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Abstracts. ATP-sensitive potassium channels werethe plateau under anoxic conditions (Noma, 1983; Nome
found in frog ventricular myocytes using the inside-out & Shibasaki, 1985), thereby protecting the cardiac cells
patch-clamp technique. The channel was selectively peffrom death by decreasing the entry of ‘Cdrom the
meable to K. Single-channel conductance was 32.6 pSextracellular side and/or reducing the consumption of
at 3.0 mm of [K*],and 132 nm [K*]; and 77.3 pS at 114 ATP. However, its physiological role is still under de-
mm [K*], and 132 nw [K*];. ATP did not affect single- bate because concentration of ATP effective for the
channel conductance. The open probability of the chanehannel closure may be too low to support cell survival.
nel was decreased by intracellular application of ATP inA useful way of elucidating the physiological role is to
both the presence and absence of & MgCl,. The use a comparative physiological approach. Because th
coexistence of Mg with ATP shifts the dose-response amphibian heart does not have a coronary circulatior
curve for the open probability of ATP-sensitivé khan-  system and is in a poikilothermic state, it is worthwhile
nel against ATP rightward. The shift of the curve indi- looking for a K,tp-channel in the frog heart and, if it
cates that Mg-ATP is less effective than free ATP inexists, to compare its characteristics with those of its
inhibiting the channel. An open-time histogram was fit- mammalian counterparts. Pilsudski, Rougier & Tour-
ted by a single exponential function with a time constantneur (1990) have suggested the presence gfp-K
of 1.63 + 0.17 msecn = 5) in an ATP-free medium. channels in frog atrial and ventricular cells by showing a
Mean open time (1.57 + 0.10 mseg; = 5) was not large increase in the outward membrane current during
altered but the inter-burst time (closed time betweerdepolarization in the presence of cromakalim, a specific
bursts) lengthened in 1am ATP. K atp-Channel opener.

We have found K;p-channels in the frog heart,
which retain characteristics similar to those of mamma-
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Introduction Materials and Methods

ATP-sensitive potassium channels,@&-channel) have

been found to be distributed widely among various cells CELL PREPARATION

such as cardiac cells (Noma, 1983), pancrefticells

(Cook & Hales, 1984; Findlay, Dunne & Petersen, The method for isolating single ventricular cells from the frétaga

1985), skeletal muscle cells (Spruce, Standen & Stantcatesbeianpwas essentially the same as that in apl_’evious experimen'

field, 1985), smooth muscle cells (Standen et al., 1989?Seyama&Yamaoka, 1988). Briefly, a heart was dissected and rinset
n normal Ringer solution with 100 units/ml of heparin. The rinsed

and cultured neurons from rat cerebral or cerebellar COMcart was mounted on a Langendorff apparatus and retrogradely pe

tices (ASthI’d etal, 1988)- In cardiac cells, it has beer\‘used via the aorta with a &free solution containing collagenase

suggested that activation of they¥s-channel shortens (0.1 mg/ml; Yakult, Tokyo, Japan) and trypsin (0.06 mg/ml; type I,
Sigma Chemical, St. Louis, MO) for 20 min at 32°C. The isolated
ventricle was then cut into pieces and dispersed by pipette agitation

R The single cells were kept in a solution containing a lové'Gancen-

Correspondence td. Seyama tration (200wm) for 30 min and then centrifuged for 1 min at 93gx
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and stored in Leibovitz's L-15 medium for experimental use (GIBCO, Results
Grand Island, NY).
IDENTIFICATION OF ATP-SENSITIVE K CHANNEL AND ITS

|-V RELATION
SOLUTIONS

When a K-rich pipette was attached to the dissociated
The normal Ringer solution contained (inin 113.5 NaCl, 5.4 Kcl,  frog ventricular myocytes, activity of the inward rectifier
1.8 CaC}, and 5.0N-2hydroxyethylpiperazing¥-2-ethanesulfonic ~ K™ channels was usually recorded (Munemori et al.,
acid (HEPES) (pH 7.2). The Gfree solution contained 93.5 NaCl, 1996). On excising the inside-out patch from the cell
5.4 KCl, 5.0 MgSQ, 20 glucose, 20 Taurine, and 10 HEPES (pH 7.2). into high K'-bath solution (132 m K*), conspicuous
The intracellular bath solutions contained 110 _KCI, various con- activity different from the inward rectifier K channel
centrations of K ATP, 10 ethylene glycol-(b-aminoethyl ether)- current was recorded in the ATP-free mediusedre-

