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Summary. Cultures of pancreatic islet cells from obese and lean 
mice of the C57BL/6J strain were established and their secretory 
response to glucose stimulation was measured. Insulin secretion 
(as % of total cellular insulin content) from the cells of the obese 
mouse cultures was significantly higher than from lean mouse 
cells. The properties of the glucose- and ATP-sensitive potassium 
channels present in these cultured fl-cells were compared using 
the cell-attached and the inside-out configurations of the patch- 
clamp technique. The channels of both types of mouse were 
indistinguishable in terms of conductance, ionic selectivity, ki- 
netic behavior, voltage dependence or sensitivity to glucose, ATP 
and ADP. It is concluded that the depolarized state and the 
hypersecretory response of obese mouse/3-cells are not related 
to an altered behavior of their ATP-sensitive potassium channels. 
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Introduction 

The obese-hyperglycemic syndrome in mice is 
caused by an autosomal recessive mutation (ob/ob) 
(Ingalls, Dickie & Snell, 1950). In C57BL/6J mice, 
this mutation causes extreme obesity, mild nonke- 
totic hyperglycemia and hyperinsulinemia (Cole- 
man, 1982). The hyperinsulinemia is believed to be 
due to the increased mass of/3-cells and their exag- 
gerated insulin-secretory responsiveness to glucose 
and other secretagogues (Coleman, 1982). While the 
cause of this hypersecretion is not known, it appears 
to be an intrinsic property of the ob/ob/3-cell be- 
cause it persists in isolated islets from the C57BL/ 
6J obese (ob/ob) mouse (Loreti et al., 1974; Lavine 
et al., 1977). 

In normal animals and humans, the process of 
glucose-stimulated insulin release is associated with 
a sequence of metabolic, electrical and mechanical 
events (for review s e e :  Prentki & Matschinsky, 
1987; MaIaisse, 1988; Petersen, 1990), a change in 
any one of which could be responsible for the hyper- 

secretory response of the fl-cells of the ob/ob mouse. 
The initial response of/3-cells to a glucose stimulus 
is believed to be the closure of an ATP-sensitive K + 
channel (Dunne & Petersen, 1991). This depolarizes 
the cells and thus opens voltage-dependent Ca 2+ 
channels (Findlay et al., 1989) through which flows 
the Ca 2+ that triggers insulin secretion. ATP-sensi- 
tive K + channel activity appears to be a critical fac- 
tor in maintaining the resting membrane potential of 
the/3-cell (Bokvist, Rorsman & Smith, 1990), and in 
modulating electrical bursts and insulin secretion 
(Henquin, 1988, 1990; Cook & Ikeuchi, 1989). 

Insulin secretion by pancreatic islets of the 
C57BL/6J ob/ob mouse is less dependent on extra- 
cellular Ca 2+ (Black, Heick & B6gin-Heick, 1986; 
Black et al., 1988a; Black, Heick & B6gin-Heick, 
1988b), more sensitive to K+-induced membrane de- 
polarization, and more sensitive to quinine (a 
blocker of the ATP-sensitive K + channel) than insu- 
lin secretion by islets of the wild-type C57BL/6J 
lean (+/+)  mouse (Fournier, Heick & B6gin-Heick, 
1990). These studies suggest that an altered ionic 
permeability of the fl-cell membrane causes the hy- 
persecretion of insulin in the obese animal. 

Islets of obese mice of the Norwich colony and 
of normal albino mice have been compared in elec- 
trophysiological studies, using microelectrodes. The 
/3-cell of the Norwich obese mouse is more depolar- 
ized than that of the albino mouse, both with and 
without a glucose stimulus (Rosario, 1985; Scott, 
Dawson & Gongalves, 1985), and its membrane po- 
tential is less sensitive to quinine and glibenclamide 
(Rosario, Atwater & Rojas, 1985). Although the sig- 
nificance of these studies was compromised by the 
use of mice of different genetic backgrounds, the 
results suggest that a defective ion channel, probably 
the ATP-sensitive K + channel, is responsible for the 
insulin hypersecretion in the ob/ob mouse. Re- 
cently, the patch-clamp technique (Hamill et al., 
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1981) has been used to study single ion channel activ- 
ity in cultured B-cells of the C57BL/6J ob/ob mouse 
(Kukuljan, Li & Atwater, 1990). However,  the chan- 
nel activity in B-cells of control C57BL/6J (+/+) 
mice was not measured and no data on the insulin 
secretory capacity of cultured ob/ob B-cells was pro- 
vided. These investigators reported K + channels 
with conductances and kinetic properties similar to 
those described by others for normal mouse B-cells 
(Rorsman & Trube, 1985). 

