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Reconstituted Human Cardiac KATP Channels
Functional Identity With the Native Channels From the Sarcolemma of

Human Ventricular Cells

Andrey P. Babenko, Gabriela Gonzalez, Lydia Aguilar-Bryan, Joseph Bryan

Abstract—ATP-sensitive potassium (KATP) channels in striated myocytes are heteromultimers of KIR6.2, a weak potassium
inward rectifier, plus SUR2A, a low-affinity sulfonylurea receptor. We have cloned human KIR6.2 (huKIR6.2) and a
huSUR2A that corresponds to the major, full-length splice variant identified by polymerase chain reaction analysis of
human cardiac poly A1 mRNA. ATP- and glibenclamide-sensitive K1 channels were produced when both subunits were
coexpressed in COSm6 and Chinese hamster ovary cells lacking endogenous KATP channels, but not when huSUR2A
or huKIR6.2 were transfected alone. Recombinant channels activated by metabolic inhibition in cell-attached
configuration or in inside-out patches with ATP-free internal solution were compared with sarcolemmal KATP channels
in human ventricular cells. The single-channel conductance of'80 pS measured at240 mV in quasi-symmetrical
'150 mmol/L K1 solutions, the intraburst kinetics that were dependent on K1 driving force, and the weak inward
rectification were indistinguishable for both channels. Similar to the native channels, huSUR2A/huKIR6.2 recombinant
channels were inhibited by ATP at quasi-physiological free Mg21 ('0.7 mmol/L) or in the absence of Mg21, with an
apparent IC50 of '20 mmol/L and a pseudo-Hill coefficient of'1. They were “refreshed” by MgATP and stimulated
by ADP in the presence of Mg21 when inhibited by ATP. The huSUR2A/huKIR6.2 channels were stimulated by
cromakalim and pinacidil in the presence of ATP and Mg21 but were insensitive to diazoxide. The results suggest that
reconstituted huSUR2A/huKIR6.2 channels represent KATP channels in sarcolemma of human cardiomyocytes and are an
adequate experimental model with which to examine structure-function relationships, molecular physiology, and
pharmacology of these channels from human heart.(Circ Res. 1998;83:1132-1143.)

Key Words: ATP-sensitive K1 channeln KIR6.2 n SUR2An isoformn splice variant

ATP-sensitive potassium (KATP channels), originally de-
fined as weak potassium inward rectifiers (KIR) specif-

ically inhibited by ATP in inside-out patches from cardio-
myocyte sarcolemma,1,2 directly link changes in cellular
metabolism to plasma membrane excitability. These channels
are abundant in mammalian cardiomyocytes, including adult
human ventricular3 and atrial4 cells. Cardiac KATP channels
exhibit a rich regulatory phenomenology5,6 whose underlying
structure-function relationships have been difficult to inves-
tigate in the absence of a well-defined recombinant channel.
The physiological role of sarcolemmal KATP channels in the
heart remains a puzzle. Their activation is suggested to serve
a cardioprotective function under ischemia.7 However, the
significance of sarcolemmal KATP channels as the target for
potassium channel openers (PCOs) is in dispute, given the
absence of PCOs selective for these channels in cardiomyo-
cytes, and the equivocal “cardioplegic” and antiarrhythmic
effects of these drugs.8 The recombinant channel from human
heart is desirable for the design and screening of cardiose-
lective PCOs and is required to examine structure-function
relationships.

Reconstitution of “ATP-regulated” potassium channels
from cloned KIR subunits, including ROMK1 (KAB-1,
KIR1.1a),9 cKATP-1 (CIR, GIRK4, KIR3.4),10 BIR9 (KIR5.1),11

BIR10 (KAB-2, KIR4.1),11,12 uKATP-1 (KIR6.1),13 or IRK3 (sim-
ilar to BIR11, KIR2.3),14 has been reported. None of these
channels has the properties of cardiac KATP channels, which,
at one stage, actually were proposed to be a dephosphorylated
form of the K1 delayed rectifier.15 Reconstitution of pancre-
atic beta cell KATP channels from 2 structurally distinct
proteins, the high-affinity sulfonylurea receptor (SUR1)16 and
KIR6.2,17 led to the demonstration that KATP channels are
heteromultimers (SUR1/KIR6.2)4.18 The finding that the low-
affinity sulfonylurea receptor isoforms, rat SUR2A19 and
mouse SUR2B,20 coexpressed with KIR6.2 generate currents
with the pharmacological properties of KATP currents in
striated myocytes and vascular smooth muscle cells, respec-
tively, indicates that sarcolemmal KATP channels in cardio-
myocytes have a similar structural basis.

The data on KATP channels from human cardiomyocytes are
limited. The properties of KATP channels in cardiomyocytes
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from different species have been found to be quite variable,
particularly the IC50 values for inhibition by ATP, which are
reported from micromolar to half-millimolar with Hill coef-
ficients ranging from 1 to 5 (reviewed, for example, by
Takano and Noma21 and Findlay and Faivre22). The reasons
for this variability are not certain but could result from
differences in methodology and/or true molecular heteroge-
neity. We23 have described splice variants in the human SUR2
gene, and a preliminary report indicates that functional KATP

channels are assembled from a splice variant in mouse
SUR2A.24 Thus, expression of a single species of these splice
variants with wild-type KIR6.2 is needed to determine if they
can account for some of the observed variability. To begin to
address this issue, we have cloned the full-length human
SUR2A (huSUR2A) and human KIR6.2 (huKIR6.2) subunits.23

Comparison of huSUR2A/huKIR6.2 channels, reconstituted in
mammalian cell lines, with KATP channels in sarcolemma of
adult human ventricular cells, using single-channel current
analysis under similar experimental conditions, demonstrates
that all of the essential functional properties of the native and
recombinant channels are identical. More specifically, using a
protocol designed to estimate steady-state ATP inhibition, we
found that KATP channels assembled from the predominant,
full-length huSUR2A and huKIR6.2 show an IC50 for total
ATP of '20 mmol/L, independent of the concentration of
free Mg21, with a Hill coefficient of'1. These values are at
the low end of those reported for sarcolemmal KATP channels
in mammalian cardiomyocytes.4,25–28

Materials and Methods
Molecular Biology
Human SUR2B cDNA was cloned from a cardiac library prepared in
l phage (kindly provided by Dr M.M. Tamkun, Vanderbilt Univer-
sity, Nashville, Tenn) by homology screening using human SUR1
probes. The human SUR2 gene was obtained by screening P1 and
PAC libraries to obtain overlapping clones. SUR2A was constructed
using polymerase chain reaction (PCR) to amplify the 2A exon,
identified by similarity to the last 42 amino acids of rat SUR2A.19

The SUR2A exon then was used to replace the 2B exon. The
sequences for human SUR2A and SUR2B have been deposited in
GenBank along with the intron-exon boundaries. The structure of the
SUR2 gene, the order of the exons, and their relationship to SUR1
have been described.23 The cDNAs were subcloned into the pECE
vector used to express SUR1.16 HuKIR6.2 was obtained by PCR from
human genomic DNA and subcloned into a CMV expression vector19

(kindly supplied by Dr Susumu Seino, Chiba University, Chuo-ku,
Chiba, Japan). Rat KIR6.1 in pCMV was obtained from Dr Susumu
Seino and mouse KIR3.1 and 3.4 in CMV vectors were obtained from
Dr David Clapham (Harvard University, Cambridge, Mass).

Human cardiac poly A1 RNA was purchased from Clontech (Palo
Alto, Calif). First strand cDNA synthesis for RT-PCR was done
using an Advantage RT-for-PCR kit (Clontech) according to the
manufacturer’s directions. Forward and reverse primers (below)
were designed to amplify, and subclone, a 554-bp fragment based on
the full length human SUR2A sequence and to check for splice
variants in this region. The forward primer, with anEcoRIsite, was
59-GCGGAATTC-ACCATGATTGTGGGCCAAGT-39; the reverse
primer, with aHindIII site was 59-GCGAAGCTT-GCATGCGTC-
AGATACTGT-39. The PCR products were cleaved withEcoRIand
HindIII, separated by electrophoresis on low–melting point agarose,
and subcloned into the Stratagene (La Jolla, Calif) Bluescript
plasmid for sequencing. For estimation of the relative abundance of
the PCR fragments, PCR reactions were done witha[32P]-dATP
added. The reactions were terminated after 20 or 30 cycles and the

products separated by electrophoresis. The gel was dried and
radioactivity quantitated using a PhosphorImager (Storm 560, Mo-
lecular Dynamics). The values obtained were essentially the same for
20 and 30 cycles of amplification.

Cell Transfection and Cultivation
COSm6 or Chinese hamster ovary (CHO) cells were transfected with
a mixture of plasmids; 1mg of the SUR2A plasmid, 1mg of the
KIR6.2 plasmid, and 0.5mg of a green fluorescence protein (Green
Lantern, Clontech, Palo Alto, Calif) plasmid. Transfections were
done using FuGene6TM following the manufacturers directions
(Boehringer Mannheim). Transfected cells were cultured overnight,
trypsinized, and replated on glass cover slips. Cells expressing green
fluorescence protein as a marker were selected for analysis.

Isolation of Cardiomyocytes
Adult human ventricular myocytes were isolated from myocardium
samples taken from 8 patients, aged 6 to 45 years, undergoing
surgical treatment for interventricular septal defect, mitral valve
defect, etc, as described previously.3 Rat ventricular cells were
prepared as described previously.29 Clearly striated, single cardio-
myocytes with a length-to-width ratio.4, shown to have a zero-
current potential of26962 mV (measured in 4 cells using the
whole-cell configuration under quasi-physiological ionic conditions)
were selected for patch-clamp experiments.

