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1 The e�ects of inhibition of acetylcholine (ACh)-induced hyperpolarization on dilatation of
submucosal arterioles were investigated in the guinea-pig ileum.

2 In smooth muscles of the arterioles depolarized by Ba2+ (0.5 mM) to about 740 mV, ACh
(3 mM) repolarized the membrane to about 765 mV (hyperpolarization), irrespective of the absence
or presence of L-No-nitroarginine (L-NOARG, 0.1 mM) and diclofenac (1 mM), and increased the
diameter (dilatation).

3 Combined application of charybdotoxin (CTX, 50 nM) and apamin (0.1 mM), inhibitors of some
types of K+-channels, abolished the ACh-induced hyperpolarization and dilatation.

4 18b-Glycerrhetinic acid (18b-GA, 30 mM), a known inhibitor of gap junctions, depolarized the
membrane to about 736 mV, either in the absence or in the presence of Ba2+, with no associated
contraction of the arterioles. In the presence of 18b-GA, ACh-induced hyperpolarization was
abolished, however the dilatation was inhibited only partially, with associated inhibition of
constriction produced by Ba2+ and NA.

5 18b-GA inhibited the dilatation produced by sodium nitroprusside, an NO donor.

6 The ACh-induced hyperpolarization and dilatation were abolished in the presence of 2-
aminoethoxydiphenyl borate (30 mM), an inhibitory modulator of inositol trisphosphate receptor-
mediated Ca2+ release from intracellular stores.

7 It is concluded that in submucosal arterioles, hyperpolarizations produced by ACh have causal
relationship to the arteriolar dilatation. 18b-GA did not induce parallel relationship between
hyperpolarization and dilatation produced by ACh. 18b-GA may have unidenti®ed inhibitory e�ects
on agonist-mediated actions, in addition to the inhibition of gap junctions.
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Introduction

Endothelium-derived hyperpolarizing factor (EDHF) is one
of the important factors involved in the endothelium-

dependent relaxation of vascular smooth muscle (Chen et
al., 1988; Chen & Suzuki, 1989; Suzuki & Chen, 1990;
Garland et al., 1995). The chemical nature of EDHF remains

unclear. Recent experiments suggest that metabolites of
arachidonic acid such as 11,12-eicosatrienoic acids (Popp et
al., 1996; Campbell et al., 1996) or endogenous cannabinoids

(Randall & Kendall, 1997), or K+ ions released from
endothelial cells (Edwards et al., 1998) may be involved as
mediator of the endothelium-dependent hyperpolarization. In

large arteries, the major endothelial vasodilator may be the
endothelium-derived relaxing factor (EDRF; Furchgott &
Zawadzski, 1980). The contribution of EDRF and EDHF in
the endothelium-dependent relaxation di�ers between prox-

imal and peripheral arteries, and EDHF may be more
important than EDRF (or nitric oxide, NO) in peripheral
arterioles (Garland et al., 1995: Shimokawa et al., 1996). It is

therefore important to investigate the relationship between
membrane hyperpolarization and relaxation in arterioles.
However, parallel measurements of membrane responses and

mechanical changes in arteriolar smooth muscles are not
easy, mainly due to the small sizes of the vessels. The

submucosal arteriole of the guinea-pig ileum is one such
preparation in which arteriolar diameters and membrane
potential of smooth muscle cells are measurable (Hirst, 1977;

Hirst & Neild, 1980; Neild, 1989).
In smooth muscle of guinea-pig submucosal arterioles,

acetylcholine (ACh) hyperpolarizes the membrane in an

endothelium-dependent manner (Hashitani & Suzuki, 1997).
The ACh-induced hyperpolarization is produced originally in
the endothelial cells by activation of Ca2+-activated K+-

channels, and it is conducted to smooth muscle cells through
gap junctions (Yamamoto et al., 1999). ACh increases
intracellular Ca2+ in endothelial cell due to release from the
internal store through activation of inositol trisphosphate