Because of the important role played by the 
ATP-sensitive K + channel in initiating insulin secre- 
tion and the evidence for an altered ionic conduc- 
tance in the membranes of the B-cells of the obese 
mouse, we were prompted to examine the properties 
of the ATP-sensitive K + channels in the B-cells of 
this animal to find out whether they were affected 
by the ob mutation. The appropriate controls for 
attempting to determine differences in the behavior 
of channels of B-cells of the C57BL/6J ob/ob mouse 
are the B-cells of the C57BL/6J +/+ mouse which, 
except for the ob locus, have the same genetic back- 
ground (Coleman, 1982). However, such genetically 
matched animal models have not so far been used in 
electrophysiological studies. 

Functionally competent cultures of islet cells 
from +/+ and ob/ob C57BL/6J mice were used in 
single channel patch-clamp studies. The biophysical 
properties and the metabolic regulation of the ATP- 
sensitive K + channels were compared in +/+ and 
ob/ob B-cells. 

and streptomycin (100 U/ml). For each group of experiments lean 
and obese mouse islet cell cultures were prepared on the same 
day from animals of the same age. 

INSULIN SECRETION 

Insulin secretion was measured at 37~ in 14 day-old cultures by 
a modification of the procedure of Wollheim and Pozzan (1984). 
The culture medium was removed and the cells were rinsed and 
preincubated for 1 hr in a basal buffer composed of 0.1% bovine 
serum albumin (BSA) and the following (in mM): 140 NaC1, 5 
KC1, 1.1 CaC12, 1.1 MgCI2, 2.8 glucose, and 10 HEPES, adjusted 
to pH 7.2 with NaOH. Cells were then incubated for 1 hr in 
1.0 ml of fresh basal buffer. A portion (0.4 ml) of the supernatant 
was removed for assay. The cells were then incubated for a 
second hour after addition of buffer (0.4 ml) containing enough 
glucose to bring the final concentration to 20 mM. The second 
supernatant was kept for assay. Finally, the total cellular insulin 
content of the cultures was extracted with acid-ethanol (etha- 
nol : water : concentrated HC1, 140 : 57 : 3 by volume). 

INSULIN DETERMINATIONS 

Insulin was measured by radioimmunoassay (Dalp6-Scott, Heick 
& B6gin-Heick, 1982). The amount of insulin secreted was ex- 
pressed as percentage of the total cellular insulin content. 

IMMUNOFLUORESCENCE 

This was used to determine the location and the population den- 
sity of insulin-containing/3-cells in the islet cell cultures. It was 
adapted from the procedure of Salomon and Meda (1986). 

Materials and Methods 

ANIMALS 

Male C57BL/6J (ob/ob) obese mice and their homozygous (+/+)  
lean counterparts were obtained from Jackson Laboratory, Bar 
Harbor, ME. They were maintained on Purina Chow and water 
ad libitum. All animals used for this study were between 8 and 
12 weeks old. 

ISLET CELL CULTURE 

The culture procedure was modified from that developed by 
Braaten et al. (1975) and modified by Schwartz et al. (1990) for 
neonatal rat islet cells. Briefly, the splenic portion of the pancreas 
was removed and the islets were prepared by collagenase diges- 
tion and individually hand-picked. Islet cells were then dispersed 
by aspiration through a 20-gauge needle. They were seeded in 
35-mm plastic Petri dishes (Nunc, Roskilde, Denmark) and main- 
tained in culture, at 37~ in a humidified air incubator, in RPMI 
1640 medium (GIBCO, Grand Island, NY) containing 1 i. 1 mM 
glucose, buffered to pH 7.2 with 10 mM HEPES, and supple- 
mented with 5% (vol/vol) fetal bovine serum, penicillin (100 U/l) 

