 1989;
1990).

! Author for correspondence at Department of Physiology, 315
Giltner Hall, Michigan State University, East Lansing, Michigan
48824-1101, US.A.

Methods

Male white rabbits weighing 2.0-3.0kg were anaesthetized
with sodium pentobarbitone (40-S0mgkg~!, iv.). The
methods for isolation of vesical pelvic ganglia were described
previously (Nishimura et al, 1988b). After removal of the
pelvic ganglia, rabbits were killed by a large dose (100-
150mgkg~!, iv.) of sodium pentobarbitone. Individual
ganglia were pinned onto Sylgard at the bottom of a small
chamber (0.5 ml) and continuously superfused with Krebs sol-
ution (3mlmin~') having the following composition (mm):
NaCl 117, KCl 4.7, CaCl, 2.5, MgCl, 1.2, NaH,PO, 1.2,
NaHCO, 25 and glucose 11. Solutions were gassed with 95%
0,, 5% CO, and preheated to 35-37°C.

Microelectrodes were filled with 2M CsCl unless stated
otherwise. Tip resistances of microelectrodes were 2040 MQ.
Membrane currents were recorded by the single-electrode
voltage-clamp method with an Axoclamp 2A (Axon
Instruments). Sampling frequency ranged between 3 and
SkHz with a 70-30 duty cycle. Signals from the microelec-
trode were displayed on an oscilloscope with digitized
memory (Nihon Kohden, VC-11) and recorded on a pen-
writing chart recorder (Nihon Kohden, RJG-3022 and RJG-
4124). Data were also stored on a video cassette data recorder
(SONY KS609) for later analysis.

To block voltage-dependent sodium and potassium cur-
rents, a modified Krebs solution was used which contained
tetrodotoxin (TTX, 300nM) and tetraethylammonium (TEA,
50mM) and where external sodium was reduced from
143.2mM to 93.2 mM. To suppress potassium currents, caesium



ions (Cs*) were also ionophoretically injected into neurones
through a recording microelectrode filled with 2m CsCl. In
the current clamp experiments, injection of Cs* causes mem-
brane depolarization (range, —35mV to —10mV; Akasu et
al., 1990). To record action potentials from these neurones the
depolarization was nullified by injection of a constant hyper-
polarizing current through the microelectrode. Efficiency of
Cs™-injection was judged by the broadening of the action
potential, the complete abolition of the afterhyperpolarization
and the appearance of an afterdepolarization following the
action potential (Nishimura et al., 1988b). Voltage-dependent
inward calcium and barium currents were recorded where
sodium and potassium currents were suppressed (see above).
Leak currents were determined by applying hyperpolarizing
voltage-commands of magnitudes equal to depolarizing com-
mands used to evoke the inward current. Leak currents were
also recorded during depolarizing commands equivalent to
those used to evoke inward currents after block of voltage-
dependent calcium and barium currents by the removal of
calcium or barium or by cobalt application. Leak currents
were subtracted from relevant currents to yield the calcium
and barium currents by use of a Nicolet memory oscilloscope
(Nicolet 4094).

Calcium- and barium-free Krebs solution contained nomin-
ally zero calcium and barium and 12 mM magnesium. Nomin-
ally zero calcium and high magnesium solutions have been
shown to block fast excitatory postsynaptic potentials record-
ed from neurones in vesical pelvic ganglia (Nishimura et al.,
1988a). Drugs were dissolved in Krebs solution and applied
by changing the flow with a three-way stopcock.

Drugs used were: endothelin-1 from Peptide Institute
(Japan); tetrodotoxin (TTX) from Sankyo; tetraethyl-
ammonium chloride (TEA) from Tokyo Kasei (Japan);
4-acetamido-4'-isothiocyanostilbene-2,2’-disulphonic acid
disodium salt (SITS) from Research Organics (U.S.A)); (+)-
tubocurarine chloride, yohimbine hydrochloride and prazosin
hydrochloride from Sigma; atropine sulphate from Merck;
[3a-tropanyl]-1H-indole-3-carboxylic acid ester (ICS 205-930)
from Sandoz. Results are expressed as the mean + standard
error of the mean (s.e.mean).

