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SinOe.ehannel oarren~ were recorded from ATP.semiflve K+ehMnels fit inslde-out membrane Imtebes 
excised from isolaled rat ventricular myeeytes. Perfusioa of the internal surface of. exdsed membrane 
patches with sointlons which contained between 5 and 100 BtM | tee  eakium caused the loss of K~'.rp 
activity which was not reversed when the membranes were w a s l ~  with Ca-free solution. K~Tp channel 
activity emtld be recovered by I~tldn~= the patches in M g -  ATP. The loss of K~,Tp e h a n ~  activity l~rovoked 
by interltal eakinm W~l a process tdlleh ~ over a ~ seale of seconds. C h e n ~  dosu_~e evoked by 
internal ATP was esumtfitlly instantaneous. The speed ef K~'~v ehimad inaetivalion fitamased with the 
com~ntraltoe ~ cakium. Neither a plmsphatase inl~bi|or (fluoride "~ms) nef  a pmteinase inhibitor 
0 e , p e l ~ )  had any effect upon the 10es of K ÷ e h a m ~  aetivity slL'nulated by internal calcium. 

lnmmuetion 

A class of potassium-selective ion channels 
whose opening was inhibited by intrace|lulax 
adenosine 5'-triphosphate (ATP) wcxe first re- 
corded in membrane patches which had been ex- 
cised from isotated cardiac muscle cells [1]. Similm- 
ATP-sensltive potassium channels (K~T p chan- 
nels) have since been recorded from skeletal muscle 
[2] and insulht-secr~tlni~ B t:e|is of the Islets of 
Langerhans [3]. 

It has been a frequent observation that the 
activity of K~re channels declined after a mere- 
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brahe patch had been exdsed from the intact cell 
[4-9]. C h a ~ e ~  cmfld then be reactivated by ex- 
posing their internal ~'Tacv to Mg- ATP [10], The 
future of  ATP 4- and ATP analos~ to reactivate 
'run-down' K~a ~ channels led to the sug~esfiun 
t~.~t they may he phosphorylated [11-14]. That a 
biochemical process might undedy such reactiva- 
tion was also suSgested when it was found Lhat the 
extent of  K~T p channel reactivation depended 
upon the time for wb3ch the channels were bat.h~ed 
in Mg-ATP  [10,12]. 

A number of  studies have shown that K~,xe 
channels could be blocked by the application of  
divalent cations to the intemaf surface of excised 
membrane patches [3,4,6,13-15]. It wa~ uot re- 
corded whether this blockade had a noticeable 
latency but in nearly every case the blockade was 
reversible. Kakei and Noma [4] noticed that 
blockade of the ion ehaane] by interna? calcium 
was nc, t reversible. It was subsequently fimnd that 
this "blockade' could he reversed if the n~embrane 
pa:ches were bathed i__n Mi~-ATP t h o u ~  not if 
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they were h a t h ~  in ATP 4- or ATP analogs [14]. 
T h e e  resu.lts suggest that the 'run-down' of chan- 
nel aetivity and the "irreversible' loss of charmel 
a~iviiy which was provoked by internal calcium 
might reflect aspe, ts of the same process. 

The present report examines the time course of 
the inactivation provoked by internal calcium of 

+ K^Tp chalm¢ls from rat ventricalar myocytes. 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 channd activity, the 
concenuatioa of calcium, and th~ dmation for 
which the channels were exposed to the c~tciu_qx 

Materials and Methods 

Individual myocytes were obtained from rat 
hearts by standard methods which have been de- 
scribed previously [14]. All experiments were con- 
ci~m~ed. ~.t r9o~.,',2 %.emperature (20-22°C). 

