
Inhibition of vascular KATP channels by U-37883A: a comparison
with cardiac and skeletal muscle

2G.C. Wellman, 2R. Barrett-Jolley, 2H. KoÈ ppel, 2D. Everitt & *,1J.M. Quayle

1Department of Medicine, Cardiovascular Research Institute, Leicester University, Robert Kilpatrick Clinical Sciences Building,
Leicester Royal In®rmary, P.O. Box 65, Leicester, LE2 7LX and 2Department of Cell Physiology and Pharmacology, Leicester
University, University Road, Leicester LE1 9HN

1 The aim of this study was to investigate the selectivity of the ATP-sensitive potassium (KATP)
channel inhibitor U-37883A (4-morpholinecarboximidine-N-1-adamantyl-N'-1-cyclohexyl). Mem-
brane currents through KATP channels were recorded in single muscle cells enzymatically isolated
from rat mesenteric artery, cardiac ventricle and skeletal muscle (¯exor digitorum brevis). KATP

currents were induced either by cell dialysis with 0.1 mM ATP and 0.1 mM ADP, or by application
of synthetic potassium channel openers (levcromakalim or pinacidil).

2 U-37883A inhibited KATP currents in smooth muscle cells from rat mesenteric artery. Half
inhibition of 10 mM levcromakalim-induced currents occurred at a concentration of 3.5 mM.

3 Relaxations of rat mesenteric vessels caused by levcromakalim were reversed by U-37883A. 1 mM
levcromakalim-induced relaxations were inhibited at a similar concentration of U-37883A (half
inhibition, 1.1 mM) to levcromakalim-induced KATP currents.

4 KATP currents activated by 100 mM pinacidil were also studied in single myocytes from rat
mesenteric artery, skeletal muscle and cardiac ventricle. 10 mM U-37883A substantially inhibited
KATP currents in vascular cells, but had little e�ect in skeletal or cardiac myocytes. Higher
concentrations of U-37883A (100 mM) caused a modest decrease in KATP currents in skeletal and
cardiac muscle. The sulphonylurea KATP channel antagonist glibenclamide (10 mM) abolished
currents in all muscle types.

5 The e�ect of U-37883A on vascular inward recti®er (KIR) and voltage-dependent potassium (KV)
currents was also examined. While 10 mM U-37883A had little e�ect on these currents, some
inhibition was apparent at higher concentrations (100 mM) of the compound.

6 We conclude that U-37883A inhibits KATP channels in arterial smooth muscle more e�ectively
than in cardiac and skeletal muscle. Furthermore, this compound is selective for KATP channels over
KV and KIR channels in smooth muscle cells.
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Introduction

ATP-sensitive potassium (KATP) channels serve various
important functions in pancreatic b-cells, muscle cells,

neurones, and other cell types (Aguilar-Bryan et al., 1998;
Ashcroft & Gribble, 1998). KATP channels are inhibited by
intracellular ATP and activated by intracellular nucleoside

diphosphates, enabling them to link cellular metabolism to
excitability. This underlies the role of KATP channels in
processes such as insulin secretion, hypoxic vasodilation of
arterial smooth muscle, and protection of cardiac muscle and

neurones during hypoxia and ischaemia. KATP channels are
also the target of synthetic inhibitors and activators in clinical
use. Anti-diabetic sulphonylureas stimulate insulin secretion

by inhibiting KATP channels in pancreatic b-cells, while KATP

channel activators which relax smooth muscle are used in
hypertensive crises and angina (Quayle et al., 1997).

KATP channels are important regulators of the cell
membrane potential of arterial smooth muscle cells. Channel
activity is set by several factors, including the cellular
metabolic state as well as vasoconstrictor and vasodilator

receptor-linked second messenger pathways (Quayle et al.,
1997). As in other cells, KATP channels in smooth muscle are

inhibited by glibenclamide and other sulphonylureas (Noack et
al., 1992; Russell et al., 1992; Beech et al., 1993; Quayle et al.,

1995). Glibenclamide has been widely used to study the
physiological role of these channels in arteries (Quayle et al.,
1997). Antagonism of vasorelaxation by glibenclamide has

been used to implicate KATP channel activation as an
underlying cause of the response. However: (1) the selectivity
of sulphonylureas for KATP channels is not absolute, as they
inhibit other cellular processes (e.g. Cocks et al., 1990; Ribalet

et al., 1996); (2) the sulphonylurea receptor may couple to
other ion channels (e.g. Beech et al., 1993; AÈ mmaÈ laÈ et al., 1996;
Quayle et al., 1997); (3) the presence of KATP channels in the

vascular endothelium, cardiac muscle, skeletal muscle and
other cells complicates interpretation of studies on intact
tissue. There is therefore a need for other, tissue-selective, KATP

channel inhibitors.
One candidate for a smooth muscle selective KATP channel

inhibitor is U-37883A (also known as PNU-37883A). This
compound antagonizes the relaxations of rabbit mesenteric

arteries caused by synthetic KATP channel openers such as
levcromakalim (Meisheri et al., 1993). Indeed, U-37883A, like
glibenclamide, has been used to implicate KATP channel

