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1 The ATP-sensitive K+ channel (KATP channel) in A10 cells, a cell line derived from rat thoracic
aorta, was characterized by binding studies with the tritiated KATP channel opener, [

3H]-P1075, and by
electrophysiological techniques.

2 Saturation binding experiments gave a KD value of 9.2+5.2 nM and a binding capacity (BMax) of
140+40 fmol mg71 protein for [3H]-P1075 binding to A10 cells; from the BMax value a density of binding
sites of 5 ± 10 per mm2 plasmalemma was estimated.

3 KATP channel modulators such as the openers P1075, pinacidil, levcromakalim and minoxidil sulphate
and the blocker glibenclamide inhibited [3H]-P1075 binding. The extent of inhibition at saturation
depended on the compound, levcromakalim inhibiting speci®c [3H]-P1075 binding by 85%, minoxidil
sulphate and glibenclamide by 70%. The inhibition constants were similar to those determined in strips
of rat aorta.

4 Resting membrane potential, recorded with microelectrodes, was 751+1 mV. P1075 and
levcromakalim produced a concentration-dependent hyperpolarization by up to 725 mV with EC50

values of 170+40 nM and 870+190 nM, respectively. The hyperpolarization induced by levcromakalim
(3 mM) was completely reversed by glibenclamide with an IC50 value of 86+17 nM.

5 Voltage clamp experiments were performed in the whole cell con®guration under a physiological K+

gradient. Levcromakalim (10 mM) induced a current which reversed around 780 mV; the current-voltage
relationship showed considerable outward recti®cation. Glibenclamide (3 mM) abolished the e�ect of
levcromakalim.

6 Analysis of the noise of the levcromakalim (10 mM)-induced current at 740 and 720 mV yielded
estimates of the channel density, the single channel conductance and the probability of the channel to be
open of 0.14 mm72, 8.8 pS and 0.39, respectively.

7 The experiments showed that A10 cells are endowed with functional KATP channels which resemble
those in vascular tissue; hence, these cells provide an easily accessible source of channels for biochemical
and pharmacological studies. The density of binding sites for [3H]-P1075 was estimated to be one order
of magnitude higher than the density of functional KATP channels; assuming a plasmalemmal localization
of the binding sites this suggests a large receptor reserve for the openers in A10 cells.
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Introduction

KATP channels, a group of K+ channels inhibited by intracel-
lular adenosine 5'-triphosphate (ATP) and opened by nucleo-
side diphosphates like adenosine 5'-diphosphate (ADP) couple
the membrane potential to the metabolic state of the cell (re-
views: Ashcroft & Ashcroft, 1990; Edwards & Weston, 1993;
Quast, 1996a). In many tissues, these channels are opened by
KATP channel openers such as levcromakalim, pinacidil, P1075
and minoxidil sulphate, and blocked by sulphonylureas like
glibenclamide. Functionally, the openers (with the exception of
diazoxide) show the greatest potency in vascular smooth
muscle where they produce hyperpolarization and relaxation
of the tissue (Edwards & Weston, 1993; Quast, 1996b).

Coexpression of tissue speci®c sulphonylurea binding pro-
teins (sulphonylurea receptors, SURs) with certain weakly in-
wardly rectifying K+ channels (Kir) produces channels with the
characteristics of the native KATP channel in the respective
tissue (Inagaki et al., 1995; 1996; Sakura et al., 1995; Isomoto
et al., 1996). Matching the sequences of di�erent SURs, with
the pharmacological properties of the respective KATP chan-
nels, Isomoto et al. (1996) have proposed that the openers may
bind to di�erent sites at the SUR protein. However, this hy-

pothesis has not yet been tested experimentally. Binding stu-
dies with KATP channel modulators in vascular smooth muscle
have been performed in rings of rat aorta with the tritiated
pinacidil analogue, [3H]-P1075 (Bray & Quast, 1992; Quast et
al., 1993) or [3H]-glibenclamide (LoÈ �er & Quast, 1997). These
studies suggest that structurally di�erent KATP channel openers
bind to the same target, but possibly to di�erent sites at this
target, to elicit their e�ects (Bray & Quast, 1992; Quast et al.,
1993). The sulphonylurea, glibenclamide, binds to a site dif-
ferent from and negatively allosterically coupled to the [3H]-
P1075 binding site (Bray & Quast, 1992). Further progress has
been precluded by the lack of opener binding after homoge-
nization of the tissue (Quast et al., 1993) and the di�culty in
homogenizing aortic tissue may be one factor contributing to
this failure. For easy homogenization and reduction of ex-
perimental scatter it would be preferable to perform binding
studies with KATP channel modulators in a homogeneous po-
pulation of isolated cells.

