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Comparison of the actions of acetylcholine and BRL 38227 in
the guinea-pig coronary artery
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1 The contractile and electrical responses to acetylcholine (ACh) in isolated segments of guinea-pig and
rabbit coronary arteries were compared to those of the putative adenosine 5'-triphosphate (ATP)-
dependent K+ channel opener, BRL 38227.
2 Both ACh and BRL 38227 produced concentration-dependent relaxation of vessel segments con-

tracted with the HI-receptor agonist, 2-(2-aminoethyl)pyridine.
3 An IC90 of either vasodilator also produced 17-20 mV of hyperpolarization of the guinea-pig
coronary artery.
4 Glibenclamide (1-35 JAM) depolarized the guinea-pig coronary artery by 8-12 mV and antagonized
BRL 38227- but not ACh-induced relaxation and hyperpolarization.
5 In the guinea-pig coronary artery, the K+ channel blockers phencyclidine (PCP, 100 J1M), tet-
raethylammonium (TEA, 10 mM) and scorpion venom (8.7 Jpg ml-') all significantly reduced ACh-
induced relaxation and hyperpolarization whereas only PCP was an effective antagonist of both
relaxation and hyperpolarization with BRL 38227.
6 Similar effects of glibenclamide and scorpion venom on ACh- and BRL 38227-induced relaxation
were observed in the rabbit coronary artery.

7 Apamin (3.5JAM) was without effect on either the ACh- or BRL 38227-induced relaxation in the
guinea-pig coronary artery.
8 In conclusion, the actions of BRL 38227 in coronary artery are compatible with its proposed effects
on ATP-dependent K+ channels. In contrast, the results with ACh suggest that some step between the
initial binding of ACh to endothelial muscarinic receptors and the final relaxation of the smooth muscle
depends upon the opening of Ca2'-activated K+ channels.
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vasodilators; cromakalim; acetylcholine; scorpion venom; phencyclidine; apamin; tetraethylammonium; gliben-
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Introduction

Acetylcholine (ACh) releases a factor from the endothelium
of some blood vessels which hyperpolarizes the smooth
muscle. This has given rise to the acronym EDHF or
'endothelium-derived hyperpolarizing factor' (Chen et al.,
1988). There is evidence that this factor is independent of the
more well known and widely studied relaxing factor EDRF
(Chen et al., 1988; Feletou et al., 1988; Huang et al., 1988;
Komori et al., 1988). EDRF is widely believed to be nitric
oxide (see Furchgott & VanHoutte, 1989). The separation
between these two factors has become more complicated,
however, with the recent reports of nitric oxide-induced
hyperpolarization in some blood vessels (Tare et al., 1990;
1991).
Studies of the rabbit middle cerebral artery have suggested

that endothelium-dependent hyperpolarization may involve
the opening of an adenosine 5'-triphosphate (ATP)-
dependent K+ channel since the hyperpolarization produced
with ACh is reversed by glibenclamide (Standen et al., 1989;
Brayden, 1990). This agent blocks ATP-dependent K+ chan-
nels in pancreatic P cells (Sturgess et al., 1985; Schmid-
Antomarchi et al., 1987a,b) and cardiac muscle (Fosset et al.,
1988). On the other hand, studies of the rat mesenteric artery
suggest that the ACh-induced hyperpolarization and relaxa-
tion in this vessel are unaffected by glibenclamide so that
different hyperpolarizing factors may be involved in the
actions of ACh in different blood vessels (McPherson &
Angus, 1991).

I Author for correspondence.

Another agent which hyperpolarizes vascular smooth
muscle by stimulation of K+ channels is cromakalim (Hamil-
ton et al., 1986; Weir & Weston, 1986b). Unlike ACh which
requires release of EDHF, hyperpolarization with
cromakalim occurs by direct stimulation of K+ channels in
the smooth muscle membrane e.g., in isolated patches of
membrane from the rabbit mesenteric artery, cromakalim has
been shown to open K+ channels (Standen et al., 1989) and
in recordings from isolated cells of the rabbit portal vein,
addition of cromakalim leads to hyperpolarization (Beech &
Bolton, 1989). The K+ channels stimulated by cromakalim
appear to be modulated by ATP since channel activity is
reduced in the presence of 1 mM ATP and enhanced in its
absence (Standen et al., 1989). In addition it has been
reported that glibenclamide: (1) blocks cromakalim-
stimulated K+ currents in isolated patches (Standen et al.,
1989); (2) blocks whole-cell cromakalim currents in single
portal vein cells (Beech & Bolton, 1989) and (3) blocks the
cromakalim-induced reduction in coronary perfusion pressure
in guinea-pig isolated heart (Daut et al., 1990) and fall in
blood pressure in the rat (Buckingham et al., 1989). Recent
studies suggest that the channel opened by cromakalim may
also be modulated by calcium (Gelband et al., 1989; Klockner
et al., 1989; Hu et al., 1990; Okabe et al., 1990). We studied
the relaxant and hyperpolarizing properties of BRL 38227
which is the active enantiomer present in the racemic mixture
known as cromakalim (see Buckingham et al., 1986; Weston,
1989).

