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SUMMARY

1. The mechanisms by which ADP and the hyperglyeaemic compound diazoxide
stimulate the activity of the ATP-regulated K+ channel (KATP channel) were studied
using inside-out patches isolated from mouse pancreatic ,8-cells maintained in tissue
culture.

2. The ability of diazoxide and ADP to increase KATP channel activity declined
with time following patch excision and no stimulation was observed after 15-40 min.

3. Activation of KATP channels by ADP required the presence of intracellular
Mg2+. The stimulatory effect ofADP was mimicked by AMP but only in the presence
of ATP. Replacement of ATP with the non-hydrolysable analogue fl,y-methylene
ATP did not interfere with the ability of ADP to stimulate KATP channel activity.
By contrast, enhancement of KATP channel activity was critically dependent
on hydrolysable ADP and no stimulation was observed after substitution of
a,,-methylene ADP for standard ADP.

4. The ability of diazoxide to enhance KATP channel activity was dependent on the
presence of both internal Mg2+ and ATP. Diazoxide stimulation of KATP channel
activity was not observed after substitution of /3,y-methylene ATP for ATP.
However, in the presence of ADP, at a concentration which in itself had no
stimulatory action (10 4M), diazoxide was stimulatory also in the presence of the
stable ATP analogue.

5. The stimulatory action of diazoxide on KATP channel activity in the presence
of ATP was markedly enhanced by intracellular ADP. This potentiating effect of
ADP was not reproduced by the stable analogue o,,f-methylene ADP and was
conditional on the presence of intracellular Mg2+. A similar enhancement of channel
activity was also observed with AMP (0-1 mM). In the absence of ATP, diazoxide was
still capable of stimulating channel activity provided ADP was present. This effect
was not reproduced by AMP.
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6. In both nucleotide-free solution and in the presence of 0-1 mm ATP, the
distribution of the KATP channel open times were described by a single exponential
with a time constant of - 20 ms. Addition of ADP or diazoxide resulted in the
appearance of a second component with a time constant of > 100 ms which
comprised 40-70% of the total number of events. Under the latter experimental
conditions, the open probability of the channel increased more than fivefold relative
to that observed in the presence of ATP alone.

7. We propose that ADP- and diazoxide-induced stimulation of KATP channel
activity reflects the same basal mechanism and involves a diffusible cytoplasmic
regulatory component which is not part of the KATP channel itself. The effect of
diazoxide is dependent on the presence ofMg-ADP and may result from amplification
of the ADP action, culminating in the induction of a novel kinetic state characterized
by openings of long duration.

INTRODUCTION

The ATP-regulated K+ channel (KATP channel) constitutes the resting conductance
of the insulin-secreting pancreatic f-cell (reviewed by Ashcroft, 1988; Ashcroft &
Rorsman, 1989; Rorsman & Trube, 1990). Glucose produces a concentration-
dependent inhibition of the KATP channel and at insulin-releasing glucose
concentrations, channel activity is inhibited by > 95%. Glucose metabolism is
currently believed to exert its inhibitory action by increasing the cytoplasmic
ATP/ADP ratio, and varying it in a physiological range mimics the inhibitory action
of glucose on the KATP channel (Kakei, Kelly, Ashcroft & Ashcroft, 1986; Dunne,
West-Jordan, Abraham, Edwards & Petersen, 1988). The effects ofATP and ADP on
channel activity appear to be mediated by two separate processes/receptors: one
stimulatory and one inhibitory (Dunne & Petersen, 1986; Findlay, 1987; Bokvist,
Ammiilia, Ashcroft, Berggren, Larsson & Rorsman, 1991). However, the mechanisms
are not well understood.
The hyperglyeaemic sulphonamide diazoxide inhibits glucose-stimulated insulin

secretion and electrical activity (Henquin, Charles, Nenquin, Mathot & Tamagawa,
1982; Henquin & Meissner, 1982). Patch-clamp experiments have shown that
diazoxide antagonizes the inhibitory effect of ATP on the KATP channel (Trube,
Rorsman & Ohno-Shosaku, 1986; Dunne, Illot & Petersen, 1987; Gillis, Gee,
Hammoud, McDaniel, Falke & Misler, 1989; Kozlowski, Hales & Ashford, 1989).
The mechanisms by which diazoxide stimulates channel activity have not been
elucidated. There is evidence from tumoural insulin-secreting cell lines suggesting the
involvement of protein phosphorylation. In support of this idea, diazoxide has been
reported to be without effect or even inhibitory in the absence of intracellular Mg2+
(Kozlowski et al. 1989; but compare Dunne et al. 1987) or after replacement of ATP
with non-hydrolysable analogues (Dunne, 1989; Kozlowski et al. 1989).

