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Calciwm-dependent inactivation of the ATP-sensitive K * channel
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Single-channel currents were recorded from ATP-sensitive K *chanmels in inside-out membrane patches
excised from isolated rat ventricular myocytes. Perfusion of the intemal surface of excised membrane
paiches with solutions which contained between 5 and 100 ¢M [ree calcium caused the loss of K channel
activity which was not reversed when the membranes were washed with Ca-free solution. K pp channel
activity could be recoverad by bathing the patches in Mg+ ATP. The loss of Ky channel activity provoked
by intemnsd calcium was 2 process which aceurred over a time scale of seconds. Channel closure evoked by
internal ATP was essentially instantaneous. The speed of K}, channel inactivation increased with the
concentration of calcium. Neither a phosphatase inhibitor (fluoride “ons) nor a proteinase inhibitor
(leupeptin) had any effect upon the loss of K* channel activity stimulated by internal caleium.

Introduction

A class of potassinm-selective ion channels
whose opening was imhibited by intraceHuiar
adenosine 5'-triphosphate (ATP) were first re-
corded in membrane patches which had been ex-
cised from isolated cardiac muscle cells [1]. Similar
ATP-sensitive potassivm channels (Kip chan-
nels) have since been recorded from skeletal muscle
{2] and insulin-secreting B oells of the Islets of
Langerhans [3].

It has been a irequent observation that the
activity of K pp channels declined after a mem-
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brane patch had been excised from the intact ceil
{4-9]. Channels could then be reactivated by ex-
posing their internal surface to Mg - ATP [10]. The
failure of ATP*~ and ATP analogs to reactivate
‘run-down’ Kj7p channels led to the suggestion
that they may he phosphorvlated [11-14). That a
biochemical process might underly such reactiva-
tion was also suggested when it was found that the
extent of Kiyp channel reactivation depended
upon the time for which the channels were bathed
in Mg- ATP [10,12].

A number of studies have shown that Kl
channels could be blocked by the application of
divalent cations to the internal surface of excised
membrane patches [3,4,6,13-15], It was not re-
corded whetier this blockade had a noticeable
latency but in nearly every case the blockade was
reversible, Kakei amd Noma {4] noticed that
blockade of the ion channel by interna' calcium
was not reversible. It was subsequently found that
this ‘blockade’ could be reversed if the membrane
patches were hathed in Mg - ATP thougk not if
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they were hathed in ATP*~ or ATP analogs [14).
These results suggest that the ‘run-down’ of chan-
nel activity and the “irreversible’ loss of channel
activily which was provoked by internal calcium
might reflect aspecis of the same process.

The present report examines the time course of
the inactivation provoked by internal calcium of
K i1p channels from rai ventricular myocyies, It
has been found that the loss of channel activity
was a process which could proceed relatively slowly
(over 10’s of seconds) and that a complex re-
lationship existed between channel activity, the
concentration of calciup, and lhe duiaiion for
which the channels were exposed to the calciuni

Materials and Methods

Individua! myocytes were obtained from rat
hearts by standard methods which have been de-
scribed previously [14]. All experiments were con-
dunted at room temperature (20-22°C).

Single-channe! currents were recorded with the
methods of Hamill et ak [16]. Single-channel cur-
rents were recorded with a Dagan 8900 patch-
clamp amplifier and stored on video-cassette (Sony
PCM-701ES digital audio processor and SL-
HF100F video cassette recorder). Recorded ex-
periments were replayed through an 8-pole Bessel
filter {Frequency Devices Inc. 202LFF) at 1000 Hz
and digitised at 4000 Flz into a BBC Master
Microcomputer (Acorn Computers Lid). Two
forms of analysis were performed upen this data.
First the patch K p channel current was calen-
lated by averaging 65536 analog-digital conver-
sions (16.36 seconds of continuous record) re-
corded in the absence of ATP and then suhtract-
ing the average value which had been recorded in
the presence of a supramaximal concentration of
ATP. These two values were used to define the
arbitrary levels of patch current 100 and 0, respec-
tively. The second analysis iavolved sequentially
storing the means of 254 conversions (64 ms of
continuoas record) in the computer memory. 768
of these values represented 49.15 s of continuous
experimenial record. These values were stored on
floppy disc. They were subsequently used 1o re-
consiruct an approximation of the experimental
record {see Fig. 2). The conversion of raw A/D

values 10 a siandard fonm enabled cosulis winch

had been obtained from different membrane
patches to be averaged (see Figs. 4, 5 and 9).

