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Summary 

By comparison of activities measured with either intact or ruptured 
synaptosomes it was found that about half of the cerebral adenylate cyclase is 
presynaptic while all the membrane bound, cyclic AMP-stimulated protein 
kinase activity appears to be presynaptic with the cyclic AMP receptor facing 
inward. 

It is well established that synaptosome plasma membranes from brain con- 
rain a bound protein kinase which catalyses the phosphorylation of endogenous 
proteins and which is stimulated by cyclic AMP [1,2,3]. In addition there is a 
bound protein phosphatase which catalyses the dephosphorylation of the 
proteins [4]. The bound protein kinase and its substrate protein(s) are located 
in the region of the synaptic junction [5] but until now it was not known 
whether the system was bound to the pre- or postsynaptic membrane. It has, 
however, been found that phosphorylation of protein(s) in the intact 
synaptosome lowers the permeability of the presynaptic membrane to Ca 2 + [6]. 
While it is not known if the phosphorylation of these proteins is stimulated by 
cyclic AMP the results suggest the possibility that the cyclic AMP-stimulated" 
intrinsic protein kinase activity of the synaptic membrane may be at least 
partially presynaptic. Based on results obtained with the superior cervical 
ganglion Greengard's group have, however, proposed a generalised hypothetical 
model in which a suitable neurotransmitter interacts with a receptor on the 
postsynaptic membrane and stimulates the postsynaptic production of cyclic 
AMP. The increased concentration of cyclic AMP is postulated as stimulating 
the phosphorylation of a postsynaptic membrane protein resulting in hyper- 
polarisation [7,8]. 

While it is undoubtedly true that cyclic AMP causes postsynaptic effects 
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in the superior cervical ganglion [7,8] there is no evidence that these effects 
are mediated by phosphorylation of postsynaptic membrane proteins [ 11 ]. In 
the case of Purkinje cells, however, where cyclic AMP also causes postsynaptic 
effects [9,10], there is indirect evidence that protein phosphorylation may be 
involved [12] and the increased protein phosphorylation seen in brain slices on 
exposure to certain neurotransmitters may also be, at least partially, post- 
synaptic [13]. 

In addition to these observations it has also been found that cyclic AMP 
can have presynaptic effects, stimulating the release of acetylcholine from the 
neuromuscular junction [ 14] and noradrenalin from the hypogastric nerve [ 15]. 
For these reasons initial experiments were carried out to determine what 
proportion (if any) of the adenylate cyclase activity of brain is presynaptic. 

Synaptosomes were prepared from rat cerebral cortex as previously de- 
scribed [ 16] (their full characterisation being given in that paper) and the 
adenylate cyclase activity of the preparation measured either under isotonic 
(0.32 M sucrose) or hypotonic (0.05 M sucrose) conditions. In the former case 
the synaptosomes are intact [6] and any adenylate cyclase activity on the 
inner surface of the presynaptic membrane would, presumably, be inaccessible 
to ATP. In the latter case, however, the synaptosomes would be ruptured and 
presynaptic sites exposed. Table I shows that much more cyclic AMP was pro- 
duced by ruptured than by intact, synaptosomes while the presence or ab- 
sence of 0.32 M sucrose made no difference to the adenylate cyclase activity 
of preparations of synaptic plasma membrane (prepared as previously de- 
scribed [16] ) showing that the enzyme was unaffected by sucrose as such. 

It may thus be concluded that some 60% of~the adenylate cyclase activity 
in synaptosomal preparations from rat cerebral cortex is located on the inner 
surface of the presynaptic membrane. This observation agrees with the finding 
that increased cyclic AMP phosphodiesterase activity is observed on rupturing 
synaptosomes, suggesting that part of this enzyme may also be presynaptic [17] 

Experiments were next carried out to determine the location of the 

T A B L E  I 

E V I D E N C E  F O R  T H E  P R E S Y N A P T I C  L O C A T I O N  O F  A P R O P O R T I O N  O F  C E R E B R A L  
A D E N Y L A T E  C Y C L A S E  