Siag!r.-ch=mlel c'~r-*n~, were r ~ r d e d  with the 
methods of Hamill et at. [16]. Single-channel cur- 
rents were recorded with a Dagan 8900 patch- 
clamp amplifier and stored on video-cassette (Sony 
PCM-701ES digital audio pr0ccss0r and SL- 
HF100F video cassette recorder). Recoeded ex- 
periments were replayed through an 8-pole Bessel 
fdter (Frequency Devices Int. 902LPF) at 1000 Hz 
and digitised at 4000 Hz into a BBC Master 
Microcomputer (Acorn Computers Ltd.). Two 
forms of analysis were performed upon this data. 
First the patch K~,~ channel current was calcu- 
lated by averaging 65536 analog-digital conver- 
sions (16.36 seconds of continuous record) re- 
corded in the absence of ATP_ and the~ subtract- 
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 curremt 100 and 0, respec- 
tively. The t~..ond analysis ia'¢olved sequentially 
storing the means of 256 conversions (64 ms of  
continuous record) in the computer memory. 768 
of these values represented 49.15 s of continuous 
exI~rimemal record. These values were stored on 
floppy disc. They were subsequently used to re- 
eonsh..~,¢t an app~oMmation of the experimental 
. . . .  ~ t  . . . .  (~.¢ Fig. 2). The conversion of raw A / D  
vldtie8 in ~ Mfiftda[d fortfi e~tr.~,i~-,d t©suiis v¢i~fich 

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-out membrane patches 
where K+-rieh sulutlons bathed both sides o f  the  

membrane. Each excised membrane patch was 
voltage-clamped at - 5 0  mV membrane potential. 
The K+.rich extracellular (pipette) solution con- 
tained (raM): 140 KCi, 2 CaCI2, 1 MgC1a, 10 
glucose, 10 Hepes; the pH was adjusted to 7.4 
with KOH. The K+-dch intracellular (bath) solu- 
tion contained (raM): 140 KCi, 10 glucose, 10 
Hepes; the pH was adjusted to 7.4 with KOH. 
The K+-rich intracealutar solutions also contained 
a divalent cation buffer. Control K+-rlch solution 
contained 5 mM of eithex EDTA or HEDTA and 
no added calcium or magnesium. For solutions 
which required a known concentration of  calcium 
ions mixtures of  either EGTA and CaCI 2 (for 1 
pM free Ca z+) or HEDTA and CaCI 2 (for either 
5 or 10 FM free Ca 2÷) were used as calculated 
from the stability consmms of Martell and SrMth 
[17 ! and SilMn and Martell [18], respectively. 100 
FM free Ca 2+ was provided by adding 1O0 pM 
CaC! 2 to a K÷-rich soludon which did not contain 
a divalent cation buffer. Adenosine 5'-triphos- 
phate (ATP: Mg-salt: Sigma, St. Louis, M e ,  
U.S.A.) was added to K+-rich solution which con- 
tained 5 mM F-,(3TA and 1.4 mM MgCI~. 20 raM 
potassium fluoride replaced 20 mM KCI in the. 
K+-rieli intracelluiar solutions for some experi- 
ments. Leupeptin (aeetyl-Leu-Leu-Arg-Ai: beret- 
sulphate salt: Sigma, St. Louis, M e ,  U.SA.)  was 
added to K+-rieh intrae.~llular solutions when re- 
qu;xed. 

Excisud membrane patches were ocmfinuous]y 
pcrfused by a stream of  solution from one of a 
series of piped outlets. Changes of  solution were 
performed manually under visual control and 
identified vocally upon the video recording. Trig- 
gering of data e.ollcction by the computer was 
performed manually. 

Results 

When either ATP or Ca z+ was applied to the 
internal surface of an excised inside-out mem- 
brane patch K~.re channel activity was inhibited 
(Fig. 1). This record shows that there were signifi- 



2 mM ATP 
A 

10 pM Ca ;~+ 

lOtOtliO'" '°'J° 
Fig. 1. The effecls of internal ATP and Ca z+ upon the activity 
of K,~, n, chaMels. (A) a~ut (B) are records of amtary currents 
which were obtained from one excised i~ide-oet membrane 
patch. Downward &efl¢¢dons of the tra~:s repre~nt inwardly 
directed membxane oJrrents. The dotted lines repre,~'nt the 
paleh curt'eat level which was accorded when all channels in 
the patch wets0 dof~l,  Egcept for ghe periods indicated by the 
bars above each tga~ the internal surface of the membrane 
was bathed in control K+-~ch solution. (A) This recoed com- 
mcn¢~ 45 s af*cr the mcmbnan¢ p a t h  h~d been ¢~i ,~d f~'om 
the ceil. The bar above the Ira¢,e indicates a period ol 20 s for 
which the iaternal surface of the membrane was perfased with 
K+-fich solution which eontained 2 mM ATP. (B) The bar 
above the t~ase indlc=tes a period of 20 s for which the internal 
surface or the membnm¢ was pcrfused with K%rich ~olution 
which contained I0 ~M Ca z+. Five seconds of ¢o~tinao~s 

x-o~ordmg have hium omitted bctwccn traces (A) and (B). 