Patch-Clamp Recording and Single-Channel
Current Analysis
Functional properties of reconstituted and native KATP channels were
analyzed in cell-attached or inside-out configurations of the patch-
clamp method at 23°C to 24°C, as described previously.29 Pipettes
filled with the quasi-physiological external solution containing
(in mmol/L) NaCl 140, KCl 5, MgCl2 1, CaCl2 1, and HEPES 10 (pH
7.4) adjusted with 1 mol/L NaOH., or the K1-rich external solution
containing (in mmol/L) KCl 145, MgCl2 1, CaCl2 1, and HEPES 10
(pH 7.4) adjusted with 1 mol/L KOH had resistance of 4 to 8 MV.
The internal, nominally Mg21-free, solution containing (in mmol/L)
KCl 140, EDTA 5, HEPES 5, and KOH 10, (pH 7.2) adjusted with
1 mol/L KOH, or the internal quasi-physiological solution with Mg21

containing (in mmol/L) KCl 140, MgCl2 1, EGTA 5, HEPES 5, and
KOH 10 (pH 7.2) adjusted with 1 mol/L KOH were used as control
bath solutions. The free Mg21 concentration in the internal test
solutions was kept constant at a quasi-physiological level
('0.7 mmol/L) by adjusting the concentration of MgCl2 for the
Mg21-binding properties of nucleotides.30 PCOs were added from
stock solutions in dimethyl sulfoxide, which at a 2-fold higher
concentration did not affect KATP channel currents. Pinacidil was
obtained from Lilly Research Laboratories; other compounds were
from Sigma. Bathing solutions were applied and ATP dose responses
taken automatically, using a RSC-200 rapid solution changer (Bio-
logic Inc) with a flow rate of'200 mL/min and a tube switching
time of 2 to 5 ms. This time was much shorter than the diffusion-
limited KATP current transients in inside-out patches observed on
switching between ATP-containing and ATP-free solutions (Figure
1). At 0 mV, with quasi-physiological external solution in the
pipette, outward currents through non-KATP channels were undetect-
able in inside-out membrane fragments. ATP inhibition of channel
activity was determined using a protocol designed to estimate
inhibition after correction for both channel “run-down” and reacti-
vation by ATP in the presence of Mg21. Briefly, quasi–steady-state
inhibition of channel activity was determined from NPo[ATP]/
0.5(NPobefore1NPoafter), where N is the apparent number of channels
in the patch, and Po[ATP], Pobefore, and Poafter are the mean open
probabilities (Po) during, before, and after ATP application, respec-
tively. The NPo values were calculated from the mean KATP channel
current during ATP application or wash-out, without the current
transients, divided by the mean unitary current amplitude (Figure 1).
The zero–KATP channel current and the mean unitary current ampli-
tude were estimated from peaks in a multiple Gaussian fit to current
amplitude histograms constructed from record segments containing
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intervals with all KATP channels closed. NPo values for record
segments that have only a few simultaneous, or single channel
openings, were estimated from all-points current amplitude histo-
grams. ATP-inhibitory curves were obtained by fitting a conven-
tional pseudo-Hill function to the experimental data using a nonlin-
ear least-squares method. Dwell-time distribution histograms were
constructed from single-channel current records (low-pass Bessel
filtered at 1 to 3 KHz [23dB] and sampled at 10 to 20 KHz using a
PCL-718 or LabMaster analog-to-digital converter with PClamp 6
drivers) with BioQuest software developed by Drs A.E. Alekseev
and Yu M. Kokoz (Institute of Theoretical and Experimental
Biophysics, Russian Academy of Science, Pushino, Russia). Single-
or multi-exponential fits of the open or closed time distribution
histograms were done using the Marquardt-Levenberg or Nelder-
Mead algorithms (Origin 5.0 Professional, Microcal, Inc). Bins,
corresponding to the time of underestimated events assumed equal to
twice the digitization time, were excluded from fitting.

Averaged data were expressed as mean6SEM for n$5 with error
bars equal to SE unless otherwise noted. Significance was evaluated
using the Studentt test; differences with values ofP,0.05 were
considered significant.

Results
To clone SUR2 cDNAs from a human heart library, we used
human SUR1 cDNA. These cDNAs, the encoded proteins,
and the structure of the SUR2 gene have been described.23

Comparison of the sequences of SUR1 and SUR2A indicated
that the equivalent of exon 17 in SUR1 was missing in
SUR2A.23 We amplified this region to determine if there was
a splice variant of SUR2 containing this sequence but failed
to find a larger fragment. Instead, we observed 2 smaller
fragments. Sequencing demonstrated these correspond to
spliced mRNAs missing the 17th, and 17th plus 18th exons,
respectively (Figure 2A). We estimated the relative abun-
dance of the PCR products by incorporation ofa[32P]-dATP.
The studies presented below were performed with the major
('80%) full-length species of human SUR2A, which corre-
sponds to the rat SUR2A19 and mouse SUR2A20 described
previously.

Potassium currents were observed in almost every inside-
out patch from COSm6 or CHO cells cotransfected with
huSUR2A and huKIR6.2 isolated into the nucleotide-free
internal solution (Figure 2B). These currents ran down
spontaneously, were reversibly inhibited and “refreshed” by
ATP in the Mg21-containing solution, and were not inhibited
completely by 3 mmol/L glibenclamide, a concentration
.100-fold higher than needed to completely inhibit86Rb1

fluxes through the hamster SUR1/mouse KIR6.2 beta cell KATP

channel,17 which corresponds to the IC50 for glibenclamide-
inhibition of native cardiac KATP channels.31 Similar currents
were never observed in.50 patches from COSm6 and CHO
cells transfected with either huSUR2A or huKIR6.2 alone. The
results suggest that coexpression of huSUR2A and huKIR6.2
generates ATP- and sulfonylurea-sensitive K1 channels. Sim-
ilar channels were not seen in.80 patches from cells
coexpressing human or rat SUR2A plus KIR6.1. To check for
coupling to other KIR, we examined.80 patches from cells
transfected with human or rat SUR2A plus mouse KIR3.1 and
KIR3.4 but never observed similar channels (not illustrated).

The activation of single-reconstituted and native channels
by metabolic inhibitors is shown in Figure 3A. Channel
activity was undetectable in intact cells, just visible after
several minutes of inhibition of glycolysis by rotenone, and
gradually increased as oxidative phosphorylation was uncou-
pled by carbonyl cyanide p-(trifluoro-methoxy)phenylhydra-
zone (FCCP). The metabolic inhibitors did not activate KATP

channels in inside-out patches in the presence of millimolar
ATP (not illustrated). The subsequent traces of the single-
channel currents recorded at different voltages show the
bursting behavior, nearly voltage- and time-independent gat-
ing, and mild inward rectification in the cell-attached config-
uration for the recombinant and native channels. After exci-
sion of the same patch into a nucleotide-free, Mg21-
containing solution, channel activity increased, ran down, and
could be inhibited completely and reversibly and restored to

Figure 1. A segment from the current trace presented in Figure 5A, lower line, recorded in an inside-out patch from a COSm6 cell
transfected with huSUR2A and huKIR6.2, showing a typical response of the reconstituted KATP channel current after rapid switches
between the ATP-free and ATP-containing quasi-physiological internal solution, with the quasi-physiological external solution in the
pipette at 0 mV holding. Diffusion-limited KATP channel current transients on application and washout of ATP are shown at an expanded
time scale. The thick dashed lines indicate the mean currents. IKATP before and IKATP after indicate the mean KATP channel current
before and after application of ATP respectively; dotted horizontal lines, zero KATP channel current level; upward deflection on the cur-
rent trace, outward currents; bold solid lines, application of the bathing solutions supplemented with test compounds.
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the initial level by millimolar ATP (bottom trace). Compar-
ative analysis of the single-channel current-voltage relation-
ships under various conditions is given in Figure 3B. The
'80 mV shift in reversal potential with a'30-fold increase
in [K1]o, close to that predicted by the Nernst equation for a
K1 electrode, demonstrated the K1 selectivity of both chan-
nels. The unitary slope conductances, roughly proportional to
the root of [K1]o, were identical and showed a tendency to
saturate at high positive voltages in the absence of Na1 and
divalent cations. Both channels displayed obvious Mg21-
dependent inward rectification.

The intraburst kinetics of cardiac KATP channels were used
as a “signature” for intrinsic channel gating, because they are
tolerant to run-down, changes in nucleotide concentration,
and show a characteristic dependence on the K1 driving
force.32 As can be seen in Figure 4A, the open times shorten,
and the “gaps” or intraburst closed times are prolonged with
a decrease in membrane potential from240 to270 mV. The
single-exponential open time density probability functions,
with time constanttO, and the double-exponential closed time
density probability functions, with time constanttCf for the
fast exponent (see Discussion), are nearly identical for the 2
channels (Figure 4B). A more extended analysis (Figure 4C)
confirms the opposite dependence oftO and tCf on the K1

driving force32 with both relationships similar for the 2
channels.

The ATP inhibition curves of huSUR2A/huKIR6.2 channels
obtained from the same inside-out patch in either Mg21-free

(Figure 5A, upper trace) or Mg21-containing (lower trace)
internal solutions show a minor leftward shift of questionable
physiological significance (Figure 5B). This minor shift was
confirmed in a representative number of patches (Figure 5C;
IC50 decreased from 2363 to 1761 mmol/L at a pseudo-Hill
coefficient [h] of '1). The estimated IC50 for quasi–steady-
state ATP inhibition of recombinant channels, with and
without Mg21, varied from 12 to 36mmol/L, while h varied
from 0.87 to 1.63 in 20 different patches. Native channels
were half-maximally inhibited between 10 and 30mmol/L
ATP, ie, fell within the SD for the huSUR2A/huKIR6.2 data.
Averaging all the data gives a mean IC50 of '20mmol/L with
a SD of '3 mmol/L and h of 1. In a preliminary analysis,
Inagaki et al19 reported a considerably higher value
($100 mmol/L ATP) for the rat SUR2A/mouse KIR6.2
channel in the presence of Mg21. To determine if this
difference between the human and rodent channels was due to
species factors or methodology, we reexamined the ATP
inhibition of the rat SUR2A/mouse KIR6.2 channels in the
presence of quasi-physiological free Mg21 using our protocol.
We determined an IC50 of 1963.1 mmol/L at h51 for ATP
and half-maximal inhibition for 59-adenylylimidodiphosphate
(AMP-PNP) between 30 and 100mmol/L (n54). The higher
[ATP]50 values reported initially19 may have resulted from an
uncontrolled stimulatory effect of Mg nucleotides. Native rat
cardiac KATP channels were inhibited by ATP with an IC50 of
18.863.8mmol/L and h of 1.1 and half-maximal inhibition

Figure 2. Coexpression of the predomi-
nant, full-length huSUR2A and huKIR6.2
in mammalian cells produces ATP- and
glibenclamide-sensitive K1 channels. A,
Identification of SUR2A splice variants
using PCR. The picture is a PhosphorIm-
ager scan of the a[32P]-dATP–labeled
PCR products obtained as described in
Materials and Methods. The individual
products were cloned and sequenced.
The diagram summarizes the sequence
data and shows that the lower bands are
the result of deletions of the 17th and
17th plus 18th exons of SUR2, respec-
tively. The percentage was estimated by
dividing the sum of the intensity in each
band by the total intensity of the 3
bands. B, A representative record of K1

current in an inside-out membrane frag-
ment isolated (i-O and arrow) from a
COSm6 cell cotransfected with the full-
length huSUR2A and huKIR6.2. See Fig-
ure 1 legend for description of experi-
mental conditions and labels.
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by AMP-PNP between 30 and 100mmol/L (4 patches).
Therefore, the statistically representative IC50 for quasi–
steady-state ATP-inhibition of these channels is'20 mmol/L
with an h of 1.