In the present study the nature of the ACh-induced hyper-
polarization in the guinea-pig coronary artery has been
investigated. In this vessel, ACh initiates a large hyper-
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polarization (Kitamura & Kuriyama, 1979; Keef & Kreulen,
1988) which is blocked by removal of the endothelium (Keef
& Bowen, 1989; Chen et al., 1991). Since there is evidence
from studies of the cerebral artery that cromakalim and ACh
produce hyperpolarization by activation of the same smooth
muscle K+ channel (Standen et al., 1989; Brayden, 1990) we
have compared the relaxant and hyperpolarizing actions of
ACh and BRL 38227 in the presence and absence of gliben-
clamide. To investigate further the mechanism by which these
agonists produce hyperpolarization and relaxation we also
tested the effects of several other K+ channel blockers includ-
ing phencyclidine (PCP), tetraethylammonium (TEA),
apamin and scorpion venom. These data have been published
in part in abstract form (Eckman & Keef, 1991).

Methods

Contractile experiments

Male guinea-pigs (400-600 g) were killed by CO2 inhalation
followed by exsanguination and the heart removed and
placed in cold (10 to 15'C) oxygenated Krebs solution. A 1
to 1.5 cm segment of the left circumflex coronary artery was
carefully dissected out and cleaned of all adhering fat and
cardiac tissue. Ring segments (3 mm long) were mounted
onto two triangular tungsten wires (89 pm diameter). The
preparation was mounted vertically in an isolated tissue bath.
The upper triangle was attached to a Gould strain gauge and
the lower to a stable mount. The tissue bath was maintained
at 370C in Krebs solution of the following composition mM:
NaCl 118.5, KCI 4.7, MgCl2 1.2, NaHCO3 23.8, KH2PO4 1.2,
dextrose 11, CaC122.5 aerated with 95% 02/5% Co2.
A resting force of 0.3 g was applied to the guinea-pig

coronary artery. In preliminary experiments this was found
to stretch vessels to near the optimal length for tension
development (i.e. Lo). Vessels were initially equilibrated for
2 h with alternating 4 min exposures to the histamine HI-
receptor agonist, 2-(2-aminoethyl)pyridine (AEP l0-3 M,
Durant et al., 1975) and to 55 mM KCI (3 M KC1 stock
solution). The stimulants were added at 10-15 min intervals.
Maximum contraction was determined in some experiments
by exposing vessel segments to a combination of I0- M AEP
and 100mM KCI.

Rabbits (1.5-2.5 kg) were killed with an overdose of pento-
barbitone injected into the ear vein. The rabbit does not have
a true circumflex coronary artery but rather the coronary
artery courses down the middle of the left ventricle. This was
the vessel used for these studies. A resting force of 0.5 g was
applied to 3 mm long segments of vessel. Artery segments
were otherwise treated as described above for the guinea-pig.
In a few experiments the endothelium of vessel segments was
removed to study the direct contractile effects of ACh on the
smooth muscle. This was accomplished by gentle scraping of
the lumen with a stainless steel rod. The successful removal
of endothelium was judged by a lack of relaxant response to
application of ACh between 0.1 and 10 fLM when tissues were
contracted with AEP (1O-4 M).

Intracellular measurements

For experiments measuring membrane potential, a 0.5 to
0.7 cm segment of the guinea-pig circumflex coronary artery
or the rabbit left ventricular artery was used. Vessels were
carefully cut open along their longitudinal axis and pinned
down in the bath, adventitial side up. Microelectrodes filled
with 3 M KCl and having resistances between 70 and 100 MQ
were used. All intracellular measurements were made through
the adventitia into the media. Intracellular measurements were
made in the absence of the contractile stimulus AEP since it
is easier to obtain long term impalements under these condi-
tions. In a previous study we have shown that the magnitude
of hyperpolarization with ACh is greater in the presence of

AEP than in its absence presumably since the depolarization
which occurs upon exposure to AEP brings the membrane
farther away from EK (Keef & Bowen, 1989). Impalements
were judged on the basis of a rapid drop in potential upon
entering the cell, a low noise level and minimal change in
electrode resistance and zero potential before and after
impalement. Signals were viewed on a digital oscilloscope
(Nicolet) and stored on tape with a Vetter PCM Recording
Adapter attached to a Panasonic Video Cassette Recorder.