In the present study we have compared the mechanisms by which ADP and
diazoxide exert their respective stimulatory actions on the KATP channel in mouse
pancreatic f-cells. We show that both diazoxide and ADP induce a distinct open
state, characterized by openings of long duration, by a mechanism which may
involve nucleotide hydrolysis.
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METHODS

Preparation of cells
Mouse pancreatic islets were isolated by collagenase digestion and dispersed into single cells by

treatment with trypsin or shaking in low-Ca2+ solution as a previously described (Rorsman &
Trube, 1986; Arkhammar, Nilsson, Rorsman & Berggren, 1987). Cells were plated on Corning Petri
dishes (Corning Glass Works, Corning, N.Y.) and maintained for 1-4 days in RPMI 1640 tissue
culture medium containing 5 mm glucose and supplemented with fetal calf serum (10% v/v; Flow
Laboratories, Irvine, UK), 100 jug/ml streptomycin and 100 i.u./ml penicillin (both supplied by
Northumbria Biologicals Ltd, Cramlington, UK). In this preparation the vast majority of the cells
produce action potentials in the presence of glucose and can therefore be assumed to represent
insulin-secreting ,-cells (Rorsman & Trube, 1986).

Electrophysiology
We used the inside-out configuration of the patch-clamp technique (Hamill, Marty, Neher,

Sakmann & Sigworth, 1981). This recording mode permits free access to the cytoplasmic aspect of
the plasma membrane making it easy to vary the 'intracellular' composition. Moreover, diazoxide
has been reported to be considerably more effective as an activator of the KATP channel when
applied to the intracellular rather than to the extracellular side of the membrane (Kozlowski et al.
1989). Pipettes were pulled from alumino- or borosilicate glass (Hilgenberg, Malsfeld, FRG), coated
with Sylgard near the tips and fire-polished. Both types of electrodes had resistances of 2-3 MQ
when filled with standard extracellular medium. Currents were recorded using an EPC-7 patch-
clamp amplifier (List Electronic, Darmstadt, FRG). During the experiment the current signal was
stored, pending analysis, on either magnetic tape using an FM tape recorder (Racal Store 4DS,
Hythe, England) or on videotape employing a VCR (Sony-2000, Sony, Tokyo, Japan) and a
modified digital audio processor (PCM-F1, Sony, Tokyo, Japan). Channel activity was measured
at 0 mV membrane potential. With the solutions used currents will be outward (i.e. into the
pipette) and channel records are displayed according to the convention with upward deflections
denoting outward currents. KATP channel activity was identified on the basis of the sensitivity to
ATP and the unitary amplitude (1-5-2 pA). The zero current potential of the pipette was adjusted
with the electrode in the bath before establishment of the seal.

Data analysis
Records were filtered at 200 Hz (-3 dB value) by using an 8-pole Bessel filter (Frequency

Devices, Haverhill, MA, USA), digitized at 500 Hz using a Labmaster ADC (Scientific Solutions,
Solon, OH, USA) and stored in a computer (Compaq 386/20, Houston, TX, USA). The degree of
channel activity under the respective experimental conditions was assessed by using in-house
software by digitizing segments of the current records (30-60 s long) and forming histograms of
baseline and open-level data points. The mean current (I) was then calculated according to the
equation:

I=E;
N
* (1)

where N is the number of samples, Ij is the current observed in sample j and IB is the value of a user-
defined baseline. Unless otherwise indicated, each experimental condition was tested with identical
results in at least five (usually more) different patches.
The analysis of the distribution of KATP channel open times was restricted to segments of the

experimental record containing only one or two active channels using the digitized data (see
above). Events were identified using a 50% amplitude criterion and an idealized record was
constructed. The kinetic constants were derived by approximation of the data to exponential
functions by the method of maximum likelihood (Colquhoun & Sigworth, 1983).
The open probability (P.pen) was estimated by approximating the observed probability (Px) of

finding x simultaneously active channels out of total number ofN channels to the binomial

N! (N)PX x!(N-x)!opPen (-oPen) (2)
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For display, representative segments were selected from the experimental record under steady-
state conditions.