Recently, evidence has been presented that the A10 cell, a
cell line from embryonic rat thoracic aorta (Kimes & Brandt,
1976), is endowed with KATP channels (Holevinski et al.,
1994). Optical measurements indicated that P1075 hyperpo-
larizes these cells in a glibenclamide-sensitive manner and in
voltage-clamp experiments it was observed that P1075 elicits a
current which reverses at 767 mV. In the same cells, P10751Author for correspondence.
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was shown also to block a swelling-activated Cl7 conduc-
tance. This block also hyperpolarizes the cell membrane.
However, this e�ect is not blocked by glibenclamide (Hole-
vinski et al., 1994).

It was the aim of this study to investigate the properties of
the KATP channel in A10 cells and to see whether it had re-
tained the characteristics of a vascular KATP channel. To this
end, binding studies with [3H]-P1075 as the radiolabel, mem-
brane potential measurements and voltage-clamp experiments
were performed. The results show that the channel in A10 cells
resembles the one described in rat aorta and suggest that the
density of binding sites for the openers in the cell line is at least
one order of magnitude higher than the density of functional
KATP channels. Some of the results have been presented in
abstract form to the German Pharmacological Society (Kick-
enweiz et al., 1996; Russ et al., 1997).

Methods

Cell culture

A10 cells were obtained at passage 16 from American Type
Culture Collection (ATCC No. CRL 1476; lot No. 5590,
Rockville, MD, U.S.A.). They were cultured in 10 cm plastic
culture dishes (Primaria, Falcon, Heidelberg, Germany) at
378C in a humidi®ed atmosphere with 95% air and 5% CO2 in
Dulbecco's modi®ed Eagle's medium (DMEM) supplemented
with 20% foetal calf serum and penicillin (100 u ml71)/strep-
tomycin (100 mg ml71). Cells were subcultured every 2 to 4
days at a split ratio of 1:3 to 1:5 by use of trypsin/EDTA
(0.15%/0.06%) and used 3 ± 5 days later when they had
reached a con¯uency of 80 ± 100%; maximum passage number
was 60. The cell number in each culture dish was determined
by counting the cells in representative areas of de®ned size. For
electrophysiological measurements cells were seeded in small
Primaria culture dishes (diam. 3.5 cm), sometimes supplied
with a glass cover slip.

Binding experiments

For saturation experiments, 0.8 to 1.2 million cells were in-
cubated in their culture dishes (55 cm2 in surface) with 2 ml
DMEM containing [3H]-P1075 (0.5 ± 20 nM) for 60 min at
378C; determination of nonspeci®c binding was done in the
presence of 10 mM unlabelled P1075. Aliquots of 50 ml were
removed for the determination of total radioactivity. Incuba-
tion was stopped by removal of the incubation medium and
exposing the cells to 10 ml of an ice-cold quench solution
(50 mM Tris, 154 mM NaCl, pH 7.4) for 90 s. After a further
short wash cells were broken by addition of 1.5 ml of 10 mM

ice-cold HEPES (pH 7.4) and scraped o�. Three samples of
0.45 ml were transferred from each culture dish into scintilla-
tion vials and supplemented with 3 ml of scintillant (Ultima
gold, Packard, Groningen, NL) and counted for 3H with an
e�ciency of 0.5. From each dish, 50 ml were taken to determine
the cell protein content according to the method of Lowry
(Lowry et al., 1951) with bovine serum albumin as standard. In
the concentration range from 0.5 to 5 mM, [3H]-P1075 was used
in undiluted form, for higher concentrations it was diluted 1:10
with unlabelled P1075.

Nonspeci®c binding (BNS) was proportional to the free label
concentration, L, and was ®tted to the equation, BNS=a * L,
where a is a proportional constant. Total binding (BTot) was
then analysed as the superposition of speci®c+nonspeci®c
binding and was ®tted to the equation

BTot � BMax6L6�L� KD�
71

� a6L�1�

to estimate the values of the equilibrium dissociation constant
(KD) and the maximum concentration of binding sites (BMax,
fmol mg71 protein) by the method of least squares.

Inhibition of [3H]-P1075 binding was studied in the presence
of [3H]-P1075 (0.55 nM) and the inhibitor (I) of interest as

described above. Bs in the presence of inhibitor I was nor-
malized to % of Bs in the absence of I and ®tted to the Law of
Mass Action,

BS � 1007A6I6�I� IC50�
71

;�2�

in order to obtain estimates for the midpoint (concentration of
50% inhibition, IC50) and the degree of inhibition at saturation
(A, in % Bs) of the inhibition curve. Since the label concen-
tration, L=0.55 nM, was much smaller than the IC50 value for
P1075 (=14 nM), the IC50 values for the inhibitors can be
equated with their inhibition constant Ki (Cheng-Pruso�
equation; Tallarida, 1995).

