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INTRODUCTION 

A potassium (K) channel that was inhibited by physiological (f1M) concen­
trations of intracellular ATP ([ATP]i) and that opened as [ATP]i decreased 
was first described in the heart ( l). Subsequently, similar K -channels all with 
unitary conductances in the range of 40-80 pS (measured under symmetrical 
high K+ conditions) were also found to exist in insulin-secreting cells and in 
skeletal muscle (2_5).1 Such channels constitute what are classically described 
as ATP-sensitive K-channels and were termed Type 1 by Ashcroft & Ashcroft 
(6). In this review they are designated KATP and the current flowing through 
them is defined as IK(ATP) . Type 1 KATP channels are essentially calcium- and 
voltage-independent, K+ -selective, and are half-maximally inhibited by 
[ATP]i in the range 10-100 fJ.M. They exhibit inward rectification and a key 
pharmacological feature is their inhibition by agents like tolbutamide and 
glyburide . Other ATP-sensitive K-channels exist and these were designated 
Types 2, 3, 4, and 5 (6). Such channels vary not only in their sensitivity to 
calcium and to the inhibitory effects of [ATP]i, but also in their selectivity 
for potassium and their susceptibility to pharmacological modulation. 

lUnitary conductances are usually measured under quasi-physiological [ K+] (6 roM outside, 
140 mM inside) or symmetrical high [ K+] (approximately 140 mM) conditions. To a first 
approximation, the unitary conductance in quasi-physiological conditions is half the value obtained 
in symmetrical high [ K+] solutions. 
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598 EDWARDS & WESTON 

KATP channels are described variously as ATP-sensitive (4), ATP-regulated 
(1) , or ATP-dependent (7). Davies and coworkers (7) used the term ATP-de­
pendent since they felt that the physiological function of the channel was 
dependent on ATP. However, since phosphorylation via ATP can modify the 
opening of large conductance calcium-sensitive K-channels (BKca) (8-11) or 
delayed rectifier K-channels ( 1 2) , these channels could also be described as 
ATP-dependent. In addition , this term may imply too strong a role for ATP 
in the physiological modulation of channel opening in some tissues. Similarly, 
the term A TP-regulated (1) also implies that this adenine nucleotide has a 
physiological function in the modulation of channel activity . Except in the 
pancreatic l3-ceU, such a role in vivo is not certain and therefore we use the 
term ATP-sensitive. This is intended to convey that although the opening of 
KATP can be experimentally modulated by [ATP]i, the physiological control 
of this channel in many tissues may be primarily associated with other 
nucleotides, G-proteins, various ligands, or even pH. 

This review aims to describe the pharmacology of Type 1 ATP-sensitive 
K-channels (KATP) in a variety of tissues. The general biophysical properties 
of this channel have been comprehensively reviewed (6, 7, 13, 14). In 
addition, we describe the pharmacology of those K-channels in smooth muscle 
and neuronal cells that exhibit some of the characteristics of KATP and that 
may prove to be SUbtypes of this channel. 

EFFECTS OF SYNTHETIC POTASSIUM CHANNEL 
OPENERS 

Introduction 

The K-channel openers are a diverse group of agents originally characterized 
by their ability to open smooth muscle K-channels (15, 16). However, it is 
now known that their K-channel opening action is additionally exerted in a 
variety of tissue types including the pancreatic (3-celllinsulinoma cell (6, 17), 
neurones (18) , skeletal muscle (19), and cardiac muscle (14, 20). Most of the 
electrophysiological and other effects of these agents can be inhibited by 
K-channel inhibitors like the sulfonylurea glyburide (see below), a pharma­
cological feature that led Quast & Cook (21) to propose that interaction with 
KATP formed the basis of the action of the K-channel openers in all tissues. 

Chemical Classification 

The classification of and inter-relationships between the various groups of 
K-channel opener have been detailed in several reviews (15, 22, 23; Figure 
1.) No common pharmacophore linking the ability of all these agents to open 
KATP has yet been identified, although structure-activity relationships within 
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Figure 1 Chemical classification of K-channel openers. The agents listed all relax smooth muscle in vitro and are hypotensive 
in vivo, actions that can be inhibited by glyburide. The prototype molecules increase 86Rbf42 K efflux from smooth muscle and 
enhance K-currents in a variety of cell types, effects that are inhibited by glyburide. In a few instances, the opening of KATP has 

been confirmed in patch/whole-cell clamp studies. It can thus be tentatively concluded that the characteristic pharmacological 
effects of all these agents are mediated, at least in part, via the opening of KATP• (Details derived from 15, 22, 23, 299). 
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600 EDWARDS & WESTON 

the benzopyran group have been detailed (22). Until further data on the 
mode/site of action of these agents are available, some aspects of chemical 
classification are rather arbitrary. For simplification in this review, the openers 
formerly classified as pyridines (e.g .  nicorandil), cyanoguanidines (e.g .  
pinacidil) , and thioformamides (e.g. aprikalim) have all been re-designated 
as "pyridines" since this chemical nucleus is common to all these agents . 

Effects of Openers on KATP in Various Tissue Types 

Early in their development, it was recognized that the effects of the openers 
on whole tissues in vitro and in whole organisms in vivo could be antagonized 
by inhibitors of  KATP like glyburide (24). Furthermore, subsequent patch­
clamp studies showed that the K-channel openers did indeed open KATP• 
especially in insulinoma cells and in cardiac muscle (see 6). However, the 
absolute potency of the K-channel openers in these tissue types was lower 
than in smooth muscle and the relative order of potency of a series of 
K-channel openers in smooth muscle was significantly different from that in 
insulinoma cells .  

PANCREATIC !3-CELLIINSULINOMA CELLS KATP channels are thought to form 
the link between nutrient (glucose) availability and insulin secretion from the 
pancreas. In this tissue, KATP in the j3-cell is predominantly closed in the 
presence of physiological concentrations of intracellular ATP and opens as 
[ATP]i falls. Despite this, it is the major K-channel responsible for setting 
the basal level of membrane potential and its modulation is thought to play 
an important role in the regulation of glucose-stimulated insulin secretion 
(25-28). Since the membrane resistance of the (3-cell is very high, the closure 
of a few KATP channels has a pronounced effect on the membrane potential 
(29) . An increase in extracellular glucose concentration produces an increase 
in [ATP]i. The consequential closure of KATP depolarizes the cell, enhancing 
calcium influx that then stimulates insulin secretion from storage granules 
within the cell (see 17, 30 for reviews) . 

In both pancreatic (3-cells and insulinoma cells , diazoxide stimulates the 
opening of KATP, inducing membrane hyperpolarization and inhibiting insulin 
secretion (31-34). The effective concentration of diazoxide in (3-cells or 
insulinoma cells (RIN m5F; approximately 100 f1M) is similar to that which 
exerts mechano-inhibitory effects in vascular smooth muscle (35). In contrast, 
in patch-clamp studies , other K-channel openers have proved to be less potent 
openers of KATP in either (3-cells or insulinoma (RIN m5F) cells, (effective 
concentrations > 100 f1M) (36, 37) than in vascular smooth muscle cells 
(levcromakalim :::::100 nM) (38) . In the CRI-Gl cell line, cromakalim (up to 
100 .... M) was without effect on the opening of KATP (39) . The activation of 
channels by the K -channel openers is only evident in the presence of MgA TP, 
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ATP-SENSITIVE K-CHANNELS 601 

and several of these agents (pinacidil, RP 49356, nicorandil, and diazoxide) 
inhibit channel opening in the absence of MgATP (36, 39). The mechanism 
underlying this inhibitory action (see below) remains to be determined, 
although in the case of diazoxide, its irreversible nature has led to the 
suggestion that this agent may accelerate channel run-down (39). 

The ability of the K-channel openers to enhance KATP opening is reflected 
by their ability to inhibit insulin release. Thus, the most potent K-channel 
opener, diazoxide , produces >90% inhibition of insulin release at a concen­
tration of 100 flM, whereas a higher concentration of cromakalim (500 flM) 
produces only 35% inhibition (40). The rank order of potency of the K -channel 

openers for inhibition of insulin release is diazoxide>pinacidil>cromakalim 
(40). 

CARDIAC MUSCLE KATP and the associated current I K(ATP) were first 
described in cardiac muscle by Noma (1) and Trube & Hescheler (41). The 
characteristics of this channel and current, together with those of KATP and 
I K(ATP) in the pancreatic l3-cell, define what are classically described as Type 
1 ATP-sensitive channels and currents. Thus , the cardiac KATP has a typical 
unitary conductance of 80 pS (symmetrical high potassium solution), and 
requires Mg-dependent phosphorylation to prevent run-down. It is normally 
closed in the presence of a physiological [ATP]i by a mechanism that does 
not involve a phosphorylation step (for details, see (6». 

The effects of K-channel openers on KATP or IK(ATP) in the heart have been 
widely studied. Direct effects of cromakalim on KATP were first described by 
Escande et aI, Osterrieder, and Sanguinetti et al (42-44). These studies 
collectively showed that cromakalim shortened action potential duration 
without affecting upstroke velocity, an effect that was reversed by glyburide. 
No single investigation of the order of potency of a range of K -channel openers 
drawn from the different chemical subgroups has been published. However, 
the absolute potencies of individual agents are similar to those observed in 
13-/insulinoma cells and are approximately 10--50 times lower than those seen 
in smooth muscle. 

The finding that both the effects of cromakalim and of hypoxia were 
glyburide-sensitive (44) and that ATP, like glyburide, inhibited the channel 
opened by cromakalim (42) strongly suggested that KATP was the target 
channel for the K-channel openers in cardiac muscle. Subsequent experiments 
(e.g. 45-47) have confirmed this view and shown that the effects of the 
K -channel openers can be opposed by increasing [A TP]i (47). In single cardiac 
myocytes, Thuringer & Escande (47) found that RP 49356 effectively 
decreased the sensitivity of KATP to closure by A TP and broadly similar results 
were obtained for nicorandil (14) and for pinacidil (48). Thuringer & Escande 
(47) concluded that the openers probably inhibited the binding of ATP to its 
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602 EDWARDS & WESTON 

inhibitory site (see Figure 3, Site 2) whereas Fan et al (49) suggested that the 
openers bound to a different site from A TP and thereby reduced the affinity 

of Site 2 for ATP. 
In excised patches, the K-channel openers are effective when applied on 

both the extra- and intracellular sides of the membrane (50, 51). However, 
higher concentrations of pinacidil must be applied to the outside compared 
with the inner surface (49), perhaps suggesting that the openers do not bind 
at an external site on the membrane. 

SKELETAL MUSCLE KATP channels have been described in both mammalian 
and amphibian skeletal muscle cells (4, 52-54). They exhibit typical Type I 
characteristics (see 6), with unitary conductances in the range 40--90 pS 
(symmetrical high K-solution). 

The effects of K-channel openers have been investigated in relatively few 
studies. In excised inside-out patches from normal muscle, Weik & Neumcke 
(55) found that diazoxide had little effect, whereas both pinacidil and 
cromakalim increased channel open probability in the presence of an inhibitory 
concentration of A TP. These agents were without effect in the absence of 
ATP at the cytoplasmic side of the membrane in contrast to those of RP 
49356. This pyridine derivative increased the open probability of KATP in the 
absence of [ATP]i (55). These authors concluded that cromakalim, pinacidil, 
and RP 49356 each displaced ATP from the channel (see Figure 3, Site 2), 
while RP 49356 was additionally able to open previously inactive channels. 

The effects of the K-channel openers on diseased skeletal muscle have been 
reviewed by Wareham ( 1 9). In general, these investigations have not been 
specifically concerned with linking the actions of the openers with KATP per 
se. However, since the effective concentrations of the agents are similar to 
those known to open KATP, this channel seems the likely target. In skeletal 
muscle bundles from patients with myotonia congenita, both cromakalim and 
bimakalim (EMD 52692) abolished spontaneous twitches and the after-con­
tractions characteristic of electrically stimulated myotonic tissues (56). In 
skeletal muscle taken from patients with hyperkalemic paralysis , cromakalim 
increased macroscopic K-currents and restored the membrane potential of 
depolarized fibers (57). Using muscle from patients with hypokalemic periodic 
paralysis ,  cromakalim hyperpolarized the cells and increased the force of 
twitch contractions, effects that were inhibited by glyburide (58). 

NEURONES Evidence in favor of the presence of KATP in neurones is 
essentially indirect. It is largely derived from studies of sulfonylurea binding 
(usually [

3
H]_glyburide) to brain membranes and from the pharmacological 

effects of K-channel openers reducible by inhibitors of KATP. Using autora­
diography, Mourre et al (59, 60) have recently described the location of 
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ATP-SENSITIVE K-CHANNELS 603 

eH]-glyburide binding sites. The highest levels of binding were detected in 
the substantia nigra, the globus and ventral pallidus, the motor neocortex, and 
parts of the cerebellar cortex. High levels of binding were also detected in 
the limbic system. Complementary studies have been reported by Gehlert et 
al (61) following the use of [125I]_glyburide and by Treheme & Ashford (62) . 

Initial investigations (63) showed that cromakalim decreased neuronal 
excitability and reduced epileptiform discharges in hippocampal slices. In 
subsequent experiments, a small membrane hyperpolarization and activation 
of an inwardly rectifying K-current was detected (64, 65). Whether this current 
was ATP-sensitive was not investigated. In cultured hippocampal neurones, 
cromakalim produced a sustained outward current that was enhanced by 
depolarization (66). Again, no specific attempt was made to link this effect 
to KATP. Further evidence consistent with K-channel opening by levcro­
makalim and RP49356 was described by Gandolfo et al (67) who showed that 
these agents inhibited seizures produced by mast-cell degranulating peptide. 

Perhaps the best (but still indirect) evidence for the existence of brain KATP 
channels has been obtained in the substantia nigra. In this region, sulfonylureas 
or increasing extracellular glucose increase the release of [\I]-GABA, effects 
which are inhibited by a range of K-channel openers (68, 69). In one study 

(69), the order of potency of the K-channel openers (levcromakalim 
>nicorandil>cromakalim>diazoxide>pinacidil) was found to be different 
from that in either the pancreatic [3-cell or in smooth muscle, possibly 
indicating a difference between the target K-channel (presumably KATP) in 
this brain region and that in other tissues. 

HYPOTHALAMUS Distinct regions of the hypothalamus, i .e. the ventromedial 
(VMH) and lateral, contain neurones that respond to changes in circulating 
glucose concentration (70, 71). The VMH can simplistically be regarded as 
the satiety center (72) and glucose-sensitive cells in this region are involved 
in the control of appetite (see 73 for review). Although the density of 
sulfonylurea-binding sites in the VMH is relatively low in comparison to other 
areas of the brain, it is proposed that in this tissue, as in the pancreatic l3-cell, 
KATP plays an important role as the link between glucose availability and 
cellular activity (62 , 74). Thus, it is thought that KATP channels are inhibited 
as [ATP]i in the VMH cell rises in response to an increase in blood glucose 
(74). The associated depolarization increases hypothalamic firing, which 
induces the sensation of satiety. However, electrophysiological evidence 
suggests that the glucose-sensitive K-channel in the VMH is quite different 
from KATP. The VMH channel has a high conductance ( 146 pS in symmetrical 
high K+) (75) and does not rectify (76). This contrasts with KATP in the other 
tissues in which the channel is an inward rectifier (l, 2, 4), with a unitary 
conductance in the range 40-80 pS when measured with a symmetrical K+ 
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604 EDWARDS & WESTON 

gradient. Furthermore, although in most tissues the concentration of ATP 
producing a half-maximal inhibition of MTP in inside-out patches is 20-200 

f.LM (see 13), 2-3 mM ATP is required to produce a comparable inhibition 
of KATP in neurones from the VMH (74). In cell-attached patches, levcro­
makalim, pinacidil, minoxidil sulfate, and diazoxide were each also without 
effect (75). Furthermore, in experiments using conventional microelectrodes, 

cromakalim has no effect On the firing rate of gluco-receptive VMH neurones 
(75). 

Using patch-clamp techniques, tolbutamide inhibits PUP-sensitive K-chan­
nels in rat glucoreceptive VMH neurones in cell-attached recordings, but has 
no effect on these channels in isolated patches (74). This contrasts with 

insulin-secreting cells, in which tolbutamide is capable of inhibiting Kxrp in 
isolated patches irrespective of whether the outer or inner face of the cell 
membrane is exposed to the drug, and in which there appears to be a tight 

coupling between the sulfonylurea-binding site and the channel (28, 32, 33). 
In addition, glyburide, which has no effect on the opening of the PJP-sensitive 
K-channel in the VMH when applied alone, antagonizes tolbutamide-induced 
inhibition of the channel (74). 

These biophysical and pharmacological discrepancies are so numerous that 
it is difficult to consider the VMH channel as a close variant of the Type 1 
KATP channel and suggests that it may indeed be a different K-channel type 
(see 6). 

SMOOTH MUSCLE In smooth muscle, early attempts failed to show the 
existence of a KATP channel which was closed by raising [ATP]i (77). The 
first, apparently successful, series of experiments by Standen et al (78) in rat 
and rabbit mesenteric artery reported a K-selective channel, closed by [ATP1, 
opened by cromakalim, and inhibited by glyburide. However, the unitary 
conductance of this channel (135 pS at 0 mV in 60 mM/120 mM extra-/intra­
cellular K+) is high for a typical Type 1 KATP channel (6) and raises the 
possibility that the cromakalim-sensitive channel reported in Standen et al 
(78) was in fact a large conductance, Ca-sensitive K-channel. Similar channels 
(BKca) have indeed been reported to be closed as [ATP]i increases (79), an 
action resulting not from closure by A TP but largely from the chelation of 
Ca2+ by the disodium salts of ATP used in the experiments (see 80). Under 
certain conditions, BKca can be opened by cromakalimllevcromakalim 
(80-82), data consistent with the possibility that the "KATP" detected by 
Standen et al (78) was, in fact, a calcium-dependent K-channel. 

More recently, results that seemed consistent with the presence of a 
levcromakalim-sensitive KATP in pulmonary artery were obtained (83). 
However, the use of N a:!A TP together with the presence of Ca 2+ in this study 
means that apparent changes in ATP-sensitive K-currents could have been 
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ATP-SENSITIVE K-CHANNELS 605 

due to Ca-chelation by A TP and subsequent reduction in a Ca-dependent 
rather than ATP-sensitive K-currents (see 80). An alternative approach 
designed to link the effects of K-channel openers with those of KATP in rabbit 
mesenteric artery was recently described by Silberberg & van Breemen (84). 
These workers showed similarities between an outward current stimulated by 
metabolic inhibition (and presumed reducti09 in [ATP]i) and by the current 

induced by levcromakalim. Both currents were glyburide-sensitive, but the 
authors did not exclude the possibility that a Ca-dependent K-channel carried 
the observed currents and neither the K-selectivity nor the unitary conductance 
of the channel(s) involved was determined. 

