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T h e  e x i s t e n c e  of  n o n - a d r e n e r g i c ,  n o n - c h o l i n e r g i c  n e r v e s  in  t h e  ve r t e -  
b r a t e  a u t o n o m i c  n e r v o u s  s y s t e m  is r e c e n t l y  r e c o g n i z e d  (7). E v i d e n c e  h a s  
b e e n  p r e s e n t e d  t h a t  a p u r i n e  n u c l e o t i d e ,  p r o b a b l y  a d e n o s i n e  t r i p h o s p h a t e  
(ATP) ,  is  t h e  n e u r o t r a n s m i t t e r  in  a t  l e a s t  s o m e  of t h e s e  n e r v e s  (5) a n d  t h e y  
h a v e  t h e r e f o r e  b e e n  c a l l e d  " p u r i n e r g i c "  (6). I n  1978 B u r n s t o c k  o f f e r e d  
d i r e c t  e v i d e n c e  for  A T P  r e l e a s e  f r o m  n o n - a d r e n e r g i c ,  n o n  c h o l i n e r g i c  
" P u r i n e r g i c "  n e r v e s  (10). 

T h e  h i g h  s e n s i t i v i t y  of s m o o t h  m u s c l e  to  a d e n i n e  n u c l e o t i d e s  w a s  
r e c o g n i z e d  l o n g  b e f o r e  i t  w a s  p o s t u l a t e d  t h a t  A T P  w a s  a n e u r o t r a n s m i t t e r  
(15). T h e  f o r m  a n d  t i m e  c o u r s e  of t h e  r e s p o n s e  to  e x o g e n o u s l y  a p p l i e d  
A T P  c l o s e l y  m i m i c s  t h a t  of p u r i n e r g i c  n e r v e  s t i m u l a t i o n .  T y p i c a l l y ,  t h e  
r e l a x a t i o n  p r o d u c e d  b y  A T P  or  b y  n e r v e  s t i m u l a t i o n  r a p i d l y  r e a c h e s  a 
m a x i m u m  w h i c h  q u i c k l y  d e c l i n e s ,  t h i s  is in  c o n t r a s t  to  t h e  i n h i b i t o r y  
r e s p o n s e s  to  n o r a d r e n a l i n e  a n d  s y m p a t h e t i c  n e r v e  s t i m u l a t i o n  w h i c h  
r e a c h  a m a x i m u m  m o r e  s l o w l y  a n d  a re  m a i n t a i n e d  for  a l o n g e r  t i m e  (8). 

I n  a p r e v i o u s  s t u d y  o n  t h e  e f f ec t  of  e x o g e n o u s  A T P  o n  i n s u l i n  s e c r e t i o n  
w e  f o u n d  t h a t  t h e r e  w a s  i m m e d i a t e  a n d  e x c e s s i v e  p r o d u c t i o n  of i n s u l i n  
r e l e a s e  in  t h e  p o r t a l  v e i n  a f t e r  A T P  i n j e c t i o n  in  t h e  c a r o t i d  a r t e r y  (45). T h u s  
t h e  e f f ec t  of A T P  on  i n s u l i n  s e c r e t i o n  is a r a p i d  p r o c e s s ,  t h e r e f o r e  i t  s h o u l d  
o c c u r  t h r o u g h  n e r v o u s  m e c h a n i s m .  I t  a l so  r a i s e s  t h e  p o s s i b i l i t y  t h a t  
p u r i n e r g i c  n e r v e s  r e g u l a t e  i n s u l i n  s ec re t i on .  

T h e  p r e s e n t  w o r k  is to  d i s c u s s  t h e  p o s s i b l e  ro l e  of p u r i n e r g i c  n e r v e s  in  
i n s u l i n  s e c r e t i o n .  

Materials and methods*) 

Experimental procedures 

Male albino rats, of the Wistar strain weighing from 150 to 200 g and fed stock 
diet, were used throughout the experiment. Food and water were allowed ad 
libitum. The effect of ATP after intravenous glucose administration was investi- 
gated in normal and partially alloxan diabetic groups, each group was divided into 
two subgroups with and without ATP. 

In all groups bilateral adrenalectomy was carried out under hexobarbital anes- 
thesia. The effect of adrenalectomy on insulin secretion was discussed in another 
publication (46). 

i) The practical work was carried out in the Central Institute of Diabetes 
Gerhardt Katsch) Karlsburg, DDR. 
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Blood samples (0.3-0.5 ml) were drawn from the cannula in the external jugular 
vein, using heparinized Eppendorf  centrifuge tubes which were stored immediately 
at 4 ~ Aliquots of blood (0.01 ml) were used for determining the glucose enzymati- 
cally by glucose oxidase method (22). 

The blood samples were centrifuged, and the separated plasma was kept in a 
deep-freeze for later insulin assay. 