Membrane potential measurements

Membrane potential was measured with microelectrodes. A
recording chamber (diam. 1.3 cm) was inserted into the culture
dish and continuously perfused with a bu�er containing (in
mM): NaCl 115, KCl 5, MgCl2 1, NaH2PO4 2, NaHCO3 24,
CaCl2 1.3, glucose 5 and gassed with 95% O2/5% CO2 in order
to maintain a pH of 7.4 at 378C. The bath perfusion system
allowed for a solution change within less than 1 min. Micro-
electrodes were drawn from ®lament borosilicate glass capil-
laries (GC 150F-15, Clark Electromedical Instruments,
Pangbourne, U.K.) on a horizontal microelectrode puller
(Zeitz, Augsburg, Germany) and ®lled with 1 M KCl solution;
electrode resistance was 90 ± 130 MO. Cells at the edge of an
agglomeration were impaled from the side with a piezomani-
pulator (PM20N, Frankenberger, Gilching, Germany). The
microelectrode was connected to an ampli®er (Duo 773, World
Precision Instruments, Hamden, CT, U.S.A.) and the time
course of the voltage was continuously recorded on a chart
recorder. Concentration-response curves were established ei-
ther cumulatively or by a protocol in which each drug appli-
cation was followed by a wash period which allowed
membrane potential to return to the control value.

Patch clamp experiments

The patch-clamp technique was used in the whole-cell con®g-
uration as described by Hamill et al. (1981). The bath solution
was (in mM): NaCl 139, KCl 5, MgCl2 1.2, CaCl2 1.2, HEPES 5,
glucose 11, gassed with 95%O2/5%CO2 titrated to pH 7.4 with
NaOH at 378C. Patch-pipettes were pulled from ®lament bor-
osilicate glass capillaries as described above and heat polished.
After ®lling with (in mM) K-glutamate 100, KCl 35, NaCl 10,
MgCl2 1.5, HEPES 10, EGTA 10, Na2ATP 0.5, titrated to pH
7.2 with KOH, they had a resistance of 3 ± 5 MO. Series re-
sistance (5 to 12 MO) and cell capacitance (60 ± 180 pF) were
compensated (series resistance by 70%) with the compensation
circuit of the EPC9 patch-clamp ampli®er (HEKA, Lambrecht,
Germany). Signals were ®ltered at 5 kHz by use of the 4-pole
Bessel ®lter of the EPC9 ampli®er; data recording and analysis
were performed with the `E9 Screen' and `M2 Lab Analysis'
software (HEKA, Lambrecht, Germany).

Since cells with contact to neighbouring cells could not be
voltage-clamped, isolated cells were chosen for measurement.
Cells tended to depolarize during experiments (40 min); only
experiments were accepted where the resting membrane po-
tential at the end of the experiment was negative to 730 mV.
Capacitance measurements were performed before the start of
each pulse train with the EPC9 ampli®er-system (`Time Do-
main' technique, Gilles, 1995, Sigworth et al., 1995) and gave
constant values during the experiment. Current-voltage (I/V)
relationships were measured by applying voltage steps of
200 ms duration from a holding potential of 750 mV to a
series of test potentials from 7100 mV to 20 mV in 20 mV
increments; alternatively, voltage ramps from 7100 to
+50 mV were applied with a slope of 1.5 V s71. Membrane
conductance was calculated from the current di�erence at760
and740 mV recorded in the last 50 ms of a 200 ms pulse. Cell
size was calculated assuming a speci®c membrane capacitance
of 1 mF cm72 (Hille, 1992).
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For noise analysis, cells were clamped at 740 mV or
720 mV and the LCRK-induced current increase was recor-
ded continuously, ®ltered at 2 kHz with the 4-pole Butter-
worth ®lter of the EPC9 ampli®er and sampled with 5 kHz.
Segments of 250 ms were used for calculation of variance (s2)
and mean current (I); during this time interval, the maximum
changes in I were smaller than 0.16s. For estimation of the
single channel current (i) and the number of channels (N) the
equation.

s
2
� i6I7I

2
6N

71
�Heinemann; 1995��3�

was ®tted to the data. The channel open probability (po) is
given by

po � I6�i6N�
71

�4�

Chemicals

DMEM was purchased from Serva (Heidelberg, Germany),
foetal calf serum from Gibco (Eggenstein, Germany), penicillin
and streptomycin from Boehringer (Mannheim, Germany).
[3H]-P1075 (speci®c activity 107 or 121 Ci mmol71) was from
Amersham Buchler (Braunschweig, Germany) and glibencla-
mide from Sigma (Deisenhofen, Germany). The following
drugs were kind gifts of the pharmaceutical companies given in
parentheses: P1075 ((N-cyano-N'-(1,1-dimethylpropyl)-N''-3-
pyridyl-guanidine) Leo Pharmaceutical, Ballerup, Denmark),
levcromakalim (SmithKline-Beecham, Harlow, U.K.). Min-
oxidil sulphate and pinacidil were synthesized by Dr W.P.
Manley (Sandoz, Basel, Switzerland). The other reagents and
chemicals were from Merck (Darmstadt, Germany).