involvement in a number of vascular responses in vivo and in
vitro (e.g. Meisheri et al., 1993; Ohrnberger et al., 1993; Smith et*Author for correspondence; E-mail: JMQ2@le.ac.uk
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al., 1994;Minkes et al., 1995; deWitt et al., 1996). There is some
evidence thatU-37883Amay show tissue selectivity, as it inhibits
KATP channels in follicular cells of Xenopus oocytes but not in

pancreatic b-cells (Guillemare et al., 1994a). However, there is
no direct evidence that U-37883A is a selective inhibitor of
vascular KATP channels. We describe here the inhibitory actions
of U-37883A on KATP currents in single smooth muscle cells

isolated from rat mesenteric artery. This is compared with the
antagonistic actions of the compoundon relaxations caused by a
KATP channel opener (levcromakalim) in intact vessels. Tissue

selectivity was investigated by testing the e�ects ofU-37883A on
KATP currents in cardiac and skeletal muscle cells from rat.
Furthermore, selectivity of U-37883A for KATP channels was

studied by recording currents through other potassium channels
present in arterial smooth muscle cells. We conclude that U-
37883A shows selectivity for KATP channels in vascular smooth

muscle.

Methods

The experiments in this paper used tissue from male adult
Wistar rats. Rats were stunned prior to being killed by cervical

dislocation.

Tension recordings

Rat mesenteric arteries were dissected in a physiological saline
solution containing (mM): NaCl 137, KCl 5.4, MgCl2 1,

NaH2PO4 0.44, Na2HPO4 0.46, NaHCO3 4.17, CaCl2 2, HEPES
10, glucose 10, pH adjusted to 7.4withNaOH. Isometric tension
was recorded in a small vessel myograph at 378C, as described
previously (Langton et al., 1996). The bath solution consisted of

(mM): NaCl 137, KCl 5.4, MgCl2 1, NaH2PO4 0.44, Na2HPO4

0.46, NaHCO3 25, CaCl2 2, glucose 10, and was equilibrated
with gas containing 5% CO2 and 95%O2 to maintain the pH at

7.4. Arteries were contracted by increasing the extracellular
potassium concentration to 20 mM and by adding 2 mM
phenylephrine. U-37883A had no e�ect on this induced tone in

the absence of levcromakalim.

Isolation of smooth muscle cells

Single cells were isolated from rat mesenteric or, in the case of
inward recti®er potassium currents, coronary arteries using an
enzymatic digestion procedure described previously (e.g. Kubo

et al., 1997). After dissection, the arteries were transferred to an
isolation solution of identical composition to the dissection
solution detailed above except that the calcium concentration

was reduced to 0.1 mM. For dissociation, a two stage enzymatic
treatment was used. First, the arteries were incubated in 0.1 mM

Ca2+ isolation solution containing papain (Sigma, 1 ±

1.5 mg ml71) and dithioerithritol (Sigma, 1 mg ml71) for 25 ±
35 mins at 358C. This was followed by an incubation in fresh
0.1 mM Ca2+ isolation solution containing collagenase (Sigma,
Type F, 1 ± 1.5 mg ml71) and hyaluronidase (Sigma, Type I-S,

1 mg ml71) for 10 ± 20 mins at 358C. Arteries were then
transferred to enzyme-free isolation solution, washed several
times, and single cells obtained by trituration through a ®re

polished pasteur pipette. Cells were stored in isolation solution
on ice and used on the day of preparation.

Isolation of cardiac myocytes

Male adult Wistar rats were heparinized (1000 u kg71),
stunned, and killed by cervical dislocation. The chest was then

opened and the aorta incised and cannulated in situ with an 18
gauge needle. The heart was excised, mounted on a Langendor�
column, and perfused for 4 min at a rate of 14 mls min71 at

378Cwith a solution containing (mM): NaCl 134, NaH2PO4 1.2,
MgSO4 1.2, KCl 4, HEPES 10, glucose 10, pH 7.4. After this
time the perfusion solution was switched to one containing
0.8 mg ml71 collagenase (Worthington, Type II) and

0.1 mg ml71 protease (Sigma). The calcium level at this point
was raised to 80 mM to enhance collagenase activity. The heart
was perfused with enzyme containing solution for 8 ± 10 min,

and then for a further 10 min with a solution containing (mM):
NaCl 108, NaH2PO4 1.2,MgSO4 1.2, KCl 4, HEPES 10, glucose
10, taurine 50, pH 7.4. Thereafter, the heart was removed from

the cannula, the atria trimmed away, and the ventricles chopped
with scissors. Cells were released by trituration through a
pasteur pipette and stored at room temperature.

Isolation of skeletal muscle cells

Skeletal muscle cells were isolated from the ¯exor digitorum

brevis muscle of rat, as previously described (McKillen et al.,
1994). Muscles were dissected and then incubated in
3 mg ml71 collagenase (Sigma, Type 1) dissolved in saline

containing (mM): NaCl 146.3, KCl 4.75, CaCl2 1, Ca2HPO4

0.95, MgCl2 0.5, HEPES 9.5, pH adjusted to 7.4 with NaOH.
Muscles were incubated for 30 min at 48C, followed by 90 min

at 378C. Single cells were isolated in fresh Ca2+ free saline by
trituration through a ®re polished pasteur pipette.

