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Summary. Insulin release and membrane potential fluctuations in 
response to increased extracellular potassium [K +]o have been mea- 
sured in single perifused islets of Langerhans from normal mice. 
An increase in [K+]o from 5 mM to 50 m~ induced a transient 
insulin release with a peak at about l min. The peak value was 
[K+]o-dependent but the half-time t~ for the decline was constant 
at nearly 1 rain. 2.5 mM cobalt completely inhibited the potassium- 
induced stimulation of insulin release. The insulin release elicited 
by 28 and 50 mM [K+]o was similar in terms of peak, total release 
and half-time from maximum release. Stepwise increase in [K+]o 
from 10 to 28 to 50 mM resulted in a normal response to 28 mM 
but no peak of release after the 28 to 50 mg increase. The results 
indicate good correlation between excess voltage noise, thought 
to reflect calcium channel activity, and insulin release evoked by 
changing extracellular potassium. 
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Introduction 

Stimulat ion of  insulin release by potass ium-induced  
depolar iza t ion  of  the /~-cell m e m b r a n e  has been re- 
por ted  in a variety of  pancreas  and islet of  Langerhans  
p repara t ions ;  in fetal pancreas  [34], in perfused rat  
pancreas  [16, 19, 22], in rabbi t  [24, 33, 42] and rat  
[35] pancreas  pieces, in isolated rat  islets in bo th  static 
incubat ion [33, 35] and perifusion [28, 30]. This s t imu- 
la tory effect of  raised extracellular  po tass ium [K~]o  
is t ransient  and is seen in the absence of  glucose 
[16, 19, 22, 28, 30] and in the presence of  subthreshold 
[24, 28, 42] and supra threshold  [28, 30, 33-35] glucose 
concentrat ions.  

In muscle  cells, the depolar iza t ion  resulting f rom 
raising [K+]o causes an increase in the m e m b r a n e  
permeabi l i ty  to calcium [1 i ,  45]. In squid axons,  the 
use of  intracellular  aequor in  to mon i to r  changes in 
the entry of  calcium ions in response to pro longed  
electrically or po tass ium- induced  depolar iza t ion  dem- 
onst ra ted  the existence of  a voltage- and t ime-depen-  
dent  calcium channel  [8]. In adrenal  medulla ,  care- 

cholamine  release can be s t imulated by pro longed 
exposure  to high extracellular  po tass ium concentra-  
tions [9, 14]. Inac t iva t ion  of a vo l tage-dependent  calci- 
um permeabi l i ty  was p roposed  as the mos t  likely ex- 
p lana t ion  for  the t ransient  release of  catecholamines,  
with a peak  at 1 min and a half- t ime for  the decline 
f rom the peak  of  abou t  1.2 rain. 

Indirect  evidence has suggested the existence of  
a voltage-sensit ive calcium permeabi l i ty  in pancreat ic  
/~-cells [13, 37, 41]. Recently,  analysis of  the /~-cell 
m e m b r a n e  potent ia l  f luctuat ions induced by an in- 
crease in [K+]o has provided more  direct p r o o f  of  
the presence of  a vo l tage-dependent  calcium channel  
[3, 5]. Charac ter iza t ion  of  this voltage-sensit ive calci- 
um channel  by noise analysis requires m e m b r a n e  po- 
tential recordings f rom /~-cells in single micro-dis-  
sected islets o f  Langerhans .  The work  described in 
this s tudy a t tempts  to correlate  insulin release with 
calcium permeabi l i ty  changes induced by elevation 
of  extracellular  po tass ium in the same prepara t ion ,  
namely  single micro-dissected islets f rom norma l  
mice. 

Glucose  depolarizes the/3-cell  m e m b r a n e  [12, 13] 
and this depolar iza t ion  m a y  be associated with a de- 
crease in the po tass ium permeabi l i ty  act ivated by in- 
tracellular free calcium [4]. It  has been p roposed  that  
glucose m a y  evoke insulin release by increasing calci- 
um influx [17, 26, 29, 43]. In order  to s tudy the effects 
of po tass ium- induced  depolar iza t ion  independent ly  of  
any cont r ibut ion  f rom glucose, glucose was omit ted 
f rom the perifusion m e d i u m  during all manipula t ions  
of  [K+]o . 

Materials  and Methods 

Perifusion Media 

The standard perifusion solution used was a modified Krebs-Rin- 
ger's-bicarbonate (KRB) buffer (ll0mM NcC1, 25mM NaHCO3, 
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2.5mM CaC1 z and 1.1ram MgC12) equilibrated with O2/CO 2 
(95%/5%) at 37 ~ and containing 5 mg/cm 3 bovine serum albu- 
min. When the potassium concentration was increased, osmolarity 
was maintained by a decrease in the sodium concentration, all 
other ions being kept constant. Cobalt was added as CoG12 tO 
the perifusion solution only minutes before use to avoid the risk 
of precipitation. 11.2 mM glucose was present until stable electrical 
activity had been recorded. After this, all experimental protocols 
were carried out in the absence of glucose. 

Experimental Procedure 

The electrophysiological methods used here have been described 
previously [2, 6]. 