Results

Endothelin-induced membrane responses

Superfusion of the pelvic ganglia with endothelin (1 um for 2-
3min) produced a slow depolarization in neurones with a
mean time to peak of 1.1 + 0.1 min (n = 5) and a mean peak
amplitude of 19 + 3mV (Figure 1a). When endothelin was
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removed from the Krebs solution the depolarization recovered
and was followed by membrane hyperpolarization with a
mean peak amplitude of 10 + 6 mV (n = 5). The hyperpolar-
ization occurred for time periods ranging from 20 to 30 min.
In three neurones the depolarizing and hyperpolarizing action
of endothelin was associated with a decrease and an increase
in membrane input resistance, respectively. The endothelin-
induced depolarization and the subsequent hyperpolarization
after washout and associated changes in membrane input
resistance were not altered by the cholinoceptor antagonists,
(+)-tubocurarine (10uM) and atropine (1um) (n=2)
(Gallagher et al., 1982), by the adrenoceptor antagonists,
yohimbine (1uM) and prazosin (1uM) (n = 2) (Akasu et al.,
1985) or by the 5-hydroxytryptamine (5-HT) antagonist, ICS
205-930(10 nM) (n = 2)(Akasu et al., 1987). Thus, cholinoceptors,
adrenoceptorsand5-HT receptorswerenotinvolvedinmediating
the response to endothelin.

Endothelin-induced membrane currents

Voltage-clamp methods were used to examine the ionic
mechanisms underlying the endothelin-induced responses,
under conditions where voltage-dependent sodium and pot-
assium currents were blocked (see Methods). Superfusion of
the ganglia with endothelin (10nM to 1 um) induced an inward
current with amplitudes ranging from 0.2 to 3.3 nA, at holding
potentials ranging from —50 to —75mV (Figure 2a). When
endothelin was removed from the superfusing solution the
inward current, which slowly declined, was followed by an
outward current (amplitude range, 0.1-2.2nA). The outward
current lasted for time periods ranging between 15 to 30 min
before recovery. Endothelin induced inward and outward cur-
rents in a concentration-dependent manner (Figure 2b). The
calculated EC,, values were 60nM and 90nM for the inward
and outward currents, respectively. The current responses
were reproducible, when endothelin was applied to neurones
for times ranging between 10 to 30s and intervals between
applications were longer than 30min. Current responses to
endothelin showed tachyphylaxis, when applied for a period
of 5 to 10min. Subsequent application of endothelin caused
no current response even after neurones were superfused with
an endothelin-free Krebs solution for more than 30 min.

Conductance changes associated with endothelin-induced
currents

Endothelin-induced inward and outward currents were associ-
ated with an increase and a decrease, respectively, in mem-
brane conductance (Figure 3a,b). Membrane conductance was
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Figure 1 (a) Effect of endothelin on resting membrane potential and membrane input resistance of vesical pelvic neurone. The
neurone was superfused with Krebs solution containing 1 mM caesium and impaled by a microelectrode containing 3M KCl. Endo-
thelin (1 M) induced a depolarization followed by a hyperpolarization of the membrane potential. Input resistance was calculated
from the amplitude of the hyperpolarizing electrotonic potentials (lower trace) evoked by injection of hyperpolarizing current pulses
(upper trace) through the recording microelectrode. Endothelin-induced depolarization was partially nullified by hyperpolarizing
direct current. Horizontal bar indicates time period of endothelin application. (b) Expanded records of the electrotonic potential. All
records were taken at the times marked by numbers in (a). Record (iv) was taken 20min after removal of endothelin from the

perfusate. The resting membrane potential was —56 mV.
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Figure 2 Effect of endothelin on membrane current. The modified Krebs solution contained tetrodotoxin (300nM) and tetra-
ethylammonium (50mM) and sodium ions were reduced to 93.2mM. Caesium ions had been injected into the cell. (a) Endothelin
(100 nM) caused inward current followed by outward current. The horizontal bar indicates the time period of endothelin-application.
(b) Relationship between concentration of endothelin (abscissa scale) and amplitude of current responses evoked by endothelin
(ordinate scale). Points and vertical lines represent mean of 3 to 5 responses and s.e.mean, respectively: (O) inward current; (@)
outward current.
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Figure 3 (a) Conductance changes during endothelin-induced (100 nM) current responses in a caesium-loaded neurone. The super-
fusate contained tetrodotoxin (300nM) and tetraethylammonium (50 mM). The neurone was voltage-clamped at —60mV and sub-
jected to hyperpolarizing voltage jumps to —100mV to measure membrane conductance. (b) Expanded records of inward currents
produced by the hyperpolarizing command pulse of 500 ms duration. Records (i}«iv) were taken at the times marked by numbers in
(@). (c) Current-voltage relation (I-V curve) made by step commands with a duration of 200 ms at 0.2 Hz. The holding potential was
—72mV. The perfusate also contained caesium (2mM) to block inward rectification. I-V curve before application of endothelin
(100 nM) (M); I-V curve during endothelin-induced inward ([J) and outward (Q) currents, respectively.