Electrophysiology of smooth and cardiac muscle cells

Whole cellKATP currentswere recorded from single vascular and
cardiac myocytes using the patch clamp technique (Hammill et

al., 1981). The pipette (intracellular) solution contained (mM):
KCl 107, KOH 33, EGTA 10, MgCl2 1, HEPES 10, pH 7.2.
Na2ATP (0.1 mM) and NaADP (0.1 mM) were added to this

pipette solution on the day of the experiment, and the pH
readjusted to 7.2 with KOH. Seals were formed, and whole cell
recordings established, in an extracellular solution containing

(mM): NaCl 134, KCl 6,MgCl2 1, CaCl2 0.1, HEPES 10, glucose
10, pH adjusted to 7.4 with NaOH. In some experiments after
obtaining the whole cell con®guration the extracellular solution
was changed to one containing (mM): KCl 140, MgCl2 1, CaCl2
0.1, HEPES 10, glucose 10, pH adjusted to 7.4 with NaOH.
Current recordings were ®ltered at 2 or 5 kHz.

Electrophysiology of skeletal muscle cells

Membrane currents were recorded by two microelectrode

voltage clamp of single skeletal muscle ®bres using an NPI
Turbo-TEC 10C ampli®er, ®ltered at 1 kHz, and recorded
directly onto a computer at 3 kHz, as previously described

(Barrett-Jolley & McPherson, 1998). The extracellular solution
used to record currents contained (mM): Na2SO4 77, Na2HPO4

1, K gluconate 40, MgSO4 1.2, CaSO4 8, HEPES 10, glucose
10, pH adjusted to 7.4 with NaOH. A low chloride solution

was used in order to minimise the chloride conductance, which
is the dominant resting conductance in these cells.

Data analysis

Currents were analysed with pCLAMP6 (Axon Instruments,

Foster City, CA, U.S.A.) or custom written software. Due to
the slow time course of action of U-37883A (Figures 2 and 3),
only one or two concentrations of the compound were
generally tested on any single cell. Steady state inhibition was
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measured at the end of each period of U-37883A application.
Glibenclamide was added at the end of the experiment and the
extent of inhibition was calculated as the fraction of the 10 mM
glibenclamide-sensitive current blocked by U-37883A. The
10 mM glibenclamide-sensitive current is equivalent to the KATP

current in these cells (Quayle et al., 1995; Kubo et al., 1997;
Barrett-Jolley & McPherson, 1998). Concentration-e�ect data

were analysed and ®tted using a non-linear curve ®tting
algorithm in Jandel SigmaPlot to estimate the half inhibition
constant (Ki) using Equation 1:

IU37883A

ICON
� 1�

1� �U37883A�
Ki

� �n� �1�

where ICON is the 10 mM glibenclamide-sensitive current in the
absence of U-37883A, IU37883A is the 10 mM glibenclamide-
sensitive current in the presence of U-37883A, [U37883A] is

the U-37883A concentration, and n is the slope factor.

Solutions, chemicals, drugs

Experiments were conducted at room temperature, and
compounds were applied to the cell by perfusing the

experimental chamber. Chemicals and drugs were obtained
from Sigma, unless otherwise stated. Pinacidil was obtained
from RBI. Levcromakalim was provided by Smith Kline

Beecham, and U-37883A by Pharmacia and Upjohn Company.
Levcromakalim and pinacidil were prepared as 10 or 100 mM

stock solutions in DMSO, and U-37883A was prepared as a
10 mM stock solution in water.

Results

U-37883A inhibits levcromakalim-induced relaxations of
rat mesenteric artery

Levcromakalim relaxes mesenteric arteries by activating KATP

channels (e.g. Ohrnberger et al., 1993; Quayle et al., 1997). U-
37883A is a putative KATP channel blocker, and, consistent

with this, it reversed 1 mM levcromakalim-induced relaxations
of rat mesenteric arteries mounted in a myograph (Figure 1a).
U-37883A caused 50% reversal (the IC50) at a concentration

around 1 mM (Figure 1b). These experiments suggest that U-
37883A inhibits KATP channels activated by levcromakalim, so
antagonizing relaxations.

KATP currents in mesenteric artery myocytes

KATP currents were recorded from single smooth muscle
cells isolated from rat mesenteric artery (Kubo et al.,
1997). A holding potential of 760 mV was used, and the
cell was dialyzedwith a pipette solution including 0.1 mMATP

and 0.1 mMADPand 10 mMEGTA.These conditions facilitate
recording of KATP currents and minimize currents through
voltage-dependent potassium channels and calcium-activated

potassium channels. As illustrated in Figure 2, increasing the
extracellular [K+] from 6 ± 140 mM, and therefore the driving
force on K+ from an outward to an inward direction, led to

development of an inward current. In a sample of 17 cells,
membrane current increased from 712.5+2.5 pA in 6 mM

[K+]o, to 782.6+17.4 pA in 140 mM [K+]o. Exposure of the

cell to 10 mM levcromakalim further enhanced current to
7216.3+23.5 pA. Both resting and levcromakalim-induced
currents are primarily through KATP channels in these cells (e.g.
Russell et al., 1992; Beech et al., 1993; Quayle et al., 1995; Kubo

et al., 1997). For instance, membrane current fell to
729.5+4.9 pA in the presence of 10 mM glibenclamide.
Furthermore, previous studies have shown that these currents

show little voltage-dependence, and are blocked by increasing
the intracellular ATP concentration (Russell et al., 1992; Beech
et al., 1993; Quayle et al., 1995; Kubo et al., 1997).

