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Abstract. We investigated the action of adenosine andagainst which other regulators, including signalling sys-
GTP on K,rp channels, using inside-out patch clamp tems linked to G-protein coupled receptors, serve to con-
recordings from dissociated single fibers of rat flexortrol channel activity. In skeletal muscle, ATP is espe-
digitorum brevis (FDB) skeletal muscle. In excised cially well buffered by creatine phosphate and creatine
patches, K1p channels could be activated by a combi- kinase (Carlson & Siger, 1960), and it seems certain that
nation of an extracellular adenosine agonist and intracelregulators other than ATP are involved in the physiologi-
lular Mg?*-ATP and GTP or GTR-S. The activation cal control of K, channel activity: one of these may be
required hydrolyzable ATP and could be partially re-intracellular pH (Davies, Standen & Stanfield, 1992).
versed with Mg, suggesting that it may involve a G- |t has also been suggested that adenosine released fror
protein dependent phosphorylation of,# channels. active muscle fibers under conditions of systemic hyp-
We found that I‘STP channels of the rat FDB Cou!d not be oxia opens I’S«TP Channe|S, to increase +Keff|ux and
activated by M§™-ATP alone or by M§-ATP in the  cause a rise in extracellular {Kand so vasodilation
presence of extracellular adenosine. Patches Whos(Warshall, Thomas & Turner, 1993: Comtois et al.,
channel activity had been ‘rundown’ by Ezould notbe 1994y, Receptors for adenosine have been shown to b
recovered by adenosine, GTP or RIATP. KatpChan-  yresent in the sarcolemmal membrane of skeletal muscle
nels actlvateq.b.y adenosine receptor agomsts.had aSiMihers (Challiss, Richards & Budohoski, 1992) and the
lar ATP sensitivity to those under cqntrol conditions; but 5 tivation of K\rp channels by adenosine has been dem-
adenosine appears to be able t'o switch theggKhan-  onqprated in both cardiac muscle and coronary arterial
nels from an inactive to an active mode. smooth muscle (Kirsch et al., 1990; Dart & Standen,
1993). In cardiac cells, the link between the receptor and
Key words: Potassium channel — Adenosine — Aden- the channel apparently occurs vig Gince the applica-
osine triphosphate (ATP) — Skeletal muscle tion of G;-subunits to the cytoplasmic face of the mem-
brane activates Jp channels (Terzic et al., 1994).
Regulation of K. channels by receptors coupled
to G proteins has not so far been demonstrated in skeleta
] muscle, though GTR-S has been reported to activate
ATP-dependent potassium channelg{Kchannels) oc-  k __ channels reincorporated from t-tubule membrane

cur in several tissues including muscle, pancreatic betg,;o lipid bilayers (Parent & Coronado, 1989). We have
cells, some neurones and epithelia (Ashcroft &AShcmﬂ’previously reported that when membrane patches from

1390)' In many of”tr}eseA_tlj;sues, it is gnlikek/ that 1ot skeletal muscle fibers were exposed to intracellular
]? anghes n mtracel uiar ¢ ch co?cer)tratlond([ -P]P] . GTP, in the presence of extracellular adenosine and in-
olrm_t lemaj(;)_:_ regulator O:Tgn?te acrtllwty unl_tefdr PNYSItracellular ATP, a modest increase in#% channel ac-
ological condrtions, since [ATPbften ¢ anges littie ex- tivity was observed (Barrett-Jolley et al., 1995). We
cept “T‘de.f conditions of severe metabolic stress. Rat.heﬁave found that in the presence of extracellular adeno-
ATP binding may set a low background open prObab'l'tysine, the removal of intracellular ATP elicits a substantial

increase in the subsequent channel activity. A pos-
[ sible explanation for this is that ATP plays a dual role in
Correspondence taR. Barrett-Jolley the regulation of skeletal r channels, so that while

Introduction
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the skeletal K1p channel is inhibited by intracellular ANALYSIS

ATP, there is also an ATP-dependent mechanism, such

as phosphorylation, which acts to increase channel availPata an:_;llysis was performed by playing back records through_a_r1.8'-po|e

ability. This latter effect would generally be obscured by Bessé! filter at a cut-off frequency (-3dB) of 1-1.5 kHz and digitizing

the dominant inhibitory action of ATP on these channelsam kHz using a TL-1 A-D |nterf§ce (Axon Instruments) and _a486 PC.