(InsP3) receptors (Schlling & Elliott, 1992). Attempts were
made to inhibit the ACh-induced hyperpolarization by three
di�erent mechanisms, i.e. inhibition of K+-channels, inhibi-

tion of gap junctions and inhibition of the release of Ca2+

from the internal stores, and their e�ects on arteriolar
dilatation were observed. K+ channels were inhibited by

charybdotoxin (CTX) and apamin (Hashitani & Suzuki,
1997; Yamamoto et al., 1999). Myo-endothelial gap junctions
were inhibited by 18b-glycyrrhetinic acid (18b-GA) (Yama-

moto et al., 1998; 1999). The release of Ca2+ from internal
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stores was inhibited by 2-aminoethoxydiphenyl borate
(2APB), an inhibitory modulator of InsP3 receptor-mediated
Ca2+ release (Maruyama et al., 1997; Cui & Kanno, 1997).

The electrical responses of arteriolar smooth muscle were
recorded by conventional intracellular microelectrode meth-
ods and the isotonic mechanical responses were recorded by
measuring the change in arteriolar diameter using DIA-

MTRAK system (Neild, 1989).
The results indicate that in submucosal arterioles of the

guinea-pig ileum, the ACh-induced hyperpolarization of

smooth muscle membrane is causally related to the dilatation.
However, parallel inhibition of hyperpolarization and dilata-
tion was not produced when 18b-GA was applied. Possible

mechanisms related to this discrepancy are discussed.

Methods

Male albino guinea-pigs, weighing 150 ± 250 g, were anaes-
thetized with ether and then exsanguinated by bleeding from
the femoral artery. Lengths of ileum were removed and cut
into a small segment. The segment of ileum was slit open

along the mesenteric border and pinned out in a dissecting
chamber with the mucosa upside. The mucosal layer was
removed gently by ®ne tweezers. A thin sheet of submucosal

connective tissue containing arterioles was dissected from the
underlying circular smooth muscle layer using methods
reported by Hirst (1977) and pinned onto transparent silicone

rubber in the base of a small recording chamber (volume,
approximately 1 ml). The chamber was mounted on an
inverted compound microscope (TMD-100, Nikon, Tokyo,

Japan) and the preparation continuously superfused with
warmed (358C) Krebs solution at a constant ¯ow rate of
about 4 ml min71. The ionic composition of the Krebs
solution was (in mM); Na+ 137.4, K+ 5.9, Mg2+ 1.2, Ca2+

2.5, H2PO4
7 1.2, HCO3

7 15.5, Cl7 134, glucose 11.5. The
solution was aerated with 95% O2 containing 5% CO2, and
the pH of the solution was maintained in the range 7.3 ± 7.4.

Since endothelial cells cannot be removed from these vessels
without damaging the smooth muscle (Neild et al. 1990), all
experiments were carried out in arterioles with intact

endothelial cells.
Arteriolar smooth muscles were impaled with glass

capillary microelectrode ®lled with 1 M KCl (tip resistance

100 ± 250 MO). Membrane potential changes were recorded
using a high input-impedance ampli®er (Axoclamp-2B, Axon
Instruments, CA, U.S.A.), and displayed on a cathode-ray
oscilloscope (SS-9622, Iwatsu, Tokyo, Japan). After low-pass

®ltering (cut-o� frequency, 40 Hz), the potential changes
were digitized and stored with a Digidata 1200A data
acquisition system (Axon Instruments, CA. U.S.A.). Segmen-

ted arterioles (about 100 mm long) were prepared by cutting
with a ®ne knife, and the passive electrical properties of the
arteriolar smooth muscle cells were determined by injecting a

hyperpolarizing current, with a duration of 2 s, through the
recording electrode. The injecting currents were controlled
with pCLAMP software (Axon Instruments. CA, U.S.A.).
The acceptable impalement of the electrode into arteriolar

smooth muscle cell was con®rmed using criteria reported
previously (Hashitani & Suzuki, 1997).
The preparation was viewed with an inverted compound

microscope equipped with a television camera (WV BP 310,
Panasonic, Yokohama, Japan), and outside diameters of an
arteriole were monitored using the DIAMTRAK system

developed by Neild (1989). The results were displayed on a
pen-writing recorder (VP-6524A, Matsushita Electric, Tokyo,

Japan) and also stored with a Digidata 1200A data
acquisition system.