Statistics

Results are expressed as mean+s.e.mean. Individual binding
experiments were ®tted to the Hill equation and to the Law
of Mass Action according to the method of least squares by
use of the programme Figure P (Biosoft, Cambridge, U.K.).
Statistical comparison of the ®ts according to the `extra sum
of squares principle' and to the `minimum Akaike informa-
tion criterion' as described in Quast & MaÈ hlmann (1982)
indicated that the ®t to Law of Mass Action (eqn. 1) was
superior. Errors in the ®tting parameters were estimated as-
suming that the amplitudes follow a normal and IC50 values
of log-normal distribution. Data from membrane potential
measurements were pooled and concentration-response curves
were heuristically ®tted to a sigmoidal function as given by
the Law of Mass Action; errors in the parameters were es-
timated by use of the univariate approximation (Draper &
Smith, 1981). In calculations involving two mean values with
standard errors, propagation of errors was taken into ac-
count according to Bevington (1969). Statistical signi®cance
of di�erences was assessed by ANOVA followed by an ap-
propriate post hoc test (t test, Dunnett's or Newman-Keuls
test) by use of the Instat programme (Graphpad Software,
San Diego, U.S.A.). Patch-clamp data were not normally
distributed; data are presented as median with the 95%
con®dence interval in parentheses. ANOVA was performed
by the Friedman Nonparametric Repeated Measures test
followed by the Dunn's Multiple Comparisons test by use of
the Instat programme.

Results

Binding experiments

For these experiments (which were performed in culture
dishes), cell at 80 ± 100% con¯uency were used in order to
minimize nonspeci®c binding. Figure 1 illustrates total and
nonspeci®c binding of [3H]-P1075 to A10 cells as a function of
the free label concentration. Speci®c binding (SB), calculated as

the di�erence between total and nonspeci®c binding, is shown
in the inset. The ®t of the data to the Law of Mass Action gave
an equilibrium dissociation constant (KD) of 9.2+5.2 nM and a
binding capacity (BMax) of 140+40 fmol mg71 protein for
speci®c [3H]-P1075 binding to the cells. The protein content of
an A10 cell was determined to 630+40 pg; from this the
number of binding sites per cell was estimated to be
49000+14000.

Figure 2a illustrates the inhibition of speci®c [3H]-P1075
binding by several KATP channel modulators. P1075 inhibited
[3H]-P1075 binding with an IC50 value of 14+1 nM in rea-
sonable agreement with the KD value obtained in the satura-
tion experiments. Pinacidil, another cyanoguanidine, displaced
speci®c [3H]-P1075 binding completely whereas the chemically
unrelated openers, levcromakalim and minoxidil sulphate, and
the KATP channel blocker, glibenclamide, inhibited speci®c
[3H]-P1075 binding by 85 and 70%, respectively (Figure 2a and
Table 1). Inhibition curves were in agreement with the Law of
Mass Action (Figure 2a); the IC50 values derived from these
experiments are listed at pIC50 (=7log IC50) in Table 1.
Comparison of these pIC50 values with those determined pre-
viously in [3H]-P1075 binding assays in rat aortic strips (Bray
& Quast, 1992; Quast et al., 1993) gave a correlation coe�cient
of 0.93 (Figure 2b). The correlation line with a slope not dif-
ferent from unity was shifted rightwards by about 0.5, indi-
cating that, on average, the compounds were about 3 times
weaker in A10 than in rat aortic strips.

