
Vascular smooth muscle cells hyperpolarize in response to
various vasoactive substances such as acetylcholine (ACh)
and substance P in an endothelium-dependent manner; this
phenomenon is thought to be due to the release of an
unknown humoral substance from vascular endothelium
(Chen et al. 1988). Thus, the term endothelium-derived
hyperpolarizing factor or EDHF was introduced. In
endothelium-dependent relaxation induced by ACh, EDHF
seems to be a major factor in small arteries while nitric
oxide (NO) is the major factor in large arteries (Hwa et al.

1994). EDHF may be a cytochrome P450-derived arachidonic
acid metabolite (Hecker et al. 1994; Campbell et al. 1996;
Popp et al. 1996), but evidence against this has been reported
(Edwards et al. 1996; Fukao et al. 1997; Vanheel & Van de
Voorde, 1997).

Since isolated vascular endothelial cells were found to
hyperpolarize in response to ACh (Busse et al. 1988; Sakai,
1990), the existence of EDHF has been challenged by the
suggestion that the hyperpolarization in smooth muscle cells
is merely conducted from the endothelial cells through
myoendothelial gap junctions, because smooth muscle and

endothelial cells are coupled (von der Weid & B�eny, 1993;
Little et al. 1995; B�eny, 1997; Yamamoto et al. 1998). The
importance of gap junctions has often been assessed by
applying substances such as heptanol, octanol and halothane
which clearly block gap junctions in cardiac muscle (for
review, see Spray & Burt, 1990). Although heptanol at 1 mÒ
was found to effectively block dye transfer between smooth
muscle and endothelial cells in arteriolar preparations
(Little et al. 1995), its effectiveness in blocking electrical
communication has been questioned (Hashitani & Suzuki,
1997; Yamamoto et al. 1998).

18á- or 18â_glycyrrhetinic acid has been found to be an
effective blocker of gap junctions in human fibroblast cell
lines (Davidson et al. 1986), in liver epithelial cells (Guan et

al. 1996) and in guinea-pig mesenteric arterioles (Yamamoto
et al. 1998). In the present experiments, electrical responses
of individual smooth muscle and endothelial cells to ACh
were observed in multicellular preparations where the two
types of cells remained closely located before and after gap
junctions had been blocked by 18â_glycyrrhetinic acid. Our
results indicate that at least in guinea-pig mesenteric
arterioles, ACh-induced hyperpolarization of smooth muscle
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1. Using the conventional whole-cell clamp method, the electrical responses of individual
smooth muscle and endothelial cells to acetylcholine (ACh) were observed in multicellular
preparations where the two types of cells remained in close apposition.

2. In both types of cells, ACh induced similar hyperpolarizing responses which, when recorded
in current clamp mode, had two phases (an initial fast and a second slower phase).

3. After blocking gap junctions, including myoendothelial junctions, with 18â_glycyrrhetinic
acid, ACh induced an outward current with two phases in voltage-clamped endothelial cells.
The outward current appeared around −90 mV and increased linearly with the membrane
depolarization.

4. In smooth muscle cells, ACh failed to induce a membrane current after gap junctions had
been blocked with 18â_glycyrrhetinic acid. The inhibition of ACh-induced response by
18â_glycyrrhetinic acid was observed using either sharp or patch electrodes.

5. Nominally Ca¥-free solution reduced the initial phase and abolished the second phase of
ACh-induced responses of endothelial cells. Both phases were also reduced by charybdotoxin
(CTX).

6. Our results indicate that in guinea-pig mesenteric arterioles, ACh hyperpolarizes endothelial
cells by activating Ca¥-activated K¤ channels which are sensitive to CTX. On the other
hand, hyperpolarizing responses detected in smooth muscle cells seem to originate in
endothelial cells and conduct to the muscle layer via myoendothelial gap junctions.
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cells seems to be conducted from endothelial cells through
myoendothelial gap junctions.

METHODS

Tissue preparation

Male guinea-pigs, weighing 250—400 g, were killed by a rising
concentration of COµ and exsanguination. For the patch-clamp
experiments, the ileum was excised and the first-order arterioles
(diameter, 50—100 ìm) were dissected free. Two kinds of
preparations were made as described previously (Yamamoto et al.