Acetylcholine chloride (ACh), apamin, 18b-glycyrrhetinic
acid (18b-GA), noradrenaline hydrochloride (NA), diclofenac
sodium (all from Sigma, St. Louis, MO); 2-aminoethoxydi-
phenyl borate (2APB) (Ono, Osaka, Japan); barium chloride
(Katayama, Osaka, Japan), charybdotoxin (CTX) and L-No-

nitroarginine (L-NOARG) (Peptide institute, Osaka, Japan).
These drugs were dissolved in distilled water (ACh, apamin,
CTX, NA, barium chloride, diclofenac, L-NOARG) or

dimethylsulphoxide (18b-GA, 2APB) at 1 ± 0.1 mM. and
diluted further in Krebs solution to obtain the desired
concentration. The ®nal concentrations of these solvents did

not exceed 1 : 1000 in the Krebs solution, and these
procedures did not alter the pH of the Krebs solutions.

Measured values were expressed as mean+standard

deviation (s.d.). Statistical signi®cance of the values was
determined using paired and unpaired Student's t-test.
Probabilities of less than 5% (P50.05) were considered
signi®cant.

Results

Effects of K+-channel inhibitors on the ACh-induced
hyperpolarization and relaxation

Smooth muscle cells of the submucosal arteriole showed

properties similar to those reported previously (Hirst, 1977;
Hirst & Neild, 1980; Hashitani & Suzuki, 1997). Brie¯y, the
membrane was quiescent with occasional transient depolar-

ization, and the resting membrane potential ranged from
770 and 782 mV (775.4+3.2 mV, n=153). Application of
ACh (3 mM) did not produce any detectable change in the
membrane potential (control, 775.6+2.1 mV, n=5; in ACh,

775.6+1.7 mV, n=5, P40.1). Inhibition of the inward
recti®er K+ channels with 0.5 mM Ba2+ (Edwards & Hirst,
1988) depolarized the membrane with an initial generation of

several action potentials to reach a stable level ranging
between 738 and 745 mV (741.8+0.4 mV, n=35, Figure
1A, a). In the presence of Ba2+, application of 0.1 mM L-No-

nitroarginine (L-NOARG), an inhibitor of NO synthesis, and
1 mM diclofenac, an inhibitor of cyclooxygenase (Moncada et
al., 1991), did not further alter the membrane potential of

arteriolar smooth muscle cells (control, 743.3+3.2 mV,
n=6; in L-NOARG and diclofenac, 743.0+1.5 mV, n=6,
P40.1). These results indicate that both NO and prostanoids
do not contribute signi®cantly to the Ba2+-induced depolar-

ization. In the presence of Ba2+, L-NOARG and diclofenac,
application of ACh (3 mM) produced a hyperpolarization with
an initial transient and following sustained component

(Figure 1A,a).
The e�ects of charybdotoxin (CTX), an inhibitor of Ca2+-

activated K+-channels, and apamin, an inhibitor of small

conductance Ca2+-activated K+ channels (Nelson & Quayle,
1995), on the ACh-induced hyperpolarization were observed
in arterioles exposed to L-NOARG (0.1 mM) and diclofenac
(1 mM). In the presence of Ba2+ (0.5 mM), CTX (50 nM)

depolarized the membrane (control, 743.2+5.1 mV, n=5; in
CTX, 739.0+5.8 mV, n=5, P50.05). Combined applica-
tion of CTX and apamin (0.1 mM) also depolarized the

membrane (control, 744.8+5.1 mV, n=5; in both apamin
and CTX, 736.8+7.0 mV, n=5, P50.05). In the presence
of CTX, the ACh-induced hyperpolarization was altered to a

transient form with reduced amplitude (amplitude of the
initial component, control 27.0+2.3 mV, n=6; in CTX,
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12.8+3.9 mV, n=6; P50.05) (Figure 1A, b). In the presence
of both CTX and apamin, ACh produced no alteration in the

membrane potential (n=5) or depolarized the membrane
(4.6+5.4 mV, n=5) (Figure 1A, c). The ACh-induced
changes in the membrane potential in the presence and