Membrane potential measurements

Two to ®ve minutes after impalement of the cells with micro-
electrodes, the recording stabilized for a period of at least
120 min. Resting membrane potential was 751+1 mV
(n=29). Spontaneous action potentials as described by Kimes
& Brandt (1976) and Korbmacher et al. (1989) were observed
in only one experiment out of 29. Figure 3 presents an original
trace illustrating the e�ect of P1075 on membrane potential.
Cumulative application of the opener induced a concentration-
dependent hyperpolarization of the cell. Glibenclamide (1 mM),
applied in the presence of P1075 (1 mM), reversed the hyper-
polarizing e�ect of P1075 completely; after washout of glib-
enclamide by P1075 (1 mM) alone, membrane potential
returned to the value reached before the application of glib-
enclamide (Figure 3). Glibenclamide alone did not a�ect
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Figure 1 Total (BTot) and nonspeci®c (BNS) binding of [3H]-P1075
to A10 cells as a function of the free label concentration. BNS
increased linearly with the free label concentration with a slope of
10.4+0.3 fmol mg71 nM71. BTot as the superposition of speci®c
binding (Bs)+BNS was ®tted to equation (1) and gave for Bs a KD

value of 9.2+5.2 nM and a binding capacity (Bmax) of
140+40 fmol mg71 protein. Inset: speci®c [3H]-P1075 binding with
the ®t to the Law of Mass action giving the parameters listed above.
Data points in parentheses were not used for evaluation.
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membrane potential (not shown). The concentration-depen-
dent hyperpolarizing e�ect produced by the two KATP channel
openers, P1075 and levcromakalim, is shown in Figure 4. Both
compounds induced the same maximum hyperpolarization
(724+1 mV) with EC50 values of 170+40 nM and
870+190 nM for P1075 and levcromakalim, respectively. The
hyperpolarization induced by levcromakalim (3 mM) was con-
centration-dependently reversed by glibenclamide with an IC50

value of 87+17 nM (Figure 4).

Patch clamp experiments

The currents underlying the hyperpolarizing e�ects of the
openers were investigated in voltage clamp experiments in the
whole cell con®guration. Isolated cells were chosen for
clamping; these cells were ¯at and had a large surface (8761;
7830, 11095 mm2, median with 95% con®dence limits, n=18)
as calculated from cell capacitance. Surprisingly we did not
observe any e�ect of levcromakalim at room temperature
(1 mM, n=4; 10 mM, n=4); hence, further experiments were
conducted at 378C. Figure 5a shows the response of a cell to
voltage steps from 7100 to 20 mV; the data from 18 experi-
ments are summarized in Figure 6. In the region from7100 to
720 mV the current-voltage relationship was approximately
linear with a slope (which represents membrane conductance)
of 0.1 pS mm72 and the current reversed at potentials around
750 mV. In 80% of the cells, application of levcromakalim
(10 mM) increased membrane conductance and shifted the zero
current potential to values negative to 760 mV (Figures 5b
and 6); these e�ects were abolished by addition of glibencla-
mide (3 mM) in the continued presence of levcromakalim
(Figure 5c and Figure 6). The current elicited by levcromaka-
lim and blocked by glibenclamide, IKCO, is shown in Figure 6.
The IKCO-voltage relationship was well ®t by the Goldman-
Hodgkin-Katz equation. This ®t gave a zero current potential
of IKCO of 779 mV in agreement with a K+-selective con-
ductance and a value of 2.4 1077 cm s71 for the levcromaka-
lim-induced increase in membrane K+ permeability; in
addition, IKCO showed the outward recti®cation expected for a
K+ conductance without intrinsic recti®cation under the
physiological K+ gradient. Similar current-voltage relation-
ships were obtained in response to voltage ramps (not illu-
strated).
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Figure 2 Inhibition of speci®c [3H]-P1075 binding to A10 cells by
KATP channel modulators. (a) Concentration-inhibition curves for
the openers P1075, pinacidil (Pin), levcromakalim (LCRK) and
minoxidil sulphate (MXS) and the blocker glibenclamide (GBC).
Speci®c binding (Bs) at [

3H]-P1075=0.55 nM was 2.9+0.1 fmol mg71

protein, corresponding to 48+1% of total binding. Data (as % Bs)
were ®tted to the Law of Mass Action; the ®tting parameters are
listed in Table 1. (b) Comparison of the pIC50 (=7log IC50) values
from [3H]-P1075 binding assays in A10 cells with those determined
previously in rat aortic rings (Bray & Quast, 1992). Correlation
analysis gave a slope of 1.1+0.3 and an ordinate intercept of
71.4+2.0 with a correlation coe�cient of 0.93 (solid line); the
broken line is the line of identity.