1998). Briefly, for the experiments where recordings were made
from the smooth muscle cells, the adventitial layer was removed to
reveal the smooth muscle layer after a short incubation in nominally
Ca¥-free solution containing 0·5 mg ml¢ collagenase (Wako Pure
Chemical Industries, Ltd, Osaka, Japan). When recording from the
endothelial cells, the arteriole segment was inverted and no
enzymatic treatment was used. One millimetre segments of these
preparations were pinned out in a small (0·8 mm ² 1·5 mm)
recording chamber. Preparations were superfused with preheated
(35°C) bath solution at a constant rate (1 ml min¢).

For the microelectrode experiments, the ileum was slit open along
the mesenteric border and pinned out in a dissecting chamber with
the mucosa uppermost. The mucosal layer was removed and the
sheet of submucosal connective tissue containing arterioles was
separated from the underlying circular smooth muscle layer. The
sheet of connective tissue was pinned out in a small recording
chamber (volume approximately 1 ml) and superfused at a constant
flow rate (about 4 ml min¢) with preheated (35°C) bath solution.

Electrophysiological techniques

The tight-seal patch-clamp method was used in conventional whole-
cell clamp configuration. Current or voltage signals were acquired
using an EPC_7 patch-clamp system (List-Medical), filtered with an
8-pole low-pass Bessel filter (900CÏ9L8L; Frequency Devices,
Haverhill, MA, USA), and then digitized with a Digidata 1200A
data acquisition system (Axon Instruments). Voltage clamp protocols
were controlled with pCLAMP software (Axon Instruments). In
current clamp experiments, voltage signals were stored on a DAT
tape with a bandwidth of DC −10 kHz (PC_204, Sony Magnescale
Inc., Tokyo) before digitization.

In some experiments, conventional high resistance microelectrodes
were used to record membrane potential changes from intact
preparations of arterioles (diameter, 30—80 ìm). Smooth muscle
cells were impaled with glass capillary microelectrodes filled with
1 Ò KCl (tip resistance, 100—250 MÙ). Membrane potentials were
recorded using a high input impedance amplifier (Axoclamp_2B,
Axon Instruments). The voltage signals were digitized and stored
with a Digidata 1200A data acquisition system.

Solutions and chemicals

The composition of standard bath solution for the patch-clamp
experiments was (mÒ): NaCl, 141·5; KCl, 5·4; CaClµ, 1·8; MgClµ,
1; Hepes, 10; glucose, 5. The pH was adjusted to 7·3 with NaOH.
The solution was aerated with Oµ. Nominally Ca¥-free solution was
prepared by simply omitting CaClµ. The pipette solution contained
(mÒ): KCl, 143; MgClµ, 1; EGTA, 1; Hepes, 10; glucose, 5. The pH
was adjusted to 7·3 with KOH. The bath solution for the
microelectrode experiments contained (mÒ): NaCl, 120·7; KCl, 5·9;
NaHCO×, 15·5; NaHµPOÚ, 1·2; CaClµ, 2·5; MgClµ, 1·2; glucose, 11·5.
The solution was aerated with Oµ containing 5% COµ to maintain
the pH of the solution at 7·2—7·3. ACh and 18â_glycyrrhetinic acid
were obtained from Sigma; charybdotoxin (CTX) and N

ù

-nitro-

¬_arginine (nitroarginine) from Peptide Institute (Osaka, Japan);
diclofenac sodium salt from Research Biochemicals International
(Natick, MA, USA). 18â_Glycyrrhetinic acid was dissolved in
DMSO to make a stock solution of 100 mÒ.

Statistics

Numerical data are represented as the mean ± standard deviation,
with n referring to the number of measurements. Statistical
evaluation was performed by Student’s paired t test with a P

value < 0·05 considered statistically significant.

RESULTS

In guinea-pig mesenteric arterioles, smooth muscle and
endothelial cells are all electrically coupled together, and
these cells are thought to be isopotential (Yamamoto et al.

1998). The mean resting membrane potentials of smooth
muscle and endothelial cells measured with the conventional
whole-cell clamp method were −45·1 ± 6·9 mV (n = 21) and
−39·6 ± 6·3 mV (n = 44), respectively. The apparent
difference in the membrane potentials between the two types
of cells was probably due to the presence of an additional
population of uncoupled endothelial cells (Yamamoto et al.