determined by measuring the steady-state inward current
induced by a 500 ms step command from a holding potential
of —60mV to —100mV. In modified Krebs solution the cal-
culated membrane conductance for this neurone was 25nS.
During the endothelin-induced inward and outward currents
calculated membrane conductances were 43nS and 11nS,
respectively (Figure 3b).

Measurements of membrane conductance (chord
conductance) were also obtained from the slope of the linear
portion of a current-voltage relation (I-V curve). Figure 3c
shows the I-V curve of a neurone in a modified Krebs solu-
tion containing 2mM caesium. The calculated chord conduc-
tance was 21 nS at potentials ranging between —50mV and
—110mV. Endothelin-induced (100nm) inward current was
associated with an increase in the slope of the linear portion
of the I-V curve (Figure 3c); the chord conductance was 40 nS
in the presence of endothelin. In contrast, the slope of the
linear I-V curve was decreased during the endothelin-induced
outward current (Figure 3c). The chord conductance was
16 nS during the outward current. The mean chord conduc-
tance of four neurones in a modified Krebs solution was
23 +4nS. The mean chord conductance during the
endothelin-induced inward and outward currents was
39 + 6nS and 12 + 3 nS, respectively.

Calcium dependency of endothelin-induced inward
currents

In caesium-loaded neurones superfused with a modified Krebs
solution containing TTX (300 nM) and TEA (50 mm), lowering
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the external calcium concentration to a nominal zero value
did not change the holding current. Under these conditions
the amplitude of the endothelin-induced currents was reduced
and the outward current was totally inhibited (Figure 4a). The
mean decrease in peak amplitude of the inward current for six
neurones was 72 + 3%.

In caesium-loaded neurones superfused with a modified
Krebs solution, lowering the external sodium to 26.2mM
(67mM sodium chloride was replaced with equimolar choline
chloride) did not alter the amplitude and the time course of
the endothelin-induced inward currents. In three neurones
the range of peak amplitudes for the endothelin-induced
(100nM) inward and outward currents in a low sodium
(26.2 mm) solution was 2 to 3nA and 0.5 to 1nA, respectively.
In two other caesium-loaded neurones, raising the external
potassium to 10mM did not alter the holding current or the
endothelin-induced inward and outward currents. These
results suggest that the endothelin-induced inward current is
mediated in part by calcium ions.

Reversal potential for endothelin-induced inward current

Experiments were next conducted to determine the reversal
potential for the endothelin-induced inward current in the
presence and absence of external calcium. Figure 4b shows
that effects of endothelin (100nM) on a current-voltage rela-
tion (I-V curve) for a neurone when the external calcium con-
centration was 2.5mM (Figure 4b(i)) and nominally zero
(Figure 4b(ii)). In both panels, the reversal potentials of the
inward currents were estimated from the intersection of I-V
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Figure 4 (a) Effects of removal of calcium ions on endothelin-induced (100nM) current responses. The holding potential was
—60mV. Modified Krebs solutions contained tetrodotoxin (300nM) and tetraethylammonium (50 mm). The calcium-free solution
contained nominally zero calcium and 12 mM magnesium. Horizontal bars above each trace represent the time period of endothelin-
application. (b) Effect of endothelin (100 nM) on the steady state I-V curve obtained in the presence (i) and absence (i) of calcium. Step
commands with a duration of 200ms were applied from a holding potential of —70mV at 0.2Hz. Filled and open symbols were
obtained before and during application of endothelin, respectively. I-V curves were obtained from two cells. (c) Effect of SITS
(500 um) on calcium-insensitive inward current produced by endothelin. Holding potential was —62mYV. Endothelin (100 nm) was
applied to the perfusate at a time period indicated by short horizontal bars.
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curves. In modified Krebs solution containing 2.5 mm calcium
the estimated reversal potential for the endothelin-induced
inward current was +45mV. The mean reversal potential was
+42 + 3mV (n = 4). In the calcium-free solution, endothelin
induced an inward shift of membrane current and increased
the slope of the I-V curve. The estimated reversal potential for
the calcium-insensitive component for the cell was —14mV.
The mean reversal potential was —18 + 4mV (n =4). The
reversal potential for the calcium-insensitive component for
the endothelin-induced inward current was near the equi-
librium potential for chloride ions (Akasu et al., 1990).