Solutions
The pipettes were filled with standard extracellular medium containing (mM): 138 NaCl, 5-6 KCl,

12 MgCl2, 26 CaCl2 and 5 Hepes-NaOH (pH 740). The bath solution (i.e. the 'intracellular'
solution) consisted of (mM): 125 KCl, 1 MgCl2, 10 EGTA, 30 KOH and 5 Hepes-KOH (pH 7415).
ATP, ADP and AMP and their analogues ATP-ac-S (Boehringer Mannheim), ATP-y-S (Boehringer-
Mannheim), i,y-methylene ATP (Sigma) and a,,l-methylene ADP (Sigma) were added to the
intracellular medium as indicated in the text and figures. Diazoxide was prepared as a concentrated
stock solution in dimethyl sulphoxide (DMSO; final concentration of DMSO: <01 %). The
nucleotides were added as their Mg2+, Li' or Na+ salts. In the two latter cases, an equal amount of
Mg2+ was added to maintain an excess of Mg2+. In some experiments, Mg2+ was omitted from the
intracellular medium as indicated in the text and the concentration of ATP and ADP lowered to
0 03 mm to compensate for the greater blocking efficacies of ATP4- and ADP3- as compared with
the Mg2+ salts (Ashcroft & Kakei, 1989). Patches were excised into nucleotide-free solution and
ATP was first applied to test for channel inhibition. ATP was then removed and the patches were
subsequently exposed to the test solutions indicated in the text or figures. The records shown are,
unless otherwise stated, obtained shortly after patch excision. It was ascertained that ADP or
diazoxide exerted their expected effects under control conditions both before and after any test
situation. Mg-ATP (041 mm) was present in the intracellular solution for most of the time to reduce
'run-down' of KATP channels (Ohno-Shosaku, Ziinkler & Trube, 1987). Despite this precaution
some run-down still took place. This might be due to the continuous presence of Mg2+ leading to
the activation of Mg2+-dependent phosphatases with resulting channel dephosphorylation and run-
down (cf. Kozlowski & Ashford, 1990). The bath had a volume of 0 5 ml and was perfused at a rate
of 4 ml/min. The test compounds were added either to the perfusion medium or applied locally by
means of a puffer pipette (experiments with ATP-a-S). To facilitate the comparison of the effects,
the nucleotides and diazoxide were generally applied at a concentration of 0-1 mM. It should be
emphasized, however, that different results might have been observed had the experiments been
conducted with other concentrations of the nucleotides (cf. Dunne et al. 1987).

RESULTS

The effects of diazoxide depend on time after patch isolation
The stimulatory action of diazoxide observed shortly after excision is shown in

Fig. 1A. It is apparent that diazoxide evokes a current which, in fact, is larger than
that observed in the nucleotide-free solution. This contrasts with the results obtained
15 min later (Fig. 1B). It is clear that although KATP channel activity had declined
(run-down), ATP-remained an effective inhibitor of the channel. By contrast,
diazoxide was without stimulatory action. This suggests that the effects of diazoxide
are exerted by mechanisms other than direct interaction with the KATP channel.
Consistent with previous reports on insulin-secreting cell lines (Dunne et al. 1987;
Kozlowski et al. 1989), no effect of diazoxide was observed in nucleotide-free solution
(data not shown). Moreover, the stimulatory action of diazoxide depended on the
presence of intracellular Mg2+, at least at the ATP concentration tested (cf. Dunne
et al. 1987; data not shown).

Stimulatory action ofADP depends on nucleotide hydrolysis
In agreement with earlier studies (Kakei et al. 1986; Dunne & Petersen, 1986;

Misler, Falke, Gillis & McDaniel, 1986), ADP was able to counteract the inhibitory
effect of ATP and the current observed in the simultaneous presence of both
nucleotides often exceeded that which was observed in the absence of both
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nucleotides. The stimulatory effect of ADP on KATP channel activity was not
reproduced by the metabolically stable analogue a,,f-methylene ADP (Fig. 2A).
However, as illustrated in Fig. 2B, there is no requirement of metabolizable ATP,
and the stimulatory action persisted after replacement of ATP with l,y-methylene
ATP.

A 0.1 mM diazoxide

0.1 mM ATP 0.1 mM ATP

Ik LtA L Ii . 1.,,,

B 0.1 mM diazoxide
0.1 mM ATP 0.1 mM ATP

okJ4~i~3~LkI~.IALtJ4LjhJI Ii lb U A I A -L

5 pA

los
Fig. 1. Time-dependent decline of diazoxide effect on KATP channel activity. A, the effects
of diazoxide on KATP channel activity in an inside-out patch shortly after patch isolation.
The mean current in the absence of ATP was 3-2 pA which was reduced to 0 04 pA in
the presence of 01 mm ATP and subsequently increased to 8-6 pA in the presence of
diazoxide. B, lack of stimulatory action of diazoxide in the same patch 15 min later.