1998). Membrane potentials were recorded from smooth
muscle or endothelial cells in current-clamp mode and 3 ìÒ
ACh was applied (Fig. 1). In both types of cell, ACh induced
hyperpolarizing responses with two phases, an initial fast
phase followed by a slower second phase. During the second
phase, small fluctuations of membrane potential sometimes
occurred (for example, see Figs 5 and 6). The mean peak
amplitudes of the initial and second phases were 13·6 ±
6·2 mV (n = 21) and 12·2 ± 8·5 mV (n = 21), respectively,
in smooth muscle cells, and 11·8 ± 5·8 mV (n = 44) and
13·3 ± 7·7 mV (n = 44), respectively, in endothelial cells.
The question to be answered was which type of cell played a
dominant role in producing hyperpolarization, the smooth
muscle or the endothelial cell. To answer this, the effect of
ACh on the two types of cells was examined after blocking
myoendothelial gap junctions with 18â_glycyrrhetinic acid.

Changes in time course of the current required to impose a
10 mV voltage clamp step were used to determine the extent
of coupling between cells (de Roos et al. 1996). As shown in
Fig. 2Ab, the current produced by a 10 mV voltage step
recorded from an endothelial cell relaxed slowly in a multi-
exponential manner, indicating the existence of electrical
coupling to neighbouring cells. The input resistance of this
cell was calculated to be 1·7 MÙ according to the method
described by Yamamoto et al. (1998). The mean input
resistance of sixteen cells examined was 3·4 ± 1·8 MÙ. The
application of 18â_glycyrrhetinic acid (20 ìÒ) almost
abolished the current in 6 min leaving only a rapid capacitive
current, the relaxation of which could be described by a
single exponential function, followed by a sustained current
(Fig. 2Ac). In the presence of 18â_glycyrrhetinic acid, the
input resistance and capacitance of this cell were 0·5 GÙ
and 10·5 pF, respectively. The mean input resistance and
capacitance were 0·3 ± 0·2 GÙ and 13·0 ± 3·6 pF (n = 16),
respectively. Once such a current was obtained, we considered
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Figure 1. Effect of ACh on membrane potentials recorded from smooth muscle and endothelial

cells

In current clamp mode of the conventional whole-cell clamp method, membrane potentials in a smooth
muscle (A) and in an endothelial cell (B) were recorded. ACh (3 ìÒ) was applied during periods indicated by
bars at the top. Signals were filtered at a cut-off frequency (−3 dB) of 10 Hz. A and B show recordings
made from different preparations.

Figure 2. Effect of ACh on membrane current recorded from an endothelial cell after blocking

gap junctions

Conventional whole-cell clamp method. A, membrane current produced by a 10 mV voltage step (a)

recorded from an endothelial cell before (b) and 6 min after application of 20 ìÒ 18â_glycyrrhetinic acid (c).

B, in the presence of 18â_glycyrrhetinic acid, membrane current was recorded while the membrane
potential was clamped at −60 mV. ACh (3 ìÒ) was applied during the period indicated by the upper bar.
C, current—voltage relationships at the points marked by a—d in B obtained with a ramp protocol. The
actual duration of the ramp pulse was 0·8 s. D, current—voltage relationships of ACh-induced current were
obtained by subtracting a from b, c and d in C. Signals were filtered at a cut-off frequency of 10 kHz (A) or
100 Hz (B—D). All traces were recorded from the same cell.



that most of the electrical communications, including myo-
endothelial couplings had been blocked, and it was possible
to control the membrane potential of the patched cells in the
intact vessel segment (see Yamamoto et al. 1998). As the
ACh-induced hyperpolarization of endothelial cells persisted
after disrupting gap junctions with 18â_glycyrrhetinic acid
(Yamamoto et al. 1998), we expected that an ACh-induced
whole-cell current would be observed in voltage-clamped
endothelial cells. To test this, the membrane potential of the
endothelial cell was clamped at −60 mV and 3 ìÒ ACh was
applied 9 min after the application of 18â_glycyrrhetinic
acid (Fig. 2B). ACh induced an outward current which again
had two phases with similar temporal characteristics to the
hyperpolarizations shown in Fig. 1. The current—voltage
relationships of the ACh-induced currents (Fig. 2D)
obtained both at the peak of the initial phase (b − a) and
during the second phase (d − a) were qualitatively the same
in that the outward current appeared around −90 mV and
increased linearly with the membrane depolarization. From