ELECTROPHYSIOLOGICAL RECORDING METHODS 

Electrophysiological experiments were performed on 14- to 
21-day-old cultures. Cells were identified as B-cells by the pres- 
ence of glucose-and/or ATP-sensitive K + conductances (Ash- 
croft, Harrison & Ashcroft, 1984; Cook & Hales, 1984). Single- 
channel currents were recorded at room temperature (20-23~ 
using the cell-attached and inside-out configurations of the patch- 
clamp technique. Cultures were preincubated in glucose-free bath 
solution for 30 min before use. During experiments, cultures were 
perfused at a rate of 1.5 ml/min. Fire-polished patch pipettes (1.5 
mm outside diameter, 1 mm inside diameter; Pyrex 7740 Corning 
Glass, Corning, NY) had resistances of 2 to 4 MI). Seal resis- 
tances were in excess of 2 Gft. Data was acquired with a Dagan 
8900 amplifier (Dagan, Minneapolis, MN) and recorded with a 
CRC VR-100A Digital Recorder (bandwidth, 18 kHz; Instrutech, 
Mineola, NY) on VHS magnetic tape. For analysis, data was 
played back, filtered with an 8-pole Bessel filter (model 902, 
Frequency Devices, Haverhill, MA) and digitized using a Lab- 
master interface circuit TL-1-40 (Tecmar, Scientific Solutions, 
Solon, OH) connected to a personal computer using pCLAMP 
version 5.5.1 software (Axon Instruments, Foster City, CA). 

Current-voltage relationships (I-V curves) were constructed 
by measuring single-channel current amplitudes at different mem- 
brane potentials. The percentage of open time was used to assess 
the level of channel activity. Channel activity A was defined as 
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the sum of the durations tij of all openings at each current level 
expressed as percentage of the total recording time T, i.e. 

A = 100 [ Z  Z t l j ) /T  
x,i=lj=l / 

where Mi is the total number of openings at the current level i and 
P is the total number of current levels. To compare individual 
experiments conducted in the cell-attached configuration, the ac- 
tivity was normalized (An) with respect to its control level (Ac) 
taken as 100%, since channel activity varied widely from experi- 
ment to experiment. Therefore A n = 100 (At~At), where A t is the 
channel activity under test conditions. Experiments conducted in 
the inside-out configuration were complicated by run-down of 
ATP-sensitive K + channel activity with time. To account for 
rundown, in the assessment of the ATP- and ADP-sensitivity of 
the channel, the control level of activity (A~) was taken as the 
average of the pre- and post-control activities. The response to 
nucleotides was expressed as percent reduction (At) of the control 
activity, i.e., A r = 100 (A c - A t ) / A  c. Open- and closed-time 
c o n s t a n t s  ('/'open and ~'closed, respectively) were obtained from 
frequency-distribution histograms constructed from records con- 
taining not more than one level of channel opening. 

The voltages given in the figures are the patch pipette volt- 
ages, Vp, referenced to the bath maintained at ground. Therefore, 
in the cell-attached configuration the patch membrane potential, 
Vm, is the difference between Vp and the cell's resting membrane 
potential (Vr), and in the inside-out configuration V,,, = Vp. Inward 
currents, i.e., positive charges flowing from the pipette to the cell 
(or bath) across the membrane patch, are displayed as downward 
deflections of the current traces. They are negative in the I - V  
curves. 

SOLUTIONS 

In the cell-attached configuration the bath contained (in mM): 140 
NaC1, 5 KC1, 1.1 CaC12, 1.1 MgCI2, and 10 HEPES buffer adjusted 
to pH 7.4 with NaOH. In the inside-out configuration the bath 
solution contained (in raM): 140 KC1, 2.0 MgC12, and 10 HEPES 
buffer adjusted to pH 7.4 with KOH. In both configurations, 
the pipette-solution contained (in mN): 140 KC1, 1.2 MgCI2, 0.1 
EGTA, and 10 HEPES buffer adjusted to pH 7.3 with KOH. 
In potassium-selectivity experiments, K + was replaced by an 
equimolar concentration of Na +. For nucleotide-sensitivity stud- 
ies, magnesium was omitted from the inside-out bath solution, 
because it interferes with the effects of ATP and ADP on the 
ATP-sensitive K + channel (Ashcroft & Kakei, 1989). 

STATISTICAL ANALYSIS 

Values are expressed as mean -+ SEM. Differences were regarded 
as significant when P was less than 0.05, as determined by analysis 
of variance. 

Results and Discussion 

ISLET CELL CULTURES AND SECRETION 

Lean (+/+)  and ob/ob mouse islet cell cultures were 
established from dispersed islet fragments seeded 
in plastic Petri dishes. The smaller islet fragments 

formed monolayer cell clusters after one week, while 
the larger fragments had monolayer extensions of 
cells. After two weeks, the cultures were mainly 
monolayers consisting in both cases of at least 80% 
B-cells as determined by immunofluorescence stain- 
ing (not shown). 