Statistics

Statistical significance was determined by two-tailed paired or
unpaired Student's t test and where appropriate analysis of
variance was performed. Changes were considered significant
at P < 0.05. Data are expressed as mean ± s.e.mean. IC50
values were calculated by use of a computer programme
entitled 'Analysis of the Regression Line' which is based
upon Manual of Pharmacologic Calculations with Computer
Programs (Tallarida & Murray, 1987).

Drugs used

Acetylcholine HCl (ACh, Sigma), 2-(2-aminoethyl)pyridine,
(AEP, Aldrich), glibenclamide (Sigma), scorpion venom
(Leiurus quinquestriatus hebraeus, Sigma), phencyclidine
(PCP, Sigma). ACh, AEP and PCP were made up in concen-
trated stock solution in distilled water. Scorpion venom was
made fresh daily in distilled water. Glibenclamide was dis-
solved in polyethylene glycol and BRL 38227 (levro-
cromakalim) was dissolved in either 50% polyethylene glycol
and 50% distilled water or dimethyl sulphoxide. All stock
solutions were kept in the dark at 2° C during use and stored
between days in the freezer. Neither polyethylene glycol nor
dimethyl sulphoxide produced direct effects in the concentra-
tions used in this study.

Results

Comparison of acetylcholine- and BRL 38227-induced
relaxation

The time course and magnitude of relaxation with various
concentrations of acetylcholine (ACh, 10 nM- 111M) and
BRL 38227 (10 nM-I1iM) were compared. Segments of
guinea-pig coronary artery were contracted with 2-(2-
aminoethyl)pyridine (AEP, 1 mM). This concentration of
AEP produced a contraction which was 48.6 ± 2.9% of that
produced by combined AEP and 100 mM KCI (n = 11). The
various concentrations of ACh or BRL 38227 were added
sequentially so that the time course of response could be
measured. Relaxation with each concentration of ACh was
more rapid in onset and reached a maximum faster than with
BRL 38227. For example, relaxation with a 90% maximal
inhibitory concentration of ACh (i.e., ICgo, 0.35 tM) relaxed
the tissue in 0.64 ± 0.07 min (n = 15) whereas with an IC90 of
BRL 38227 (1 gAM) maximal relaxation was reached after
2.47 ± 0.27 min (n = 17). An example of the time course of
relaxation with various concentrations of ACh and BRL
38227 is shown in Figure la. The IC5o for ACh-induced
relaxation was 0.022;LM (n = 17-24, Figure lb) whereas for
BRL 38227 it was 0.029 JAM (n = 13-22, Figure lb).

Effect ofglibenclamide on acetylcholine- and BRL
38227-induced relaxation

The concentration-response relationship for ACh was
measured in the presence and absence of 1 and 35 JM
glibenclamide in segments of guinea-pig coronary artery.
Vessels were. contracted with AEP and increasing concentra-
tions of ACh (0.01 gM to 1 JM) were subsequently added in a
cumulative manner. In 6 of the 17 tissues, addition of 35 JM



BRL 38227 AND ACh IN CORONARY ARTERY 11

a
0.035 F0M
0.1 0.6
0.35 1.0

0.5g
AEP ACh AEP BRL 2 min

38227
t t t 1 1 1

AEP ACh W AEP BRL 38227 W 0.5g

2 min

b

c
0

x

E
E

x
0-

Iu

E

100o

80[

60F

40

* 0

0 0

IiI

1/

Hi
20[

VO. 0.1

c
0
co
x

E
E
x
co
E

1.0

[Drug] (>.M)

Figure 1 Comparison of the vasodilator properties of acetylcholine
(ACh) and BRL 38227 in coronary artery segments contracted with
2-(2-aminoethyl)pyridine (AEP). (a) Typical examples of the relaxa-
tions observed with various concentrations of ACh (top left) and
BRL 38227 (top right) in two vessel segments from the same animal.
The entire contractile record for the lowest concentration of either
vasodilator is shown. The relaxations obtained at higher concentra-
tions of vasodilators have been superimposed at the arrows so that
the time course of relaxations can be compared. The concentrations
of vasodilator used are noted to the right of both contractile records.
Note that both the onset of relaxation and the time to peak relaxa-
tion are slower for BRL 38227 than for ACh. (b) Concentration-
response relationships for acetylcholine (0, n = 8-10)- and BRL
38227 (0, n = 5-15)-induced relaxations in the guinea-pig coronary
artery in segments contracted with AEP. Shown are mean values
with s.e. mean indicated by vertical bars.

