
Upsala J Med Sci 86: 149-164, 1981 

Importance of Cellular Calcium Stores in Glucose-stimulated 
Insulin Release 

Claes B. Wollheim, Danilo Janjic, Eberhard G. Siegel, 
Masatoshi Kikuchi and Geoffrey W. G. Sharp 

From the Insfitut de Biochimie Clinique, University of Geneva, Switzerland and 
the Department of Pharmacology, N .  Y .  State College of Veterinrrry Medicine, 

Ithaca, N .  Y., USA 

I N T R O D U C T I O N  

There  i s  now overwhelming ev idence  t h a t  s t i m u l u s - s e c r e t i o n  

c o u p l i n g  i n  t h e  p a n c r e a t i c  P - c e l l  i s  med ia t ed  by an i n c r e a s e  of  

t h e  c o n c e n t r a t i o n  of  i o n i s e d  Ca++ i n  t h e  c y t o s o l  ( 3 , 9 , 1 9 ) .  A s  

d i r e c t  measurements o f  changes i n  t h e  c o n c e n t r a t i o n  of  c y t o s o l i c  

Ca++ i n  t h e  B - c e l l  have  n o t  y e t  been  p o s s i b l e ,  changes i n  t h i s  

Gaff c o n c e n t r a t i o n  have  been  i n f e r r e d  from measurements o f  45Ca++ 

f l u x e s  i n  i s l e t s .  Glucose h a s  been  shown t o  i n c r e a s e  n e t  r e t e n -  

t i o n  of  45Ca++ by  i s l e t s  which have n o t  a t t a i n e d  i s o t o p i c  e q u i l i -  

br ium ( 3 , 9 , 1 7 ) .  When i s l e t s  were  a l lowed t o  e q u i l i b r a t e  w i t h  

45Ca++ d u r i n g  24h a t  a low g l u c o s e  c o n c e n t r a t i o n  i t  was found 

t h a t  g l u c o s e  r a p i d l y  i n c r e a s e d  t h e  t o t a l  c o n t e n t  of  45 ca lc ium.  

Under t h e s e  c o n d i t i o n s  t h i s  c a n  b e  equa ted  w i t h  a n  i n c r e a s e  i n  

t o t a l  ca l c ium c o n t e n t  o f  t h e  i s l e t s  (11). Two a c t i o n s  of  g l u -  

cose  have  been  demons t r a t ed  which b o t h  c o u l d  c o n t r i b u t e  t o  r a i s e  

c y t o s o l  Ca++ and ,  i n  t u r n ,  t o t a l  i s l e t  ca l c ium c o n t e n t .  F i r s t ,  

g l u c o s e  s t i m u l a t e s  t h e  i n i t i a l  u p t a k e  o f  45Ca++,  r e f l e c t i n g  Ca++ 

i n f l u x  ( 1 7 ) .  T h i s  i n f l u x  i s  p r o b a b l y  o c c u r r i n g  v i a  v o l t a g e -  

s e n s i t i v e  Ca++ channe l s  i n  t h e  plasma membrane which a r e  g a t e d  

upon d e p o l a r i s a t i o n  of  t h e  membrane by g l u c o s e  ( 9 , 1 9 ) .  Second ly ,  

g l u c o s e  i n h i b i t s  45Caf+ e f f l u x  from i s l e t s  p r e l o a d e d  t o  i s o t o p i c  

e q u i l i b r i u m  and  p e r i f u s e d  i n  t h e  absence  o f  e x t r a c e l l u l a r  Ca++ 
( 2 , 5 ) .  T h i s  i n h i b i t i o n  o f  n e t  Ca++ e f f l u x  may b e  due t o  an  i n t e r -  

f e r e n c e  w i t h  Na/Ca c o u n t e r - t r a n s p o r t  a t  t h e  plasma membrane ( 4 ,  

1 4 ) .  An i n h i b i t i o n  of  Ca++ s e q u e s t r a t i o n  o r  d i r e c t  m o b i l i s a t i o n  

of  t h e  i o n  from ca lc ium s t o r i n g  o r g a n e l l e s  i n  t h e  P - c e l l  h a s  

been  proposed  as a t h i r d  mechanism by which g l u c o s e  may r a i s e  

c y t o s o l  Ca++ ( 6 , 1 4 , 1 8 , 1 9 ) .  I t  has  s o  f a r  n o t  been  p o s s i b l e  t o  
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demons t r a t e  d i r e c t l y  t h i s  e f f e c t  on g l u c o s e .  

The a c t i v a t i o n  of  s e v e r a l  enzyme sys t ems  by Ca++ h a s  been  
shown t o  be  media tey  by t h e  ca lc ium r e g u l a t o r  p r o t e i n ,  ca lmodu l in .  

I n  i s l e t s ,  ca lc ium-ca lmodul in  has  been  shown t o  a c t i v a t e  a d e n y l a t e  

c y c l a s e  (13  , 16) , Ca++-ATPase (10) and p r o t e i n  p h o s p h o r y l a t i o n  (1) . 
Calmodulin a p p e a r s  t o  be  p r e s e n t  i n  i s l e t s  (15 )  and t r i f l u o p e r a -  

z i n e ,  an  i n h i b i t o r  of ca lc ium-ca lmodul in  a c t i o n  ( 8 )  was found t o  

i n h i b i t  g l u c o s e - s t i m u l a t e d  i n s u l i n  r e l e a s e  (1 ,7  , 15) . I n  t h e  

p r e s e n t  s t u d y  t h e  involvement  of ca lmodu l in  i n  g lucose - induced  

changes i n  i s l e t  c e l l  Ca++ h a n d l i n g  and i n s u l i n  r e l e a s e  were  

i n v e s t i g a t e d  by t h e  u s e  of  t r i f l u o p e r a z i n e .  The e f f e c t s  o f  t h i s  

drug  were  compared w i t h  t h o s e  o f  v e r a p a m i l ,  a b l o c k e r  of  v o l t a g e -  

s e n s i t i v e  Ca++ c h a n n e l s .  The r e s u l t s  i n d i c a t e  t h a t  ca lmodu l in  

may be invo lved  i n  t h e  p r o c e s s  by which g l u c o s e  a c t s  on i n t r a -  

c e l l u l a r  ca l c ium s t o r e s  t o  r a i s e  c y t o s o l  Ca++. 