ADP in the presence of Mg21 stimulates native cardiac
KATP channels partially inhibited by ATP.33 Recombinant
channel currents, preinhibited by submillimolar ATP in the
presence of'0.7 mmol/L free Mg21, were reversibly

Figure 3. The huSUR2A/huKIR6.2 and KATP channels in human ventricular cardiomyocyte activated by metabolic inhibition display iden-
tical electrophysiological properties. A, Activation of a single recombinant channel in a CHO cell (upper left trace) or a KATP channel in a
human ventricular myocyte (upper right trace) poisoned with 5 mmol/L rotenone and 0.5 mmol/L FCCP. Cell-attached patches were
held at the voltages indicated, with the K1-rich external solution in the pipette and Mg21-containing internal solution in the bath. The
increase in noise in the left trace is due to switching from 0.3 to 1 KHz filtering. The activity of KATP channels in the cardiomyocyte was
monitored at the positive membrane potential to prevent superposition with strong KIR openings. Subsequent current traces from the
same cell-attached patches are shown at an expanded time scale and different voltages. Traces of the inward currents through sarco-
lemma, with no strong KIR openings were selected for illustrative purposes. The ATP-sensitivity of the observed channels was con-
firmed in inside-out patches (bottom trace). B, Recombinant (left) and native (right) single channel current-voltage relationships under
different experimental conditions. In the cell-attached configuration, the cell resting potential was zeroed by the K1-rich bath solution,
thus holding V'Vm, the membrane potential in the inside-out configuration. SEM bars are smaller than the symbol size for the majority
of the data points. The i-V relationship for quasi-physiological [K1]pip55 mmol/L and [K1]bath5155 mmol/L shown on the right panel was
taken using a slow (note the 100-ms bar) voltage-ramp. The slope conductance given on the graphs was estimated in the inside-out
configuration with quasi-symmetrical K1 solutions at 240 mV (within 260- to 20-mV “window”).
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increased by ADP (Figure 6). To exclude the possibility
that the observed increase was only due to MgADP
reactivating different channels in multi-channel patches
(upper trace), we confirmed the apparent antagonism of
ATP-inhibition by MgADP on a single reconstituted chan-
nel (bottom trace).

KATP channels in striated myocytes may be distinguished
from other non–b cell SUR/KIR6.2 channels by their pharma-
cology34: cromakalim and pinacidil stimulate KATP channels in
cardiomyocyte sarcolemma, whereas the effect of diazoxide
is negligible.8,35–37The parameters of stimulation, particularly
the efficacy of PCOs, are variable, being dependent on
temperature, nucleotide concentration, configuration of

patch-clamp recording, and other factors.8 We chose to verify
qualitatively the sensitivity profile of huSUR2A/KIR6.2 chan-
nels to different PCOs under conservative experimental
conditions, using inside-out patches at 0.5 mmol/L ATP.36 A
representative experiment in which 100mmol/L cromakalim
and 100mmol/L pinacidil stimulated recombinant channels,
while diazoxide did not at a 2-fold higher concentration, is
shown in Figure 7A. The same diazoxide test solution
stimulated huSUR1/huKIR6.2 channels expressed in the same
cells (not shown). To check the low sensitivity of the
huSUR2A/huKIR6.2 channels to sulfonylureas, we estimated
the concentration of tolbutamide required to half-maximally
inhibit channel activity. Figure 7B indicates a value of

Figure 4. Reconstituted and native KATP channels have indistinguishable kinetics. A, Segments of recombinant (left) and native (right)
single KATP channel currents recorded at different voltages with their corresponding dwell-time distributions, and the fitted single- (for
open time) or double- (for closed time) exponential probability density functions (B). The dwell-time histograms were constructed from
continuous segments of 3-KHz–filtered records giving Po50.85 and $10000 events. The time constant of the single-exponential open
time probability density function, tO, and the time constant of the fastest component in the multi-exponential fit to the closed time his-
togram, tCf, which corresponds to the distribution of intraburst gaps for cardiac KATP channels, were determined by the K1 driving force
(the difference between Vm and VK, the reversal potential for K1). The closed time distributions are plotted semi-logarithmically. C,
Dependence of tO and tCf on V, equal to the K1 driving force with VK50 mV. Spline interpolations were drawn for illustrative purpose.
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'1 mmol/L, similar to that reported for KATP channels in
ventricular cells.31 This result, and the result with gliben-
clamide (Figure 2), confirms that huSUR2A is a low-affinity
sulfonylurea receptor and that the reconstituted human sar-
colemmal cardiac KATP channel is weakly sensitive to these
compounds.

Discussion
The principal result of this study is a demonstration that the
predominant form of SUR2A and KIR6.2, cloned from human
heart, assembles channels equivalent to the sarcolemmal KATP

channels found in human ventricular cells. In a side-by-side
comparison, under similar experimental conditions using

Figure 5. Comparison of ATP inhibition of recombinant versus KATP channels from human ventricular cells. A, The responses of recon-
stituted channels to different concentrations of ATP in Mg21-free (upper trace) and '0.7 mmol/L free Mg21-containing (lower trace)
internal solutions. The records are from an inside-out patch from a COSm6 cell held at 0 mV with the quasi-physiological external solu-
tion in the pipette. The lower trace was recorded using the capacitance, less noisy mode of a Biologic RK-400 amplifier. B, The quasi–
steady-state ATP-inhibitory curves obtained as described in Materials and Methods for the experiment shown in (A). The thin and thick
lines are the best fits of a pseudo-Hill curve to the experimental data for Mg21-free and Mg21-containing conditions, respectively. C,
Averaged data from 20 different patches with corresponding ATP-inhibitory curves. Averaged data from 4 similar experiments for native
KATP channels in the quasi-physiological internal solution are presented with SD bars.
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single-channel current analysis, the channel conductance, K1

selectivity, apparent “intrinsic” inward rectification, weak
Mg21-dependent inward rectification, time-independent gat-
ing with nearly voltage-independent Po, and kinetics were
indistinguishable for these channels. The sensitivity of the
channels to inhibitory ATP was equivalent. The apparent
antagonism of ATP-inhibition by MgADP and the pharma-
cological properties of the recombinant channels confirm that
human SUR2A is a low-affinity sulfonylurea receptor that
determines the MgADP-stimulation and selective response of
the cardiac channels to PCOs.19 The results constitute an
internally consistent set of data showing that full-length
huSUR2A and huKIR6.2 assemble channels that are an ade-
quate model for human cardiac sarcolemmal KATP channels
that have been traditionally difficult to study directly.

The results extend our original limited analysis19 using
subunits from different rodent species. In the present report,
we expressed the major form of human SUR2A with
huKIR6.2, thus eliminating possible species differences and
the possibility that our observations result from a minor
SUR2A splice variant. To determine if KIR6.2 is the correct
KIR subunit, we tested whether, in addition to the expected
permeation properties, the intraburst kinetics of the reconsti-
tuted channel were equivalent to those of the native channel.
The ATP-inhibitory data for the rat SUR2A/mouse KIR6.2
channels did not address the question of potency of ATP42-
versus Mg-bound ATP, a subject of debate in the KATP

channel field. The estimated IC50 of '0.1 mmol/L for both
ATP and AMP-PNP were controversial, as the latter usually
is considered to be less potent that ATP. Therefore, we
determined the parameters for steady-state ATP-inhibition in
Mg21-free versus quasi-physiological conditions. Finally, we
verified the stimulation of ATP-inhibited huSUR2A/huKIR6.2
channels by MgADP, examined the cardio-specific response
of the reconstituted channel to structurally different PCOs,
and demonstrated low sensitivity to sulfonylureas.