N,N,N,N’-tetraacetic acid (EGTA), 10 HEPES, and the pH was ad- ds in Fig. B). The ch | di
justed to 7.0 by adding approximately 22 KOH. In several experi- cords In Fg. ) e channel open events appeared in

ments, an appropriate amount of Mg@/as added. Intracellular pca DUrsts. Flickering during bursts tended to disappear a

(-log[C&*]) was fixed at 8.0 by adding Cagih the EGTA-containing the membrane became depolarized.

bath solution using Schoenmakers’ program (1992). Amplitude histograms were constructed from the

The extracellular pipette solutions contained 110 KCI, 1 GaCl original records with the bin width of 0.1 pA (FigB;L

and 1? HEPES ;’Vi;h 4 KOHhadde‘I’ to adjust the p"l' (7.2). To Oleterr;‘i”eThe histogram showed two peaks, which were fitted with

'(°3n fg ﬁftév(')tngl tar?dK‘ng; 1%n0nﬁr’ g’gr;\?:élFq"é;gfdnslgvgépuég) Gaussian distributions. The_amplltude of_the single-

with the pH adjusted by NaOH. The bath solution could be exchangeoChannel current was determined as the difference be

within 10 sec from one to another. All experiments were performed atween the two peaks of the Gaussian functions. Single

room temperature (24—26°C). channel conductance was estimated from the amplitud
histograms to be 71.4 + 3.1 p8 & 9) in the ATP-free
solution and 69.9 + 3.8 pSi(= 9) in 10 um ATP. No

ELECTROPHYSIOLOGICAL RECORDING AND ANALYSIS significant change in the channel conductance was ob
served with the application of ATHP(> 0.5).

The experiments were carried out in the inside-out configuration using ~ Recordings of the single-channel current were alsc

the conventional patch-clamp technique (Hamill et al.,, 1981). The remade with 3, 10, 30 m [K*], in the patch pipette while

sistance of the patch pipettes filled with the pipette solution was 5-10the hath solution contained 13MK+]i- Channel con-

M. The records obtained by patch-clamp amplifiers (EPC-5; List- : ; ; .
electronic, Darmstadt/Eberstadt, Germany or Axopatch 200A; AxonCIUCtanCe obtained from the slopes of straight lines fittec

e
Instruments, Foster City, CA) were stored using a DAT tape-recordelfor d_ata from 3, 10, 30 and 114wm[K"], in the l'V_

(DTC-1000 ES; SONY, Tokyo, Japan). Data were filtered through the'€lation were 32.6, 43.0, 46.9 and 77.3 pS, respectivel,
1 kHz low-pass filter of an EPC-5 amplifier (4-pole Bessel filter). (Fig. 1C). The reversal potential was simply determined
The data recorded by DAT were sampled at 2 kHz for further analysisfrom the membrane potential at which the straight line
using pCLAMP 5.5 (Axon Instruments, Foster City, CA). In later ex- for thel-V curve crossed zero current level. The reversal
periments, when highly resolved recordings were required for dwell otentials in 30 and 114 M‘I[K+]o were —39.0 and 1.7

time analysis, we used Axopatch 200A and data were filtered throug vV . . .
. Iy , respectively. However, when we switched the pi-
the 5 kHz low-pass filter of an Axopatch 200A amplifier (4-pole Bessel .
P " plifier (4-p pette solution from 114 m[K*], to 3 or 10 mm [K*],,

filter with a cutoff frequency of 5 kHz) and sampled at 50 kHz. Data -
for the life time of bursts and the inter-burst time (closed time betweenCUIrent records at membrane potentials below -60 mVv