There was no difference in the basal secretion 
of insulin by +/+ and ob/ob B-cells, but the ob/ob 
B-cells secreted significantly more insulin than their 
+/+ counterparts in response to a 20 mM glucose 
stimulus. Adding 20 mM glucose to the medium in- 
creased insulin secretion significantly more in ob/ob 
(8.5-fold) than in +/+ (5.9-fold) B-cells (Insulin se- 
cretion, Table). Thus, after two weeks in culture, 
the +/+ and ob/ob B-cells retained their secretory 
competence and the ob/ob B-cells continued to be 
more responsive to glucose than their + /+  counter- 
parts, although to a lesser extent than the intact 
isolated islets of the same animals (Fournier et al., 
1990). 

CHANNEL ACTIVITY IN CULTURED B-CELLS 

In the cell-attached configuration, in the absence of 
glucose and at resting membrane potential (Vp = 0), 
the currents through the most frequently observed 
channel had the same amplitude for both types of 
cell (C/A current, Table). Figures 1A and B illustrate 
single-channel current records and the current-volt- 
age relationships of these channels. The conduc- 
tances in the linear portion of the plot were not 
significantly different (C/A conductance, Table). In 
both cases, the currents displayed pronounced in- 
ward rectification. Adding glucose to the bath re- 
versibly blocked channel activity (Fig. 1A). The con- 
ductances and responses to glucose were the same as 
those of the glucose-sensitive K + channels reported 
previously (Ashcroft et al., 1984; Rorsman & Trube, 
1985; Misler et al., 1986; Ribalet & Ciani, 1987; 
Kukuljan et al., 1990; Schwartz et al., 1990). 

The number of channels increased upon exci- 
sion of the membrane patch to the inside-out config- 
uration with Vp = 40 mV. The conductance of the 
channels was similar in +/+ and ob/ob B-cell mem- 
branes (I/0 conductance, Table). Figure 1C and D 
show typical current records and the current-voltage 
relationships of these channels. Inward rectification 
was less pronounced without Mg 2+ in the bath (Fig. 
1D), an effect reported earlier in insulin-secreting 
cell lines (Findlay, 1987; Kozlowski & Ashford, 
1990). Exposing the cytoplasmic side of the mem- 
brane patch to 100 IXM ATP completely, but revers- 
ibly, blocked channel activity (Fig. 1C). These data, 
together with those from the cell-attached experi- 
ments, demonstrate that cultured B-cells f rom+/+ 
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Table .  S u m m a r y  of  the  insulin secre tory  response  to glucose and of  the  propert ies of  the  ATP-sens i t ive  
K + channel  in cul tured B-cells of  + / +  and ob/ob mice 

+ / +  ob/ob 

Insulin secret ion (%) 
2.8 mM glucose 

20 mM glucose 
Channe l  propert ies  

C/A current  (pA) 
at V; = 0 mV 

C/A conduc tance  (pS) 
C/A activity,  A~(%) 
I / 0  conduc tance  (pS) 
C/A in t raburs t  closures:  

% of  total c losures  
C/A Zopen (msec) 
C/A zdose d (msec) 

C / A  voltage dependence  
Normal ized  % 

activity,  A n : 
- 4 0  m V  
- 2 0  m V  

40 mV 
60 mV 

I / 0  nucleot ide sensi t ivi ty 
% reduct ion  in 

activity,  Ar 
15 fzM ATP  
30 p,M ATP  

100/zM A D P  
C/A glucose sensi t ivi ty 

Normal ized  % 
activity,  A,  : 
2.8 mM glucose  
5.6 mM glucose  

0.54 • 0.07 (11) 0.63 • 0.05 (11) 
3.18 • 0.32 (1D a 5.35 • 0.75 (1D a 

4.4 • 0.1 (15) 4.0 • 0 . I  (9) 
58.5 • 2.0 (15) 54.7 • 3.6 (9) 

0.73 • 0.10 (12) 0.60 • 0.16 (6) 
57.4 • 1.8 (5) 58.0 • 2.8 (8) 

84 • 2 (5) 83 • 3 (5) 
1.6 • 0.1 (5) 1.9 • 0.1 (5) 
0.42 • 0.01 (5) 0.46 • 0.02 (5) 