The radioimmunologically reactive insulin (IRI) was analyzed using alcohol 
precipitation according to the back-titration principle of Wright (49). Pure rat 
insulin was used as reference standard. Standard dilutions as well as the rat plasma 
samples (dilution 1',1) were incubated at room temperature overnight with an ex- 
cess of anti-pig-insulin serum. The free antibodies were titrated back by the sub- 
sequent addition of an excess of I125winsulin (ZeiK Rossendorf/Dresden, 70 mCi/ 
rag). Alcohol is used to separate free from antibody bound insulin. 

Antibody bound insulin 1125 thus precipitated was counted by a Scintillation 
Counter and the insulin value was calculated. For all dilutions a 0.04 M phosphate 
buffer with 0.3% bovine serum albumin (pH 7.4) was used. 

Glucose tolerance 

Glucose (1 g/kg body wt) in a 20 percent solution was injected in one minute  into 
the exposed external jugular vein, after overnight fast. Blood was withdrawn from 
the jugular vein before and at 2, 5, 10, 30 and 60 minutes after glucose injection. ATP 
(Richter) 2 mg/rat in 0.2 ml saline was injected immediately after glucose adminis- 
tration. 

AHoxan diabetes 

Alloxan (60 mg/kg) was injected into a tail vein after 24 hours fast. A_Uoxan was 
dissolved in citric acid phosphate buffer pH 4 immediately before injection. Final 
concentration was 24 mg/ml. The diabetic animals used were those who had mild 
diabetes of non-fasting blood glucose levels of about 200 rag/100 ml. 

A new set of experiments  were performed in which the carotid artery was 
cannulated for arterial inflow and the portal vein was cannulated to collect the 
venous effluent. Each catheter was washed by syringing with physiological saline 
containing heparin (1%) after each blood withdrawal. After completing both cathe- 
terizations, the rat was allowed to stabilize for at least 15 rain in order to recover 
from the immediate  effect of these procedures. 

Insulin secretion in the portal vein was determined before and after injection of 
glucose and glucose plus ATP, at 2, 5, 10 and 30 minutes. 

R e s u l t s  a n d  d i s c u s s i o n  

A n a t o m i c a l  s t u d i e s  r e v e a l e d  t h a t  t h e  p a n c r e a s  r e c e i v e s  a g e n e r o u s  
s u p p l y  of n e r v e  f i be r s  v i a  t h e  p a n c r e a t i c  n e r v e s ,  w h i c h  e n t e r  t h e  o r g a n  
w i t h  t he  p a n c r e a t i c  a r t e r i e s  (48). A l t h o u g h  the  i n n e r v a t i o n  of  t h e  p a n c r e a s  
has  l o n g  b e e n  k n o w n  to  a f fec t  t h e  s e c r e t i o n  of  t h e  e x o c r i n e  p a n c r e a s ,  less  
a t t e n t i o n  has  b e e n  p a i d  to  p o s s i b l e  e f f ec t s  on  t h e  e n d o c r i n e  p a n c r e a s .  

R e s e a r c h  on  i n s u l i n  s e c r e t i o n  un t i l  v e r y  r e c e n t l y  has  dea l t  p r i m a r i l y  
w i t h  c i r c u l a t i n g  fac tors .  P o s s i b l e  r e a s o n s  are:  
a) S e v e r a l  ea r ly  e x p e r i m e n t s  i n d i c a t e d  t h a t  d e n e r v a t i o n  of  t h e  p a n c r e a s  

h a d  l i t t le  or  no  e f f e c t  on  b l o o d  g l u c o s e  r e g u l a t i o n  (e.g. 1.). 
b) I n s u l i n  s e c r e t i o n  is o b s e r v e d  in  p r e p a r a t i o n s  in  v i t r o  a n d  a p p e a r s  to be  

a n a l o g o u s  to  t h a t  o b s e r v e d  in  v ivo ,  a n d  
e) t r a n s p l a n t e d  p a n c r e a s  is r e p o r t e d  to  m a i n t a i n  b l o o d  g l u c o s e  w i t h i n  t h e  

n o r m a l  r a n g e  (3). 
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This evidence, coupled  with the obvious  control  of the endocr ine  
pancreas  by  blood glucose  and other  circulat ing factors, appears  to have 
overshadowed  exper iments  on potential  neural  influences. 

Nevertheless  l i terature dealing with au tonomic  influences on the secre- 
t ion of the endocr ine  pancreas  pointed  out that  s t imulat ion of the para- 
sympathe t ic  nervous  sys tem leads to insuhn secretion, whe the r  at the 
lateral hypo tha lamic  nuclei, the moto r  nuclei of the vagus,  the vagal 
t runks,  or the mixed  pancreat ic  nerves. St imulat ion of the sympathe t ic  
nervous  sys tem inhibits insulin secretion, this occurr ing  at the vent rome-  
dial hypo tha lamic  nuclei, the sp lanchnic  nerves, or the mixed  pancreat ic  
nerves (48). 

