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1. Using a microelectrode technique, acetylcholine (ACh)-induced membrane potential changes
were characterized using various types of inhibitors of K+ and Cl7 channels in rabbit aortic valve
endothelial cells (RAVEC).

2. ACh produced transient then sustained membrane hyperpolarizations. Withdrawal of ACh
evoked a transient depolarization.

3. High K+ blocked and low K+ potentiated the two ACh-induced hyperpolarizations.
Charybdotoxin (ChTX) attenuated the ACh-induced transient and sustained hyperpolarizations;
apamin inhibited only the sustained hyperpolarization. In the combined presence of ChTX and
apamin, ACh produced a depolarization.

4. In Ca2+-free solution or in the presence of Co2+ or Ni2+, ACh produced a transient
hyperpolarization followed by a depolarization. In BAPTA-AM-treated cells, ACh produced only a
depolarization.

5. A low concentration of A23187 attenuated the ACh-induced transient, but not the sustained,
hyperpolarization. In the presence of cyclopiazonic acid, the hyperpolarization induced by ACh was
maintained after ACh removal; this maintained hyperpolarization was blocked by Co2+.

6. Both NPPB and hypertonic solution inhibited the membrane depolarization seen after ACh
washout. Bumetanide also attenuated this depolarization.

7. It is concluded that in RAVEC, ACh produces a two-component hyperpolarization followed by
a depolarization. It is suggested that ACh-induced Ca2+ release from the storage sites causes a
transient hyperpolarization due to activation of ChTX-sensitive K+ channels and that ACh-
activated Ca2+ in¯ux causes a sustained hyperpolarization by activating both ChTX- and apamin-
sensitive K+ channels. Both volume-sensitive Cl7 channels and the Na+-K+-Cl7 cotransporter
probably contribute to the ACh-induced depolarization.
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Abbreviations: ACh, acetylcholine; BAPTA-AM, acetoxymethyl ester of bis-(aminophenoxy)ethane-N, N, N', N'-tetraacetic
acid; ChTX, charybdotoxin; ClVol channel, volume-sensitive chloride channel; CPA, cyclopiazonic acid; DMSO,
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Introduction

The vascular endothelium plays an important role in the

regulation of vascular tone through the release of vasorelaxing
factors such as prostacyclin, endothelium-derived nitric oxide
and endothelium-derived hyperpolarizing factor (Chen et al.,

1988). Acetylcholine (ACh) is a well-known stimulant that
releases these vasorelaxing factors via an increase in the
cellular concentration of Ca2+ ([Ca2+]i) (LuÈ ckho� & Busse,

1990b). In endothelial cells, ACh activates Ca2+-activated K+

(KCa) channels through an increase in [Ca2+]i (Himmel et al.,
1994), thus causing a membrane hyperpolarization (Brunet &
BeÂ ny, 1989; Mehrke & Daut, 1990; Chen & Cheung, 1992;

Marchenko & Sage, 1993; Carter & Ogden, 1994; Sharma &
Davis, 1994; Frieden & BeÂ ny, 1995). It has been suggested that
this membrane hyperpolarization in endothelial cells in turn

increases Ca2+ in¯ux due to an increase in the electrical driving
force for Ca2+ (LuÈ ckho� & Busse, 1990b). Several types of K+

channels have been found to be expressed in endothelial cells

(Chen & Cheung, 1992; Marchenko & Sage, 1996; Wang et al.,
1996; Nilius et al., 1997c). However, exactly which K+

channels contribute to the ACh-induced hyperpolarization in

intact endothelial cells under physiological conditions is not

entirely clear.
It has been reported that ACh produces not only

hyperpolarization but also depolarization in endothelial cells

(Marchenko & Sage, 1993). Vascular endothelial cells express
both Cl7 transporters (Klein & O'Neill, 1990, Perry & O'Neill,
1993) and Cl7 channels (Nilius et al., 1997b), and it is known

that Cl7 plays an important role in the regulation of the
membrane potential and cell volume in endothelial cells (Nilius
et al., 1997c). However, the roles played by Cl7 channels and
Cl7 transporters in the ACh-induced membrane potential

changes have not yet been clari®ed.
It has been reported that membrane potential changes