linear regressions calculated by the least-squares method,
the conductance and null potential of ACh-induced current in
this particular cell were 0·87 nS and −89·3 mV, respectively
during the initial phase, and 0·28 nS and −89·9 mV,
respectively, during the second phase. Current—voltage
relationships of ACh-induced currents were recorded in five
endothelial cells and the mean null potential during the
initial and second phases were −91·3 ± 3·9 mV and
−88·7 ± 5·3 mV, respectively. Although the magnitudes of
the currents varied among preparations, ACh induced
similar responses to those shown in Fig. 2 in each of the
sixteen endothelial cells examined.

The effect of ACh on membrane current was also examined
in several smooth muscle cells (Fig. 3). First, the ability of
3 ìÒ ACh to induce a membrane hyperpolarization was
checked in current clamp mode (Fig. 3A). The mode was
switched to voltage clamp and the current recorded. Again
the current produced by a 10 mV voltage step relaxed in a
multi-exponential manner (Fig. 3Bb); the input resistance of
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Figure 3. Effect of ACh on membrane current recorded from a smooth muscle cell after blocking

gap junctions

Conventional whole-cell clamp method. A, in current clamp mode, the membrane potential in a smooth
muscle cell was recorded and 3 ìÒ ACh was applied during the period indicated by the bar at the top. B, in
voltage clamp mode, membrane currents produced by a 10 mV voltage step (a) were recorded before (b) and
6 min after application of 20 ìÒ 18â_glycyrrhetinic acid (c). C, in the presence of 18â_glycyrrhetinic acid,
membrane current was recorded while membrane potential was clamped at −50 mV. ACh (3 ìÒ) was
applied during the period indicated by the bar at the top. D, current—voltage relationships taken at
points marked by a—c in C obtained with a ramp protocol. Actual duration of the ramp pulse was 0·8 s.
E, membrane current produced by a 10 mV voltage step (a) was recorded 9 min after washing out
18â_glycyrrhetinic acid (b). F, again in current clamp mode, membrane potential was recorded and 3 ìÒ
ACh was applied during the period indicated by the bar at the top. Signals were filtered at a cut-off
frequency of 10 Hz (A and F), 10 kHz (B and E) or 100 Hz (C and D). All traces were recorded from the
same cell.



this cell was found to be 31·0 MÙ. The mean input resistance
of six cells examined was 55·0 ± 23·0 MÙ. Six minutes
after application of 18â_glycyrrhetinic acid (20 ìÒ), the
relaxation of the capacitive current could be well fitted with
a single exponential function (Fig. 3Bc), indicating that
most of the electrical communications with neighbouring
cells had been blocked. The input resistance and capacitance
of this cell were 1·1 GÙ and 7·5 pF, respectively. The mean
input resistance and capacitance were 0·7 ± 0·4 GÙ and
9·7 ± 2·4 pF (n = 6), respectively. Seven minutes after
introduction of 18â_glycyrrhetinic acid, 3 ìÒ ACh was
applied while the membrane potential of the smooth muscle
cell was clamped at −50 mV (Fig. 3C). ACh did not induce a
change in membrane current. The current—voltage relation-
ships obtained before and after application of ACh completely
overlapped (Fig. 3D). After washing out 18â_glycyrrhetinic
acid, the current produced by a 10 mV voltage step
gradually returned towards its control, indicating some
recovery of syncytial behaviour (Fig. 3Eb). The input
resistance decreased to 125·8 MÙ 9 min after the washout.
Although the magnitudes of the responses were small, ACh-
induced hyperpolarizations could be detected (Fig. 3F). In
the presence of 18â_glycyrrhetinic acid, ACh did not induce

a membrane current in each of the six smooth muscle cells
examined.