METHODS 

Col l agenase  i s o l a t e d  i s l e t s  f rom male  W i s t a r  r a t s  were main- 

t a i n e d  i n  t i s s u e  c u l t u r e  f o r  46h as d e s c r i b e d  e l sewhere .  

I n  expe r imen t s  i n v o l v i n g  t h e  measurement of  45Ca++ e f f l u x ,  t h e  

i s l e t s  were e q u i l i b r a t e d  w i t h  t h e  i s o t o p e  d u r i n g  t h e  e n t i r e  c u l -  

t u r e  p e r i o d  ( 5 , 1 4 ) .  

Dynamic i n s u l i n  r e l e a s e  and 45Ca++ e f f l u x  were measured i n  a 

p e r i f u s i o n  a p p a r a t u s  by p l a c i n g  40 i s l e t s  p e r  chamber.  The 

p e r i f u s a t e  c o n s i s t e d  o f  Krebs-Ringer  b i c a r b o n a t e  b u f f e r  c o n t a i n i n g  

1mM Cai+, 0 .5% b o v i n e  serum a lbumin ,  and 2.8mM g l u c o s e .  

45Ca++ u p t a k e  and i n s u l i n  r e l e a s e  were  measured by i n c u b a t i n g  

t h e  i s l e t s  on t o p  of  a n  o i l  l a y e r  i n  microfuge  t u b e s ,  as 
d e s c r i b e d  i n  d e t a i l  e l s ewhere  ( 1 7 , 1 8 ) .  The b u f f e r  c o n s i s t e d  of  a 

mod i f i ed  Krebs-Ringer  b i c a r b o n a t e  b u f f e r  (KRB-Hepes) c o n t a i n i n g  

l O m M  Hepes,  5mM NaHC03, 0 . 5 %  bov ine  serum a lbumin ,  and 2.8mM g lu -  

c o s e .  

f i n a l  c o n c e n t r a t i o n  o f  1mM and 1 . 4 u C i  [ 6 , 6  Hl suc rose  a t  a concen- 

t r a t i o n  of  4pM s e r v i n g  as an  e x t r a c e l l u l a r  s p a c e  marke r .  10 

i s l e t s  were i n c u b a t e d  f o r  5min and t h e n  c e n t r i f u g e d  th rough  t h e  

o i l  l a y e r .  I n s u l i n  r e l e a s e  was measured i n  t h e  s u p e r n a t a n t  and 

45Ca" uptake  i n  t h e  i s l e t  p e l l e t .  

b a s a l  and g l u c o s e - s t i m u l a t e d  45Ca" u p t a k e  i s  l i n e a r  w i t h  t ime 

o v e r  t h e  5min of i n c u b a t i o n  ( 1 7 ) .  I n s u l i n  r e l e a s e  w a s  measured 

The b u f f e r  was supplemented w i t h  0.8pCi of 45Ca++ a t  a 
3 

I n  t h i s  i n c u b a t i o n  sys tem 
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by radioimmunoassay u s i n g  r a t  i n s u l i n  a s  s t a n d a r d  ( 1 7 ) .  

RESULTS AND DISCUSSION 

1. E f f e c t s  o f  ve rapami l  

I n  a f i r s t  s e r i e s  o f  expe r imen t s  t h e  impor tance  o f  Ca++ u p t a k e  

f o r  t h e  s t i m u l a t i o n  of i n s u l i n  r e l e a s e  by g l u c o s e ,  was examined 

u s i n g  v e r a p a m i l .  A s  can  be s e e n  i n  F i g .  1, 16.7mM g lucose -  
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E f f e c t  of ve rapami l  ( 5 r i M )  
on b a s a l  and g l u c o s e - s t i m u l a t e d  

45Ca" u p t a k e  and i n s u l i n  r e l e a s e  
measured ove r  5 min 

s t i m u l a t e d  Ca++ u p t a k e  by 166%.  

t h e  s t i m u l a n t  a c t i o n  o f  g l u c o s e  on Ca++ u p t a k e  was i n h i b i t e d  by 

8 3 % .  The re  was no l o n g e r  a s i g n i f i c a n t  i n c r e a s e  i n  Ca++ u p t a k e  

I n  t h e  p r e s e n c e  of  5wM v e r a p a m i l ,  
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when comparing t h e  u p t a k e  i n  t h e  p r e s e n c e  o f  ve rapami l  a t  2.8mM 

g l u c o s e  w i t h  t h a t  a t  16.7mM g lucose .  I n  t h e  same expe r imen t s  

g l u c o s e  s t i m u l a t e d  i n s u l i n  r e l e a s e  by 400%. I n  marked c o n t r a s t .  

t o  Ca++ u p t a k e  ve rapami l  f a i l e d  t o  s i g n i f i c a n t l y  d e c r e a s e  g lucose -  

s t i m u l a t e d  i n s u l i n  r e l e a s e .  