�n contrast to the report that the K-channel openers interact with high 

conductance ATP-sensitive K-channel (78; see above), or with a small 
conductance ATP-insensitive K-channel (85), evidence is now accumulating 
that in smooth muscle the K-channel openers interact with a small-medium 
conductance ATP-sensitive K-channel within the conductance range typical 
of a Type 1 KATP channel. The first suggestion of an action of K-channel 
openers on such a K-channel was derived from whole-cell voltage-clamp 
studies on the action of cromakalim in portal veins (86, 87) . Based largely 
on the low noise of cromakalim-induced current, it was shown that a channel 

of low unitary conductance was most likely involved. Such a view was 
reinforced by Kajioka et al (88) who found that in rat portal vein nicorandil 
opened an ATP- and Ca2+ -sensitive K-channel with a unitary conductance of 
10  pS (quasiphysiological K+ gradient). Vascular smooth muscle ATP-sen­
sitive K-channels of similar conductance and opened by cromakalim (89) , 
nicorandil (90, 9 1 )  and by pinacidil (92) were recently described. In the 

experiments described by Kajioka et al (92) this channel was only opened by 
pinacidil in cell-attached patches or after patch excision when GDP was 
present on the interior side of the membrane. The study performed by Kovacs 
& Nelson (89) was particularly interesting since it attempted to demonstrate 

that the sulfonylurea binding sites were associated with a K-channel that, after 
incorporation into a lipid bilayer, was inhibited by ATP (Ki 4 1  f..LM) applied 
to the cis (intracellular) side. In addition, the enhancement of channel opening 
by cromakalim (1 f..LM) was inhibited by glyburide, although a very high 
concentration was required (50 f..LM). This contrasts markedly with the 
dissociation constant for selective binding of glibenclamide (10 nM) to the 
membrane fraction from which the ATP-sensitive channels were derived. 
Further experimentation is clearly required to determine whether the incorpo­
rated channel really functions like a typical KATP. 

The excised patch-clamp experiments described above have provided some 
evidence for the existence of a KATP in smooth muscle and for a role of this 
channel in the action of the K-channel openers. However, the concentrations 
of agents required to produce channel opening have been 10--50 times higher 
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606 EDWARDS & WESTON 

(typically 1 0--100 ""M) than those required to produce relaxation in whole 
smooth muscle tissues. Recently, however, whole-cell voltage-clamp studies 
in rat portal vein have convincingly shown that low concentrations of 
levcromakalim open a small conductance K-channel (unitary conductance 
10-20 pS in quasi-physiological conditions) . Furthermore, using rapid volt­
age-clamp-current-clamp switching, the associated membrane hyperpolariza­
tion was typical of that seen in whole smooth muscle tissues (38) . A 
continuation study demonstrated that the channel opened by levcromakalim 
in rat portal vein was the same as that which opened on depletion of [ATP]i 
in this tissue. Furthermore, depletion of this nucleotide induced membrane 
hyperpolarization of a magnitude similar to that produced by maximally 
effective concentrations of levcromakalim (93) . 

Although further studies are required, reasonable evidence for the existence 
of KATP in smooth muscle has now been obtained and this channel can clearly 
be opened by the K -channel openers. However, the rank order of potency for 
inhibition of spontaneous activity in vascular smooth muscle is cromakalim 
(maximal effect produced by I J.1M» pinacidil (maximally effective at 3 
j.LM»diazoxide (maximal effective concentration 1 00 j.LM) (35). This con­
trasts with the ratio diazoxide> pinacidil> cromakalim for inhibition of 
insulin release (40) . In addition, minoxidil sulfate, which fully inhibits 
spontaneous activity in the rat portal vein at a concentration of 10 j.LM (35), 
stimulates insulin release (40) . These findings, together with the different 
potencies of glyburide in l3-cells compared with smooth muscle (see below) , 
collectively suggest that some differences exist between the KATP channels or 
their regulatory sites in these two tissue types. 

KATP-CHANNEL INHIBITORS 

Agents that restrict the movement of K+ through KATP (see Figure 2) have 
been variously described as blockers, antagonists, or inhibitors. With the 
possible exception of an agent like tetraethylammonium (TEA) , which 
probably blocks the channel (94), the detailed mode and site of action of the 
other substances shown in Figure 2 is unclear. The term inhibitor, which has 
no mechanistic implications, has thus been adopted for all agents that reduce 
the flow of K+ through I<ATP. 

Hypoglycemic Agents 

CHEMICAL CLASSIFICATION Sulfonylurea drugs, long used in the treatment 
of noninsulin-dependent diabetes mellitus, are now known to stimulate insulin 
secretion by inhibiting the opening of KATP in pancreatic l3-cells (28 , 32,  95 , 
96) . Patch-clamp studies have shown that the sulfonylureas are also selective 
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Figure 2 Chemical structures of molecules capable of reducing the flow of K+ through KATP 
by various mechanisms. For further details, see text. BMS: Bristol Myers Squibb. 

inhibitors of KATP in cardiac myocytes (96, 97) and skeletal muscle (5) .  Other 
structurally dissimilar agents that also stimulate insulin secretion by inhibiting 
KATP or inhibit the effects of K-channel openers in smooth muscle include 
the guanidine derivative linogliride (98, 99), the benzoic acid derivative 
(- )AZ-DF 265 ( 100), the urea derivative U-37883A (101) ,  and the pyridine 
derivative, U 56324 ( 102 , 103 ;  see Figure 2). 

Marked differences between the potencies of the various hypoglycemic 
sulfonylureas have led to the suggestion that the most potent of the 
sulfonylureas, glyburide (104) , which possesses both benzoic acid and 
sulfonylurea groupings,  is capable of inhibiting KATP by an interaction with 
a site additional to that which recognizes the sulfonylurea moiety ( l05 ,  106; 
see Figure 3) . Structure-activity studies have supported this view with the 
demonstration that the benzoic acid derivative meglitinide, which is similar 
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608 EDWARDS & WESTON 

to glyburide or gliquidone but which lacks the sulfonylurea group, is capable 
of inhibiting �-cell KATP channels and of stimulating insulin secretion from 
islet cells (34, 106) . 

BINDING SITES Glyburide binds to high and low affinity sites in pancreatic 
�-cells, insulinoma cells, cardiac myocytes , smooth muscle cells, and rat 
cerebral cortex (62, 107-1 1 1) .  This property has been used to determine the 
characteristics of the binding site for the hypoglycemic and other agents in 
membrane fractions and isolated cells and, together with autoradiography, to 
indicate the possible cellular location of KArp channels in a variety of tissues. 

In both cardiac membranes and rat insulinoma membranes , specific 
glyburide binding is enhanced by the presence of divalent cations or by a 
reduction in pH (108). The binding of this agent is insensitive to apamin (a 
selective blocker of a small conductance calcium-sensitive K-channel; 1 12) 
or to a variety of relatively nonselective K-channel blockers, including 
tetraethylammonium, quinine, quinidine, and 4-aminopyridine ( 1 10,  1 13 ,  
1 14). Concentrations of quinine (20-500 J.1M), chlorpromazine ( 10-100 J.1M) 
or thiopentone ( 100-200 J.1M), which almost completely inhibit the opening 
of KATP in insulin-secreting cells ( 1 15-1 1 7) are without significant effect on eH]-glyburide binding under phosphorylating or dephosphorylating condi­
tions, suggesting that these agents inhibit KArp by interacting at a site different 
from that of glyburide ( 1 1 3 ,  1 1 8). 

In contrast, hypoglycemic agents based on either the sulfonylurea or benzoic 
acid moieties are potent displacers of eH]-glyburide from its binding sites in 
a variety of tissues (68 , 100,  104, 1 10,  1 19 ,  1 20) . A good correlation exists 
between the concentration of a range of hypoglycemic agents required to 
displace eHj-glyburide from insulinoma cell membranes and the therapeutic 
dose of these agents in humans ( 104). In membranes of rat brain cortex, 
several K-channel openers of different chemical classes are capable of 
displacing eH]-glyburide ( 1 14,  1 20) . The benzoic acid derivative (- )-AZ-DF 
265 stimulates insulin release and inhibits 86Rb efflux from mouse pancreatic 
�-cells with a potency similar to that of glyburide ( 105) . Like glyburide, 
(-) -AZ-DF 265 inhibits the mechano-inhibitory effects of cromakalim and 
diazoxide in rat aorta in a competitive-like manner and those of minoxidil 
sulfate noncompetitively ( 12 1 ) .  Both (-)-AZ-DF 265 and another benzoic 
acid derivative, meglitinide, displace (1I]-glyburide from rat �-cel1 mem­
branes , but with different characteristics. Furthermore, benzoic acid deriva­
tives that are structurally similar to AZ-DF 265 (AG-EE 388, AG-EE 86, 
AG-EE 3 1 9  and AG-EE 436) differ in their ability to displace eH]-glyburide 
but not to displace the sulfonylurea, eH]-gliquidone ( 1 22). These data 
collectively suggest that the sulfonylurea moiety is recognized by a site 
different from that with which the benzoic acid derivatives interact but that 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ATP-SENSITIVE K-CHANNELS 609 

both sites are allosterically coupled. Complexities within the sulfonylurea 
domain may account for the observed differences between glyburide and 
gliquidone (see Figure 3) .  

The reported failure of K-channel openers to inhibit glyburide binding to 
the membranes of neuronal or muscle cells (11 0, 113) may be due to nonideal 
experimental conditions. Recently, Niki & Ashcroft (123) and Schwanstecher 
and coworkers ( 1 1 8, 1 24, 1 25) have shown that the presence of MgATP 
enhances displacement of eH]-glyburide binding by the K-channel openers 
in mouse pancreatic p-cells.  Using whole segments of rat aorta, Bray & Quast 
(126) found a good correlation between the ability of a range of K-channel 
openers to stimulate 86Rb efflux and to inhibit binding of the radio labeled 
pinacidil derivative, eH]-P1075 . In addition, the K-channel blockers , glybur­
ide, glipizide, and AZ-DF 265, were also effective inhibitors of eH]-PI075 
binding. The significance of these experiments in whole segments of aorta 
rather than in isolated membranes from this tissue is unclear. Nevertheless, 
on the basis of these and other experiments, Bray & Quast (126) and 
Schwanstecher and coworkers ( 1 18) each concluded that the K-channel 
openers and the hypoglycemic agents bound to different sites on the KATP 
channel that were coupled in a negatively allosteric manner. 

Adenosine diphosphate (ADP) inhibits eH]-glyburide binding in an in­
sulinoma cell line (HIT T15) ( 1 27, 1 28) and in rat brain cortex ( 1 1 0) .  Other 
nucleotides, including ATP and GTP and their nonhydrolr,sable analogs , 
ATP-yS and GTP-yS inhibit the binding of eH]-glyburide and [ H]-tolbutamide 
to microsomes from pancreatic p-cells in the presence of magnesium ( 1 25 ,  
1 30) . I n  pancreatic islets, inhibition of sulfonylurea binding was also seen 
with ADP, GDP, or GDPpS , but was not observed in the additional presence 
of hexokinase (which would keep the concentrations of GTP and ATP low). 
Thus, prior conversion of these diphosphates to their equivalent triphosphates 
may be necessary for inhibition of binding ( 1 25). The nonhydrolysable 
triphosphate analogs of ATP and GTP (AMP-PNP and GMP-PNP) are also 
without effect on sulphonylurea binding, whereas AMP-PNP is able to inhibit 
KATP (see Figure 3, Site 2). These data collectively suggest that phosphory­
lation of Site 1 interferes with sulfonylurea binding whereas occupancy of 
Site 2 by ATP is without effect on this phenomenon ( 125 , 130). 

The ability of guanine nucleotides (potency ratio : Gpp[NH]p = 

GTP-yS>GTP) to inhibit [lI]-glyburide binding to its low affinity binding 
site in cardiac membranes , cerebral cortex, and rat insulinoma cells may 
indicate that G-protein activation by these nucleotides induces conformational 
changes that are less favorable for glyburide binding in the vicinity of the 
KATP channel (107,  108, 110, 131). Such inhibition does not occur after cell 
treatment with trypsin, which may destroy a protein component involved in 
the supposed G-proteinlglyburide binding interaction (l08). 
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610 EDWARDS & WESTON 

INVOLVEMENT OF THE GLYCOLYTIC PATHWAY In pancreatic f3-cells, the 
ability of (- )-AZ-DF 265 to stimulate insulin-secretion or to inhibit 86Rb 
efflux is partially reversible (105) in contrast to the effects of glyburide, which 
are essentially irreversible ( 1 32). Such long-lasting effects could be explained 
by an interaction with both the benzoic acid and sulfonylurea binding sites 
within the lipid phase of the membrane (133 ,  134; see earlier) . However, 
glyburide inhibits at least one enzyme indirectly involved in the glycolytic 
pathway and such an effect could account for some of the long-lasting effects 
of this agent. 

Glyburide inhibits the A-kinase that regulates the tandem enzyme fructose-
6-phosphate-2-kinase/frucose-2,6-bisphosphatase (135) and such an effect 
would shift the glycolytic pathway in the direction of pyruvate production. 
The subsequent net synthesis of ATP at the step involving phosphoglycerate 
kinase could result in inhibition of KATP and account for the effects of this 
agent on KATP. Such an explanation is usually rejected on the grounds that 
glycolytic enzymes are associated with cytosolic fractions rather than with 
plasma membranes (see 1 36) , whereas inhibition of KATP by glyburide can 
be observed in isolated membrane patches . However. much "textbook" 
biochemistry concerning the location of glycolytic enzymes has been derived 
from studies in l iver and yeast cells and in cardiac muscle, glycolytic enzymes 
are associated with the plasmalemma ( 137) . This would be consistent with 
the view expressed by Petersen et al ( 1 38) that KATP in the pancreatic cell 
could perhaps be modulated by plasmamembrane-bound glycolytic enzymes . 
The recent finding in vascular smooth muscle ( 139) that an entire complement 
of these enzymes is associated with the plasmalemmal fraction lends further 
support to this possibility. Thus, ATP could be generated by glyburide-induced 
stimulation of glycolysis in isolated patches and such an action could at least 
contribute to the observed inhibition of KATP. This suggestion is supported 
by the finding that sulfonylurea-induced inhibition of KATP in the J3-cell is 
greater in the presence of glucose (see 140) and that in the heart glycolytic ally 
derived ATP is more important for the inhibition of KATP than that derived 
from oxidative phosphorylation ( 141 ) .  In addition, glyburide inhibition of 
KATP continues to develop after removal of the drug ( 1 32), consistent with 
an indirect metabolic effect. Further studies to test the role of glycolytic 
enzymes in the actions of glyburide and other hypoglycemic agents are clearly 
required. 

SITES OF ACTION IN THE CENTRAL NERVOUS SYSTEM Specific binding sites 
for sulfonylureas in the brain were first demonstrated by Kaubisch and 
coworkers ( 142) using eH]-gliquidone . Subsequently, using [125I]_iodo_ or eH]-glyburide , sulfonylurea binding sites have been found throughout the 
brain ,  with a high density in cells of the substantia nigra, CA3 region of the 
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ATP-SENSITIVE K-CHANNELS 61 1 

hippocampus, globus pallidus,  and caudate-putamen (59 , 60 , 62, 1 43) . The 
site itself may be a lipoprotein since it is susceptible to proteolytic and lipolytic 
enzymes ( 144) . Sulfonylureas are relatively selective inhibitors of KATP in 
pancreatic (3-cells and exert no effect on nucleotide-sensitive nonselective 
cation channels (32), Ca-activated K-channels (32, 33),  or voltage-sensitive 
channels (27) in this tissue. Thus, sulfonylurea binding is widely held to 
indicate the presence of KATP channels in the brain. This view is supported 
by the finding that purified sulfonylurea-binding sites extracted from brain or 
pancreatic �-cells have similar molecular weights ( 140 kd and 1 50 kd, 
respectively) ( 1 45) .  Although some sulfonylureas devoid of insulin-secreting 
properties are capable of displacing eH]-glipizide ( 144), a good correlation 
generally exists between the ability of hypoglycemic agents to inhibit both 
[3H]_glyburide binding and 86Rb efflux ( 104). 

However, the extent to which binding of labeled hypoglycemic agents 
indicates the presence of KATP is uncertain in view of the recent finding that 
glyburide, tolbutamide, and gliquidone also inhibit a slowly inactivating 
K-current, ID, in rat CA3 hippocampal neurones ( 146) . This current differs 
from IK(ATP) since it is both voltage-dependent and sensitive to inhibition by 
a low concentration of 4-aminopyridine (30-40 f.LM) ( 146, 147) . Glyburide 
inhibits a voltage-dependent, calcium- and ATP-independent K-current in a 
human neuroblastoma cell line (SH-SY5Y) ( 148). 

Adrenoceptor Antagonists 

Insulin secretion in the pancreas is reduced by a2adrenoceptor agonists (149) 
and thus the ability of phentolamine to stimulate insulin secretion was initially 
attributed to antagonism of this effect ( 150) . However, the effectiveness of 
phentolamine in the absence of a-adrenoceptor agonists ( 1 5 1 -153) led to a 
further investigation of the action of phentolamine ( 1 54) . Using patch-clamp 
and 86Rb efflux techniques, Plant & Henquin ( 1 54) found that phentolamine 
(20-100f.LM) inhibited both basal and diazoxide ( 100 f.LM)-stimulated 86Rb 
efflux in mouse pancreatic (3-cells . Under whole cell-clamp conditions,  the 
effect of phentolamine on KATP was relatively slow in onset and was 
irreversible. 

In smooth muscle, phentolamine inhibits the effects of the K-channel 
openers , pinacidil, nicorandil , levcromakalim, and cromakalim ( 1 55-1 60) . 
Although the antagonism of the response to pinacidil was competitive-like 
( 156) ,  phentolamine produced a noncompetitive antagonism of the relaxant 
effect of levcromakalim and cromakalim ( 156, 1 57).  The concentration of 
phentolamine required to inhibit the K-channel-opening effect ( 1 -100 f.LM: 
1 54 ,  155 ,  1 57 ,  1 58 ,  1 60) was 100-1000 times higher than that required to 
block a-adrenoceptors in vascular smooth muscle ( 1 6 1 ,  1 62) . In addition, the 
ability of phentolamine to antagonize the effect of cromakalim was not shared 
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612 EDWARDS & WESTON 

by rauwolscine (10-100 IA-M), phenoxybenzamine (1 IA-M), or prazosin (10 

IA-M) (157, 160), each antagonists at a-adrenoceptors, thus suggesting that 
the inhibitory effect was associated with an effect at a different receptor site. 
However, several compounds structurally similar to phentolamine are capable 
of inhibiting the effects of the K-channel openers in smooth muscle or cardiac 
muscle (157, 163, 164). These agents differ in their actions at a-ad­
renoceptors, being antagonists (phentolamine, tolazoline and efaroxan) (163, 
165), partial agonists (ST -91, tramazoline and naphazoline) (165), or inactive 
(alinidine) (166). Furthermore, cibenzoline, a 2-substituted imidazoline cur­
rently prescribed as an antiarrythmic agent, produces hypoglycemia in some 

patients (167) and is capable of stimulating insulin release from rat isolated 
islets (168). 