evoked in smooth muscle cells can propagate into endothelial

cells since these two types of cells are electronically coupled in
a unidirectional way (Weid & BeÂ ny 1993; BeÂ ny & Pacicca,
1994; Marchenko & Sage, 1994b; BeÂ ny, 1997). This indicates

the di�culty of recording electrical activity that truly arises
from endothelial cells when intact vascular tissues are used. An
alternative strategy might be to use cultured or isolated

endothelial cells, but some alterations in receptors, ion
channels and agonist-activated intracellular signal transduc-
tion systems have been noted in such cells (Sturek et al., 1991).
It has been found that the endothelial cells of canine aortic
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valves can release endothelium-derived relaxing factors (Ku et
al., 1990), suggesting that aortic valvular endothelial cells may
be functionally similar to vascular endothelial cells. It is also

known that the intact rabbit aortic valve is relatively thin and
has no smooth muscle cells underlying the surface endothelial
monolayer. Thus, the endothelium of the rabbit aortic valve is
a preparation that allows us to circumvent the above problems.

The aim of the present study was to elucidate the
characteristic features of the membrane potential changes
induced by ACh in rabbit aortic valve endothelial cells

(RAVEC). The ionic mechanisms underlying the ACh-induced
electrical responses were pharmacologically assessed using a
range of inhibitors of K+ channels, Cl7 channels and Cl7

transporters.

Methods

Male Japanese White albino rabbits (supplied by Kitayama
Labes Co. Ltd., Japan), weighing 1.9 ± 2.3 kg, were anaes-

thetized by injection of pentobarbitone sodium (40 mg kg71,
i.v.) and then exsanguinated. The protocols used conformed
with guidelines on the conduct of animal experiments issued by

Nagoya City University Medical School and by the Japanese
government (Law no. 105; Noti®cation no. 6), and were
approved by The Committee on the Ethics of Animal

Experiments in Nagoya City University Medical School. The
heart was rapidly excised and placed in a chamber ®lled with
Krebs solution. The aorta was opened by a longitudinal

incision at the attachment to the left ventricle. The aortic valve
was dissected out under a binocular microscope and
transferred to a chamber of 0.5 ml volume set up on an
inverted-microscope (Diaphoto TMD, Nikon, Japan). The

chamber was superfused with oxygenated Krebs solution at a
rate of 4 ml min71.

Recording of membrane potential

The membrane potential was measured using conventional

glass microelectrodes ®lled with 1 M KCl. The resistance of the
electrode was 120 ± 180 MO. To impale an endothelial cell, the
electrode was advanced gently towards the surface of the aortic
valve using a micromanipulator (model MHW-3; Narishige

International, Tokyo, Japan) until the sudden appearance of a
negative potential (Weid & BeÂ ny, 1992). The experimental
protocol was started when the membrane potential had been

stable for over 5 min after impalement. Successful recordings
were usually obtainable for from 20 min to 5 h. Membrane
potentials were recorded using an Axoclamp-2B ampli®er

(Axon Instruments, Foster, CA, U.S.A.) and were displayed
on a cathode-ray oscilloscope (model VC-6020; Hitachi,
Tokyo, Japan). The data were stored at an acquisition rate

of 20 Hz using an AxoScope 1.1.1/Digidata 1200 data
acquisition system (Axon Instruments, Foster, CA, U.S.A.)
on an IBM/AT compatible PC.

To observe the concentration-dependent e�ects of ACh on

membrane potential, ACh (0.01 ± 10 mM) was applied for
3 min at 25 min intervals in an ascending order in the same
preparation. Maximum responses were obtained with 3 mM
ACh. The e�ects of inhibitors of K+ channels and Cl7

channels were observed on the membrane potential changes
induced by 3 mM ACh. To this end, the ACh-induced

response was ®rst recorded, followed by a 25 min intermis-
sion. Next, one of a number of inhibitors was applied so that
it was added 10 min before the 2nd application of ACh and
was present throughout the period for which ACh was

applied. The concentrations of K+ channel inhibitors were
chosen so as to retain their selectivity. To study the e�ect of
ACh in Ca2+-free solution, nominal Ca2+-free solution was

®rst applied for 10 min, then ACh was repetitively applied to
the same cell for 3 min at 25 min intervals in Ca2+-free
solution. To study the e�ect of the acetoxymethyl ester of bis-
(aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA-

AM) on the ACh-induced response, a control response was
®rst recorded, and then BAPTA-AM (30 mM) was applied for
40 min, followed by a 10 min washout of BAPTA-AM.