77.5 • 13.7 (8) 96.0 
78.7 • 9.2 (10) 106.9 

114.4 • 9.8 (11) 98.4 
86.9 • 16.7 (7) 87.2 

• 15.5 (8) 
-+ 12.8 (9) 
-+ 18.3 (11) 
-+ 20.8 (8) 

84.6 • 2.9 (10) 79.8 -+ 4.7 (8) 
95.2 • 2.5 (6) 94.3 _+ 2.6 (6) 
62.2 + 5.0 (10) 60.7 -+ 8.1 (8) 

32.6 +- 6.7 (9) 23.3 + 9.2 (5) 
11.4 • 4.4 (7) 13.2 • 6.2 (5) 

a Indicates  a significant difference (P -< 0.05) be tween + / +  and ob/ob mouse  B-cells. 
Data  are mean  -+ SEM for n observat ions  (in parentheses) .  
C/A: cel l-at tached configuration.  I/O: inside-out  configuration. 

and ob/ob mice possess glucose- and ATP-sensitive 
K + channels with identical conductances. Further- 
more, these channels are similar to the ATP-sensi- 
tire K + channels found in other rodent pancreatic 
/3-cells (Cook & Hales, 1984; Findlay, Dunne & Pe- 
tersen, 1985; Rorsman & Trube, 1985; Misler et al., 
1986; Schwartz et al., 1990). 

Having established that the channel under study 
was an ATP-sensitive K + channel, it was important 
to determine whether it was altered by the ob muta- 
tion. Thus, the biophysical properties of the channel, 
its sensitivity to ADP and ATP, and its modulation 
by glucose metabolism were investigated. 

Kinetics, Voltage-Dependence and Selectivity 
Properties o f  the ATP-Sensitive K + Channel 

In the cell-attached configuration, without glucose 
and at Vp = 0, both types of cell usually had between 
1 and 3 active channels in membrane patches, with 

no obvious difference in channel density. Variable 
channel activity was observed, but there was no 
significant difference between the activities re- 
corded in +/+ and ob/ob/~-cell membrane patches 
displaying only one level of opening (C/A activity, 
Ac, Table). This variable behavior may be due to the 
presence of more than one active channel under the 
pipette, variable occurrence and duration of in- 
terburst intervals and/or variation in the metabolic 
state of the cell under study. 

In both types of cultured fi-cell, channel open- 
ings in the cell-attached and inside-out configuration 
occurred in bursts separated by relatively long and 
variable closed intervals. Brief closures were ob- 
served within the bursts (Fig. 2, upper part). This 
behavior suggests that, similar to other ATP-sensi- 
tive K + channels in muscle and other r-cells (Kakei 
& Noma, 1984; Trube & Hescheler, 1984; Rorsman 
& Trube, 1985; Spruce, Standen & Stanfield, 1985; 
Misler et al., 1986; Ashcroft, Ashcroft & Harrison, 
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Fig. 1. The effect of  glucose  and ATP on the activity of  a K + channel in cultured/3-cells of  + /+  and ob/ob mice. (A) Channel activity 
recorded in the cell-attached configuration in the + /+  (left) and ob/ob (right) models. Cells were initially exposed  to glucose-free 
solution and then to the glucose concentration indicated, with Vp = 0 inV. The dotted lines indicate the c losed state of  the channels.  
(B) Current-voltage relations for the same K + channel recorded from cell-attached patches of  the + / +  (squares) and ob/ob (circles) 
models.  (C) Channel activity recorded in the inside-out configuration in the +/+  (left) and ob/ob (right) models. The cytoplasmic  side 
of the membrane patch was initially exposed  to ATP-free solution and then to the ATP concentration indicated. Vp = +40 mV. The 
dotted lines indicate the closed state of  the channels.  (D) Current-voltage relations for the same K + channel recorded from inside-out 
patches of the +/+  (squares) and ob/ob (circles) models in the presence (open symbols)  and in the absence (filled symbols) of  Mg 2+ 
in the bath. 