glibenclamide produced a contraction which was 1.6 ± 0.7%
of that elicited with AEP. Neither 1 nor 35 IAM glibenclamide
significantly shifted the concentration-response relationship
for ACh-induced relaxation (IC50 for ACh in control solu-
tion = 0.022 LM, n = 8-10; in 1 gM glibenclamide = 0.07 4M,
n = 5-9; in 35 IAM glibenclamide = 0.054 gM, n = 5-10). The
effects of 0.1, 1 and 35 JM glibenclamide were also tested on
relaxations produced with an IC90 of either BRL 38227
(1 ILM) or ACh (0.351M). Glibenclamide addition produced a
concentration-dependent inhibition of BRL 38227-induced
relaxations whereas responses to ACh were unchanged. These
data are summarized in Figure 2.

Comparison of acetylcholine- and BRL 38227-induced
hyperpolarization

The time course and magnitude of changes in membrane
potential with a 6-7 min exposure to ACh (0.35 ,M) and
BRL 38227 (1 gM) were compared in segments of guinea-pig
coronary artery. The mean resting membrane potential in
this preparation was - 52.4 ± 1.5 mV (n = 31). There was no
significant difference between the magnitude of the hyper-
polarization produced to ACh (17.7 ± 1.1, n = 28) or BRL
38227 (19.2 ± 1.6, n = 21). The time to peak hyperpolariza-
tion with ACh (1.64 ± 0.13 min, n = 8) was significantly
faster than with BRL 38227 (3.28 ± 0.41 min, n = 8).
Examples of the hyperpolarization produced with these
agents are included in Figure 3.
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Figure 2 Comparison of the effects of glibenclamide on the relaxa-
tion initiated with either acetylcholine (ACh) or BRL 38227 in vessel
segments contracted with 2-(2-aminoethyl)pyridine (AEP). (a) Exam-
ple of the selective antagonism of the BRL 38227 (1 LM)- but not the
ACh (0.35 JlM)-induced relaxation with glibenclamide (35 pM) in a
single vessel segment. Removal of drug from the bath is indicated
with a W. Upper contractile recordings; control responses to applica-
tion of either ACh or BRL 38227. Lower contractile record; in the
presence of glibenclamide, BRL 38227 no longer relaxed the vessel
whereas the response to ACh was still intact. (Note: the mean values
shown in (b) of this figure for ACh-induced relaxations in the
presence of glibenclamide were obtained in the absence of BRL
38227). (b) Concentration-response relationships for the effects of
glibenclamide (0.1-35 lM) on relaxations induced with either ACh
(0, 0.35 gM, n = 3-8) or BRL 38227 (0, 1 jAM, n = 6-8). Note
that 1 to 35 jAM glibenclamide led to significant (*P <0.05) inhibi-
tion of the response to BRL 38227 whereas the responses to ACh
were unaffected. Shown are mean values with s.e.mean indicated by
vertical bars.

Effect ofglibenclamide on acetylcholine- and BRL
38227-induced hyperpolarization
In these experiments we examined the effects of glibenclamide
on the hyperpolarization produced with both ACh and BRL
38227 in segments of guinea-pig coronary artery. Addition of
glibenclamide alone led to a concentration-dependent
depolarization of the membrane (10 LM glibenclamide:
8.8 ± 1.8 mV, n = 10; 35 jM glibenclamide: 12.3 ± 1.8 mV,
n = 8; Figure 3a). In one experiment, an 8 mV depolarization
was also observed upon exposure to 1 AM glibenclamide. In
the presence of this agent the peak hyperpolarization elicited
with ACh (0.35 tM) was not sigificantly reduced (control:
17.7 ± 1.1 mV, n = 28; 10 jm glibenclamide: 17.2 ± 2.6 mV,
n = 4; 35 AM glibenclamide: 17.3 ± 1.7, n = 4). Gliben-
clamide (10 jAM) prevented the BRL 38227 (1 jAM)-induced
hyperpolarization (n = 4). An example of the differential
effects of glibenclamide on hyperpolarization with BRL
38227 versus ACh is shown in Figure 3b.
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Figure 3 Effect of glibenclamide (35 pM) on resting membrane potential and the hyperpolarization produced with acetylcholine
(ACh) or BRL 38227. (a) Effect of glibenclamide on resting membrane potential and the response to ACh (I JLM). Intracellular
recording obtained from a single cell. Initial exposure to ACh resulted in a 15 mV hyperpolarization. Thirteen min after removal of
ACh, glibenclamide was added to the bath leading to an 11 mV depolarization. Subsequent addition of ACh 10 min later induced a