I n  t h e  expe r imen t s  shown i n  F i g .  2 t h e  e f f e c t s  of verapami l  

G 16.7 mM f verapamll mean t SEM 
Glucose 16.7 rnM (n =5l  
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E f f e c t  o f  ve rapami l  on g l u c o s e - s t i m u l a t e d  45Ca++ 
e f f l u x  and i n s u l i n  r e l e a s e ,  5pM ve rapami l  was 
added a t  t h e  same t ime  (46min) a s  t h e  g l u c o s e  

c o n c e n t r a t i o n  was i n c r e a s e d  from 2.8mM t o  16.7mM. 
g5Ca++ e f f l u x  expres sed  a s  a p e r c e n t a g e  o f  t h e  

mean e f f l u x  r a t e  a t  41-46min. 

on t h e  dynamics o f  i n s u l i n  r e l e a s e  and 45Ca++ e f f l u x  from p r e -  

l oaded  i s l e t s  were t e s t e d .  An i n c r e a s e  of  t h e  g l u c o s e  concen- 

t r a t i o n  i n  t h e  p e r i f u s a t e  from 2.8 t o  16.7mM caused  a b i p h a s i c  

s t i m u l a t i o n  of  i n s u l i n  r e l e a s e .  The peak o f  t h e  f i r s t  phase  was 

152 



reached  3min a f t e r  t h e  s h i f t  and t h e  n a d i r  between t h e  two p h a s e s  

a f t e r  a n o t h e r  3min. The a d d i t i o n  of SLIM v e r a p a m i l ,  t o g e t h e r  w i t h  

16.7mM g l u c o s e  f a i l e d  t o  i n h i b i t  t h e  f i r s t  phase  o f  g lucose - s t im-  

u l a t e d  i n s u l i n  r e l e a s e .  However, i n  t h e  p r e s e n c e  of  v e r a p a m i l  

t h e  r a t e  o f  i n s u l i n  r e l e a s e  d i d  n o t  i n c r e a s e  above t h e  r a t e  

reached  a t  t h e  n a d i r .  Thus ,  ve rapami l  reduced  t h e  second phase  

of  i n s u l i n  r e l e a s e  t o  a s i m p l e  p l a t e a u ,  t h e  second phase  b e i n g  

i n h i b i t e d  by approx ima te ly  5 0 % .  A s  t h e  i n s u l i n  r e l e a s e  shown i n  

F ig .  1 was measured ove r  Smin, i t  co r re sponds  t o  t h e  f i r s t  phase  

r e l e a s e  o f  t h e  dynamic sys tem.  The f a i l u r e  of  ve rapami l  t o  i n -  

h i b i t  t h e  f i r s t  phase  o f  i n s u l i n  r e l e a s e ,  d e s p i t e  t h e  i n h i b i t i o n  

of Ca++ u p t a k e  d u r i n g  t h i s  p e r i o d ,  s t r o n g l y  s u g g e s t s  t h a t  t h e  

s t i m u l a t i o n  of  Ca++ u p t a k e  by g l u c o s e  does  n o t  c o n t r i b u t e  t o  t h e  

g e n e r a t i o n  o f  t h e  f i r s t  phase  o f  i n s u l i n  r e l e a s e ,  N o n e t h e l e s s ,  

an  i n c r e a s e  o f  c y t o s o l  Ca++ is  l i k e l y  t o  be g e n e r a t i n g  t h e  f i r s t  

phase  o f  i n s u l i n  r e l e a s e .  T h i s  is  sugges t ed  from t h e  measurements 

of  45Ca++ e f f l u x  a l s o  shown i n  F i g .  2 .  

b i p h a s i c  i n c r e a s e o f  t h e  45Ca" e f f l u x  from t h e  i s l e t s .  

p a t t e r n  of 45Ca++ e f f l u x  p a r a l l e l e d  t h a t  of  g l u c o s e - s t i m u l a t e d  

i n s u l i n  r e l e a s e .  The e f f l u x  was most marked d u r i n g  t h e  f i r s t  

phase .  The g r a d u a l  d e c r e a s e  d u r i n g  t h e  second phase  p robab ly  

r e f l e c t s  a d e c r e a s e  of t h e  s p e c i f i c  r a d i o a c t i v i t y  i n  t h e  i s l e t s .  

Verapamil  on ly  caused  s l i g h t  changes i n  Ca++ e f f l u x  d u r i n g  t h e  

f i r s t  phase  p e r i o d  w h i l e  t h e  e f f l u x  was i n h i b i t e d  by more t h a n  

6 0 %  d u r i n g  t h e  second phase .  A s  i t  has  been demons t r a t ed  p r e -  

v i o u s l y  t h a t  t h e  45Ca++ i s  n o t  r e l e a s e d  t o g e t h e r  w i t h  t h e  

i n s u l i n  d u r i n g  e x o c y t o s i s ,  t h e  p a t t e r n  o f  4sCa+f e f f l u x  may r e -  

f l e c t  changes i n  t h e  c o n c e n t r a t i o n  of Ca++ i n  t h e  c y t o s o l  o f  t h e  

i s l e t  c e l l s  ( 5 , 1 7 , 1 9 ) .  The l a c k  of  e f f e c t  o f  v e r a p a m i l  on f i r s t  

phase  i n s u l i n  r e l e a s e  was n o t  due t o  a de l ayed  o n s e t  of  a c t i o n  

of  t h e  d rug .  

u p t a k e  i n  F i g .  1 and from t h e  r e s u l t s  shown i n  F i g .  3. 

I n  t h e s e  expe r imen t s  t h e  a d d i t i o n  of ve rapami l  t o g e t h e r  w i t h  t h e  

g l u c o s e  s t i m u l u s ,  o r  5min p r i o r  t o  t h e  a d d i t i o n o f  g l u c o s e ,  was 
compared. 5min p r e - p e r i f u s i o n  w i t h  ve rapami l  a l s o  f a i l e d  t o  

i n h i b i t  f i r s t  phase  of i n s u l i n  r e l e a s e .  O t h e r s  have r e p o r t e d  t h a t  

ve rapami l  i n h i b i t s  b o t h  phases  o f  i n s u l i n  r e l e a s e .  However, i n  

t h o s e  s t u d i e s  t h e  p a n c r e a t i c  p r e p a r a t i o n s  were  exposed t o  