In general, it appears that the 2-substituted imidazoline structure confers 
the ability to inhibit KATP and to stimulate insulin-secreting activity (154, 
169-171). This is supported by the finding that not only do the imidazoline­
based a2adrenoceptor antagonists efaroxan and idazoxan inhibit KATP in 
insulinoma cells (163), but antazoline, an imidazoline HI antagonist, also 
stimulates insulin secretion (171). 

THE NONADRENERGIC IDAZOXAN BINDING SITE/IMIDAZOLINE-GUANIDINE RE­
CEPTOR SITE Although not confirmed experimentally, we speculate that the 
site of action of the imidazolines is the location known variously as the 
imidazoline-guanidine receptor site (IGRS) or the nonadrenergic idazoxan 
binding site (NAIBS) (172). This is distinct from variants of the a-adrenocep­
tor and recognizes agents with either guanidino or imidazoline moieties. Thus, 
KATP channels may be inhibited not only by imidazoline derivatives but also 
by guanidino compounds. In smooth muscle, the adrenergic neurone-blocking 
drugs debrisoquine and guanethidine, both guanidine derivatives, exhibit in 
vitro properties suggestive of inhibition of KATP. Like glyburide, these agents 
do not modify spontaneous tone in the guinea-pig isolated trachealis and have 
no effect on basal 86

Rb efflux from preloaded tissues, but are capable of 
inhibiting the effects of the K -channel openers levcromakalim, RP 52891, 
and pinacidil in these systems (173, 174). The possible coupling between the 
NAIBS/IGRS in the plasmalemma of other tissues and intracellular effectors 
has been discussed (172). 

Antiarrhythmic and Cardioactive Agents 

Indirect evidence exists that the antiarrhythmic and bradycardic agent 
tedisamil (KC-8857) inhibits KATP. In rabbit isolated aorta, this agent inhibits 
the 8�b efflux stimulated by cromakalim but not the background efflux (175). 
Tedisamil is, however, not a selective inhibitor of KATP since it also inhibits 
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ATP-SENSITIVE K-CHANNELS 613 

a calcium-dependent K-channel in hippocampal neurones (176, 177), and also 

a transient K-current and a delayed rectifier K-current in cardiac cells (178, 

179). In cells isolated from the guinea-pig portal vein, tedisamil inhibits a 

transient outward current and reduces the open probability of the large 

conductance Ca-sensitive K-channel (BKca) (180). The inhibition of the 

effects of K-channel openers in smooth muscle by another bradycardic agent, 

alinidine (157), also implies inhibition of KATP. 

Cibenzoline is another antiarrhythmic agent that probably inhibits KATP. 

Like tedisamil, this compound is also somewhat nonselective and blocks 

sodium and calcium channels as well as K-channels in the heart (see 181 for 

review). Although it has not yet been shown to inhibit KATP per se, such an 

action is suggested since it produces hypoglycemia in some patients (167) and 

stimulates insulin secretion from rat islets (168). Cibenzoline is a 2-substituted 

imidazoline, and probably exerts its effects on insulin-secreting cells via the 

NAIB site (see above). 

The cardiotonic agent A WD 122-60 is structurally very similar to milrinone 

but, in contrast to this drug, it exerts a negative chronotropic effect in guinea 

pig atria (182). AWD 122-60 inhibits KATP in skeletal muscle (183), 

suggesting that the observed reduction in heart rate results from inhibition of 

cardiac KATP channels (183). Since glyburide may be potentially useful in the 

treatment of cardiac arrhythmias (184), the additional cardiotonic properties 

of A WD 122-60 may prove to be especially beneficial in this condition (183). 

Interestingly, the terminal diethylamino group in A WD 122-60 is similar to 

that found in the pinacidil-like K-channel inhibitors described by Atwal (185) 

and this structural feature is also present in the class III anti-arrhythmic agent 

sematilide and in TMB-8, the recently described inhibitor of KATP (186; see 

Figure 3). Several phenothiazines have also been reported to block KATP. 

These include chlorpromazine and trifluoperazine (117), molecules each 

possessing a dimethylamino substituent. Such a grouping may be analogous 

to the diethylamino substituent on TMB-8 and A W 122-60 mentioned above. 

In guinea-pig ventricular myocytes, shortening of the action potential by 

inhibition of glycolysis (using iodoacetate) could be reversed by 5-hydroxy­

decanoate (187). This compound was also found to block KATP in this tissue 

selectively (187). In ischemic rat hearts, the cardioprotective effects of 

pinacidil or cromakalim are inhibited by either glyburide or 5-hydroxydecano­

ate. However, under nonischemic conditions, only glyburide is capable of 

reversing the effects of these K-channel openers (188). Thus, 5-hydroxy­

decanoate appears to be effective only under conditions of ischemia (188). 

Although the reason for this efficacy remains to be established, this compound 

may prove useful in determining the mechanisms by which KATP is modulated 

by drugs. 
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Calmodulin Antagonists 

Recent experiments in Xenopus oocytes have shown that calmodulin inhibitors 
can inhibit a cromakalim-induced current (189) which is sensitive to glyburide 
(189, 190). One possible explanation of this interaction would be inhibition 
of the phosphodiesterase responsible for the breakdown of the pool of cAMP, 
which activates protein kinase A. However , inhibition here would effectively 
activate protein kinase A, enhancing channel phosphorylation and thus 
priming the channel for opening. As discussed by Sakuta et al (189), this 

action of calmodulin inhibitors is thus presumably exerted on a calmodulin­
like structure associated with the channel itself, although further studies are 
required to confirm this. 

Miscellaneous Agents 

In addition to the hypoglycemic sulfonylureas and benzoic acid derivatives, 
which appear to be relatively selective blockers of KATP , the ATP-sensitive 
K-channel is inhibited by less-selective K-channel blockers. These include 
millimolar concentrations of 4-aminopyridine (191-193) and intracellular 
tetraethylammonium (TEA; Kd in ventricular cells < 1 mM; � 1.4 mM in 
skeletal muscle) (193 , 1 94). In addition, the antiarrhythmic agents 
amiodarone, quinidine and verapamil, as well as the antipsychotic drug 
haloperidol, inhibit KATP in the heart and pancreatic l3-cell in concentrations 
ranging from 2 /-LM to 30 /-LM (115, 192, 195, 196). Intracellular cations also 
cause some inhibition of KATP and are thought to contribute to the inward 
rectifying properties of the channel. Extracellular barium (0 . 1-1 mM) may 
also inhibit the channel in cardiac, smooth and skeletal muscle (53, 197). 

Ciclazindol is an anorectic agent (198) with monoamine uptake inhibitory 
properties (199), which has recently been shown to inhibit the mechano-in­
hibitory effects of levcromakalim in smooth muscle (200). Patch-clamp studies 
have demonstrated its ability to inhibit the channel opened by levcromakalim 
in cells isolated from rat portal veins, although it also inhibited a delayed 
rectifier current (201) . The inability of ciclazindol to displace eH]-glyburide 
from porcine or rat brain membrane fragments ( 1 14 ,  201) suggests that 
ciclazindol and glyburide may each inhibit channel opening by acting at 
different sites in smooth muscle. HoweVer , mazindol, an anorectic agent 
structurally similar to ciclazindol (202), is capable of inhibiting eH]-glyburide 
binding ( 1 14). A simple hypothesis for the in vivo anorectic properties of 
ciclazindol would be that it is capable of blocking KATP in the ventromedial 
hypothalamus, thus mimicking an effect proposed for glucose (see 73) and 
inducing satiety. However , using cells isolated from rat ventromedial hypo­
thalamus, Ashford and coworkers (personal communication) have failed to 
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ATP-SENSITIVE K-CHANNELS 615  

demonstrate inhibition of  the ATP-sensitive K-channel in the VMH by 
ciclazindol. 

THE KATP CHANNEL: A WORKING 
PHARMACOLOGICAL MODEL 

Clearly, KATP exists in a wide variety of cells. However, not all variants of 
this channel which can be broadly classed as "Type 1 are identical. Based 
on agonist potency ratios, the smooth muscle variant seems significantly 
different from its relatives in cardiac and skeletal muscle and in the pancreatic 
l3-cell. The situation in neurones is currently unclear. Nevertheless, a general 
working model of KATP based on the available pharmacological evidence can 

out 

site 
in 1 

� 
�� 

out r----------,� 

Figure 3 Model of the Type I ATP-sensitive K-channel and its regulatory complex showing: 
(a) Site I :  the phosphorylation site; Site 2: the regulatory site. Experimental evidence suggests 
that the benzoic acid/sulphonylurea domain and the nucleotide diphosphate site are closely 
associated with Site 1 .  (b) Ligand-receptor-Gi protein interactions probably reduce the affinity 
of Site 2 for ATP. GDP liberated after Gi protein activation may interact with the nucleotide 
diphosphate (NDP) site to enhance channel opening. K-channel openers probably influence Sites 
1 and 2. At the latter, displacement of or a reduced affinity for ATP produces channel opening. 
At Site I ,  a reduction in phosphorylation may produce anomalous channel closure by mimicking 
run-down (PKA. protein kinase A). For further details, see text. 
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616 EDWARDS & WESTON 

be constructed and is shown in Figure 3. Much of the data on which this is 
based have been derived from insulinoma cells with contributions from cardiac 
muscle and to a lesser extent from skeletal musculature. Equivalent informa­
tion from other cell types is sparse or nonexistent. 

ATP-modulated sites 

SITE 1: THE PHOSPHORYLATION SITE KATP channels require MgATP to prime 
the channel for opening. In the absence of ATP, and thus under the conditions 
often employed for isolated patch voltage-clamp recordings, "run-down" of 
the channel occurs (203). Typically, both magnesium and ATP are minimal 
requirements for the prevention or reversal of this phenomenon. Such channel 
phosphorylation plays an important role in the regulation of several ion 
channels (204) and since nonhydrolysable analogs of ATP are unable to 
substitute for ATP, even in the presence of magnesium, it seems likely that 
phosphorylation of the channel (Figure 3 ,  Site 1) is a prerequisite for KATP 

channel opening (47, 205, 206). Thus, run-down, which is enhanced by 
calcium, is probably caused by dephosphorylation of the channel .  

SITE 2 :  THE ATP REGULATORY SITE I n  a variety of tissues, inhibition o f  the 
opening of KATP is produced not only by ATP, but also, equieffectively, by 
its nonhydrolysable analogs (5 , 207-209) . This implies that ATP or its analogs 
inhibit channel opening by binding to, but not phosphorylating, a site (Figure 
3, Site 2) in the vicinity of the channel. The detailed characteristics of this 
inhibitory site appear to exhibit tissue variation. Thus, although free ATP 
(ATp4- or ATPH3 -) is required for inhibition of KATP in the pancreatic 
/3-cell (207, 210), the bound form (MgA Tp2 - )  is more effective in skeletal 
or cardiac muscle (211-213). The mechanism by which ATP induces channel 
closure is not known. 

In insulin-secreting cells and ventricular myocytes the [ATP]i: [ADP]i ratio 
rather than the [ATP]i alone seems responsible for modulation of KATP. In 
both tissue types, ADP reduces the sensitivity of the channel to ATP, such 
that higher concentrations of A TP are required to produce closure of the 
channel in the presence than in the absence of ADP (193 , 205 , 211, 214, 

215). The stimulatory effect of ADP is not mimicked by the nonhydrolysable 
analog ADP-(3-S , indicating that phosphorylation may be involved in this 
mechanism (214). However, ADP does not reactivate KATP after complete 
run-down (211). Thus,  the requirement for magnesium in the stimulation of 
channel opening by ADP in rat ventricular myocytes may indicate some 
selectivity of the binding site for the MgADP complex rather than imply a 
role for phosphorylation in this action (211) . Spruce et al (5) found that 0.1 

mM ADP had no effect on the inhibition of channel opening by I mM ATP 
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ATP-SENSITIVE K-CHANNELS 617 

in frog skeletal muscle. However, the omission of magnesium from the 
solution bathing the cytoplasmic surface of the skeletal cell membrane may 
have been responsible for the apparent lack of effect of ADP in these 
experiments. 

Although ADP enhances channel opening in the presence of ATP, this 
nucleotide diphosphate generally inhibits channel opening in the absence of 
ATP (210, 211, 216). A possible explanation for these findings is that ADP 
is capable of binding to and activating the ATP regulatory site (Figure 3 ,  Site 
2), although with lower affinity and efficacy than ATP. Thus, acting 
competitively, ADP would reduce ATP-induced channel inhibition. However, 
in the complete absence of, or in the presence of, a low concentration of ATP 
such that KATP would be maximally open, binding by ADP would be inhibitory 
(210, 205, 217). 

It is uncertain to what extent ADP might contribute to the open probability 
of KATP in vivo since it is normally present in a very low concentration in 
the �-cell (205). Nevertheless, in insulin-secreting cells (RINm5F) the mean 
intracellular concentrations of ATP and ADP are approximately 5.8 mM and 
2.0 mM , respectively (210). Although such a concentration of ATP alone 
fully inhibits KATP opening in this cell line, the addition of ADP in a 
concentration normally present in RINm5F cells allows channel opening. Such 
a dual regulation of channel opening by A TP and ADP may account for the 
sensitivity of the channel to changes in ATP, since small changes in the 
concentration of ATP are magnified by similar changes (in the opposite 
direction) of ADP (210). 

The Nucleotide Diphosphate Site 

Tung & Kurachi (216) examined the effects of a range of nucleosides and 
nucleotide phosphates on KATP channels in ventricular myocytes. Although 
none of the nucleosides, nucleotide monophosphates, or nucleotide diphos­
phates affected channel opening , several nucleotide diphosphates (uridine, 
inosine, cytidine, and guanosine), in the presence but not the absence of 
magnesium, stimulated channel opening after channel run-down. Tung & 
Kurachi (216) thus concluded that KATP channels probably possess nucleotide 
diphosphate binding sites, which are capable of inducing channel opening 
after dephosphorylation of site 1 (Figure 3) .  Interestingly, ATP was capable 
of inhibiting KATP after nucleotide diphosphate-induced recovery from run­
down. A low concentration of ADP (100 fLM) stimulated some channel 
opening after run-down, but higher concentrations (1-10 mM) were inhibitory, 
suggesting that ADP is a poor ligand at the proposed diphosphate site. Bokvist 
et al (218) also found some evidence for a stimulatory effect of ADP on KATP 
via a site distinct from the ATP-regulatory site (Site 2). Insulinoma cells also 
possess a nucleotide diphosphate stimulatory site (2 19). 
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618 EDWARDS & WESTON 

Other factors , for example the ratio of pyridine nucleotides 
(NAD(P):NAD(P)H) may also influence KATP opening (see 220) 

The Hypoglycemic Domain 

Two chemical classes of agent, the benzoic acids and the sulfonylureas, inhibit 
KATP and members of each class are able to displace the other ( 100) . Although 
one interpretation would be that both classes share a common site, sufficient 
evidence exists to suggest that there are recognition sites for each class. These 
are separate yet closely associated in the lipid phase of the membrane ( 1 00, 
122) . 

High and low affinity sites for eH]-glyburide are present in a variety of 
membranes and positive correlations exist between displacement of this ligand 
from either site and the physiological/therapeutic effects of the sulfonylureas. 
In the pancreatic l3-cell, it appears that these agents inhibit KATP via an effect 
at the high affinity site ( 104), whereas the relative insensitivity of other tissues 
to glyburide (68 , 120, 221 )  suggests that, in these,  the low affinity site may 
be the more important. 

Modification of several components in the KATP regulatory complex inhibits 

binding to the hypoglycemic domain. Thus, phosphorylation of Site 1 ( 1 30), 
G protein activation ( 107 ,  108, 1 10) , and perhaps interaction of nucleotide 
diphosphates at the NDP site ( 127) inhibit ligand binding. In contrast, the 
interaction of nucleotides with Site 2 has no effect on glyburide binding ( 126, 
1 30) . (For further details on the interaction between hypoglycemic agents and 
their binding domain , see above.)  

The K-channel Opener Site 

Several attempts have been made to uncover the site of action of the K -channel 
openers . In some tissues, these agents displace eH]-glyburide ( 1 10, 1 13 ,  125,  
1 26, 1 29), suggesting perhaps that they produce a conformational change in 
or near the hypoglycemic domain such that the opening of KATP is  enhanced. 
Many studies with radioactively labeled openers have been performed using 
isolated membrane fractions in an attempt to detect a specific binding site, 
but without success. Recently, Bray & Quast ( 1 26) detected a binding site in 
whole segments of aorta using the ligand P-1075 . They concluded that the 
binding sites for both the K-channel openers were not identical, but closely 
and negatively allosterically coupled. 

In contrast, electrophysiological studies suggest that the K-channel openers 
directly or indirectly reduce the affinity of Site 2-the ATP-regulatory 
site-for ATP, which would result in channel opening (42, 48). Noack and 
co-workers recently drew a similar conclusion, following studies in single 
smooth muscle cells (93) that showed that the K-channels opened by 
levcromakalim or by A TP-depletion were identical and that no additional 
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ATP-SENSITIVE K-CHANNELS 619 

effect of this agent could be detected during the development of the K-current 
induced by ATP-depletion. Furthermore , these authors (38, 93) also found 
evidence suggesting that the anomalous inhibition of KATP by K-channel 
openers reported in a variety of tissues (36, 39) could be due to the induction 
of a state of run-down by prevention of the phosphorylation of Site 1 by the 
openers. Both these effects at Sites 1 and 2 could be simply explained by a 
single process involving a reduction in the availability of ATP but further 
studies are required to test this possibility. 

Ligand-Receptor-G protein Interactions 

Evidence is growing that KATP is modulated by a variety of endogenous 
ligands . For example, the opening of this channel is believed to underlie some 
of the effects of adenosine in both cardiac (222) and smooth muscle (223) . 
Furthermore, an important role for KATP in the vasodilator actions of 
acetylcholine, vasoactive intestinal polypeptide (VIP) , and calcitonin gene­
related peptide (CGRP) has been proposed by one group (78, 224, 225 , 226) . 
In neurones , KATP channels,  linked presynaptically to a variety of receptor 
systems, probably serve to reduce transmitter release (227 , 228), while in the 
pancreatic l3-cell, adrenaline ( 149 , 1 5 1 )  and possibly somatostatin and galanin 
(see later) open KATP and reduce insulin secretion. 

ENDOTHELIUM-DERIVED HYPERPOLARIZING FACTOR The discovery that ace­
tylcholine and histamine could each release a hyperpolarizing agent from the 
vascular endothelium has been reviewed (229, 230) . The substance, desig­
nated endothelium-derived hyperpolarizing factor (EDHF) �23 1 )  produces a 
marked hyperpolarization and associated increase in 86Rb/4 K efflux from a 
variety of blood vessels,  although these effects are relatively transient 
(23 1-236). 