Finally, ACh was again applied. Ni2+ (5 mM) or Co2+

(2 mM) was added 10 min before ACh and was present
throughout the application of ACh. A23187 (0.1 mM) was

also added 10 min before ACh and was present throughout
the application of ACh.

Solutions

The composition of the Krebs solution was as follows (mM):
NaCl, 122; KCl, 4.7; MgCl2, 1.2; CaCl2, 2.6; NaHCO3, 15.5;

KH2PO4, 1.2; glucose, 11.5. The solutions were bubbled with
95% O2 and 5% CO2 and their pH was maintained at 7.3 ± 7.4.
High K+ solution was made by isotonic replacement of NaCl

with KCl. Nominal Ca2+-free solution was made by
substituting an equimolar concentration of MgCl2 for CaCl2
(no EGTA added). To make hypertonic solutions, 20 mM

sucrose or 20 mM D-mannitol was added to the Krebs solution.

Chemicals

Drugs used were acetylcholine hydrochloride (Daiichi Phar-
maceutical Co. Ltd., Tokyo, Japan), A23187 and cyclopia-
zonic acid (CPA) (Calbiochem, La Jolla, CA, U.S.A.),

BAPTA-AM (Dojin, Kumamoto, Japan), 5-nitro-2-(3-phenyl-
propylamino) benzoic acid (NPPB) (Research Biochemicals
International, Natick, MA, U.S.A.), bumetanide, ni¯umic acid

and glibenclamide (Sigma, St. Louis, MO, U.S.A.), sucrose
and D-mannitol, (Wako Pure Chemical, Osaka, Japan),
apamin and charybdotoxin (ChTX) (Peptide Institute, Osaka,

Japan).
A23187, CPA, BAPTA-AM and glibenclamide were

dissolved in dimethyl sulphoxide (DMSO, Dojin, Kumamoto,
Japan). The ®nal concentration of DMSO when diluted in

Krebs solution was 0.06% at its maximum. This concentration
of DMSO had no e�ect on the ACh-induced electrical
responses. NPPB was dissolved in ethanol (stock, 10 mM).

Further dilutions were made using Krebs solution. The
powdered forms of bumetanide, ni¯umic acid, sucrose and
mannitol were directly dissolved in Krebs solution.

Statistics

All values are expressed as means+s.e.mean; n denotes the
number of valves. Statistical signi®cance was determined using
Student's paired and unpaired t-tests. Di�erences were
considered to be signi®cant at P50.05.

Results

ACh-induced membrane potential changes

The resting membrane potential of RAVEC was
749.6+1.2 mV (n=29). ACh (0.01 ± 3 mM) concentration-
dependently produced a transient, followed by a sustained
membrane hyperpolarization (Figure 1Aa). In the presence of
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3 mM ACh, the sustained hyperpolarization could be main-
tained for over 10 min, but with a progressive reduction in its
amplitude (Figure 1Ab). Following the removal of ACh, a

transient membrane depolarization appeared. The depolariza-
tion reached its peak within 2 min and the membrane then
repolarized to the original level within 15 min. The amplitude
of this depolarization was dependent on the concentration of

the pre-applied ACh (up to 1 mM) (Figure 1Aa and Ab). These
responses to ACh were reproducible when ACh was applied at
25 min intervals.

High K+ (50 mM) depolarized the membrane from
754.5+1.7 to 723.5+0.2 mV (n=3), and ACh (3 mM) did
not modify the membrane potential in the presence of high K+

(723.5+0.2 mV, n=3). Low K+ (1.2 mM) did not alter the
resting membrane potential (749.3+2.9 to 751.8+2.9 mV,
P40.05, n=4) but it did enhance the ACh-induced transient

(18.7+1.7 to 38.6+2.4 mV, P50.01, n=4) and sustained
(17.5+3.0 to 37.6+2.8 mV, P50.01, n=4) hyperpolariza-
tions.