hyperpolarization of 27 mV. (b) Comparison of the effects of glibenclamide on the hyperpolarization produced with BRL 38227
(1 pM) versus ACh (0.35 tiM). Control responses to these two agonists in the same cell are superimposed in the upper trace. Note
that the onset of hyperpolarization as well as the rate of repolarization are more rapid for ACh than for BRL 38227. In the lower
trace a later portion of the membrane potential recording in the same cell is shown following 10 min of exposure to glibenclamide.
(Not shown: glibenclamide depolarized the tissue by 8 mV). Subsequent addition of BRL 38227 in the continued presence of
glibenclamide did not hyperpolarize the tissue whereas hyperpolarization with ACh was still obtained.

Comparison of the effects ofpotassium channel blockers
on the BRL 38227- and ACh-induced relaxation

In these experiments we examined the effects of PCP, TEA,
scorpion venom and apamin to provide additional evidence
for the involvement of K+ channels in the actions of ACh
and to differentiate further the BRL 38227- and ACh-
induced hyperpolarization-relaxation pathways.
The concentration-response relationships for ACh- and

BRL 38227-induced relaxation were measured in the presence
and absence of either 100 LM PCP or 10 mM TEA in segments
of guinea-pig coronary artery. Vessels were contracted with
AEP and increasing concentrations (0.01 llM to 1 4M) of
either ACh or BRL 38227 were added in a cumulative man-
ner. The modifying agents were then added 10 min before
addition of AEP and the concentration-response relationship
for ACh or BRL 38227 repeated. In all tissues, PCP addition
alone caused a contraction (12 ± 3% of the AEP response,
n = 6). Likewise, in all tisssues, TEA addition alone caused
contraction (5 ± 2% of the AEP response, n = 5). Both PCP
(100 gm) and TEA (10 mM) significantly shifted the
concentration-response relationship for ACh to the right
whereas with BRL 38227 only PCP produced a significant
shift (Figure 4). The actions of PCP on the shape of the
concentration-response relationship for BRL 38227 and ACh
differed, i.e., PCP produced a greater decrease in the
steepness of the concentration-response relationship for BRL
38227 than for ACh. Thus, in the absence of PCP, both 1 LM

ACh and 1 JAM BRL 38227 produced near maximal relaxa-
tion. However, in the presence of PCP, ACh (1 AM) still
elicited approximately 68% (n = 6) maximum relaxation

whereas BRL 38227 (1 pM) elicited only 30% (n = 6) maxi-
mum relaxation (Figure 4).

In contrast to the effects of PCP and TEA on ACh-
induced responses, apamin (3.5 jAM, n = 7) did not
significantly reduce relaxations with either ACh (n = 4) or
BRL 38227 (n = 3).
Crude scorpion venom is known to contain several

different compounds which block K+ channels (Strong, 1990)
and thus the effects of scorpion venom (8.7 fil ml-') on the
relaxant responses to ACh (0.35 gLM) and BRL 38227 (1 tiM)
were compared. Application of scorpion venom 30 min
before AEP elicited a transient contraction (i.e., 3.4 ± 0.8%
of the AEP response, n = 8). Scorpion venom significantly
reduced the ACh relaxation to 24 ± 6% (n = 4) of control
whereas BRL 38227 relaxations were unchanged (n = 4).
Thus whereas glibenclamide preferentially blocked BRL
38227 responses, scorpion venom preferentially reduced ACh-
induced relaxations (see Figure 5).

Comparison of the effects ofpotassium channel blockers
on the BRL 38227- and ACh-induced hyperpolarization

Membrane potential measurements were undertaken in
segments of guinea-pig coronary artery to determine whether
the relative ability of PCP (35 EM) and TEA (10 mM) to
block hyperpolarization was similar to their ability to block
relaxation. Addition of TEA led to a 10.5 ± 0.9 mV (n = 6)
depolarization (Table 1). In the presence of TEA, ACh-
induced hyperpolarization was reduced to 22.5% (n = 3) of
control whereas the BRL 38227-induced hyperpolarization
(n = 3) was greater than control, presumably because the

b



BRL 38227 AND ACh IN CORONARY ARTERY 13

[Acetylcholine] (>.M)

membrane potential was further away from the potassium
equilibrium potential (Table 1). Addition of PCP also
depolarized the tissue (8.4 ± 1.7 mV, n = 7). Both the BRL
38227- (n = 3) and ACh (n = 4)-induced hyperpolarization
were significantly reduced in the presence of 35 JAM PCP
(Table 1). These observations indicated that concentrations
of PCP and TEA which reduced relaxation also significantly
attenuated the associated hyperpolarization.