Ten to 14-week-old albino mice fed ad libitum were used in 
this study. A single partially-dissected islet from the tail region 
of the pancreas was pinned into the small chamber described in 
detail elsewhere [46] and perifused with modified KRB containing 
11.2 mM glucose until recording of the normal burst pattern of 
electrical activity indicated/Lcell impalement. The time of exposure 
to glucose varied from 5 to 30 min. Glucose was removed for 
10 rain before collection of samples (20 sec or 1 min) for insulin 
assay. The perifnsion rate was 1.5 cm3/min. Changes in membrane 
potential were recorded 2 sec after changing from 5 mM to 50 mM 
[K+]o at the stopcock. Flame photometry analysis of the appear- 
ance of potassium in the effluent from the chamber after switching 
the solutions gave a settling time of 7sec. Unfortunately, the elec- 
trical recording was not maintained throughout all experiments. In 
those experiments in which the recording of membrane potential 
was lost, to avoid the possibility of damaging the islet and causing 
nonspecific release of insulin, no attempt was made to impale 
another/~-cell. 

Insulin Assay 

Samples were stored at - 2 0  ~ until assay. Immunoreactive insulin 
was measured on undiluted samples in duplicate by radioimmmao- 
assay [25] using a dextran-coated charcoal separation [1] with 
mouse insulin standard, 125I-labeled bovine insulin and guinea 
pig antiporcine insulin serum. None of the ionic modifications 
to the perifusion medium interfered in the insulin assay. The 
minimum detectable level of insulin was usually 16 pg/cm 3 (details 
in [46]). 

Chemicals 

Mouse insulin was obtained from the Novo Research Institute, 
Denmark, anti-insulin serum (guinea pig) from Wellcome Reagents 
Ltd., Dartford, Kent, England and lzsI-insulin (bovine) from the 
Radiochemical Centre, Amersham, England. Bovine serum albu- 
min (Fraction V) was purchased from the Armour Pharmaceutical 
Company Ltd., Eastbourne, England. All other reagents were of 
analytical grade. 

Analysis of Membrane Potential Fluctuations 

The method for analyzing membrane potential fluctuations has 
been described in detail recently [3]. Two channels of a four-channel 
magnetic tape recorder (Store4, Racal-Thermionie; band width 
from 0 to 1250 Hz) were used to record the membrane potential 
using a low noise differential amplifier; one channel at low gain 
and the other at high gain (typical 1000) and with flutter compensa- 
tion. For computer manipulation of data the high gain record 
was digitized using a 10-bit analog to digital converter. The output 
from this channel was filtered, high pass to eliminate the DC 
shift accompanying a [K+]o-induced potential shift and low pass 
at 500 or 1000 Hz depending on the sampling frequency. The mem- 

brane potential records were sampled continuously and stored in 
data blocks of 3072 points, each block representing either 3.072 
or 6.144 seconds. 

The digitized data were analyzed in terms of the variance. 
1"he variance was calculated as 

N 

where V represents the mean value of the membrane potential. 

Calculation of Results 

Half-times t~ (time for 0.5-fold decline in insulin release) were 
calculated assuming a single exponential decay. For each peak 
of insulin release and its decline, correction was made for the 
basal release by subtracting from all release values the mean basal 
release after each individual peak. For the I0-min stimulation with 
potassium, the correction value used was the mean release after 
the peak but before the return to 5 mM potassium. For this reason, 
the half-time for insulin release for the 10-min stimulation was 
calculated from the first 5 min of the stimulation. Where appro- 
priate, results were expressed as mean • the standard error of the 
mean (s~M). 

Islet voIume was estimated from the measurement of two diam- 
eters and assuming an ellipsoidal shape. 

Results 

Effect of [K+ ]o on Membrane Potential 

In a p r e v i o u s  p a p e r  [3] it  was  s h o w n  tha t  i nc rea s ing  

[K+]o f r o m  5 to 50 mM i n d u c e d  a t r ans i en t  inc rease  

in m e m b r a n e  p o t e n t i a l  noise .  Fig .  1 shows  the  t ime  

cou r se  o f  the  changes  in m e m b r a n e  p o t e n t i a l  w h e n  

[K+]o was  sudden ly  i nc rea sed  f r o m  5 to 50 raM. T h e  

r e c o r d i n g  was  m a d e  in the  e x p e r i m e n t  s h o w n  in Fig .  5 

bu t  is s h o w n  in Fig .  1 on  an e x p a n d e d  t i m e  scale 

to d e m o n s t r a t e  the  2 0 - m V  spikes.  T h e  spikes  are  s imi-  

lar  in p rof i l e  to t hose  r e c o r d e d  d u r i n g  the  b u r s t  ac t iv i -  

ty el ic i ted by s u p r a t h r e s h o l d  g lucose  c o n c e n t r a t i o n s  

and  to those  i n d u c e d  by cu r r en t  in jec t ion  [6, 12, 13]. 