bursts) were obtained from the records filtered at a 0.1 kHz cutoffsuddenly became too noisy to determine their directior
frequency in five cells. The statistical significance between groups wasor amplitude. Thus, only one reliable datum, for -80 mV
determined by the Mann-Whitney te#t,< 0.05 being considered sta- jn 10 mwm [K*]., was available. The reversal potentials of
tlStlcaA”f):esrl?snoTaft?nng;.the inside-out patch, the,k--channels were sub ~79.2and -59.0 mVin 3 and 10K "], were obtained
ject to a marked rundown within the first several minutes in approxi- by flttlng a Stral,ght_lme to data from —40 to +40 mV and
mately 30% of cells. To obtain valid results, data collection was starteomen e?(trapolatlng Itto Zer_o Current le_Ve" These r_eversa
5 min after establishment of the inside-out patch configuration. Activ- Potentials are plotted against 1 in Fig. 2D. The line

ity of the Karp-channel was expressed by M®hich is defined as the  indicates values predicted by the Nernst equation, whicl
ratio of mean patch current to unit amplitude during the observed timeroughly agree with the experimenta| data.

NP, in various ATP solutions was normalized by referring to that in the All characteristics described above for the channel
ATP-free solution, which was applied before and after recording theeveﬂts are similar to those of theAﬁ channels de-

currents in various ATP solutions. The arithmetic mean of hfthe . . .
ATP-free solutions before and after applying various ATP solutionsscrlbed previously (Noma, 1983; Spruce, Standen &

was used as a reference to minimize errors introduced by the rundowrotanfield, 1985; Findlay, 1988; Lederer & Nichols,
In the presence of Mg, data were referred to those in ATP-free 1989)-

solution containing 2 m Mg?*. Each test solution was applied for 1

min, and records were analyzed for the midway 40 sec, excluding thdDOSERESPONSECURVE

data of the initial and last 10 sec. Because the membrane was held at .

-40 mV, K,7» channels were not affected by Rfgectification (Horie, ~ 1he dose-response curves for ATP in the presence an

Irisawa & Noma, 1987). absence of 2 m Mg?* were constructed by measuring
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Fig. 1. Relation between single-channel current and membrane potential in 3, 10, 30 aneh K4pipette solutions.A) Original current records.

In the left hand column are data for 114K *],, and in the right hand column those for 10urfK *],. Numerals in the left hand corner of each
record indicate the membrane potential. Broken lines indicate the closed-channel level. Scale bars are applicable to alByetomolitu¢le
histogram. Unitary conductance was determined to be 3.2 pA by Gaussian curve fiEtfirithe straight line is the best fit by the least-squares
method of a line to data in the range of =120 to +20 mV for 114 (open squares) and B0y (open triangles) and —40 to +40 mV for 10 (open
circles) and 3 m [K™], (open diamonds). Numbers of observations are 9 fom3[Ki'],, 4 for 10 mm [K*],, 9 for 30 mm [K™¥], and 6 for 114
[K*]o- The vertical bar meanse of the mean. D) Relation between reversal potential {ff and [K'],. The straight line was drawn by using the
Nernst equation. Experimentally determined junction potentials in variot, [fere corrected.

control

Fig. 2. Dose-response curve for, Ks-channel ac-
tivity in response to change in [ATR]The line is
drawn by fitting Hill's equation, 1/[1 + (ATP/IB,)"]
(where ATP = intracellular ATP concentration,
3uM IDg, = concentration of half-maximal inhibitiom

- - - = Hill coefficient) to the data. The vertical bar
H“ W u " l Il J ‘ means SE of the mean. Numbers of observations are
indicated in parentheses. The abscissa indicates tota
ATP concentration. Closed and open circles are data
with and without 2 nm MgCl,, in the bath solution.
10,M D, andn in the presence and absence of ¥gas
18.9 uM, 0.92 and 3.94um, 2.74, respectively. Re-
0 J—— . -WWW;: cords obtained in different cor_lcentrations of ATP
S (ATP-free, 3 and 10um ATP) in the absence of
0 1 10 100 ~ Mg?* are shown in the right column.
Total ATP Concentration (uM) 200ms

Relative NP
o

o

|

NP, (Fig. 2). The solid lines were drawn according to action of Mg*-bound ATP is weaker than that of free
the equation 1/[1 + ([ATP)/IRQy)", where [ATP] is ATP  ATP.