As the endothelium-dependent hyperpolarization might be
affected by intracellular dialysis which occurs during
conventional whole-cell clamp recordings, the responses to
ACh were examined using conventional microelectrodes
(Fig. 4). The mean resting membrane potential of smooth
muscle was −74·5 ± 4·5 mV (n = 7); this value was
somewhat more negative than that recorded with patch-
clamp electrodes, perhaps reflecting removal of the
adventitia in the preparations for patch-clamp experiments.
To detect the endothelium-dependent hyperpolarization,
the preparations were depolarized, to a mean membrane
potential of −44·2 ± 5·3 mV (n = 7), by blocking inwardly
rectifying K¤ channels with 0·5 mÒ Ba¥ (Hashitani &
Suzuki, 1997). In this series of experiments inhibitors of
NO synthase (nitroarginine, 100 ìÒ) and of cyclo-
oxygenase (diclofenac, 1 ìÒ) were incorporated in the bath
solution to block any effects of NO and prostanoids. Before
applying 18â_glycyrrhetinic acid, the mean amplitudes of
the ACh-induced initial and second hyperpolarizing
phases were 26·3 ± 2·8 mV and 24·6 ± 2·7 mV (n = 7),
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Figure 4. Effect of ACh on the membrane potential of smooth muscle cells recorded with a

microelectrode after blocking gap junctions

A, a smooth muscle cell was impaled with a conventional microelectrode and the membrane potential
recorded. ACh (3 ìÒ) was applied during periods indicated by bars at the top before (a), 10 min after
application of 20 ìÒ 18â_glycyrrhetinic acid (18â_GA; b) and 13 min after washing out 18â_glycyrrhetinic
acid (c). Signals were filtered at a cut-off frequency of 40 Hz. B, summaries of membrane potentials (a), the
amplitude of the initial responses (b) and the amplitude of the second responses (c) before and after
application of 18â_glycyrrhetinic acid, and after washing it out. Each symbol represents data from a
separate experiment. In b and c, negative values represent hyperpolarizations. *P < 0·002, **P < 0·001.



respectively. In the presence of 20 ìÒ 18â_glycyrrhetinic
acid, the membrane depolarized to −38·2 ± 5·8 mV (n = 7)
and the mean amplitudes of initial and second phases of
ACh-induced hyperpolarization decreased to 12·2 ± 5·5 mV
and to 10·8 ± 6·1 mV (n = 7), respectively. After washing
out 18â_glycyrrhetinic acid, the mean membrane potential
returned to −41·5 ± 8·7 mV (n = 3) and the mean
amplitudes of the initial and second phases of ACh-induced
hyperpolarization increased to 27·6 ± 4·1 mV and 25·4 ±
3·5 mV (n = 3), respectively.

As Ca¥-activated K¤ channels have been shown to be
involved in ACh-induced hyperpolarization (Chen & Cheung,
1992; Marchenko & Sage, 1996), the effect of Ca¥ removal
was examined in current-clamped endothelial cells (Fig. 5).
In control solution containing 1·8 mÒ Ca¥, the mean
membrane potential was −41·1 ± 6·8 mV (n = 7) and the
mean amplitudes of the initial and second phases of ACh-
induced hyperpolarization were 7·8 ± 2·6 mV and 11·1 ±
7·0 mV (n = 7), respectively. When external Ca¥ was
removed, the membrane potential was not significantly
changed (mean, −38·7 ± 3·6 mV; n = 7), but the mean
amplitude of the initial phase of ACh-induced hyper-
polarization was decreased to 3·2 ± 1·1 mV (n = 7) and it
was no longer followed by a secondary hyperpolarization,

rather a depolarization of 4·5 ± 1·9 mV (n = 7) was detected.
The nature of this depolarization was not investigated in the
present experiments. After reintroducing Ca¥, the mean
membrane potential was −38·6 ± 3·3 mV (n = 6), the second
component returned (6·7 ± 6·8 mV, n = 6) and the initial
component increased in amplitude (5·8 ± 2·9 mV, n = 6).