Table 1 Inhibition of speci®c [3H]-P1075 binding to A10
cells by KATP channel modulators1

Substance pIC50
2 A3

P1075
Levcromakalim
Pinacidil
Minoxidil sulphate
Glibenclamide

7.85+0.03
7.21+0.04
7.19+0.06
6.97+0.06
5.35+0.05

100
85+1*
94+2
70+2***
71+2***

1The parameters describing the inhibition curves were
obtained from the ®t of the data in Figure 2a to equation
(1). 2pIC50=7log IC50 (M), where IC50 is the midpoint of
the inhibition curve. 3A is the maximum extent of inhibition
as % of speci®c binding. *P<0.05; ***P<0.001 compared
to control (ANOVA followed by Newman-Keuls test).
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Figure 3 Original trace illustrating the e�ects of P1075 and
glibenclamide on the membrane potential of an A10 cell. Resting
membrane potential was 748 mV; drugs were applied as indicated
by the bar. Superfusion of glibenclamide (GBC, 1 mM) in the presence
of P1075 (1 mM) abolished the hyperpolarizing e�ect of P1075 alone;
the inhibition by glibenclamide was reversed by wash out with P1075.
The relatively small maximum hyperpolarizing e�ect of P1075
(715 mV at 1 mM) was due to the cumulative application of the
opener.
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From the voltage steps to 760 mV and 740 mV, mem-
brane conductance under control conditions was calculated to
be 0.12 (0.10, 0.17; n=18) pS mm72 (median with 95% con®-
dence limits in parentheses). Addition of the opener increased
this value three fold (0.38; 0.33, 0.62); from the original cur-
rents one then calculates the opener-induced conductance to
0.23 (0.12, 0.43) pS mm72. The e�ects of both levcromakalim
and glibenclamide were completely reversible upon washout of
the drugs (not shown).

Orientating experiments in the cell attached con®guration
suggested that the KATP channel density in A10 cells was low.
Therefore noise analysis was performed to estimate the single
channel current (i) and the number of channels (N) in the

plasmamembrane underlying IKCO at 720 and 740 mV. The
data from a cell clamped at 720 mV and superfused with
10 mM levcromakalim are illustrated in Figure 7; in this ex-
periment (cell capacitance: 45 pS corresponding 4500 mm2 cell
surface), noise analysis gave i=0.20+0.01 pA and
N=2365+522. The slight decrease of the current in the con-
tinued presence of 10 mM LCRK, as visible in Figure 7a, was
seen frequently. The median values (con®dence intervals and
number of experiments, n, in parentheses) in this series of ex-
periments were i=0.32 (0.21, 0.40; n=6) pA at 720 mV and
i=0.15 (0.03, 0.29; n=4) pA at 740 mV; N was 1164 (203,
3665; n=10). From these values it was calculated that the
channel has a conductance of 8.8 pS in this voltage range at
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Figure 4 Concentration-dependent hyperpolarizing e�ects of P1075
and levcromakalim (LCRK) and reversal by glibenclamide (GBC).
Superfusion of P1075 (n=4± 9 per concentration) and levcromakalim
(n=5± 7) produced a concentration-dependent hyperpolarization
with a maximum e�ect of 724+1 mV and EC50 values of
170+40 nM and 870+190 nM for P1075 and levcromakalim,
respectively. For the glibenclamide experiments, the cells were
hyperpolarized from 751+1 mV to 766+2 mV by superfusion of
levcromakalim (3 mM) (n=5). Glibenclamide reversed the hyperpo-
larizing e�ect of levcromakalim completely with an IC50 value of
86+17 nM. The curves represent heuristic ®ts of the data to the Law
of Mass Action from which the parameters were derived.
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Figure 5 Whole cell currents of an A10 cell. The cell was held at 750 mV and stepped for 200 ms to a series of test potentials
from 7100 mV to 20 mV in 20 mV increments (inset in a). (a) Current under control conditions, (b) in the presence of
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Figure 6 Current-voltage relationships for the median whole cell
currants from 18 A10 cells under control conditions, after application
of levcromakalim (LCRK, 19 mM) and in the presence of
glibenclamide (GBC, 3 mM) plus LCRK (10 mM). The median current
induced by levcromakalim, IKCO, was calculated by subtracting the
original currents in the presence of LCRK+GBC from the currents
in the presence of LCRK alone. The solid curve represents a ®t of the
Goldman-Hodgkin-Katz current equation for a K+ conductance
under the physiological K+ gradient to IKCO, giving a current reverse
at 779 mV and a value of 2.4 1077 cm s71 for the levcromakalim-
induced increase in membrane K+ permeability. Data points are
slightly shifted around the abscissae values for reasons of clarity; the
vertical lines show the 95% con®dence limits. The voltage protocol
was as in Figure 5 and the last 50 ms of the pulses were used for
calculation of the data.
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physiological K+ concentrations and, from equation 4, the
open probability of the channel at 10 mM levcromakalim was
estimated to be 0.39 (0.26, 0.53; n=10) at the maximum of the
e�ect (1 min after the application of the drug). Channel density
was calculated from N and the cell surface (see above) to 0.14
(0.07, 0.37; n=10) mm72.