1 6 . 7 m M  g l u c o s e  caused  a 

The 

T h i s  i s  e v i d e n t  from t h e  marked i n h i b i t i o n  of Ca++ 
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E f f e c t  o f  ve rapami l  ( 5 w M )  on i n s u l i n  
r e l e a s e  s t i m u l a t e d  by 1 6 . 7 m M  g l u c o s e .  
I n  p a i r e d  exper iments  ve rapami l  was 

added e i t h e r  t o g e t h e r  w i t h  g l u c o s e  o r  5 m i n  
p r i o r  t o  g l u c o s e  

ve rapami l  f o r  l e n g t h y  p e r i o d s  of t ime  p r i o r  t o  t h e  a d d i t i o n  of 

g l u c o s e  (9). The i n h i b i t i o n  of  f i r s t - p h a s e  i n s u l i n  r e l e a s e  ob- 

s e r v e d  unde r  t h o s e  c o n d i t i o n s  c o u l d  t h e r e f o r e  be  due t o  a dep le -  

t i o n  of a c r i t i c a l ,  l a b i l e  ca lc ium p o o l  i n  t h e  B - c e l l s  o r  r e f l e c t  

t h e  u p t a k e  of  v e r a p a m i l  by t h e  c e l l s .  The former  e x p l a n a t i o n  i s  

t h e  most a t t r a c t i v e  one and w i l l  b e  f u r t h e r  c o n s i d e r e d  below.  

The r e s u l t s  o b t a i n e d  w i t h  v e r a p a m i l  s u g g e s t  t h a t  g l u c o s e  u t i l i -  

s e s  c e l l u l a r  ca l c ium s t o r e s  f o r  t h e  g e n e r a t i o n  of  t h e  f i r s t  phase  

of i n s u l i n  r e l e a s e ,  and p a r t  of t h e  second phase ,  w h i l e  t h e  

remainder  of  t h e  second  phase  depends on t h e  s t i m u l a t i o n  of  Ca++ 

up take  from t h e  e x t r a c e l l u l a r  f l u i d .  

2 .  E f f e c t s  of t r i f l u o p e r a z i n e  

The i n h i b i t o r  o f  ca lc ium-ca lmodul in  a c t i o n ,  t r i f l u o p e r a z i n e ,  

has  been  shown t o  i n h i b i t  g l u c o s e - s t i m u l a t e d  i n s u l i n  r e l e a s e  (1, 

7 , 1 5 ) .  The d rug  h a s  a l s o  been  r e p o r t e d  t o  i n h i b i t  p r o t e i n  
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p h o s p h o r y l a t i o n  i n  i n t a c t  c e l l s  induced  by d e p o l a r i s i n g  concen- 

t r a t i o n s  o f  K+ ( 1 2 )  and ca lmodul in- induced  p h o s p h o r y l a t i o n  i r l  

i s l e t  c e l l  homogenates (1).  The e f f e c t s  o f  t r i f l u o p e r a z i n e  on 

Ca++ u p t a k e ,  i n s u l i n  r e l e a s e  and 45Ca++ e f f l u x  have  been  i n v e s t i -  

g a t e d .  

The e f f e c t s  of t r i f l u o p e r a z i n e  on Ca++ u p t a k e  and i n s u l i n  

r e l e a s e  a r e  shown i n  Tab le  1. 100pM t r i f l u o p e r a z i n e  d i d  n o t  a l t e r  

Ca++uptake  o r  i n s u l i n  r e l e a s e  i n  t h e  p r e s e n c e  of  2.8mM g l u c o s e .  

1 6 . 7 m M  g l u c o s e  i n c r e a s e d  Ca++ u p t a k e  by 200%. G l u c o s e - s t i m u l a t e d  

Ca++ u p t a k e  was i n h i b i t e d  by 34% when t r i f l u o p e r a z i n e  was added 

t o g e t h e r  w i t h  t h e  g l u c o s e  s t i m u l u s .  
t o  t r i f l u o p e r a z i n e  5min p r i o r  t o  t h e  a d d i t i o n  of 16.7mM g l u c o s e ,  

a f u r t h e r  i n h i b i t i o n  of  Ca++ u p t a k e  was observed  (54% i n h i b i t i o n ) .  
Under t h e s e  c o n d i t i o n s  g lucose - induced  i n s u l i n  r e l e a s e  was 

i n h i b i t e d  by 51%.  

When t h e  i s l e t s  were exposed 

I n  t h e  f o l l o w i n g  s e r i e s  o f  expe r imen t s  t h e  e f f e c t s  of  t r i f l u o -  

p e r a z i n e  on t h e  dynamics of  i n s u l i n  r e l e a s e  and 45Ca++ e f f l u x  were 

examined. A s  shown i n  F ig .  4 ,  t h e  a d d i t i o n  of  100~tM t r i i l u o -  

p e r a z i n e  a t  t h e  t ime of  g l u c o s e  s t i m u l a t i o n  d i d  n o t  s i g n i f i c a n t l y  

i n h i b i t  t h e  f i r s t  phase  of  g l u c o s e - s t i m u l a t e d  i n s u l i n  r e l e a s e .  The 

second phase  of  i n s u l i n  r e l e a s e  was i n h i b i t e d  by 56%.  There  was 

a s t r i k i n g  s i m i l a r i t y  between t h e  p a t t e r n  of i n h i b i t i o n  of  i n s u l i n  

r e l e a s e  induced  by t r i f l u o p e r a z i n e  and t h a t  caused  by ve rapami l  

( F i g .  2 ) .  I n  t h e  p r e s e n c e  of  t r i f l u o p e r a z i n e  t h e  r a t e  o f  i n s u l i n  

r e l e a s e  remained c o n s t a n t  from t h e  n a d i r  p o s i t i o n  t o  t h e  end of  

t h e  p e r i f u s i o n .  

maximal 3min a f t e r  t h e  a d d i t i o n  o f  h igh  g l u c o s e ,  was s i g n i f i c a n t l y  

i n h i b i t e d  by t r i f l u o p e r a z i n e .  

marked d u r i n g  t h e  second phase .  