All of the experiments described in this study
involved excised inside-ont membrane patches
where K -rich solutions bathed both sides of the
membrane, Each excised membrane patch was
voitage-clamped at — 50 mV membrane potential.
The K*-rich extracellufar (pipette) solution con-
tained (mM): 140 KCi, 2 CaCl,, 1 MpCl,, 10
glucose, 10 Hepes: the pH was adjusted to 7.4
with KOH. The K*-rich intracellular (bath) solu-
tion contained (mM): 140 KCl, i0 glucose, 10
Hepes; the pH was adjusted to 7.4 with KOH.
The K*-rich intracellular solutions also contained
a divalent cation buffer. Control K *-rich solution
contained 5 mM of either EDTA or HEDTA and
no added calcium or magnesium. For solutions
which required 2 known concentration of calcium
ions mixtures of either EGTA and CaCl, (for 1
pM free Ca?*) or HEDTA and CaCl, (for either
5 or 10 pM free Ca®*) were used as calculated
from the stability constaats of Martell and Smith
[17] and Sillén and Martell [18], respectively. 100
pM free Ca’* was provided by adding 100 uM
CaCl, to a K *-rich solution which did not contain
a divalent cation buffer. Adenosine 5'-triphos-
phate (ATP: Mg-salt: Sigma, St. Louis, MO,
U.5.A.) was added to K*-rich solution which con-
tained 5 mM EGTA and 1.4 mM MgCl,. 20 mM
potassivm fluoride replaced 20 mM KCl in the
K*-rich intracellular solutions for some experi-
ments. Leupeptin {acetyl-Leu-Len-Arg-Al: hemi-
sulphate salt: Sigma, St. Louis, MO, U.5.A.) was
added 10 K*-rich intracellular solutions when re-
quired.

Excised membrane patches were continuously
perfused by a stream of solution from one of a
series of piped outlets. Changes of solution were
performed manually under visnal control and
identified vocally upen the video recording. Trig-
gering of data collection by the computer was
performed manually.

Results

When cither ATP or Ca®* was applied to the
internal surface of an excised inside-out mem-
brane patch K., channel activity was inhibited
(Fig. 1). Tius record shows that there were signifi-
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Fig. 1. The effects of internal ATF and Ca“** upon the activity
of K5qp channels. (A) and (B) are records of unitary currents
which were obtzined from one excised imside-out membrane
patch. Downward defiections of the traces represent inwardly
dirccted membrane currenis. The dotted lines represent the
paich current level which was recorded when all channels in
the patch were closed. Except for the periods indicated by the
bars above each wrace the internal surface of the membrane
was bathed in control K *-rich solution. (A) This record com-
menges 45 5 aficr the membrans patch had been excised from
the celi. The bar above the trace indicates a period of 20 s for
which the internal surface of the membrane was perfused with

*-rich solution which contained 2 mM ATP, (B} The har
above the trace indicates a period of 20 s for which the internal
surface of the membrane was perfused with K*-rich solntion
which contained 10 pM Ca®*. Five seconds of continuous

recording have been omitted between traces (A) and (B).

cant differences between the inhibition which was
evoked by ATP (Fig. 1A) and that which was
evoked by Ca?* (Fig. 1B). First, whereas ATP
evoked an almost instantaneous closure of the 7
K i1p channels which were recorded in this patch
the effect of Ca’* was more gradual. In this
experiment at least 5 s elapsed after the applica-
tion of Ca?* before channel activity began 1o
decline and a further 3-4 5 passed before there
remained only the occastonal opening of I-2
single-channel current levels, Secondly, whereas
Kp channel activity recovered when ATP was
washed away from the membrane (Fig. 1A), the
washout of Ca®* was without effect, channel activ-
ity remained at a low level (Fig. 1B).