E�ects of K+-channel inhibitors on ACh-induced
electrical responses (Figure 2)

Apamin (0.1 mM) did not modify the resting membrane
potential (751.5+1.3 to 753.271.0 mV, P40.05, n=6) but
it signi®cantly attenuated the ACh-induced sustained hyper-

polarization (15.3+1.2 to 11.1+1.5 mV, P50.05, n=6) with
no e�ect on the ACh-induced transient hyperpolarization
(17.1+1.3 to 16.4+1.1 mV, P40.05, n=6). Apamin sig-

ni®cantly enhanced the depolarization seen after washout of
ACh (8.8+0.9 to 10.8+1.5 mV, P50.05, n=6). ChTX
(50 nM) did not modify the resting membrane potential

(749.7+1.2 to 749.4+0.9 mV, P40.05, n=5) but it
signi®cantly attenuated the ACh-induced transient (16.5+2.1
to 2.8+2.8 mV, P50.01, n=5) and sustained (16.6+2.2 to

8.7+1.1 mV, P50.05, n=5) hyperpolarizations (Figure 2b).
ChTX signi®cantly enhanced the membrane depolarization

Figure 1 E�ects of ACh on membrane potential in RAVEC. (Aa) Concentration-dependent e�ects of ACh on membrane potential.
ACh (0.01 ± 3 mM) was applied for 3 min. Recordings were all from the same preparation. (Ab) Hyperpolarization was maintained
throughout a 10-min application of 3 mM ACh. (Ba) and (Bb) Summary of the e�ects of ACh on membrane potential. Bb shows the
maximum hyperpolarization and depolarization elicited by each concentration of ACh (mean of data from three preparations, with
s.e. shown by vertical lines). Ba indicates how these maxima were obtained.

Figure 2 E�ects of ChTX and apamin on ACh-induced membrane
potential changes. Actual tracings of the e�ects of ChTX and
apamin. (a) Control; (b) in the presence of ChTX (50 nM); (c) in the
presence of both ChTX (50 nM) and apamin (0.1 mM). Recordings
were all obtained from the same cell.
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seen after washout of ACh (8.4+1.3 to 13.0+1.2 mV,
P50.05, n=5). In the presence of ChTX (50 nM), application
of apamin (0.1 mM) did not modify the resting membrane

potential (751.2+4.3 to 749.4+4.7 mV, P40.05, n=3).
However, under these conditions, ACh produced a sustained
depolarization, not a hyperpolarization, with a relatively slow
onset (Figure 2c).

Glibenclamide (10 mM) modi®ed neither the resting mem-
brane potential nor the ACh-induced hyperpolarization
(n=3). Ba2+ (0.1 mM) signi®cantly depolarized the membrane

by 10.4+0.5 mV (n=3, P50.01) but did not modify the ACh-
induced hyperpolarization.

E�ects of Ca2+-free solution and BAPTA-AM on
ACh-induced responses

At the end of a 10 min application of nominal Ca2+-free
solution, the membrane was depolarized by 9.3+3.2 mV
(n=4). Repetitive application of ACh in Ca2+-free solution
at 25 min intervals resulted in a progressive alteration in the

ACh-induced hyperpolarization: it changed from a sustained
hyperpolarization (with a depolarization after removal of
ACh) to a transient hyperpolarization followed, while the ACh

was still present, by a depolarization (n=4) (Figure 3a).
When RAVEC were pre-treated with 30 mM BAPTA-AM

for 40 min, the membrane potential was not signi®cantly

changed (750.4+0.2 to 753.2+1.1 mV, P40.05, n=4). In
such BAPTA-AM-treated cells, ACh produced only a
sustained depolarization (3.2+1.8 mV, n=4, Figure 3b).

E�ects of Co2+ and Ni2+ on ACh-induced responses

Ni2+ (5 mM) and Co2+ (2 mM) depolarized the membrane by

6.4+1.5 mV (n=5) and 5.4+2.5 mV (n=3), respectively. In
the presence of Ni2+ or Co2+, ACh produced a transient
hyperpolarization while the ACh was still present (Figure 4a

and b). When Ni2+ was applied during the ACh-induced
sustained hyperpolarization, the membrane response was
converted to a depolarization (n=4) (Figure 4c).