In endothelial cells of the rat aorta, the Ca¥-activated K¤
channels involved in ACh-induced hyperpolarization are
blocked by CTX (Marchenko & Sage, 1996). The effects of
CTX on ACh-induced hyperpolarization in current-clamped
endothelial cells were examined (Fig. 6). Before application
of CTX, the mean membrane potential was −37·8 ± 3·7 mV
(n = 5), and the mean amplitudes of the initial and second
phases of ACh-induced hyperpolarizations were 8·4 ± 4·8 mV
and 13·4 ± 4·7 mV (n = 5), respectively. In the presence of
50 nÒ CTX, the membrane depolarized to −33·4 ± 2·7 mV
(n = 5) and the mean amplitudes of the initial and second
phases of ACh-induced hyperpolarization decreased to 2·1 ±
1·0 mV and to 0·3 ± 1·5 mV (n = 5), respectively. After
washing out CTX, the mean membrane potential returned
to −34·9 ± 3·7 mV (n = 5), and the mean amplitudes of the
initial and second phases of ACh-induced hyperpolarization
increased to 8·3 ± 4·4 mV and 14·5 ± 3·8 mV (n = 5),
respectively.
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Figure 5. Effect of Ca¥ removal on ACh-induced hyperpolarization in endothelial cells

A, in current clamp mode of the conventional whole-cell clamp method, 3 ìÒ ACh was applied during
periods indicated by the bars at the top in control solution (1·8 mÒ Ca¥; a), 1 min after applying
nominally Ca¥-free solution (b) and 9 min after reintroduction of the control solution (c). Signals were
filtered at a cut-off frequency of 10 Hz. B, summaries of membrane potentials (a), the amplitude of the
initial responses (b) and the amplitude of the second responses (c) before and after removing external Ca¥,
and after reintroduction of control solution. Each symbol represents data from a separate experiment. In b

and c, negative values represent hyperpolarizations and positive values depolarizations. *P < 0·002,
**P < 0·001.



DISCUSSION

Since Chen et al. (1988) reported endothelium-dependent
hyperpolarization of vascular smooth muscle, this
phenomenon has been thought to be produced by an
unidentified humoral substance (EDHF) released from
vascular endothelium (Chen et al. 1991). In the presence of
18â_glycyrrhetinic acid, electrical coupling between cells
was effectively blocked and the membrane potential of
individual cells could be well clamped while all cell types
remained located within a multicellular preparation. If
endothelial cells do indeed release EDHF, it should induce
some outward current in voltage-clamped smooth muscle
cells which had been electrically uncoupled, as the two types
of cells were still closely located. In smooth muscle cells of
guinea-pig mesenteric arteriole, however, when gap junctions
had been blocked, ACh failed to induce a membrane current
which would trigger membrane hyperpolarization. On the
other hand, after gap junctions had been blocked, endo-
thelial cells continued to respond to ACh and produced an
outward current which was presumably responsible for the
membrane hyperpolarization. These results suggest that
ACh-induced hyperpolarization of smooth muscle cells is
due to electrotonic conduction from endothelial cells through
myoendothelial gap junctions.

In most of the experiments presented in this paper, we used
the conventional whole-cell clamp method. With this method,
the interior of the patched cell is eventually dialysed with the
pipette solution. If soluble factors are involved in the action
of EDHF, the dialysed cells may no longer respond to
EDHF. When the cells were attached to neighbouring cells,
responses generated in the neighbouring, non-dialysed, cells
would conduct electrotonically to the dialysed cell. However
after blocking gap junctions, the conducted responses would
be abolished. To rule out the possibility that dialysis rather
than blocking gap junctions abolished the responses to ACh,
the experiments were repeated using conventional micro-
electrodes, which preserve the intracellular environment. In
these experiments, 18â_glycyrrhetinic acid again inhibited
ACh-induced hyperpolarization. While 18â_glycyrrhetinic
acid completely blocked the ACh-induced response in the
conventional whole-cell clamp experiments, small hyper-
polarizations could still be observed in the presence of
18â_glycyrrhetinic acid when recordings were made using
microelectrodes. This observation suggests that perhaps
part of the response to EDHF had persisted and did indeed
rely on intracellular soluble factors. Alternatively it could be
that the preparations used with the microelectrode were
embedded within the connective tissue and this limited the
access of 18â_glycyrrhetinic acid to gap junctions.
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Figure 6. Effect of CTX on ACh-induced hyperpolarization in endothelial cells

A, in the current clamp mode of the conventional whole-cell clamp method, 3 ìÒ ACh was applied during
periods indicated by bars at the top before (a), 5 min after application of 50 nÒ CTX (b) and 30 min after
washing out CTX (c). Signals were filtered at a cut-off frequency of 10 Hz. B, summaries of membrane
potentials (a), amplitude of the initial responses (b) and amplitude of the second responses (c) before and
after application of CTX, and after washing it out. Each symbol represents data from a separate
experiment. In b and c, negative values represent hyperpolarizations and positive values depolarizations.
*P < 0·05, **P < 0·02, ***P < 0·005.