concentration, I, the concentration of half-maximal

inhibition andn the Hill coefficient. Addition of 2 M  pDweLL-TIME ANALYSIS

Mg?* shifted an IR, of 3.94 uM in the absence of Mg

to 18.9uM accompanying a shift of the Hill coefficient The dwell time of channel events was analyzed for re-
from 2.74 to 0.92. The results indicate that inhibitory cordings filtered at 5 kHz and 0.1 kHz. The former re-
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. . ) o burst time are shown for ATP-free mediumAn and for 10um ATP
Fig. 3. Histograms of open time and life time of bursts off- in B. The bin width is set to 4@usec for closed time during the bursts

channels. &) Representative records filtered with low pass cutoff fre- 504 100 msec for inter-burst time, in ATP-free medium is estimated
quencies ft) of 5 kHz and 0.1 kHz. The dashed line indicates zero iy pe 0.16 and that in 1M ATP to be 0.16 as well. The two time
current level. Histograms of open time and life time of the bursts arecynstants for inter-burst timey, as@NdTep s0) Were calculated to

shown inB for ATP-free medium and for 10 um ATP. The binwidth e 170 and 2479 ms in the absence of ATP and 648 and 9957 msec |
is set to 40us for open time and 2 msec for the lifetime of the bursts. o presence of 1AM ATP.

The potential in the pipette was held at +40 mV in the solutions of 114
mm [K*], and 132 rnm [K*]; throughout the experiment, and T, in
ATP-free are estimated to be 1.69 and 24.1 msec and those im10
ATP to be 1.67 and 22.5 msec, respectively.

which was constructed by combining data obtained in
five cells. This is because the number of inter-burst
events was too small in a given experiment, since theil
mean lifetime was in the range of seconds. The histo:

ram of inter-burst times was fitted by two exponential

rdings wer fine th n and cl im . S, X
cordings were used to define the open and closed time unctions, having time constants of 170 and 2479 msec ir

mostly during the burst. In the latter case, the flickering

events during the burst was largely removed as shown i $E-fr§e medlurr; ar_lﬂ 64? and 99?7 _mtsecbln ‘f?
Fig. 3A, and the current recordings were used for con- - Averages of arthmetic means for inter-burst imes

venience to define the life time of bursts and the inter-"€'® 402 +198 msea(= 5) when ATP-free and 2723

burst duration. A single exponential curve was fitted toit 2t1(t)8 QI1I = 5).;“ 1? M: QEE Tl_hhe differenlttie V\r/]as
the open-time (Fig. 3) and closed-time distributions (Fig.>-2usHcally significan R < 0.05). These results show
4). The mean open time was determined to be 1.63 that th_e only parameter affected by ATP was the inter-
0.17 msectf = 5) in an ATP-free medium and 157 + PUrsttime.

0.10 msecrf = 5)in 10um ATP. The mean closed time ¢ dAgotthgr notewortrt?]/ point t:s that Te t'OFI)en t'g]e
was estimated to be 0.16 + 0.01 msac=£ 5) in ATP- ended o increase as the membrane potential was dep

free medium and 0.15 + 0.01 mset € 5) in 10 um larized (Fig. 5). A dependency of open time on mem-

ATP. Neither of mean open time nor the closed time wa rane potential was also reported in6-channel in rat
significantly affected by 1quv ATP (P > 0.05). ventricular cells (Zilberter et al., 1988).
The mean life time of bursts was estimated to be
24.1 msec in the ATP-free solution and 22.5 msec in 10EFFECT OF GLIBENCLAMIDE ON ACTIVITY
wM ATP. Averages of arithmetic means of the life times oF K ,1p-CHANNELS
of bursts were 37.7 £ 24.1 msen & 5) in ATP-free
medium and 20.5 £ 7.1 msea (= 5) in 10 pm ATP.  Because glibenclamide is known to be a selective
Histogram of inter-burst times is shown in FigB4 blocker of Ky,rp-channels (Sturgess et al., 1985; Fosset e
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Fig. 5. Voltage dependency of open time. Mean open time of mea- B
surements at various membrane potentials are plotted. Each symbol

1.5 1
indicates a series of data obtained from the same cell. These data were
taken in the solutions of 114m[K*], and 132 rm [K*]; without ATP. & 10 4
Z 1
(]
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205
v4
. . . 0 h 1
a.l., 1988; PllSUdSkl, ROUgler & Tourneur, 1990), we control glibenclamide washout

tested its effect on Kyp-channels in frog ventricular . _ .
myocytes. Representative data in which the activity offi9- 6- Suppression of Kre-channel by 10Qum glibenclamide. £)