1988; Ribalet, Eddlestone & Ciani, 1988; Kukuljan 
et al., 1990), the ATP-sensitive K + channel may have 
at least one open state and two closed states. The 
brief intraburst closures comprised about 85% of 
the observed closed events (C/A intraburst closures, 
Table). The interburst closures had a mean closed 
time of the order of several hundred milliseconds 
and varied from patch to patch. Therefore, kinetic 
analysis of the ATP-sensitive K + channel in + /+  and 
ob/ob/3-cells was limited to the fast events within 
bursts. Representative open- and closed-time histo- 
grams obtained in + / +  and ob/ob/3-cells in the cell- 
attached configuration (Vp = 0, no glucose) are 

shown in Fig. 2 (lower part). In both types of/3-ceU, 
open- and closed-time histograms could be fitted 
best to single exponential functions with time con- 
stants that were not different for + /+  and ob/ob 
/3-cells (C/A "ropen and rclosed, Table). Similar open- 
and closed-time constants for the/3-cell ATP-sensi- 
tire K + channel have been reported in other studies 
(Rorsman & Trube, 1985; Misler et al., 1986; Ash- 
croft et al., 1988; Kukuljan et al., 1990). Within the 
limitations due to the variability in channel activity 
and the fact that we excluded interburst intervals 
from our analysis, we conclude that the ATP-sensi- 
tire K + channels in the + /+  and ob/ob/3-cells dis- 
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Fig. 2. Kinetics of  the ATP-sensit ive K + 
channel in cultured/3-cells of  + /+  and ob/ob 
mice. Single-channel currents were recorded 
in the cell-attached configuration, in the 
absence of  glucose and with Vp = 0 mV. The 
upper part of  the figure shows single-channel 
currents demonstrat ing the short  closures 
occurring during a burst  of  the ATP-sensi t ive 
K + channel of  the + /+  (left) and ob/ob (right) 
models.  The dotted lines indicate the closed 
state of  the channels.  The lower part o f  the 
figure shows the open and closed time 
histograms of  the ATP-sensit ive K + channels  
from the + /+  (left) and ob/ob (right) models.  
Histograms were constructed from periods of  
recording (data filtered at 2 kHz) of  at least 60 
sec during which only one level of  opening 
was observed.  The distributions were fitted to 
a single exponential.  For  the + /+  model,  l'open 
= 1.6 msec and 7closed = 0.4 msec.  For  the 
ob/ob model,  Topen = 1.70 msec and %losed = 
0.4 msec.  The proport ion of  closed events  
outside the histogram range, i.e., longer than 
10 msec,  and excluded from the analysis was 
30/347 and 71/613 for the + / +  and ob/ob 
models,  respectively.  

play the same kinetic behavior as those described in 
other/g-cell models, and that, as far as intraburst 
kinetics are concerned, the/3-cells of +/+ and ob/ob 
mice are not different. 

The ATP-sensitive K + channels in intact/g-cells 
(Cook & Hales, 1984; Findlay et al., 1985; Misler 
et al., 1986; Ashcroft et al., 1988; Kukuljan et al., 
1990; Schwartz et al., 1990) and neoplastic insulin- 
secreting RINm5F cells (Findlay & Dunne, 1986; 
Ribalet et al., 1988) are voltage independent, unlike 
those of skeletal muscle (Spruce et al., 1985) and, in 
most cases, those of cardiac muscle (Kakei & Noma, 
1984; Trube & Hescheler, 1984). We examined the 
possibility that the activity of the ATP-sensitive K + 
channel of the ob/ob/g-cell, in contrast to normal 
/g-cells, is voltage dependent. A decrease in channel 
activity in response to membrane depolarization 
would provide an explanation for the anomalous 
electrical activity reported for the ob/ob/g-cell (Ro- 
sario, 1985; Rosario et al., 1985; Scott et al., 1985). 
To test this, the activity of the ATP-sensitive K + 
channel in both +/+ and ob/ob/g-cells was measured 
at different pipette potentials in the cell-attached 
configuration. The normalized activity A n was ob- 
tained from the test activity, A,, measured at differ- 
ent Vp values and the control activity, Ac, at Vp= O. 
In both types of/g-cell the ATP-sensitive K + channel 
displayed voltage independence within the range of 
voltages tested (C/A voltage dependence, Table). 

The possibility of differences in ion selectivity 

of the ATP-sensitive K + channel in +/+ and ob/ob 
/g-cells was investigated. Figure 3 shows the current- 
voltage relationship obtained in the inside-out con- 
figuration for three different K + concentrations in 
the bath. For both +/+ and ob/ob/3-cells, reducing 
the bath K + concentration progressively shifted the 
zero-current potential towards less negative pipette 
potentials. A Nernst plot of the zero-current poten- 
tial (Fig. 3, inset) shows that the data could be fitted 
by straight lines with slopes of 53.3 and 49.4 mV/ 
decade for the +/+ and ob/ob/g-cells, respectively. 
Thus, the ATP-sensitive K + channel of both +/+ 
and ob/ob /g-cells behaves like a potassium elec- 
trode. 