As a measure of channel activity we calculatéB,, whereN is the

but would be revealed on removal of ATP and so, Ofnumber of channels ané, is the open probability. For patches con-

channel inhibition. In mammalian insulinoma cells, taining up to 6 channels, we measured the tinesspent at current

Ribalet & Eddlestone (1995) have recently provided evi-levels corresponding to= 0, 1, 2. . .N channels open, and calculated

dence that the G protein-mediated activation gfK NP, as

channels by somatostatin occurs via protein kinase-C de-

pendent phosphorylation. (i i )/T

In the present paper, we have used the increase in =N i

channel activity seen on removal of ATP to investigate

the activation of K;p channels by GTP and agonist. where the_duration of the recording, T, was usually 60-90 sec. For

We find that intracellular GTP in the presence of an ggmheAS with more Cha”i”e'is we ;“Nessured the mean C“rfrte”‘ over 60-
. . - s. ‘Activation’ was calculate ', OF mean current after treat-

extracellular aqenosme agonist can aCtlvaE%FKChan_ ment divided by the value found before treatment; no activation is thus

nels, bL_Jt_requwes the presence of hydrolyzable ATP yufined as 1.0,

The activity of ‘rundown’ channels could not, however, For display purposes, data were compressed by plotting etfery

be substantially recovered by this mechanism. point (typicallyn would be 400). This procedure provides a convenient

means of displaying long recordings, but leads to the apparent prolong-

ing of open and closed times, since some brief events are deleted.

All experiments were carried out at room temperature, 18-22°C, and

Materials and Methods results are given as means + SE.

PrREPARATION Results

Single muscle fibers were isolated from rat flexor digitorum brevis In these experiments we have used inside-out patche:
muscle (FDB) using collagenase as described previously (McKillen etexcised from the sarcolemma of the rat FDB muscle.
al., 1994). Patches were held at 0 mV, with 155nK™ in the flow
solution bathing the intracellular surface of the patch,
and 10 nw extracellular (pipette) K Under these con-
SOLUTIONS ditions, ATP-dependent Kchannels were the only chan-
nels active in most recordings (McKillen et al., 1994).
The extracellular solution, used to fill the patch pipette, had the fol- Channel openings lead to outward currents with a unitary
lowing composition (mr): KCI, 10; NaCl, 145; CaGl 2; HEPES, 10, amplitude of about 2.0 pA, and channel identity was

adjusted to pH 7.4 with NaOH. In some experiments adenosineconﬁrmed by inhibition by intracellular ATP.
(Sigma) or CCPA (2-chloro-Ricyclopentyladenosine; RBI, St. Al-

bans, Herts) were added to the pipette solution. The internal solution
contained 155 m K* and was composed as follows Ngh KCI, 99; ADENOSINE AGONISTS WITH GTP 0rR GTP+y-S

MgCl, (where stated) 1.4; EGTA, 5; K-gluconate, 40; HEPES, 10, 2+
adjusted to pH 7.4 with KOH. K-gluconate was included in the solu- TOGETHER WITHMQ™" AND ATP ACTIVATE CHANNELS

tion to minimize K,;p channel ‘rundown’ (McKillen et al., 1994). . .
The following chemicals: GTP (lithium salt), guanosine@-(3-thio- ~ Many of the membrane patches which we excised from

triphosphate) (GTR-S; lithium salt) and ATP (dipotassium salt) were the rat FDB muscle showed very low initiall chan-
purchased from Sigma and added to the internal solution as indicated inel activity (Fig. 1). Patches showed variation in initial
the figure legends. channel activity, and our only criterion for using a patch
was that we saw activity of at least one channel after
excision. Under these conditions, intracellular applica-
RECORDING METHODS tion of GTP (300pMm), Mg?* (1.4 mv), and ATP(100
wm) for 2 min did not cause activation of ¢, channels,
Kare channel currents were recorded using patch clamp of excisedeither during or after the applicatiom (= 7 patches,
inside-out membrane patches_(_HamiII et_al.,1981). Ratch pipettesvyerpnean 1.0 + 0.3-fold, Fig. A). Adenosine has been
pulled from thick-walled borosilicate tubing, coated with Sylgard resin, shown to activate Krp channels of both cardiac and

and fire polished. Pipette resistance was aroundi@when filled - . .