Two categories of reflex secretion of insulin media ted  by the nervous  
sys tem are described.  In  one, insulin is secreted when  the brain is exposed  
to an increase of glucose uptake,  an effect that  is el iminated by  inactiva- 
t ion of the vagus  nerves: In  the other, secretion of insulin is elicited by 
food-related stimuli (sight, smell, taste, etc.) unrelated to the  caloric chal- 
lenge to the pancreas.Thus,  insulin secret ion is shown to be b rough t  unde r  
arbi t rary s t imulus control  th rough  condi t ioning p rocedure  (48). 

Most  ver tebrate  species have a rich supply  of au tonomic  neurons  to the 
islets of Langerhans .  In  general, bo th  adrenergic  and  cholinergic fibers 
innervate all three types of islet secretory cells, a l though there are species 
differences in the relative amoun t s  of these two fiber types  (48). 

Exper iments  done by B u r n s t o c k  over the past  decade have revealed a 
third c o m p o n e n t  in the au tonomic  nervous  sys tem which  is nei ther  adren- 
ergic nor  cholinergic. These  nerves  are s t rongly represented  in the gastro- 
intestinal tract  of a wide range of ver tebra te  species and have also been 
identified in lung, trachea,  bladder,  oesophagus,  eye, seminal vesicle and 
in some parts of the cardio-vascular  sys tem and brain. 

In  tissues where  purinergic nerves have been demons t ra t ed  experi- 
mentally, nerve profiles can be seen which  are different f rom those of 
adrenergic,  cholinergic or sensory  neurons.  These profiles contain  a pre- 
dominance  of "large opaque  vesicles" which  can be dis t inguished f rom 
"large granular  vesicles" found in small numbers  in bo th  adrenergic  and 
cholinergic nerves. Large  opaque  vesicles are larger (80-200 nm) than  the 
large granular  vesicles (60-120 nm), have a less p rominen t  halo be tween  
the granular  core and the vesicle m e m b r a n e  and have a less granular  
matr ix  (8). 

In the pancreas  however,  electron mic roscopy  has also revealed the 
nature  of the neural  e lements  conta ined within  the  islets. 

Several  categories of neuron  terminals have been differentiated within 
the islets according  to the type of "synapt ic"  vesicles present.  There  
appears  to be two major  categories exist: those main ly  containing small 
(200-500 A) e lectron-lucent  (agranular) vesicles and  those mainly  contain- 
ing small (300-500 A) electro-lucent  vesicles with electron-dense or gran- 
ular cores (25, 41). The former  ca tegory  of vesicles is generally held to be 
cholinergic (36) and the latter adrenergic  (4, 36). 

Both  categories of neuron  terminals  m a y  contain addit ional  larger 
(500-1000 A) cored vesicles (48). 

This last ca tegory  of "larger vesicles" m ay  be purinergic neuron  termi- 
nals. 
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A c c o r d i n g  t o  B u r n s t o c k  (8) t h e  p u r i n e r g i c  n e r v e  h y p o t h e s i s  i n c l u d e s  
t h e  f o l l o w i n g  e v i d e n c e s :  (1) s y n t h e s i s  a n d  s t o r a g e  of  A T P  i n  n e r v e s ;  (2) 
r e l e a s e  of  A T P  f r o m  t h e  n e r v e s  w h e n  t h e y  a r e  s t i m u l a t e d ;  (3) m i m i c r y  b y  
e x o g e n o u s l y  a p p l i e d  A T P  of  t h e  a c t i o n  o f  n e r v e  r e l e a s e d  t r a n s m i t t e r ;  (4) 
t h e  p r e s e n c e  of  M g  2-+ a c t i v a t e d  A T P a s e ,  5 - n u c l e o t i d a s e  a n d  a d e n o s i n e  
d e a m i n a s e ,  e n z y m e s  w h i c h  i n a c t i v a t e  A T P ;  (5) t h e  s i m i l a r  b l o c k i n g  a n d  
p o t e n t i a t i n g  e f f e c t s  p r o d u c e d  b y  d r u g s  o n  t h e  r e s p o n s e s  t o  e x o g e n o u s l y  
a p p l i e d  A T P  a n d  n e r v e  s t i m u l a t i o n .  