To be able to compare results from different
experimenis it was necessary to standardise not
only the experimental protocol, as will be described
below, but also the expression of the experimental
results. The form that this analysis look is il-
lustrated in Fig. 2 as it was performed for the
experimental records shown in Fig. 1. It can be
seen that even though the data have bezin con-
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Fig. 2. Graphic representation of the membrane patch unitary
current records which were shown in Fig. 1. These graphs were
canstrucied by averaging the data collected by the computer
over consecutive periods of 1024 ms The polarity of the
recorded puiin Guireie Jes bodd desiéd, T7ardly directed
membrane currenls ae now represented as upwards deilec-
tions of the record. In this way a reduction in the patch K
current evoked either by ATP (A) or Ca?* (B) is represented
by a lower value on the graph. The vertical axis represents the
patch K lm current as a standard score which was caloulated
from the patch current recorded First in the absence of ATP or
Ca®* (100) and then in the p of a sup intal
concentration of ATP (0). The horizontal axis represent time
where the short vertical lines mark seconds. The horizontal
bars indicate the periods for which the internal surface of the
excised membrane patch was perfused with a K *-rich solution

which contiined cither 2 mM ATP (A) or 10 uM Ca?* (B).

verted into a standard score formai, inverted, and
averaged over sequential periods which lasted for
1024 ms the graphs closely follow the form of the
raw experimental records.

The protocol which was used for each experi-
ment is illustrated in schematic form in Fig. 3.
Excepi for the periods indicated by the bars above
this schematic record the excised membrane
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Fig. 3. An schematic reprzsemtation of the experimental pro-
tocol which was used 10 compare iz effects of ATP and Ca?*
upon: K iys channel activity recorded from excised inside-out
membrane patches of rat ventricular muscle. This figure should
only be regarded as a guide 1o the explanation of the experi-
menial esults. It does not accurately reflect either the time
scale or the result of an cxperiment.
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patches would be bathed in control K *-rich solu-
tion which contained neither ATP nor divalent
cations. The protocol has bees divided into a
number of ‘phases’ which will be used to facilitate
the description of the experimental results.

First of all, membrane paiches were excised
from rat ventricular myocytes into a stream of
control K*rich solution. For those membranes
which directly formed an open inside-out mem-
brane patch the experiment began. Those mem-
branes which instead formed a closed vesicle in
tae mouth of the pipetic were passed repetitively
through the surface of the bath solution until the
vesicle opened [16). This was indicated by the
appearance of full sized and undistorted openings
of K ;7p channef currents which could be inhibited
by the perfusion of the paich with ATP, It was
frequently, if not usually, obscrved that K},
channel activity in such “opened vesicles” was at a
low and irregular level when compared.with the
high open probability and often large number of
channel currenis which were recorded in mem-
branes which excised dirzctly as open inside-omt
patches. These ‘opened vesicles’ were perfused
with K*-rich solution which contained Mg ' ATP
to reaciivaie channel activity. This was coniinued
until the activity of the K} ; channels reached an
apparently maximal and stable level [12]. The
experiment then began.

K o channel inhibition evoked by ATP (Phases
1-3)

Phase | (duration 60-90 s). After excision, or
the establichment of a stable and apparently maxi-
mal level of K}q, channel aciivity, inside-out
membrane patches remained in the coatrol K *-rich
solution. The average patch currene carried by iK*
passing inwards through K} p channels at —50
mV membrane potential in the 57 separate mem-
brane patches which make ug this study was 25.10
+349 pA (S.E}.

Phase 2 (duration 20 s}. Each patch was per-
fused with K*rich solution which contained 2
mM ATP. In each experiment K 1. channel activ-
ity was completely inhibited. This section of each
record was therefore used to measure the basal
patch membrane current recorded under voltage-
clamp at —30 m¥Y membrane poiential. This vaiue
was then subiracied from all of ibe oile; seciions
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Fig. 4. The effect of internal ATP upon excised inside-out
membrane patches. The graph represents the average Kirp
cursent, in standard form {s¢e Fig. 2), recorded from 32
f b patches which were perfused with K *-rich
solution containing 2 mM ATP for 20 s {bar).

of the paich current record and provided the
zero-current base line for each of the figures and
calculations.