Given the diversity of K1 channel subunits in the heart,38 it
could be argued that cardiac KATP channels are assembled

from SUR2A and another KIR rather than KIR6.2. We previ-
ously have demonstrated that the intraburst kinetics depend
mainly on the KIR subunit.23 To address the question of
whether KIR6.2 forms a pore with the intrinsic fast gating seen
in the ventricular KATP channel, we analyzed the intraburst
kinetics of the native and reconstituted channels. Our kinetic
analysis, restricted to estimation oftO and tCf and their
voltage dependence in nucleotide-free conditions, was done
assuming a minimal model (1 open state plus 2 closed states).
Similar and more complex schemes have been used to
describe cardiac KATP channel kinetics, but no consensus
exists on the number of exponential components required to
“adequately” fit open and closed time histograms for ATP-
free conditions.1,3,32,39–43For example, multi-exponential open
time distributions, constructed from outward KATP channel
currents, have suggested that several cations can produce
open channel block, which would affect the dwell-time
histograms. Closed time distributions, distorted by prolonga-
tion of interburst gaps due to channel run-down, might be
“better” fit with a multi-exponential function having an
additional slow component, which would be interpreted as
“inter-cluster” or long-lasting closed states. We analyzed
records from highly operational native or recombinant single
channels (Po.0.8) in different patches immediately after
isolation. Using a 3-exponential fit, the relative area under the
slowest exponent with a time constant.e3 ms was negligible;
the open time distribution was single-exponential. Therefore,
the minimal 3-state model was adequate for comparison, and
tO and tCf and their dependence on K1 driving force were
indistinguishable for the 2 channels. Therefore, based on our
comparison of the channel kinetics, together with the equiv-
alence of the permeation properties, ie, the single channel
conductance, selectivity, and rectification, described above,
we conclude that KIR6.2 forms the channel pore. This con-
clusion is supported further by data showing that
C-terminally truncated KIR6.2 with and without SUR1 form
channels with similar conductance44,45 and by the observation
that the hydrophobic core of KIR6.2 determines the conduc-

Figure 6. ADP, in the presence of Mg21,
stimulates recombinant cardiac KATP

channels inhibited by ATP. Records of
currents through multi- (upper trace) and
single- (lower trace) channel inside-out
patches from a COSm6 and a CHO cell,
respectively. Patches were held at 0 mV
in the quasi-physiological internal and
external solution in the bath and pipette,
respectively (upper trace), or at –40 mV
with the quasi-physiological internal and
the K1-rich external solution in the bath
and pipette, respectively (bottom trace).
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tance properties of chimeric KIR assembled with mouse
SUR2A.46

The ATP modulation of the kinetics of native cardiac KATP

channels has been simulated using different models with the
general consensus that the inter-burst transition rates are
affected the most by ATP.28,40–42However, examination of the
transition rates versus [ATP] by analysis of steady-state
single-channel activity is difficult, and the data are fragmen-
tary. Therefore, we have compared only the inhibitory effect
of ATP on NPo for recombinant versus native KATP channels.
The apparent IC50 values reported for ATP inhibition of KATP

channels in cardiomyocytes vary from'0.01 to 0.5 mmol/L
with pseudo-Hill coefficients from'1 to '5 (discussed by
Takano and Noma21 and Findlay and Faivre22). It is not clear
how much of this large variability reflects true molecular
heterogeneity versus differences in experimental conditions
and protocols. KIR6.2 is known to be encoded by an intronless
gene, eliminating splice variation, and there are no known
posttranslational modifications of this subunit. The properties
of channels assembled from splice variants of SUR2 have not
been examined yet, and the possibility of heterogenous
expression cannot be ruled out in cardiomyocytes. To elimi-

Figure 7. The pharmacological profile of huSUR2A/huKIR6.2 channels. A, The “cardio-specific” sensitivity of reconstituted channels to
different PCOs: CRML indicates cromacalim; PNCD, pinacidil; DZXD, diazoxide. B, The recombinant channels show low sensitivity to
the sulfonylurea tolbutamide (TLB). The inhibitory curve is a pseudo-Hill function fitted to averaged experimental data from 4 different
patches; error bars represent SD. Experimental conditions are described for the upper trace in the Figure 6 legend.
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nate this potential source of molecular variability, we used the
major SUR2 variant in these studies, which accounts for
'80% of the SUR2 mRNA in human heart (Figure 2A) and
corresponds, for example, to SUR2A identified in rats19 and
mice.20 Several methodological factors can affect the estima-
tion of the parameters of ATP inhibition from patch-clamp
experiments, and in most cases, these errors will increase the
apparent IC50.

One source of variability is that the different protocols used
for isolation of cardiomyocytes can give cells that are
metabolically inhibited to varying degrees and have varying
intracellular free Ca21 level reported to mediate a decrease in
ATP sensitivity of KATP channels.47 We selected clearly
striated cardiomyocytes with a length/width ratio of.4 and
a resting membrane potential of'270 mV (see Materials
and Methods). Patches with channels displaying the mean
Po,0.8 after patch isolation and/or reactivation by mmol/L
MgATP, expected to refresh the channel maximally,48 were
discarded. For our expression studies, we used COSm6 cells
that we have observed to have a negligible number of
endogenous KIR, when compared with COS7, COS1, and
HEK293 cells. The patch clamp technique itself is a potential
source of variability. Macro or “giant” patches and the
“open-cell” configuration can present accessibility problems
due to diffusion. Gradients of nucleotides resulting from
ATPase, adenylate kinase, and other ATP-utilizing enzymes
activity, or limited diffusion and glycolysis in the vicinity of
the channel21,29,49–53are not well-controlled in these configu-
rations. Estimation of KATP channel activity from inward
macrocurrents at negative membrane potentials can be con-
taminated with other currents through, for example, stretch-
activated cationic channels inXenopusoocytes, strong K1

inward rectifiers, or Cl2 channels regulated by nucleotides.
These currents make the estimation of the zero KATP channel
current level difficult because they may vary with time, and
subtraction of current or slope conductance, assumed to be
constant over the course of the dose-response protocol, is not
accurate. Determination of the zero KATP channel current level
is preferable to fitting the experimental data with a pseudo-
Hill function plus an offset. To reduce these problems, we
used conventional inside-out patches formed without suction
to minimize patch curvature and facilitate diffusional access.
This produced patches with,100 ms half-time for transients
after application of ATP using a rapid solution changer and
excluded transients from our calculation of quasi–steady-state
currents. Finally, application of different methods of data
analysis can contribute to the reported variability of IC50 and
h values. Inadequate corrections for channel run-down and
reactivation may affect the estimation of these parameters.
For example, the common use of a low concentration of ATP
(0.1 to 1 mmol/L) as the “uninhibited control,” simply
because it reduces the rate of channel run-down, leads to a
rightward shift in the ATP-inhibitory curve. Similarly, a 15%
to 20% decrease in the “initial” KATP current level, accepted in
many studies as “relatively small,” will also cause a signifi-
cant distortion in the ATP-inhibitory curve. Our experimental
protocol, described in Materials and Methods, was designed
to minimize the problems associated with recording and
analysis. Briefly, asymmetric K1, symmetric Cl2, and sym-

metric total monovalent cation solutions at zero mV were
used to set the driving force for Cl2 and monovalent cations
to '0, thus eliminating contributions from other channels.
This protocol, together with the nearly undetectable level of
endogenous KIR in COSm6 cells allowed direct estimate of
the zero KATP channel current level and low NPo values from
fitting of amplitude histograms. Millimolar ATP was applied
repetitively over the course of the dose-response protocol to
check for shifts in the zero current level and to reduce
rundown of KATP channels in Mg21-containing solutions.
Because the presumably exponential time course(s) of run-
down and reactivation vary with [ATP]48 during application
of the test solutions, we separated each application of test
solution of ATP with pre- and postwash periods and esti-
mated the NPo during these periods. The mean of these 2
values was used to normalize the NPo values for each [ATP].
These relative values were then fit with a pseudo-Hill
function without offset.

Using this protocol, the estimated IC50 for quasi–steady-
state inhibition of recombinant and native channels by total
ATP, with and without Mg21, was '20 mmol/L at h51.
Practically identical IC50 values (21mmol/L25 and 25mmol/L27)
have been reported for KATP channels from rat ventricular
cardiomyocytes under similar Mg21-free conditions. We detect a
small leftward shift in the ATP inhibition curves after addition of
magnesium consistent with the original observation26 that ATP42

and MgATP inhibit rat ventricular KATP channels with a slightly
higherKi for total ATP in the absence of magnesium. Because
ATP42 was reported to be a more potent inhibitor and “an
important physiological regulator of the beta cell channel,”54

Findlay26 suggested that cardiac KATP channels might “fall into
the group of ‘total-ATP’-sensitive channels,” whereas the beta-
cell channel might be an ATP42-sensitive channel. The present
results argue that ATP42- and the Mg-bound forms of ATP are
equally effective inhibitors of cardiac KATP channels and are
effective at low micromolar levels. Although in a preliminary
analysis,19 a considerably higher and similar [ATP] and [AMP-
PNP] ($0.1 mmol/L) producing half-maximal inhibition of the
rat SUR2A/mouse KIR6.2 channel in the presence of Mg21 were
reported, we found an IC50 of '20 mmol/L for ATP and
confirmed a lower potency of AMP-PNP at the inhibition26,27 in
the presence of quasi-physiological free Mg21 using the same
KATP channels subunits and our protocol.

We estimate anh of '1, implying that binding of 1 ATP
molecule can close a cardiac KATP channel. However, the
ATP-inhibitory site of the channel has not been identified.
SURs are ATP-binding proteins with 2 conserved nucleotide
binding folds,16,19,20but no mutations have been identified that
alter ATP inhibition. At the same time, C-terminus truncated
versions of mouse and huKIR6.2 alone can generate K1

channels that are weakly inhibited (IC50.0.1 mmol/L) by
ATP,44,45 suggesting that the inhibitory locus may reside on
KIR6.2. The mechanism of the apparent increase in affinity for
inhibitory ATP of channels assembled from the truncated
KIR6.2 and SUR1 is unknown. The present data indicate that
SUR2A, like SUR1, increases the apparent affinity for ATP,
contrary to the speculation of Tucker et al.44

Finally, we confirmed the apparent antagonizing ATP
inhibition of the huSUR2A/huKIR6.2 channels by MgADP
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and “cardioselective” PCOs and verified that the activity of
the recombinant channels is inhibited by sulfonylureas with
an '100-fold higher IC50 than for SUR1.17,31 In conclusion,
our data demonstrate that coexpression of full-length
huSUR2A and huKIR6.2 is sufficient to assemble channels
with the nucleotide sensitivity, maximal Po, temporal patterns
of busting activity,23 and pharmacology, ie, all of the channel-
defining properties expected for human cardiac KATP

channels.
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Purinergic facilitation of ATP-sensitive potassium current in rat
ventricular myocytes

Andrey P. Babenko & 1Guy Vassort

INSERM U.390, `Physiopathologie Cardiovasculaire', CHU Arnaud de Villeneuve, 34295 Montpellier, France

1 The e�ects of di�erent purinergic agonists on the cardiac adenosine 5'-triphosphate (ATP)-sensitive
potassium current (IK(ATP)), appearing during dialysis of rat isolated ventricular myocytes with a low-
ATP (100 mM) internal solution under whole-cell patch-clamp conditions, were examined in the presence
of a P1 purinoceptor antagonist.