Effect of SITS on the endothelin-induced inward current

Pharmacological experiments were next conducted to deter-
mine whether chloride ions mediate the calcium-insensitive
component of the endothelin-induced inward current. 4-Ace-
tamido-4'-isothiocyanostilbene-2,2'-disulphonic acid (SITS)
has been reported to block chloride current in squid axon
(Inoue, 1985), cultured astrocytes (Gray & Ritchie, 1986),
sensory neurones (Bader et al., 1987), endocrine cells (Korn &
Weight, 1987) and parasympathetic neurones (Akasu et al.,
1990). Addition of SITS (0.5mm) to a calcium-free solution
completely inhibited the calcium-insensitive component of the
inward current (Figure 4c) (n = 3). The results are consistent
with chloride being a charge carrier for a component of the
inward current.

Voltage-dependent calcium (1c,) and barium (1g,) current

Voltage-dependent I, and Iz, were recorded from caesium-
loaded neurones superfused with a Krebs solution containing
Ca?* (25mM) or Ba?* (2.5mm), TTX (300nm) and TEA
(50 mM) (see Methods). When calcium was the charge carrier,
application of a step command from a holding potential of
—55mV to —5mV evoked an inward current with ampli-
tudes ranging between 1-3nA followed by an inward tail
current (Figure 5). Tail currents are due to deactivation of
calcium-dependent chloride channels (Akasu et al., 1990). In
contrast when barium was the charge carrier, application of a
step command from a holding potential of —60 to —10mV
evoked inward currents with slower decay time than that of
I, and the absence of tail currents (Figure 6). Both the I,
and Iy, were blocked by application of either cobalt (1 mm) or
w-conotoxin (500nM) (Akasu et al, 1990). During the
endothelin-induced inward current, the I, and tail current
were reduced (Figure 5). When endothelin was removed from
the perfusate, both I, and the tail current recovered and then

Endothelin

increased in amplitude as long as the outward current
occurred.

Figure 6 shows the effect of endothelin (100nM) when
barium was the charge carrier for the calcium channel current.
Endothelin also caused both inward and outward currents.
The amplitude of the Iy, was also depressed and then facili-
tated by endothelin. Partial recovery of the I, was evident in
the continued presence of endothelin (Figure 6c). The facili-
tation of the Iy, lasted for approximately 20min in an
endothelin-free modified Krebs solution. The action of endo-
thelin on the I, was concentration-dependent (Figure 7).

Current-voltage relation of the 1,

Figure 8a(i) shows the current-voltage relation (I-V curve) of
net membrane currents obtained before and during the
endothelin-induced inward current. The neurone was initially
clamped at —60mV and subjected to step commands which
ranged between —100mV and +50mV. Endothelin (100 nM)
caused a 2nA shift of the holding current at —60mV and
depressed the amplitude of the Ig,. This resulted in a nearly
linear I-V curve for the net membrane currents during the
endothelin-induced inward current. Amplitudes of the net I,
obtained by subtraction of leak currents were plotted against
command voltage in Figure 8a(ii). The Iy, activated near
—30mV and the peak of the Iy, occurred at —10mV to
+10mV (see Akasu et al, 1990). Endothelin depressed the
amplitude of Ig, at all potentials tested without producing any
change in the threshold and the peak voltage of the Iy,
(Figure 8a(ii)). Figure 8b(i) shows the I-V curve of net mem-
brane currents obtained during the outward current. Endothe-
lin increased the amplitude of the Iy, at each potential tested,
but did not change the threshold membrane potential and the
peak voltage of the I, (Figure 8b(ii)).