Phase 3 (duration 40-50 s). Each patch was
returned to control K *-rich solution and the mear:
patch current was measured. Since the ATP ap-
plied to the patches was the Mg-salt this post-ATP
patch current could achieve vatues slightly higher
than the previous conirel lovel, pasticularly if the
patch concerned had been an *opened vesicle’, The
Kirp channel current which was recorded at this
time averaged 107.70 4 2,74% (S.E.: n=57) of the
current which had been recorded prior to the
application of ATP (Phase 1).

Part of this section of the experimental record
{the final 5 5 of Phase 1; all of Phase 2; and the
first 24 5 of Phase 3) was reconstructed for each of
32 separate membrane patches. The average of
these 32 records is shown in Fig. 4. There is litile
obvious difference between this ‘average’ record
and that which had heen reconstructed from an
individual membrane patch (Fig. 2A).

Kire channel inactivation evoked by calcium
{Phases 4 and 5}

Phase 4 (duration 20 s). After perfusion with
control K *-rich solution (Phase 3) each membrane
patch was perfused with a K *-rich sclution which
contained a known concentration of free calcium.
The results recorded during this section of the
protocol (which included the final 5 s of Phase 3:
all of Phase 4; and ihe first 24 s of Phuse 3) were



reconstructed. Fig. 5 ilustrates the averages of
these reconstructions and shows the time course of
the reduction in K1 channel enrrent which was
evoked by calcium. It was found that the applica-
tion of 1 pM Ca?* for 20 s had little obvious
eiifeci upon the K}qp current (Fig. SA). The appii-
cation of 5 pM Ca?”, on the other hand, resulted
in a gradual decline of the K/, channel current
(Fig. 5B). The rate of decline of the K}, channel
current was eclearly increased when patches were
perfused with 10 pM Ca?* (Fig. 5C). 100 pM
€a** (Fig. 5D) evoked a rapid and virtually com-
plete inhibition of the K channel current well
within the 20 s period of its perfusion, The time
taken for the K},. chanmel current to be com-
pletely inhibited when patches were perfused with
100 gM Ca®* was 2.45 £ 0.51 s (S.E: n="T). This
was significantly slower than the inhibition evoked
by ATP, 0,62 + 0.07 s (s-test: P> 0.01), recorded
in the same experiments.

Phase 5 (duration 40-50 s). Each patch was
returned to control K *-rich solution and the mean
patch Kl current was measured. Fig. 6 il-
lustrates thet the amount of K17, channel current
which remained in control solution afier the Ca®*
had been washed away was dependent upon the
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Fig, 5. The effect of internal calcium upon l{x-n. channe!
currents. Each graph represents the average K irp current, in
standard form (see Fig. .2), which had been recorded from a
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number of sef patches, The bars indicate the
pcnud of 20 seoonds for which the mterml surface of the

c was perfused with K* l-rich solu-
tions ",_,aknnwn of free calci a1l

#M Ca?* (n=10). (B) 5 LaM Ca?* (st = 7). (C) 10 uM Ca?*

{n = 8). (D) 100 uM Ca>* (n = 7). Thesc resulls were obtained

from the same membrane patches whose average sesponse 1o
internal ATP was shown in Fig, 4.
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Fig. 6. The X }1p channel current which remained afier excised
membrane paiches had been exposed 1o Ca®* for periods of 20
s. The paich K}qp cb 1 is rep 1 as that which
was ded in | solution after the washour of Calt

{Phase 3} relative to the current which had been recorded prior

to éxposure to Ca®* (Phase 3), Mean values and S.E. bars are

shown for patches which had been exposed te 1 {a=10). §

(n=T), 10 {n=8) and 100 (n = 7) pM free Ca’*, These data

were calculated From ihe same membrane paiches whose re-
sponse to Ca?™ perfusion was shown in Fig. 5.

concentration of Ca** to which the paiches had
been exposed. The higher had been the concentra-
tion of Ca?*, the less K}, channel current re-
mained.

A membrane patch had to survive this far into
the experimental protocol before it was accepted
for this study. Thus each patch was exposed to
both a supramaximal concentration of ATP and a
known concentration of free Ca®*. Where it was
passible the experiments were continued.