Such  la rge  spikes  a re  n o t  a lways  seen b u t  the  m e m -  
b r a n e  p o t e n t i a l  f l uc tua t i ons  o r  excess no i se  are  a lways  

l a rger  a f te r  ra is ing  [K+]o f r o m  5 to 50 raM. T h e  excess 

no i se  has  been  s h o w n  to  be  due  to an  inc rease  in 

c a l c i u m  c h a n n e l  ac t iv i ty  o f  the  m e m b r a n e  [3] by use 

o f  c o b a l t  [3] and  m a n g a n e s e  [5] to  b l o c k  the vo l t age -  

sens i t ive  c a l c i u m  c h a n n e l  and  by  r e m o v a l  o f  ex t race l -  

lu la r  c a l c i u m  [3]. 

T h e  t ime  cou r se  o f  the  t r a n s i e n t  inc rease  in the  

v a r i a n c e  p r o d u c e d  by d e p o l a r i z i n g  the  cell  w i th  50 mM 

ex t r ace l l u l a r  p o t a s s i u m  is s h o w n  in Fig.  2. In this 

run  the v a r i a n c e  r e a c h e d  a p e a k  a b o u t  3 sec af ter  

the i n t r o d u c t i o n  o f  50 m ~  [K+]o a n d  then  dec l ined  
e x p o n e n t i a l l y  wi th  a h a l f - t i m e  of  a b o u t  10 sec. Th is  

pa t t e rn  o f  a r ap id  inc rease  in m e m b r a n e  p o t e n t i a l  

no i se  f o l l o w e d  by an e x p o n e n t i a l  dec l ine  is r e p r o d u c -  
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Fig. 1. Membrane potential fluctuations in response to an increase 
in [K+]o from 5 to 50 mM. 50 mN potassium was introduced at 
time 0. The record was made in the experiment shown in Fig. 5 
for the second peak and is shown here on an expanded time axis 
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Fig. 2. Variance of voltage changes induced by a change in [K+]o 
from 5 to 50 m~. The method for computation of the variance 
from the membrane potential record has been described previously 
(see ref. [3]). The line is a computer drawn best fit to a single 
exponential decay. Potassium was increased to 50 mM 

ible in any islet for repeated 50 m g  [K+]o-induced 
depolarizations, with 10 min at 5 mM potassium be- 
tween challenges. The islet-to-islet variation in the 
half-time for the calcium channel inactivation mea- 
sured by noise analysis [3] is large, the range being 
between 5 and 55 sec with most values falling between 
10 and 20 sec. 

Effect of Successive Stimulations with 50 mM [K+]o 
on Insulin Release 

Experiments were performed to test the reproducibili- 
ty of insulin release to successive exposure to 50 mM 
potassium. Fig. 3 shows the results of one of three 
such experiments where three 3-min pulses of 50 mM 
[K+]o were applied, 20 rain apart. The potassium-in- 
duced depolarization produced a transient stimula- 
tion of insulin release with a return to basal levels 
within 5 to 10 min of repolarization. As in the other 
two identical experiments, the insulin released during 
the three 3-min periods of stimulation was relatively 
constant. The total release from the data in Fig. 3 
was 2.27, 2.07 and 2.66 ng for the three consecutive 
challenges. These values for insulin release are higher 
than those measured in other experiments. This is 
almost certainly due to the fact that the islet was 
a large one with an estimated volume of 0.15 mm 3 
compared with the more usual volume of 0.01- 
0.05 mm 3. 

Perifusion of the islet with 11.2 mM glucose fol- 
lowed by 12 min in the absence of glucose had no 
potentiating effect on the stimulation of insulin re- 
lease elicited by 50 mM [K§ since the first peak 
of insulin release was no greater than subsequent 
peaks. This observation was confirmed in all experi- 
ments performed in this study, where the time of 
exposure to glucose varied from 5 to 30 min depend- 
ing on the time taken to obtain a stable electrical 
recording. A possible explanation for the constancy 
of insulin release to repeated potassium stimulations 
is that 11.2 mM glucose produces a long-lasting poten- 
tiation. If this were the case, the effect would have 
to last at least 90 min since a 3-min stimulation with 
50 mM [K§ produced an insulin release profile simi- 
lar to the first 3-min stimulation. 

The insulin release evoked by 50 mM [K+]o-in - 
duced depolarization shows a rapid rise followed by 
an exponential decline. In the experiment shown in 
Fig. 3, the time taken to reach peak release was little 
different for the three potassium pulses; between 80 
and 100 sec for the first two peaks and between 60 
and 80 sec for the third peak. In most experiments 
the potassium-stimulated maximum release was at 
about 1 min after exposure to potassium but occa- 
sionally the maximum was reached after 2-3 rain. The 
changes in membrane potential are faster, reaching 
the fully depolarized level after about 7 sec, but occa- 
sionally taking 20 sec (no correction has been made 
for the delay between stopcock and outflow from 
the chamber). Therefore, the time difference between 
membrane depolarization and insulin release was 
about 40 sec. 