U-37883A inhibits levcromakalim-induced KATP currents
in rat mesenteric artery

Initial patch clamp experiments with U-37883A were designed
to investigate whether the observed inhibition of levcromaka-
lim-induced relaxations by this compound could be explained by

inhibition of KATP currents. As illustrated in Figure 2a, U-
37883A inhibited KATP currents activated by levcromaklim in
rat mesenteric artery myocytes. In six cells exposed to 10 mM
levcromakalim, 10 mM U-37883A reduced glibenclamide-sensi-
tive currents from 7233.0+43.1 to759.2+17.9 pA.

We next sought to examine the concentration-dependence

of action of U-37883A. Due to the relatively slow time course
of action of the compound (Figure 2a), only one or two
concentrations were tested on any individual cell. The
fractional inhibition of 10 mM levcromakalim-induced KATP

current by U-37883A (0.1 ± 10 mM) is summarized in Figure 2b.
The half inhibition constant for U-37883A (3.5 mM) is
comparable to that determined from reversal of levcromakalim

relaxations (1.1 mM, Figure 1b).

Figure 1 U-37883A antagonizes levcromakalim-induced relaxations
of rat mesenteric artery. (a) Reversal of a dilation to 1 mM
levcromakalim by U-37883A at the concentrations indicated. (b)
Concentration-inhibition curve for U-37883A, obtained from experi-
ments similar to that in (a). Data are the mean+s.e.mean (n=6
arteries). The line was ®tted to the data according to equation 1 in
the text and with a half inhibition constant of 1.1 mM and a
coe�cient of 0.97.

U-37883A inhibition of KATP channels 911G.C. Wellman et al



U-37883A inhibits KATP currents induced by cell dialysis
with solutions containing 0.1 mM ATP and ADP

The functional and electrophysiological data described above
are consistent with inhibition of levcromakalim-induced KATP

currents by U-37883A. Previous studies have provided evidence

that U-37883A acts at a separate site from levcromakalim, for
instance it is not a competitive antagonist of levcromakalim
binding (Meisheri et al., 1995).However, it is not knownwhether

U-37883A inhibits KATP currents only after they have been
activated by synthetic K+ channel openers. To address this
issue, we have examined the e�ects of U-37883A on basal KATP

currents induced by cell dialysis with a pipette solution
containing low (0.1 mM) levels of ATP and ADP (Figure 3a).
U-37883A (10 mM) inhibited these basal glibenclamide-sensitive
KATP currents from799.0+38.6 pA to728.4+11.3 pA (n=5

cells). Themean percentage inhibition of basalKATP current was
not signi®cantly di�erent to that seen in the presence of 10 mM
levcromakalim (68.4+5.7% vs 73.9+5.5%, respectively,

P=0.51, Figure 3b).

E�ect of U-37883A on KATP currents in cardiac and
skeletal muscle

It has been suggested that U-37883A may inhibit KATP

channels in vascular smooth muscle cells more e�ectively than
in pancreatic b-cells (Guillemare et al., 1994a). We have

investigated the tissue selectivity of U-37883A directly by
comparing the actions of this compound on KATP currents
recorded from rat vascular, skeletal and cardiac myocytes. In
this series of experiments, currents were activated by the KATP

channel opener pinacidil (Quayle et al., 1995). A concentration
of 100 mM was used as KATP channels are less sensitive to
openers in cardiac and skeletal muscle cells than in the

vasculature (Quayle et al., 1997; Barrett-Jolley & McPherson,
1998). The extracellular potassium concentration was 6 mM

for experiments on cardiac and smooth muscle, and 40 mM for

those on skeletal muscle. The holding potential was 0 mV in all
cases, and currents are therefore in the outward direction.
KATP currents in cardiac and skeletal muscle cells were less

sensitive to inhibition by U-37883A than in arterial smooth
muscle (Figure 4). For example, 10 mM inhibited the
glibenclamide-sensitive current activated by 100 mM pinacidil
by 89.8+1.8% (n=6) in vascular myocytes. In contrast, this

concentration of U-37883A caused little change in cardiac
muscle or skeletal muscle myocytes. The percentage inhibition
of KATP current by 10 mM U-37883A in cardiac, skeletal and

vascular smooth muscle cells is shown in Figure 5. A higher

Figure 3 Inhibition of KATP currents by U-37883A in the absence of
levcromakalim. (a) E�ect of 10 mM U-37883A on the KATP current in
a mesenteric artery cell induced by dialysis with a pipette solution
containing 0.1 mM ATP and 0.1 mM ADP. The holding potential was
760 mV. The dashed line indicates the zero current level. (b) Mean
inhibition caused by 10 mM U-37883A in the absence and presence of
10 mM levcromakalim.