2 The extracellular application of ATP in the micromolar range induced, besides known inward
currents through cationic and chloride channels, the facilitation of IK(ATP) once IK(ATP) had already been
partially activated during the low-ATP dialysis.

3 Analogues of ATP, a,b-methyleneadenosine 5'-triphosphate (a,bmeATP), 2-methylthioadenosine
triphosphate (2MeSATP), adenosine 5'-O-3-thiotriphosphate (ATPgS) similarly facilitated IK(ATP). UTP
and ADP were very weak agonists while AMP and adenosine had no detectable e�ect.

4 The half-maximal stimulating concentration (C50) of a,bmeATP, an analogue that did not elicite the
interfering inward cationic current was 1.5 mM. Similar apparent C50 (1 ± 2 mM) were observed for ATP
and analogues tested with somewhat less maximal e�ect of ATPgS.
5 Suramin, a nonselective P2-purinoceptor antagonist, altered IK(ATP) at the relatively high
concentration required to inhibit purinoceptors. Pyridoxal-phosphate-6-azophenyl-2',4'-disulphonic acid
(PPADS), a supposedly predominantly P2X-purinoceptor antagonist, at micromolar concentration
inhibited the transient inward current but did not block the facilitation of IK(ATP).

6 Our results demonstrate that ATP and its analogues facilitate IK(ATP) in rat ventricular myocytes by
stimulation of non-P1-, non-P2X-purinoceptors.

Keywords: Extracellular ATP; purinergic agonists; purinoceptors; ATP-sensitive potassium channel; cardiomyocytes; ATP
depletion; suramin; pyridoxal-phosphate-6-azophenyl-2',4'-disulphonic acid (PPADS); cardioprotection

Introduction

Adenosine 5'-triphosphate (ATP) is stored in secretory gran-
ules of sympathetic or parasympathetic nerve terminals and is
co-released together with noradrenaline or acetylcholine. In
addition, several cell types such as platelets, vascular en-
dothelial and smooth muscle cells can release ATP under
various physiopathological conditions (Gordon, 1986). The
e�ects of ATP on cardiac cells have been generally ascribed to
P2-purinoceptors whose classi®cation was based primarily on
rank order of potency of a series of ATP analogues in the
absence of speci®c antagonists (Burnstock & Kennedy, 1985;
Dubyak & El-Moatassim, 1993; Fredholm et al., 1994). The
initial P2-purinoceptor subclasses are themselves subdivided
following the ®rst studies of cloning and expression of ATP
receptors. Rather than being di�erentiated by the activity of a
series of ATP analogues, the P2X-purinoceptors, the ligand-
gated ion channels/ionotropic receptors can be di�erentiated
from the P2Y-purinoceptors that activate intracellular signal-
ling pathway by their molecular structures. Extracellular ATP,
since the pioneer work of Drury and Szent-Gyorgyi (1929), is
known to alter both cardiac chronotropy and inotropy. In
mammalian cardiac muscle, extracellular ATP modulates
several ionic channels and exchangers (Vassort et al., 1994).

A number of potassium channels are present in cardiac
myocytes that determine action potential shape and frequency
of beating. Some observations indicate that several of them are
regulated by extracellular ATP (Friel & Bean, 1988; 1990;
Kaneda et al., 1994; Fu et al., 1995; Matsuura et al., 1996a,b).
In 1983, Noma described an ATP-sensitive potassium (KATP)
channel that activates with decreasing intracellular ATP con-
centration; such an observation accounts for the shortening of
cardiac action potential observed during anoxia (Trautwein et

al., 1954). The KATP channel in cardiomyocytes has been
characterized by a number of investigators (for a review see
Nichols & Lederer, 1991; Terzic et al., 1995) and has recently
been shown to consist of an inward recti®er subunit plus an
ABC protein, the sulphonylurea receptor (Inagaki et al., 1995;
Sakura et al., 1995). Modulation of KATP channel activity has
been the basis of numerous pharmacological studies since these
channels are abundant in a variety of tissues and species
(Ashcroft & Ashcroft, 1990) including human ventricular
cardiomyocytes (Babenko et al., 1992). Sulphonylureas are the
most selective inhibitors of these channels, they have been used
for a long time in the treatment of non-insulin-dependent
diabetes mellitus while numerous synthetic KATP channel
openers are currently suggested for their cardioprotective ef-
fects (see Terzic et al., 1995 for a review). In cardiac cells,
adenosine and acetylcholine are reported endogenous mod-
ulators of KATP channel activity. It has been shown that sti-
mulation of adenosine (P1-purinoceptor) or muscarinic
receptors in the presence of guanosine 5'-triphosphate (GTP)
at the inner side of sarcolemma fragments excised from ven-
tricular cells mediates an increase in KATP channel activity via a
membrane-delimited signalling pathway that includes a per-
tussis toxin-sensitive G-protein (Kirsch et al., 1990; Ito et al.,
1994). Recently, the stimulating e�ect of acetylcholine on
IK(ATP) in atrial myocytes was also proposed to be mediated via
phosphatidylinositol second messengers (Wang & Lipsius,
1995), while the b-adrenoceptor agonist-induced increase in
IK(ATP) is consequent to adenylyl cyclase activation (Shackow
& Ten Eick, 1994).

Using whole-cell patch-clamp recordings we have demon-
strated that the IK(ATP) appearing in rat isolated ventricular
myocytes dialysed with a low-ATP containing solution is fa-
cilitated by micromolar concentrations of extracellular ATP
and its analogues applied in the presence of a P1-purinoceptor
antagonist.1Author for correspondence.
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Methods

Cell preparation

Adult rat ventricular cardiomyocytes were isolated as de-
scribed previously (PuceÂ at et al., 1995). Brie¯y, the heart
was rapidly excised from pentobarbitone-anaesthetized
(40 mg kg71), 200 ± 250 g male Wistar rats and perfused ac-
cording to Langendor� at 378C, ®rst with a nominally Ca2+-
free bu�er solution for cell preparation at 6 ml min71 for
5 min and then at 4 ml min71 for 50 min with the same so-
lution supplemented with 1.3 mg ml71 type A collagenase
(Boehringer Mannheim GmbH, Mannheim, Germany) and
20 mM Ca2+. Then, ventricles were separated from atria and
gently dissociated by pipetting. Cells, ®ltered through nylon
mesh and washed out from collagenase in the enzyme-free
solution were allowed to precipitate and supernatant was
discarded. Cells from the pellet were resuspended and in-
cubated at 378C for 15 min. Meantime Ca2+ concentration in
the solution was increased step by step up to 0.3 mM. Fi-
nally, cells were resuspended in a solution containing
1 mM Ca2+ and 0.25% bovine serum albumin (Sigma Che-
mical Co., St. Louis, MO, U.S.A.). Cells from the dissocia-
tions giving not less than 66106 rod-shaped cardiomyocytes
were kept at low concentration (*103 cell ml71) for 8 ± 10 h
at 378C. Then 30 ml of cell suspension were dropped in a
specially designed 0.7 ml perfused bath chamber mounted on
a Diaphot 200 inverted Nikon microscope (Nikon Corpora-
tion, Tokyo, Japan) 10 min before the electrophysiological
experiment; only clearly striated myocytes with a smooth
surface were used.

Whole-cell current recording

Whole-cell currents were recorded by the conventional whole-
cell con®guration of the patch-clamp technique (Hamill et al.,
1981). Micropipettes manufactured from hard glass capillary
tubes (GC120F-10, Clark Electromedical Instruments, Pang-
bourne, U.K.) by a P-80/PC Flaming-Brown programmable
puller (Sutter Instrument Co., CA, U.S.A.) with resistance of
2 ± 3 MO when ®lled with the pipette solution were used. Li-
quid junction potential between the external and the pipette
solutions was less than 2 mV. Whole-cell currents were re-
corded using a RK-400 cell/patch-clamp ampli®er (Biologic,
Claix, France) at a holding potential of 740 mV and during
repetitive slow (0.05 mV ms71) voltage-ramp stimuli from
+50 to 7100 mV (voltage from 740 to +50 mV and from
7100 to 740 mV was changed at a voltage-ramp rate of
1 mV ms71). Command potential generation, acquisition, and
on-line analysis of currents elicited during voltage-ramp sti-
muli were performed with a PCL-718 interface (Advantech
Co., Ltd, U.S.A.) on a Pentium computer and the BioQuest
software (WC2-6 version, developed by Dr. A. Alekseev).
Continuous whole-cell current signal was monitored on a NIC-
310 digital oscilloscope (Nicolet Instrument, Plaisir, France)
and stored on magnetic tape by a DTR-1800 digital tape re-
corder (Biologic, Claix, France) for later analysis. The current
recordings were taken into account beginning from the 10 ±
15th min after membrane patch rupture if series resistance
ranged from 10 to 20 MO and was stable (less than 10% in-
crease during the experiment). The series resistance was com-
pensated by 70% through the patch-clamp ampli®er circuit.
Whole-cell currents were normalized to cell capacitance (Cm)
calculated from equation Cm=Q/V where Q is charge esti-
mated by integrating the area de®ned by the capacitive tran-
sient current recorded during a 10 mV hyperpolarizing pulse
(V). Long-time current records were replayed from magnetic
tape, sampled at 6 or 60 ms-step of digitization and plotted
from a ®le by use of SigmaPlot 5.0 software (Jandel Scienti®c,
San Rafael, CA, U.S.A.).