Half-times for the decline in insulin release from 
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Fig. 3. The effect on insulin release of 
successive 3-rain stimulations with 50 mM 
[K+]o. Insulin release is expressed as ng/ 
20 sec. The first increase in potassium was 
made at time 0, 12 min after the removal of 
11.2 mN glucose. There was a 20-min period 
at 5 mM [K+]o between changes. The islet 
volume was 0.15 mm 3 
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Fig. 4. 2.5 mM cobalt inhibition of 50 mM [K+]o - 
induced insulin release. Insulin release was below 
assay limit of 16 pg/cm 3 in some samples. Islet 
volume was 0.032 mm 3 

the peak can be calculated assuming a single exponen- 
tial decay. F r o m  the data in Fig. 3, the half-times 
for  the successive 50 mM [K+]o stimulations were 48, 
41 and 61 sec. There was no consistent pat tern of  
increase or decrease in the half-times for  the three 
peak decays in any experiment. The mean  t~ from 16 
experiments in which the islet was exposed to 50 mM 
[K+]o for  3 min was 5 0 + 5  sec. 

Effect of Cobalt on [K+]o-Stimulated Insulin Release 

The addit ion of  2 mM Co 2 + has been shown to induce 
a 2 3 mV hyperpolar izat ion of  the /?-cell membrane  
[3]. This hyperpolar izat ion was presumed to be due 
to a sealing action of  cobalt. The resting potential  
change induced by 50 mM potassium in the presence 
of  cobalt  is the same size (Nernst-type) but  takes 
the membrane  potential  to different levels (2-3 mV 
more  negative) [3]. 

Cobal t  is a specific blocker of  the voltage-depen- 
dent calcium permeabili ty channel [7, 23] and it abol- 
ishes the excess voltage noise produced by potassium- 
induced depolarizat ion of  the /?-cell membrane  [3]. 
Glucose- and potassium-st imulated insulin release, as 
well as basal release, are inhibited by cobalt  in peri- 
fused isolated rat islets [29]. Fig. 4 shows the results 

of  an experiment to test the effect of  2.5 mM cobalt  
on the st imulation of  insulin release produced by 
10-min exposure to 50 mM [K+]o . Before the addit ion 
of  cobalt,  the transient peak of  insulin release fell 
to a level above basal and stayed at this raised level 
until the [K+]o was reduced to 5 rag.  2.5 mM COC12 
not  only completely inhibited the s t imulatory effect 
of  50 mM [K+]o on insulin release, but  also reduced 
the basal release. The insulin concentra t ion in many  
of  the samples collected in the presence of  cobalt  
was below the min imum detectable limit of  the im- 
munoassay  used. Removal  of  cobal t  restored basal 
release but  the response to a 10-min increase in [K+]o 
to 50 mM 17 min after removal  of  cobalt  was attenuat- 
ed. The peak of  release was smaller and total release 
for the 10-min st imulation after cobalt  t reatment  was 
1.80 ng compared  with 2.48 ng for the response before 
cobalt  addition. It is unlikely that  this reduced re- 
sponse is due to a general diminut ion with time of  
the ability of  the islet to respond to 50 mM [K§ 
since, in experiments similar to that  illustrated in 
Fig. 3, equivalent st imulations were seen at the begin- 
ning and end of  90-min experiments. Exposure of  
the islet to 2.5 m ~  COC12 for  16 min appeared to 
have a persistent adverse effect on [K+]o-induced insu- 
lin release. 
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Fig. 6, Effect of exposure for 3 min to 10, 28 and 50 mM [K+]o 
on insulin release and membrane potential. Resting membrane 
potential in 5 mN [K+]o was --32 inV. Assay limit was 16 pg/cm 3. 
Islet size 0.015 mm 3 

Effect of Membrane Potential on the Time Course 
of Insulin Release 

The data in Fig. 3 demonstrate that constant decay 
of the insulin release can be used to characterize the 
process of insulin release from the fl-cells of an islet. 
Two experimental procedures were used to study the 
effects of membrane potential on insulin release. In 
the first procedure, the [K+]o was raised from 5 to 
50 mM and the islet was perifused with this elevated 
potassium concentration for various times. A typical 
experiment of this type is illustrated in Fig. 5. In the 
second procedure, the [K+]o was first increased from 
5 to 50 mM, then from 5 to 28 and from 5 to 10 mM 
but the exposure time to high potassium concentra- 
tions was kept constant at 3 rain. A typical experiment 
is shown in Fig, 6. 

Fig. 5. Effect of 3-, I-, i0- and 3-rain stimulation 
with 50 mM [K+]o on insulin release and membrane 
potential in the same islet. The solid bars represent 
exposure to 50 mM potassium. Resting membrane 
potential in 5 mM [K+]o was --76 inV. The period 
between changes to 50 mM was 10 rain. Islet size was 
0.014 mm 3 

Other experiments (not shown) indicated that re- 
duction of the time at 5 mM potassium between 
switches to 50 mM [K+]o from 20 to 10 rain had no 
effect on insulin release. The size and time course 
of release was unaffected by reducing the repolariza- 
tion time and basal release was reached in 10 min. 