E�ects of CPA and A-23187 on ACh-induced responses

CPA (3 mM) itself produced a small hyperpolarization

(3.4+1.4 mV, P50.05, n=3). In the presence of CPA, ACh
produced a hyperpolarization which lasted long after the
washout of ACh (Figure 5a). When ACh was again applied
after a 30 min interval (in the continued presence of CPA), it

produced only a small hyperpolarization. The membrane
potential level reached as a result of the second application
of ACh (767.0+3.0 mV, P40.05, n=3) was similar to that

produced by the ®rst. Under these conditions, Co2+ converted
the membrane response to a depolarization (n=3) (Figure 5b).

A23187 (0.1 mM) had no signi®cant e�ect on the resting

membrane potential but it did signi®cantly attenuate the ACh-
induced transient hyperpolarization (17.3+1.7 to 6.5+2.0 mV,
P50.01) with no change in the amplitude of the sustained

component (though its durationwas increased) (n=4, Figure 6).

E�ects of inhibitors of Cl7 channels and
Cl7 transporters on ACh-induced responses

Neither NPPB (20 nM) nor bumetanide (10 mM) modi®ed the
resting membrane potential or the ACh-induced maximum

hyperpolarization (n=4). However, these agents did signi®-
cantly attenuate the depolarization seen after the washout of
ACh. The depolarizations were by 7.8+0.9 and 4.4+0.3 mV in

the absence and presence of NPPB, respectively (P50.05, n=4,
Figure 7a), and by 6.9+1.0 and 2.1+0.9 mV in the absence and
presence of bumetanide, respectively (P50.01, n=5, Figure

7b). Ni¯umic acid (0.5 mM) hyperpolarized the membrane by
14.5+2.5 mV (n=4) but it had no e�ect on the depolarization
seen after the removal of ACh. The peak amplitude of the
depolarization was 10.2+2.2 and 11.2+0.1 mV in the absence

and presence of ni¯umic acid, respectively (P40.05, n=3).
Hypertonic solution containing 20 mM D-mannitol did not

signi®cantly modify either the resting membrane potential

(753.5+1.1 to 754.3+1.7 mV, P40.05, n=9) or the ACh-
induced maximum hyperpolarization (14.6+1.6 to
13.1+1.2 mV, P40.05, n=7). This hypertonic solution,

Figure 3 E�ects of Ca2+-free solution (a) and BAPTA-AM (b) on ACh-induced membrane potential changes. (a) ACh (3 mM) was
®rst applied in normal Krebs solution (as control). The preparation was then exposed to Ca2+-free solution for 10 min, and ACh
was subsequently applied at 25 min intervals. The traces were obtained from the same cell. Similar observations were made in two
other cells. (b) BAPTA-AM (30 mM) was pretreated for 40 min followed by a 10 min washout, then ACh (3 mM) was applied.
Similar observations were made in two other cells.
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however, did signi®cantly attenuate the depolarization seen
after the removal of ACh (5.9+1.1 to 1.9+0.6 mV, P50.05,
n=8, Figure 7c). Similar results were obtained when the

hypertonic solution used was made by the addition of 20 mM

sucrose (n=4, data not shown).

Discussion

ACh produces a transient, followed by a sustained hyperpolar-

ization in the endothelial cells of the porcine coronary artery
(Chen & Cheung, 1992) and in those of the rabbit aorta (Wang

Figure 4 E�ects of 2 mM Co2+ (a) and 5 mM Ni2+ (b and c) on ACh-induced membrane potential changes. ACh (3 mM) was
applied for 3 min as indicated by bars (a and b). Co2+ and Ni2+ were added 10 min before ACh and were present throughout the
application of ACh. (c) Ni2+ (5 mM) was applied during the sustained component of the hyperpolarization induced by 3 mM Ach.