L i t t l e  is  k n o w n  a b o u t  t h e  p a r t i c i p a t i o n  o f  a d e n o s i n e  t r i p h o s p h a t e  
( A T P )  i n  t h e  e v e n t s  l e a d i n g  t o  r e l e a s e  o f  i n s u l i n  f r o m  t h e  p a n c r e a t i c  B -  
ce l l s .  A n  i n d i r e c t  i m p o r t a n c e  o f  A T P  is  s u g g e s t e d  b y  i t s  r o l e  a s  p a r e n t  
s u b s t a n c e  f o r  c y c l i c  A M P  w h i c h  i s  c o n s i d e r e d  t o  a c t  a s  a n  i n t r a c e l l u l a r  
s i g n a l  f o r  i n s u l i n  r e l e a s e  (26, 39). R .  C a n d e l a  (34) p r o v i d e d  i n  v i v o  d a t a  
i n d i c a t i n g  t h a t  t h e  i n t r a v e n o u s  i n j e c t i o n  o f  A T P  w a s  s t i m u l a n t  t o  i n s u l i n  
s e c r e t i o n .  A l s o  b y  u s i n g  s l i c e s  o f  r a b b i t  p a n c r e a s ,  t h e  s a m e  a u t h o r  (35) 
f o u n d  t h a t  A T P  c a u s e d  i n s u l i n  s e c r e t i o n .  

T a b l e  1. 

I n t r a v e n o u s  g l ucos e  t o l e r a n c e  

0 2 5 10 30 60 ra in  

S u b  g r o u p  (a) m e a n  96 381 359 307 223 165 
Con t ro l  ra t s  S E M  • 7 • 29 • 24 • 20 • 11 • 17 

n 11 11 10 11 11 11 

S u b  g r o u p  (b) m e a n  86 377 284 231 153 113 
Con t ro l  ra t s  S E M  + 6 • 48 • 23 • 17 • 14 • 20 
+ A T P  n 8 4 8 8 8 6 

p >.05 >.05 <.01 <.01 <.01 <.02 

I n s u l i n  

0 2 5 10 30 60 ra in  

S u b  g r o u p  (a) m e a n  46 194 81 118 69 64 
Con t ro l  ra t s  S E M  • 7 • 40 • 8 • 23 • 10 • 8 

n 8 9 8 9 9 7 

S u b  g r o u p  (b) m e a n  47 161 140 143 134 121 
Con t ro l  ra t s  S E M  •  _+21 •  • 7 •  •  
+ A T P  n 8 7 8 8 8 8 

p >.05 >.05 <.01 >.05 <.01 <.01 

G/I  

0 2 5 10 30 60 m i n  

S u b  g r o u p  (a) m e a n  2.0 3.1 4.6 3.2 3.7 1.9 
Con t ro l  r a t s  S E M  _ .14 • .79 • .66 • .57 • .60 • .14 

n 7 9 8 9 9 6 
S u b  g r o u p  (b) m e a n  1.8 2.0 2.4 1.7 1.3 0.79 
Con t ro l  ra t s  S E M  _+ .14 • .26 • .34 • .14 • .13 • .09 
+ A T P  n 6 5 7 7 7 6 

p > .05 > .05 < .02 < .05 < .01 < .01 



132 Zeitschrift ff~r Ern~hrungswissenschaft, Band 18, Heft  2 (1979) 

These  ear ly  e x p e r i m e n t s  were  not  conc lus ive  b e c a u s e  insu l in  cou ld  not  
be m e a s u r e d  direct ly .  

In  the  p r e s e n t  w o r k  the r a d i o - i m m u n o l o g i c a l l y  reac t ive  insu l in  was  
d e t e r m i n e d  to eva lua t e  the  effect  of A T P  af ter  i.v. g lucose  in jec t ion  on 
insu l in  changes  in ex t e rna l  j ugu la r  vein  in n o r m a l  and  pa r t i a l ly  a l loxan  
d i abe t i c  rats.  

F r o m  the  p r e s e n t  resul ts ,  it  is c lear  t ha t  t he  an ima l s  r e s p o n d e d  to 
g lucose  and  A T P  wi th  i m m e d i a t e  and  m a x i m a l  o u t p u t  of insu l in  and  as 
the  concen t r a t i on  of sugar  in the  ex t e rna l  jugu la r  ve in  r eaches  its p e a k  so 
does  the  concen t r a t i on  of insu l in  (Table 1). 

In  A T P - t r e a t e d  rats,  the  m u c h  fas ter  c l ea rance  of b lood  sugar  was  
a s soc i a t ed  wi th  a s l ight  bu t  s ign i f ican t  inc rease  in insu l in  secre t ion .  The 
changes  in jugu la r  ve in  insu l in  was not  a s imp le  re f lec t ion  for t ha t  of the  
por ta l  vein.  S ince  the  h o r m o n e  is r e l eased  into the  por ta l  ve in  and  m u s t  
t r ave r se  the  l iver  be fo re  en te r ing  the  sys t emic  c i rcula t ion .  

Mos t  of the  t i s sues  in the  b o d y  d e g r a d e  insu l in  to some  ex ten t ,  bu t  ve ry  
l i t t le  occurs  in the  p lasma.  The l iver  is ve ry  ac t ive  in th is  r ega rd  (37). A 
large  p r o p o r t i o n  of e n d o g e n o u s  insu l in  is r e m o v e d  b y  the l iver  (37) and  the 
ra te  of hepa t i c  u p t a k e  of insul in  m a y  be  m a r k e d l y  and  r a p i d l y  a f fec ted  by  
acu te  phys io log i ca l  processes .  