The K-channel opened by EDHF has not been unequivocally identified. 
Early studies reported that both the relaxation and associated hyperpolarization 
produced by EDHF in rabbit middle cerebral artery were glyburide-sensitive 
and it was concluded that the smooth muscle variant of KATP was involved 
(78 , 224, 226) . More recent studies in rabbit skeletal muscle and mesenteric 
resistance vessels have shown that adenosine diphosphate (ADP) produces 
mechanical relaxation and hyperpolarization, actions that were endothelium­
dependent and glyburide-sensitive (237). These effects are also consistent with 
the release of EDHF and the subsequent opening of KATP channels.  However, 
in a variety of other vessels ,  studies from several different laboratories have 
shown that the various effects of EDHF are not antagonized by glyburide 
(23 1 , 233, 236, 238, 239) . 

These data may indicate that more than one hyperpolarizing factor can be 
liberated from the vascular endothelium, but there is little support for the 
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620 EDWARDS & WESTON 

general view (226, 240) that the effects of EDHF in most vessels are mediated 
by the opening of KATP. 

CALCITONIN GENE-RELATED PEPTIDE CGRP is a polypeptide located in 
neurones that form a close association with both central and peripheral blood 
vessels. In some, such as pig splenic arteries (241) and in bovine and porcine 
coronary vessels (242, 243), CGRP-induced relaxations are endothelium-in­
dependent. However, in others , including rat coronaries (244) and rat aorta 
(245, 246) , the effects of CGRP are endothelium-dependent. In rat aorta, no 
CGRP-induced increase in cGMP occurs (246) . However, relaxations are 
indomethacin-resistant but attenuated by L-NMMA (247) suggesting the 
involvement of the L-arginine/NO pathway at least in this tissue. 

In rabbit mesenteric resistance arteries , CGRP was reported to hyperpolarize 
the vascular smooth muscle cells close to EK and this electrical effect, together 
with part of the mechanical relaxation, was glyburide-sensitive (225). Whether 
these changes in whole blood vessels were endothelium-dependent was not 
reported. Using enzymatically separated cells in the same series of experi­
ments, CGRP opened a K-channel of approximately 20 pS unitary conduc­
tance (quasi-physiological conditions),  an action that was also glyburide­
sensitive, although the ATP-dependency of the channel was not determined. 
These data, which are consistent with the involvement of the smooth muscle 
variant of KATP, contrast with those of other workers . Thus, a maximal 
relaxant concentration of CGRP only hyperpolarized feline cerebral anterior 
connecting arteries by a few millivolts (248) and no hyperpolarizing effect of 
CGRP was detected in pig coronary arteries (249). Furthermore, in rat 
coronary blood vessels and in the human mammary artery, the dilator effects 
of CGRP were not antagonized by glyburide (244, 250) . 

Collectively, these results suggest that a K-channel may be involved with 
a component of the CGRP-induced relaxation in certain blood vessels . Further 
data are clearly required to establish whether any such channel is KATP and 
the extent to which endothelium-derived factors such as EDHF (see above) 
play a part in the responses to this peptide. 

VASOACTIVE INTESTINAL POLYPEPTIDE Vasoactive intestinal polypeptide 
(VIP) , originally isolated from porcine intestine (25 1) ,  relaxes a variety of 
smooth muscle systems. In certain blood vessels, such as cat cerebral artery 
and bovine coronary artery, the effects of VIP are endothelium-independent 
(252, 253) whereas in others,  such as rat aorta and bovine intrapulmonary 
artery , little relaxation is seen in the absence of the endothelium (254, 255) 
from which VIP can release EDRF (256). 

In rabbit middle cerebral artery, a brief microelectrode study showed that 
VIP hyperpolarized the cells and that this effect was reversed by glyburide 
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(78). Although the endothelium-dependence of the phenomenon was not 
established and no parallel mechanical or more detailed single-cell studies 
were performed, it was concluded that the effects of VIP were produced via 
the opening of KATP (78, 226). There is, however, little general support for 
this view. In a systematic study in rabbit mesenteric artery, Hattori et al (257) 
showed that glyburide had no effect on either the endothelium-dependent or 
-independent relaxant effects of VIP. In nonvascular tissues, such as canine 
colon (258) , opossum esophagus, and canine intestine (259) , the hyperpolariz­
ing effects of VIP were relatively small or absent. In rat stomach, the 
VIP-induced hyperpolarization was associated with increases in both cAMP 
and cGMP (260) consistent with an earlier study in vascular smooth muscle 
(261 ) .  

The significance of the reported glyburide-sensitive effects of VIP in  rabbit 
middle cerebral artery (78) requires further study. Furthermore, the general 
view (226, 240) that the effects of VIP are likely to be caused by the opening 

of KATP is not broadly substantiated by published data. 

ADENOSINE Adenosine exerts widespread cardiovascular actions ranging 
from vasodilation to a reduction in heart rate via the Al and A2 receptor 
systems (see 262). The detailed effects of adenosine in rat cultured ventricular 
myocytes have been studied by Kirsch et al (222) who showed that 
adenosine-induced activation of a Gi protein produced direct opening of 
cardiac KATP channels, an effect mediated via Al receptors (262). In vascular 
smooth muscle, no clear picture of the vasorelaxant effects of adenosine has 
emerged. In human pulmonary artery, adenosine-induced relaxation via A2 
receptors correlates well with an increase in cAMP levels (263). In contrast, 
in guinea-pig coronary arteries , the dilator effects of adenosine, together with 
those of cromakalim and following hypoxia, were inhibited by glyburide 
(264) . Furthermore, Merkel et al (223) recently showed that the stable Al  
receptor-selective analog of adenosine, CPA, relaxed porcine coronary artery 
by a glyburide-sensitive mechanism whereas the stable A2 agonist, DPMA, 
induced relaxations that were unaffected by this sulfonylurea. 

Although further studies are clearly required, these recent observations 
suggest that the vascular AI adenosine receptor could be coupled to a K ATP 
channel as in cardiac muscle. 

GALANIN Galanin is a neuropeptide that, on release from nerves innervating 
pancreatic islets (265), hyperpolarizes J3-cells and inhibits insulin release 
(265-269). Patch-clamp studies have demonstrated the ability of galanin to 
open KATP in insulinoma cells (RINm5F) and in mouse pancreatic [3-cells (3 ,  
267 , 270). Since the effects of galanin are inhibited by pertussis toxin , KATP 
channel activation probably involves a G protein intermediate (270). Some 
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622 EDWARDS & WESTON 

evidence indicates that galanin may also be released from neurons within the 
hippocampus (27 1) .  Although an effect by galanin on KATP in this tissue 
remains to be demonstrated, galanin was found to block anoxia-induced 
depolarization of hippocampal CA3 neurones and to inhibit glutamate release, 
effects consistent with K-channel opening. Since both of these effects of 
galanin were inhibited by glyburide, the involvement of KATP is suggested 
(272-274). 

SOMATOSTATIN Like galanin , somatostatin is a hyperglycemic neuropeptide 
that inhibits insulin secretion from islet cells (275) . In the presence of both 
ATP and GTP, somatostatin increases the open probability of KATP in 
insulinoma (RINmSF) cells (276) . The inability of somatostatin to stimulate 
opening of KATP in the absence of GTP may indicate G protein coupling 
between the channel and the receptor (276). This is further supported by the 
finding that pertussis toxin prevents stimulation of 86Rb efflux from insulinoma 
cells (227) .  Nevertheless, despite direct evidence for an effect of somatostatin 
on KATP, this agent is also capable of modulating the opening of other 
K -channel types ( 1 1 ,  278) . In HIT insulinoma cells somatostatin does not 
stimulate K+ efflux and it appears that in this cell type, inhibition of insulin 
secretion results from a reduction in calcium influx through voltage-dependent 
Ca2+ channels (279) . Thus , the degree to which regulation of KATP opening 
contributes to the physiological effects of endogenous somatostatin remains 
to be established. 

ENDOTHELIN In cultured porcine coronary artery cells, a single report (280) 
has shown that the open probability of the KA TP channels described in this 
tissue (90, 91) was inhibited by endothelin. Such an observation, together 
with the finding that levcromakalim inhibits the binding of [12)]-endothelin- 1 
to cardiac membranes could indicate that both agents interact at closely related 
sites on the KATP channel . 

MISCELLANEOUS Indirect evidence suggests that several neurotransmitters 
may modulate KATP. Subsequent to the report that opioid f1 and 8 receptors 
may be linked to K-channels in the central nervous system (281), Ocana and 
coworkers (282) found that glyburide was capable of antagonizing morphine 
analgesia. These findings were confirmed and extended by Wild et al (283) 
with the report that, in mice, the antinociceptive effects of in­
tracerebroventricular (i. c. v . )  injections of morphine (a j.L receptor agonist) and 
[D-Pen2 ,D-Pen5]enkephalin (a selective 8 receptor agonist) , but not U69,593 
(kappa receptor agonist) were antagonized by glyburide (i .c .  v . ) .  Furthermore, 
pinacidil, which stimulates the opening of KATP (see section on K-channel 
openers) is capable of augmenting morphine analgesia (284). The inability of 
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glyburide to antagonize the effects of a second opioid receptor agonist, 
selective for 8 receptors, [D-Ala2]deltorphin II, (285) is thought to be due to 
the existence of 1) receptor agonist sUbtypes (283) . 

Sulpiride (a D2 receptor antagonist, 100 fJ.M) was reported to produce a 
90% inhibition of eHl-glyburide binding in the rat brain cortex (1 14) .  This 
compound is a sulfonamide, and its structural similarity to sulfonylureas might 
account for the inhibition of binding . Nevertheless, the inhibition of the 
response to the D2 receptor agonist, quinpirole, by tolbutamide has been taken 
as evidence that dopamine may open KATP (286) . Similarly , the GABAB 
agonist baclofen inhibited spontaneous firing in neurones freshly isolated from 
guinea-pig substantia nigra. Again, although tolbutamide had no effect alone, 
it inhibited the response to baclofen (286). In addition , adenosine is capable 
of stimulating the opening of KArp in cardiac tissue (222) . A common feature 
of dopamine D2, fJ. opioid, adenosine Al and GABAB receptors is that they 
are all linked to the opening of neuronal K-channels via G proteins (222, 287 , 
288). Although the available data are far from definitive, evidence is mounting 
that the above receptor systems are linked to KATP . When this is located 
presynaptically, the opening of this channel serves to reduce transmitter 
release (228) and may prove to be one of the most important presynaptic 
modulatory systems in the central nervous system. 

ROLE OF G-PROTEINS GTP and GDP stimulate channel opening in l3-cells by 
a mechanism that does not seem to involve phosphorylation (219). Run-down, 
a characteristic of KATP, may in part be due to loss of GTP or GDP (21 9) .  
G protein activation i s  obligatory for the opening of  some ion channels, for 
example the atrial muscarinic K-channel, but is thought to be modulatory in 
the case of KATP (289, 290) . In skeletal muscle, KATP appears to be opened 
by a G protein-stimulated mechanism (291) .  

The G protein complex consists of a, 13 ,  and "I subunits , with the a-subunit 
associated with bound GDP (see 292) . Currently 4 13- and 4 "I-subunits are 
known and there may be up to 20 different a-subunits. Different combinations 
of these subunits form distinct G protein types (see 289) . Occupation of 
receptors linked to the G protein releases the GDP and promotes the binding 
of GTP, which stimulates the separation of the a-GTP complex from the 
13"1-subunit. It has been suggested that binding of the a-GTP complex to KATP 
produces a structural change that reduces the ability of A TP to interact with 
the inhibitory site and thus stimulates KArp opening (289; Figure 3). The 
a-subunits associated with the opening of KATP have been identified as of the 
ai-type (cardiac myocytes; 222) and ao (skeletal muscle; 291) .  The a-subunit 
possesses intrinsic phosphorylase activity that hydrolyses the GTP, terminat­
ing the interaction with the channel and allowing a reassociation of the a-GDP 
with the 13"1 subunit. Activation of channel opening via G proteins is obviously 
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dependent upon the presence of intracellular GTP. Since hydrolysis terminates 
the effect of the the a-GTP complex, KATP is irreversibly activated by the 
nonhydrolysable analog, GTP'YS , although the inhibitory effect of ATP is still 
evident (222) . In addition, GTP'YS apparently displaces GDP from its binding 
site on the a-subunit of the G protein, allowing channel activation in the 
absence of receptor occupancy, although prolonged activation of KATP by 
a-GTP'YS requires magnesium to stabilize the a-GTP'YS complex (291) .  

I t  i s  interesting to postulate that not only might the a-GTP complex 
stimulate channel opening, but also that by interacting with the nucleotide 
diphosphate binding site described by Tung & Kurachi (216) ,  GDP liberated 
on receptor occupancy might itself enhance the opening of KATP, thus 
amplifying the response. Under conditions in which a reduction in [ATP]i 
occurs, the intracellular concentration of other nucleotide diphosphates should 
also increase and this may additionally contribute towards an enhanced 
opening of KArp. 

Protein Kinase C 

Some evidence suggests that KATP is under the regulatory control of protein 
kinase C. On exposure to kinase C stimulators such as 413-l 2-phorbolmyrist­
ate-1 3-acetate (PMA) or 1 ,2-didecanoylglycerol (DClO) , K ATP channels in 
RINm5F cells initially close (294) . However, exposure to these agents for 
periods greater than 5 min produces a marked increase in opening of KATP 
(276, 293) and prevents the inhibitory effect of ATP on channel opening 
(276). The significance of these observations has not been determined. 

CONCLUSIONS 

The Type 1 KATP channel clearly exists in a variety of tissues and its complex 
pharmacology is reviewed in this paper. No attempt has been made to 
extrapolate the detailed pharmacology of the channel itself to whole tissues 
or organisms. In particular, KATP may prove to be important in pathological 
conditions associated with hypoxia (for reviews, see 295-297) .  

KATP inhibitors have been successfully employed as hypoglycemic agents 
for many years . Therapeutic applications already exist for K-channel openers, 
or are in the process of clinical testing. Possibilities currently under evaluation 
include their use in hypertension, asthma, or the irritable bladder syndrome 
(298, 299) . In addition, they are potentially useful as cardio- or neuro-pro­
tectants under ischemic or anoxic conditions (see 297 , 300) . A deeper 
understanding of the relative importance and mechanisms of action of the 
numerous modulators of KATP in different tissues may allow the future 
development of tissue-selective KArp regulators of enormous clinical benefit. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ACKNOWLEDGMENTS 

ATP-SENSITIVE K-CHANNELS 625 

The authors thank J. M. Evans (SmithKline Beecham) for his helpful advice. 
Gillian Edwards was supported by Pfizer Central Research. 

Literature Cited 

1 .  Noma, A. 1983. ATP-regulated K+ 
channels in cardiac muscle. Nature 
305: 147-48 

2. Cook, D. L . ,  Hales, C.  N.  1984. 
Intracellular A TP directly blocks K + 
channels in pancreatic �-cells. Nature 
3 1 1 :27 1-73 

3. de WeilJe, J . ,  Schmid-Antomarchi ,  H . ,  
Fossel, M . ,  Lazdunski, M .  1988. ATP­
sensitive K + channels that are blocked 
by hypoglycemia-inducing sulfonyl­
ureas in insulin-secreting cells are ac­
tivated by galanin, a hyperglycemia­
inducing hormone. Proc. Natl. Acad. 
Sci. USA 85: 1 3 1 2-16 

4.  Spruce, A.  E . ,  Standen, N.  B . ,  
Stanfield, P .  R .  1 985. Voltage-depen­
dent ATP-sensitive potassium channels 
of skeletal muscle membrane. Nature 
3 16:736-38 

5. Spruce, A. E . ,  Standen, N. B . ,  
Stanfield, P .  R .  1987. Studies of the 
unitary properties of adenosine-5' -tri­
phosphate-regulated potassium channels 
of frog skeletal muscle. J. Physiol. 
382:2 1 3-36 

6. Ashcroft, S. J. H . ,  Ashcroft, F. M. 
1990. Properties and functions of ATP­
sensitive K-channels. Cell. Signal. 
2 : 1 97-214 

7.  Davies, N. W . ,  Standen, N. B . ,  
Stanfield, P .  R .  199 1 .  ATP-dependent 
potassium channels of muscle cells­
their properties, regulation, and possible 
functions. J. Bioenerg. Biomembr. 
23:509-35 

8. Ewald, D. A . ,  Williams, A. , Levit�n, 
1. B .  1985. Modulation of single Ca +­
dependent K+ -channel activity by pro­
tein phosphorylation. Nature 3 15:503-6 

9. Kume, H . ,  Takai, A . ,  Tokuno, �. ,  
Tomita, T .  1989. Regulation of C a  +­
dependent K+ -channel activity in tra­
cheal myocytes by phosphorylation. 
Nature 341 :  152-54 

10. Sikdar, S. K . ,  McIntosh, R. P . ,  Mason, 
W. T1 1989. Differential modulation 
of Ca + -activated K+ channels in ovi�e 
pituitary gonadotrophs by GnRH, Ca + 
and cyclic AMP. Brain Res. 496: 1 1 3-
23 

1 1 .  White, R. E . ,  Schonbrunn, A . ,  Arm-

strong, D .  k 1 99 1 .  SomatQ.statin stim­
ulates Ca + -activated K channels 
through protein dephosphorylation. Na­
ture 35 1 :570-73 

12.  Perozo, E. , Bezanilla, F. 1990. Phos­
phorylation affects volt�e gating of 
the delayed rectifier K channel by 
electrostatic interactions. Neuron 
5:685-90 

13 .  Ashcroft, F.M. 1988. Adenosine 5'­
triphosphate-sensitive potassium chan­
nels. Annu. Rev. Neurosci. 1 1 :97- 1 1 8  

14. Noma, A . ,  Taka.l1o, M .  1 99 1 .  The 
ATP-sensitive K channel.  Jpn.  J. 
Physiol. 4 1 : 1 77-87 

15 .  Edwards, G . ,  Weston, A. H. 1 990+ Structure activity relationships of K 
channel openers. Trends Pharmacol. 
Sci. 1 1 :4 1 7-22 

16. Edwards, G . ,  Weston, A. H. 1990. 
Potassium channel openers and vascular 
smooth muscle relaxation. Pharmacol. 
Ther. 48:237-58 

17. Dunne, M. J. 1992. The physiology 
and pharmacology of A TP-regulated 
potassium-channels in insulin-secreting 
cells. In Potassium Channel Modula­
tors: Pharmacological, Molecular and 
Clinical Aspects, ed. A. H. Weston, 
T. C. Hamilton. pp. 1 10-43 . Oxford: 
Blackwell Sci. 

18. Galvan, M.  1992. Potassium channels 
in mammalian neurones: their properties 
and prospects for pharmacological ma­
nipUlation. See Ref. 17, pp. 204-36 

19.  Wareham, A. C. 1992. Skeletal muscle 
potassum channels and their relevance 
to muscle disease. See Ref. 17, pp. 
237-71 

20. 

2 1 .  

22. 