B b . . Change in NB during application of 10Gwm glibenclamide after the
Karp-Channel is expressed as N#re shown in Fig. A. formation of the inside-out patch. Channel activity was reversibly in-

The res:pon_ses of ﬁK'P'Ch,annels to gl'benc_lam'de hibited by application of 10Q.m glibenclamide. Representative records

are shown in Fig. B as relative NB from a series of  are shown in each state during control, application and washout o
eleven experiments. Internal application of 0@ glib-  glibenclamide. The potential in the pipette was held at +40 mV in the
enclamide reduced the channel activity to 20.1 + 8.8% ( solutions of 114 m [K*], and 132 nw [K"]; without ATP. @) Sum-
= 11) of control P < 0.05), except in two experiments. mary of the_effgct of 10(:;)LM inbeqcIar_nide on 11 cells. Aver_aged NP
Partial recovery of NP was observed by washing off be;ore appllcr:;tlon of_glll‘;\:enclgmldeflst;eferred t? contrhol in Zac_h cell

: : : and expressed as unity. Fractions of ®its control are shown during
g“bendamld? that Wa$ most prObably due to Irmompk‘:‘tqhe application and washout of glibenclamide in each cell.
washout of glibenclamide and/or the process of rundown.
These results indicate that glibenclamide effectively sup-

presses Krp-channels of frog ventricular myocytes. . . .
Sensitivity of Kyrp-channels to this reagent is qualita- 1.63 msec in ATP-free medium and of 1.57 msec in 10

tively similar to that reported in other literature (Ven- M ATP. Change in ATP concentration affects neither
katesh, Lamp & Weiss, 1991; Findlay, 1993; Ripoll, the amphtude Qf the smgle—channel cur_rent nor the meal
Lederer & Nichols, 1993). open time. Neither the closed time during bursts nor the
lifetime of the bursts was affected by ATP. However,
application of ATP lengthened the inter-burst time. (v)
Discussion Glibenclamide suppresses this channel as it does oth
Karp-Channels.
In this study, we have shown the existence of ATP-  We failed to observe a change in mean open time a
sensitive K channels in frog cardiac myocytes. Proper-a result of applying 1Gum ATP. The result is not con-
ties of the channels can be summarized as follows. (ipistent with data reported in skeletal musclg k-
Single channel conductance in 114fK*], with 132 channels (Spurce, Standen & Stanfield, 1987; WdlhLo
mm [K*]; medium is estimated to be 77.3 pS and thisnendonker & Neumcke, 1989) and mammalian cardiac
channel is highly selective to K (ii) Channel open muscles (Kakei, Noma & Shibasaki, 1985; Nichols,
events appear in bursts and the kinetics of channel gatingederer & Cannel, 1991), in which mean open time is
is dependent on membrane potential. (iii) ATP boundshortened by ATP. Thus, it is unlikely that ATP binds
with Mg?* is less effective than free ATP in inhibiting exclusively to the channel in the open state in frog heart
the channel. (iv) The open time histogram is well fitted Qin, Takano & Noma (1989) and Fan, Nakayama &
with a single exponential curve, with time constants ofHiraoka (1990) obtained results similar to ours in that



50 M. Munemori et al.: ATP-sensitive K Channel in Frog Heart

ATP did not change mean open time. These studies foReferences
cused on kinetics within bursts, revealing consistent re-
sults that ATP did not change mean open time and closef® _ : , ,
time. In the report by Fan, Nakayama & Hiraoka (1990), ziggjgt'géfe"sz modulation by ATP and Mg ions. J. Physiol.
however’ a redUCtion in t.he lifetime of bquts W?.S ?‘lSOAshford, M.L.J., Sturgess, N.C., Trout, N.J., Gardner, N.J., Hales, C.N.
pointed out. We did not find any change in the lifetime  1988. Adenosine-striphosphate-sensitive ion channels in neonatal
of bursts but only in the inter-burst time on application of  rat cultured central neuronBfluegers Arch412:2297-304
10 um ATP. We thus tend to believe that ATP binds to Cook, D.L., Hales, C.N. 1984. Intracellular ATP directly blocks K
the channels in the closed states forming the inter-burst channels in pancreatig-cells. Nature 311271273
time and the channels bound by ATP remain stalled infa" Z- Nakayama, K., Hiraoka, M. 1990. Pinacidil activates the ATP-
sensitive K channel in inside-out and cell-attached patch mem-
closed states Ionger than those free from ATP. branes of guinea-pig ventricular myocyteBfluegers Arch.
In frog ventricular myocytes, kKrp-channel appear 415387394
to be much less sensitive to ATP in a medium containingrindlay, 1. 1988. AT®~ and ATP- Mg inhibit the ATP-sensitive K
Mg?* than in a M@*-free medium, as shown in Fig. 2. channel of rat ventricular myocyteBfluegers Arch412:37-41
The result is similar to data frofa-cells (Findlay, 1988; Findlay, I. 1993. Sulphonylurea drugs no longer inhibit ATP-sensitive
Ashcroft & Kakei, 1989) and skeletal muscle (Vivaudou, K*I channelrs] during metabolic stress in cardiac muskl®harma-
: + i col. Exp. Ther266:456—-467