Reactivation of K }p channels evoked by Mg —ATP
{Phases 6 and 7)

Phase 6 (duration 120 5). After perfusion with
control K *-rich solution (Fhase 5) eack patch was
perfused with 2 mM Mg- ATP (Fig. 7A). The
mean patch current was measured several times
during this period and the resulis were used to
reset the value of the basal patch current if this
had drifted during the experim-nt.

Phase 7 (duration 60 5). Each patch was re-
wrned to contrel K7-rich solution and the mean
patch current was measured. This was signifi-
canily greater than that recorded after the washout
of Ca®* (s-lest: P>0.08 comparing data from
Figs. 6 and 7B) and reflected the extent of re-
activation of Kgrp channels which had been
evoked by Mg- ATP. Fig. 7B illustrates that the
weakest reactivation was assoziated with the
sirongest inactivaion.
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10 pAl 10 s

Fig. 7. Reactivation of Ca? *-inactivated K %1, channels cvoked by Mg - ATP. (A) This single-ciannel ¢urfent record is a continuation
of the experiment which was illustrated in Fig, 1, This record commences 15 s faliowing Fig. 1B. For the period indicated by the har
above the current record the internal surface of the membrane patch was perfused with K *-sich solution which contained 2 mM
Mg ATP. One minute and 40 s of inucus ding have been d from this record (vertical bars). (B) The Ki;p channet
current which was reactivated by 2 mM Mg-ATP after inactivation evoked by different concentrations of CaZ*. The patch K

hannel L is rep 3 as that which was recorded in control solution after the washout of Mg- ATP {Phase 7) relative to the
current which had beea recorded before the patches had been exposed to €2?* (Phase 3). Mean values and S.E. bars are shown for

patches which had been exposed to 5 (1 =), 10 (17 = 6) and 100 (n = 7) uM fres Ca**.
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Experiments were conducted to examine Clearly the KXp channel current continued to

whether either the fluoride ion, which may actas a
phosphatase inhibitor, or the peptide leupeptin,
which may ac! as a proteinase inhibitor, had any
effect upon the inactivation of Kyp chanmels
evoked by internal Ca®*, Neither 20 mM potas-
sium fluoride (11 membrane patches) nor 150 pM
leupeptin {7 membrane patches) reduced the in-
activation of K}, channels which was evoked by
10 uM Ca®*. The subsequent reactivation of the
K e channel current evoked by 2 mM Mg - ATP
in the same experiments was likewise not affected
by the presence of etther fluoride or leupeptin.
Since 5 pM Cu?* evoked only a gradual and
incomplete reduction of the K. channel current
(Fig. 5B) it was decided to determine whether with
a langer exposure to this congentration of Ca**
the current weuld continue to decline or whether
it would reach a steady-state level. The standard
experimental protocol (Fig. 3) was used with little
modification. Phase 4, the period for which the
membrane patches were perfused with K*.rich
solution which contained 5 pM Ca®*, was in-
creased from 20 to 60 s. The results recorded from
this section of each experiment (which included
the final 10 s of Phase 3; all of Phase 4; and the
first 28 s of Phase 5) were reconstructed. Fig. 8
illustrates the averape of these reconstructions.

decline throughout the period of perfusion of the
patches with 5 pM Ca?*. The K}p channel cur-
rent which remained after the washout of Ca®*
(Phase 5) was measured and represented 34.5 +
5.5% (S.E.: n="7) of the current which had been
measured in these patches before they had been
exposed to Cal* (Phase 3). This was significantly
less than the 63.4 + 94% (S.E.. n="7: data taken
from Fig. 6) of control current which remained
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PATCH Kt CURRERT

Fig. 8 The average K }7p current, in standard form (see Fig. 2),

recarded from scven sep t p whose inter-

nal surface was perfused with K *-rich solution which con-

tained § pM Ca** for 60 s (bar). Graph format and axis labels

src as for Fig. 2 except that the time marks indicate 5-s
intervals.




after only 20 s of perfusion with 5 yM Ca®*
(r-test: P> 0.05).