with pipette solution. Following seal formation, patches were excisedaIrterlal Sm_OOth muscle (Kirsch etal., .1990’ Dart & Stan
and placed in a switchable stream of intracellular solution. Currentsden, 1993? Ito, .Vereecke & Carmeliet, .199_4)' and we
were measured with a List EPC-7 amplifier and stored on videotape fotherefore investigated the effect of application of GTP

offline analysis. together with Mg* and ATP when adenosine (8 or
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Fig. 1. ATP activation of K.1p channels is G-protein dependend) ( < o 9] 3
Recording from a patch that showed low channel activity. No agonist % z > <
was present in the extracellular solution. Internal ATP (189, Mg** 3V &
(1.4 mv) and GTP (300wm) were applied as indicated. Holding po- )

tential OmV. B) Recording from a patch in the presence of adenosine

(100 um) in the extracellular solution. Internal ATP, Mg and GTP  Fig. 2. Lack of ‘reactivation’ with ATP-Mg" alone. @) Recording
were applied as indicated, and substantial channel activity was seen df°™ @ patch in the presence of CCPA (i) in the extracellular
their removal. €) Recording in the presence of CCPA (1) in the  solution. Intracellular GTP (30Qum), ATP (100 um) and Mg** (1.4
extracellular solution. Internal GTR-S (200pm), Mg2* (1.4 mv) and mm) were applied as indicated. The insets show portions of the main
ATP (100 M) were applied as indicated. Channel activation was not record at higher resolution. The break in the record corresponds to 4
seen until after the application of ATP-¥Ig Note, activations shown Min. (B) Mean (isew) relative channel activity measured in excised

in B and C were the largest obtained, average values are illustrated ifpatches after different treatments. For each patch relative activity was
Fig. 28. measured as NFfollowing treatment divided by that before. The his-

togram bars correspond to experimental conditions as followsm2 m
ATP-Mg, intracellular application of 2 mATP and 1.4 mn Mg2* with
. . no extracellular agonist. No agonist, intracellular application of 1@0
100 pm) was present in the extracellular (pipette) solu-aTp, 300 um GTP and 1.4 m Mg2* with no extracellular agonist.
tion. We did not notice any systematic difference be-GTP--S +CCPA, intracellular application of 10@v ATP, 200 pum
tween the response when we use@m, as opposed to GTP«-S and 1.4 m Mg®* in the presence of extracellular CCPA.
100 pm adenosine. These conditions should ensure acAdenosine, intracellular application of 101 ATP, 300um GTP and
tivation of any G proteins linked to adenosine receptors.“ m Mgz*_ in Fhe presence of extracellular adenosine. CCFz’f\_, intra-
Although little K,1p channel activation was seen while Ce!lUIar application of 10 ATP, 300um GTP and 1.4 m Mg™in
. the presence of extracellular CCPA. The number of patches is given
intracellular ATP was present, the removal of GTP, 506 each bar.
Mg?* and ATP revealed substantial channel activation
(Fig. 1B). It is likely that this activity was revealed be-
cause of removal of channel inhibition by ATP after logue GTPy-S, which irreversibly activates G-protein
channel activationya G protein. The effect occurred in «-subunits. Although GTR-S does not require agonist
11 out of 17 patches (6/8 withiBv and 5/9 with 10Qum binding to the receptor to activate G proteins, it acts more
adenosine), and the mean channel activation, measuredpidly if an agonist is also present. For this reason we
as increase ilNP, was to 170 + 115 times the control used CCPA (10um) in the pipette solution in experi-
value before the application of nucleotides (Fid)2 ments in which GTPy-S was applied to the cytoplasmic
In addition, 2-,chloro-R-cyclopentyladenosine (CCPA, surface of patches. FigureClshows an experiment in
10 M), a potent A-adenosine receptor agonist, mim- which GTP«-S was applied to the intracellular face of
icked the effect of adenosine in 4 out of 5 patches (meanhe membrane for 2 min at the beginning of the record-
activation 49 + 11, Fig. B), suggesting that the activa- ing, to cause sustained activation of any G proteins pre-
tion of K tp channels may occur via stimulation of the sent within the patch. The addition and removal of the
A,-receptor subtype. GTP+-S alone was not associated with an increase in
To investigate further the mechanism of ¥ chan-  K,;p channel activity, suggesting that G-protein activa-
nel activation, we used the nonhydrolyzable GTP anation in itself is not sufficient to elicit channel opening.
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Similarly, after the GTPy-S pretreatment, application of A Ca ATP + Mg
ATP (0.1 mv) without Mg?* failed to activate channels.