The resting membrane potential recorded in the 
cell in Fig. 5 was - 7 5  mV and the 50raM [K+]o - 
induced depolarization was 60 mV (maximum Nernst 
change equals 61 mV) to a level of - 1 5  inV. This 
depolarization was maintained as long as the [K+]o 
was at 50 m~. The time course of the change in mem- 
brane potential differed between the depolarization 
and repolarization. The time taken for full depolariza- 
tion after switching the stopcock was about 7 sec 
whereas the repolarization took about 60 sec, but re- 
polarization to - 4 5  mV took only 6 sec. The repolar- 
ization has two phases, a rapid first phase followed 
by a slower second phase, as seen in muscle [31] and 
nerve [44]. This slow recovery of the resting potential 
or tail effect (see membrane potential records in 
Figs. 5 and 6) may be associated with slow readjust- 
ments in the anion concentration, particularly chlo- 
ride [31 ]. 

The basal insulin release was low in the islet shown 
in Fig. 5. The peak release was constant for the four 
stimulations and the time taken for peak release to 
be reached was similar; between 40 and 60 sec for 
the first two peaks and between 60 and 80 sec for 
the last two peaks. As was seen in Fig. 4, when the 
membrane potential was maintained at the depolar- 
ized level for 10 min, the initial rapid rise in insulin 
release declined to a level above basal and returned 
to basal only after repolarization caused by 5 mM 
potassium. This observation confirms data obtained 
in perfused rat pancreas [16] and isolated rat islets 
[30]. The time course of the decline of insulin release 
over the control basal release can be described in 
terms of two time constants. The first can be mea- 
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Fig. 7. Effect of stepwise changes in [K+]o on insulin release. The 
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The duration of each step was 5 min. Islet size 0.027 mm 3 

sured during the application of 50 mM potassium. The 
second time constant can be measured only during 
the return to 5 mM [K+]o after long exposure to 50 mM 
[K+]o . For short time exposures to 50 mM potassium, 
the time constant calculated may have contributions 
f rom both the time constants mentioned above. 

For  the experiment shown in Fig. 5, the half-times 
calculated after raising [K+]o to 50 mM were 60, 62, 
79 and 75 sec for the 3-, 1-, 10- and 3-rain exposures, 
respectively. The average half-times for four experi- 
ments identical to that shown in Fig. 5 were 45 -+ 5 sec 
for the first 3-min pulse, 43 -+ 8 sec for the 1-min pulse, 
78-+7sec for the 10-min pulse and 49+10  for the 
last 3-min pulse. In two experiments using the same 
time protocol but 28 mM potassium instead of 50 mM, 
similar results were obtained (data not shown); the 
peak and total insulin release were similar with 28 
and 50 mM [K+]o . The mean half-times were 51, 41, 
75 and 42 sec for the 3-, 1-, 10- and 3-min challenges 
with 28 mM potassium. There was no measurable dif- 
ference between the responses to 28 and 50 mM [K+]o 
with respect to half-times of the transient insulin re- 
lease. The results for the 3- and 1-min challenges indi- 
cate that the time constant is independent of the time 
of exposure. 

The data in Fig. 5 indicate that the repolarization 
after the 10-min exposure to 50 mM potassium re- 
sulted in a rapid fall in insulin release to basal levels. 
This repolarization-induced reduction in insulin re- 
lease represents the second time constant mentioned 
above and may contribute to the half-time of the 
decline from peak release in the 3- and 1-min but 
not the 10-min challenge to high potassium. The mean 
half-time of the repolarization-induced fall in insulin 
release is 6 6 + 1 0 s e c  (n=4).  This value is close to 
the half-times calculated for the 3- and 1-min stimula- 
tions with potassium and probably contributes to 

these half-times. The time constant for the 10-min 
50 mM potassium challenges of 78 sec represents only 
the inactivation of the insulin release process. 

Analysis of the membrane potential fluctuations 
in response to the 50 mM potassium pulses in Fig. 5 
indicated time constants t} for the calcium channel inac- 
tivation of between 3 and 10 sec. 

The effect on insulin release and membrane poten- 
tial of raising [K+]o f rom 5 to 50, 28 and 10 mM 
for the same time of 3 rain, with 10rain at 5 mM 
potassium in between, is shown in Fig. 6. It  has been 
shown previously [3, 6, 40] that the membrane  poten- 
tial of the fi-cell can be controlled by adjusting the 
extracellular potassium concentration. The results 
shown in the lower part  of Fig. 6 confirm these pre- 
vious observations. In this experiment, the resting 
potential was - 3 2  inV. The change in membrane po- 
tential caused by the different [K+]o was small; 27, 
20 and 7 mV for 50, 28 and 10 mM potassium. The 
absolute value for the resting membrane  potential 
varies in different experiments, perhaps as a reflec- 
tion of differences in the size of the leakage pathway 
around the microelectrode. 

In Fig. 6, at all potassium concentrations, the peak 
of insulin release occurred later than is usually seen; 
100-120 sec for the 50 mM and 120-140 sec for the 
28 and 10 mM [K+]o stimulations. The total insulin 
released for the 3-rain periods at 50, 28 and 10 mM 
potassium was 0.87, 1.01 and 0.47 ng, respectively. 
For  three identical experiments the mean total re- 
leases were 1.04+0.11, 1.12+0.07 and 0.37_+0.08 ng. 