absence of CTX and apamin are summarized in Figure 1B.
At rest, submucosal arterioles did not produce any

spontaneous change in diameter. The arteriolar diameters

were not altered by exposure to solutions containing
0.1 mML-NOARG and 1 mM diclofenac (control,
48.1+4.8 mm; in L-NOARG and diclofenac, 48.2+5.1 mm,
n=9, P40.1). These results suggested that both NO and

prostanoids did not contribute signi®cantly to maintain the
diameter of arterioles in resting conditions. ACh (3 mM) did
not alter the diameter of arterioles (control, 751.3+12.3 mm,

n=3; in ACh, 751.0+12.3 mm, n=3, P50.01), and this
remained unchanged in the presence of L-NOARG and
diclofenac (n=3, data not shown). In the presence of L-

NOARG and diclofenac, application of Ba2+ (0.5 mM)
containing noradrenaline (NA, 1 mM) reduced the diameter
of arterioles (constriction), which e�ect reached a stable value

within 2 ± 3 min (control, 49.9+5.8 mm; in B2+ plus NA.
25.3+3.2 mm, n=10, P50.05). In the constricted arterioles,
ACh (3 mM) increased the diameter (i.e., dilatation), which
reached a stable value within 2 min (control, 25.3+3.2 mm; in

the presence of ACh, 42.6+5.1 mm, n=10, P50.05) (Figure
2A, a). These results indicate that ACh induces dilatation of
submucosal arterioles in the absence of any production of

NO and prostanoids, and therefore the possible involvement
of EDHF in the ACh-induced dilatation should be
considered.

The e�ects of CTX (50 nM) and apamin (0.1 mM) on the
ACh-induced dilatation were observed in arterioles con-
stricted with Ba2+ and NA, in the presence of L-NOARG
and diclofenac. In the presence of CTX, the ACh-induced

dilatation was changed to a transient form with reduced
amplitude (Figure 2A, b). In the presence of both CTX and

apamin, the ACh-induced dilatation was abolished (Figure
2A, c). These e�ects of CTX and apamin were reversible,
requiring 20 ± 30 min for the recovery (data not shown). The

ACh-induced dilatation was quanti®ed by expressing the
amplitude as relative to the constriction produced before
application of ACh. As shown in Figure 2B, the ACh-

induced dilatation reached nearly 75% of constriction, and
the value was reduced to about 25% in the presence of CTX
and abolished by additional application of apamin.

Effects of 18b-GA on the ACh-induced hyperpolarization
and relaxation

In smooth muscle cells of the submucosal arterioles, 18b-GA
(30 mM) depolarized the membrane, either in the absence
(control, 772.8+2.7 mV. n=6; in 18 b-GA,

732.0+6.3 mV. n=6, P50.05) or presence of 0.5 mM

Ba2+ (in Ba2+, 742.6+5.7, n=16; Ba2+ plus 18b-GA,
727.0+5.0, n=5, P50.05). The depolarizing actions of 18

b-GA remained unaltered in the absence or presence of L-
NOARG and diclofenac (n=3, data not shown). In either
case, depolarization of the membrane induced by 18 b-GA
was accompanied by increased noise levels. In the segmented

arterioles, stimulation of arteriolar muscles with a rectangular
inward current pulse (2 nA), which was supplied through the
recording electrode, produced electrotonic potentials (ampli-

tude, 5.3+2.7 mV, n=4). The decay of the electrotonic
potential after cessation of the current pulse was not
exponential (n=4, data not shown). The amplitude of

electrotonic potentials was signi®cantly increased during
depolarization with 18b-GA (40.0+12.7 mV. n=4,
P50.05). The results indicate that the depolarization
produced by 18-b GA accompanies an increase in the input

Figure 1 E�ects of CTX and apamin on ACh-induced hyperpolarization. (A) ACh (3 mM) was applied for 2 min in the cumulative
presence of 0.5 mM Ba2+ (a), 50 nM CTX (b) and 0.1 mM apamin (c). The diameter of arteriole, 50 mm. All the responses were
recorded from the same cell. The resting membrane potential, 778 mV. (B) Membrane potentials measured before and during
application of 3 mM ACh, in the cumulative presence of 0.5 mM Ba2+ (Control), 50 nM CTX (CTX) and 0.1 mM apamin
(CTX+apamin). Each column indicates the mean value of the membrane potential (thick bar) with +/7s.d. (n=5±6). L-NOARG
(0.1 mM) and diclofenac sodium (1 mM) were present throughout.
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resistance of smooth muscle membrane, possibly due to the
inhibition of gap junctional connections with surrounding
cells (Yamamoto et al., 1998).