Following this, however, the application and removal of ’1

a solution containing both Mg (1.4 mv) and ATP (100

wM) resulted in a substantial increase in{K channel SOpAL____

activity (Fig. 1C), which was subsequently inhibited by 60s
the application of 10um ATP. Similar activation oc- B
curred in 4/8 patches, with a mean increase in channel 100
activity of 102 + 75 (Fig. B). Thus both G-protein ac-
tivation and Mg*-ATP appear to be necessary for chan- 80 -
nel activation. e
5 6of
MgATP ALONE DOES NOT CAUSE ACTIVATION ::Z 40
We observed consistently that adenosine and CCPA ac-
tivated the largest krp currents in patches which had 20F _
low background channel activity. In patches from car- n=10 [_n_H i
diac muscle and from insulinoma cells, channel activity 0 5 T = p
that has ‘rundown’ after patch excision can be recovered z S & s B
by cytoplasmic application of Mg-ATP (Furukawa et 3 3 L T2
al., 1994; Ribalet & Eddlestone, 1995). In patches from o £<

skeletal muscle, however, we found that MATP _ o _

alone was unable to cause channel activation. Figare 2'19)3';' AC(;'_V'Wf Is not ref‘;]"t‘;retd ;rom Siﬁciesh‘r“”dquf ‘,"t"”t‘ CT‘ |

: : ecording from a patch that showed high channel activity to clearly
!IIUStrate.‘S such an ?Xperlmem' "? th? presence of CCP illustrate C&*-induced ‘rundown’. 1 m intracellular C3* was applied

in the pipette Solu“on' brief application of GTF_)' mg for 1 min as indicated to cause ‘rundown’. Subsequent application of 2
and ATP led on its removal to subsequent activation ofmy ATP + 1.4 m1 Mg2* failed to elicit recovery (no agonist in pipette).
Karp Cchannels, which were then inhibited by ATRof  (B) Mean (2sem) channel recovery following ‘rundown’ induced by 1
showr)_ Following this, application of M@* and ATP mm C&* after different subsequent treatments. The results are ex-
without GTP and its removal was without effect, al- pressed as the mean NPllowing treatment relative to that before
though subsequent application and removal oszg induction of ‘rundown’. The histogram bars correspond to experimental

. . . conditions as follows: Control, activity before addition offCadefined
ATP, and GTP was again able to cause activation. Th'%s 100%; Post G4, removal of 1 nw intracellular C&*; Post 2 nv

finding was confirmed in 5 patches. ATP-Mg, intracellular application of 2 m ATP and 1.4 mu Mg?*;
Post agonist, intracellular application of 1 ATP, 300 um GTP
and 1.4 nm Mg?* in the presence of extracellular adenosine. The num-
CaLciuM ‘RUNDOWN' PATCHES ber of patches is given above each bar.