The half-times of the decline f rom peak for the 
3-min challenges with 50 and 28 mM [K+]o are similar; 
50+ 5 sec (n= 16) and 53 _+ 11 sec (n=5),  respectively. 
Calculation of half-times for the 10 mM [K+]o is diffi- 
cult due to the small difference between the release 
values (because of the small peaks) and therefore the 
increased error implicit in the line drawn. The peak 
of insulin release in response to 10 mM [K+]o has 
a half-time of 28 + 7 sec (n = 3) a value smaller than 
those for 28 and 50 mM potassium. However, the er- 
rors are large in the 10 m g  half-time calculation so 
many more experiments would be needed to prove 
a significant difference. 

Effect of Stepwise Changes in [K+]o 

In experiments designed to examine the excess noise 
or membrane  potential fluctuations produced by 
stepwise doubling of the potassium concentration 
from 7 mM via 14 and 28 mM to 56 mM, it was found 
that the largest fluctuations were produced by the 
14- to 28-mM step and there was no increase in noise 
between 28 and 56 mM [3]. 
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Fig. 8. Computer  'best  fit '  to the data from the 10-rain stimulation 
with 50 mM [K+]o in Fig. 5. The curve was calculated using Eq. 
(1) and the data normalized 

Fig. 7 shows the effect on insulin release of a simi- 
lar protocol of stepwise increases in potassium from 
10 to 28 to 50 raM. The characteristics of the release 
pattern of this islet were first determined by changing 
the [K+]o f rom 5 to 50 mM and from 5 to 28 mM 
for 5 min each. In this islet the response to the 5-min 
stimulation with 28 mM potassium was greater than 
the response to 50 mM; the total release for the 5-min 
period was 1.91 and 1.38 ng for the 28 and 50 mM 
[K+]o. The step f rom 5 to 10 mM potassium produced 
a small transient increase in insulin release. The step 
f rom 10 to 28 mM produced a similar response to 
the 5- to 28-mM step (total release slightly higher 
at 2.26 ng for the 5-min period). However, the step 
f rom 28 to 50 mM potassium prevented the fast decay 
in insulin release seen with a step increase in [K+]o 
f rom 5 to 50 raM. The 28 to 50 mM potassium step 
elicited no peak of release although the release was 
maintained at a level above basal until the potassium 
was reduced to 5 mM. The total insulin output for 
the 50 mM [K+]o after 28 mM was very similar to the 
output for the 5 to 50mM stimulation; 1.49 and 
1.38 ng, respectively. 

Apparatus and Islet Diffusional Time Constants 

The results of experiments on the exchange dynamics 
of  the experimental chamber suggest that it took less 
than 7 sec after switching from 5 to 50 mM [K+]o 
at the stopcock to achieve 50 mM [K+]o around the 
islet. As the time constant to achieve 90% of the 
depolarization induced by elevation of potassium is 
less than 2 sec (see Figs. 5 and 6) it may be assumed 
that the calcium channels would be activated without 

delay. In all our measurements of insulin release it 
took at least 40 sec, and sometimes 2 rain, for peak 
value to be reached. If  a raised intracellular calcium 
concentration resulting from increased calcium influx 
is the trigger for insulin release in response to potassi- 
um-induced depolarization, a delay between the maxi- 
ma of calcium channel activation and insulin release 
would be predicted. The delay of at least 40 sec be- 
tween calcium channel activation and insulin release 
may be due to the inherent delay in the insulin release 
process from entry of calcium across the cell mem- 
brane to exocytosis of insulin from the cell or may 
be due to diffusional delay of insulin from the islet 
intercellular space. 

Analysis of the experiment in Fig. 5 to determine 
the time constants for the rise to peak of insulin 
release and the inactivation constant can be per- 
formed using, 

IRI(t)=IRI(o)[1-e -t#D] e-t/~R+IRI(~). (1) 

where ~D represents a time constant for the diffusion 
of insulin out of the islet, zR represents a time constant 
associated with the release process and IRI(O) and 
IRI(oo) are the initial and steady levels of insulin 
release, respectively. Fig. 8 shows the best fit f rom 
the data;  zD = 30 sec and re = 245 sec ('c R as calculated 
from Fig. 5 data, using the last 5 min of the 10-min 
stimulation with potassium to set the final level of 
release and using only the first 5 rain of the stimula- 
tion for the calculation of the time constant with 
no adjustment for the diffusional time constant, was 
79/0.69= 115 sec). In the case of radial diffusion, we 
have 

r 2 
- - = l  4D37 ~ 

H 2 0  ~ D  

where r represents the radius of the islet. Taking r as 
125 x 10 -4 cm and D 37~ H2o as 12•  -7 cm 2sec 1, zo 
equals 22 sec. There is good agreement between z o 
as calculated from radial diffusion and z D calculated 
from the insulin release data from Fig. 5. However, 
in experiments where the time to peak is slower, 
then both diffusion and the release process may 
contribute to the delay between depolarization and 
insulin release. 