The ACh-induced hyperpolarization was abolished (Figure
3A, b) or sometimes reduced greatly to 1 ± 5 mV by 30 mM 18b-
GA. The inhibitory e�ect of 18b-GA was reversible, with

complete recovery requiring 15 ± 20 min (Figure 3A, c). These
e�ects of 18b-GA on ACh-induced hyperpolarization appeared
in a concentration dependent manner between 10 and 30 mM,
and the highest concentration was required to induce complete

inhibition of the hyperpolarization response (Figure 3B).
In the presence of L-NOARG and diclofenac, application

of 18b-GA (30 mM) for over 30 min did not produce any

detectable change in the diameter of arterioles (control,
45.3+3.8 mm; in 18 b-GA, 45.0+2.9 mm, n=7, P40.1).
However, the constriction of arterioles produced by Ba2+ and

NA was inhibited by 18b-GA in a concentration-dependent
manner. Amplitude of the constriction was reduced to 88+25
% (n=3) of control by 10 mM 18b-GA, to 50+15 % (n=4)

by 20 mM 18b-GA, and to 65+23 % (n=8) by 30 mM 18b-
GA (P50.05 for each). The ACh-induced dilatation of
arterioles was also reduced signi®cantly by 18b-GA in a
reversible manner (Figure 4A). The inhibitory e�ects of 18b-
GA on the ACh-induced dilatation increased in a concentra-
tion dependent manner between 10 and 30 mM, and the
maximum inhibition of about half of control was elicited by

30 mM 18b-GA (Figure 4B).

Effects of 18b-GA on relaxation produced by NO donor

The results indicated that the inhibitory actions of 18b-GA
appeared strongly on the ACh-induced hyperpolarization but
they were weak on mechanical responses of submucosal

arterioles. Attempts were made to observe the e�ects of 18b-
GA on dilatation produced by sodium nitroprusside (SNP),
an NO donor, on these arterioles. In the presence of Ba2+

and NA, the arteriolar dilatation produced by SNP (1 mM)
was 48+5 % (n=7), and the value was reduced to 21+8 %
(n=3) by 10 mM 18b-GA, to 23+7 % (n=4) by 20 mM 18b-
GA, and to 18+15 % (n=7) by 30 mM 18b-GA. Although
the inhibitory e�ects of 18b-GA on the SNP-induced
dilatation were signi®cant (P50.05), there was no signi®cant

di�erence in the dilatation between di�erent concentrations
of 18b-GA (P40.05).

Effects of 2APB on the ACh-induced hyperpolarization
and relaxation

In the presence of Ba2+ (0.5 mM), membrane potentials

ranged between 735 mV and 745 mV (mean,
740.8+4.1 mV, n=6), and 2-aminoethoxydiphenyl borate
(2APB, 30 mM) depolarized the membrane to the range

between 77 mV and 725 mV (mean, 717.7+7.6 mV,
n=6, P50.05). In the presence of 2APB, the ACh-induced
hyperpolarization was changed to a transient form with

reduced amplitude (control, 22.6+3.1 mV, n=5; in 2APB,
8.8+3.0 mV, n=5, P50.05) (Figure 5A, b). The inhibitory
e�ects of 2APB were reversible, with a complete recovery
requiring 15 ± 20 min (Figure 5A, c).