Patches with low initial channel activity cannot therefore

be activated by Mg-ATP alone. In our experiments, caused almost complete recovery. We obtained similar
spontaneous ‘rundown’ of channel activity was mini- results in three other patches (Fid)3

mized by using gluconate. However, in both cardiacand ~ We also tested the effects of GTP, Mgand ATP,
skeletal muscle, Kp channels can be run down by ap- in the presence of an extracellular agonist, on patches
plication of millimolar C&* to the cytoplasmic face of Wwhose activity had been ‘rundown’ by IMrCa™*. In the
excised patches (Furukawa et al., 1994; Hussain &our patches tested we found very little recovery of chan-
Wareham, 1994). We therefore applied ME&* to  nel activity under these conditions (FigBB This sug-
patches with relatively high initial activity to induce gests that channels ‘rundown’ by Taare in a different
‘rundown’ and so test the effect of M§ ATP, and GTP  state to those in patches that show low channel activity
on channels ‘rundown’ by G4 Figure 3 shows a oOn excision, in that they cannot be reactivated by a com-
membrane patch in which exposure to faitracellular  bination of G-protein activation and MGATP.

Ce&* abolished channel activity which was initially at a

high level. Removal of the intracellular €aor appli-

cation of 2 v Mg?*-ATP led to very little recovery of CHANNEL ACTIVATION REQUIRESHYDROLYZABLE ATP
channel activity. This finding agrees with that reported

by Hussain & Wareham (1994) in mouse skeletalThe results described above suggest thatd<channels
muscle, but differs from the results reported by Fu-can be activated in membrane patches from rat skeleta
rukawa et al. (1994) in cardiac muscle, where®§TP  muscle by G-protein activation with extracellular aden-
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osine/intracellular GTP, together with ¥Migand ATP. A
In mammalian insulinoma cells, Ribalet and Eddlestone

(1995) have proposed that the G-protein mediated acti- Mg Mg ATP
vation of K,p by somatostatin occurs by way of ATP- ATP+ AMP-PNP ATP +
dependent phosphorylation of these channels. To test GTP+Mg +GTP+Mg  GTP+Mg
whether a similar mechanism may exist in skeletal M

muscle cells, we repeated some of our earlier experi-"— - !

ments replacing ATP with the nonhydrolyzable analoguelOPAL_____

adenylylimidodiphosphate (AMP-PNP). Like ATP, 120s

AMP-PNP inhibits K, channels (Spruce, Standen & B c

Stanfield, 1987); however, unlike ATP, AMP-PNP can- 1000 >12

not be hydrolyzed to ADP + Pi, and therefore cannot act€ 14, =10 b

as a substrate in phosphorylation reactions. Thus, AMPE <08

PNP is unable to support channel phosphorylation. Ing 10 g 0.6 o

these experiments, we made use of the observation th& 4 g 04 T

the application of 1.4 m Mg?* alone inhibits K p & ¢ 02

channels in two phases; the first phase, while’Mgp- 0.1 00 Lo Ty

10°101'10210%10*
[ATP] (uM)
® Before activation
o After activation

mains present, reflects channel block (Davies et al.
1996). The second phase appears to be a partial, but
substantial reversal of ) channel activation. Figure
4A shows an experiment in which we activated K
channels upon removal of GTP, Kig and ATP in the  Fig. 4. Channel activation requires ATP hydrolysis) Record from a
presence of extracellular adenosine, as described aboweatch showing channel activation in response to intracellular ATP,
After activation, the current was rapidly reduced by theMd*’, and GTP, but a lack of response when AMP-PNP was substi-
application of 1.4 m |V|92+, showing slight recovery on tuted for ATP. 3um extracellular adenosine was present throughout.

+ - (B) The mean response from four patches in experiments as shown in
the removal of Mé . The addition of AMP-PNP (2 A. In each case channel activity after nucleotide,2f@ny GTP was

mwm), in conjunction with GTP and Mg, abolished expressed relative to its value before exposu@. The relation be-
channel activity, as is expected since AMP-PNP istween channel activity and [ATPfor patches measured before and
known to substitute for ATP in blocking ¢ channels.  after activation by adenosine. The solid line shows a least squares fit to
Removal of the AMP-PNP solution, however, failed to all the data points, with the equatidRelative activity= 1 — [ATP)/
e the substantal acivation o, chanels ob- (4171 ) ek st e o e s o
served upon the removal OT ATP, '9[@ and GTP. To . btei?néd from the mean of th&,s calculated from each individull,
show that channels could still be activated, we reapplieqcasurement.