Calcium Entry during the [K+]o-Induced Depolari- 
zation 

From a graph of the variance o-2(t) (see Fig. 2) as a 
function of the potential difference #v(t) (derived 
from the membrane potential records made in the 
absence and in the presence of Ca2+-channel bloc- 
ker) the size of the unit event 6V(0) is obtained [3]. 
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In one experiment (using 2mM Co z+ as a Ca 2+- 
channel blocker) 3V(O) was estimated as 53.4 x 10 .6 
volt [3]. In two other experiments, where the excess 
membrane potential noise was suppressed by lower- 
ing the external calcium to 0.1 mM, the average val- 
ue 3V(O) is 103.2 x 10 -6 V. Thus, the average size of 
the unit event is 78.3 x 10 -6 V. The calcium entry 
per unit event may be calculated as 

1 } .  �9 ? c ~  
Zcaat = -  j (V-Vc~)d t  

F oJ F ~ 
(2) 

where Yca is the conductance per channel, Vc, is the 
equilibrium potential for Ca 2+, z is the duration of 
the open state of the channel and F is the Faraday's 
number. From Eq. (13) in reference [3] one also gets 

1 ; .  , 6 v (o ) . c  
-- j tcaat-- - - - -  
F o 2FRm(1 - p )  

(3) 

where Rm=85 x l06 ~ [6] and r=25  x 10 .3 sec [3]. 
Whence, the calcium entry per channel amounts to 
11.5• -2~ moles. The total entry during the 
[K+]o-induced depolarization may be estimated 
from the total number of events N during the pot- 
assium challenge. This is calculated by integration of 
the function relating the frequency of the events to 
#~(t). Thus, 

T l T 
N=~o ~)(t) d t=6V(O)z  ! #v(t)dt (4) 

where T is the duration of [K+]o pulse [3]. As #~(t) 
T 

is proportional to a2(t), then the value of ~#~(t)dt 
o 

equals the product of p~(O) times the time constant 
of inactivation of a~(t) (see Fig. 2). Taking #~(O) as 
45 x 10-3V and the time constant as 15 sec, N is 
calculated as 3.4 • 105. The total calcium entry per 
fi-cell during the [K+]o stimulation is calculated as 
39 x 10 - i s  moles or 2 x 101~ Ca 2+ 

Discussion 

The transient stimulation of insulin release elicited 
by raising extracellular potassium in the absence of 
glucose reported here from single micro-dissected 
mouse islets confirms results in perfused pancreas [16, 
19, 22] and in perifused rat islets [28, 30]. The similari- 
ty of potassium-induced insulin release, muscle con- 
traction [1 I1, and catecholamine release from adrenal 
medulla [9, 14] was noted by Henquin and Lambert 
[28]. It was suggested that in these processes, the depo- 
larization produced by raising extracellular potassium 
activates a calcimn permeability in the cell membrane 

with consequent rise in intracellular calcium, as was 
measured using aequorin in squid axons [8]. The hy- 
pothesis that increasing [K+]o stimulates calcium in- 
flux is supported by studies on 45CaZ+ uptake in rat 
[36] and obese hyperglycemic mouse [27] islets. In- 
creased net uptake of 4%alcium was observed over 
90-min incubation [36] and over 5 and 120 min [27]. 

Insulin Release and Calcium Channel Activity 

In the study described here, the increased insulin re- 
lease and calcium channel activity resulting from po- 
tassium-induced depolarization of the fi-cell have 
been studied in the same preparation, namely single 
microdissected islets from normal mice. The data are 
consistent with the proposal that the transient insulin 
release elicited by raising [K+]o is due to a transient 
rise of calcium entry into the islet cells. 

As reported previously [29] in rat islets, cobalt, 
a specific blocker of voltage-dependent calcium per- 
meability [7, 23], inhibits the potassium-induced insu- 
lin release in mouse islets (see Fig. 4). It also abolishes 
the increase in excess noise of the membrane potential 
after depolarization by high potassium [3] as does 
manganese [5] which blocks the same calcium perme- 
ability. Removal of calcium from the perifusing medi- 
um completely inhibits the potassium-stimulated insu- 
lin release in rat islets [28] and the depolarization- 
induced excess voltage noise in single mouse islets 
[3]. These observations lend strong support to the 
suggestion that increased calcium influx is responsible 
for the rise in insulin secretion produced by elevated 
extracellular potassium. 

The insulin release pattern is very similar to the 
release of catecholamines from perfused adrenal 
glands in response to prolonged potassium stimula- 
tion [9, 14]. Catecholamine and insulin release show 
a peak at about 1 min then a fall with a half-time 
of 70 and 78 sec, respectively. It is unlikely that the 
fall in insulin release is due to exhaustion of a ' labile' 
pool since there was no attenuation of the response 
to 50mM [K+]o with repeated stimulations (see 
Fig. 3). 

Although in general terms the profile of increase 
in calcium channel activity measured by noise analysis 
(Fig. 2) and insulin release (Figs. 3-7) are similar, i_e. 
a peak followed by inactivation, the transient increase 
in calcium channel activity is faster than that of insu- 
lin release. 