As already reported for both rat insulinoma cells (Dunne & Petersen, 1986;
Findlay 1987) and mouse pancreatic ,-cells (Bokvist et al. 1991), ADP also increased
channel activity when applied in the absence of ATP (Fig. 2 C). Consistent with the
previous observations of Findlay (1987), this effect of ADP was not observed
following replacement of ADP with a stable ADP analogue (a,fl-methylene ADP).
The stimulatory effect ofADP required the presence of internal Mg2+. In agreement
with the findings of Findlay (1987), ADP (30,M) was, in fact, inhibitory when
applied in the absence of this ion (data not shown).

Stimulatory action of diazoxide requires metabolizable ATP
In rat insulinoma cells, stimulation of KATP channel activity has been shown to

require hydrolysable ATP and was not observable in the presence of stable
analogues. Contrary to the observations made in RINm5F-cells (Dunne, 1989),
stimulation by diazoxide of channel activity in mouse pancreatic fl-cells was seen in

353



354 0. LARSSON AND OTHERS

0-1 mM a,,B-methylene ADP

0.1 mM ADP 0.1 mM ADP

A 0.1 mM ATP

0.1 mM ADP 0-1 mM ADP 0.1 mM a,,B-methylene AC

B 0.1 mM ATP 0.1 mM ,Py-methylene ATP

0.1 mM a,f3-methylene ADP
0.1 mM ADP 0.1 mM ADP

C

20 s

Fig. 2. The ability of ADP to reactivate KATP channels inhibited by ATP is dependent on
hydrolysable ADP but not ATP. A, channel activity in the absence of ATP amounted to
1 0 pA which was reduced to < 0 01 pA after inclusion of 0 1 mm ATP in the intracellular
solution. Addition ofADP produced pronounced stimulation ofKATP channel activity and
a mean current of 1-9 pA was observed. Substituting the stable analogue a,,#-methylene
ADP for standard ADP resulted in a reduction of channel activity to that observed in the
presence of ATP alone (mean current 0-04 pA). Returning to standard ADP was
associated with reappearance of channel activity (mean current 2-7 pA). B, a mean
current of 3-1 pA was observed in the nucleotide-free solution which was reduced to
007 pA by addition of 01 mm ATP. Inclusion of ADP in the intracellular solution
increased the mean current to 3-6 pA. In the presence of the stable ATP analogue fl,y-
methylene ATP the mean current fell to 0411 pA which subsequently increased to 2-9 pA
after addition of standard ADP but was unaffected by the stable ADP analogue c,,8-
methylene ADP. Same patch as in A. C, ability of ADP to stimulate channel activity
is not mimicked by a non-hydrolysable analogue. Channel activity in the nucleotide-free
solution was 1-2 pA. This increased to 6-2 pA after application of ADP. Replacement of
ADP with the stable analogue a,/3-methylene ADP abolished this effect and mean current
fell to 0-84 pA. The vertical calibration bar is 2.5 pA in A and B and 5 pA in C.



REGULATION OF ,l-CELL KATP CHANNELS

the presence of ATP-y-S (Fig. 3A). An increase in channel activity by diazoxide was
also produced when ATP was replaced by ATP-a-S (Fig. 3B). However, no
enhancement of channel activity was observed when ATP was replaced with f,y-
methylene ATP (Fig. 3C).

A B C
0.1 mM diazoxide 0.1 mM diazoxide 0.1 mM diazoxide

0.1 mM ATP-y-S 0.1 mM ATP-a-S 0.1 mM f,r-methylene ATP

5 pA

10 s

Fig. 3. The stimulatory action of diazoxide on KATP channel requires ATP hydrolysis. A,
stimulation by diazoxide of KATP channel activity in the presence of 0-1 mm ATP-y-S.
Channel activity increased > 30-fold from 0 07 to 2-5 pA. In the same patch diazoxide
exerted a comparable effect in the presence of standard ATP and a 24-fold stimulation
was observed. B, diazoxide increased channel activity 25-fold in the presence of
0 1 mM ATP-a-S and mean current rose from 0 09 to 2-22 pA; larger than the 10-fold
stimulation observed in the presence of standard ATP. Identical effects were observed in
three out of three patches. C, failure of diazoxide to stimulate channel activity in the
presence of the stable analogue fl,y-methylene ATP. The mean current in the presence of
the nucleotide alone was 2-0 pA and decreased to 1 4 pA after adding diazoxide. Note that
although /,y-methylene ATP was somewhat less effective than standard ATP in blocking
the KATP channel, inhibition in the presence of this nucleotide nevertheless amounted to

70%. In the same patch, diazoxide produced a 40-fold stimulation of channel activity
when applied in the presence of standard ATP.