Under a designed voltage protocol and ionic conditions,
the basal current observed soon after the patch rupture was

predominantly IK1 (through strongly inwardly rectifying po-
tassium channels) that remained relatively constant and was
not altered markedly by purinoceptor agonist applications
during the 60 ± 80 min recordings in the presence of 10 mM
glibenclamide. A potassium, ohmic, voltage-independent,
glibenclamide-inhibited current developing slowly during cell
dialysis with the `intracellular' low-ATP-containing glucose-
free solution was referred to as IK(ATP). P2-purinoceptor sti-
mulation of rat ventricular cells mediates substantial inward
currents through voltage-independent nonselective cationic
(Scamps & Vassort, 1990; 1994) and chloride channels (Ka-
neda et al., 1994) with reversal potential at 0 mV for both
currents in the present ionic conditions. Thus, IK(ATP) was
estimated from the di�erence between currents recorded at
0 mV either during voltage ramp stimuli applied at the time
of interest or at the beginning of whole-cell current recording.
Time course of IK(ATP) at 0 mV was constructed from a se-
quence of the ramp current traces analysed with the sub-
traction algorithm. Finally, changes in slope of quasi-linearly
increasing IK(ATP) (i.e. `net-slope' calculated as the di�erence
between the current rises during a minute after, and im-
mediately before application of agonist) were determined to
characterize quantitatively the e�ects of di�erent purines on
IK(ATP).

Solutions and reagents

The bu�er solution for cell preparation had the following
composition (mM): NaCl 123, KCl 5.4, NaHCO3 5, NaH2-

PO4 2, MgCl2 1.6, D-(+)-glucose 10, taurine 20 and
HEPES 20; pH 7.2 at 23 ± 248C adjusted with 1 N NaOH.
The external control solution contained (mM): NaCl 140,
KCl 5, MgCl2 1, CaCl2 1 and HEPES 10; pH 7.4 at 23 ± 248C
adjusted with 1 N NaOH and was supplemented with
10 mM 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), a potent
adenosine (P1-purinoceptor) receptor blocker. The `in-
tracellular' pipette solution contained (mM): KCl 140,
EGTA 5, HEPES 5, KOH 10, MgCl2 1.3, Na2ATP 0.1 and
GTP lithium salt 0.2; pH 7.2 at 23 ± 248C, adjusted with
1 N KOH. Di�erent nucleotides and other compounds were
added to the external solution, according to the experimental
protocol described in the Results section, from stock solu-
tions just before use; pH was carefully checked again after
dilution of nucleotides. Solutions supplemented by purinergic
inhibitors, suramin or pyridoxal-phosphate-6-azophenyl-2',
4'-disulphonic acid 4-sodium (PPADS) were protected from
light.

DPCPX and PPADS were from Research Biochemicals
Incorporated (Natick, MA, U.S.A.), 2-methylthioadenosine
triphosphate tetrasodium salt (2MeSATP) from ICN Bio-
medicals Inc. (Aurora, Oh, U.S.A.), suramin (a generous
gift from Bayer AG, LeverkuÈ ssen, Germany), adenosine 5'-
O-3-thiotriphosphate (ATPgS) tetralithium salt from Boeh-
ringer Mannheim GmbH (Mannheim, Germany) were
used. a,b-methyleneadenosine 5'-triphosphate lithium salt
(a,bmeATP) and other reagents were obtained from Sigma
Chemical Co (St. Louis, MO, U.S.A.), unless otherwise
noted.

Di�erent bathing solutions including the control one
were applied to the cell with a RSC-100 rapid solution
changer system (Biologic, Claix, France) at a ¯ow rate of
100 ± 150 ml min71 and a tube switching time of 100 ms.
Electrophysiological experiments were performed at 23 ±
248C.

Data analysis

All averaged values and error bars represent means+s.d.
Statistical signi®cance was evaluated by Student's unpaired
t test. Di�erences with values of P50.05 were considered to be
signi®cant. Fits to the dose-response equation were performed
by running SigmaPlot 5.0 software with a non-linear Mar-
quardt-Levenberg curve-®t algorithm.
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Results

E�ect of extracellular ATP on IK(ATP)

By use of the conventional whole-cell patch-clamp technique,
rat ventricular cells were dialysed with a low-ATP containing
solution (100 mM) that elicited a slowly developing IK(ATP). The
nature of this current was revealed by its voltage-independent
kinetics, instantaneous activation without any apparent in-
activation across a large range of test potentials, its reversal
potential close to EK, the reversal potential of K

+ ions, and its
inhibition by glibenclamide. As shown in Figure 1, cells were
held at 740 mV and repetitive slow ramps applied from +50
to 7100 mV. Soon after the patch had been broken, the ap-
plication of 50 mM ATP induced an inward current with an
initial large surge as previously described (Scamps & Vassort,
1990; 1994; Kaneda et al., 1994). Within 15 min the holding
current started to get more outward; then on top of the inward
current, ATP triggered a large outward current that developed
slowly and recovered with a similar time course on ATP
washout. Outward current was never elicited by ATP applied
before some IK(ATP) had occurred. A second ATP application
similarly enhanced the outward current that was sustained as

long as ATP was present. The late application of glibenclamide
inhibited this outward current. Note also that while IK(ATP)
developed the tracing became more noisy. In inset of Figure 1,
the current tracings elicited by voltage-ramps applied at dif-
ferent times during the occurrence of IK(ATP) and during ATP
applications are superimposed. Initially, a strong inward rec-
tifying current, IK1 was predominantly elicited; later during the
low-ATP dialysis, a quasi-linear relationship was obtained
with, in every case, a reversal potential at about 785 mV. In
the presence of 5 mM ATP in the pipette, basal outward cur-
rent was never found to increase over the 60 min of dialysis;
the repetitive application of 50 mM ATP within one hour of
breaking the cell membrane induced inward currents as al-
ready described (Scamps & Vassort, 1990; Kaneda et al., 1994)
but no outward currents, although following metabolic
inhibition with 0.5 mM carbonyl cyanide p-(tri-
¯uoromethoxy)phenylhydrazone (FCCP) a large, with mag-
nitude of several nA, glibenclamide-sensitive outward
potassium current was produced through K(ATP) channels
being in operational state (not shown, 5 cells). These results
show that ATP in the presence of a P1-purinoceptor (adenosine
receptor) antagonist mediates a substantial increase in po-
tassium glibenclamide-sensitive current only when IK(ATP) had
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Figure 1 E�ects of extracellular ATP application on the holding current in rat ventricular cardiomyocyte. Under whole-cell patch-
clamp conditions, a cell dialysed with a low-ATP (100 mM) pipette solution was held at 740 mV. Repetitively applied slow voltage-
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current amplitude during voltage-ramp stimuli. Such a voltage protocol allowed the rapid establishment of the current-voltage
relation of quasi-steady-state current appearing at di�erent times in the experiment (traces marked alphabetically are presented in
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already been partially activated by the low-ATP dialysis. Thus,
the ATP-induced change in current may be de®ned as a facil-
itation of IK(ATP).

Other purinergic agonists facilitate IK(ATP)

Along with IK(ATP) facilitation, ATP activates a substantial
non-selective cationic current in rat ventricular cells (Scamps
& Vassort, 1990; 1994; see Figure 1). Not only will this
current render the analysis of IK(ATP) more di�cult but con-
sequent increases in the local concentration of cations are
known to alter the behaviour of several ionic channels. The
poorly-hydrolysable ATP-analogue, a,bmeATP activates nei-
ther the non-selective catonic current nor the Cl7 current
(Scamps & Vassort, 1994; Kaneda et al., 1994). We thus used
this agonist to obtain an insight into the relationship between
the purinergic facilitation of IK(ATP) and initial level of IK(ATP).
Figure 2 shows a continuous whole-cell recording and ex-
empli®es the e�ect of repetitive applications of 10 mM
a,bmeATP. Clearly, the agonist-facilitated IK(ATP) depended
on the previous level of the current with relatively re-

producible changes in the facilitation of IK(ATP) when the
prevailing level of outward current ranged from about 2 to at
least 4 pA pF71, at a holding potential of 740 mV (observed
in all 5 similar experiments).

Taking into account the above observation, the e�ects of
several purinergic agonists applied in the presence of a P1-
purinoceptor antagonist were tested on cells in which the
outward holding current developing during cell dialysis with
the low-ATP solution had reached an amplitude not less than
2 pA pF71 at 740 mV. Figure 3 presents original recordings
showing that at 10 mM all of ATP tested analogues were active
in facilitating IK(ATP). Note that IK(ATP) recovered after washout
of every agonist like after ATP removal. Even 50 mM uridine
5'-triphosphate (UTP) and 50 mM ADP induced very weak
enhancement of IK(ATP). Neither AMP nor adenosine had an
e�ect in 21 similar experiments.

Dose-dependency of purinergic stimulation of IK(ATP)

We established that the purinoceptor-mediated facilitation of
IK(ATP) was dose-dependent for a,bmeATP, an analogue with
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less e�ects on currents unrelated to IK(ATP) when it was applied
on cells at various concentrations but at a given (2 ±
2.5 pA pF71) previous level of outward current. This is illu-
strated in Figure 4a. As shown in inset, using equation:

I � Imax�C
nH
�C

nH
� C50

nH
�

ÿ1
�;

where I and Imax are the actual and the maximal increase in
quasi-linear rise of IK(ATP), respectively, C and C50 the actual
and the half-maximal stimulating concentration of a,bmeATP,
respectively, and nH the curvature coe�cient, the best ®t of
averaged experimental data was obtained with C50: 1.5 mM,
nH: 1.3, and Imax: 6.4 pA pF71 min71. Results of similar ex-
periments with other agonists are summarized in Figure 4b.
ATPgS was found to be less e�cient compared with other
adenosine triphosphates tested, and apparent values of the
half-maximal stimulating concentration for all the agonists
tested were in the range of 1 ± 2 mM. Thus, the agonist potency
for the facilitation of IK(ATP) was found to be ATP^a,b-
meATP^2MeSATP4ATPgS44UTP^ADP.