AmOU|t.& Villaz, 1991). The role of Mé in the !nhlbl_ Findlay, I.,pDunne, M.J., Petersen, O.H. 1985. ATP-sensitive inward
Fory action of ATP to K‘-\TF"Channe_ls’ however, is a sub- rectifier and voltage- and calcium-activated &annels in cultured
ject of controversy. In pancreatic cells, Aschcroft and  pancreatic islet cellsl. Membrane Biolg8:165-172
Kakei (1989) obtained a coincidence of the dose-Fosset, M., DeWeille, J.R., Green, R.D., Schmid-Antomarchi, H., Laz-
response curve for computed free ATP in a medium con- dunski, M. 1988. Antidiabetic sulfonylureas control action potential
taining M92+ with that in a Mé*-free medium, so they properties in heart cells via high_affinity receptors that are linked to
argued that only free ATP is effective in suppressing the ATP-dependent Kchannels). Biol. Chem263.7933-7936
channel, but not Mg-ATP. In skeletal muscle blebs, on''amih O-P-, Marty, A., Neher, E., Sakmann, B., Sigworth, F.J. 1981.

! . ’ Improved patch-clamp techniques for high-resolution current re-
the Oth.er. hand, Vivaudou et al. (1991) adopted a proce- cording from cells and cell-free membrane patci®ékiegers Arch.
dure similar to that of Aschcroft and Kakei (1989) but  391:85-100
failed to obtain coincidence of the two dose-responsedorie, M., Irisawa, H., Noma, A. 1987. Voltage-dependent magnesium
curves. They thus argued that Mg-ATP can block the block of adenosine-triphosphate-sensitive potassium channel ir
channel but less potently than free ATP. In frog heart 9uinea-pig ventricular cellsl. Physiol.387:2251-272 _
myocytes, the results obtained qualitatively agree WitH‘aktfi'r'Jh’\(’)'-s*pr’:‘;Z?*e gAqlvaZZ'bpiiZ':s'iJ& iiii-nzrsof’nergtﬁf]ec: ;3‘3:;33:&

- . > - -
the Ia_tter as shown in !:|g: 2 so we believe that“fg lar cells.J. Physiol.363:441-462
ATP is less potgnt In mhlb't'ng the Chann_el than free Lederer, W.J., Nichols, C.G. 1989. Nucleotide modulation of the ac-
ATP. Our only difference from their results is the reduc- ity of rat heart ATP-sensitive Kchannels in isolated membrane
tion of Hill's coefficient from 2.74 in the ATP medium to patchesJ. Physiol.419:193-211
0.92 in Mg-ATP medium, probably attributable to a con- Munemori, M., Yamaoka, K., Yusuf, ., Sumii, K., Otsuka, H., Yama-
formational Change in the A?P_Channe| Comp|ex in the saki, K. 1996. Effect of N-ferulolyl tyramine (an analogue of tyra-
absence of M@J'. Nevertheless, some reports assert that mine) on in\{var?]l_y rectifyin% pgta}ssigm (S:hannel in frog ventricular
2+ : : : : myocytes.Hiroshima J. Med. Sci45:31-35