The f i r s t  peak  of  45Ca++ e f f l u x ,  which was 

The i n h i b i t i o n  o f  45Ca" was more 

To examine whether  t h e  l a c k  of  i n h i b i t i o n  o f  f i r s t  phase  i n -  

s u l i n  r e l e a s e  was due t o  a d e l a y  i n  t h e  o n s e t  of a c t i o n  o f  t r i -  

f l u o p e r a z i n e ,  t h e  i s l e t s  were exposed t o  t h e  drug  5min p r i o r  t o  

t h e  a d d i t i o n  of  16.7mM g l u c o s e ,  The r e s u l t s  o f  t h e s e  expe r imen t s  

a r e  shown i n  F i g .  5 .  Under t h e s e  c o n d i t i o n s  t h e  f i r s t  phase  of  

g l u c o s e - s t i m u l a t e d  i n s u l i n  r e l e a s e  was a lmos t  comple t e ly  a b o l i s h e d  

by t r i f l u o p e r a z i n e .  When comparing t h e  i n c r e m e n t a l  i n t e g r a t e d  

i n s u l i n  r e l e a s e  between min 4 7  and 51 t o  t h a t  o f  t h e  c o n t r o l  

expe r imen t s  shown i n  F i g .  4 ,  t h e  r e l e a s e  was i n h i b i t e d  by 8 6 % .  
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The i n c r e m e n t a l ,  i n t e g r a t e d  i n s u l i n  r e l e a s e  was 1 6 1 2 1 Z p g / i s l e t ,  

n = 10, and 2 9 t 3 ,  n = 8,  f o r  c o n t r o l s  and t r i f l u o p e r a z i n e  r e -  

s p e c t i v e l y .  The r a t e  of  i n s u l i n  r e l e a s e  i n c r e a s e d  s l i g h t l y  d u r i n g  

second p h a s e ,  y i e l d i n g  an  i n h i b i t i o n  o f  t h e  i n c r e m e n t a l  i n s u l i n  

r e l e a s e  by 68%.  The i n s u l i n  r e l e a s e  was 1455287 p g / i s l e t ,  n = 10,  

and 463+30, n = 8 ,  f o r  c o n t r o l s  and t r i f l u o p e r a z i n e  r e s p e c t i v e l y .  

These v a l u e s  shou ld  b e  compared w i t h  t h e  i n s u l i n  r e l e a s e  d u r i n g  

second phase  when t r i f l u o p e r a z i n e  was added t o g e t h e r  w i t h  t h e  

g l u c o s e - s t i m u l u s  ( F i g .  4 ) .  Under t h e s e  c o n d i t i o n s  t h e  i n c r e m e n t a l  

i n s u l i n  r e l e a s e  was 646276 p g / i s l e t ,  n = 10. The i n c r e a s e d  l e n g t h  

of exposure  o f  t h e  i s l e t s  t o  t r i f l u o p e r a z i n e  had t h u s  d r a m a t i c  

e f f e c t s  on t h e  f i r s t  phase  of  i n s u l i n  r e l e a s e ,  b u t  on ly  a s l i g h t l y  

f u r t h e r  i n h i b i t o r y  e f f e c t  on t h e  second phase .  The p a t t e r n  of  

45Ca" e f f l u x  was a l s o  comple t e ly  a l t e r e d  under  t h e s e  c o n d i t i o n s .  

I n  t h e  p r e s e n c e  o f  t r i f l u o p e r a z i n e  t h e r e  was a comple te  i n h i b i -  
t i o n  of  t h e  s t i m u l a t i o n  of 4 5 ~ a + +  e f f l u x  d u r i n g  t h e  f i r s t  phase .  
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Tritluoperaz,ne 100 kM 

1507 T 

Fig .  5 
E f f e c t  of  t r i f l u o p e r a z i n e  
on g l u c o s e - s t i m u l a t e d  
45Ca++ e f f l u x  and i n s u l i n  
r e l e a s e  when added Smin 
p r i o r  t o  g lucose - s t imu-  
l a  t i  on. 

I 
I -f 

L I I 

0' I 
LO 50 60 70 80 

Time (minutes) 

I n s t e a d ,  45Ca++ e f f l u x  g r a d u a l l y  d e c l i n e d  t o  r e a c h  a n a d i r  a t  

55min. T h e r e a f t e r  t h e  e f f l u x  o f  45Ca++-gradual ly  i n c r e a s e d  t o  

r e a c h  r a t e s  s l i g h t l y  h i g h e r  t h a n  t h o s e  r eached  w i t h  g l u c o s e  a l o n e  

a t  t h e  end of  t h e  p e r i f u s i o n  (compare F i g s .  4 and 5 ) .  

The e f f e c t  o f  t r i f l u o p e r a z i n e  main ly  on t h e  f i r s t  phase  of 

i n s u l i n  r e l e a s e  and 45Ca++ e f f l u x  t h u s  depends on t h e  t ime of 

a d d i t i o n  of  t h i s  d r u g .  T h i s  may, a t  l e a s t  i n  p a r t ,  be  due t o  a 

d e l a y e d  o n s e t  of  a c t i o n .  The e a r l i e s t  d e t e c t a b l e  e f f e c t  i s  t h e  

i n h i b i t i o n  o f  45Ca++ e f f l u x  a t  Smin ( F i g .  4 ) .  

i s l e t s  f o r  5min a p p e a r s  t o  be  s u f f i c i e n t  t o  c a u s e  o p t i m a l  i n h i b i -  

t i o n  o f  i n s u l i n  r e l e a s e  by t r i f l u o p e r a z i n e .  However, w h i l e  t h e  

f i r s t  phase  of  i n s u l i n  r e l e a s e  was a lmos t  a b o l i s h e d  under  t h e s e  

c o n d i t i o n s ,  t h e  second phase  was o n l y  p a r t i a l l y  i n h i b i t e d .  T h i s  

p a t t e r n  o f  i n h i b i t i o n  by t r i f l u o p e r a z i n e  c o n t r a s t s  markedly t o  

t h a t  obse rved  w i t h  v e r a p a m i l .  I n  t h e  c a s e  o f  v e r a p a m i l ,  t h e  

Exposure o f  t h e  
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f i r s t  phase  of  g lucose - induced  i n s u l i n  r e l e a s e  was n o t  i n h i b i t e d  

even when t h e  drug  was added p r i o r  t o  t h e  s t i m u l u s  ( F i g .  3 ) .  Glu- 

c o s e - s t i m u l a t e d  Ca++ u p t a k e  was i n h i b i t e d  by b o t h  ve rapami l  and 

t r i f l u o p e r a z i n e ,  a l b e i t  more markedly i n  t h e  p r e s e n c e  of  ve rapami l .  