Effect of endothelin on two types of voltage-dependent
calcium current

Two types of high-threshold calcium currents, comparable to
N- and L-type of calcium currents observed in cultured
sensory neurones of the chick embryo (Nowycky et al., 1985;
Fox et al., 1987), were recorded in neurones of rabbit vesical
pelvic ganglia (Akasu et al., 1990). At holding potentials
between —70 and —50mV, the I, evoked at potentials more
positive than —30mV consists of the sum of two components
of decay; a rapid decay with a mean time constant of 150 ms
and a slow decay with a mean time constant of 560 ms (Akasu
et al., 1990). In addition, a slowly decaying component of
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Figure 5 Effect of endothelin (100nM) on voltage-dependent calcium currents (A) and tail currents (A) recorded from caesium-
loaded neurone. Modified Krebs solution contained tetrodotoxin (300nM) and tetraethylammonium (50 mM). (a) Calcium and tail
currents were evoked by a depolarizing step command (duration of 200 ms) from a holding potential of —55mV to —5mV. Upper
and lower traces represent membrane current and holding voltage, respectively. Horizontal bar above current trace indicates time
period of application of endothelin. (b) Expanded records (i)(iv) were taken at the times marked by numbers in (a). Record (iv) was

taken 20 min after withdrawal of endothelin from the perfusate.
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Figure 6 Effect of endothelin (100nM) on barium inward current (Ig,) recorded from a caesium-loaded neurone. Modified Krebs
solution contained tetrodotoxin (300nM) and tetracthylammonium (50 mm). Calcium (2.5 mM) was replaced with equimolar barium.
(a) Upper and lower traces represent membrane current and holding voltage, respectively. The Iy, was evoked by a depolarizing step
command to —20mV (duration of 500ms) from a holding potential of —60mV. Horizontal bar indicates the time period of
endothelin-application. Downward and upward deflections in lower trace represent step commands to —100mV and —20mV,
respectively. (b) Expanded records of depolarizing step command (lower trace) and Iy, (upper trace) taken at times marked by
numbers in (a). Record (iv) was obtained 20min after withdrawal of endothelin. Leak currents obtained by hyperpolarizing step
command were subtracted (see Methods). (c) Time course of inhibition and facilitation of I, caused by endothelin (100 nM). Ordinate

scale: peak amplitude of I, in nA. Abscissa scale: time in min.
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Figure 7 Relationship between concentration of endothelin (abscissa
scale) and amplitude of Iy, (ordinate scale). I, was evoked by step
commands to between —20 to +10mV from a holding potential of
—60mV. Amplitude of I, is expressed as a percentage of control
amplitude. Upper and lower graphs represent endothelin-induced
depression and facilitation of Ig,, respectively. Circles and vertical
lines represent mean and s.e.mean, respectively. Number of neurones
tested were 3 for 10 nM, 8 for 100nM and 2 for 1 uM of endothelin.

calcium current can be recorded in isolation from the rapidly
decaying component by use of a pulse protocol where neu-
rones are held at —45 to —40mV and subjected to step com-
mands to potentials more positive than —10mV (Figure 9b).
The time constant of these decays are similar to N- and
L-type calcium currents (Fox et al., 1987) or rapidly and
slowly inactivating components of N-type calcium channel
current (Plummer et al., 1989; Seward & Henderson, 1990).

Endothelin (100 nM) depressed the amplitude of the I, mea-
sured at the beginning (mean 70 + 6%, n = 5) and the end
(mean 40 1+ 4%) of the 500ms step command (Figure 9a).
Figure 9a also shows that during the endothelin-induced
inward current the initial rapid component of I, inactivation
was not apparent whereas the slow component of inactivation
still remained although it had been reduced. During the
endothelin-induced outward current, the I, increased in
amplitude at the beginning (mean 58 + 6%, n =4) and the
end (53 + 5%, n = 4) of the S00ms command pulses. Figure
9b shows the effect of endothelin (100 nM) on slowly decaying
current (similar to the L-type current). The peak amplitude of
the Iy, was depressed (mean 37 + 6%, n = 3) during the
endothelin-induced inward current. In contrast, the amplitude
of the Iy, was increased (mean, 67 + 5%, n = 3) at the peak of
the outward current. These results indicate that both rapidly
and slowly decaying components of the calcium channel cur-
rents were depressed and facilitated by endothelin.