cant differences between the inhibition which was 
evoked by ATP (Fig. 1A) and that which wa~ 
evoked by Ca 2+ (Fig. 1B). First, whereas ATP 
evoked an almost instantaneous closure of the 7 
K ~ T  P c h a n n e l s  w h i c h  w e r e  r e c o r d e d  in  this patch 
the effect of Ca z* was more gradual. In this 
experiment at least 5 s elapsed after the appfica- 
l i o n  o f  C a  ~+ b e f o r e  c h a n n e l  a¢~tivity b e g a n  to  
d e c f i n ¢  a n d  a f u r t h e r  3 - 4  s passed b c f o r ~  there 
r e m a i n e d  o n l y  t h e  o c c a s i o n a l  o p e n i n g  of 1 - 2  

single-channel current levels. Secondly, whereas 
K ~ w  channel activity recovered when ATP was 
washed away from the membrane (Fig. 1A), the 
washout of Ca 2+ was without effect, channel activ- 
ity remained at a low level (Fig. liB). 

To be able to compare resuhs from different 
experiments it was necessary to standardis¢ not 
only the experimental protocol, as will be described 
below, but also the expression of the experimental 
results. The form that this analysis took 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 been con- 
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TIMF~ (SECONDS) 
]Fig. 2. Graphic gept~.~e~tation oi  the membrane patch uzfiUtty 
curren t  records which were shown in Fig. 1, These graphs weee 
construcled by aver~ing the d~k3 co]lectod by the computer 
over consecutive periods of 1q24 ms. The polarity or t~e 

me.mbran¢ c~rsenl~ ~re no~,, rcprcs~tcd as upwards d©flc¢- 
lions of the record. In this way a reduction in the palch K~. n, 
current evoked either by ATP (A) or Ca z+ (B) is r e p l i e d  
by a lower value on the ~aph. The vefti~d axis repl"e~ts the 
pa~.~h K ~  current as a standard score which was calculated 
from the patch tar tes t  n~eorded first in *.he absence of ATP ca" 
Ca 2+ (100) af~d then in the plcsenoe of a supv, uTtaxitlal 
concentration Of ATP (0), The horizm~tal ax/s represent thee 
where the short vertical lines mark seconds. The horizontal 
bars indin~te the periods for wldch the internal surface of the 
ex¢is~t membrane patch was perfuscd wtth a K+-rich solution 

which coot tined cithcr 2 mM ATP (A) or 10 pM Ca 2 + (B). 

rafted into a standard score formal, inverted, and 
averaged over sequential periods which ]asted 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 schemadc form in Fig. 3. 
Except for the periods indicated by the bars above 
this schematic record the excised membrane 

A T P  Ca  2"1" & T P  

i'oo i ,,, 

.... l _ J  ...... ! .... 
D. 
• i t I a t ~  i 4 1 a h e l 7  i 

"PHP, S E S  OF THE ~ X P E f l l M E N T "  

Fig. 3. An schematic representation of the ¢~tpcrimcnud pro- 
tocol which was used In compare Lh: effects of ATP and Ca 2+ 
upon K~I- P channel activity recordod from excised inside-out 
membrane pasches or rat ventricular muscle.. This figure should 
o.ly be regarded as a guide to the exphnadon of the exped- 
mania] results. It does not accurately reflect either the tint¢ 

scale or the ~¢su]t of a.n =xp~'-h~t.  



patches would be bathed in con~ol K+-tich solu- 
tion which contained neither ATP nor divalent 
cations. The protocol has been divided into a 
number  of 'phases '  which ~11 be used to faeilltale 
the description of the experimental results. 

First of all, membrane patches were excised 
from rat ventrieular myoeytes into a stream of  
cont~o] K+-rieh 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 
the mouth of the pipette were passed repetitively 
throuE.h 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 , ~  channel currents which could be inhibited 
by the perfusion of the patch with ATP. It was 

ff frequently, if nag usually, obse~"ved that K~.rt, 
e h a n n d  activity in such "opened vos i d~ '  was at a 
low and irregular level when compared.with the 
h i ~  open probability and often large number  of  
chan0el ear_mats which were ..-r=,eorded ~ mem- 
branes which ~xci~ed di:¢c~Iy ~z open imJde-0ut 
patches. These 'opened vesicles' were perfused 
with K*-rich solution which contained Mg,  ATP 
to reactivate t:hantnei activity. Tifi~ was continued 
until  the activity of  the K ~ r  e channels reached an 
al~Parently maximal and stable level [12]. The 
experimem then began. 