Discussion

In this stody every manipulation was per-
formed manually and thus was subject to a certain
degree of error. That a supramaximal concenitra-
tion of ATP would inhibit every channel in the
patches within 0.62 & 0.07 (S.BE.) s must not bc
taken to be an accurate estimate of the latency
with which ATP binds to and clases the channel.
But this value does provide a reasonable basis
from which to make a comparison with the in-
activation of the channels which was provoked by
Ca2* which was applied under the same condi-
tions with exactly the same sources of error. The
difference was sufficiently large for one to be able
to exclude operator ¢rror as an explanation for the
sluggish response of the channels to internal Ca?*.
It was clear that K31, channel imactivation pro-
voked by Ca’* was g process which takes time.

It was not possible to construct a dose-response
curve for the Ca?*-dependent inactivation of the
K }+e channels since the degree to which they were
inactivated was found to depend upon the dura-
tion for which the internal surface of the mem-
brane was perfused with any one concentration of
Ca?*, It was clear, however, that an increase in
the concentration of Ca?* increased the speed at
which channel] activity declined. The time which
was required for the inactivation of approximately
50% of the Kjrp channel current was between
25-28 s for 5 pM Ca?* (Fig. B), 8-9 s for 10 pM
Ca?* (Fig. 5C) and 23 s for 100 pM Ca?®* (Fig.
5D). It was interesting that even after exposure 10
100 pM Ca®* for 20 s some K}, channel open-
ings could still be observed. There would appear
te be a portion of K}, channel behaviour which
had not been affected, or perbaps some channels
in the patches were Co?*.resistant tc some extent.

It is terapting to think of the inactivation of
K ;s channeis s o dephosphorylation of the
channel protein. At the present time the evidence
for this supposition s indirect and depends upon
the observation that both channel run-down and
Ca?*-provoked inactivation are processes that may
be reversed by exposure to Mg:ATP and not
ATP?*~ or ATP analogs [11-14]. Whether or not
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the K}1e channel protein is phosphorylated re-
mains to be proven. A structural component of
the channel may alse be involved in maintaining
the integrily of the channel [6,19],

I, at least for the moment, one was willing to
accept the idea that calcium stimulated an enzyme
which was assoctated with or formed part of the
channel protein and caused the dephosphorylation
of the Kip channei, it would be interesting lo
determine what type of enzyme action might be
involved. The fluoride ion, which had been gener-
ally thought to act as a phosphatase inhibitor, had
no effect upon K ip channel inactivation. The
protease inhibitor leupeptin, which has been shown
to prevent ihe permanent loss of Ca®* channel
activity provoked by internal Ca®* [20)], had no
effect on either the inactivation or subsequent
reactivation of the K}, channels. The calcium-
dependent inactivation of calcium channels and
their phosphoryiation via activation of cAMP-
dependent protein kinases [20f could inveolve quite
«tifferent mechanisms by which a channels activity
may be regulated than those which are responsible
for the inactivation and reactivation of Kjip
channels.

The evidence for a physiological function of the
K i1p channel in cardiac muscle is indirect. The
channel is present in large numbcrs in each of the
cardiac cell types that have been examined to date
[1.4-6,14,15] yet it has not been recorded in intact
isolated myocytes {1,5]. The intact isolated myocyte
bears little relation to the same cell in a working
heart. It has been suggested that the K 7 channel
may uiiderly a K* current which is activated
under quasi-ischaemic coaditions in cardiac mu<cle
cells [21-24]. This current is thought 1o play a
cardio-protective role by shortening the action
potential in ischaemic regions and inhibiting ex-
tranecus action potentials by preventing the
spontaneous depolarisation of cardiac muscle cells
[23,25). However, extraneous action potentials do
occur in such stressed hearts and cardiac muscle
cells do depolarise under ‘quasi-ischaemic’ condi-
tions {26} A cardioprotective function for the
K} 1p channel could be overcome if the channels
were inactivated by an increase of the intracellular
Ca** concentration in “ischaemic’ cardiac muscle
cells [27,28]. Though the concentration of calcium
which was required to evoke inactivation of the
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Kirp channels in this study was considerably
greater than that which is known to cause maxi-
mal contracture of the cells [29).
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