Mg functlons as an !nert or an active molecule in Nichols, C.G., Lederer, W.J., Cannel, M.B. 1991. ATP dependence of
changlng the _sen3|t|V|ty of KTP'Channel to ATP. Kate Channel kinetics in isolated membrane patches from rat ven-
Lederer and Nichols (1989) showed that, regardless of yicle. Biophys. J60:1164-1177
the presence and absence of 2\\7|gthe dose-response Noma, A. 1983. ATP-regulated‘kchannels in cardiac muscliature
curves against free ATP coincide with each other. Find- 305:147-148
lay (1988) used almost the same protocol as we did andyoma, A., Shibasaki, T. 1985. Membrane current through adenosine
reached a conclusion, different from ours, that thﬁpK triphosphate—regulated potassium channels in guinea-pig ventricu
channel of rat ventricular myocytes does not discriminatePil lar cells.J. Physiol.363463-480

: sudski, R., Rougier, O., Tourneur, Y. 1990. Action of cromakalim on
free ATP from Mg-ATP, with the dose-response curve potassium membrane conductance in isolated heart myocytes c

hcroft, F.M., Kakei, M. 1989. ATP-sensitive *Kchannels in rat

against total ATP in the solution containing Rigshift- frog. Br. J. Pharmacol 100:581-587
ing slightly further leftward than with the application of Qin, D.Y., Takano, M., Noma, A. 1989. Kinetics of ATP-sensitivé K
ATP alone. channel revealed with oil-gate concentration jump metiod. J.

Physiol.257:H1624-1633

Ripoll, C., Lederer, W.J., Nichols, C.G. 1993. On the mechanism of
We wish to express our sincere thanks to Dr. M. Yakehiro for his  inhibition of K,p channels by glibenclamide in rat ventricular
valuable advice. One of the authors (M.M.) would also like to thank  myocytes.J. Cardiovasc. Electrophysioft:38—-47
Professor G. Kajiyama, First Department of Internal Medicine, Hiro- Schoenmakers, T.J., Visser, G.J., Flik, G., Theuvenet, A.P. 1992
shima University, for providing him with the opportunity to do this CHELATOR: an improved method for computing metal ion con-
research. This work was supported by the Uehara Memorial Founda- centrations in physiological solutionBiotechniquesl2:870-874,
tion. 876-879



M. Munemori et al.: ATP-sensitive K Channel in Frog Heart 51

Seyama, |., Yamaoka, K. 1988. A study of the electrical characteristicsVenkatesh, N., Lamp, S.T., Weiss, J.N. 1991. Sulfonylureas, ATP-
of sodium currents in single ventricular cells of the frdgPhysiol. sensitive K channels, and cellular *Kloss during hypoxia, isch-
401:257-275 emia, and metabolic inhibition in mammalian ventridirc. Res.

Spruce, A.E., Standen, N.B., Stanfield, P.R. 1985. Voltage-dependent 69:623-637
ATP-sensitive potassium channels of skeletal muscle membraneVivaudou, M.B., Arnoult, C., Villaz, M. 1991. Skeletal muscle ATP-

Nature 316:736—-738 sensitive K channels recorded from sarcolemmal blebs of split
Spruce, A. E., Standen, N.B., Stanfield, P.R. 1987. Studies of the fibers: ATP inhibition is reduced by magnesium and ADPMem-

unitary properties of adenosiné-Biphosphate-regulated potas- brane Biol.122:165-175

sium channels of frog skeletal muscle.Physiol.382:213-236 Woll, K.H., Lonnendonker, U., Neumcke, B. 1989. ATP-sensitive po-
Standen, N.B., Quayle, J.M., Davies, N.W., Brayden, J.E., Huang, Y., tassium channels in adult mouse skeletal muscle: Different mode:

Nelson, M.T. 1989. Hyperpolarizing vasodilators activate ATP- of blockage by internal cations, ATP and tolbutami&@éluegers

sensitive K channels in arterial smooth muscfcience245:177— Arch. 414:622—-628

180 Zilberter, Y., Burnashev, N., Papin, A., Portnov, V., Khodorov, B.

Sturgess, N.C., Ashford, M.L., Cook, D.L., Hales, C.N. 1985. The = 1988. Gating kinetics of ATP-sensitive single potassium channels
sulphonylurea receptor may be an ATP-sensitive potassium chan- in myocardial cells depends on electromotive fofeuegers Arch.
nel. Lancet31:474-475 411:584-589