In a large artery, changes in the membrane potential of
smooth muscle cells can change the membrane potential of
endothelial cells. However, changes in the membrane
potential of endothelial cells do not change the membrane
potential of smooth muscle cells and this has been attributed
to the electrical mismatch between the large smooth muscle
syncytium and the smaller endothelial syncytium (B�eny &
Pacicca, 1994). This is not the case in arterioles where the
media consists of only one or two cell layers and both smooth
muscle and endothelial cells have comparable cell membrane
capacitance of around 10 pF (Yamamoto et al. 1998).

Ca¥-activated K¤ channels appear to be involved in ACh-
induced hyperpolarization in endothelial cells (Olesen et al.

1988; Chen & Cheung, 1992; Marchenko & Sage, 1996). In
the present experiments, ACh induced a two-phase hyper-
polarization, an initial rapid and a slower secondary phase.
ACh-induced outward currents had similar phases. The
current—voltage relationships taken during both the initial
and second phases showed that the outward currents had
null potentials of around −90 mV, close to the calculated
K¤ equilibrium potential of −87·0 mV. The currents both
increased linearly with the membrane depolarization,
indicating that both involve an increase of K¤ conductance.
Although somewhat diminished, the first phase of ACh-
induced hyperpolarization persisted but the second phase
was abolished by removing external Ca¥, suggesting that the
first phase might be due to Ca¥ release from intracellular
stores whereas the second phase required Ca¥ influx. Thus,
in endothelial cells, ACh might increase intracellular Ca¥
first by releasing stored Ca¥, probably through an inositol
(1,4,5)-trisphosphate-mediated mechanism (Marchenko &
Sage, 1994), and then by following Ca¥ entry from the
extracellular medium. Each increase in [Ca¥]é then activates
K¤ channels producing membrane hyperpolarization. As
both phases of the ACh-induced responses were inhibited by
CTX, Ca¥-activated K¤ channels similar to those found in
rat aortic endothelial cells (Marchenko & Sage, 1996) may be
involved in guinea-pig mesenteric arterioles.

The existence of humoral EDHF was suggested by using
sandwiched preparations in guinea-pig coronary artery
(Chen et al. 1991), and the release of EDHF from either
native or cultured porcine coronary endothelial cells has
been bioassayed by monitoring the membrane potential in
vascular smooth muscle cells located downstream (Popp et al.

1996). However, at least in guinea-pig mesenteric arterioles,
the present experiments suggest that a humoral substance is
not involved in ACh-induced hyperpolarization of smooth
muscle cells. Rather, myoendothelial gap junctions seem to
be crucial in this phenomenon. Although the significance of
these gap junctions in large arteries was not assessed in the
present experiments, recent studies show an important role
of myoendothelial gap junctions in endothelium-dependent
relaxation in rabbit thoracic aorta and superior mesenteric
artery (Chaytor et al. 1998). When ACh is applied for a long
period (10 min), endothelium-derived NO is responsible for a
small sustained component of the ACh-induced hyper-

polarization in the rat aorta (Vanheel et al. 1994). As neither
nitroarginine nor diclofenac were used in the whole-cell
clamp experiments, NO and prostanoids were probably
released from the endothelium by ACh stimulation. Although
we did not apply ACh for more than 2 min, these substances
did not seem to induce any detectable membrane current in
the presence of 18â_glycyrrhetinic acid.

In conclusion, endothelial cells control vascular smooth
muscle cells not only by releasing vasoactive substances such
as NO but also by affecting the membrane potential of
nearby smooth muscle cells through myoendothelial gap
junctions. It is also possible that smooth muscle cells control
the release of vasoactive substances from endothelial cells
by affecting their membrane potential andÏor [Ca¥]é as
suggested by Dora et al. (1997). It is unlikely that ACh-
induced hyperpolarizations recorded from smooth muscle
cells of guinea-pig mesenteric arterioles involve a humoral
substance released from endothelial cells.
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