At rest, 2APB (30 mM) did not produce any change in the
arteriolar diameters (control, 45.5+11.7 mm, n=4; in 2APB,
44.8+11.0 mm, n=4, P40.1). In the presence of 2APB, the

amplitude of contraction produced by Ba2+ containing NA
was reduced (control, 25.3+5.7 mm, n=4; in 2APB,
16.3+8.5 mm, n=4, P50.05). 2APB also inhibited the

amplitude of the ACh-induced dilatation (control,
76.3+18.5%, n=4; in 2APB, 35.0+10.8 %, n=4, P50.05).
The remarkable e�ects of 2APB also appeared on the shape
of dilatation elicited by ACh, with the reduction in the rate of

onset of the response (Figure 5B, b). The inhibitory e�ect of
2APB was reversible, with a complete recovery requiring 15 ±
20 min (Figure 5B, c).

Figure 2 E�ects of CTX and apamin on ACh-induced dilatation. (A) In an arteriole constricted with solution containing NA
(1 mM) and Ba2+ (0.5 mM), dilatation produced by ACh (3 mM) was observed before (a) and after application of 50 nM CTX (b) and
50 nM CTX with 0.1 mM apamin (c). ACh was applied for 2 to 3 min. The resting diameter of arteriole, 40 mm. (B) Dilatation
produced by ACh before (Control) and after application of CTX and apamin was measured as per cent of constriction produced
before application of ACh. Mean+s.d. (n=4±10). *Signi®cant reduction (P50.05).
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Discussion

In small arterioles, application of conventional microelec-

trode techniques often penetrate electrode to endothelial cells
instead of smooth muscle cells (Emerson & Segal, 2000). This
may be also the case in the present experiment, since

submucosal arterioles of the guinea-pig possess only a single
layer of smooth muscle cells (Hirst, 1977). Thus, although
attempts were made to record membrane potentials from

smooth muscle cells, it may be reasonable to understand that
the responses are obtained from either endothelial or smooth
muscle cells. However in these arterioles, both endothelial

Figure 3 E�ects of 18b-GA on ACh-induced hyperpolarization. (A) In the presence of Ba2+ (0.5 mM), ACh (3 mM) was applied for
2 min before (a), during application of 18b-GA (30 mM) for 20 min (b), and after removal of 18b-GA for 40 min (c). All responses
were recorded from the same cell. The diameter of arteriole, 40 mm. (B) Membrane potentials measured before and during
application of ACh (3 mM), in the presence of 0.5 mM Ba2+ alone (Control) and additional presence of 18b-GA (10 ± 30 mM). Each
column indicates the peak value of the ACh-induced hyperpolarization expressed by means+s.d. (n=5±6).

Figure 4 E�ects of 18b-GA on ACh-induced dilatation. (A) In constricted arteriole with solution containing Ba2+ (0.5 mM) and
NA (1 mM), ACh (3 mM) was applied for 2 ± 3 min before (a), during presence of 18b-GA (30 mM) for 60 min (b) and after removal
of 18b-GA for 60 min (c). All responses were recorded from the same arteriole. The resting diameter of arteriole, 43 mm.
(B) Summary of the e�ects of 18b-GA on dilatation produced by ACh in submucosal arterioles. Each column indicates the per cent
change of dilatation compared to contraction produced by solution containing Ba2+ (0.5 mM) and NA (1 mM). Mean+s.d.
(n=4±10). *Signi®cant reduction vs control (P50.05).
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and smooth muscle cells may behave synchronously due to
tight electrical connections with gap junctions (Yamamoto et
al., 1998). Therefore, the data obtained may be applicable for

the assessment of the relationship between membrane
potential and dilatation in smooth muscles, in the absence
of any functional alteration of myo-endothelial gap junctions.

However, it is argued that the evaluation of the e�ects of the
modulators of gap junctions such as 18b-GA requires
additional histological con®rmations.
In the submucosal arterioles, ACh did not produce any

change in the membrane potential of smooth muscle,
probably because of the large potential due to activation of
inward rectifying K+-channels (Edwards & Hirst, 1988). As

reported previously (Hashitani & Suzuki, 1997), the ACh-
induced hyperpolarization was detected only after inhibiting
the inward rectifying K+-channels with Ba2+. The hyperpo-

larization was inhibited by CTX and apamin, the results
again con®rming our previous observations (Hashitani &
Suzuki, 1997). The K+-channels inhibited by CTX and