Freeman, L. C . ,  Kwok, W .  M . ,  An­
umonwo, J . ,  Kass, R. S. 1 992. Po-
tassium channels in the heart: 
physiological function and neurohormo­
nal regulation. See Ref. 1 7 ,  pp. 181-
203 

��:��e� K f�����i �pe��? ����l 
sensitive K + channels . Trends Phar­
macol. Sci. 10:431-35 
Evans, J .  M . ,  Longman, S. D. 199 1 .  
Potassium channel activators. Ann. Rep. 
Med. Chem. 26:73-82 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



626 EDWARDS & WESTON 

23. Robertson, D. W . ,  Steinberg, M. 1. 
1990. Potassium channel modulators: 
scientific applications and therapeutic 
promise. J. Med. Chem. 33: 1529-41 

24. Quast, U. , Cook, N. S. 1989. In vitro 
and in vivo comparison of two K+ 

channel openers, diazoxide and 
cromakalim, and their inhibition by 
glibenclamide . 1. Pharmacol. Exp. 
Ther. 250:261-7 1 

254. Ashcroft, F. M . ,  Harrison, D. E . ,  
Ashcroft, S .  J. H. 1984. Glucose in­
duces closure of single potassium chan­
nels in isolated rat pancreatic �-cells. 
Nature 3 1 2:446-48 

26. Misler, S . ,  Gee, W. M . ,  Gillis, K.  
D . ,  Scharp, D .  W. ,  Falke, L.  C.  1989. 
Metabolite-regulated ATP-sensitive K+ 

channel in human pancreatic islet cells. 
Diabetes 38:422-27 

27. Rorsman, P. , Trube, G. 1985. Glucose 
dependent K+ -channels in pancreatic 
�-cells are regulated by intracellular 
ATP. Pfluegers Arch. 405:305-9 

28. Sturgess, N.  C . ,  Ashford, M.  J .  L. ,  
Cook, D.  L . ,  Hales, C.  N.  1 985. The 
sulphonylurea receptor may be an ATP­
sensitive potassium channel. Lancet 2: 
474-75 

29. Cook, D. L . ,  Satin, L. S . ,  Ashford, 
L. J . ,  Hales, C. N. 1988. ATP-sensitive 
K + channels in pancreatic f3-cells; spare 
channel hypothesis. Diabetes 37:495-
98 

30. Ashford, M. L. J. 1990. Potassium 
channels and modulation of insulin 
secretion. In Potassium Channels: 
Structure, Classification. Function and 
Therapeutic Potential, ed. N. S. Cook, 
pp. 300-25. Chichester: Ellis Horwood 

3 1 .  Dunne, M. J . ,  IlIot, M. c. ,  Petersen, 
O. H. 1987. Interaction of diazoxide, 
tolbutamide �nd ATp4- on nucieotide­
dependent K channels in an insulin­
secreting cell line. 1. Membr. BioI. 
99:215-24 

32. Sturgess, N. c. ,  Kozlowski, R. Z. , 
Carrington, C. A . ,  Hales, C. N . ,  As­
hford, M. L. J. 1988. Effects of sul­
phonylureas and diazoxide on insulin 
secretion and nucleotide-sensitive chan­
nels in an insulin-secreting cell line. 
Br. J. Pharmacol. 95:83-94 

33. Trube, G . ,  Rorsman, P. , Ohno­
Shosaku, T. 1986. Opposite effects of 
tolbutamide and diazoxide on the ATP­
dependent K+ channel in mouse pan­
creatic � cells. Pfluegers Arch. 407: 
493-99 

34. Ziinkler, B. J . ,  Lenzen, S . ,  Manner, 
K . ,  Panten, U . ,  Trube, G. 1988. Con­
centration-dependent effects of tolbu­
tamide, meglitinide, glipizide, gliben-

clamide and diazoxide on A TP-regu­
lated K + currents in pancreatic J3-cells. 
Naunyn-Schmiedeberg's Arch. Phar­
macal. 337:225-30 

35. Newgreen, D. T . ,  Bray, K. M . ,  
McHarg, A. D . ,  Weston, A. H . ,  Duty, 
S . ,  et al. 1990. The action of diazoxide 
and minoxidil sulphate on rat blood 
vessels: a comparison with cromakalim. 
Br. 1. Pharmacal . 1 00:605-1 3  

36. Dunne, M .  J .  1990. Effects of pin acid ii, 
RP 49356 and nicorandil on A TP-sen­
sitive potassium channels in insulin-se­
creting cells. Br. 1. Pharmacol. 99: 
487-92 

37. Dunne, M. J . ,  Aspinall ,  R. , J . ,  
Petersen, O .  H.  1990. The effects of 
cromakalim on ATP-sensitive potas­
sium channels in insulin-secreting cells. 
Br. 1. Pharmacol. 99: 169-75 

38. Noack, T . ,  Deitmer, P. , Edwards, G . ,  
Weston, A. H.  1992. Characterization 
of potassium currents modulated by 
BRL 38227 in rat portal vein. Br. J. 
Pharmacol. 106:7 1 7-26 

39. Kozlowski, R. Z. ,  Hales, C .  N . ,  As­
hford, M. L. J. 1 989. Dual effects of 
diazoxide on ATP-K + currents recorded 
from an insulin-secreting cell line. Br . 

J. Pharmacol. 97: 1039-50 
40. Garrino, M .  G . ,  Plant, T. D .  , Henquin, 

J.  C 1 989. Effects of putative activators 
of K + channels in mouse pancreatic 
�-cells . Br. 1. Pharmacal. 98:957-65 

4 1 .  Trube, G . ,  Hescheler, J. 1 984. In­
wardly-rectifying channels in isolated 
patches of the heart cell membrane: 
ATP-dependence and comparison with 
cell-attached patches. Pfluegers Arch. 
407 : 178-84 

42. Escande, D . ,  Thuringer, D . ,  Leguern, 
S . ,  Cavero, I. 1 988. The potassium 
channel opener cromakalim (BR� 
3491 5) activates ATP-dependent K 
channels in isolated cardiac myocytes. 
Biochem. Biophys. Res. Commun. 1 54: 
620-25 

43. O�errieder, W. 1 988. Modification of 
K conductance of heart cell membrane 
by BRL 34915 .  Naunyn-Schmiede­
berg's Arch. Pharmacol. 337:93-97 

44. Sanguinetti , M. C ,  Scott, A. L. , 
Zingaro, G. J . ,  Siegl, P. K. S. 1988. 
BRL 3491 5  (crfmakalim) activates 
ATP-sensitive K current in cardiac 
muscie. Proc. Natl. Acad. Sci. USA 
85:8360-64 

45. Arena, J. P. , Kass, R. S .  1989. En­
hancement of potassium-sensitive cur­
rent in heart cells by pinacidil: evidence 
for modulation of the ATP-sensitive 
potassium channel. eirc. Res. 65:436-
45 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



46. Arena, 1. P . ,  Kass, R. S. 1 989. Ac­
tivation of ATP-sensitive K-channels 
in heart cells by pinacidil-dependence 
on ATP. Am. J. Physial. 257:H2092-96 

47. Thuringer, D . ,  Escande, D. 1989. Ap­
parent competition between ATP and 
the potassium channel opener RP-49356 
on ATP-sensitive K+ channels of car­
diac myocytes.  Mal. Pharmacal. 
36:897-902 

48. Fan, Z.,  Nakayama, K . ,  Hiraoka, M. 
1990. Pinacidil activates the ATP-sen­
sitivc K+ channel in inside-out and 
cell-attached patch membranes of 
guinea-pig ventricular myocytes. 
Pfluegers Arch. 415 :387-94 

49. Fan, Z . ,  Nakayama, K . ,  Hiraoka, M. 
1990. Multiple actions of pinacidil on 
adenosine triphosphate-sensitive potas­
sium channels in guinea-pig ventricular 
myocytes. J. Physiol. 430:273-95 

50. Escande, D . ,  Thuringer, D . ,  Le Guem, 
S . ,  Courteix, J . ,  Laville, M . ,  Cavero, 
1. 1989. Potassium channel openers act 
through an activation of ATP-sensitive 
K +  channels in guinea-pig cardiac my­
ocytes. Pfluegers Arch. 41 4:669-75 

5 1 .  Pilsudski, R. , Rougier, 0. ,  Tourneur, 
Y. 1990. Action of cromakalim on 
potassium membrane conductance in 
isolated heart myocytes of frog. Br. 
J. Pharmacal. 100:58 1-87 

52. Burton, F . ,  Dorstelmann, U . ,  Hutter, 
O. F. 1988. Single-channel activity in 
sarcolemmal vesicles from human and 
other mammalian muscles. Muscle 
Nerve 1 1 : 1029-38 

53. Quayle, J. M . ,  Standen, N. B . ,  
Stanfield, P .  R.  1988. The voltage-de­
pendent block of A TP-sensitive potas­
sium channels of frog skeletal muscle 
by caesium and barium ions. J. Physial. 
405:677-97 

54. Woll, K .  H . ,  Liinnendonker, U . ,  Neu­
mcke, B .  1989. ATP-sensitive potas­
sium channels in adult mouse skeletal 
muscle: different modes of blockage 
by internal cations, ATP and tolbuta­
mide. Pfluegers Arch. 414:622-28 

55. Weik, R . ,  Neumcke, B .  1990. Effects 
of potassium channel openers on single 
potassium channels in mouse skeletal 
muscle. Naunyn-Schmiedeberg's Arch. 
Pharmacol. 342:258-63 

56. Quasthof, S . ,  Spuler, A . ,  Spittelmeis­
ter, W . ,  ¥ehmann-Horn, F . ,  Grafe, P. 
1990. K channel openers suppress 
myotonic activity of human skeletal 
muscle in vitro . Eur. J. Pharmacol. 
1 86: 1 25-28 

57 . Spuler, A. , Lehmann-Horn, F . ,  Grafe, 
P. 1989. Cromakalim (BRL 34915) 
restores in vitro the membrane potential 

ATP-SENSITIVE K-CHANNELS 627 

of depolarized human skeletal muscle 
fibres. Naunyn-Schmiedeberg's Arch. 
Pharmacol. 339:327-31 

58. Grafe, P. , Quasthoff, S . ,  Strupp, M . ,  
Lehmann-Horn, F .  1990. Enhancement 
of K + conductance improves in vitro 
the contraction force of skeletal muscle 
in hypokalaemic periodic paralysis. 
Muscle Nerve 13:45 1-57 

59. Mourre, C . ,  Ben Ari, Y . ,  Bernardi, 
H . ,  Fosset, M . ,  Lazdunski, M. 1 989. 
Antidiabetic sulfonylureas: localization 
of binding sites in the brain and effects 
on the hyperpolarization induced by 
anoxia in hippocampal slices. Brain 
Res. 486: 159-64 

60. Mourre, C . ,  Widmann, C . ,  Lazdunski, 
M. 1990. Sulfonylurea binding sites 
associated with ATP-regulated K + 
channels in the central nervous system: 
autoradiographic analysis of their dis­
tribution and ontogenesis, and of their 
localization in mutant mice cerebellum. 
Brain Res. 5 19:29-43 

6 1 .  Gehlert, D. R . ,  Mais, D. E . ,  
Gackenheimer, S .  L . ,  Krushinski, J .  
H . ,  Robertson, D .  W. 1990. Local­
ization of ATP sensitive potassium 
channels in the �'! brain using a novel 
radioligand, [ I]iodoglibenclamide. 
Eur. J. Pharmacal. 1 86:373-75 

62. Treherne, J. M . ,  Ashford, M. L. J.  
1 99 1 .  The regional distribution of sul­
phony lure a binding sites in rat brain. 
Neurascience 40:523-3 1 

63 . Alzheimer, C . ,  ten Bruggencate, G.  
1988.  Actions of  BRL 34915 
(cromakalim) upon convulsive dis­
charges in guinea pig hippocampal 
slices. Naunyn-Schmiedeberg's Arch . .  
Pharmacol. 337:429-34 

64. Alzheimer, c. ,  Sutor, B . ,  ten 
Bruggencate, O. 1989. Effects of 
cromakalim (BRL 34915) on potassium 
conductances in CA3 neurons of the 
guinea-pig hippocampus in vitro. 
Naunyn-Schmiedeberg's Arch. Phar­
macal. 340:465-71 

65. Alzheimer, C . ,  Sutor, B . ,  ten 
Bruggencate, G. 1989. Cromakalim 
(BRL 34915) acts on an inwardly 
rectifying neuronal K + conductance 
which is similar to that activated by 
adenosine. Pfluegers Arch. 4 14(Suppl. 
1 ) :SI21-22 

66. Politi, D. M. T . ,  Suzuki, S . ,  Rogawski, 
M. A. 1989. BRL 34915 (croD?akalim) 
enhances voltage-dependent K current 
in cultured rat hippocampal neurons. 
Eur. J. Pharmacal. 168:7-14 

67 . Gandolfo, G . ,  Gottesmann, C.,. Bidard, 
1. N . ,  Lazdunski, M. 1989. K channel 
openers prevent epilepsy induced by 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



628 EDWARDS & WESTON 

68. 

69. 

70. 

7 1 .  

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

the bee venom peptide MCD. Eur. J. 
Pharmacol. 159:329-30 
Amoroso, S . ,  Schmid-Antomarchi, H . ,  
Fosset, M. ,  Lazdunski, M.  1990. Glu­
cose, sulfonylureas, and neurotransmit­
ter release - role of ATP-sensitive K + 
channels. Science 247:852-54 
Schmid-Antomarchi, H . ,  Amoroso, S . ,  
Fosset, M . ,  Lazdunski, M .  1990. Kf 
channel openers activate brain sulfo­
nylurea-sensitive K+ channels and 
block neurosecretion. Proc. Natl. Acad. 
Sci. USA 87:3489-92 
Oomura, Y. ,  Ooyama, H . ,  Sugimori, 
M . ,  Nakamura, T. ,  Yamada, Y. 1974. 
Glucose inhibition of the glucose-sen­
sitive neurone in the rat lateral hypo­
thalamus. Nature 247:284-86 
Ono, T. ,  Nishino, H . ,  Fukuda, M . ,  
Sasaki, K . ,  Muramoto, K.  I . ,  Oomura, 
Y. 1982. Glucoresponsive neurones in 
rat ventromedial hypothalamic tissue 
slices in vitro. Brain Res. 232:494-99 
Morley, J. E. 1980. The neuroendocrine 
control of appetite: The role of the 
endogenous opiates, cholecystokinin, 
TRH, gamma-amino-butyric acid and 
the diazepam receptor. Life Sci. 27:355-
68 
Blundell, J. 1992. Pharmacological ap­
proaches to appetite suppression. 
Trends Pharmacol. Sci. 12: 147-57 
Ashford, M. L. J . ,  Boden, P. R., 
Treherne, J. M. 1990. Glucose-induced 
excitation of hypothalamic neu.j:ones is 
mediated by ATP-sensitive K chan­
nels. Pfluegers Arch. 415:479-83 
Sellers, A. J . ,  Boden, P. R . ,  Ashford, 
M. L. J. 1992. Lack of effect of 
potassium channel openers on ATP­
modulated potassium channels recorded 
from rat isolated ventromedial hypo­
thalamic neurones. Br. J. Pharmacol. 
107: 1068--74 
Ashford, M .  L. J . ,  Sturgess, N .  C . ,  
Trout, N. J . ,  Gardner, N .  J . ,  Hales, 
C. N. 1 988. Adenosine-5'-triphosphate­
sensitive ion channels in neonatal rat 
cultured neurones. Pfluegers Arch. 
4 12:297-304 
Ohya, Y. , Kitamura, K . ,  Kuriyama, 
H .  1987. Modulation of ionic currents 
in smooth muscle balls of the rabbit 
intestine by intracellularly perfused 
ATP and cyclic AMP. Pfluegers Arch. 
408:465-73 
Standen, N. B . ,  Quayle, J. M . ,  Davies, 
N. W . ,  Brayden, J. E . ,  Huang, Y . ,  
Nelson, M. T. 1 989. Hyperpolarizint 
vasodilators activate ATP-sensitive K 
channels in arterial smooth muscle. 
Science 245: 1 77-80 
Silberberg, S. D . ,  van Breemen, C.  

80. 

8 1 .  

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

9 1 .  

1990. A n  ATP, calcium and voltage 
sensitive potassium channel in porcine 
coronary artery smooth muscle cells. 
Biochem. Biophys. Res. Commun. 
172:5 1 7-22 
Kliickner, U . ,  Isenberg, G. 1992. ATP 
su�presses activity of �� 2+ -activated 
K channels by Ca chelation. 
Pfluegers Arch. 420: 101-5 
Carl, A . ,  Bowen, S . ,  Gelband, C. H . ,  
Sanders, K.  M . ,  Hume, J .  R .  1 992. 
Crgmakalim and lemakalim activate 
Ca + -dependent K+ channels in canine 
colon. Pfluegers Arch. 421 :67-76 
Gelband, C. H . ,  Lodge, !'l. J . ,  van 
Breemen, C. 1 989. A Ca + -activated 
K+ channel from rabbit aorta: modu­
lation by cromakalim. Eur. J. Phar­
macol. 167:201-10 
Clapp, L. H.,  Gurney, A.  M .  1992. 
ATP-sensitive K+ channels regulate 
resting potential of pulmonary arterial 
smooth muscle cells. Am. J. Physiol. 
262:H9l6-20 
Silberberg, S .  D. , van Breemen, C .  
1 992. A potassium current activated 
by lemakalim and metabolic inhibition 
in rabbit mesenteric artery. Pfluegers 
Arch. 420: 1 18--20 
Nakao, K . ,  Bolton, T. B .  1 99 1 .  
Cromakalim-induced potassium cur­
rents in single dispersed smooth muscle 
cells of rabbit artery and vein. Br. J. 
Pharmacol. 102: 155P 
Beech, D.J. ,  Bolton, T.B. 1989. Prop­
erties of the cromakalim-induced po­
tassium conductance in smooth muscle 
cells isolated from the rabbit portal 
vein. Br. J. Pharmacol. 98:85 1-64 
Okabe, K . ,  Kajioka, S . ,  Nakao, K . ,  
Kitamura, K . ,  Kuriyama, H . ,  Weston, 
A. H. 1990. Actions of cromakalim 
on ionic currents recorded from single 
smooth muscle cells of the rat portal 
vein. J. Pharmacol. Exp. Ther. 252: 
832-39 
Kajioka, S . ,  Oike, M . ,  Kitamura, 
K. 1 990. Nicorandil opens a cal­
cium-dependent potassium channel in 
smooth muscle cells of the rat portal 
vein. J. Pharmacol. Exp. Ther. 254: 
905-13  
Kovacs, R. J . ,  .\"Ielson, M .  T. 1 99 1 .  
A TP-sensitive K channels from aortic 
smooth muscle incorporated into planar 
lipid bilayers. Am. J. Physiol. 
261 :H604-9 
Inoue, I . ,  Nakaya, Y . ,  Nakay� S . ,  
Mori, H.  1989. Extracellular C a  +-ac­
tivated K channel in coronary artery 
smooth muscle cells and its role in 
vasodilation. FEBS Lett. 255:281-84 
Inoue, I . ,  Nakaya, S . ,  Nakaya, Y. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



1 990. An ATP-sensitive K+ 2hannel 
activated by extracellular Ca + and 
Mg2+ in primary cultured arterial 
smooth muscle cells. J. Physio/. 
430: 1 32P 