Scorpion venom elicited a transient depolarization of the
tissue (5.5 ± 1.8 mV, n = 4). After 15 min exposure to scor-
pion venom the ACh-induced hyperpolarization was almost
completely blocked (6.2% of control, n =4) whereas that
induced by BRL 38227 was still 53.6% of control amplitude

10 (n = 4,'Table 1).

Effects ofglibenclamide and scorpion venom in the
rabbit coronary artery
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Figure 4 Comparison of the effects of control (0), phencyclidine
(PCP, A, 100 JAM, a, n = 5-6; b, n = 3-6) and tetraethylammonium
(TEA, (@, 10mM, a, n = 3-5; b, n = 3-5) on the concentration-
dependent relaxation produced with either ACh (a) or BRL 38227
(b) in guinea-pig vessel segments (control responses, 0) contracted
with 2-(2-aminoethyl) pyridine (AEP). PCP significantly shifted the
concentration-response relationships for both ACh and BRL 38227
to the right. With TEA a significant shift was only observed for ACh
responses. Shown are mean values with s.e.mean indicated by ver-

tical bars.

Since the effects of glibenclamide on membrane potential
responses in the guinea-pig coronary artery (present study)
differed from the actions of this drug in the cerebral artery
(Brayden, 1990) we also performed several experiments in the
rabbit coronary artery to determine whether the insensitivity
to glibenclamide was a more general characteristic of ACh-
induced responses in the coronary vasculature. Glibenclamide
(35 sM) did not block either the ACh (10 pM)-induced relaxa-
tion (n = 3) or hyperpolarization (n = 3) in the rabbit
coronary artery, suggesting that this may be a general char-
acteristic of the actions of ACh in coronary vessels (Figure
5a). As observed in the guinea-pig coronary artery, scorpion
venom (8.7 pg ml-') blocked the ACh (10 gM) but not the
BRL 38227 (1 jaM)-induced relaxation in the rabbit coronary
vessel (Figure Sb, n = 3).
To ensure that the actions of scorpion venom on ACh-

induced relaxation were not due to antagonism of muscarinic
receptors we also tested the effects of scorpion venom

(8.7 gg ml-') on the ACh (10 M)-induced contraction which
can be evoked in this tissue. ACh (10 JM) initiated a
1.2 ± 1.19 g (n = 3) contraction when added to endothelium-
denuded vessels in the absence of AEP. The response to ACh
following a 30 min exposure to scorpion venom (8.7 gg ml-')
was not reduced in magnitude (n = 3) suggesting that scor-

pion venom does not block muscarinic receptors at this
concentration. In 1 of 3 vessels, scorpion venom elicited a

transient contraction (0.2 g).

Table 1 Effect of K+ channel blockers on the hyperpolarization induced by acetylcholine and BRL 38227

Control

Phencyclidine
(35 JM)

Tetraethylammonium
(10 mM)
Glibenclamide
(10 JAM)

Scorpion venom

(8.7 JAM)

Resting
Em

(mV)

52.4 ± 1.5

Amplitude
depolarization

(mV)

8.4± 1.7

10.5 ± 0.9

8.8 ± 1.8

5.5± 1.8

Acetylcholine
(0.35 JAM)

hyperpolarization
(mV)

17.7 ± 1.1

Acetylcholine
hyperpolarization

(mV)
(% of control)

5.7 ± 2.6
(32.2)

4.0 ± 0.5
(22.5)

17.2 ± 2.6
(97.1)

1.1 ± 0.8
(6.2)

BRL 38227
( iAM)

hyperpolarization
(mV)

19.2± 1.6

BRL 38227
hyperpolarization

(mV)
(% of control)

3.0 ± 1.0

(15.6)

20.7 ± 2.3
(107.8)
0±0
(0)

10.3 ± 4.2
(53.6)
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Figure 5 Comparison of the effects of (a) glibenclamide (35 jiM) and
scorpion venom (8.7 jg ml-') on either acetylcholine (ACh, 10 M)-
or BRL 38227 (1 liM)-induced relaxations in isolated segments of the
rabbit coronary artery. Glibenclamide significantly reduced the BRL
38227-induced relaxation whereas the ACh-induced relaxation was

unchanged. The opposite effect was observed with scorpion venom,
i.e., scorpion venom inhibited the relaxation elicited with ACh, but
was without significant effect on the response to BRL 38227.