Interactions between ADP and diazoxide
The observation that the ability of diazoxide to stimulate KATP channel activity

required the presence of hydrolysable ATP may indicate that a metabolic product of
the nucleotide mediates the effect. Figure 4A shows a recording from a patch initially
exposed to 0-1 mm ATP in which addition of ADP to the bath solution (in the
continued presence of ATP) exerted only a moderate stimulatory action. It can be
seen that diazoxide, under these experimental conditions, produced a pronounced
increase in the KATP channel activity. This effect was far greater than that observed
when diazoxide was applied in the absence of ADP (Fig. 4B).

Diazoxide was also able to increase channel activity in the absence of ATP
provided ADP was present. Figure 5A shows the strong 4-5-fold stimulation
observed when diazoxide was applied in the presence of ADP (01 mM). The ability
of ADP to potentiate the effect of diazoxide was neither mimicked by a stable
analogue (a,fl-methylene ADP; Fig. 5B), nor could it be observed in the absence of
intracellular Mg2+ (data not shown).
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Interactions between AMP and diazoxide
Since the potentiating action ofADP was not reproduced by a stable analogue, we

subsequently studied the effect of some of its metabolites. Figure 6A shows that
AMP shares the capacity of ADP to counteract ATP-induced inhibition of the

A 0-1 mM diazoxide
0.1 mM ADP

0.1 mM ATP

B 0.1 mM diazoxide
0.1 mM ATP

5 pA

los

Fig. 4. ADP enhances stimulatory action of diazoxide on KATP channel activity in the
presence of ATP. A, addition of 01 mm ADP to a patch in which channel activity was
inhibited by ATP increased channel activity 7-fold, from 0-03 pA to 0-20 pA. Subsequent
addition of 01 mm diazoxide resulted in t 35-fold stimulation of channel activity and a
mean current of 6-9 pA was observed. B, when diazoxide was subsequently added to the
same patch as in A, but in the absence of ADP it had a smaller effect on channel activity
and the mean current rose from 0 09 to 1P5 pA.

KATP channel. The inclusion of diazoxide into the perfusion medium under these
experimental conditions resulted in a strong enhancement of channel activity. The
current induced by diazoxide in the presence of AMP (Fig. 6A) exceeded that
recorded in its absence (Fig. 6B). AMP had no effects when added to a nucleotide-
free solution and diazoxide was without stimulatory effect under these latter
conditions (Fig. 6C). IMP (inosine monophosphate), the deamination product of
AMP, was likewise without effect irrespective of whether it was applied alone or in
combination with ATP or diazoxide (not shown).

Addition of a low concentration ofADP restores the stimulatory effect of diazoxide in
the presence of a non-hydrolysable ATP analogue
The data of Figs 4-6 suggest that a metabolic product ofATP hydrolysis mediates

the stimulatory effect of diazoxide. The results shown in Fig. 7 indicate that the
presence or generation of Mg-ADP is critical. As shown in Fig. 7A, addition of Mg-
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ADP at a concentration which itself has little stimulatory effect (Fig. 7B) restored
the ability of diazoxide to increase channel activity in a medium in which l,y-
methylene ATP was substituted for ATP. It should be noted that diazoxide, when
added alone, failed to enhance channel activity in the presence of this stable ATP

A 0.1 mM diazoxide
0-1 mM ADP

0-1 mMATP

B 0.1 mM diazoxide
0.1 mM a43-methylene ADP

5 pA

los
Fig. 5. Diazoxide stimulation of channel activity in the presence of ADP. A, channel
activity in an inside-out patch in the presence of 01 mm ADP alone and a mean current
of 090 pA was observed. Addition of diazoxide increased the mean current to 4-2 pA. B,
no stimulation of KATP channel activity in the presence of the stable analogue a,,fl-
methylene ADP. A, and B were obtained from the same patch.

analogue (Figs 3C and 7A). Although l,y-methylene ATP was somewhat less
effective than ATP as an inhibitor of the KATP channel, it still produced > 70%
reduction of channel activity (Fig. 7A).

Effects of ATP, ADP and diazoxide on KATP channel kinetics
Figure 8A shows the changes in channel activity observed following the additions

of ATP and diazoxide to an inside-out patch containing only two to three active
channels. It is clear that the openings observed in the presence of diazoxide are much
longer than those observed in the presence of ATP alone. In Fig. 8B-E we have
attempted to quantify this effect by analysing the distribution of the channel
openings in nucleotide-free solution (Fig. 8B), in the presence ofATP alone (Fig. 8 C),
in the simultaneous presence of ATP and ADP (Fig. 8D) and in the combined
presence of ATP and diazoxide (Fig. 8E). The insets show examples of the channel
openings under the respective experimental conditions on an expanded time base. In
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A