E�ects of purinoceptor antagonists

Suramin is a broad spectrum non-selective P2-purinoceptor
antagonist whose inhibitory e�ects are generally checked after
pretreatment. Cells which had been pretreated for 30 min at
378C with 50 ± 100 mM suramin showed a very slow develop-
ment of IK(ATP) during the low-ATP dialysis. Moreover on
these cells, the application of 10 mM ATP was ine�ective in
facilitating IK(ATP). The e�ect of ATP was also tentatively
checked on cells freshly superfused with suramin. As shown in
Figure 5a under similar experimental conditions as with the
low-ATP dialysis, the application of 100 mM suramin en-
hanced the outward current which then slowly decreased. A

closer examination of the current trace shows that the current
decrease or run-down occurred together with less noise. The
latter observations might indicate that less channels remained
available to open over the time but with a high open prob-
ability. Voltage-ramps applied during the surge of current or
after it had partially deactivated were quasi-linear with a re-
versal potential of about 780 mV. The subsequent applica-
tion of ATP in the presence of suramin was ine�ective despite
the remaining potassium current being suppressed by glib-
enclamide. Note that the transient inward current activated
by ATP was not fully inhibited after 10 min of bathing the
cell in suramin-containing solution. Similar e�ects were ob-
served in three other cells. In two other cells, soon after the
large outward current had developed on superfusion of sur-
amin, the application of 10 mM glibenclamide inhibited it (not
shown).

PPADS generally used at 10 ± 30 mM is considered to be a
selective antagonist of P2X-purinoceptors (Lambrecht et al.,
1992). Preincubation of cells with 10 mM PPADS for 20 min at
378C attenuated the development of IK(ATP) during the low-
ATP dialysis. Furthermore, the purinergic-mediated facilita-
tion of IK(ATP) was then very weak, and the transient inward
current was never observed in PPADS-pretreated cells. As
shown in Figure 5b, superfusion of a low-ATP-dialysed cell
with 20 mM PPADS, like with 100 mM suramin, induced a bi-
modal change in the outward current (left part); the latter was
also sensitive to 10 mM glibenclamide which markedly inhibited
it (2 cells). At a lower concentration, PPADS (2 mM) induced a
less marked transient increase in the outward potassium cur-
rent by itself, inhibited the non-selective cationic current and
did not abolish the ATP-induced facilitation of IK(ATP) (right
part). Facilitation of IK(ATP) by 10 mM ATP applied on three
cells when the outward holding current at 740 mV had
reached 2 ± 2.5 pA pF71 was not signi®cantly reduced
(2.3+1.5 vs 4.2+2.1 in control, see Figure 4b).
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Discussion

The data presented provide the ®rst evidence for a purinergic,
not adenosine receptor-mediated, facilitation of cardiac
IK(ATP). The experimental conditions were designed, so that
cellular ATP was slowly depleted, to simulate a crude model of
physiopathological conditions in which a decrease in in-
tracellular ATP is known to occur. Dialysing the cells with a
low-ATP solution we showed that purinergic stimulation of
IK(ATP) occurs only when it has already been partially activated.
The reasons for choosing a 100 mM intracellular ATP dialysing
solution were two fold: ®rstly, it is an ATP concentration that
triggers a quasi steady-state activity of IK(ATP) avoiding both its
fast activation and its premature run-down; secondly, this
concentration is close to the Km for ATPases, kinases and
other ATP-utilizing enzymes. Consequently, such a protocol
allowed us to observe reproducible e�ects of purinergic sti-
mulation on IK(ATP).

IK(ATP) was markedly and similarly enhanced by ATP and its
poorly-hydrolysable analogues, although ATPgS demon-
strated slightly less e�ciency. The apparent C50 values to fa-
cilitate IK(ATP), in the micromolar range for the various ATP
analogues, were similar to those previously found for other

purinergic e�ects (Puceat et al., 1991a, b; Scamps & Vassort,
1994). The guanidyl triphosphate, UTP was as poorly active as
ADP. However, the sensitivity of IK(ATP) to purinergic stimu-
lation was di�erent from the stimulation of the Ca2+ current
for which the rank order of e�cacy is 2Me-
SATP^ATP^ATPgS with a,bmeATP being inactive (Scamps
& Vassort, 1994) and for the activation of the Cl7 current that
also shows no response to a,bmeATP (Kaneda et al., 1994).
The agonists shown to enhance IK(ATP) are the same as those
mediating the increase in intracellular free Ca2+ concentration
or the sarcoplasm acidi®cation, in which ADP and UTP, GTP,
CTP and ITP were shown to be ine�ective (PuceÂ at et al.,
1991a, b). However, the purinergic-induced facilitation of
IK(ATP) could not be attributed to variations in intracellular free
Ca2+ concentration activating the sarcolemmal Ca2+-ATPase
and consequently inducing local ATP-depletion, since experi-
ments performed in the presence of BAPTA, a fast chelating
agent, gave similar results as in its absence (not shown, 3 cells).
It is di�cult to correlate the rank order of e�cacy and potency
of purinergic agonists to facilitate IK(ATP) with those found for
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presented in insets at expanded time and current scales. Other
markers and experimental conditions as in Figure 1.
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any of the presently cloned P2-purinoceptors. However, al-
though P2X- and P2Y-purinoceptors have generally been shown
to activate the ligand-operated channels or the phospholipase
Cb, respectively other signal transduction pathways are acti-
vated by purinergic agonists. For example, in rat cardiomyo-
cytes, we have recently demonstrated that ATP induces
activation of a tyrosine kinase pathway that involves phos-
pholipase Cg1 (PuceÂ at & Vassort, 1996). Furthermore, the
ATP- and triphosphate-adenosine derivatives-induced acid-
i®cation mediated by activation of the Cl7/HCO3

7 exchanger
is associated with a tyrosine-phosphorylation of this exchanger
(PuceÂ at et al., 1991b; 1993).

The trypanocidal drug suramin has been shown to inhibit
P2X-, P2Y- and P2T-purinoceptor-mediated e�ects but with re-
latively low activity; 100 mM are required (Dunn & Blakely,
1988). Moreover, it is now apparent that suramin is a poorly
selective antagonist of ATP since it potently inhibits ATPase
activity at similar concentrations to those at which it blocks the
P2X-purinoceptors (Humphrey et al., 1995). In addition among
several other non-purinoceptor-mediated antagonistic e�ects,
suramin inhibits ATP breakdown by ectonucleotidases
(Hourani & Chown, 1989) and a number of nucleotide-binding
enzymes (Voogd et al., 1993). Therefore, it is probable that
suramin might interact with the nucleotide binding sites of the
KATP channel, assuming the drug reaches the cytoplasmic side
of sarcolemma. Intracellular ATP regulates KATP channels in
two ways: it closes the channel (ligand function) and in the
presence of Mg2+ ions, it maintains the KATP channel in an
operational state presumably through an enzymatic reaction
(see for review Ashcroft & Ashcroft, 1990; Nichols & Lederer,
1991; Terzic et al., 1995). Suramin, on the one hand, might
antagonize intracellular ATP-induced inhibition of channel
opening that leads to an increased IK(ATP); on the other hand,
suramin might a�ect a MgATP-dependent mechanism that
maintains KATP channel in a functional state. A rather similar
situation might occur with the supposedly selective antagonist
of P2X-purinoceptors, PPADS. However, 20% of the inhibition
by this compound has been shown to be not concentration-
related (Windschief et al., 1995), it is known to inhibit ecto-
nucleotidases at a high concentration (Welford et al., 1986)
and, like suramin, to be an antagonist at cloned P2Y-pur-
inoceptors (Charlton et al., 1996). Thus, our results and those
of other authors are in general agreement that these com-
pounds interact with di�erent ATP-binding sites apart from
the speci®c purinoceptors. Such observations prevent unequi-
vocal information regarding the inhibitory e�ect of suramin
and PPADS on purinoceptor-mediated modulation of ATP-
dependent e�ector systems from being obtained. However,
PPADS, compared with suramin, had a stronger inhibitory
e�ect on the transient non-selective cationic current than on
the facilitated IK(ATP). This ®nding is in agreement with the
original proposal that the ATP-induced transient non-selective
cationic current is due to a ligand-operated channel (Friel &

Bean, 1988), and attributable to one of the P2X-subtype of
purinoceptors. The above results also suggest that the ATP-
induced facilitation of IK(ATP) is not attributable to the acti-
vation of the ionotropic purinoceptors since facilitation is
triggered by ab-meATP and not prevented by PPADS. The
inability of ab-meATP to activate the non-selective currents as
well as the high sensitivity of this current to PPADS are in line
with corresponding properties of the recently cloned P2X5-re-
ceptor expressed in rat heart (Garcia-Guzman et al., 1996).

Purinergic-stimulation of IK(ATP) might be of physiopatho-
logical signi®cance and could represent an endogenous safety
mechanism for cells that are partially de®cient in intracellular
ATP. As with potassium channel openers, the ATP-facilitated
outward IK(ATP) could shorten the action potenial, and thus
reduce energy consumption by abbreviating cell contraction. It
is well known that ATP is released from the perfused heart
particularly during hypoxic or adrenergic stimulation (Vial et
al., 1987). Although the following hypothesis is currently
controversial, at the single cell level it has been proposed
(Reisin et al., 1994; Schwiebert et al., 1995) and denied (Reddy
et al., 1996; Li et al., 1996) that the ABC proteins could carry
ATP. Whatever the mechanism of ATP release, under ischae-
mic conditions IK(ATP) would be activated by intracellular de-
pletion of ATP and facilitated by positive feedback allowing
for its modulation. Such a mechanism which leads to cell
protection should be di�erentiated from the e�ect of ATP
which, after its release by damaged cells will di�use to nearby
intact cells and induce spontaneous electrical activity (Scamps
& Vassort, 1990; Vassort et al., 1994). In this context, one has
to consider that such an ATP-induced action potential short-
ening might contribute to increase tissue imbalance and thus
participate in arrhythmias.

In conclusion, extracellular ATP in the micromolar range
enhances IK(ATP) in rat isolated ventricular myocytes dialysed
under whole-cell patch-clamp conditions with a low-ATP
containing solution. Such a facilitation results from stimula-
tion of non-P1-, non-P2X-purinoceptors, is triggered by ATP
analogues (a,bmetATP, 2MeSATP, ATPgS) with ADP and
UTP being very weak agonists. This facilitation of IK(ATP) is
not inhibited by PPADS at a concentration su�cient to block
non-selective cationic channels related to P2X-purinoceptors in
other tissues. This is the ®rst time that purinergic modulation
of IK(ATP) has been described and this might contribute to
adaptation of cardiomyocytes to physiopathological condi-
tions in which the intracellular ATP level is compromised.