Figure 2 U-37883A inhibits KATP currents in smooth muscle cells.
(a) Recording of KATP current in a myocyte isolated from rat
mesenteric artery. The membrane potential was 760 mV. The
extracellular solution was changed from one containing 6 mM K+

to a 140 mM K+ solution at the arrow. The pipette solution
contained 140 mM K+ and 0.1 mM ATP and ADP. Levcromakalim,
U-37883A and glibenclamide were present in the extracellular
solution where indicated. The dashed line indicates the zero current
level. (b) Concentration-e�ect curve for U-37883A inhibition of
10 mM levcromakalim-induced KATP currents. The line is ®tted to
equation 1 of the text with a Ki of 3.52 mM and a coe�cient of 0.85.
Data are the mean of 3 ± 7 observations and are plotted+s.e.mean.
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concentration of U-37883A (100 mM) produced modest
inhibition of KATP current in cardiac muscle (38.4%, n=2)

and skeletal muscle (25.8+2.8%, n=4).

E�ect of U-37883A on voltage-activated and inward
recti®er potassium channels in arterial smooth muscle
cells.

We also tested whether U-37883A inhibited voltage-activated
potassium channels or inward recti®er potassium channels in
smooth muscle. Whole cell KV currents were recorded in
myocytes from rat mesenteric artery in a physiological

potassium gradient (6 mM [K+]o, 140 mM [K+]i) and with

10 mM glibenclamide in the extracellular solution to inhibit
KATP channels. The holding potential was 770 mV and
depolarizing test steps were applied between 765 and

+60 mV in 5 mV increments. Figure 6 illustrates that 10 mM
U-37883A had little e�ect on KV currents, although some
inhibition was apparent at higher concentrations of the
compound. The peak whole cell currents for this cell in the

presence or absence of U-37883A are plotted against voltage in
Figure 6b. The mean percentage inhibition of KV current by
10, 30 and 100 mM U-37883A at a test potential of +40 mV is

shown in Figure 6c. The peak current induced by a
depolarizing voltage step from 770 mV to +40 mV was
316.0+51.1 pA in control conditions, and 292.1+46.1 pA in

the presence of 10 mM U-37883A (n=4 cells).
Inward recti®er potassium channels are present at low

density in large mesenteric arteries in the rat (see Figures 2 and

3 and Kubo et al., 1997; Quayle et al., 1997). Recordings of
KIR current were therefore made in cells from the septal
coronary artery (Quayle et al., 1996; Robertson et al., 1996).
Currents were recorded at 760 mV in symmetrical 140 mM

K+ containing solutions, and in the presence of 10 mM
glibenclamide to inhibit KATP currents (Quayle et al., 1996).
As with vascular KV currents, a modest decrease in KIR

currents occurred at higher concentrations of U-37883A. In
four cells the 50 mM barium-sensitive current at 760 mV,
which is equivalent to the KIR current (Quayle et al., 1996;

Robertson et al., 1996), changed from 7146.7+36.9 pA in
control, to 7143.0+42.5 pA, 7121.0+48.7 pA, and
7106.7+45.9 pA in the presence of 10, 30 and 100 mM U-

37883A, respectively. The fraction of KIR current remaining in
the presence of compound was 1.006+0.008 (n=8),
0.77+0.008 (n=6), and 0.63+0.013 (n=4), with 10, 30 and
100 mM U-37883A.

Discussion

This paper shows that the compound U-37883A is a selective
inhibitor of vascular KATP channels. Whole cell KATP currents

in smooth muscle cells from rat mesenteric artery were
inhibited by U-37883A, with a Ki of 3.5 mM. In contrast, U-
37883A caused little inhibition of KATP currents in skeletal and
cardiac myocytes at a concentration of 10 mM. U-37883A did

inhibit KV and KIR currents in smooth muscle cells to some
extent, although this was only apparent at higher concentra-
tions of the compound (100 mM). Finally, U-37883A appears

well suited to study the functional e�ects of KATP channels in
the vasculature, as it reversed levcromakalim-induced relaxa-
tions at concentrations that selectively inhibit vascular KATP

channels.

Selectivity of U-37883A for vascular KATP channels

U-37883A is a more potent inhibitor of KATP channels in the
vasculature than in skeletal and cardiac muscle (Figures 4 and
5). U-37883A also has little e�ect on KATP currents in the

insulinoma-derived RINm5F cell line (Guillemare et al.,
1994a). However, the compound does block some non-
vascular KATP channels. Follicular cells surrounding Xenopus

oocytes possess KATP channels which are inhibited by U-
37883A with a Ki of 0.26 mM (Guillemare et al., 1994a). KATP

channels in these follicular cells have other similarities to

vascular channels (Guillemare et al., 1994b). For instance,
KATP channels in both cell types share similar sensitivities to
synthetic potassium channel openers, and both are activated
by receptors positively coupled to cyclic AMP-dependent

Figure 4 Inhibition of KATP channels in vascular, cardiac and
skeletal muscle cells by U-37883A. The holding potential was 0 mV
and the [K+]o was 6 mM for vascular and cardiac cells, and 40 mM

for skeletal muscle cells. Vascular and cardiac KATP currents were
recorded by whole cell patch clamp, and cells were dialyzed with a
pipette solution containing 100 mM ATP and 100 mM ADP. Currents
in skeletal muscle cells were recorded by two microelectrode voltage
clamp, and cells were therefore undialyzed. In all cases currents were
induced by 100 mM pinacidil, and U-37883A added at the
concentrations indicated in the ®gure. The dashed lines indicates
the zero current levels.