0-1 mM ATP

B

0-1 mM ATP

0.1 mM AMP
0.1 mM diazoxide

0.1 mM AMP
0.1 mM diazoxide

C
0.1 mM diazoxide

0.1 mM AMP

L ,1ii. 1II

5pA

10 s

I II

Fig. 6. AMP potentiates diazoxide action in the presence of ATP. A, addition of AMP
reactivates channels inhibited by ATP and increases the mean current from 0-11 to
0 66 pA. A further 7-fold enhancement was obtained by adding diazoxide resulting in a
mean current of 4-4 pA. B, effects of diazoxide and AMP when added in opposite order.
Diazoxide, when added alone, increased channel activity from 0-02 to 0-62 pA which was
increased to 2-1 pA after inclusion of AMP into the medium. C, lack of KATP channel
stimulation by diazoxide in the presence of AMP alone. The gradual decline in channel
activity in panel C is probably unrelated to the additions ofAMP and diazoxide and may
reflect 'run-down' of KATP channel activity, which occurs in the absence of ATP (Ohno-
Shosaku et at. 1987). All records obtained from the same patch. Similar effects were
obtained in another 4 out of 5 patches.

the absence of any added nucleotides, channel activity consisted of relatively short
openings. The distribution of the openings was described by a single exponential with
a time constant (T) of 20 + 2 ms (n = 6). The mean duration of the openings (t), was
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26 + 4 ms. After addition of ATP, channel activity was markedly decreased but the
distribution of the remaining openings was not much affected and could be described
by a single exponential with a time constant of 26 + 2 ms (n = 5). The value of t
amounted to 28 + 4 ms. This indicates that the principal action of ATP on KATP

0.1 mM ADP

A 0.01 mM diazoxide

0.1 mM ATP 0-1 mM ,B ,y-methylene ATP

10 pA ,

20 s

0.1 mM diazoxide

0.01 mM ADP
B

0-1 mM ATP 0-1 mM f3,y-methylene ATP

5 pA

20 s

Fig. 7. A low concentration of ADP restores the ability of diazoxide to increase channel
activity in the presence of a stable ATP analogue. A, addition of 0 01 mm ADP restored
the stimulatory action of diazoxide (01 mM) in the presence of i,y-methylene ATP
(041 mM). Note that diazoxide had no stimulatory effect in the presence of the stable ATP
analogue alone. B, ADP, when applied at the low concentration used in A (but in a
different patch), exerted a weak stimulatory effect on channel activity. Inclusion of
0-1 mM diazoxide in the continued presence of J,y-methylene ATP and ADP led to a
pronounced stimulation of channel activity.

channel kinetics is to prolong the duration of the closed times. In the presence of
both ATP and ADP, channel activity consisted of two types of openings: both short
openings, similar to those observed in the presence of ATP alone, and long openings
which occasionally lasted several hundred milliseconds (Fig. 8D). Accordingly, the
distribution of the openings was best described as the sum of two exponentials with
-r values of 20 + 9 and 183 + 9 ms (n = 6). The slow component comprised 68 + 9% of
the events. Under these experimental conditions the value of t increased to
220 + 69 ms. A similar type of channel activity was observed in the presence of
diazoxide (Fig. 8E) although less pronounced than that observed in the presence of
ATP and ADP. In the presence of the KATP channel opener, the distribution of the
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openings was described as the sum of two exponentials with r values of 24+ 9 and
127 + 37 ms (n = 5). The rapid component comprised 59 + 7% of the total number of
events. The value of t increased fivefold and averaged 94+23 ms.
To further quantify the effects on channel kinetics we performed binomial

analysis of the amplitude distribution histograms. In the absence of any nucleotides,

0.1 mMATP

hII

0.1 mM diazoxide

IAIo 3 pA

los

C
Control

W, II il I- [I I 1

AI jLlA I]2 pA

100 mS

500

200-
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0

1000 0

0
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Fig. 8. Effects of ATP, ADP and diazoxide on KAT channel kinetics. A, effects of ATP
and diazoxide on KATP channel activity in an inside-out patch. B, frequency versus

lifetime histogram of channel openings under control conditions (nucleotide-free solution).
The distribution of channel lifetimes could be described by a single exponential with a

time constant T = 26 ms. A total number of 2627 events were analysed. C, distribution of
open times in the presence of 0 1 m'm ATP. A total of 309 events were analysed and could
be fitted by a single exponential with = 22 ms. D, the distribution of open times in the
simultaneous presence of both 01 mm ATP and 01 mm ADP. The distribution was best
described as the sum of two exponentials with r, = 20 and T2 = 183 ms. A total number
of 1929 events were analysed of which 68% of the integrated events belonged to the slow
component. E, distribution of open times in the presence of 0 1 mm ATP and 01 mM
diazoxide. The distribution was described by two exponentials with r, = 22 and r2 =

116 ms. A total of 2222 events were analysed of which 52% belonged to the slow
component. Insets show the KATP channel activity observed under the respective
experimental conditions on an expanded time base. Arrowheads indicate current level
when the channel is closed.