These o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  i n h i b i t i o n  of f i r s t  phase  

i n s u l i n  r e l e a s e  by t r i f l u o p e r a z i n e  i s  n o t  due t o  t h e  i n h i b i t i o n  of  

Ca++ u p t a k e  . 
I n  a d d i t i o n  t o  t h e  i n h i b i t o r y  a c t i o n  on Ca++ u p t a k e ,  t r i f l u o -  

p e r a z i n e  may i n t e r f e r e  w i t h  i s l e t  c e l l  Ca+' h a n d l i n g  by a d i f f e r e n t  

mechanism. Although t h e  p r o c e s s  u n d e r l y i n g  t h e  s t i m u l a t i o n  of 

45Ca++ e f f l u x  by g l u c o s e  i s  n o t  w e l l  u n d e r s t o o d ,  t h e  e f f l u x  may, 
a t  l e a s t  i n  p a r t ,  r e f l e c t  an a c t i o n  of g l u c o s e  on i n t r a c e l l u l a r  

ca lc ium s t o r e s .  The s t r o n g  i n h i b i t i o n  of  45Ca++ e f f l u x  by t r i -  
f l u o p e r a z i n e  ( F i g .  5 )  s u g g e s t s  t h a t  t h e  drug  may a c t  by i n t e r -  

f e r i n g  w i t h  t h i s  i n t r a c e l l u l a r  a c t i o n  of  g l u c o s e .  From s e v e r a l  

p r e v i o u s  s t u d i e s ,  i n c l u d i n g  t h e  u s e  of  ve rapami l  ( 1 8 , 2 0 )  o r  i s l e t s  
w i t h  i n c r e a s e d  i n t r a c e l l u l a r  ca l c ium s t o r e s  f o l l o w i n g  i n c u b a t i o n  

i n  h i g h  c o n c e n t r a t i o n s  of  i n o r g a n i c  phospha te  ( 6 , 2 0 ) ,  i t  was con- 

c luded  t h a t  g l u c o s e  g e n e r a t e s  t h e  f i r s t  phase  o f  i n s u l i n  r e l e a s e  

and p a r t  o f  t h e  second phase  by an a c t i o n  on c e l l u l a r  ca lc ium 

s t o r e s .  I n t e r f e r e n c e  w i t h  t h i s  a c t i o n  o f  g l u c o s e  c o u l d  t h e r e f o r e  

be expec ted  t o  r e s u l t  i n  t h e  p a t t e r n  of i n h i b i t i o n  of i n s u l i n  re- 
l e a s e  s e e n  w i t h  t r i f l u o p e r a z i n e  (F ig .  5 ) .  

T r i f l u o p e r a z i n e  was used  t o  a s s e s s  t h e  involvement  o f  calmodu- 

l i n  i n  s t i m u l u s - s e c r e t i o n  coup l ing  i n  t h e  D-cell. Three  l i n e s  of  

ev idence  s u p p o r t  t h e  s p e c i f i c i t y  of  t h e  a c t i o n  o f  t h e  d rug .  F i r s t ,  

w h i l e  i n s u l i n  r e l e a s e  i n  r e s p o n s e  t o  g l u c o s e  o r  g l y c e r a l d e h y d e  i s  

i n h i b i t e d  by t h e  d r u g ,  t h a t  due t o  r a i s e d  c y c l i c  AMP l e v e l s  i s  
n o t  ( 7 ) .  Secondly ,  two p r o c e s s e s  p robab ly  l ess  dependent  on t h e  

c o n c e n t r a t i o n  of  c y t o s o l  Ca t h a n  t h e  r e l e a s e  mechanism, a r e  n o t  

a f f e c t e d  by t r i f l u o p e r a z i n e .  These a r e  g l u c o s e  metabol i sm by t h e  

i s l e t s  ( 1 , 1 5 )  and g l u c o s e - s t i m u l a t e d  i n s u l i n  b i o s y n t h e s i s  (1). 

T h i r d l y ,  a good c o r r e l a t i o n  between t h e  po tency  of  i n h i b i t i o n  of  

g l u c o s e - s t i m u l a t e d  i n s u l i n  r e l e a s e  and t h e  i n h i b i t i o n  of b r a i n  

p h o s p h o d i e s t e r a s e  a c t i v i t y ,  h a s  been  r e p o r t e d  f o r  s e v e r a l  pheno- 

t h i a z i n e s ,  i n c l u d i n g  t r i f l u o p e r a z i n e  (1) .  The d e f i n i t i o n  o f  t h e  

s i t e s  o f  a c t i o n  of t r i f l u o p e r a z i n e  may h e l p  t o  c l a r i f y  t h e  s i t e s  

of involvement  of ca lmodu l in  i n  t h e  g lucose - induced  i n s u l i n  

++ 
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r e l e a s e .  A s  i n s u l i n  r e l e a s e  s t i m u l a t e d  by c y c l i c  AMP was n o t  
a f f e c t e d  by t r i f l u o p e r a z i n e ,  i t  i s  u n l i k e l y  t h a t  ca lmodu l in  i s  

i n v o l v e d  i n  t h e  p r o c e s s  o f  e x o c y t o s i s  p e r  se  (7,19). 
s t i m u l a t e d  by e i t h e r  g l u c o s e  (Tab le  1) o r  d e p o l a r i s i n g  concen- 

t r a t i o n s  of K +  ( C . B .  Wollheim, unpub l i shed  o b s e r v a t i o n s )  was i n -  

h i b i t e d  by t r i f l u o p e r a z i n e .  Calmodulin appea r s  t h u s  t o  be invo lved  

i n  t h e  a c t i v a t i o n  of  Ca++ channe l s  i n  t h e  plasma membrane. A 

second s i t e  of involvement  of  ca lmodu l in  seems t o  be  t h e  mechanism 

by which g l u c o s e  a c t s  on c e l l u l a r  ca l c ium s t o r e s  t o  r a i s e  c y t o s o l  

Ca++ ( 1 9 ) .  F u r t h e r  s t u d i e s  a r e  r e q u i r e d  t o  d e l i n e a t e  t h e  enzyme 

sys tems invo lved  i n  t h e s e  p r o c e s s e s .  