Fa i lu re  to d e m o n s t r a t e  inc reased  secre t ion  as j u d g e d  b y  a bs e nc e  of any  
r ise in pe r i phe ra l  venous  insu l in  concen t r a t i on  was  i l lus t ra ted.  With in  
m i n u t e s  of s t imu la t i ng  the  thorac ic  dorsa l  vagus  t r u n k  of the  dog,  K a n e t o  
et al. (21) found  tha t  insu l in  concen t r a t i on  in por ta l  venous  p l a s m a  rose  
f rom 200 to 300 u U / m l  bu t  obse rved  no s ign i f ican t  change  in the  femora l  
ve in  (14 to 17 uU/ml).  The  ex t ens ive  d i lu t ion  of insu l in  u p o n  en te r ing  the  
sys t emic  c i rcu la t ion  and  r emova l  of insu l in  b y  the  l iver  cou ld  m a s k  ac tua l  
inc reases  in panc rea t i c  secre t ion  of insul in .  

As a d i rec t  m e a s u r e m e n t  of insu l in  sec re t ion  in vivo, we c a n n u l a t e d  the  
ca ro t id  a r t e ry  for ar ter ia l  inf low and  the  por ta l  ve in  was  c a nnu l a t e d  to 
col lec t  the  venous  effluent.  In  this  des ign  of e x p e r i m e n t s  A T P  has  a 
m a r k e d  effect  on insu l in  secre t ion,  whi l e  it  does  not  affect  the  b lood  
g lucose  level.  Thus  the  insul in  i nc reased  f rom 98 - 17 to 273 __ 80, two 
m i n u t e s  af ter  g lucose  inject ion.  While  it  i nc reased  f rom 127 +_ 30 to 775 +_ 
23 uU/ml  af ter  g lucose  and  A T P  (Table 4). The gene ra l ly  r ap id  effect  of 
A T P  on insu l in  sec re t ion  c lear ly  suppor t s  the  sugges t ion  tha t  A T P  has  i ts 
si te of ac t ion  r e s t r i c t ed  to a sur face  receptor .  

B u r n s t o c k  et  al. (9) sugges t ed  tha t  A T P  exer t s  its ac t ion  d i rec t ly  on the  
s m o o t h  m u s c l e  m e m b r a n e  t h r o u g h  speci f ic  " p u r i n e r g i c "  recep tors .  

F r o m  the p r e sen t  resul t s  it  is also clear  t ha t  A T P  c lose ly  m i m i c s  the  
r e s p o n s e  to cho l inerg ic  nerve  s t imula t ion  on insu l in  sec re t ion  (21). Bu t  the  
effect  of A T P  is more  p ronounced .  I t  is sugges t ed  the re fo re  tha t  pu r ine rg i c  
nerve  s t imu la t ion  is more  speci f ic  for insu l in  secret ion.  

In  a l loxan  d iabe t i c  rats,  it has  been  found  tha t  the  neu ron  t e rmina l s  in 
con tac t  wi th  B cells are en la rged  and  " d y s t r o p h i c "  after  the  admin i s t r a -  
t ion  of a l loxan  (41). 

In  the  p r e sen t  w o r k  the  g lucose  to l e rances  of a l loxan  d iabe t ic  ra ts  were  
abnormal ,  and  desp i t e  the  h igh  b lood  g lucose  levels,  the  p l a s m a  insu l in  
were  low and  d id  not  inc rease  af ter  g lucose  s t imu la t ion  (Table 3). 
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T a b l e  2. 

I n t r a v e n o u s  g l u c o s e  t o l e r a n c e  

0 5 10 30 60 r a i n  

A l l o x a n  d i a b e t i c  m e a n  121 303 316 282 273 
r a t s  S E M  + 13 _ 29 -+ 19 + 23 _+ 25 

n 9 8 9 9 9 

A l l o x a n  d i a b e t i c  m e a n  118 263 264 207 201 
r a t s  + A T P  S E M  _+ 8 _+ 25 +_ 26 • 28 _+ 24 

n 5 5 5 5 4 
p > .05  > .05  > .05  :>.05 > .05  

I n s u l i n  

0 5 10 30 60 m i n  

A l l o x a n  d i a b e t i c  m e a n  42 
r a t s  S E M  + 6 

n 10 

A l l o x a n  d i a b e t i c  m e a n  46 
r a t s  + A T P  S E M  +_ 10 

n 5 
p > .05  

50 52 53 48 
_ + 4  _ + 5  + _ 4  + _ 6  

9 9 9 9 

142 101 124 116 
+_ 22 _+ 17 _+ 29 _+ 16 

5 5 5 5 
<.01 < .01 <.01 <.01 

G/I 

0 5 I0 30 60 min 

A l l o x a n  d i a b e t i c  m e a n  2.8 6.0 6.0 4.9 5.6 
r a t s  S E M  +_ .8 _ .8 _ .9 _ .8 -+ .8 