Figure 5 Selectivity of inhibition of vascular KATP channels by U-
37883A. The ®gure shows the mean inhibition of 100 mM pinacidil-
induced current by 10 mM U-37883A in experiments such as those
illustrated in Figure 4. Data are the mean of six cells for vascular,
and four cells for cardiac and skeletal muscle.
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protein kinase (Guillemare et al., 1994b; Wellman et al., 1998).

KATP channels in kidney tubules are also inhibited by U-
37883A, although half inhibition occurs at the higher
concentration of around 50 mM (Wang et al., 1995).

Use of U-37883A in studies on intact tissue

U-37883A causes half inhibition of levcromakalim-induced
relaxations of rat mesenteric arteries at around 1 mM (Figure
1). Meisheri and colleagues (1995) have previously shown that

U-37883A inhibits the relaxations to several KATP channel
openers in rabbit mesenteric artery at concentrations between
0.78 and 1.4 mM. Our data showing half inhibition of KATP

currents in isolated vascular myocytes at around 3 mM suggests

that U-37883A is acting as a KATP channel inhibitor in these

intact tissue experiments, and supports the previous use of this

compound as a KATP channel inhibitor in functional studies
(Meisheri et al., 1993; Ohrnberger et al., 1993; Smith et al.,
1994; Minkes et al., 1995; de Witt et al., 1996). For instance, in

the cat pulmonary circulation, U-37883A blocked the
vasodilation to the KATP channel openers levcromakalim and
pinacidil (Minkes et al., 1995). U-37883A also reduced reactive

hyperaemia, which is thought to result partially from KATP

channel activation, in the cat hindquarters vascular bed
(Minkes et al., 1995; de Witt et al., 1996). Higher

concentrations of U-37883A (50 mM) do have nonvascular
e�ects, reducing cardiac contractile force and conduction time
(Humphrey et al., 1996). This may re¯ect inhibition of
channels other than vascular KATP channels by U-37883A, as

seen in this study (e.g. Figure 6).

Figure 6 Inhibition of KV currents in rat mesenteric artery by U-37883A. (a) A family of whole cell currents recorded in response
to voltage steps from a holding potential of 770 mV to a test potential of between 730 and +60 mV, in 10 mV increments.
Records are shown in the absence (control) and in the presence of 30 and 100 mM U-37883A. (b) Mean peak current-voltage
relationships for the cell illustrated. (c) Percentage inhibition of peak KV current recorded in response to a step from 770 mV to
+40 mV in the presence of 10, 30 and 100 mM U-37883A for four cells.
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Glibenclamide has been more widely used to study the
functional role of KATP channels in smooth muscle (Quayle et
al., 1997). Reversal of a particular e�ect (e.g. relaxation,

membrane potential hyperpolarization) by glibenclamide has
been used to implicate KATP channel involvement in many
responses. This appears well founded, and molecular studies
have shown that the sulphonylurea receptor is an integral

component of the KATP channel, along with an inward recti®er
potassium channel (Inagaki et al., 1995). However, sulphony-
lureas in¯uence several other cellular processes, including the

Na/K ATPase and chloride channels, and the sulphonylurea
receptor may be able to couple to potassium channels other
than the KATP channel (AÈ mmaÈ laÈ et al., 1996; Quayle et al.,

1997). It is therefore advantageous to have other KATP channel
blockers to support the use of glibenclamide. U-37883A
appears well suited to this. Indeed, the vascular selectivity of

U-37883A demonstrated in this study means it may have
signi®cant advantages in studies of the circulation of cardiac
and skeletal muscle, where vascular and non-vascular e�ects of
KATP channel inhibitors may need to be distinguished. In

contrast, glibenclamide shows little selectivity between KATP

channels in these di�erent muscle types (Quayle et al., 1997;
Barrett-Jolley & McPherson, 1998).

Site of action of U-37883A

The pharmacological properties of KATP channels depend on
the cell type. For instance, the channel in b-cells is more
sensitive to inhibition by sulphonylureas, while vascular KATP

channels are more sensitive to activation by potassium
channels openers. Studies on cloned KATP channels have
provided evidence that the pharmacological pro®le of KATP

channels in a particular tissue re¯ects the expression pattern of
di�erent channel isoforms (Inagaki et al., 1995; 1996; Yamada
et al., 1997; Aguilar Bryan et al., 1998). The KATP channel is a

hetero-oligomer composed of the sulphonylurea receptor
(SUR) protein and an inward recti®er potassium channel
subunit (Kir 6), with four of each subunit forming each
channel (Clement et al., 1997). There are at least two isoforms

of both sulphonylurea receptor (SUR1, SUR2) and Kir 6 (Kir
6.1, Kir 6.2) (Aguilar-Bryan et al., 1998; Babenko et al., 1998).
There are also at least two important forms of SUR2 (SUR2A,

SUR2B), formed by alternate splicing of mRNA (Aguilar-
Bryan et al., 1998; Babenko et al., 1998). The distribution and
the electrophysiological properties of the di�erent clones

suggests that the cardiac and skeletal muscle KATP channel is
composed of Kir 6.2 and SUR2A (Inagaki et al., 1995; 1996;
Aguilar Bryan et al., 1998; Babenko et al., 1998). The identity

of the smooth muscle KATP channel is less certain, although the
pharmacology of smooth muscle KATP channels corresponds
closely to that of cloned channels which contain SUR2B
(Yamada et al., 1997; Aguilar Bryan et al., 1998). It has been

proposed by Babenko et al. (1998) that Kir 6.1/SUR2B and
Kir6.2/SUR2B may underlie two di�erent forms of KATP

channel previously identi®ed in smooth muscle (Beech et al.,

1993; Zhang & Bolton, 1996). U-37883A may be useful in
further de®ning the molecular basis of di�erent KATP channels
found in the vasculature.
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the manuscript, and Dr Kaushik Meisheri of Upjohn & Pharmacia
Company for supplying U-37883A. This work was supported by the
Medical Research Council and the Wellcome Trust.