360

A

B

1000 -
to

0
0

0

D

a,

0
0
n)

400-

200

-

0

=
ML

0 jil llliillll ll l

10
12 IP. -'r, r4fn-T-------WV

,. 44jr-r"mr--nm



REGULATION OF fl-CELL KATP CHANNELS

the open probability (Popen) averaged 0-06 + 0-02 (n = 6). This was reduced to
0-02 +0-01 (n = 5) by addition of 041 mm ATP (P < 0-01). Subsequent inclusion of
ADP or diazoxide (in the continued presence of ATP) increased Popen to 0-27 + 0-05
(n = 6; P < 0-001) and 0-12 +0-05 (n = 5; P < 005), respectively. In addition to the
effects on the open probability, the number of active channels in the patch (N in eqn
(2)) also appeared to be affected in a way similar to that reported by Kozlowski et al.
(1989). However, this was not analysed in detail since the degree of channel activity
varied from one patch to another and not all compounds were applied to the same
patch.

DISCUSSION

Stimulatory effect ofADP on KATP channel activity requires hydrolysable ADP both
in the presence and absence ofATP

Earlier studies on a rat insulin-secreting cell line (RINm5F) have indicated that
the effects of ADP in the absence and presence of ATP differ with regard to the
requirement of hydrolysable ADP, indicating they may depend on separate processes
(Dunne & Petersen, 1986). The present study failed to observe such a difference.
Our data are rather compatible with the idea that the two effects reflect the same
mechanism. In fact, the present observations that stable analogues are not able to
mimic the action of ADP and that its stimulatory effect requires the presence of
internal Mg2+, whereas the inhibitory effect is produced by both stable analogues and
free ADP3-, adds to previous arguments that KATP channel inhibition and
stimulation involve separate mechanisms (Findlay, 1987; Bokvist et al. 1991).
The inability of ADP3- and ac,f-methylene ADP to mimic the stimulatory effect

of Mg-ADP can be interpreted in terms of ADP serving as a substrate in an
enzymatic reaction resulting in, for example, the phosphorylation of the KATP
channel protein. Although we cannot exclude this possibility, there are a few (if any)
examples of such reactions. Another explanation is that ADP3- and ac,f-methylene
ADP are not recognized at the stimulatory nucleotide receptor site of the
KATP channel (cf. Bokvist et al. 1991). This possibility is suggested by analogy with
the situation in blood platelets where a,f-methylene ADP is unable to substitute for
Mg-ADP in binding studies (Haslam & Cusack, 1981).

Effects ofADP and diazoxide on KATP channel kinetics
Kozlowski et al. (1989) have previously concluded, based on binomial analysis of

single-channel data, that diazoxide increases KATP channel activity in tumoural
CRI-Gi cells by increasing the open state probability. Our data indicate that this is
also true for the KATP channel in mouse f-cells. With regard to the effects of
diazoxide on KATP channel kinetics, Gillis et al. (1989) present qualitative data
suggesting that the burst duration (recorded as inward currents with symmetrical
150 mM K+ solutions) is increased, whereas the duration of the interburst closures is
reduced. We now demonstrate that when measured with physiological ionic
gradients, both ADP and diazoxide increase KATP channel activity by promoting a
long-lasting open state which accounts for as much as 40-70% of the total number
of events. From the observations that the changes in the mean open time and the
open probability induced by ADP and diazoxide occur in parallel, it appears that the
increase in channel activity evoked by these compounds can be explained by their
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action on the distribution of the open times and it is therefore not necessary to
postulate an effect on the distribution of closed times.

It is worth pointing out that the effect we now describe for the action of diazoxide
on the KATP channel kinetics is reminiscent of that previously reported for the effects