Discussion
The results of the present study indicate that endothelin

causes membrane depolarization associated with a decrease in
membrane input resistance followed by membrane hyperpo-
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Figure 8 Current-voltage relation (I-V curve) for Iy, obtained from a caesium-loaded neurone during inward current (a) and
outward current (b) produced by endothelin (100 nM). I-V curves were obtained by step commands (duration of 200 ms) to potentials
between —120 and +50mV from a holding potential of —60mV. Perfusate contained tetrodotoxin (300 nM), tetraethylammonium
(50mMm) and caesium (2mMm). Graphs (ii) show net Iy, obtained by subtraction of leak currents. Leak currents were obtained in
barium-free solution containing 1 mM cobalt. Control I-V curve obtained before application of endothelin (100 nm) (@); I-V curves
obtained during endothelin-induced inward (A) and outward (i) currents, respectively. Data were obtained from one neurone.

larization associated with an increase in membrane input
resistance of neurones of rabbit vesicle pelvic ganglia. The
membrane effects of endothelin were concentration-dependent.
It is likely that the effects of endothelin were due to a direct
action on the postsynaptic neurone and did not involve
cholinoceptors, 5-HT receptors (5-HT, subtypes) or adreno-
ceptors. Both the magnitude and time course of the depolar-
ization and hyperpolarization and the associated changes in
membrane input resistance were not altered after blockade of
these three types of receptor. Furthermore, a component of
the endothelin-induced inward current which was coincident
with the endothelin-induced depolarization was observed after
blocking presynaptic release of cholinergic transmitter
(modified Krebs solution containing nominally zero calcium
and high magnesium; Nishimura et al., 1988a).

It is possible, however that endothelin may also release
neuropeptides (i.e. substance P, vasoactive intestinal polypep-
tide (VIP) and enkephalin) from presynaptic sites. For
example in rat spinal cord the effect of endothelin was con-
sidered to be mediated by substance P (Yoshizawa et al.,
1989a). A prejunctional release of substance P and/or VIP by
endothelin is, however, unlikely for neurones in vesical para-
sympathetic ganglia as in these neurones the administration of
substance P (unpublished observations) and VIP (Akasu et al.,
1986) caused membrane depolarization associated with an

increase in membrane input resistance. In contrast,
endothelin-induced depolarization was associated with a
decrease in membrane input resistance. Also, for neurones in
parasympathetic colonic ganglia the administration of J, u
and « opioid receptor agonists did not cause membrane depo-
larization and changes in membrane input resistance
(Kennedy & Krier, 1987).

Endothelin caused an initial inward followed by an outward
current in caesium-loaded neurones superfused with modified
Krebs solution containing TTX (300nM) and TEA (50 mm).
The inward current was blocked by approximately 72% by
removal of calcium from the perfusate, while it was not altered
by lowering external sodium ions or by increasing extracellu-
lar potassium ions. These results suggest that endothelin-
induced inward current is primarily carried by calcium ions.
Furthermore, the reversal potential of the calcium-insensitive
component of the inward current obtained by I-V curves was
near the equilibrium potential for chloride ions (Akasu et al.,
1990). A chloride channel blocker, SITS, completely elimi-
nated the calcium-insensitive component of the inward current
produced by endothelin. It is presumed that the endothelin-
induced inward current also involves *activation of chloride
current.

The results of the present study show that endothelin also
modulates both rapidly and slowly decaying components of
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Figure 9 Effect of endothelin (100 nM) on the high-threshold calcium
currents, sum of N- and L-type (a) and isolated L-type (b) Ig,,
obtained from caesium-loaded neurone in the presence of tet-
rodotoxin (300nM) and tetraethylammonium (50 mm). In (a) N- and
L-type currents were evoked by step commands to OmV from a
holding potential of —70mV. In (b) the L-type current was evoked by
step commands to +20mV from a holding potential of —45mV.
Duration of step commands were 500ms and 200ms for (a) and (b),
respectively. Leak currents were determined by hyperpolarizing step
commands (see Methods). Records (1) in (a) and (b) were obtained
before application of endothelin (100nM). Records (2) and (3) were
taken during the inward and outward currents produced by endothe-
lin, respectively. Records (4) were taken 20min after withdrawal of
endothelin. Data in (a) and (b) were obtained from different cells.