92. Kajioka, S . ,  Kitamura, K . ,  Kuriyama, 
H .  1 99 1 .  Guanosine diphosphate acti­
vates an adenosine 5 '  -triphosphate-sen­
sitive K + channel in the rabbit portal 
vein. J. Physio/. 444:397-41 8  

93 . Noack, T . ,  Edwards, G . ,  Deitmer, P . ,  
Weston, A. H .  1992. Potassium channel 
modulation by ATP depletion; a com­
parison with the effects of 
levcromakalim (BRL 38227). Br. J. 
Pharmacol. 107:945-55 

94. Hille, B. 1 992. Ionic Channels of 
Excitable Membranes. Sunderland, 
MA: Sinauer. 2nd ed. 

95 . Ashcroft, F. M . ,  Kakei, M . ,  Kelly, 
R. P . ,  Sutton, B. 1 987. ATP-sensitive 
K+ channels in human isolated pan­
creatic B-cells. FEBS Lett. 2 1 5 :9-1 2  

96. Belles, B . ,  Hescheler, J . ,  Trube, G .  
1987. Changes o f  membrane currents 
in cardiac cells induced by long whole­
cell recordings and tolbutamide. 
Pfluegers Arch. 409:582-88 

97 . Fosset, M . ,  de Weille, J. R . ,  Green, 
R. D . ,  Schmid-Antomarchi, H . ,  
Lazdunski, M.  1988. Antidiabetic sul­
fonylureas control action potential prop­
erties in heart cells via high affinity 
receptors that are linked to ATP-de­
pendent K+ channels. J. Bioi. Chem. 
263:7933-36 

98. Ronner, P. ,  Cheong, E . ,  Khalid, P . ,  
Tuman, R. W . ,  Matschinsky. F. M.  
1 99 1 .  Effect of  linogliride on hormone 
release from perfused rat pancreas: Fuel 
dependence and desensitization by tol­
butamide. Diabetes 40:878-84 

99 . Ronner, P . •  Higgins, T. J . .  Kimmich ,  
G .  A.  1 99 1 .  Inhibition o f  ATP-sensitive 
K + channels in pancreatic [3-cells by 
non-sulfonylurea drug Iinogliride. Di­
abetes 40:885-92 

100. Ronner, P . ,  Hang, T. L . ,  Kraebber, 
M .  J . ,  Higgins. T. J. 1992. Effect of 
the hypoglycaemic drug (- )-AZ-DF-
265 on ATP-sensitive potassium chan­
nels in rat pancreatic beta-cells. Br. 
J. Pharmacol. 106:250-55 

1 0 1 .  Cipkus-Dubray, L . .  Swirtz, M . ,  Khan, 
S . •  Humphrey, S . ,  Skaletzky, L . ,  
Meisheri, K. 1992. U-37883A: a 
structurally novel antagonist of the 
vascular KATP openers. FASEB J. 
6:A I 777 

102. Hopkins, W. F. , Fatherazi, S . ,  Cook, 
D. L. 1990. The oral hypoglycaemic 
agent. U-56324, inhibits the activity 
of ATP-sensitive potassium channels 

ATP-SENSITIVE K-CHANNELS 629 

in cell-free membrane patches from 
cultured mouse pancreatic l3-cells. 
FEBS Lett. 277:101-4 

103.  Youngdale, G.  A . ,  Oglia, T.  F.  1985 . 
1 ,2-dihydro-2-oxo-6-(2,2-dimethylpro­
pyl)-3-pyridinecarboxylic acid, ana­
logues, and derivatives. A new class 
of oral hypoglycemic agents. J. Med. 
Chem. 28: 1 790-96 

104. Schmid-Antomarchi. H . .  De Weille, 
J . ,  Fosset, M . ,  Lazdunski, M. 1987. 
The receptor for antidiabetic sulfonyl­
ureas controls the activity of the ATP­
modulated K + channel in insulin­
secreting cells. J. Bioi. Chem. 262: 
15840-44 

105 . Garrino, M. G . ,  Henquin, J. C. 1988. 
Highly potent and stereo selective effects 
of the benzoic acid derivative AZ-DF 
265 on pancreatic [3-cells. Br. J. Phar­
macol. 93:61-68 

106. Garrino, M .  G . ,  Meissner, H .  P . ,  
Henquin, J .  C .  1986. The non-sulfo­
nylurea moiety of gliquidone mimics 
the effects of the parent molecule on 
pancreatic l3-cells. Eur. J. Pharmacol. 
1 24:309- 1 6  

107 .  French, J .  F . ,  Riera, L. C. ,  Sarmiento, 
J. G .  1990. Identification of3 high and 
low (GTP-sensitive) affinity [ H]gliben­
c1amide binding sites in cardiac ven­
tricular membranes. Biochem. Biophys. 
Res. Commun. 1 67 : 1 400-5 

108. French, J. F . ,  Riera, L. C . ,  Mullins, 
U.  L. , Sarm�ento, J .  G.  199 1 . Mod­
ulation of [ H]glibenclamide binding 
to cardiac and insulinoma mcmbranes. 
Eur. J. Pharmacol. 207:23-28 

109. Geisen, K . ,  Hitzel, V. ,  Okomono­
poulos, R . ,  Punter, J . ,  Weyer, 3R. ,  
Summ, H.-D. 1985. Inhibition of [ H]­
glibenclamide binding to sulfonylurea 
receptors by oral antidiabetics. Arzneim. 
Forsch. 35:707- 1 2  

1 1 0.  Gopalakrishnan, M . ,  Johnson, D. E. ,  
Janis, R. A . ,  Triggle, D.  J .  1 99 J .  
Characterization of binding of the ATP­
s�nsitive potassium channel ligand, 
[ H]glyburide, to neuronal and muscle 
preparations. J. Pharmacol. Exp. Ther. 
257: 1 162-7 1 

1 1 1 .  Niki, I . ,  Kelly, R. P . ,  Ashcroft, S .  
J .  H . ,  Ashcroft, F.  M. 1989. ATP­
sensitive K -channels in HIT T I S  13-��lls 
studied by patch-clamp methods, Rb 
efflux and glibenclamide binding. 
Pfluegers Arch. 4 1 5:47-55 

1 12 .  Blatz. A. L . ,  Magleby, K. L. 1986+ Single apamin-blocked Ca-activated K 
channels of small conductance in cul­
tured rat skeletal muscle. Nature 323: 
7 1 8-20 

1 13 .  Angel, I . ,  Bidet, S. 1991 . The binding 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



630 EDWARDS & WESTON 

site for [3H]glibenclamide in the rat 
cerebral cortex does not recognize K­
channel agonists or antagonists other 
than sulphonylureas. Fund. Clin. Phar­
macol. 5 : 1 07-1 5  

1 14.  Ben-Ari , Y . ,  Crepel, V . ,  Zini, S .  
1992. Are sulfonylureas and K+ 
channel openers selective markers of 
ATP sensitive K+ channels in the 
CNS? In Current Drugs: Potassium 
Channel Modulators, ed. I. J. Tarr. 
London: Current Sci .  KCM-B I55-
KCM-B I65 

1 15 .  Bokvist, K., Rorsman, P., Smith, P. 
A .  1990. Block of ATP-sensitive and 
Ca2+ -activated K+ channels in mouse 
pancreatic f3-cells by external tetraeth­
ylammonium and quinine. J. Physiol. 
423:327-42 

1 16 .  Kozlowski, R. Z . ,  Ashford, M. L. J .  
1 99 1 .  Barbiturates inhibit ATP-K+ 
channels and voltage-activated currents 
in CRI-Gl insulin-secreting cells. Br. 
J. Pharmacol. 103:2021-29 

1 17 .  Miiller, M . ,  de Weille, J. R . ,  
Lazdunski, M .  199 1 .  Chlorpromazine 
and related phenothiazines inhibit the 
ATP-sensitive K+ channel. Eur. J. 
Pharmacol. 198:101-4 

1 18 .  Schwanstecher, M . ,  Brandt, C . ,  
Behrends, S . ,  Schaupp, U . ,  Panten, 
U. 1992. Effect of MgATP on pinacidil­
induced displacement of glibenclamide 
from the sulphonylurea receptor in a 
pancreatic beta-cell line and rat cerebral 
cortex. Br. J. Pharmacol . 106:295-301 

1 19 .  Panten, U . ,  Burgfeld, J . ,  Goerke, F . ,  
Rennicke, M . ,  Schwanstecher, M . ,  et 
al. 1989. Control of insulin secretion 
by sulfonylureas, meglitinide and 
diazoxide in relation to their binding 
to the sulfonylurea receptor in pancre­
atic islets. Biochem. Pharmacol. 38: 
1 2 1 7-29 

1 20. Zini, S . ,  Tremblay, E . ,  Roisin, M.  
P . ,  Ben-� , Y.  199 1 .  Two binding 
sites for [ H]glibenclanlide in the rat 
brain. Brain Res. 542: 1 5 1-54 

1 2 1 . Newgreen, D. T. 199 1 . A study of the 
smooth muscle relaxant action of some 
potassium channel opening drugs and 
agents which increase cyclic GMP con­
centration. PhD thesis. Univ. Man­
chester, UK 

1 22.  Verspohl, E. J . ,  Ammon, H. P. T . ,  
Mark, M. 1990. Evidence for more 
than one binding site for sulfonylureas 
in insulin-secreting cells. J. Pharm. 
Pharmacal. 42:230-35 

1 23 .  Niki, I . , Ashcroft, S. J.  H. 199 1 . 
Possible involvement of protein phos­
phorylation in the regulation of the 
sulphonylurea receptor of a pancreatic 

1 24. 

1 25 .  

1 26. 

1 27.  

1 28 .  

1 29. 

1 30.  

1 3 1 .  

1 3 2 .  

f3-cell line, HIT-Tl 5 .  Biochim. 
Biophys. Acta 1 133:95- 1 0 1  
Schwanstecher, e . ,  Dickel, C . ,  Ebers, 
I . ,  Lins, S . ,  Ziinkler, B. J . ,  Panten, 
U. 1992. Diazoxide-sensitivity of the 
adenosine 5-triphosphate-dependent K + 

channel in mouse pancreatic f3-cells. 
Br. J. Pharmacol. 107:87-94 
Schwanstecher, M . ,  Loser, S . ,  Rietze, 
I . ,  Panten, U. 1 991 . Phosphate and 
thiophosphate group donating adenine 
and guanine nucleotides inhibit 
glibenclamide binding to membranes 
from pancreatic islets. Naunyn­
Schmiedeberg' s Arch. Pharmacol. 343: 
83-89 
Bray, K. M . ,  Quast, U .  1992. A 
specific binding site for K + channel 
openers in rat aorta. J. Bioi. Chem. 
267: 1 1 689-92 
Niki, I . ,  Nicks, J. L . ,  Ashcroft, S .  J .  
H .  1990. The f3-cell glibenclamide re-
ceptor is an ADP-binding protein. 
Biochem. J. 268:71 3-18 
Niki, I . ,  Welsh, M.,  Berggren, P . -O . ,  
Hubbard, P . ,  Ashcroft, S .  J. H .  199 1 .  
Characterization of the solubilized 
glibenclamide receptor in a hamster 
pancreatic f3-cell line, HIT Tl5.  
Biochem. J. 277:619-24 
Schwanstecher, M . ,  Behrends,  S . ,  
Brandt, C . ,  Panten, U. 1992. The 
binding properties of the solubilized 
sulfonylurea receptor from a pancreatic 
B-cell iine are modulated by the Mg + + -
complex of ATP. J. Pharmacol. Exp. 
Ther. 262:495-502 
Schwanstecher, M . ,  Loser, S . ,  Brandt, 
e . ,  Scheffer, K . ,  Rosenberger, F. , 
Panten, U. 1992. Adenine nucleotide­
induced inhibition of binding of sul­
phonylureas to their receptor in 
pancreatic islets. Br. J. Pharmacol. 
105:53 1-34 
Zini, S . ,  Zini, R. , Ben-Ari, Y. 1992. 
Nucleotides modul�te the low affinity 
binding sites for [ H]glibenclamide in 
the rat brain. 1. Pharmacol. Exp. Ther. 
In press 
Findlay, I. 1992. Inhibition of ATP­
sensitive K + channels in cardiac muscle 
by the sulphonylurea drug glibencIam­
ide. J. Pharmacol. Exp. Ther. 261 :540-
45 

1 3 3 .  Garrino, M. G . ,  Schmcer, W . ,  
Nenquin, M . ,  Meissner, H .  P . ,  
Henquin, J. C. 1985 . Mechanisms of 
the stimulation of insulin release in 
vitro by HB 699, a benzoic acid de­
rivative similar to the non-sul­
phonylurea moiety of glibenclamide. 
Diabetologia 28:697-703 

1 34. Ziinkler, B. J . ,  Trube , G . ,  Panten, U .  

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



1989. How do sulfonylureas approach 
their receptor in the l3-cell plasma 
membrane? Naunyn-Schmiedeberg's 
Arch. Pharmacol. 340:328-32 

135.  Caro, I.F. 1 990. Effects of glyburide 
on carbohydrate metabolism and insulin 
action in the liver. Am. J. Med. 
89(Suppl. 2A): 1 7S-25S 

1 36. Stryer, l 1988. Biochemistry. New 
York: Freeman. 3rd. ed. 

1 37 .  Pierce, G. N . ,  Philipson, K. D. 1985. 
Binding of glyCOlytic enzymes to car­
diac sarcolemmal and sarcoplasmic re­
ticular membranes.  J. BioI. Chem. 
260:6862-70 

1 38 .  Petersen, O. H . ,  Findlay, I . ,  Suzuki, 
K . ,  Dunne, M. I. 1986. Messenger­
mediated control of potassium channels 
in secretory cells. J. Exp. BioI. 124:33-
52 

1 39.  Paul, R. I . ,  Hardin, C. D . ,  
Raeymaekers, L . ,  Wuytack, F . ,  
Castee�f. R. 1 989. Preferential support 
of Ca uptake in smooth muscle 
plasma membrane vesicles by an en­
dogenous glycolytic cascade. FASEB 
J. 3:2298-301 

140. Boyd, A. E . ,  Aguilarbryan, L . ,  Nelson, 
D. A. 1990. Molecular mechanisms of 
action of glyburide on the beta-cell. 
Am. J. Med. 89:S3-1 O  

141 .  Weiss, 1. N . ,  Lamp, S .  T. 1987. 
Glycolysis freferentially inhibits ATP­
sensitive K channels in isolated guinea 
pig cardiac myocytes.  Science 238:67-
69 

142. Kaubisch, N . ,  Hammer, R . ,  Woll­
heim, C. ,  Renold, A. E. ,  Offord, R. 
E. 1982. Specific receptors for sul­
fonylureas in brain and l3-cell tumor 
of the rat. Biochem. Pharmacol. 3 1 :  
1 17 1-74 

143. Gehlert, D. R . ,  Gackebheimer, S. L . ,  
Mais, D. E . ,  Robertson, D. W. 199 1 .  
Quantitative autora9Jography of the 
binding sites for [ 1 I] iodoglyburide, 
a novel high-affinity ligand for A TP­
sensitive potassium channels in rat 
brain. J. Pharmacol. Exp. Ther. 257: 
901-7 

144. Lupo, B �, Bataille, D. 1987. A binding 
site for [ H]glipizide in the rat cerebral 
cortex. Eur. J. Pharmacol. 140: 1 57-69 

1 45 .  Bernardi, H . ,  Fosser, M . ,  Lazdunski, 
M. 1988. Characterization, purification, 

�d affinity labelling of the brain 
[ H]glibenclamide-binding protein, a 
putative neuronal ATP-regulated potas­
sium channel. Proc. Natl. Acad. Sci. 
USA 85:9816-20 

146. Cn5pel, V . ,  Kmjevic, K. ,  Ben-Ari, Y. 
1992. G1ibenclamide depresses the 
slowly inactivating outward current (I D) 

ATP-SENSITIVE K-CHANNELS 63 1 

147. 

148. 

149. 

ISO, 

1 5 1 .  

152.  

1 5 3 .  

1 54. 

155.  

156.  

1 57.  

158.  

in hippocampal neurons. Can. 1. Phys­
iol. Pharmacol. 70:306-7 
Storm, 1. 1988. Temporal integration 
by a slowly inactivating K + current in 
hippocampal neurons. Nature 336:379-
8 1  
Reeve, H,  L. , Vaughan, P.  F .  T . ,  
Peers, C. 1992. G1ibenclamide inhibits 
a voltage-gated K + current in the human 
neuroblastoma cell line SH-SY5Y. Neu­
rosci. Lett. 135:37-40 
Nakaki, T . ,  Nakadate, T . ,  Kato, R. 
1980. u2-adrenoceptors modulating in­
sulin release from isolated pancreatic 
islets. Naunyn-Schmiedeberg's Arch. 
Pharmacol. 3 1 3 : 1 5 1-53 
Broadstone, V. L. , Pfeifer, M. A" 
Bajaj , V . ,  Stagner, 1. I . ,  Samols, E. 
1987. u-Adrenergic blockade improves 
glucose-potentiated insulin secretion in 
non-insulin-dependent diabetes melli­
tus. Diabetes 36:932-37 
Garrino, M. G . ,  Henquin, 1. C. 1 990. 
13 cell adrenoceptors and sulphonylurea­
induced insulin release in mouse islets. 
Diabetologia 33: 145-47 
Schulz, A . ,  Hasselblatt, A. 1988. An 
insulin-releasing property of imidazol­
ine derivatives is not limited to com­
pounds that block u-adrenoceptors. 
Naunyn-Schmiedeberg's Arch. Phar­
macol. 340:321-27 
Smith, M . ,  Furman, B .  L. 1988. Aug­
mentation of glucose-induced insulin 
secretion by pertussis vaccine, phen­
tolamine and benextramine: involve­
ment of mechanisms additional to 
prevention of the inhibitory actions of 
catecholamines in rats . Acta En­
docrinol. 1 18:89-95 
Plant, T. D . ,  Henquin, J. C. 1 990. 
Phentolamine and yohimbine inhibit 
ATP-sensitive K+ channels in mouse 
pancreatic l3-cells. Br. J. Pharmacol. 
101 : 1 1 5-20 
Bang, L . ,  Nielsen-Kudsk, I. E. 1992. 
Smooth muscle relaxation an inhibition 
of responses to pinacidil and 
cromakalim induced by phentolamine 
in guinea-pig isolated trachea. Eur. J. 
Pharmacol. 2 1 1 :235-41 
Lefebvre, R. A . ,  Horacek, J. 1 992. 
Relaxant effects of BRL-38227 and 
pinacidil on the rat gastric fundus.  Eur. 
J. Pharmacol. 2 14: 1-6 
McPherson, G. A . ,  Angus, J. A. 1989. 
Phentolamine and structurally related 
compounds selectively anta&.onise the 
vascular actions of the K channel 
opener cromakalim. Br. J. Pharmacol. 
97:941-49 
Murray, M. A . ,  Boyle, J. P . ,  Small, 
R. C. 1989. Cromakalim-induced re-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