Discussion

[3H]-P1075 binding experiments

Evidence for KATP channels in A10 cells was found in binding
studies and electrophysiological experiments. Saturation ex-
periments showed that [3H]-P1075 bound to A10 cells with a
KD value of 9.2+5.2 nM and a binding capacity (BMax) of
140+40 fmol mg71 protein. The large errors in these values
were due to the scatter of the original data (Figure 1) which
re¯ect the di�culties in these experiments performed in culture
dishes at cell numbers varying from 0.8 to 1.2 million per dish.
The KD value determined here agrees well with that obtained
earlier in rings of rat aorta (6 nM); the BMax value is about two
times higher (BMax=77 fmol mg71 protein, Bray & Quast,
1992; Quast et al., 1993), re¯ecting the fact that aorta is rich in
protein not stemming from smooth muscle cells. These ex-
periments also allow an estimation of the density of P1075 sites
on the A10 cells. The number of binding sites present per cell

was estimated to be 49,000 and, the cells being ¯at cylinders,
their surface at con¯uency was estimated to be 10,000 mm72,
taking both the upper and the lower surface into account.
Hence the density of binding sites was estimated to be 5 or
10 mm72, depending on whether the binding sites are located
on both or only on the upper surface of the cell.

The openers P1075, pinacidil, levcromakalim and minoxidil
sulphate as well as the blocker glibenclamide inhibited [3H]-
P1075 binding according to the Law of Mass Action. The
potency of the compounds is, on average, 3 times lower in A10
cells than in rat aorta (Bray & Quast, 1992). In contrast to the
earlier results in aortic strips, some of the KATP channel mod-
ulators did not displace speci®c [3H]-P1075 binding completely;
for minoxidil sulphate and glibenclamide maximum inhibition
was 70%, for levcromakalim 85%. Similarly, partial inhibition
of speci®c [3H]-P1075 binding has been observed recently with
glibenclamide in rat glomeruli (Metzger & Quast, 1996), and
with the openers minoxidil sulphate and aprikalim in primary
cultures of rat aortic myocytes (Lemoine et al., 1996). The
most plausible explanation for these results is that these KATP

channel modulators bind to di�erent binding sites which are
coupled to a varying degree by negative allosteric interactions.
Direct evidence for a negative allosteric coupling between the
sites for P1075 and glibenclamide had been obtained before in
rat aorta (Bray & Quast, 1992). The recent cloning results
suggest that the glibenclamide binding site is located in the N-
terminal portion of the SUR protein (Aguilar-Bryan et al.,
1995); the site for diazoxide is hypothesized to be located in the
C-terminal part and the pinacidil site elsewhere on SUR
(Isomoto et al., 1996). With the availability of di�erent SUR
clones these questions can be tackled now by use of mutational
analysis.

Collectively, the binding data show that the [3H]-P1075
binding sites in A10 cells are qualitatively similar to those
described in vascular tissues; this suggests that the drug re-
ceptor in this cell line has essentially retained the pharmaco-
logical characteristics of the vascular KATP channel. A10 cells
therefore represent an easily accessible source of the vascular
type drug receptor for the openers and should be useful in
biochemical characterization.

Electrophysiological experiments

P1075 and levcromakalim produced concentration-dependent
hyperpolarizations of A10 cells from750 mV up to775 mV;
clearly, the maximum hyperpolarization was about 15 mV
positive to the K+ equilibrium potential. The current mea-
surements have shown that levcromakalim at 10 mM, a maxi-
mally e�ective concentration (Noack et al., 1992; Rub et al.,
unpublished data), increased membrane conductance about
three fold by inducing a glibenclamide-sensitive K+ conduc-
tance (see below). Apparently, this increase was not su�cient
to shift the membrane potential completely to the K+ equili-
brium potential; indeed, the density of open KATP channels was
estimated to be very low under these conditions (0.056 mm72,
po6N6mm72). The midpoints of the concentration-hyperpo-
larization curves were approximately 0.2 and 1 mM for P1075
and levcromakalim, respectively. Due to the nonlinear rela-
tionship between membrane potential and membrane K+

permeability these EC50 values are di�cult to relate to the Ki

values determined in the binding assay. However, the value for
P1075 is more than 10 times higher than that determined by
Holevinski et al. (1994) with a ¯uorescent dye for measurement
of membrane potential, perhaps re¯ecting nonlinearities of the
optical signal.