Sensitivity to ATP and ADP of  the ATP-Sensitive 
K + Channel 

The concentration of ATP and/or the ATP/ADP ra- 
tio is believed to be the primary intracellular regula- 
tor of ATP-sensitive K + channel activity in the intact 
/g-cell (Misler et al., 1986; Ohno-Shosaku, Ztinkler 
& Trube, 1987; Ribalet & Ciani, 1987; Cook et al., 
1988; Dunne et al., 1988; Ashcroft & Kakei, 1989; 
Bokvist et al., 1991). Reports that the ob/ob/g-cell 
membrane is in a depolarized state (Rosario, 1985; 
Rosario et al., 1985; Scott et al., 1985) suggested that 
the increased responsiveness of the insulin secretory 
apparatus to glucose may be due to an enhanced 
sensitivity of the ATP-sensitive K + channels to ATP 
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Fig. 3. Current-voltage relation for the ATP- 
sensitive K + channel in asymmetrical 
potassium conditions. Currents were recorded 
in the inside-out configuration in the +/+ 
(open symbols) and ob/ob (filled symbols) 
models in the presence of 140 mM (squares), 
105 mM (circles), and 35 mN (triangles) 
potassium in the bath. Inset: Nernst plot of 
the zero-current membrane voltage versus 
potassium concentration in the bath. The data 
points were fitted by linear regression (53.3 
mV/decade for the +/+ model (solid line), 
and 49.4 mV/decade for the ob/ob model 
(dashed line). Each data point is the mean -+ 
SEM of five determinations at each potassium 
concentration for each model. 

and/or  a diminished sensitivity to ADP compared to 
the +/+/~-cel ls .  The effects of  ATP and ADP were 
therefore tested in the inside-out configuration. 

An increase in channel activity was observed 
after excision of  the membrane patch. This is 
typical of the ATP-sensitive K + channel (Rorsman 
& Trube,  1985; Findlay et al., 1985; Ribalet & 
Ciani, 1987). This enhanced channel activity dimin- 
ished with time, which is consistent with the char- 
acteristic rundown of ATP-sensitive K + channels 
(Findlay et al., 1985; Findlay & Dunne, 1986; 
Misler et al., 1986). The time course of rundown 
was the same in membranes of + /+  and ob/ob 
/3-cells. It was generally faster during the first 1-2 
min and varied from patch to patch for/3-cells of 
the same type of mouse. Rundown may be reduced 
or eliminated by adding to the bath substances 
such as Mg 2+ (1 raM) and/or  low concentrations of 
ATP (10 txM) (Findlay & Dunne, 1986; Misler et 
al., 1986; Ohno-Shosaku et al., 1987; Ribalet & 
Ciani, 1987). However ,  rundown has been shown 
to be promoted by Mg 2+ (Kozlowski & Ashford, 
1990). Fur thermore ,  interaction between Mg 2+, the 
nucleotides and the channels might have compli- 
cated the interpretation of  the results. The data 
were rather  corrected for rundown following the 
procedure  described in Materials and Methods. 

The percent  reduction in activity, At, of the 
ATP-sensit ive K + channel in response to exposure 
of the cytoplasmic side of  patches from + /+  and 
ob/ob B-cells to 15 and 30/XM ATP or 100/XM ADP 
is shown in Fig. 4A. There was no significant differ- 
ence in the effect of ATP or ADP in the + /+  and 
ob/ob cell membranes ( I / 0  nucleotide sensitivity, 
Table), showing that the sensitivity to these sub- 
stances was not differenL. The results obtained in 

these experiments are consistent with those reported 
for other rodent #-cells where half-maximal inhibi- 
tory concentrations for ATP range from 10-20 IXM 
and for ADP from 0.5-2.0 mM (Cook & Hales, 1984; 
Misler et al., 1986; Ohno-Shosaku et al., 1987; Riba- 
let & Ciani, 1987; Bokvist  et al., 1991). 