l~: ~re channel inhibition evoked by A TP (Phases 
I -3)  

Phase 1 (duration 60-90 s). After exclsion, or 
the e~tab "¢lishment of a stable and apparently maxi- 
mal level of  K,IITp channel activity, inside-out 
membrane patches remained in the control K+-rich 
solution. The average patch em'~nt  carried by K ~ 
passing inwards through K~,xp channels at - 5 0  
mV membrane potential in the 57 separate mem- 
brane patches which make ut~ this study was 25.10 
± 3,49 pA (S.E,). 

Phase 2 (duration 20 s). Each patch w~s per- 
fused with K~'-rich solution which contained 2 
m M  ATP. In each experiment K ~ y  e channel activ- 
ity was completely inhibited. This section of  each 
record was therefore used to measure the basal 
patch membrane current recorded tmdeT voltage- 
d a m p  at - 5 0  mV membrane potential. This value 
was O~e~ subtracted fr,3n-~ ~]] of t'.qc ethel scciiofts 

Z 1 0 0  

• e o 

in 0 . . . . . . . . . . . . . . . . . . . . . . . . .  , ,  . . . . . . . . . . . . . . . . .  

T i M E  ( S E C O N D ~ )  

Fig. 4. The effect of intcma~ ATP upon ©x~ise..d inmd~-out 
m e m b r a n e  p a t c h e s .  T h e  g r a p h  represm~ts  t h e  a v e r a g e  K ~ T  p 

current, in standard form {s¢¢ Fig. 2), ~¢o~lcd from 32 
separate m¢~nbrane patchws which ~ l~ffu~ed with K÷-r~h 

solution ~0nt~ning 2 mM ATP for 20 s (bar). 

of  the patch c,lrrent record and provided the 
zero-current base line for each of the fi~ures and 
calculations. 

Phase 3 (duration 40-50 $). Each paleh was 
retur~ex!_ to control K%rleh sdut io~  and the meaE. 
patch current was measured.  Since the ATP  ap- 
pried to the patches was the Mg-salt this post-ATP 
paleh current could achieve values slightly higher 
than  ",he previous contr¢l le'~'¢l, particularly if the 
patch concerned had been an 'opened vesicle'. The 

+ K^re  channel current which was recorded at  this 
t ime averaged 107.70 + 2.74~ (S.E.: n = 57) of  the 
current which had been recorded pdor  to the 
application of ATP (Phase 1). 

Part of this section of the experimental record 
(the final 5 s of  Phase 1; all of  Phase 2; and the 
first 24 s of  Phase 3) was reConsttuct¢~l for each of  
32 separate membrane  patches. The average of 
these 32 records is shown in Fig. 4. There is little 
obvious difference between th/s 'average s record 
and that which had been reconstructed from an 
individual membrane  patch (Fig. 2A). 

h'A%.e channel inactivaffon 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 solution ~ c h  
contained a known Concentration of free calciutn. 
The results recorded during this section of the 
protocol (which included the final 5 s of  Phase 3; 
all Of Phase 4; atad the first 24 s of  Phase 5) w ~ e  
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reconstructed. Fi~. 5 illustrates the averages of 
these reconstructions and shows the time course of 
th~ .'ed:mti~n ,_'n_ g¢.+~ eh~_nn__et_ ¢o_r~nt ~hieh wag 
evoked by calcium. It was found that the applica- 
tion of I pM Ca 2+ for 20 s had tittle obvious 
eff~/, t~pon the K~T I, current (Fig. 3A). The appfi- 
cation of 5 FM Ca 2÷, on the other hand, resulted 
in a gradual decline of the K~T e channel current 
(Fig. 5B). The rate of decline of the K~,~ eha~mel 
current was clearly increased when patches were 
perfused with 10 pM Ca 2+ (Fig. 5C). 100 pM 
Ca z÷ (Fig. 5D) evoked a rapid and virtually com- 
plete inhibition of the K~,rp channel current weU 
within the 20 s period of ~ts per'fusion. The time 
taken for the K~-r~ channel current to be com- 
pletely inhibited when patches were perfused with 
100 pM Ca 2÷ was 2.45 + 0.51 s (S.E: n = 7) .  This 
was significantly slower than the inhibition evoked 
by ATP, 0.62 4- 0.07 s (t-test: P > 0.01), recorded 
in the same experiments. 