voltage-dependent calcium channel currents. These two com-
ponents were comparable to N- and L-type calcium currents
(Nowycky et al., 1985; Fox et al., 1987; Akasu et al., 1990).
Endothelin depressed the peak of the Iy, evoked at the begin-
ning of the depolarizing command pulses and to a lesser
extent depressed the Iy, measured at the end of voltage
command pulse with duration of 500 ms.
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second messengers in view of the long period required to
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In summary, the present data show that endothelin causes
membrane depolarization and hyperpolarization of mamma-
lian autonomic neurones. These actions are associated with
alterations in receptor-operated calcium and chloride currents
and also the voltage-gated calcium channel current. If endo-
thelin is released from urinary bladder vascular endothelial
cells, it may modulate the calcium-dependent release of neuro-
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The work was supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture of Japan. The
authors thank Esther Brenke and Hideko Yoshitake for secretarial
assistance. ’

GALLAGHER, J.P., GRIFFITH, III, W.H. & SHINNICK-GALLAGHER, P.
(1982). Cholinergic transmission in cat parasympathetic ganglia. J.
Physiol., 332, 473-486.

GIAID, A, GIBSON, S.J, IBRAHIM, N.B.N,, LEGON, S, BLOOM, SR,
YANAGISAWA, M, MASAKI, T., VARNDELL, .M. & POLAK, JM.
(1989). Endothelin 1, an endothelium-derived peptide, is expressed
in neurons of the human spinal cord and dorsal root ganglia. Proc.
Natl. Acad. Sci. U.S.A., 86, 7634-7638.

GOTO, K., KASUYA, Y., MATSUKI, N, TAKUWA, Y., KURIHARA, H,
ISHIKAWA, T, KIMURA, S, YANAGISAWA, M. & MASAKI, T.
(1989). Endothelin activates the dihydropyridine-sensitive, voltage-
dependent Ca%* channel in vascular smooth muscle. Proc. Natl.
Acad. Sci. US.A., 86, 3915-3918.

GRAY, P.T.A. & RITCHIE, J.M. (1986). A voltage-gated chloride conduc-
tance in rat cultured astrocytes. Proc. R. Soc. B., 228, 267-288.

INOUE, I. (1985). Voltage-dependent chloride conductance of the
squid axon membrane and its blockade by some disulfonic stilbene
derivatives. J. Gen. Physiol., 85, 519-537.

INOUE, Y., OIKE, M., NAKAO, K., KITAMURA, K. & KURIYAMA, H.
(1990). Endothelin augments unitary calcium channel currents on
the smooth muscle cell membrane of guinea-pig portal vein. J.



1250 T. NISHIMURA et al.

Physiol., 423, 171-191.

ITOH, Y., YANAGISAWA, M,, OHKUBO, S, KIMURA, C,, KOSAKA, T.,
INOUE, A, ISHIDA, N, MITSUI, Y., ONDA, H, FUJINO, M. &
MASAKI, T. (1988). Cloning and sequence analysis of cDNA encod-
ing the precursor of a human endothelium-derived vasoconstrictor
peptide, endothelin: identity of human and porcine endothelin.
FEBS Lett., 231, 440-444.

KENNEDY, C. & KRIER, J. (1987). 6-Opioid receptors mediate inhibi-
tion of fast excitatory postsynaptic potentials in cat parasym-
pathetic colonic ganglia. Br. J. Pharmacol., 92, 437-443.

KORN, S.J. & WEIGHT, F.F. (1987). Patch-clamp study of the calcium-
dependent chloride current in ArT-20 pituitary cells. J. Neuro-
physiol., 58, 1431-1451.

KOSEKI, C., IMAIL, M,, HIRATA, Y., YANAGISAWA, M. & MASAKI, T.
(1989). Autoradiographic distribution in rat tissues of binding sites
for endothelin: a neuropeptide? Am. J. Physiol., 256, R858-R866.

LEE, K.S.,, MARBAN, E. & TSIEN, R.W. (1985). Inactivation of calcium
channels in mammalian heart cells: joint dependence on mem-
brane potential and intracellular calcium. J. Physiol., 364, 395-
411.

MAcCUMBER, M.W., ROSS, CA. & SNYDER, S.H. (1990). Endothelin in
brain: Receptors, mitogenesis, and biosynthesis in glial cells. Proc.
Natl. Acad. Sci. U.S.A., 87, 2359-2363.