3 .  E f f e c t  o f  ouaba in  

Ca++ u p t a k e  

By u s i n g  v e r a p a m i l  i t  was shown t h a t  t h e  s t i m u l a t i o n  o f  Ca++ 

u p t a k e  i s  n o t  i n v o l v e d  i n  t h e  g e n e r a t i o n  of  f i r s t - p h a s e i n s u l i n  

r e l e a s e  induced  by g l u c o s e  (18 )  b u t  i s  i n v o l v e d  i n  t h a t  induced  by 

K+ (20) o r  a c e t y l c h o l i n e  ( 2 1 ) .  I f  g l u c o s e  a c t s  on i n t r a c e l l u l a r  

ca l c ium s t o r e s  t o  g e n e r a t e  t h e  f i r s t  phase  of  i n s u l i n  r e l e a s e ,  i t  

shou ld  be  p o s s i b l e  t o  s t i m u l a t e  r e l e a s e  i n  t h e  absence  of  e x t r a -  

c e l l u l a r  Ca++.  

f u s a t e  on ly  a t  t h e  t ime  o f  g l u c o s e  a d d i t i o n ,  t h e r e  was a n  immedi- 

a t e ,  d r a m a t i c  i n h i b i t i o n  of  i n s u l i n  re lease .  A s  can  b e  s e e n  i n  

F ig .  6 ,  t h i s  manoeuvre caused  an  i n h i b i t i o n  of  
b o t h  phases  of i n s u l i n  r e l e a s e .  The i n h i b i t i o n  was 7 5 %  and 8 8 %  

f o r  f i r s t  and second phase ,  r e s p e c t i v e l y  ( 1 4 ) .  T h i s  r a p i d  i n h i b i -  

t i o n  o f  i n s u l i n  r e l ease  by t h e  removal  of  e x t r a c e l l u l a r  Ca++ has  

been  though t  t o  be  due  t o  a r a p i d  l o s s  of ca lc ium from a c r i t i c a l ,  

l a b i l e  poo l  i n  t h e  8 - c e l l s  ( 3 , 1 4 ) .  I t  may b e  t h i s ,  h y p o t h e t i c a l ,  

ca l c ium pool  upon which g l u c o s e  a c t s  t o  m o b i l i s e  ca l c ium f o r  t h e  

f i r s t  phase  i n s u l i n  r e l e a s e .  

However, even when Ca++ was removed from t h e  p e r i -  

L ike  o t h e r  c e l l  t y p e s  t h e  P - c e l l  plasma membrane a p p e a r s  t o  

have  a n  Na/Ca c o u n t e r - t r a n s p o r t  mechanism. I n  t h i s  p r o c e s s  t h e  

main tenance  of  a h i g h  Na+ g r a d i e n t  a c r o s s  t h e  plasma membrane 

f a v o u r s  t h e  e x t r u s i o n  o f  Ca++ a g a i n s t  i t s  e l e c t r o c h e m i c a l  g r a d i e n t  

(4,14). D i s s i p a t i o n  of t h e  Na+ g r a d i e n t  r e s u l t s  i n  a d e c r e a s e  of  
Ca++ e f f l u x .  Ouabain,  which i n h i b i t s  t h e  Na-pump, and i n c r e a s e s  

i n t r a c e l l u l a r  Na, c a u s e s  an  i n i t i a l  i n h i b i t i o n  of  Ca++ e f f l u x  

fo l lowed  by a de l ayed  s t i m u l a t i o n  of t h e  e f f l u x .  I t  was found 

t h a t  ouaba in  immedia te ly  i n h i b i t e d  Ca++ e f f l u x ,  w h i l e  g l u c o s e  on ly  
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E f f e c t  o f  Ca++ removal  and ouaba in  on 
g l u c o s e - s t i m u l a t e d  i n s u l i n  r e l e a s e .  1 m M  

ouaba in  was added a t  t h e  t ime  of  Ca++ removal  
t o g e t h e r  w i t h  16.7mM g lucose .  For t h e  medium w i t h -  
o u t  Ca", CaCl2 was o m i t t e d  from t h e  b u f f e r  i n  t h e  

0 Ca++ c o n d i t i o n s  

i n h i b i t e d  t h e  e f f l u x  a f t e r  a lmin  l a g  ( 1 4 ) .  The immediate  i n h i b i -  

t i o n  of Ca++ e f f l u x  cou ld  p r e v e n t  a l o s s  of c e l l u l a r  ca lc ium and,  

c o n s e q u e n t l y ,  a l low g l u c o s e  t o  u s e  c e l l u l a r  ca l c ium t o  i n i t i a t e  

i n s u l i n  r e l e a s e ,  even i n  t h e  absence  of e x t r a c e l l u l a r  C a + + .  I n -  

deed ,  t h e  a d d i t i o n  of o u a b a i n  t o g e t h e r  w i t h  16.7mM g l u c o s e  a t  t h e  

t ime  

f i r s t  phase  o f  i n s u l i n  r e l e a s e  ( F i g .  6 ) .  The second phase  was r e -  

s t o r e d  t o  approx ima te ly  60%.  T h i s  r e l e a s e  p a t t e r n  r e sembles  t h a t  

obse rved  w i t h  ve rapami l  ( F i g .  Z ) ,  o r ,  under  c e r t a i n  c o n d i t i o n s ,  

w i t h  t r i f l u o p e r a z i n e  ( F i g .  4 ) .  A common f e a t u r e  of  a l l  t h e s e  ex- 

p e r i m e n t a l  s i t u a t i o n s  i s  t h a t  t h e  Ca++ u p t a k e  from t h e  e x t r a c e l l u -  

l a r  f l u i d  i s  i n h i b i t e d .  