The insulin release measured from a single islet 
is the total output from all the cells in the islet whereas 
the membrane potential is recorded from a single 
fl-cell. Cell-to-cell coupling [39] has been reported to 
decrease in the absence of glucose [15, 38]; therefore 
it is possible that the islet behaves less as a functional 
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syncitium in the absence of glucose than during stimu- 
lation with high glucose concentrations. All the exper- 
iments described here were performed in the absence 
of glucose. The half-time measured for the inactiva- 
tion of the voltage-dependent calcium channel (5- 
20 sec) characterizes a single cell whereas the insulin 
release half-time (approximately 75 sec) is the mean 
characteristic half-time for all the cells in the islet. 

The flow rate of 1.5 cm3/min and the need for 
duplicate samples for insulin assay impose a minimum 
sampling time in these experiments of 20 sec. This 
20-sec collection period limits the time resolution. 
The resolution is also dependent on the size of the 
peak of insulin release. Thus, with 5 samples, a peak 
of 0.15 ng above basal has a minimum half-time of 
13 sec and for a peak of 0.08 ng above basal the 
minimum half-time resolvable is 16 sec. It is clear 
that the value of about 75 sec for the insulin release 
' inactivation' half-time is not at the limits set by 
the methodology. 

Although the voltage variance decreases during 
[K+]o-induced depolarization (see Fig. 1), suggesting 
inactivation of the calcium channel activity, the inacti- 
vation is not complete (see Fig. 1, the residual vari- 
ance). The continued secretion of insulin above basal 
rate seen when [K+]o is raised for 10min (Figs. 4 
and 5) is probably due to this residual calcium channel 
activity. This maintained secretion of insulin to pro- 
longed exposure to potassium was reported in per- 
fused rat pancreas [16] and in perifused rat islets [30] 
but not by Henquin and Lambert [28]. The fall to 
basal insulin release after the change from 50 to 5 mM 
potassium is rapid with a half-time of approximately 
65 sec. The time constant calculated for the fall in 
insulin release after a stepwise increase in glucose 
to 33ram was reported to be larger than this; half- 
time was 8.8 min [46]. 

Repeated exposure of an islet to high potassium 
elicits similar transient increases in calcium channel 
activity ([3] and unpublished observations). Within one 
experiment the insulin release in response to succes- 
sive challenges with 50 mg  [K+]o was constant, in 
terms of peak release and half-time from the peak 
(Fig. 3). In rat islets it has been reported that the 
insulin release in response to a second stimulation 
with 24 mN [K+]o, in the presence of 2.8 mM glucose, 
10 rain after the first, was not significantly different 
[28]. However, in the same study, exposure to 16.7 mM 
glucose for 5 rain followed 10 rain later by 24 mM 
potassium produced a potentiation of the response 
to potassium. A priming effect of glucose to subse- 
quent stimulation with glucose has been reported in 
perfused rat pancreas [21] and rat islets [20, 28] but 
not in mouse pancreas [10]. In the experiments per- 
formed here, 11.2 mM glucose, for up to 30 rain, 

12 min before exposure to increased potassium had 
no potentiating effect. 

The dependence of insulin release on voltage or 
potassium concentration was shown in Fig. 6. The 
lack of significant difference between the 50 and 
28 mM [K+]o stimulations confirms data from static 
incubation experiments with mouse islets [3]. In the 
10-min static incubation 10 mM potassium did not 
produce a significant stimulation of insulin release, 
a result that is not surprising in view of the small 
transient effect seen in the single perifused islet 
(Fig. 6). An increase of insulin release with increasing 
[K+]o was reported in perfused rat pancreas [16, 19]; 
an approximate doubling was seen between 18.3 and 
53.3 mM potassium [16] and a sigmoid relationship 
with a plateau at about 25 mM was reported for the 
insulin release between minutes 2 and 6 of the stimula- 
tion with up to 30 mM potassium [19]. 

The voltage dependence of the calcium channel 
activity in fi-cells has been reported previously [3]. 
The threshold voltage varies slightly; e.g., the data 
in Fig. 1 indicate a threshold of - 3 8  mV equivalent 
to a potassium concentration of 26mM from the 
Goldman-Hodgkin-Katz equation [18, 32]. 

The inactivation of the insulin release does not 
seem to be affected by changing the membrane poten- 
tial at different times after the initial stimulation 
(Fig. 5). The effect of changing membrane potential 
within two half-lives of the calcium channel inactiva- 
tion has not been studied; a very rapid change in 
potassium of about 15 sec would be required. 

Fig. 7 shows data on insulin release in response 
to a stepwise increase in [K+]o from 5 to 10 to 28 
to 50 raM. There was no peak of insulin release after 
the 28 to 50 mM step but the level of release was 
maintained above basal until potassium was restored 
to 5 raN. Raising extracellular potassium from 14 to 
28 mM elicited a large increase in excess noise presum- 
ably due to calcium channel activity, whereas the 
subsequent step from 28 to 56 mM produced no in- 
crease in noise [3]. Thus, there is good correlation 
between calcium channel activity and insulin release 
in response to a stepwise increase in potassium. 

The experimental results presented here suggest a 
causal relationship between the transient increase in 
the voltage-dependent calcium permeability of the fi- 
cell membrane and the transient stimulation of insulin 
release elicited by potassium-induced depolarization. 
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