Sensitivity to Glucose o f  the ATP-Sens i t ive  
K + Channel 

Although the ATP-sensitive K + channel of  + / +  and 
ob/ob/~-cells responded similarly to ADP or ATP, 
the different responsiveness of  insulin secretion to 
glucose in the two types of cell might still be due to 
a difference in ATP-sensit ive K + channel regulation. 
Ob/ob/3-cells might be more efficient producers  of  
ATP, for example by having a greater rate of  glucose 
uptake via the glucose t ransporter  (Johnson et al., 
1990). In this case ATP-sensit ive K + channel activity 
would decrease more in ob/ob than in + /+  #-cells 
upon adding glucose. 

To test this, + /+  and ob/ob /~-cells were ex- 
posed to 2.8 or 5.6 mM glucose in the cell-attached 
configuration. Channel activity began falling 2 to 3 
min after adding glucose and reached its minimum 
within 5 to 10 min. Activity resumed within 5 to 
30 min after removing glucose. The steady-state 
channel activity (At) was measured and normalized 
by comparing it to the channel activity (Ac) in the 
absence of glucose. These data show that glucose 
caused the same reduction in the activity of  the 
ATP-sensitive K + channel in + /+  and ob/ob/3-cells 
(Fig. 4B and C/A glucose sensitivity, Table), indi- 
cating that the rate of glucose uptake and its 
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NUCLEOTIDE CONCENTRATION (~M) GLUCOSE CONCENTRATION (raM) 

Fig. 4. Sensitivity to ATP, ADP and glucose of the ATP-sensitive K + channel in cultured B-cells of +/+ and ob/ob mice. (A) Percentage 
reduction in ATP-sensitive K + channel activity (A,.) in response to the indicated nucleotide concentration for the +/+ (open bar) and 
ob/ob (hatched bar) models. There was initially no nucleotide on the cytoplasmic side of the inside-out membrane patch and Vp= +40 
mV. Recordings were at least for 4 min at each condition. Exposure to each nucleotide concentration (test channel activity, At) was 
preceeded (pre-control) and followed (post-control) by incubation in nucleotide-free solution (control channel activity, Ac). The 
percentage reduction in channel activity was obtained from the formula Ar = 100(Ac - At)/Ac. Each bar represents the mean -+ SEM 
for n observations indicated above the bar. (B) ATP-sensitive K + channel activity (A,) in response to glucose for the +/+ (squares) 
and ob/ob (circles) models. Experiments were conducted in the cell-attached configuration with Vp = 0 mV and no glucose in the bath. 
Records were for at least 2 min. Channel activity At recorded at each glucose concentration was normalized with the control activity 
Ac recorded in the absence of glucose (i.e., A, = IO0(A/A~)). Data are presented as mean -+ SEM for the n observations indicated above 
(+/+) and below (ob/ob) each data point. 

metabolism do not differ in B-cells of + /+  and 
ob/ob mice. 

CONCLUSION 

We established islet cell cultures from + /+  and 
ob/ob mice of the C57BL/6J strain and demon- 
strated that they retain a significant insulin secre- 
tory difference in response to glucose. This is 
the first electrophysiological study comparing the 
properties of the ATP-sensitive K + channel in 
pancreatic B-cells of the obese mouse to those of 
its lean counterpart. The behavior of this channel 
does not differ beween lean and obese mice. Since 
this channel is believed to play a critical role in 
the maintenance of the resting membrane potential 
(Bokvist et al., 1990) and in the modulation of 
electrical activity and insulin secretion (Henquin, 
1988, 1990; Cook & Ikeuchi, 1989), our results do 
not explain why the membrane is more depolarized 
in the B-cell of the ob/ob mouse compared to 
nonobese mouse of a different strain (Rosario, 

1985; Scott et al., 1985). Although we have demon- 
strated that the biophysical properties and the 
metabolic regulation of the channel by ATP, ADP 
and glucose are not different in the two types of 
mouse and are consistent with those described in 
other B-cell models (Dunne & Petersen, 1991), 
we cannot at present exclude the possibility of 
differential modulatory effects of pH (Misler, Gillis 
and Tabcharani, 1989), hormones or other metabo- 
lites on the ATP-sensitive K + channel itself (De 
Weille et al., 1989; Dunne et al., 1989), or the 
possibility that other elements of the insulin secre- 
tory pathway are involved (Zawalich & Rasmus- 
sen, 1990), including other ion channels (Rosario 
et al., 1985, Hiriart & Matteson, 1988; Plant, 1988; 
Rorsman, Ashcroft & Trube, 1988; De Weille & 
Lazdunski, 1990; Rojas et al., 1990). 
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