632 EDWARDS & WESTON 

laxation of guinea-pig isolated 
trachealis: antagonism by glibenclamide 
and by phentolamine. Br. 1. Phar­
macol. 98:865-74 

159. Okumura, K . ,  Ichihara, K . ,  Nagasaka, 
M. 1992. Effects of imidazoline-related 
compounds on the mechanical response 
to nicorandil in the rat portal vein. 
Eur. J. Pharmacol. 2 15:253-57 

1 60. Schwietert, R . ,  Wilhelm, D . ,  Wilffert, 
B . ,  van Zwieten, P. A. 1992. The 
effect of some oc-adrenoceptor antago­
nists on spontaneous myogenic activity 
in the rat portal vein and the putative 
involvement of ATP-sensitive K+ chan­
nels. Eur. J. Pharmacal. 2 1 1 :87-95 

1 6 1 .  Digges, K. G . ,  Summers, R. J. 1983. 
Characterization of postsynaptic a-ad­
renoceptors in rat aortic strips and 
portal veins. Br. J. Pharmacal. 79:655-
65 

162. McPherson, G. A . ,  Couper, I. M. ,  
Taylor, D. A.  1984. Competitive an­
tagonism of oc l-adrenoceptor mediated 
pressor responses in rat mesenteric ar­
tery. J. Pharm. Pharmacal. 36:338-40 

163. Chan, S .  L. F. ,  Dunne, M .  J . ,  Stillings, 
M. R . ,  Morgan, N. G. 1 991 . The 
ocz-adrenoceptor antagonist efaroxan 
modulates K+ ATP channels in insulin­
secreting cells. Eur. J. Pharmacal. 
204:41-48 

1 64. McPherson, G. A . ,  Angus, J. A. 1990. 
Characterization of responses to 
cromakalim and pinacidil in smooth 
and cardiac muscle by use of selective 
antagonists . Br. J. Pharmacal. 100: 
201-6 

165. Malta, E. , Raper, C . ,  Tawa, P. E. 
1 98 1 .  Pre- and post-junctional effects 
of clonidine and oxymetazoline-like 
compounds in guinea-pig ileal prepa­
rations. Br. J. Pharmacal. 73:355-62 

166. Heinzow, B. G. J. , Angus, J. A . ,  
Korner, P .  L. 1982. Effects of alinidine 
(ST567) on baroreceptor-heart rate re­
flexes and its interactions with cIonidine 
on the baroreflex and on the sympathetic 
terminals of the isolated atrium. Eur. 
J. Pharmacal. 84:177-87 

1 67 .  Jeandel, C. , Preiss, M. A . ,  Pierson, 
R.,  Penin, F. ,  Cuny, G . ,  et al. 1988. 
Hypoglycemia induced by cibenzoline. 
Lancet 1 : 1 232-33 

168. Bertrand, G. ,  Gross, R . ,  Petit, P. , 
Loubatieres-Mariani, M. M . ,  Ribes, 
G. 1992. Evidence for a direct stim­
ulatory effect of cibem:oline on insulin 
secretion in rats. Eur. J. Pharmacal. 
2 1 4 : 159-63 

169. Dunne, M. J. 1 99 1 .  Block of ATP­
regulated potassium channels by phen­
tolamine and other alpha-adrenoceptor 

170. 

1 7 1 . 

172. 

173. 

174. 

175. 

176. 

177. 

178. 

179. 

1 80. 

1 8 1 .  

antagonists. Br. J .  Pharmacol. 103: 
1 847-50 
Plant, T. D . ,  Jonas, J. C . ,  Henquin, 
J. C. 1 99 1 .  Clonidine inhibits ATP­
sensitive K+ channels in mouse pan­
creatic (3-cells. Br. J. Pharmacol. 104: 
385-90 
Schulz, A . ,  Hasselblatt, A. 1 989. An 
insulin-releasing property of imidazol­
ine derivatives is not limited to com­
pounds that block alpha-adrenoceptors. 
Naunyn-Schmiedeberg's Arch. Phar­
macol. 234:321-27 
Atlas, D. 199 1 .  Clonidine-displacing 
substance (CDS) and its putative im­
idazoline receptor-new leads for fur­
ther divergence of oc 2-adrenergic 
receptor activity. Biachem. Pharmacol. 
4 1 : 1 54 1-49 
Berry, J. L . ,  Small, R. C . ,  Foster, R .  
W. 1992. Tracheal relaxation induced 
by potassium channel openin/i drugs: 
its antagonism by adrenergic Illeurone 
blocking agents. Br. J. ptmacal. 
106:8 13-1 8  
Berry, J. L . ,  Small, R. C. ,  ughes, 
S. J . ,  Smith, R. D . ,  Miller, A. J. , et 
al. 1992. Inhibition by adrenergic neu­
rone blocking agents of the relaxation 
induced by BRL 38227 in vascular, 
intestinal and uterine smooth muscle. 
Br. J. Pharmacal. 1 07:288-95 
Bray, K. , Quast, U. 199 1 .  Tedisamil 
��C 8857) differentially inhibits the 

Rb + efflux-stimulating and vasorelax­
ant properties of cromakalim. Eur. J. 
Pharmacal. 200: 1 63-65 
McLamon, J. G. 1 990. Block by a 
putative antiarrhythmic agent of a cal­
cium-dependent potassium channel in 
cultured hippocampal neurones. Neu­
rasci. Lett. 1 1 2 :210-15 
McLamon, J .  G . ,  Wang, X. P. 1 99 1 .  
Actions o f  cardiac drugs on a calcium­
dependent potassium channel in hippo­
campal neurons. Mol. Pharmacal .  39: 
540-46 
Dukes, I. D . ,  Cleemann, L . ,  Morad, 
M. 1990. Tedisamil bloc� the transient 
and delayed rectifier-K currents in 
mammalian cardiac and glial cells. J. 
Pharmacal. Exp. Ther. 254:560-89 
Dukes, I. D. ,  Morad, M. 1 989. 
Tedisamil inactivates transient outward 
K + current in rat ventricular myocytes. 
Am. J. Physial. 257:HI746-49 
Pfriinder, D . ,  Kreye, V. A. W. 1 99 1 .  
Tedisami\ blocks single large-conduc­
tance Ca + -activated K + channels in 
membrane patches from smooth muscle 
cells of the guinea-pig portal vein. 
PjZuegers Arch. 418:308- 1 2  
Harron, D.  W. G . ,  Brogden, R. N. ,  

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Faulds, D. ,  Fitton, A. 1992. Cibenzol­
ine--A review of its pharmacological 
properties and therapeutic potential in 
arrhythmias. Drugs 43:734--59 

1 82. Hagen, V . ,  Rumler, A . ,  Klauschenz, 
E . ,  Hagen, A . ,  Heer, S . ,  et al. 1990. 
Potentielle Kardiotonika. 7 .  Mitteilung: 
Darstellung und kardiovaskulare 
Eigenschaften von 5-(pyrid-4-yl)-, 6-
methyl-5-(pyrid-4-yl)- und 6-methyl-5-
phenyl-substitutirten 2-Aminoalkyl­
amino-3-cyan-pyridinen. Plwrmazie 45: 
240-41 

183.  Bodewei, R . ,  Hehl, S . ,  Neumcke, B .  
1 992. The cardiotonic bipyridine A WD-
1 22-60 inhibits adenosine triphosphate­
sensitive potassium channels of mouse 
skeletal muscle. Naunyn-Schmiede­
berg's Arch. Pharmacal. 345:570--77 

1 84. Kantor, P. F . ,  Coetzee, W. A. , Car­
meliet, E. E . , Dennis, S .  C . ,  Opie, 
L. H. 1990. Reduction of ischemic 
K + loss and arrhythmias in rat hearts­
effect of glibenclamide, a sulfonylurea. 
Cire. Res. 66:478-85 

185. Atwal, K. 199 1 .  Antiarrhythmic agents: 
aryl cyanoguanidine potassium channel 
blockers. US Patent 5006523 

1 86. Szewczyk, A . ,  de Weille, J. R . ,  
Lazdunski, M .  1992. TMB-8(8-(N,N­
diethylamino)octyl - 3 ,4,5 - trimethoxy­
be.rzoate) inhibits the ATP-sensitive 
K channel. Eur. 1. Pharmacal. 226: 
1 75-77 

1 87.  Notsu, T. , Tanaka, I . ,  Takano, M . ,  
Noma, A .  1992. Blockade of the ATP­
sensitive K+ channel by 5-hydro­
xydecanoate in guinea pig ventricular 
myocytes. 1. Pharmacol. Exp. Ther. 
260:702-8 

188.  McCullough, J. R . ,  Normandin, D. 
E.,  Conder, M.  L . ,  Sleph, P. G . ,  
Dzwonczyk, S . ,  Grover, G. J. 1 991 . 
Specific block of the anti-ischemic ac­
tions of cromakalim by sodium 5-
hydroxydecanoate. Circ. Res. 69:949-
58 

1 89.  Sakuta, H., Sekiguchi, M . ,  Okamoto, 
K . ,  Sakai, Y. 1992. In�ctivation of 
glibenclamide-sensitive K channels in 
Xenopus oocytes by various calmodulin 
antagonists. Eur. 1. Phamacal. 226: 
199-207 

1 90.  Honore, E . ,  Lazdun$i ,  M. 199 1 .  
Hormone-regulated K channels in 
follicle-enclosed oOFtes are activated 
by vasorelaxing K channel openers 
and blocked by antidiabetic sulfonyl­
ureas. Prac. Natl. Acad. Sci. USA 
88:5438-42 

1 9 1 .  Castle, N.A. ,  Haylett, D.O. 1987. Ef­
fect of channel blockers on potassium 
efflux from metabolically exhausted 

ATP-SENSITIVE K-CHANNELS 633 

192. 

193. 

194. 

195. 

196. 

197. 

198. 

199. 

200. 

201 . 

202. 

203 . 

204. 

frog skeletal muscle. J. Physiol. 383: 
3 1-43 
Haworth, R. A . ,  Goknur, A. B . ,  
Berkoff, H .  A .  1989. Inhibition of 
ATP-sensitive potassium channels of 
adult rat heart cells by antiarrhythmic 
drugs. Circ. Res. 65: 1 1 57-60 
Kakei, M . ,  Noma, A . ,  Shibasaki , T. 
1985. Properties of adenosine-triphos­
phate-regulated potassium channels in 
guinea-pig ventricular cells. J. Physiol. 
363:441-62 
Davies, N. W. ,  Spruce, A. E . ,  Standen, 
N. B . ,  Stanfield, P. R. 1989. Multiple 
blocking mechanisms of ATP-sensitive 
potassium channels of frog skeletal 
muscle by tetraethylammonium ions. 
1. Physiol. 413:3 1-48 
Escande, D. 1989. The pharmacology 
of ATP-sensitive K+ channels in the 
heart. Pfluegers Arch. 414:S93-98 
(Supp!. 1) 
Kimura, S., Bassett, A . L., Xi, H. 
Y., Myerburg, R. J. 1992. Verapamil 
diminishes action potential changes dur­
ing metabolic inhibition by blocking 
ATP-regulated potassium currents . 
Circ. Res. 71 :87-95 
Kakei, M . ,  Noma, A. 1984. Adenosine 
5' -triphosphate-sensitive single potas­
sium channel in the atrioventricular 
node cell of the rabbit heart. 1. Physiol. 
352:265-84 
Greenbaum, R . ,  Harry, T. V. A. 1980. 
Ciclazindol as an adjunct to weight 
control. 1. Pharmacother. 3:82-83 
Rothwell, N. J . ,  Stock, M .  J . ,  Wyllie, 
M. G. 198 1 .  Sympathetic mechanisms 
in diet-induced thermogenesis: modifi­
cation by ciclazindol and anorectic 
drugs. Br. 1. Pharmacal. 74:539-46 
Morita, T . ,  Edwards, G . ,  Andersson, 
P-O . ,  Greengrass, P. , rbottson, T . ,  et 
al. 199 1 .  Ciclazindol, a novel antag­
onist of the action of potassium channel 
openers in rat smooth muscle in vitro. 
1. Physial. 446:365P 
Noack, T . ,  Edwards, G . ,  Deitmer, 
P. ,  Greengrass, P. , Morita, T . ,  et al. 
1992. The involvement of potassium 
channels in the action of ciclazindol 
in rat portal vein. Br. J. Pharmacol. 
106: 17-24 
Sugrue, M. M. F . ,  Shaw, G . ,  Charlton, 
K. G. 1977. Some effects of mazindol, 
an anorectic drug, on rat brain mono­
aminergic systems. Eur. J. Pharmacal. 
42:379-85 
Findlay, I . ,  Dunne, M. J. 1 986. ATP 
maintains ATP-inhibited K + channels 
in an operational state. Pfluegers Arch. 
407:238-40 
Levitan, I. B. 1985 . Phosphorylation 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



634 EDWARDS & WESTON 

205. 

206. 

207. 

208 . 

209 . 

210.  

2 1 1 . 

2 1 2. 

2 1 3 .  

214.  

215 .  

216.  

of ion channels. 1. Membr. Bioi. 87: 
1 77-90 
Misler, D. S . ,  Falke, L. C. ,  Gillis, 
K . ,  McDaniel, M. L. 1986. A metab­
olite-regulated potassium channel in rat 
pancreatic � cells. Proc. Natl. Acad. 
Sci. USA 83:7 1 19-23 
Ohno-Shosaku, T . ,  Ziinkler, B. J . ,  

I��e�n Gi+ 1����nt��1 ;!!��ts
pa::: 

creatic �-cells. Pfluegers Arch. 408: 
1 33-38 
Ashcroft, F. M . ,  Kakei, M. 1989. 
ATP-sensitive K+ channels in rat pan­
creatic �-cells: modulation by ATP 
and Mg + ions. J. Physiol. 4 16:349--
67 
Kunzelman, K . ,  Pavenstadt, H. , Gre­
ger, R. 1989. Characterization of po­
tassium channels in respiratory cells. 
II. Inhibitors and regulation. Pfluegers 
Arch. 414:297-303 
Lederer, W. J . ,  Nichols, C. G. 1989. 
Nucleotide modulation of the activity 
of rat heart ATP-sensitive K+ channels 
in isolated membrane patches. J. Phys­
iol. 4 1 9: 193-2 1 1  
Dunne, M .  J . ,  West-Jordan, J .  A . ,  
Abraham, R. J . ,  Edwards, R .  H .  T . ,  
Petersen, O.  H .  1988. The gating of 
nucleotide-sensitive K + channels in in­
sulin-secreting cells can be 4modulat,l:d 
by changes in the ratio ATP -, ADP'­
and by nonhydrolyzable derivatives of 
both ATP and ADP. J. Membr. Bioi. 
1 04: 1 65-77 
Findlay, 1. 1 988. ATp4- and ATP.Mg 
inhibit the ATP-sensitive K 

+ 
channel 

of rat ventricular myocytes. Pfluegers 
Arch. 4 12:37-41 
Davies, N. W. 1990. Modulation of 
ATP-sensitive K+ channels in skeletal 
muscle by intracellular protons. Nature 
343:375-77 
Weik, R . ,  Neumcke, B .  1989. ATP­
sensitive potassium channels in adult 
mouse skeletal muscle: characterization 
of the ATP-binding site. J. Membr. 
Bioi. 1 10:217-26 
Dunne, M. J . ,  Petersen, O. H. 1986. 
Intracellular ADP activates K+ channels 
that are inhibited by A TP in an insu­
lin-secreting cell line. FEBS Lett. 208: 
59--66 
Kakei, M. ,  Yoshinaga, M . ,  Saito, K . ,  
Tanaka, H. 1986. The potassium cur­
rent activated by 2-nicotinamidoethyl 
nitrate (nicorandil) in single ventricular 
cells of guinea pigs. Proc. R. Soc. 
London Ser. B 229:33 1-43 
Tung, R. T . ,  Kurachi, Y. 199 1 .  On 
the mechanism of nucleotide diphos­
phate activation of the ATP-sensitive 

217.  

2 1 8 .  

219 . 

220 . 

221 . 

222. 

223. 

224. 

225. 

226. 

227. 

K + channel in ventricular cell of 
guinea-pig. J. Physiol. 437:239--56 
Ribalet, B . ,  Ciani, S. 1987. Regulation 
by cell metabolism and adenine nucle­
otides of a K channel in insulin-se­
creting B cells (RINm5F). Proc. Natl. 
Acad. Sci. USA 84: 1721-25 
Bokvist, K . ,  AmmaUi, C . ,  Ashcroft, 
F. M . ,  Berggrem, P.-O. ,  Larsson, 0. , 
Rorsman, P. 1 99 1 .  Separate processes 
mediate nucleotide-induced inhibition 
and stimulation of the A TP-regulated 
K + -channels in mouse pancreatic �­
cells. Proc. R. Soc. London Ser. B 
243 : 139-44 
Dunne, M. J . ,  Petersen, O. H. 1 986. 
GTP and GOP activation of K + chan­
nels that can be inhibited by ATP. 
Pfluegers Arch. 407:564-65 
Petersen, O.  H . ,  Findlay, I. 1987. 
Electrophysiology of the pancreas. 
Physiol. Rev . 67: 1 054-1 16 
Buckingham, R. E . , Hamilton, T. C. , 
Howlett, D. R . ,  Mootoo, S . ,  Wilson, 
C. 1989. Inhibition by glibenclamide 
of the vasorelaxant action of 
cromakalim in the rat. Br. J. Phar­
macal. 97:57-64 
Kirsch, G. E . ,  Codina, J . ,  Birnbaumer, 
L . ,  Brown, A. M. 1990. Coupling of 
ATP-sensitive K + channels to Al re­
ceptors by G-proteins in rat ventricular 
myocytes. Am. J. Physial. 259:H820--
26 
Merkel, L. A . ,  Lappe, R. W . ,  Rivera, 
L. M . ,  Cox, B .  F . ,  Perrone, M .  
H .  1992. Demonstration of vasorelax­
ant activity with an A I-selective aden­
osine agonist in porcine coronary 
artery-involvement of potassium 
channels. J. Pharmacol. Exp. Ther. 
260:437-43 
Brayden, J. E. 1 990. Membrane hy­
perpolarization is a mechanism of en­
dothelium-dependent cerebral vasodila­
tion. Am. J. Physiol. 259:H668-73 
Nelson, M .  T . ,  Huang, Y . ,  Brayden, 
J. E . ,  Hescheler, J . ,  Standen, N. B .  
1990. Arterial dilations in response to 
calcitonin genetelated peptide involve 
activation of K channels. Nature 344: 
770--73 
Nelson, M. T. , Patlak, J. B . ,  Worley, 
J. F . ,  Standen, N. B. 1990. Calcium 
channels, potassium channels, and 
voltage dependence of arterial smooth 
muscle tone. Am. J. Physial. 259:C3-
1 8  
Loose, M .  D . ,  Ronnekleiv, O.  K . ,  
Kelly, M.  J.  1 99 1 .  Neurons in the rat 
arcuate nucleus are hyperpolarized by 
GABAB and f.l. opioid receptor agonists: 
Evidence for convergence at a ligand-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



gated potassium conductance. Neuro­
endocrinology 54:537-44 

228. Zoltay, G . ,  Cooper, 1. R. 1990. Ionic 
basis of inhibitory presynaptic modu­
lation in rat cortical synaptosomes. 1. 
Neurochem. 55:1008-12 