Phase 5 (duration 40-50 s). Each patch was 
returned to control K+-rieh solution and the mean 
patch K+Tp etnTe~R Wa~ measmtred. Fig. 6 il- 
lustrates th.~, the amount of K~,n, channel current 
which remained in control solution .after the Ca 2÷ 
had been washed away was dependent upo~ the 

"- o[ 

L 
t 

TIME (SECONDS) 

Fig. 5. The effect of internal calcium upon K~+T~ channel 
~rrents. Kach graph rcpre.sents the average K~,rv cuneat, in 
s tandard  form (see Fig. 2), whigh ,h~  been r e c e d e d  from a 
number of separate membrane patches. The bars indicate the 
period of 20 seconds for which the internal surface of the 
¢gc/.r,r.d membremc patches was perfus~ with K + I-rich re~u- 
lions coninining a known concentration of froc calcium. (A) t 
p M  Ca 2+ (n ~]0).  (B) 5 L/tM Ca z+ (tl ,,a "/). (C) tO p M  Ca 2+ 
(~ = 8). (O) tOO t~M Ca 2"  (n - ~)~ These results w~e obtained 
from the same meml~ane pgtches whoso a.vcraS, e ~¢:~poJase to 

intem~ ATP was shown ia Fig, 4, 

1 0 0 ]  

o] D _  
1 5 10 l eo  

pM Ca 2+ 

Fig. 6. The K~xp channel current which lemained afler ex~sed 
membrane patches had been exposed to Ca ~ for periods of 23 
s. "]'he pa lch  K~yp channel curt~eat ;:, rcprcar:nlcd as  thar winch 
was recorded in control solution after the washout of  Ca  2÷ 
(Phase 5) relative to the ¢urr~nt ,~lfic, h had bccn rccQrdcd prior 
to exposure to Ca 2+ {Phase 3). Mean vatues and S.E. bars ewe 
shown for patches which had been exposed to i (a=10), 5 
(n = 7), l0 (n = 8) and lC0 (n = 7) pM free Ca 2+. These data 
we,re catculmcat from the same meml~rane patches w h ~  ~- 

R;,onse toCa 2~ pexfusion was shown in IFig, 5. 

concentration of Ca ~+ to which thv patches .had 
bccn exposed. The higher had been the ¢onc.cntrx- 
finn of Ca 2÷, 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. 1bus each patch was exposed to 
both a supramaxtmal concentralion of ATP and a 
known concentration of free Ca z+. Where it was 
possible the experiments ~ r e  ¢J3ntinued. 

Reactivation o/K+rp channels evoked by Mg -,4 TP 
(Phases o and 7) 

Pha.re 6 (duration 120 s). After perfusion with 
control K+-rich solution (Plm=-~ 5) eacl', patch was 
perfused with 2 mM ~,fg-ATP (Fig. 7A). The 
mean patch current was measured several times 
during this period and the results were used to 
reset the value of the basal patch current if tMs 
had drifted during the experiw~nt. 

Phase 7 (duration 60 s). Each patch was ~¢- 
t,~rned to control K÷-~cl~ ~olatlon and ',he mean 
patch current was measured. This w ~  signifi- 
rarely greater than that recorded after the washout 
of Ca z+ (t-test: P >0 . 0~  comparing data from 
Figs. 6 and 7B) and reflected the extent of re- 
activation of K~-rp channels which had bccn 
evoked by MS" ATP. Fi E. 7B illustrates that tke 
weakest reactivation was associated with the 
strongest iuactivation. 
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~r. j  
(£O 
"~er 75" 
L?I- 

_,.~ 80" 