apamin are activated by an elevation of intracellular Ca2+

(Nelson & Quayle, 1995). In the submucosal arterioles, ACh
increases endothelial Ca2+ with no elevation of smooth
muscle Ca2+ (Fukuta et al., 1999a). Thus, it is reasonable to

speculate that the K+-channels activated by ACh are located
in endothelial cells. However, it is also worth to note that the
ACh-induced Ca2+-transient of endothelial cells does not

change even after the hyperpolarization has been inhibited
with CTX (Fukuta et al., 1999a). Similar suggestions could
also be inferred from the e�ects of 2APB on the ACh-

induced responses. 2APB inhibits InsP3-receptor mediated
Ca2+ release (Maruyama et al., 1997; Cui et al., 1997). ACh
increases endothelial Ca2+ by accelerated production of InsP3

(Schilling & Elliot, 1992). Thus, it seems likely that, in the

submucosal arterioles, ACh induces detectable responses only
in endothelial cells and these are conducted to smooth muscle
cells electrotonically through gap junctions.

The present experiments show that in submucosal arter-
ioles, inhibition by CTX or apamin of the ACh-induced
hyperpolarization is associated with the reduction of

dilatation. The experiments are carried out in the presence
of L-NOARG and diclofenac sodium, suggesting that the
possible mediator for the ACh-induced dilatation is EDHF.

Thus, arteriolar dilatation has a causal relationship with
hyperpolarization of the membrane, as is the case with large
arteries (Chen & Suzuki, 1989; Suzuki & Chen, 1990;
Garland et al., 1995). The ACh-induced hyperpolarization

was also abolished by 18b-GA, probably by inhibiting gap
junctions between endothelial and smooth muscle cells
(Yamamoto et al., 1998). However, 18b-GA inhibited the

ACh-induced dilatation of arterioles partially. Thus, there
was a discrepancy in the relationship between membrane
potential and dilatation of arterioles when the ACh-induced

hyperpolarization was inhibited by 18b-GA.
The endothelial membrane possesses no voltage-activated

Ca2+ channels, and in¯ux of Ca2+ may be facilitated when

potential di�erences across the membrane is high (Laskey et
al., 1990; Schlling & Elliott, 1992). CTX inhibits hyperpolar-
ization of endothelial cells (Yamamoto et al., 1998), and this
will weaken the driving force for Ca2+ in¯ux in the cell. On

the other hand, inhibition of intercellular gap junctions by
18b-GA does not prevent the ACh-induced hyperpolarization
in endothelial cells (Yamamoto et al., 1999), suggesting that

the driving force for in¯ux of Ca2+ remains unaltered in the
presence of 18b-GA. Thus, the inhibition of the ACh-induced
hyperpolarization of arterial smooth muscle membrane is

produced by di�erent mechanisms between K+ channel
inhibitors and 18b-GA. In the present study, 2APB inhibited
the ACh-induced hyperpolarization and dilatation to a
similar extent. This suggests that the endothelial Ca2+

supplied from the internal store directly relate to the
dilatation of arterioles. Many endothelial vasodilators require
elevated endothelial Ca2+ for the release (Suzuki & Chen,

Figure 5 E�ects of 2APB on ACh-induced hyperpolarization and relaxation. (A) In the presence of Ba2+ (0.5 mM), ACh (3 mM)
was applied for 2 min before (a), during application of 2APB (30 mM) for 15 min (b), and after removal of 2APB for 40 min (c). All
responses were recorded from the same cell. The diameter of arteriole, 50 mm. (B) In arterioles constricted with solution containing
Ba2+ (0.5 mM) and NA (1 mM), ACh (3 mM), was applied for 2 min before (a), during presence of 2APB (30 mM) for 15 min (b) and
after removal of 2APB for 60 min (c). All responses were recorded from the same arteriole. The resting diameter of arteriole, 56 mm.