229. Taylor, S. G.,  Weston, A. H. 1988. 
Endothelium-derived hyperpolarizing 
factor: a new endogenous inhibitor from 
the vascular endothelium. Trends Phar­
macol. Sci. 9:272-74 

230. Suzuki, R.,  Chen, G .  1990. Endothe­
lium-derived hyperpolarizing factor 
(EDHF): An endogenous potassium 
channel activator. News Physiol. Sci. 
5:21 2- 1 5  

23 1 .  Chen, G . ,  Suzuki, R . ,  Weston, A. R. 
1988. Acetylcholine releases endothe­
lium-derived hyperpolarising factors 
and EDRF from rat blood vessels. Br. 
1. Pharmacol . 95: 1 165-74 

232. Chen, G . ,  Yamamoto, Y . ,  Miwa, K . ,  
Suzuki, H. 1 99 1 .  Hyperpolarization of 
arterial smooth muscle induced by en­
dothelial humoral substances. Am. 1. 
Physiol. 260:HI 888-92 

233. Eckman, D. M . ,  Frankovich, 1. D . ,  
Keef, K. D.  1992. Comparison of the 
actions of acetylcholine and BRL-38227 
in the guinea-pig coronary artery. Br. 
1. Pharmacol . 106:9-16 

234. Rand, V . ,  Garland, C. 1. 1992. En­
dothelium-dependent relaxation to ace­
tylcholine in the rabbit basilar artery: 
importance of membrane hyperpolar­
ization. Br. 1. Pharmacol. 1 06:143-50 

235. Taylor, S. G . ,  Southerton, J. S . ,  Wes­
ton, A. H . ,  Baker, J. R. J. 1988. 
Endothelium dependent effects of ace­
tylcholine in rat aorta. A comparison 
with sodium nitroprusside and 
cromakalim. Br. J. Pharmacal. 94:853-
63 

236. Bray, K. M . ,  gpast, U. 199 1 .  Differ­
ences in the K channels opened by 
cromakalim, acetylcholine and sub­
stance P in rat aorta and pig coronary 
artery. Br. 1. Pharmacal. 102:585-94 

237. Brayden, J. E. 1 99 1 .  Hyperpolarization 
and relaxation of resistance arteries in 
response to adenosine diphosphate. Dis­
tribution and mechanism of action. 
Circ. Res. 69: 1415-20 

238. Garland, C. J . ,  McPherson, G. A. 
1992. Evidence that nitric oxide does 
not mediate the hyperpolarization and 
relaxation to acetylcholine in the rat 
small mesenteric artery. Br. 1. Phar­
macol. 105:429-35 

239. McPherson, G. A . ,  Angus , J. 199 1 .  
Evidence that acetylcholine-mediated 
hyperpolarization of the rat small mes­
enteric artery does not involve the K + 

ATP-SENSITIVE K-CHANNELS 635 

channel opened by cromakalim. Br. 1. 
Pharmacol. 103: 1 184-90 

240. Standen, N. B .  1992. Potassium chan­
nels, metabolism and muscle. Exp. 
Physial. 77: 1-25 

241 . Pemow, J. 1989. Actions of constrictor 
(NYP and endothelin) and dilator (sub­
stance P, CGRP and VIP) peptides on 
pig splenic and human skeletal muscle 
arteries: involvement of the endothe­
lium. Br. 1. Pharmacol. 97:983-89 

242. Greenberg, B . ,  Rhoden, K . ,  Bames, 
P. 1987. Calcitonin gene-related peptide 
(CORP) is a potent non-endothelium­
dependent inhibitor of coronary vaso­
motor tone. Br. 1. Pharmacal. 92: 
789-94 

243. Shoji, T . ,  Ishihara, H . ,  Ishikawa, T. , 
Saito, A . ,  Ooto, K. 1987. Vasodilating 
effects of human and rat calcitonin 
gene-related peptides in isolated porcine 
coronary arteries. Naunyn Schmiede­
berg's Arch. Pharmacol. 336:438-44 

244. Prieto, D . ,  Benedito, S . ,  Nyborg, N .  
C.  B .  199 1 .  Heterogenous involvement 
of endothelium in calcitonin gene-re­
lated peptide-induced relaxation in cor­
onary arteries from rat. Br. 1. 
Pharmacol. 103: 1764-68 

245 . Brain, S. D . ,  Williams, T. J . ,  Tippins, 
J .  R . ,  Morris, H.  R . ,  MacIntyre, I. 
1985. Calcitonin gene-related peptide 
is a potent vasodilator. Nature 313:54-
56 

246. Grace, G. C . ,  Dusting, G. J . ,  Kemp, 
B. E. , Martin,  T. J. 1987. Endothelium 
and the vasodilator action of rat cal­
citonin gene-related peptide. Br. 1. 
Pharmacal. 9 1 :729-33 

247. Gray, D. W.,  Marshall, I. 1990. Cal­
citonin gene-related peptide (CORP) 
endothelium-dependent relaxation in rat 
aorta is inhibited by L-NMMA. Br. 
1. Pharmacal. 99: 104P 

248. Saito, A . ,  Masaki, T . ,  Uchiyama, Y . ,  
Lee, T. J-F . ,  Goto, K .  1989. Calcitonin 
gene-related peptide and vasodilator 
nerves in large cerebral arteries of cats. 
1. Pharmacal. Exp. Ther. 248:455-62 

249. Beny, J. L . ,  Brunet, P. c. , Huggel ,  
H.  1989. Effects o f  substance P, cal­
citonin gene-related peptide and cap­
saicin on tension and membrane 
potential of pig coronary artery in vitro. 
Regul. Pept. 25:25-36 

250. Boyle, J. J . ,  Brown, M. J. 199 1 .  
Glibenc1amide fails t o  reverse relax­
ations induced by calcitonin gene-re­
lated peptide (CGRP) in human 
mammary artery and saphenous vein. 
Br. 1. Pharmacol. 102:200P 

25 1 .  Said, S. I . ,  Mutt, V. 1970. Potent 
peripheral and splanchnic vasodilator 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



636 EDWARDS & WESTON 

peptide from normal gut. Nature 
225:863-65 

252. Hoh , H . ,  Lederis, K. P . ,  Rorstad, D. 
P. 1990. Relaxation of isolated bovine 
coronary arteries by vasoactive intes­
tinal peptide. Eur. J. Pharmacol. 1 8 1 :  
1 99-205 

253. Lee, T. I.-F. , Saito, A . ,  Berezin, I.  
1984. Vasoactive intestinal polypep­
tide-like substance: the potential trans­
mitter for cerebral vasodilation. Science 
224:898-901 

254. Davies, J. M . ,  Williams, K. I. 1984. 
Endothelial-dependent relaxant effects 
of vaso-active intestinal polypeptide and 
arachidonic acid in rat aortic strips. 
Prostaglandins 27:195-20 

255 .  Ignarro, L. J . ,  Byrns, R. E . ,  Buga, 
G. M . ,  Wood, K. S. 1 987. Mechanisms 
of endothelium-dependent vascular 
smooth muscle relaxation elicited by 
bradykinin and VIP. Am. J. Physiol. 
253:HI074-82 

256. Moore, P. K . ,  al-Swayeh, O. A . ,  
Chong, N. W.  S . ,  �vans, R. A. , 
Gibson, A. 1990. L-N -nitro arginine 
(L-NDARG), a novel, L-arginine-re­
versible inhibitor of endothelium-de­
pendent vasodilatation in vitro. Br. J. 
Pharmacol. 99:408-1 2  

257. Hattori, Y. , Nagashima, M. , Endo, 
Y.,  Kanno, M. 1992. Glibenclamide 
does not block arterial relaxation caused 
by vasoactive intestinal polypeptide. 
Eur. J. Pharmacol. 213: 147-50 

258. Huizinga, J. D . ,  Tomlinson, J . ,  Pintin­
Quezada, J. 1992. Involvement of nitric 
oxide in nerve-mediated inhibition and 
action of vasoactive intestinal peptide 
in colonic smooth muscle . J. Phar­
macol. Exp. Ther. 260:803-8 

259. Christinck, F. , Jury, I. ,  Cayabyab, F.,  
Daniel, E. E. 1 99 1 .  Nitric oxide may 
be the final mediator of nonadrenergic, 
noncholinergic inhibitory junction po­
tentials in the gut. Can. J. Physiol. 
Pharmacol. 69: 1 448-58 

260. Ito, S . ,  Kurokawa, A . ,  Ohga, A . ,  
Ohta, T.,  Sawabe, K. 1990. Mechan­
ical, electrical and cyclic nucleotide 
responses to peptide VIP and inhibitory 
nerve stimulation in rat stomach. J. 
Physiol. 430:337-53 

261 .  Itoh, T . ,  Sasaguri, T . ,  Makita, Y . ,  
Kanmura, Y . ,  Kuriyama, H .  1985. 
Mechanisms of vasodilation induced 
by vasoactive intestinal polypeptide in 
rabbit mesenteric artery. Am. J. Phys­
iol. 249: H23 1-40 

262. Olsson, R. A . • Pearson, J. D. 1990. 
Cardiovascular purinoceptors . Physiol. 
Rev. 70:761-845 

263. McCormack. D. G . .  Clarke. B . ,  

Bames, P. J .  1989. Characterization 
of adenosine receptors in human pul­
monary artery. Am. J. Physiol. 
256:H41-46 

264. Daut, J . •  Maier-Rudolph. W . ,  von 
Beckerath. N. , Mehrke. G . •  Guenther. 
K . ,  Goedel-Meinen. L. 1990. Hypoxic 
dilation of coronary arteries is mediated 
by ATP-sensitive potassium channels. 
Science 247: 1341-44 

265. Dunning. B .  E . ,  Ahren, B . •  Veith, R .  
C . ,  Bottcher, G . .  Sundler. F . •  

Taborsky. G .  J. Jf. 1986. Galanin: a 
novel pancreatic neuropeptide. Am. J. 
Physiol. 25 1 :E I27-33 

266. Ahren, B . ,  Arkbammar. P . ,  Berggren, 
P. D . •  Nilsson, T. 1986. Galanin in­
hibits glucose-stimulated insulin release 
by a mechanism involving hyperpolar­
ization �d lowering of cytoplasmic 
free Ca + concentration. Biochem. 
Biophys. Res. Commun. 140: 1059-63 

267. Ahren, B . ,  Berggren, P. O . ,  Bokvist, 
K . ,  Rorsman, P. 1 989. Does galanin 
inhibit insulin secretion by opening of 
the ATP-regulated K + channel in the 
13-cell? Peptides 10:453-57 

268 . Dunning, B .  E . ,  Taborsky, G. J. Jr. 
1988. Galanin: sympathetic neurotrans­
mitter in the endocrine pancreas? Di­
abetes 37: 1 l57-62 

269. McDonald. T. J . ,  Dupre, J . , Tatemoo, 
K . • Greenberg, G. R . ,  Radzink. J . ,  
Mutt. V. 1985. Galanin inhibits insulin 
secretion and induces hyperglycaemia 
in dogs. Diabetes 34: 1 92-96 

270. Dunne. M .  J . •  Bullett, M .  J . •  Li. G . • 

Woilheim. C. B . .  Petersen, O. H. 
1989. Galanin acti vates nucleotide-de­
pendent K + channels in insulin-secreting 
cells via a pertussis-sensitive G-protein. 
EMBO J. 8:412-20 

271 .  Melander, T. ,  H6kieit. T. ,  R6kaeus . 
A. 1986. Distribution of galanin-like 
immunoreactivity in the rat central ner­
vous system. J. Compo Neurol . 
248:475-517 

272. Ben-Ari, Y .  1990. Galanin and 
glibenclamide modulate the anoxic re­
lease of glutamate in rat CA3 hippo­
campal neurons. Eur. J. Neurosci. 2: 
62-68 

273 . Ben-Ari, Y. , Kmjevic. K . •  Crepel .  V+ 
1990. Activators of ATP-sensitive K 
channels reduce anoxic depolarization 
in CA3 hippocampal neurons. Neuro­
science 37:55-60 

274. Ben-Ari, Y . ,  Lazdunski . M. 1989. 
Galanin protects hippocampal neurons 
from the functional effects of anoxia. 
Eur. J. Pharmacal. 1 65:331-32 

275. Pace . C . ,  Tarvin, I. T. 1 98 1 .  
Somatostatin: mechanism of action in 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



pancreatic islet (3-cells. Diabetes 30: 
836-42 

276. de Weille, J . ,  Schmid-Antomarchi, H . ,  
Fosset, M. ,  Lazdunski, M.  1989. Reg­
ulation of ATP-sensitive K+ channels 
in insulinoma cells : activation by 
somatostatin and protcin kinasc C and 
the role of cAMP. Proc. Natl. Acad. 
Sci. USA 86:2971-75 

277. Fosset, M . ,  Schmid-Antomarchi, H . ,  
de Weille, J .  R . ,  Lazdunski , M .  1988. 
Somatostatin activates glibenclamide­
sensitive and ATP-regulated K+ chan­
nels insulinoma cells via a G protein. 
FEBS Lett. 242:94-96 

278. Chen, C . ,  Zhang, J . ,  Vincent, J. D . ,  
Israel, J.  M .  1990. Somatostatin in­
creases voltage-dependent potassium 
currents in rat somatotrophs. Am. J. 
Physiol. 259:854-6 1 

279. Hsu, W. H . ,  Xiang, H. D . ,  Rajan, 
A. S . ,  Kunze, D. L . ,  Boyd, A. E. 
III. 1 99 1 .  Somatostatin inhibits insulin 
secretion by a G-protein-mediated de­
crease in Ca2 + entry through voltage­
dependent ci+ channels in the beta 
cell. J. Bioi. Chem. 266:837-43 

280. Miyoshi, Y . ,  Nakaya, Y . ,  Wakatsuki, 
T . ,  Nakaya, S . ,  Fujino, K . ,  et aI. 
1 992. Endothelin blocks ATP-sensitive 
K+ channels and depolarizes smooth 
muscle cells of porcine coronary artery. 
Circ. Res. 70:612-16 

28 1 .  North, R. A. 1986. Opioid receptor 
types and membrane ion channels. 
Trends Neurosci. 9: 14-17  

282. Ocana, M . ,  Delpozo, E . ,  Barrios, M. ,  
Robles, L .  I . ,  Baeyens, J.  M.  1990. 
An ATP-dependent potassium channel 
blocker antagonizes morphine analge­
sia. Eur. J. Pharmacol. 1 86:377-78 

283. Wild, K. D.,  Vanderah, T.,  Mosberg, 
H. I . ,  Porreca, F. 1 99 1 .  Opioid 1I-re­
ceptor subtypes are associated with 
different potassium channels.  Eur. J. 
Pharmacol. 1 93 : 1 35-36 

284. Vergoni ,  A. V . ,  Scarano,  A. ,  Bertolini, 
A. 1992. Pinacidil potentiates morphine 
analgesia. Life Sci. SO:PLl 35-38 

285. Jiang, Q. ,  Mosberg, H. I . ,  Porreca, 
F. 1 9�0. Antinociceptive effects of 
[D-Ala ]deltorphin II, a highly selective 
11 agonist in vivo. Life Sci. Pharmacol. 
Lett. 47:PL-43 

286. Roeper, J . ,  Hainsworth, A. H. , As­
hcroft, F. M. 1990. Tolbutamide re­
verses membrane hyperpolarisation 
induced by activation of D2 receptors 
and GABAB receptors in isolated sub­
stantia nigra neurones. Pfluegers Arch. 
4 1 6:473-75 

287. Andrade, R . ,  Malenka, R. C . ,  Nicoll, 
R .  A.  1 986. A G protein couples 

ATP-SENSITIVE K-CHANNELS 637 

288. 

289. 

290. 

291 .  

292. 

293. 

294. 

295. 

296 . 

297. 

298. 

299. 

300. 

serotonin and GABAB receptors to the 
same channels in hippocampus. Science 
234:1261-65 
LJedo, P. M . ,  Homburger, V . ,  
Bockaert, J . ,  Vincent, J .  D.  1992. 
Differential G-protein-mediated cou­
pling of D 2 dopamine receptors to K + 

and CaH currents in rat anterior pi­
tuitary cells. Neuron 8:455-63 
Birnbaumer, L. 1992. G proteins and 
the modulation of K-channels. See Ref. 
1 7, pp. 44-75 
Brown, A. M . ,  Birnbaumer, L. 1988. 
Direct G protein gating of ion channels. 
Am. J. Physiol. 23:H401-1O 
Parent, L. ,  Coronado, R .  1989.  Re­
constitution of the ATP-sensitive po­
tassium channel of skeletal muscle. J. 
Gen. Physiol. 94:445-63 
Heideman, W . ,  Bourne, H. R. 1 990. 
Structure and function of G-protein a 
chains. In G Proteins, ed. R. Iyengar, 
L. Birnbaumer. pp. 1 7-40. San Diego, 
CA: Academic 
Ribalet, B . ,  Eddlestone, G. T . ,  Ciani, 
S. 1988. Metabolic regulation of the 
K(ATP) and maxi-KeY) channel in the 
insulin-secreting RINm5F cell. J. Gen, 
Physiol. 92:21 9--37 
Wollheim, C. B . ,  Dunne, M. J. , Peter­
Reisch, B . ,  Bruzzonc, R. , Pozzan, T. , 
Petersen, O. H. 1988. Activators of 
protein kinase C depolarize insulin-se­
creting cells by closing K + channels. 
EMBO J. 7:2443-49 
Colatsky, T. J. 1992. Potassium-chan­
nel blockers: synthetic agents and their 
antiarrhythmic potential. See Ref. 17 ,  
pp. 304-40 
Edwards, G . ,  Duty, S . ,  Trezise, D .  
J . ,  Weston, A.  H .  1992. Effects of 
potassium-channel modulators on the 
cardiovascular system. See Ref. 1 7 ,  
pp. 369-463 
Escande, D . ,  Cavero, I. 1992. K + 

channel openers and 'natural' car­
dioprotection. Trends Pharmacol. Sci . 
1 3:269--72 
Longman, S .  D . ,  Hamilton, T. C. 
1992. Potassium channel activator 
drugs: mechanism of action, pharma­
cological properties, and therapeutic 
potential. Med. Res. Rev. 1 2:73-148 
Weston, A.  H . ,  Edwards, G.  1 99 1 . 
Latest developments in K-channel mod­
ulator pharmacology. Z. Kardiol. 
80(Suppl . 7): 1-8 
Lazdunski , M., Bernardi, H . , de 
Weille, J. R . ,  Mourre, c. ,  Fosset, M .  
1992. Agonists and antagonists of ATP­
sensitive potassium channels. Adv. 
Nephrol. 2 U95-202 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

3.
33

:5
97

-6
37

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