the latter solution again. As at the beginning of the ex-

periment, its subsequent removal resulted in substantial i

channel activation, and channel activity was inhibited byrat Skeletal muscle does not appear to involve a decreas
0.1 mv ATP. We found similar results in four experi- N channel sensitivity to inhibition by ATP.

ments; the data are summarized in Fig. 4

F S
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=

Discussion

Karp CHANNEL ATP AFFINITY Potassium released from skeletal muscle during exercise
acts as a local vasodilator, and, through a rise in arterial
Several activators of kKp channels appear to act by [K*], may also contribute to respiratory drive (Davies,
reducing channel inhibition by ATP, and Ito et al. (1994) Standen & Stanfield, 1991). Recent evidence suggests
have reported that adenosine has such an effect in cardidgicat adenosine contributes to hypoxic vasodilation in
muscle. In contrast, Ribalet and Eddlestone (1995kkeletal muscle by activating 4 channels to cause
found that G-protein-mediated stimulation of 4 chan-  release of K from skeletal muscle, and that this mecha-
nels in insulinoma cells did not involve a change in sen-nism may also be important in exercising muscle (Mar-
sitivity to ATP. We compared the ATP-sensitivity of shall et al., 1993). Our results support this idea by pro-
Karp Channels activated by adenosine and G-proteirviding evidence that K channels of mammalian skel-
stimulation to that of nonactivated channels. The result®tal muscle can be activated by adenosine. This
are shown in Fig. @. The mean of th&kys was 14 5  activation requires intracellular GTP, consistent with the
pM (n = 11 measurements) for adenosine-activatednvolvement da G protein. K, channels from tubular
channels and 19 £ gm (n = 51) for control channeld  membranes of mammalian skeletal muscle which have
= 0.42, t-test assuming unequal variances). Thus theébeen reincorporated into lipid bilayers can be activated
Kate Channel activation by adenosine that we observe irby the application of GTR-S (Parent & Coronado,
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1989); our results suggest that a G_protein_depender&arrett-JoIIey, R., Comtois, A., Davies, N.W., Stanfield, P.R., Standen,
modulation also occurs in the native surface membrane N-B. 1995. The effect of adenosine and GTP ogyKchannels of
of mammalian skeletal muscle rat isolated skeletal-muscle fibrek. Physiol.483:P164

" . Carlson, E.D., Siger, A. 1960. The mechanochemistry of muscular
".‘ addition, qu_r results SqueSt. that h.ydrOIySIS. of contraction. |. The isometric twitchl. Gen. Physiol44:33-60
A_TP is a prerequisite for the G-protelq-medlateq aCtIVa'ChaIIiss, R.A.J., Richards, S.J., Budohoski, L. 1992. Characterization
tion of Karp channels by adenosine, since ATP is effec-  of the adenosine receptor modulating insulin action in rat skeletal
tive only in the presence of Mg and since the nonhy- muscle.Eur. J. Pharmacol226:121-128
drolyzable ATP analogue AMP-PNP cannot support theComtais, A., Sinderby, C., Comtois, N., Grassino, A., Renaud, J-M.
modulatory effect, even though it mimics the channel 1994. An ATP-sensitive potassium channel blocker decreases dia-
closing action of ATP. Thus activation may involve sgrfzg;nitigicirculation in anaesthetised dogisApplied Physiol.
Chlanréert phOSphOt;ylaélon,_f'.[hgugh the p{Otfln !qna.se l')n Dart, C., Standen, N.B. 1993. Adenosine-activated potassium current in
Vo \éf as ye.t tO. el ?ntl e N Reversa of activation by smooth muscle cells isolated from the pig coronary artérPhys-
Mg“" (shown in Fig. 4) is consistent with such an hypoth- g 471767-786
esis, since the cation activates certain protein phosphaavies, N.w., McKillen, H-C., Stanfield, P.R., Standen, N.B. 1996. A
tases, for example PrP-2C (Hunter 1995). The situation rate theory model for Mg block of ATP-dependent potassium
is complicated by the fact that any ATP-dependent acti- channels of rat skeletal musclg. Physiol.490.3817-826
vation of the channels will always be masked by theDavies, N.W., Standen, N.B., Stanfield, P.R. 1991. ATP-dependent
dominant inhibitory effect of ATP. This would explain pota;sium chgnnels of_muscle ce_IIs: their properties, regulation, and
why in our experiments substantial G-protein-mediatedDa possible functions). Bioenerg. Biomemb@3:509-535