A 2 mM Mg.ATP ¢.,I# 

m - ~ - I  I - - ~ ~  ~ =° 
O 5 10 t00  

10pA lO__s pM Ca 2+ 

Fig. "/. Reactivation of Ca2 +-inactivated K+Tp channels cvt~.cd by Mg.ATP. (A) TI~ singt¢*ch.annel currem record is a continuation 
of the ex'pedntcot wkich was i11u,strated ht Fig, l ,  This record commences 15 s following Fig. lB. For the pefied indicated by the bar 
above the current record the internal mrf~cc o[ the membr~e patch was peffused with K+.nch solution which contained 2 mM 
Mg.ATP. One minute and 40 s of continuous recording have been omitted from this record (vertical bars). (B) The K~.tp channel 
curreJnt which was reactivated by 2 mM Mg.A'rP after Jqaclivatiatt evoked by different cor~'.entxations of Ca 2+. The p~toh K~+,rl, 
channel cun~-m is represealed as that which was recorded in control solution after ihe washoul of Mg.ATP (Phase 7) relative to rite 
current which had been ro',orded beret= the patche~ had b~en exposed to Ca 2+ (Pha~e 3). M¢.,m values and S.E. bar; ate ~own for 

patches which hm:l been exposed to 5 (n ~ 4), 10 (n = 6) and 100 (n = 7") FM free Ca 2+. 

~ p e r i m e n t s  were  conduc ted  to exant ine  
whether  ei ther  the f luoride ion, which may  ac t  as  a 
phosphatase  inhibitor,  or the pept ide  ]eupeptin,  
which may  ~¢t as a proteinase inhibi tor ,  had  any  
effect upon the inact ivat ion of  K~T P channels  
evoked by internal  Ca 2+. Nei ther  20 mM potas-  
s ium fluoride (11 membrane  patches)  nor  150 v M  
|cupep t in  (7 membrane  patches) reduced the in- 
ac t iva t ion  of  K ~  channel~ which was evoked by 
10 p M  Ca z+. The subsequent  reactivation of the 
KJ~Tp channel  current  evoked by  2 m M  M g ,  A T P  
in the same expe r imen~  was l ikewise no t  aff~te~] 
by the presence of ei ther  f luoride or  leupeptin.  

Since 5 p M  Ca t+ evoked only  a gradual  and  
incomplete  reduf t ion  of the K ~  channel  current  
(F i  8. 5B) i t  was decidec! to  determine whether  ~ i t h  
a longer  exposure to  this concentra t ion o r Ca  ~+ 
the current  wo'atd cont inue  to  de~iine or  whether  
it would  reach a s teady-state  level. The  s tandard  
exper imenta l  protocol  (Fig.  3) w~L~ used wi th  l i t t le 
modif icat ion.  Phase 4, the per iod for which the 
membrane  patches were # u s e d  wi th  K+-rich 
solut ion whiCh e o n t a ~ e d  5 ~ M  Ca  ~+, was  in- 
creased from 20 to 60 s. The  results  recorded from 
this sect ion of  each exporiznent (~vhich inc luded 
the Final 10 s of Phase 3; all  of Phase 4; and  the 
fn'st 2g s of Phase 5) were reconstructed.  Fig, 8 
iUustrates the average of  these reconstructions.  

Clear ly  the K ~ z r  channel  current  con t inued  to  
decl ine th roughout  the per iod of  perfusion of the 
pa tches  wi th  5 p M  Ca  2+. The  KA+Te channe l  cur- 
rent  which remained after the washout of Ca 2+ 
(Phase 5) was measured and represented 34.5 + 
5,5% (S.E.: n = 7) o f  the cur rent  which had  been 
measured  in these pa tches  before  they had  been  
exposed  to  Ca  2+ (Phase  3). Th is  was s ignif icant ly  
less than  the 63.4 4- 9 .4~ (S.E.: n ~ 7: d a t a  taken  
from Fig. 6) of  control  cur rent  which  remained  

t- 
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TIME (5 SECONDS) 
Fi& 8 The a~e~a$¢ K~,Tp ~un'~l, in slandard form ( ~  Fi& 2), 
recorded from s ~ u  l~--p.qwa~ m~nbmue patches whose inter* 
na[ sudar.c was l~tfu~d with K+.dch ~lulion which con- 
rained 5 pM Ca 2"~ for dO ~ {bar). Graph format and axis labels 

as rot" Fig. 2 exr.ept thai the time mazks indic, ate ~-~ 
inlervds. 



after only 20 s of p~ffusion with 5 /zM Ca 2+ 
(t-test: P >  0,05). 