n 9 9 8 9 8 

A l l o x a n  d i a b e t i c  m e a n  2.5 1.8 2.6 1.9 1.7 
r a t s  + A T P  S E M  _+ .3 _+ A _ .9 +- .7 -+ .5 

n 5 5 5 5 5 
p > .05 < .01 < .01 < .01 < ,01 

ATP can also increase insulin secretion significantly from the still 
functioning B-cells in the partially alloxan diabetic rats (Table 2). The 
effect of ATP was more pronounced on the insulinogenic index or G/I 
ratio of both normal and alloxan diabetic rats (Tables I and 2). All G/I 
values for the diabetic group were higher than those of the control and the 
diabetic group treated with ATP. This suggests an insufficient insulin 
secretion in the diabetic group which becomes normal by ATP. 

By comparing the insulin concentrations in control and alloxan diabet- 
ic rats it could be seen that normal rats responded to massive hyperglyce- 
mia after glucose injection with immediate and maximal outpouring of 
insulin, in contrast to diabetic rats which have no initial response at all. 
This indicates that the sensitivity of the diabetic rats to glucose is de- 
creased. Thus ATP could increase the sensitivity of the diabetic rats to 
glucose. 
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T a b l e  3. 

I n t r a v e n o u s  g l u c o s e  t o l e r a n c e  

0 2 5 10 30 60 m i n  

C o n t r o l  r a t s  m e a n  96 381 359 307 223 165 
S E M  • 7 •  •  •  •  ___17 
n 11 11 10 11 11 11 

A l l o x a n  d i abe t i c  m e a n  121 407 303 316 282 273 
r a t s  S E M  --+ 13 • 24 • 29 • 19 • 23 • 25 

n 9 8 8 9 9 9 
p >.05 >.05 <.05 >.05 <.05 <.01 

I n s u l i n  

0 2 5 10 30 60 m i n  

C o n t r o l  r a t s  m e a n  46 194 81 118 69 64 
S E M  •  •  _+8 •  + 1 0  •  
n 8 9 8 9 9 7 

A l l o x a n  d i abe t i c  m e a n  42 52 50 52 53 48 
r a t s  S E M  -+6 • 6 _+ 4 • 5 • 4 •  

n 10 10 9 9 9 9 
p >.05 <.01 <.05 <.01 >.05 >.05 

T a b l e  4. 

G l u c o s e  in t h e  p o r t a l  v e i n  
b e f o r e  a f te r  
n a r c o s i s  n a r c o s i s  0 2 5 10 30 ra in  

C o n t r o l  r a t s  

C o n t r o l  r a t s  
+ A T P  

m e a n  77 78 50 180 235 235 131 
S E M  • 3 • 4 • 5 • 43 • 42 • 35 • 72 
n 6 4 6 6 6 6 5 

m e a n  80 87 48 218 200 192 119 
S E M  •  •  _+2 _+32 _+12 •  •  
n 6 6 7 6 7 7 5 
p >.05 >.05 >.05 >.05 >.05 >.05 >.05 

I n s u l i n  in  t he  p o r t a l  v e i n  

0 2 5 10 30 m i n  

C o n t r o l s  r a t s  m e a n  98 273 292 330 358 
S E M  • 17 _ 80 _ 96 • 103 _ 122 
n 7 7 7 7 5 

C o n t r o l  r a t s  m e a n  127 775 778 783 766 
+ A T P  S E M  •  •  •  • 40 • 31 

n 6 6 9 9 5 
p >.05 <.001 <.001 <.001 <.001 
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Previous ly  Cerasi et al. (11) suggested  that  the defect  in the diabetic and 
prediabetic beta cell is p robab ly  l imited to the specific glucose receptor,  
the sensitivity of wh ich  to glucose is decreased.  

In the m e c h a n i s m  involved in insulin secretion, energy  expendi tu re  is 
obviously  necessary.  The insulin s t imulatory effect normal ly  p roduced  by 
glucose is abolished in the presence  of cyanide,  2,4-dinitrophenol or 
anoxia, all of wh ich  interfere wi th  oxidative processes  (27). 

Malaisse et al. (27) suggested  that  insulin secret ion could  be possibly  
initiated by ATP. L a r k i n s  and Mart in  (23) suggestes  that  the role of ATP in 
the intracellular t ranslocat ion of insulin m ay  be three-folded. 

a) For  the t ranslocat ion of newly  synthesized prote in  f rom the rough  
surfaced endoplasmic  re t iculum to the Golgi comp lex  by  way  of Golgi 
vesicles. 

b) for the format ion of ma ture  s torage granules and 
c) for the m o v e m e n t  of granules  to the p lasma m e m b r a n e  dur ing  exocy-  

tosis. 