h | tivati Id b b d v followi th vies, N.W., Standen, N.B., Stanfield, P.R. 1992. The effect of in-
channel activation cou € observed only Tollowing the tracellular pH on ATP-dependent potassium channels of frog skel-

removal _Of ATP. . etal muscleJ. Physiol.445549-568
Previous reports of rp channel modulation have Furukawa, T., Vifa, L., Furukawa, N., Sawanobori, T., Hiraoka, M.
proposed two types of mechanism. First, ip{K chan- 1994. Mechanism of reactivation of the ATP-sensitivedhannel

nels reincorporated from t-tubule membranes and in the by MgATP complexes in guinea-pig ventricular myocytésPhys-
activation of cardiac i channels by adenosine (Parent  iol. 479:95-107 _

& Coronado, 1989: Kirsch et al., 1990; Ito et al., 1994), Hamill, O.P., Marty, A., Neher, E_.| Sakmann_, B., Slgwo_rth, F.J. 1981.
the G protein appears to act directly on the channel pro- Improved patch-clamp techniques for high-resolution current re-

. h . - cording from cells and cell-free membrane patctfkiegers Arch.
tein to reduce its sensitivity to inhibition by ATP. The 391:859_100 P 9

second mechanism has been proposed by Ribalet angner, T. 1995. Protein kinases and phosphatases: The yin and yanc
Eddlestone (1995) to explain the action of somatostatin of protein phosphorylation and signalingell 80:225-236
in cultured insulinoma cells. Here, the agonist activateSHussain, M., Wareham, A.C. 1994. Rundown and reactivation of ATP-
a G_protein which in turn opens Kp channels. In this sensitive potassium channels ) in mouse skeletal musclég.
case, however, activation occurs via phosphorylation and Membrane Biol 141257-265 .
Ribalet & Eddlestone (1995) propose that the G-proteir/®©. H.. Vereecke, J., Carmeliet, E. 1994. Mode of regulation of G-
a-subunit enhances phospholipase C activity, so stimu- E;‘ﬁti;r;rzft)trgi STZﬁjsqsitz’fgigqaq%‘: in guinea-pig ventricular
Iatm,g protgm kmase-C ar_]d mdgc_mg channel phO_Sphor_Kirsch, G.E., Caodina, J., Birnbaumer, L., Brown, A.M. 1990. Coupling
yla“c’n which increases its activity. Thus, ATP is re- of ATP-sensitive K channels to Al receptors by G proteins in rat
quired as a substrate for phosphorylation, but the activa- ventricular monocytesim. J. Physiol259:H820-H826
tion does not involve a shift in the ATP affinity of the Marshall, .M., Thomas, T., Turner, L. 1993. A link between adeno-
Katp channel. sine, ATP-sensitive K channels, potassium and muscle vasodila-
Our results suggest that adenosine activation of tion in the rat in systemic hypoxid. Physiol.472:1-9
KATP channels of mammalian skeletal muscle also in_McKlllen, H.-C., D_awes, N.W., SFanfleId, P.R., Standen, N.B. 1994.
volves phosphorylation, since it requires hydrolyzable The effect of intracellular anions on ATP—.dependent potassium
ATP. Eurther work will be necessary to establish the channels of rat skeletal musclé. Physiol.479:341-351

- . Parent, L.P., Coronado, R. 1989. Reconstitution of the ATP-sensitive
nature of the ATP-requiring step inJ channel regu- potassium channel of skeletal muscleGen. Physiol94:445-463

lation in skeletal muscle. Ribalet, B., Eddlestone, G.T. 1995. Characterization of the G-protein
coupling of a somatostatin receptor to theK channel in insulin-
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