The hyperpolarizing e�ect of both openers was entirely
abolished by glibenclamide (1 mM). This rules out the possi-
bility that a block of swelling-activated Cl7 channels by P1075
contributed signi®cantly to the hyperpolarizing e�ect of this
drug under our conditions since the Cl7 channel block by
P1075 was not a�ected by glibenclamide (Holevinski et al.,
1994). The IC50 value of 86 nM for glibenclamide acting
against levcromakalim (3 mM) is the potency typical for this
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Figure 7 Noise analysis of the levcromakalim (LCRK)-induced
current. (a) Whole cell current of an A10 cell. The cell was clamped
at 720 mV; after application of LCRK (10 mM) the current increased
by &167 pA. (b) Relationship between mean current I and variance
s2 calculated from 250 ms segments of the trace in (a). The least
squares ®t of equation 3 to the data gave a single channel current (i)
of 0.20+0.01 pA and number of channels (N) of 2365+522. Cell
capacitance was 45 pS corresponding 4500 mm2 cell surface. The
slight decrease of the current in the continued presence of 10 mM
LCRK was seen frequently.
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sulphonylurea in the presence of a rather high concentration of
an opener (Quast, 1996b). Collectively, the membrane poten-
tial experiments suggest that the hyperpolarization produced
by P1075 and levcromakalim in A10 cells was due to the
opening of KATP channels.

The whole cell current measurements showed that levcro-
makalim induced a current, IKCO, which was well ®t by the
Goldman-Hodgkin-Katz (GHK) current equation for a K+-
selective conductance under the physiological K+ gradient.
The current reversed at 779 mV and was abolished by 3 mM
glibenclamide These properties suggest that levcromakalim
opens KATP channels in A10 cells. From noise analysis, the
single channel conductance was estimated to be 8.8 pS in the
range from 740 to 720 mV and under a physiological K+

gradient; this value is similar to that obtained recently by
others under such conditions (Bonev & Nelson, 1993; Bychkov
et al., 1997). Using the Goldman-Hodgkin-Katz current
equation and extrapolating to positive voltages, where con-
ductance should approach the values observable in symmetri-
cal high K+ concentrations, we estimated a single channel
conductance of 23 pS. This value is somewhat lower than those
determined by single channel experiments in vascular smooth
muscle for the channel sensitive to the KATP channel openers
(Wakatsuki et al., 1992; Beech et al., 1993; Zhang & Bolton,
1996; for review see Quayle & Standen, 1994; Nelson &
Quayle, 1995). However, the fact that noise analysis is known
to underestimate the unitary current by about 20%, due to
®ltering of the recorded current by segment length, cell capa-
citance and series resistance, should be considered (Dart &
Standen, 1993; Clapp et al., 1994; Quayle & Standen, 1994).
The values for channel density (0.14 mm72) and for po(0.39)
determined here are also in good agreement with those given in
the literature (density: Bonev & Nelson, 1993; Clapp et al.,
1994; Xu & Lee, 1994; po: Wakatsuki et al., 1992; Bonev &
Nelson, 1993; Bychkov et al., 1997; for review see Nelson &
Quayle, 1995). Finally, the density of KATP channels opened by
levcromakalim (10 mM) estimated by noise analysis (po6N6
mm72=0.056 mm72) is consistent with the result obtained from
the opener-induced increase in speci®c conductance

(0.23 pS mm72) and the single channel conductance (6.7 pS
between 760 and 740 mV calculated by extension of the
GHK current equation); from these values the density of open
channels was estimated to be 0.034 mm72.

P1075 binding sites vs functional channels

The binding experiments have demonstrated that A10 cells are
endowed with binding sites for the KATP channel openers and
glibenclamide; the electrophysiological measurements have
shown that these cells possess functional KATP channels. The
density of binding sites for P1075 was estimated to be of the
order of 5 ± 10 mm72, whereas the density of KATP channels
was around 0.14 mm72, i.e. there are about 30 to 60 times more
binding sites than channels. This number must be considered
with caution since the binding experiments were performed
with cells at high con¯uency whereas the voltage-clamp ex-
periments were performed with isolated cells; another reason
is, that a functional KATP channel contains four SUR subunits
and may therefore bind up to four molecules of the opener
(Clement IV et al., 1997). Nevertheless, even in the case, the
experiments do suggest that density of binding sites exceeds
that of plasmalemmal K+ channels by at least one order of
magnitude. This ®nding may be interpreted in two ways de-
pending on the localization of the binding sites. Assuming that
they are located on the plasmalemmal SUR (Isomoto et al.,
1996), one would have to conclude that only a small fraction of
the SUR is coupled to Kir channels to form the KATP channel,
i.e. that there is a considerable number of `spare receptors'. An
alternative explanation is that the major part of the binding
sites is located intracellularly, e.g. on the mitochondria, where
they could participate in KATP channel formation (Paucek et
al., 1992; Garlid et al., 1996). Experiments to de®ne of the
localization of the binding sites are underway in this labora-
tory.

The study was supported by Deutsche Forschungsgemeinschaft,
grant Qu 100/2-1.
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