K+ channel

Cell membrane
Regulatory component

b - - 1-- - AP-a--
~~~~~~~~~~~~~~~~~~~~~~~~. .. .. _.. .. ..~ ~~~~~~~~~~~ ~~~~~................

Fig. 9. Model for the regulation of the A-P regulated K- channel by ATP, ADP.and

d ~ AP iazoxide.h oe sepandi h et

the.chne. Reenly,rh inracellularofteATPplicuation of ATPhasne bee demonstratedt

evoke long openings of rat brain Cai+-activated K+ channels incorporated into
planar bilayers (Chung, Reinhart, Martin, Brautigan &r Levitan, 1991), an effect
which was attributed to activation of a kinase closely associated with the K+
channel. It is clear that the actions we report here for ADP and diazoxide on the
KATP channel kinetics are similar to these effects.

Mechanismns of ADP and diazoxide stimulation of KATP channel activity
The possibility that diazoxide acts as a competitive ATP antagonist and simply

displaces ATP from the inhibitory site can be discounted in view of the observations
that whereas inhibition of the KATP channel is produced both by Mg-ATP and
ATP4-, stimulation of channel activity by diazoxide is observed only in the presence
of the Mg2+ salt. A similar dependence on Mg2+ has previously been reported by
Kozlowski et al. (1989). This could indicate that hydrolysis of ATP is part of the
mechanisms by which diazoxide acts (Dunne, 1989). However, it has also been
demonstrated that provided the ATP concentration is lowered concomitantly with
the Mg2+ removal, diazoxide remains stimulatory even in the absence of Mgi+ (Dunne
et al. 1987). This argues that the interactions between Mg2+, the adenine nucleotides
and diazoxide may be more complex.
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As already discussed, ADP stimulates KATP channel activity by a mechanism
distinct from that utilized for channel inhibition and that is mediated by a diffusible
cytoplasmic constituent (Findlay, 1987; Bokvist et al. 1991). Our data indicate that
diazoxide stimulation also results from mechanisms other than direct interaction
with the KATP channel protein. This hypothesis rests on the observation that the
stimulatory effect of diazoxide in inside-out patches declines more rapidly than can
be accounted for by channel run-down (Fig. 1). This suggests that the stimulatory
effect is mediated by a diffusible cytosolic component which is not part of the KATP
channel and that washes out gradually following patch excision. A tentative model
for the regulation of the KATP channel by ADP and diazoxide is presented in Fig. 9.
We believe the observations that the effects of diazoxide on channel activity and

kinetics are similar to those ofMg-ADP and represent an important clue to the mech-
anism of diazoxide action and we propose that the stimulatory action of diazoxide is
dependent on the binding ofMg-ADP to a cytosolic regulatory constituent. Although
we have no information concerning the nature of this component, a regulatory
protein is the most likely candidate. Binding of Mg-ADP (but not ADP3- or a,fl-
methylene ADP) to the regulatory protein/molecule produces a conformational
change. This leads to the association with the KATP channel and promotion of
channel opening. When the regulatory protein has bound Mg-ADP, its affinity to
diazoxide is increased. The simultaneous binding of both Mg-ADP and diazoxide
stabilizes and/or amplifies the conformational change of the protein thus resulting in
a more pronounced stimulation of channel activity. The model implies continuous
ATPase activity within the patch. This could be due to intrinsic enzymatic activity
of the regulatory protein leading to the generation of a small local ADP concentration
sufficient to activate some of the ADP binding sites. The addition of exogenous Mg-
ADP at a relatively high concentration ( > 10 #M) leads to the binding of more Mg-
ADP with resulting further stimulation of channel activity. The model implies that
diazoxide will be able to enhance KATP channel activity in the presence of any
nucleotide which can form Mg-ADP. This can be formed from ATP-y-S, in which the
chemical modification is restricted to the y-phosphate group (cf. Chung et al. 1991),
but is unlikely to be formed from fl,y-methylene ATP, in which the bond between
the ,f- and y-phosphate group has been changed. Our model is also consistent with
the observation that a low concentration of ADP restores the capacity of diazoxide
to promote KATP channel opening in the presence of a stable ATP analogue. Finally,
the observation that AMP potentiates the action of diazoxide can also be explained
by this model since ADP may be formed by adenylate kinase from ATP and AMP.
In fact, the observation that AMP was only effective in the presence of ATP supports
this idea. It is of interest that Shen, Tung, Machulda & Kurachi (1991) have reported
C. similar requirement of nucleotide diphosphate, including ADP, for the stimulation
of the cardiac KATP channel by nicorandil. It may therefore be speculated that
different KATP channel activators utilize the same fundamental molecular mech-
anisms to produce KATP channel stimulation in various tissues.
The ability ofMg-ADP to enhance the action of diazoxide is similar to the previous

reported ability of this nucleotide to potentiate the inhibitory action of the
sulphonylurea tolbutamide (Ziinkler, Lins, Ohno-Shosaku, Trube & Panten, 1988;
Panten, Heipel, Rosenberger, Scheffer, Ziinkler & Schwanstecher, 1990) suggesting
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that the ADP binding component is also involved in this process. In fact, the
participation of this regulatory protein is not necessarily restricted to the control of
ion channel activity but may include other cellular processes. For example, recent
experiments have suggested that tolbutamide and diazoxide may modulate insulin
secretion by direct interference with the secretory machinery (Shibier, Flatt, Efendic
& Berggren, 1991).
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