Discussion

The present study has shown that both ACh and BRL 38227
can produce complete relaxation of isolated segments of the
guinea-pig coronary artery when contracted with the hista-
mine HI-receptor agonist, AEP and that both are capable of
eliciting a large hyperpolarization. Although the responses to
ACh and BRL 38227 superficially resemble one another, the
differential inhibitory effects of several different K+ channel
blockers on these vasodilators suggests that the mechanism
by which they elicit relaxation and hyperpolarization differs
in important ways.
The results of the present study indicate that the ACh

(0.35 pM)-induced hyperpolarization occurs by a gliben-
clamide (10 tIM)-insensitive mechanism in both the guinea-pig
and rabbit coronary artery. These data are in agreement with
some studies (McPherson & Angus, 1991; Chen et al., 1991)
but differ from the results in rabbit middle cerebral artery
(Standen et al., 1989; Brayden, 1990). There are several
possible reasons for the differences including: (1) a different
hyperpolarizing factor released from the two kinds of blood
vessels; (2) the same hyperpolarizing factor affecting different
K+ channels on the smooth muscle cells or (3) a gliben-
clamide-sensitive release mechanism in the endothelial cells of
the cerebral artery. Further research is required to determine
which of these possibilities is correct. In contrast to ACh
responses, glibenclamide was very effective in blocking both
the relaxation and hyperpolarization produced with BRL
38227. Such data indicate that glibenclamide-sensitive chan-
nels are present in coronary artery even though this pathway
is not affected by factors which ACh releases from the
endothelium.
Much evidence links the relaxant actions of ACh in other

blood vessels to the release of endothelium-derived relaxing
factor (EDRF) which stimulates guanylate cyclase activity
leading to a reduction in free intracellular calcium concentra-
tion (see Furchgott & VanHoutte, 1989). However, in tissues
in which ACh also initiates hyperpolarization, an additional
mechanism which must be considered is a decrease in the
open probability of voltage-dependent L-type Ca2" channels.
This mechanism has been proposed by others for a variety of
different vasodilators (e.g., Weir & Weston, 1986b; Meisheri
et al., 1988; Standen et al., 1989; Brayden et al., 1991).
L-type Ca2" channels have recently been characterized in
single cells of the guinea-pig and rabbit coronary arteries
(Ganitkevich & Isenberg, 1990; Matsuda et al., 1990). Relax-
ation with ACh may therefore involve two concurrent
mechanisms i.e., stimulation of guanylate cyclase activity and
a decrease in the open probability of voltage-dependent Ca2"
channels. Evidence for this hypothesis has recently been
reported in studies of rat femoral veins (Nagao & Van-
Houtte, 1991).

Unlike ACh, BRL 38227 does not stimulate guanylate
cyclase activity in vascular smooth muscle (Coldwell &
Howlett, 1987; Taylor et al., 1988). Thus the hyperpolariza-
tion produced by BRL 38227 suggests that the associated
relaxation involves a reduction in the open probability of
voltage-dependent Ca2+ channels. The fact that glibenclamide
and PCP block not only the hyperpolarization but also the
relaxation initiated with BRL 38227 also suggests that the
former event is causally related to the latter one.
An interesting observation made in this study is that addi-

tion of glibenclamide alone (1-35 JAM) led to depolarization
(8-12 mV) of the guinea-pig coronary artery. This result is in
agreement with studies of rat mesenteric arteries in which
glibenclamide produced a concentration-dependent (0.1-
3.5 fiM) depolarization (1-9 mV) of the tissue (McPherson
& Angus, 1991) but differs from the rabbit cerebral artery
where depolarization was not observed with glibenclamide at
concentrations up to 5 fiM (Brayden, 1990). In the rat
mesenteric arteries, glibenclamide-induced depolarization was
obtained both in the presence and absence of the endothelium.
Glibenclamide may depolarize the coronary and mesenteric
vessels because K+ channels sensitive to this agent are open
at the resting membrane potential. In pancreatic P cells,
much lower concentrations of glibenclamide (i.e., 0.1 to
10 nM) are required to antagonize ATP-dependent K+ chan-
nels (Sturgess, 1985; Schmid-Antomarchi et al., 1987a,b) than
are required in vascular smooth muscle to block the actions
of cromakalim (Beech & Bolton, 1989; Buckingham et al.,
1989; Winquist et al., 1989; Standen et al., 1989), BRL 38227
(Wilson et al., 1989) or diazoxide (Winquist et al., 1989). It is
possible that the higher concentrations of glibenclamide
needed to antagonize the BRL 38227 response in blood
vessels might also affect other K+ channels in some way.
However, if such a mechanism were occurring it could not be
entirely nonspecific because glibenclamide apparently does
not affect the K+ channels involved in ACh-induced hyper-
polarization.
The ability of other K+ channel blockers to inhibit relaxa-