The authors would like to acknowledge M. Rongier for cell
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Using tile patch-clamp method in 27 different reside-out patches it was shown for the first time that they defined tile basic parameters of tile 
functioning of tangle ATP-~ensitive K + channels in the human adult ventricular cardiomyocytes membrane. At [K+]o = 140 mM ~ingi~ channel 
conductance (over tile linear part of the 1- I-' relation) reaches 100 pS. The possibility of tile existence of the~e channels' conductance sublevels a~ 
well as the clunter character of their localization in sarcolemma is ~hown. The channel actiwty demonstrates an obvious run.down with v at about 

a minute The analy~ed channels possess one open and two clo~ed ~tates. 

ATP-~cnsitive K+-chaanel, Human adult ventllcular cardiom;/ocyte 

1. INTRODUCTION 

The extreme growth of the appearance of a great 
nttmber of  experimental works devoted to ATP-sensi- 
live K + channels in the cardiomyocytes membrane [1-9] 
is to a great degree explained by the desire to find out 
the molecular mechanisms of potassium permeability 
change in case of the exhaustion of the ATP storage in 
them. Though the importance of such research works 
for experimental and clinical cardiology "2~ difficult to 
underestimate the peculiarities of single ATP-sensitive 
K + channels in the human adult ventricular cardiomy- 
ocytes membrane have not yet been characterized. This 
research is particularly necessary as the currents 
through these channels possess some species variations 
[1,2,5,101. 

2 MATERIALS A N D  METHODS 

Individual eardiomyocytes were isolated from myoeardium taken 
from 14 patients at the age of 6~13 years who were undergoing the 
~urgical tleatment Ibr the foilowin~ diseases: interventricular septal 
defect, mitral valve defect, l.'allot'~ tetrad, etc. 

ARer isolation fragmentb ofventncular tissue of about 10 × 10 × 10 
mm were rin~cd m a ~aturated gas mixture of 959b O~ and 5% CO.~ at 
room temperature (21-23°C) m a medium for the preparation of 
cardiomyocytes (MPC; containing (in raM): NaCl 100, KCI 10, 
KH2PO4 1.2, MgSO~ 5, gluc0se 20, taurm¢ 30, MOPS 10, pH 7.2) with 
CaCl: m the concentration 140/aM and 5% fetal bowne serum. The 
period of time from the isolation of tissue to the beginning of treat- 
ment was not more than 10 rain. All the following mampulatioas 
during the cell i~olation were made at a temperature 37°C 

Correspondence address' Yu.L. Shevchenko, Chine of Cardiovascular 
Surgery, Russian Military-Medical Academy, St. Petersburg. Russia 

Tissue was transferred into a fresh portion 0fthe same medium and 
minced :nto 2-3 mm pieces with scissors Afterward~ tile medium was 
removed and discarded. Tissue was tleated initially for 2 rain with 
MPC with EGTA (0.08%) and CaCI.~ at a concentration 140/~M. Then 
tissue was trannl'erred into a specially d~igned di~aggregation vessel 
[11] containing 4 ml of 0.1% collagenase type A, 0.02% pronase E, 
0 1% albumin bovine fmchon V and CaCI: at a concentratmn of 140 
ltM m MPC and treated for 10 ram. The medium containing molated 
myoeytes was then centrifuged at 70 × g for 10 nlln at room tempera- 
tare. Tile centrifuged medium was decanted leaving a loose pellet of 
cells which was gently resuspended m 2 ml of MPC and stored at room 
temperature. Three t~mes repeution of the procedure helped zchmve 
60-70% tissue disa881egation The separation of the cardiomyocytes 
from other cells and debris in the received suspension was conducted 
by means of sedimentation in the 596 solution of the BSA fraction V 
m the MPC at 1 g dining 10 rain at the average room tempelature. 
The separ,itcd suspension contmned 40-50% c,ndiomyocyte~ w~th tile 
m viva morphology, which were used in the electrophymologieal ex- 
periments. The resting potential evalaat~v.I in whole-cell patch mode 
by means of" the patch-clamp method [12] was equal to 68 ± 3 mV 
(mean + S.D., n = 6) for such cells 

Single ion channel lecord~ were obtained hGm excised hi,ida-oat 
membrane patche~ [12] as has been described befole [9]. The pipetten 
were filled either with M r s  with 1 mM CaCI~ or wah the K~ solution 
containing (m raM): KCI 140, MOPS 10, CaCI, 1, MgCI_~ 1, pH 7 2 
]'he bath K, sohthon contained (in raM): KCI 140+ HCI 70, MOPS 10, 
CaCI, 0.3, EGTA 5, pH 7.2. ATP was obtain~'~l from Sigma. All 
ezperirnents were conducted at room temperature (21-23°C). 

3. RESULTS 

The current through single ATP-sensitive K + chan- 
nels appeared after the transition from the cell-attached 
mode into the inside-out mode (in 27 out of 136 differ- 
ant membrane patches) with the time delay reaching 
d +  ! + 1  i l l  + + + W I I ~ + I  I L I +  + ~ I I I I A A + L I + A I  + I  m l l + + l  ~ + l l ~ l + l  t l + ~  + +  

ATP (produced with the K, solution) applied on the 
inner side of  the membrane patch showed that with the 
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Fig 1. Properties of ATP-sen~itive K'.channels m tile human adult 
ventricular eardiomyoeytes membrane (A) Blocking ofthe channd by 
ATP application on the inner ~:de of  the membrane patch. The dotted 
line (here and further) indicates the zero current level, the upward 
devmtton correspond~ to outward current. (B) Current-voltage ,ela. 
t~ons, m~de-out patch mode. (C) Tile extstence of the ~int~le channel 

conductance sublevels, 

ATP concentration of 2 mM the complete reverse 
blocking of  channel develops in all the cases (Fig. IA). 

Current-voltage rehttions (Fig. IB) demonstrated 
their saturation in the outward direction at the level of  
about  3 pA (in case of  the phystological K + concentra- 
tton rehttion at the outside ([K+]o) and inside ([K*],) 
membrane surface, together with the inward rectifica- 
tion which is distinctly seen for the more symmetrical 
case in [K÷]. Here the single channel conductance value 
defined according over the linear part of  I - V  relation in 
average was equal to 99 + 2 pS (mean + SD~ n = 4). In 
~ome experiments the sublevels with the less channel 
conductance (Fig. I C) were registered, though under 
such conditions the possibility of  their appearance was 
small. 

The analysis of  the current kinetic characteristics was 
complicated because of the presence as usual o f  several 
channels in one path. It was only in 4 experiments that 
we managed to record the activity of a channel. This 
example is shown in Fig. 2. It is seen that the peculiarity 
of  the burst kinetics of  the currents is a better expression 
of  the transitions into short close states within the bursts 
tbr inward curicnts. The evaluation of kinetic parame- 
ters was complicated becanse of  the extreme (~" ranging 
tip to 1 rain) run-down inactivation (Fig. 3). For  the 
calculation of  the channel open and closed state dura- 
tions~ distribution fragments of  recordings of  their ac- 
tivity only during the first minute were taken. In this 

Inl l¢l l -0~l  [K4Jl " ? 0  m M  - 4 ~  mY 
Fl i t [  1 0 0 0  I IZ  [K~'Io ' 140  

Fig. 2. Current recordings through the single channel, The shown 
recordings of the outward currents (the 2 upper trac~) were record~'d 
durin~ the first minute o1" channel actmty, the inward ones (2 lower 

lraee~) during the ~eond inlnute. 

case they were well approximated by one and a sum of 
two exponents for open and closed states, respectively. 
At the membrane potential of 0 mV, [K+]o = 10 mM and 
[K+], = 140 rnM re value was equal (on average) to 
65.6 + 13.7 ms, ~'t = 2.4 +_. 0.5 ms and r, = 39.0 __. 11.2 
ms (mean + SD, n = 4). 

4. DISCUSSION 

The comparison o f  the characteristics observed with 
the gi,~en ones for the analogous channels in the sar- 
colemma of  cardiomyocytes of  different animals show 
their likeness in the ATP concentration, sufficient for 
fall channel blocking [1,5,13] and ~n differences of  con- 
ductance and burst kinetics for inward and outward 
currents [i,2,14]. The analysed channels possess the 
[K+]o-dependent conductance which surpas~s the value 
calculated according to the equation [7] corresponding 

1 rain. 2 rain. 5 mln. 

~t4  4~4 651 

• i ~  I , l~ - ° , 

Fi~. 3. Tile ~quen¢¢ of amplitude histogrmns illmtratlng tile Po de- 
crea~e, cvndit:onvd by the run~lown. Every hibtogram w~ obmia~l 
while ,m,dysm8 the fra~'~ents c,f uaiat~'r~ap'~ pa,ch current record- 
mg corresponding to the first, the becond and the fifth minutes of its 
act~vay. The conditions of the registration of the outward currents, as 
for the case shown in Fig. 2, are holding current is ~.~lual to -8 mV 
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to the previously received data [2,15]. The presence of 
the run-down of these channels' activity (in comparison 
with other data [3,6,8]) may be estimated as the evidence 
of a still greater dependence of ATP-sensitive K + chan- 
nels functioning upon the completeness of regulation 
mechanisms inherent to an intact cell. The registered 
conductance sublevels analogous to that previously 
found in the channels of this type in !he guinea-pig 
ventricular cardiomyocytes sarcolemma [2] remind us 
again about the necessity of the carrying out the system- 
atic analysis of this irregular property [7]. Besides it is 
impossible to overlook one more peculiarity of their 
functioning. On the one hand, the analysed channels 
have been found only in every fifth patch (on average), 
On the other hand, there were several channels in a 
greater portion of 'active' membrane patches (as has 
already been observed [8]). It would be natural to pre- 
sume that it should be conditioned by the cluster local- 
ization of  ATP-sensitive K ~ channels in the human 
adult heart cell membrane. 
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