References

AGUILAR-BRYAN, L., CLEMENT, J.P., GONZALEZ, G., KUNJIL-

WAR, K., BABENKO, A. & BRYAN, J. (1998). Towards under-
standing the assembly and structure of KATP channels. Physiol.
Rev., 78, 227 ± 245.

AÈ MMAÈ LAÈ , C., MOORHOUSE, A., GRIBBLE, F., ASHFIELD, R.,

PROKS, P., SMITH, P.A., SAKURA, H., COLES, B., ASHCROFT,

S.J.H. & ASHCROFT, F.M. (1996). Promiscuous coupling between
the sulphoylurea receptor and inwardly rectifying potassium
channels. Nature, 379, 545 ± 548.

ASHCROFT, F.M. & GRIBBLE, F.M. (1998). Correlating structure and
function in ATP-sensitive K+ channels. Trends Neuro., 21, 288 ±
294.

BABENKO, A.P., AGUILAR-BRYAN, L. & BRYAN, J. (1998). A view of
SUR/KIR 6.X, KATP channels. Ann. Rev. Physiol., 60, 667 ± 687.

BARRETT-JOLLEY, R. &MCPHERSON, G.A. (1998). Characterization
of KATP channels in intact mammalian skeletal muscle ®bres. Br.
J. Pharmacol., 123, 1103 ± 1110.

BEECH, D.J., ZHANG, H., NAKAO, K. & BOLTON, T.B. (1993). Single
channel and whole cell K-currents evoked by levcromaklim in
smooth muscle cells from rabbit portal vein. Br. J. Pharmacol.,
110, 583 ± 590.

CLEMENT, J.P., KUNJILWAR, K., GONZALEZ, G., SCHWANSTE-

CHER, M., PANTEN, U., AGUILAR-BRYAN, L. & BRYAN, J.

(1997). Association and stoichiometry of KATP channel subunits.
Neuron, 18, 827 ± 838.

COCKS, T.M., KING, S.J. & ANGUS, J.A. (1990). Glibenclamide is a
competitive antagonist of thromboxane A2 receptor in dog
coronary artery in vitro. Br. J. Pharmacol., 100, 375 ± 378.

DE WITT, B.J., CHENG, D.Y., MCMAHON, T.J., MARRONE, J.R.,

CHAMPION, H.C. & KADOWITZ, P.J. (1996). E�ects of U37883A,
a vascular selective KATP channel antagonist, in the pulmonary
and hindlimb circulation. Am. J. Physiol., 271, L924 ± L931.

GUILLEMARE, E., HONORE, E., DE WEILLE, J., FOSSET, M.,

LAZDUNSKI, M. & MEISHERI, K. (1994a). Functional receptors
in Xenopus oocytes for U-37883A, a novel ATP-sensitive K+

channel blocker: comparison with rat insulinoma cells. Mol.
Pharmacol., 46, 139 ± 145.

GUILLEMARE, E., LAZDUNSKI, M. & HONORE, E. (1994b). CGRP-
induced activation of KATP channels in follicular Xenopus
oocytes. P¯uÈgers Arch., 428, 604 ± 609.

HAMMILL, O.P., MARTY, A., NEHER, E., SAKMANN, B. & SIG-

WORTH, F.J. (1981). Improved patch clamp techniques for high-
resolution current recording from cells and cell-free membrane
patches. P¯uÈgers Arch., 391, 85 ± 100.

HUMPHREY, S.J., SMITH, M.P., CIMINI, M.G., BUCHANAN, L.V.,

GIBSON, J.K., KHAN, S.A. & MEISHERI, K.D. (1996). Cardiovas-
cular e�ects of the KATP channel blocker U-37883A and
structurally related morpholinoguanidines. Meth. Findings Exp.
Clin. Pharmacol., 18, 247 ± 260.

INAGAKI, N., GONOI, T., CLEMENT, J.P., NAMBA, N., INAZAWA, J.,

GONZALEZ, G., AGUILAR-BRYAN, L., SEINO, S. & BRYAN, J.

(1995). Reconstitution of IKATP: an inward recti®er subunit plus
the sulfonylurea receptor. Science, 270, 1166 ± 1170.

INAGAKI, N., GONOI, T., CLEMENT, J.P., WANG, C.Z., AGUILAR-

BRYAN, L., BRYAN, J. & SEINO, S. (1996). A family of
sulfonylurea receptors determines the pharmacological proper-
ties of ATP-sensitive K+ channels. Neuron, 16, 1011 ± 1017.