Glucose is the major  physiological  s t imulus for insulin secretion. A 
variety of drugs and ho rmones  can either inhibit  or s t imulate insulin 
release in the presence  of glucose. Many  invest igations have shown  that  
when  the glucose concent ra t ion  is altered in vivo or in vitro there  is 
parallel change  in insulin release f rom pancreat ic  t issue (30). In  studies 
with the per fused  pancreas,  "pulse"  adminis t ra t ion  of glucose leads to an 
almost  immedia te  t ransient  release of insulin (44). 

The changes  in blood insulin dur ing  oral glucose tolerance tests are 
well defined. As the concent ra t ion  of sugar  in the blood reaches its peak, 
so does the concent ra t ion  of insulin, and both  re turn  to base line within 21/2 
hours. The peak concent ra t ion  of insulin reached is propor t ional  to the 
amoun t  of sugar  ingested (40). Less well def ined is the pat tern  of insuhn  
release that  follows in t ravenous  injection of sugar. The  peak  is p robab ly  
reached very  rapidly; S o e l d n e r  et al. (42) found a peak to be achieved 
within 1 rain, while  Se l t z e r  (40) found  the peak  response  within  5 min. 

It has been shown that  glucose absorbed  th rough  the intestine is a 
more  potent  s t imulus  than  glucose given by  in t ravenous  infusion. McIn-  
tyre and co-workers  (31) compared  the response  to con t inuous  infusion of 
90 g per hour  of glucose given either into a vein or t h rough  a tube  in the 
jejunum. The intrajejunal infusion p roduced  a smaller  elevation of the 
blood sugar; nevertheless,  insulin p roduc t ion  was greater. In  fact, the peak 
concent ra t ion  of insulin can be twice as high dur ing intrajejunal infusion 
as dur ing in t ravenous  infusion of the same glucose  load. Elr i ck  et al. (17) 
also compared  insuhn p roduc t ion  after oral and in t ravenous  glucose and  
found the former  to be more  potent  stimulus. 

One interpretat ion of these f indings as sugges ted  by  D u p r e  (14) is that  a 
ho rmone  f rom the gastrointest inal  tract  st imulates the release of insulin. 
However  after recogni t ion  that  pur inergic  nerves are s t rongly  represented  
in the gastro-intestinal tract  one may  suggest  that  glucose evokes  its 
insul inogenic signal t h rough  purinergic  nerves. 

Glucose  appears  to act directly on the secretory mechanism,  for quanti-  
ties of d in i t rophenol  sufficient to b lock insulin synthesis  do not  b lock the 
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init ial  s ec re to ry  r e s p o n s e  (19). Cerasi  et  al. (11) s u g g e s t e d  tha t  g lucose  
evokes  its i n su l inogen ic  effect  by  ac t ing  on a speci f ic  r ecep to r s  on the  be ta  
cell  m e m b r a n e .  

Also agen t s  (e.g. p lor iz in  and  3-0-methyl  glucose)  tha t  inh ib i t  ac t ive  
g lucose  t r a n s p o r t  in  o the r  t i s sues  have  no effect  on the  s t i m u l a t i o n  of 
insu l in  sec re t ion  b y  g lucose  (13). This  s u p p o r t s  the  sugges t i on  tha t  g lucose  
has  its site of ac t ion  r e s t r i c t ed  to a sur face  receptor .  

H e l l m a  et  al. (20) u s ing  obese  h y p e r - g l y c e m i c  mice  found  c o n s i d e r a b l y  
more  A T P  in the  is le ts  t han  in the  res t  of the  p a n c r e a s  af ter  s t imu la t ion  
wi th  glucose.  A T P  could  be  coming  f rom pu r ine rg i c  nerves.  

Re lease  of A T P  or its m e t a b o l i t e s  du r ing  pu r ine rg i c  nerve  s t imu la t ion  
has  been  d e m o n s t r a t e d  (39, 43). The  a m o u n t  of A T P  inc reases  2-6fold 
du r ing  i somet r i c  r e s p o n s e s  to pu r ine rg ic  ne rve  s t imula t ion .  No s ign i f ican t  
re lease  of A T P  was  d e t e c t e d  d u r i n g  d i rec t  m u s c l e  s t i m u l a t i o n  (10). 

One of the  m o s t  i m p o r t a n t  cr i ter ia  for  a s u b s t a n c e  to be  e s t ab l i shed  as a 
n e u r o t r a n s m i t t e r  is to show tha t  it  is r e l eased  du r ing  nerve  s t imu la t ion  
(16). The  f ind ing  tha t  g lucose  s t imu la t ion  inc reases  A T P  in panc rea t i c  is le t  
(20) p rov ide  e v i d e n c e  for a pu r ine rg ic  i nne rva t i on  of the  is le t  cells. Cholin-  
ergic  i nne rva t i on  of the  is le ts  could  also p l ay  a role  in the  r egu la t ion  of 
insu l in  sec re t ion  (12, 32). Ace ty l cho l ine  e n h a n c e s  the  re lease  of in su l in  (28, 
29). The panc rea t i c  B-cell  has  been  s h o w n  to have  bo th  a and  ~ a d r e ne r g i c  
r ecep to r s  (33). 