British Journal of Pharmacology vol 131 (6)

Hyperpolarization and dilatation in arteriolesK. Imaeda et al1126



1990), and this is con®rmed by the inhibitory e�ect of
BAPTA on the ACh-induced hyperpolarization in the
submucosal arterioles (Hashitani & Suzuki, 1997). If this is

the case, the ACh-induced dilatation of submucosal arterioles
in the presence of 18b-GA is produced by unidenti®ed
substance (or mechanisms) independent of membrane
hyperpolarization. Alternatively, hyperpolarization propa-

gated from endothelial cells through gap junctions may only
be partially responsible for the ACh-induced dilatation.
In the submucosal arterioles, depolarization of the

membrane and resulting constriction with Ba2+ was required
to observe the ACh-induced hyperpolarization and dilatation.
Similar or greater amplitude of depolarization was also

produced by 18b-GA, irrespective of the presence or absence
of Ba2+. However, 18b-GA alone could not induce arteriolar
constriction. Thus, there is a discrepancy between membrane

depolarization and constriction in submucosal arterioles. The
Ba2+-induced depolarization may be produced by inhibition
of inward rectifying K+-channels (Edwards & Hirst, 1988;
Nelson & Quayle, 1995). It remains unclear why the

membrane is depolarized by the inhibition of gap junctions
with 18b-GA. This was accompanied by an increase in
electrotonic potentials produced by inward current pulse,

indicating that the input resistance of smooth muscle
membrane was increased, presumably due to isolation of
the recording cell from surrounding cells. In the rabbit

conduit arteries, Gap 27, a speci®c inhibitory gap junction
peptide, does not attenuate the contraction produced by
phenylephrine (Chaytor et al., 1998). Thus, an alternative

proposal is that the depolarization produced by 18b-GA is
not directly related to inhibition of gap junctions.
Inhibitory actions of 18b-GA also appeared on the

mechanical responses of submucosal arterioles, such as an

inhibition of constriction produced by Ba2+ and NA or of
dilatation produced by SNP. The ACh-induced dilatation of
submucosal arterioles may not involve endothelial NO, since

the dilatation is not altered in the presence of L-NOARG.
However, SNP was a potent dilator of these arterioles,
suggesting that smooth muscles of these arterioles posses an

ability to produce dilatation through NO-cyclic GMP
pathways. Inhibition by 18b-GA of the SNP-induced
dilatation suggests that this saponin derivative has multiple
inhibitory actions on arteriolar tissues, in addition to the

inhibition of gap junctions. Similar multiple actions of 18b-
GA including inhibition of the relaxation produced by K+-

channel opener has also been reported in aorta from the
guinea-pig (Fukuta et al., 1999b). However, water-soluble
derivative of 18b-GA, carbenoxolone, does not prevent

hyperpolarization and dilatation produced by K-channel
opener in the hepatic and mesenteric arteries of rat (Edwards
et al., 1999).
Although hyperpolarization of the membrane is considered

one of the important factors to cause dilatation in vascular
smooth muscles (Kuriyama et al., 1995), the underlying
cellular mechanisms are controversial. Experiments using K+-

channel openers suggest that there are at least three
mechanisms involved in the hyperpolarization-induced re-
laxation of vascular smooth muscle. Hyperpolarization of the

membrane inhibits Ca2+ in¯ux through voltage-dependent
Ca2+-channels in vascular smooth muscles (Nelson et al.,
1990). The production of second messengers such as InsP3 is

reduced during hyperpolarization, thus causing the reduction
of Ca2+ release from the internal stores in the rabbit
mesenteric artery (Itoh et al., 1992). Reduction by K+-
channel opener of the sensitivity of contractile protein to

Ca2+ is also suggested in the canine coronary artery (Okada
et al., 1993). However, it remains unclear which of any of
these mechanisms are involved in the EDHF-induced

vasodilatation.
It is concluded that, in guinea-pig submucosal arterioles,

inhibition of the ACh-induced hyperpolarization by K+-

channel blockade or Ca2+-release blockade is causally related
to the inhibition of vasodilatation. The inhibition of
intercellular gap junctions by 18b-GA also attenuates

hyperpolarization and dilatation responses produced by
ACh, but the e�ects are much weaker on mechanical
responses than on electrical responses. The e�ects of 18b-
GA seem to involve several unidenti®ed factors, in addition

to the inhibition of gap junctions.
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