Figure 5 E�ect of CPA (3 mM) on ACh-induced membrane potential changes. (a) In the presence of CPA (3 mM), the recovery from
the ACh-induced hyperpolarization that occurred after washout of ACh was largely prevented. When ACh was again applied after
an interval of 25 min (in the continued presence of CPA), ACh evoked only a small hyperpolarization. The hyperpolarization was
maintained for as long as CPA was present. (b) In the presence of CPA, ACh produced a hyperpolarization that was maintained
after the removal of ACh. When Co2+ (2 mM) was applied during this maintained hyperpolarization, the membrane response was
converted to a depolarization.
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et al., 1996). In the endothelial cells of the intact rat aorta,
ACh also produces a biphasic response: a transient
hyperpolarization followed in that case by a depolarization

(Marchenko & Sage, 1993; 1994a). In the present experiments,
ACh produced a transient, then a sustained hyperpolarization
(which could be maintained for at least 10 min) followed by a

transient depolarization that occurred after the removal of the
ACh. Thus, the ACh-induced membrane potential changes in
endothelial cells may vary by species and by region.

ACh-induced hyperpolarization

In the present experiments, ACh produced a transient,

followed by a sustained hyperpolarization. These two ACh-

induced responses were both abolished in high K+ (50 mM)
solution and enhanced in low K+ (1.2 mM) solution.

Furthermore, the ACh-induced hyperpolarization was abol-
ished in BAPTA-AM-treated cells. These results indicate that
in RAVEC, the ACh-induced hyperpolarization is due to an
activation of those K+ channels that are regulated by [Ca2+]i.

The ACh-induced transient hyperpolarization was pre-
served in Ca2+-free solution and it was resistant to both Ni2+

and Co2+. Furthermore, a low concentration of A23287

(0.1 mM), which is thought to act selectively on the Ca2+

storage sites (Itoh et al., 1985), greatly attenuated the ACh-
induced transient hyperpolarization but not the sustained

hyperpolarization. These results suggest that the transient
hyperpolarization is due to a release of Ca2+ from the storage
sites. In contrast, the ACh-induced sustained hyperpolariza-
tion was abolished in Ca2+-free solution and by Co2+ or Ni2+.

Furthermore, in the presence of CPA (an inhibitor of Ca2+-
ATPase in the Ca2+ storage sites: Li & van Breemen, 1996;
Sasajima et al., 1997), the ACh-induced hyperpolarization was

maintained long after the washout of this agonist. This result is
consistent with a previous ®nding in the endothelial cells of the
guinea-pig coronary artery (Cheung & Chen, 1992). The

sustained ACh-induced hyperpolarization seen in the presence
of CPA was blocked by Co2+. These results suggest that ACh
activates Co2+-sensitive Ca2+ in¯ux, thus causing a sustained

membrane hyperpolarization.
Several types of K+ channels have been identi®ed in

endothelial cells (LuÈ ckho� & Busse, 1990a; Sakai, 1990; Chen
& Cheung, 1992; Sharma & Davis, 1994; Song & Davis, 1994;

Nilius et al., 1997c). It has been found that ChTX and
tetraethylammonium, inhibitors of KCa channels, both inhibit
the ACh-induced hyperpolarization seen in the endothelial

cells of the guinea-pig coronary artery (Chen & Cheung, 1992)
and in those of the rabbit aorta (Wang et al., 1996). Recently,
it has been reported that an apamin-sensitive K+ channel is

functionally expressed in the endothelial cells of the rat aorta
(Marchenko & Sage, 1996) and in those of the human
umbilical vein (Muraki et al., 1997). In the present

experiments, the transient component of the ACh-induced
hyperpolarization was markedly attenuated by ChTX (but not
by apamin). In contrast, the sustained component of the ACh-
induced hyperpolarization was inhibited by ChTX and by

apamin. Furthermore, a combined application of ChTX and
apamin completely blocked both components of the ACh-
induced hyperpolarization. Neither glibenclamide (an inhibitor

of ATP-sensitive K+ channels) nor Ba2+ (an inhibitor of
inwardly rectifying K+ channels) a�ected the ACh-induced
hyperpolarization. These results suggest that the ACh-induced

transient hyperpolarization is probably due to an activation of

Figure 6 E�ect of A23187 (0.1 mM) on ACh-induced membrane potential changes. The transient component of the ACh-induced
hyperpolarization was attenuated in the presence of A23187.