D~.mssien 

in  this study every manipulation was per- 
formed manually and thus was subject to a certain 
degree of error, That  a supramax/mai concentra- 
tion of ATP would [nhibit every channel in the 
patches wlthm 0.62 ~ 0.07 (S.E.) s must  not  b¢ 
taken to be an accurate eslimate of the latency 
with which ATP binds to and closes the channel. 
But this value does provide a reasonable basis 
from which to make a comparison with ~.h~ in- 
activation of  the channels which was provoked by 
Ca 2+ which was applied under the same condi- 
tions with exactly the same sources of error. ~ e  
difference was sufficiently large for one to be able 
to exclude operator error as an  explaaati0n for the 
sluggish rc, sponse of  the channels to internal Ca z+. 
It was clear that K~m, channel inactivation pro- 
yoked by Ca 2+ was a process which takes time. 

It  was not  possible to construct a dose-response 
curve for the Ca2+-depcndent inactivation of the 
K~-rp 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 2÷. It was dear ,  however, that an  incre.ase in 
the concentration of Ca z+ increased the speed at 
which channel activity declined. The time which 
was required for the inactivation of  approximately 
50~ of the K~T r channel current was between 
25-28 s for 5 ~,M C_a3 + (Fig. 8), 8 -9  s for 10/~M 
Ca 2+ (Fig. 5C) and 2 3 s for 100 pM  Ca 2"~ (Fi~. 
5D). It was interesting that even after ¢xposwrc to 
100 lgM Ca 2+ for 20 s some K ~  channel open- 
ings could still be observed. There would appear 
to be a portion of K,~Tp channel behaviour which 
had not  been affected, or perhaps some channels 
in the patches were Ca2+reslst--,,-R to some extent. 

It is tempting to think of the inactivation of 
4- K^Tp channds  as a dephosphorylation of  the 

channel protein. At the present timu the evidezce 
for this supposition is indirect and depends upon 
the observation that both channel run-down and 
Ca z+-provoked inactivation are processes that may 
be reversed by exposure to M g .  ATP and not 
ATP ' t-  or ATP analogs [i1-14]. Whether or not 
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the K,~Tp channel protein is phosphorylated re- 
mains to be proven. A st.pactural component of 
the channel may also be involved in maimaining 
the integrity of the channel [6,19]. 

If, at least for the moment,  one was willing to 
accept the idea that calcium stimulated an enzyme 
which was associated with or formed part of the 
channd  protein and caused the dephosphorylation 

÷ 
of the Kaz  P channel, it would be interestin~ to 
determine what type of ¢a~zyme action might be 
involved. The fltu3ride ion, which had been gener- 
ally thought to act as a phosphatase inhibitor, had 
no effcc~ upon K ~  channel inactivation. The 
pretense inhibiter lc~Jpeptin, which has been shown 
to prevent the l:,ermanent loss of  Ca 2+ channel 
activity provoked by internal Ca 2.  [20], had no 
effect on either the inactivation or subsequent 
reactivation of the K A T  P channels. The calcium- 
dependent inactivation of calcium c "hannels and 
their phosphory;ation via activation of cAMP- 
dependent protein kinases [20] could involve quite 
differ@hi me~hanigm,; by wh3ch a channels activity 
may be regulated than those which arc responsible 
for the inactivation and r~ct ivat ion of + KKrp 
channels. 

The evidence for a physiolo~c.~l function of the 
+ 

KA~p channel in cardiac muscle is indirect. The 
channel is present in large numbers  in each of the 
cardiac call types that have been examined to date 
[1,4-6,14,15] yet it has  not been toe,  ideal in intact 
isolated myocytes !1,51. The intact isolated myocyte 
bears Little relation to the same cell in a working 
heart, i t  has been suggested that the K~v ,  chan_,mi 
may uuderly a K + current which is activated 
under quasi-ischaemic Conditions in cardiac muscle 
cells [21-24]. This current is thought to play a 
cardio-protective role by shortening the action 
potenti~d in is,~aemie regions and inhibiting ex- 
traneous actian potentials by preventing the 
spontaneous depolarisation of cardiac muscle ceils 
[23,25]. However, extraneous action potentiais do 
occur in such stressed hearts and cardiac muscle 
cells do depo~arise under 'quasi-ischaemic' condi- 
tions [26]. A ca~dioprotective function for the 
K~-rp channel could be overcome if the channels 
were inactivated by an increase of the intracdlaiar 
Ca ~+ ¢oncemration in "ischaemic' cardiac muscle 
cells [27,28]. Though the concentration of calcium 
which was ~equixe.d to evoke inactivation of the 
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-r 
KArv channels in this study was considerably 
greater than that which is known 1o cause maxi- 
mal coatracture of thc cells [29]. 
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