E p i n e p h r i n e  inh ib i t s  the  insu l in  sec re t ion  o rd ina r i ly  s t i m u l a t e d  b y  
h y p e r g l y c e m i a  (47). 

I t  could  be  c o n c l u d e d  the re fo re  tha t  pur inerg ic ,  cho l ine rg ic  and  adren-  
ergic  i nne rva t ion  of the  is lets  r egu la te  insu l in  secret ion.  

S imi l a r ly  m i c r o e l e c t r o d e  r e c o r d i n g  f rom in tes t ina l  s ingle  m u s c l e  cells  
has  d e m o n s t r a t e d  tha t  there  is mu l t i p l e  inne rva t ion  by  chol inergic ,  adren-  
ergic  and  "pu r ine rg i c "  nerves  (2). In  fact, as m a n y  as th ree  or more  nerve  
t e rmina l s  ( some t imes  of d i f fe ren t  types)  have  been  r e p o r t e d  close to the  
same  is le t  s ec re to ry  cell (18). 

Also  it m a y  be  p o s t u l a t e d  tha t  the  insu l in  s t i m u l a t o r y  effect  n o r m a l l y  
p r o d u c e d  b y  g lucose  is t h r o u g h  pu r ine rg ic  innerva t ion .  A n d  it cou ld  be  
poss ib l e  tha t  one  of the  causes  of d i abe t e s  is a defec t  in the  pu r ine rg i c  
i nne rva t ion  of the  is le t  cells  thus  the  sens i t iv i ty  of the  is le ts  to g lucose  is 
dec reased .  A T P  is c o n s i d e r e d  the  p r inc ipa l  t r a n s m i t t e r  r e l eased  f rom 
pur ine rg ic  ne rves  caus ing  insu l in  secret ion.  The p r e s e n c e  of e nz ym e s  
(ATPase)  which  inac t iva te  A T P  in the  insu l in  con ta in ing  g ranu les  (24) 
s u p p o r t  the  sugges t i on  tha t  ATP  is the  p r inc ipa l  t r a n s m i t t e r  r e l eased  f rom 
pur ine rg ic  nerves  caus ing  insu l in  secret ion.  

Summary  

In adrenalectomized rats the effect of i.v. injection of glucose and ATP on insulin 
changes in external jugular vein was determined in normal and alloxan diabetic 
animals. 

In another set of experiments the direct effect of ATP on insulin secretion was 
investigated. Glucose and ATP were injected in the carotid artery and the blood 
samples were withdrawn from the portal vein. 



Tahani, The purinergie nerve hypothesis and insulin secretion 137 

In  t hese  e x p e r i m e n t s  the re  was  i m m e d i a t e  and  exces s ive  p r o d u c t i o n  of insul in  
release in t he  por ta l  ve in  af ter  A T P  in jec t ion  in  the  carot id  artery.  

In a l loxan  d iabe t ic  rats,  de sp i t e  t he  h igh  b lood  g lucose  levels, t he  p l a s m a  insul in  
was  low and  d id  no t  r e s p o n d  to g lucose  s t imula t ion .  

A T P  cou ld  inc rease  the  sens i t iv i ty  of t he  d iabe t ic  rats to glucose.  
The  poss ib l e  role  of pu r ine rg ic  ne rves  in insu l in  sec re t ion  is d i scussed .  
It is c o n c l u d e d  tha t  mul t ip le  inne rva t ion  of the  islets by  pur inerg ie ,  cho l inerg ic  

arid ad rene rg i c  nerves ,  regula te  insu l in  secre t ion.  
I t  Js s u g g e s t e d  that:  

1. Pu r ine rg i c  ne rve  s t imula t ion  is m o r e  speci f ic  for insu l in  secre t ion .  
2. ATP  is c o n s i d e r e d  the  p r inc ipa l  t r a n s m i t t e r  r e leased  f rom pur ine rg i c  ne rves  

caus ing  insu l in  secre t ion.  
3. The insu l in  s t imula to ry  effect  no rma l ly  p r o d u c e d  by  g lucose  is t h r o u g h  pur ine r -  

gic nerves .  
4. It could  be  poss ib l e  t ha t  one  of the  causes  of d i abe t e s  is a de fec t  in t he  pu r ine rg i c  

i nne rva t ion  of the  islet  cells t hus  t he  sens i t iv i ty  of t he  is le ts  to g lucose  is 
dec reased .  
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