Figure 7 E�ects of NPPB, bumetanide and mannitol on ACh-
induced membrane potential changes. ACh-induced responses
obtained before and after application of inhibitors [NPPB (20 nM,
a), bumetanide (10 mM, b) and mannitol (20 mM, c)] in the same cell.
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ChTX-sensitive KCa channels, while the sustained hyperpolar-
ization is due to an activation of both ChTX-sensitive and
apamin-sensitive KCa channels.

In the present experiments, CPA (3 mM) and A23187
(0.1 mM) by themselves produced only minor hyperpolariza-
tions. In preliminary experiments, however, we found that
0.3 mM A23187 produced a profound hyperpolarization

(*12 ± 15 mV), suggesting that the small hyperpolarization
induced by either agent in the experiments reported here might
have been due to them being in a concentration barely

su�cient to produce hyperpolarization. In line with this
hypothesis, it was reported a few years ago that in pig
coronary artery endothelial cells, A23187 produces a

hyperpolarization at 0.5 mM (Weid & BeÂ ny, 1992).

ACh-induced depolarization

In the present experiments, a transient membrane depolariza-
tion was seen after the removal of ACh. Although the
membrane hyperpolarization could be sustained as long as

ACh was present (at least up to 10 min), application of Ni2+ or
Co2+ converted this response to a depolarization. Further-
more, in Ca2+-free solution, the transient hyperpolarization

was followed by a depolarization while the ACh was still
present. Moreover, in the combined presence of ChTX and
apamin, ACh evoked only a sustained depolarization of slow

onset. The sustained component of the hyperpolarization
diminished in amplitude as a function of time despite
continuous stimulation by ACh, so these results, taken

together, suggest that the depolarization phase was being
generated while ACh was still present and that it was being
masked by the hyperpolarization. This idea is consistent with
previous ®ndings by Marchenko & Sage (1993, 1994a).

In the present experiments, an ACh-induced depolarization
was observed in BAPTA-AM-treated cells. Furthermore,
ni¯umic acid (an inhibitor of Ca2+-activated Cl7 channels,

Nilius et al., 1997a) failed to inhibit the ACh-induced
depolarization, suggesting that [Ca2+]i does not play an
important role in the production of the ACh-induced

depolarization. It has been suggested that endothelial cell
volume is increased by vasoactive agonists (bradykinin,

angiotensin II, vasopressin) through an activation of Na+-
K+-Cl7 co-transport (O'Donnell, 1993). Furthermore, it has
been found that the volume-sensitive chloride current is cross-

correlated with changes in cell volume in endothelial cells of
the bovine pulmonary artery (Nilius et al., 1996; 1997b; Voets
et al., 1998). In the present experiments, the ACh-induced
depolarization was markedly attenuated by bumetanide (an

inhibitor of the Na+-K+-Cl7 transporter) (Cabantchik &
Greger, 1992), by NPPB (a non-selective Cl7 channel
inhibitor) (Cabantchik & Greger, 1992) and by the presence

of hypertonic conditions. It is thought that Na+-K+-Cl7 co-
transport could be electrically neutral (Haas, 1994). Thus, we
speculate that the ®nal pathway for the ACh-induced

depolarization may involve an activation of volume-sensitive
Cl7 (ClVol) channels. Taken together, these results could be
taken to suggest that ACh increases cell volume through an

activation of the Na+-K+-Cl7 co-transporter, thus leading to
ClVol-channel activation. However, it remains to be clari®ed
how ClVol channels might be activated during stimulation with
ACh.

In the present study, neither NPPB nor hypertonic solution
changed the resting membrane potential. In accordance with
the ®ndings of Nilius et al. (1996) in the endothelial cells of the

bovine pulmonary artery, this result suggests that ClVol
channels may not be activated under resting conditions.

In conclusion, in RAVEC, ACh produces a transient,

followed by a sustained membrane hyperpolarization due to a
co-activation of ChTX-sensitive and apamin-sensitive K+

channels. It is also suggested that volume-sensitive Cl7

channels most likely contribute to the ACh-induced membrane
depolarization (a phase of the response that is largely
concealed by the ACh-induced hyperpolarization under
physiological conditions).
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