e f f l u x  by ouaba in  was s i m i l a r  t o  t h a t  o f  g l u c o s e ,  t h e  a d d i t i o n  o f  

ouaba in  i n  t h e  p r e s e n c e  of  2.8mM g l u c o s e  and i n  t h e  absence  of  Ca++ 

on ly  caused  10% of t h e  i n s u l i n  r e l e a s e  d u r i n g  f i r s t  p h a s e ,  and 

on ly  30% d u r i n g  second phase  o f  t h e  r e l e a s e  s e e n  w i t h  ouaba in ,  and 

1 6 . 7 n i M  g l u c o s e  i n  F i g .  6 ( 1 4 ) .  Thus,  i n h i b i t i o n  o f  Ca++ e f f l u x  

o f  Ca++ removal r e s u l t e d  i n  a comple te  r e s t o r a t i o n  o f  t h e  

Al though t h e  i n i t i a l  i n h i b i t i o n  of Ca++ 
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a l o n e  i s  n o t  s u f f i c i e n t  t o  r a i s e  c y t o s o l  Ca++ t o  l e v e l s  h igh  

enough t o  induce  i n s u l i n  r e l e a s e .  I n  c o n t r a s t ,  g l u c o s e  i s  a b l e  

t o  e l i c i t  f i r s t  phase  i n s u l i n  r e l e a s e  i n  t h e  p r e s e n c e  of  ouaba in ,  

even  when O.lmM EGTA was added t o  t h e  medium ( 1 4 ) .  T r i f l u o p e r a z i n e  

comple t e ly  i n h i b i t e d  t h e  s t i m u l a t i o n  of i n s u l i n  r e l e a s e  under  

t h e s e  c o n d i t i o n s  ( C . B .  Wollheim, unpub l i shed  o b s e r v a t i o n s )  . These 

o b s e r v a t i o n s  f a v o u r  t h e  c o n c l u s i o n  t h a t  g l u c o s e  i n c r e a s e s  c y t o s o l  

Ca++ by a c t i n g  on c e l l u l a r  ca lc ium s t o r e s .  

4 .  Summary and c o n c l u s i o n s  

The a d d i t i o n  of  t r i f l u o p e r a z i n e  t o g e t h e r  w i t h  h i g h  g l u c o s e  

r e s u l t e d  i n  a d e c r e a s e  of g l u c o s e - s t i m u l a t e d  Ca++ u p t a k e .  

Although Ca++ u p t a k e  was l e s s  i n h i b i t e d  t h a n  i n  t h e  p r e s e n c e  of 

v e r a p a m i l ,  b o t h  d rugs  caused  a s imi l a r  p a t t e r n  of  i n h i b i t i o n  of 

i n s u l i n  r e l e a s e .  The f i r s t  phase  of  g l u c o s e - s t i m u l a t e d  i n s u l i n  

r e l e a s e  was n o t  a f f e c t e d ,  w h i l e  second phase  was i n h i b i t e d  by 

approx ima te ly  5 0 % .  A d d i t i o n  of t r i f l u o p e r a z i n e  p r i o r  t o  t h e  

a d d i t i o n  of  g l u c o s e  r e v e a l e d  an  a d d i t i o n a l  e f f e c t  o f  t h e  drug .  

Under t h e s e  c o n d i t i o n s  t h e  f i r s t  peak of  g l u c o s e - s t i m u l a t e d  45Ca++ 

e f f l u x  was comple t e ly  a b s e n t .  T h i s  was a s s o c i a t e d  w i t h  a com- 

p l e t e  i n h i b i t i o n  of t h e  f i r s t  p h a s e ,  and a p a r t i a l  i n h i b i t i o n  of  

t h e  second phase  of  i n s u l i n  r e l e a s e .  T r i f l u o p e r a z i n e  appea r s  t o  

i n t e r f e r e  on t h e  one hand w i t h  t h e  opening  of v o l t a g e - s e n s i t i v e  

Ca++ channe l s  i n  t h e  plasma membrane, and on t h e  o t h e r  hand,  w i t h  

t h e  mechanism by which  g l u c o s e  a c t s  on c e l l u l a r  ca l c ium s t o r e s .  

I n  t h e  absence  of  e x t r a c e l l u l a r  Ca++,  g l u c o s e - s t i m u l a t e d  i n s u l i n  

r e l e a s e  was a lmos t  comple t e ly  a b o l i s h e d .  I n h i b i t i o n  of  t h e  Na+- 

pump by ouaba in  enab led  g l u c o s e  t o  e l i c i t  a normal f i r s t  phase  

and a ha l f -no rma l  second  phase  even i n  t h e  absence  of e x t r a -  

c e l l u l a r  Ca". Ouabain ,  which l i k e  g l u c o s e  d e c r e a s e s  t h e  e f f l u x  

of Ca", cannot  mimick t h e  e f f e c t  o f  g l u c o s e  on t h e  e a r l y  phase  

o f  i n s u l i n  r e l e a s e .  

I t  i s  concluded  from t h e s e  r e s u l t s  t h a t  g l u c o s e  a c t s  on c e l l u -  

l a r  ca l c ium s t o r e s  t o  r a i s e  c y t o s o l  Ca+" f o r  t h e  g e n e r a t i o n  of  

t h e  f i r s t  p h a s e ,  and p a r t  of t h e  second p h a s e ,  of i n s u l i n  r e l e a s e .  

The s t i m u l a t i o n  of  Ca++ up take  by g l u c o s e  c o n t r i b u t e s  t o  t h e  f u l l  

development  of  t h e  second phase .  The a c t i o n  of g l u c o s e  on i n t r a -  

c e l l u l a r  ca l c ium s t o r e s  i n v o l v e s  ca lmodu l in ,  s i n c e  i t  i s  s e n s i t i v e  

t o  t r i f l u o p e r a z i n e .  
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