tion and hyperpolarization with B3RL 38227 and ACh also
differed. TEA (10 mM), for example, significantly reduced the
relaxation and hyperpolarization initiated with ACh in the
coronary artery but was without effect on BRL 38227 re-
sponses. The relative insensitivity of BRL 38227 responses to
TEA is compatible with the proposed actions of cromakalim
on either ATP-dependent K+ channels (Standen et al., 1989;
Nelson et al., 1990) or delayed rectifier K+ channels (Beech
& Bolton, 1989) both of which are relatively insensitive to
TEA as opposed to Ca2" activated K+ channels which are
very sensitive to this agent (Beech & Bolton, 1989). The
greater effectiveness of TEA in inhibiting the actions of ACh
suggest that large conductance Ca2" activated K+ channels
may be involved in the pathways by which ACh produces
relaxation in this vessel. This hypothesis was also suggested
by Chen et al. (1991).
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While PCP antagonized both ACh and BRL 38227 re-
sponses, its action was greater on BRL 38227 than on ACh.
The ability of PCP (100p1M) to almost completely block the
BRL 38227-induced hyperpolarization is commensurate with
its reported effects on outward currents in single cells of the
portal vein (Beech & Bolton, 1989). In their study, 100JM
PCP produced complete abolition of the cromakalim currents
but only a 25% reduction in Ca2" activated K+ channel
activity. The effects of PCP on the ACh-induced relaxation
and hyperpolarization on the other hand are more difficult to
interpret since PCP has also been reported to act as a partial
antagonist of muscarinic receptors (Albuquerque et al.,
1983). In spite of this additional action of PCP on muscarinic
receptors, PCP produced greater antagonism of BRL 38227
responses than of ACh responses.
Apamin has been reported to block small conductance

Ca2+ activated K+ channels. These channels are coupled to
activation of both purinoceptors and adrenoceptors in the
gastrointestinal tract of some species (Hugues et al., 1982;
Weir & Weston, 1986a; Strong, 1990). In our studies we
found that a large concentration of apamin (i.e., 3.5 JAM) was
without effect on the relaxant actions of either ACh or BRL
38227 suggesting that this channel is not involved in the
pathway by which either vasodilator produces relaxation.

Scorpion venom selectively antagonized ACh- but not
BRL 38227-induced relaxations in both the guinea-pig and
rabbit coronary artery. These data are similar to the
differential effects of scorpion venom on ACh but not BRL
34915 in rat mesenteric arteries (Adeagbo & Malik, 1990).
The actions of scorpion venom were not due to antagonism
of muscarinic receptors since scorpion venom did not block
ACh-induced contractions in segments of endothelium-
denuded rabbit coronary artery. Charybdotoxin, a relatively
specific blocker of large conductance Ca2+ activated K+
channels (Miller et al., 1985) is present in crude scorpion
venom (see Strong, 1990). The actions of scorpion venom

may therefore have been related to this component of the
crude mixture. However, the concentration of charybdotoxin
estimated to be present in our studies (i.e., 2-4 nm assuming
0.1-0.2% of total protein content, Strong, 1990) is somewhat
less than the Kd reported for the inhibition of Ca2+ channels
in patch clamp studies (e.g., 10 nm, Miller et al., 1985). Since
other K+ channel blockers are also present in crude scorpion
venom (see Strong, 1990), it is entirely possible that inhibi-
tion was due to a component of the crude extract other than
charybdotoxin.
The present study has shown that BRL 38227 and ACh

produce equivalent hyperpolarization at concentrations
which elicit equivalent relaxation making it likely that mem-
brane potential-dependent mechanisms contribute equally to
the relaxations which are observed. In contrast to this
similarity, the results suggest that these agonists initiate
hyperpolarization by different mechanisms. Whereas the
inhibitory effects of glibenclamide on the BRL 38227-induced
hyperpolarization are compatible with the activation of ATP-
dependent K+ channels, the actions of ACh do not appear to
include this channel. The effects of various K+ channel
blockers on responses to ACh suggest instead that some step
in the sequence of events occurring between the initial bind-
ing of ACh to endothelial muscarinic receptors and the final
relaxation of the smooth muscle depends upon the opening
of Ca2" activated K+ channels.
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