KUBO, M., QUAYLE, J.M. & STANDEN, N.B. (1997). Angiotensin II
inhibition of ATP-sensitive K+ currents in rat arterial smooth
muscle cells through protein kinase C. J. Physiol., 503, 489 ± 496.

LANGTON, P.D., FARLEY, R. & EVERITT, D.E. (1996). Neomycin
inhibits K+-induced force and Ca2+ channel current in rat
arterial smooth muscle. P¯uÈgers Arch., 433, 188 ± 193.

MCKILLEN, H.C., DAVIES, N.W., STANFIELD, P.R. & STANDEN, N.B.

(1994). The e�ect of intracellular anions on ATP-dependent
potassium channels of rat skeletal muscle. J. Physiol., 479, 341 ±
351.

MEISHERI, K.D., FOSSET, M., HUMPHREY, S. & LAZDUNSKI, M.

(1995). Receptor binding characterization in kidney membrane
of [3H]U-37883A, a novel ATP-sensitive K+ channel blocker
with diuretic/natriuretic properties. Mol. Pharmacol., 47, 155 ±
163.

U-37883A inhibition of KATP channels 915G.C. Wellman et al



MEISHERI, K.D., HUMPHREY, S.J., KHAN, S.A., CIPKUS-DUBRAY,

L.A., SMITH, M.P. & JONES, A.W. (1993). 4-morpho-
linecarboximidine-N-1-adamantyl - N' - cyclohexylhydrochloride
(U-37883A): Pharmacological characterization of a novel
antagonist of vascular ATP-sensitive K+ channel openers. J.
Pharmacol. Exp. Therap., 266, 655 ± 665.

MINKES, R.K., SANTIAGO, J.A., MCMAHON, T.J. & KADOWITZ, P.J.

(1995). Role of KATP channels and EDRF in reactive hyperemia
in the hindquarters vascular bed of cats. Am. J. Physiol., 269,
H1704 ±H1712.

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, 717 ± 726.

OHRNBERGER, C.E., KHAN, S.A. & MEISHERI, K.D. (1993).
Synergistic e�ects of glyburide and U-37883A, two structurally
di�erent ATP-sensitive potassium channel antagonists. J.
Pharmacol. Exp. Therap., 267, 25 ± 30.

QUAYLE, J.M., BONEV, A.D., BRAYDEN, J.E. & NELSON, M.T.

(1995). Pharmacology of ATP-sensitive K+ currents in smooth
muscle cells from rabbit mesenteric artery. Am. J. Physiol., 269,
C1112 ±C1118.

QUAYLE, J.M., DART, C. & STANDEN, N.B. (1996). The properties
and distribution of inward recti®er potassium currents in pig
coronary arterial smooth muscle. J. Physiol., 494, 715 ± 726.

QUAYLE, J.M., NELSON, M.T. & STANDEN, N.B. (1997). ATP-
sensitive and inwardly rectifying potassium channels in smooth
muscle. Physiol. Rev., 77, 1165 ± 1232.

RIBALET, B., MIRELL, C.J., JOHNSON, D.G. & LEVIN, S.R. (1996).
Sulphonyurea binding to a low-a�nity site inhibits the Na/K
ATPase and the KATP channel in insulin-secreting cells. J. Gen.
Physiol., 107, 231 ± 241.

ROBERTSON, B.E., BONEV, A.D. & NELSON, M.T. (1996). Inward
recti®er K+ currents in smooth muscle cells from rat coronary
arteries: block by Mg2+, Ca2+ and Ba2+. Am. J. Physiol., 40,
H696 ±H705.

RUSSELL, S.N., SMIRNOV, S.V. & AARONSON, P.I. (1992). E�ects of
BRL 38227 on potassium currents in smooth muscle cells isolated
from rabbit portal vein and human mesenteric artery. Br. J.
Pharmacol., 105, 549 ± 556.

SMITH, M.P., HUMPHREY, S.J. & JACKSON, W.F. (1994). Selective in
vivo antagonism of pinacidil-induced hypotension by the
guanidine U37883A in anaesthetized rats. Pharmacology, 49,
363 ± 375.

WANG, T., WANG, W.H., KLEIN-ROBBENHAAR, G. & GIEBISCH, G.

(1995). E�ects of a novel KATP channel blocker on renal tubule
function and K channel activity. J. Pharmacol. Exp. Therap., 273,
1382 ± 1389.

WELLMAN, G.C., QUAYLE, J.M. & STANDEN, N.B. (1998). Calcitonin
gene-related peptide and KATP channel activation in pig coronary
arterial smooth muscle. J. Physiol., 507, 117 ± 129.

YAMADA, M., ISOMOTO, S., MATSUMOTO, S., KONDO, C., SHINDO,

T., HORIO, Y. & KURACHI, Y. (1997). Sulphonylurea receptor 2B
and Kir6.1 form a sulphonylurea-sensitive but ATP-insensitive
K+ channel. J. Physiol., 499, 715 ± 720.

ZHANG, H.L. & BOLTON, T.B. (1996). Two types of ATP-sensitive
potassium channels in rat portal vein smooth muscle cells. Br. J.
Pharmacol., 118, 105 ± 114.

(Received February 26, 1999
Revised June 30, 1999

Accepted August 2, 1999)

U-37883A inhibition of KATP channels916 G.C. Wellman et al