MASAK]I, T. (1989). The discovery, the present state, and the future
prospects of endothelin. J. Cardiovasc. Pharmacol., 13(Suppl. S),
S1-S4.

MILLER, R.J. (1987). Multiple calcium channels and neuronal function.
Science, 235, 46-52.

NISHIMURA, T., AKASU, T. & KRIER, J. (1990). Endothelin activates
calcium and chloride channels through cyclic GMP dependent
signal transduction system. FASEB J., 4, A976.

NISHIMURA, T., TOKIMASA, T. & AKASU, T. (1988a). S-
Hydroxytryptamine inhibits cholinergic transmission through
5-HT,, receptor subtypes in rabbit vesical parasympathetic
ganglia. Brain Res., 442, 399-402.

NISHIMURA, T., TOKIMASA, T. & AKASU, T. (1988b). Calcium-
dependent potassium conductance in neurons of rabbit vesical
pelvic ganglia. J. Auton. Nerv. Syst., 24, 133-145.

NISHIMURA, T, TOKIMASA, T. & AKASU, T. (1989). Diversity of
calcium-dependent potassium conductance (GK-Ca) endowed on
neurones in rabbit vesical parasympathetic ganglia (VPG). Jpn J.
Physiol., 39 (Suppl.), 91.

NOWYCKY, M.C, FOX, AP. & TSIEN, R.W. (1985). Three types of
neuronal calcium channel with different calcium agonist sensi-
tivity. Nature, 316, 440-443.

PLUMMER, M.R, LOGOTHETIS, D.E. & HESS, P. (1989). Elementary
properties and pharmacological sensitivities of calcium channels in
mammalian peripheral neurons. Neuron, 2, 1453-1463.

SCOTT, R.H,, MCGUIRK, S.M. & DOLPHIN, A.C. (1988). Modulation of
divalent cation-activated chioride ion currents. Br. J. Pharmacol.,
94, 653-662.

SEWARD, E.P. & HENDERSON, G. (1990). Characterization of two
components of the N-like, high-threshold-activated calcium
channel current in differentiated SH-SYSY cells. Pfliigers Arch.,
417, 223-230.

SILBERBERG, S.D., PODER, T.C. & LACERDA, A.E. (1989). Endothelin
increases single-channel calcium currents in coronary arterial
smooth muscle cells. FEBS Lett., 247, 68-72.

STOJILKOVIC, S.S, MERELLI, F., IIDA, T., KRSMANOVIC, LZ. &
CATT, K.J. (1990). Endothelin stimulation of cytosolic calcium and
gonadotropin secretion in anterior pituitary cells. Science, 248,
1663-1666.

TILLOTSON, D. (1979). Inactivation of Ca conductance dependent on
entry of Ca ions in molluscan neurons. Proc. Natl. Acad. Sci.
U.S.A., 76, 1497-1500.

YANAGISAWA, M., KURIHARA, H, KIMURA, S, TOMOBE, Y., KOBAY-
ASHI, M., MITSUI, Y., YAZAK]I, Y., GOTO, K. & MASAKI, T. (1988).
A novel potent vasoconstrictor peptide produced by vascular
endothelial cells. Nature, 332, 411-415.

YOSHIZAWA, T, KIMURA, S, KANAZAWA, I, UCHIYAMA, Y., YANA-
GISAWA, M. & MASAKI, T. (1989a). Endothelin localizes in the
dorsal horn and acts on the spinal neurones: possible involvement
of dihydropyridine-sensitive calcium channels and substance P
release. Neurosci. Lett., 102, 179-184.

YOSHIZAWA, T., SHINMI, O, GIAID, A.,, YANAGISAWA, M, GIBSON,
S.J., KIMURA, S, UCHIYAMA, Y., POLAK, JM, MASAKI T. &
KANAZAWA, 1. (1989b). Endothelin: A novel peptide in the poste-
rior pituitary system. Science, 247, 462-464.

ZHANG, W, SAKAI, N, YAMADA, H, FU, T. & NOZAWA, Y. (1990).
Endothelin-1 induces intracellular calcium rise and inositol 1,4,5-
triphosphate formation in cultured rat and human glioma cells.
Neurosci. Lett., 112, 199-204.

(Received September 7, 1990
Revised January 17, 1991
Accepted January 18, 1991)