S a m p l e s  o f  s y n a p t o s o m c s ,  o r  i s o l a t e d  s y n a p t o s o m e  p l a s m a  m e m b r a n e s ,  ( a b o u t  0 . 5  m g  o f  p r o t e i n )  w e r e  
i n c u b a t e d  w i t h  3 m M  MgCI~, 3 0  m M  T r i s ,  HCI ( p H  7 .4 ) ,  6 m M  t h e o p h y l l i n e ,  0 .3  m M  [ 7 - S 2 P ] A T P  
(specific act ivity a b o u t  2 • 107  c p m / / ~ m o l )  in  a f i na l  v o l u m e  of  0 .3  m l  f o r  1 0  r a i n  a t  2 2  ° C. React ions  
w e r e  s t o p p e d  b y  the a d d i t i o n  o f  20/~1 o f  1 0 0  m M  E D T A  a n d  the tubes  h e a t e d  a t  9 5 ° C  f o r  3 ra in .  10/~I 
o f  1 0 0 / ~ M  c y c l i c  A M P  a n d  0 . 8  m l  o f  5 0  m M  Tris  ,HCI ,  p H  7 .6 ,  we re  t h e n : a d d e d  a n d  the  c o n t e n t s  o f  t h e  
t u b e s  p a s s e d  t h r o u g h  c o l u m n s  (0 .5  x 3 c m )  o f  a l u m i n l u m  o x i d e  ( B r o c k m a n  g r a d e  1,  Ac t ive ,  n e u t r a l  B D H  
l a b o r a t o r i e s ,  U . IC)  w h i c h  h a d  b e e n  p r e v i o u s l y  e q u i l i b r i a t e d  w i t h  5 0  m M  T r i s ,  HCI,  p H  7 .6 .  T h e  eluents  
w e r e  c o l l e c t e d  a n d  t h e  r e s t  o f  the cycl ic  A M P  c l u t e d  f r o m  the  c o l u m n s  w i t h  2 m l  o f  5 0  m M  Trls  • HCI,  
p H  7 .6 .  A l i q u o t s  (0 .2  m l )  o f  0 . 2 5  M Z n S O  4 a n d  0 . 2 5  M B a ( O H )  2 w e r e  a d d e d  t o  t h e  c o l u m n  eluents  
which  were then s h a k e n  a n d  b r i e f l y  c e n t r i f u g e d .  The  s u p e r n a t a n t s  we re  a d d e d  t o  5 m l  l o t s  o f  I N S T A -  
G E L  ( P a c k a r d  I n s t r u m e n t  Co. ,  U .S .A . )  a n d  c o u n t e d  [ 2 0 ] .  R e s u l t s  a re  s h o w n  as  m e a n s  + s t a n d a r d  devia-  
t i o n s  a n d  a re  t a k e n  f r o m  4 s e p a r a t e  o b s e r v a t i o n s .  

S t a r t i n g  m a t e r i a l  S u c r o s e  Cyc l i c  A M P  p r o d u c e d  
(M) C o m o l l m g  o f  p r o t e i n  p e r  r a i n )  

I n t a c t  0 . 3 2  1 3 4  + 1 5  
S y n a p t o s o m e  0 . 0 5  3 4 8  -+ 3 4  

I s o l a t e d  s y n a p t o s o m e  0 . 3 2  4 2 3  +- 4 1  
M e m b r a n e s  0 . 0 5  4 4 4  -+ 5 7  
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protein kinase which is bound  to the synaptic membrane.  Synaptosomes were 
incubated under either isotonic or hypotonic  conditions as described above 
with [7-32P]ATP in the presence or absence of  cyclic AMP and the amount  of  
radioactive phosphate transfered to protein determined by a previously de- 
scribed method [2]. It may be seen from Table II that  there was more protein 
phosphorylat ion in ruptured than in intact synaptosomes and that cyclic AMP 
only stimulated phosphorylat ion in the former case. These effects were not  
merely caused by  the high concentrat ion of sucrose since the presence or 
absence of  0.32 M sucrose had no effect  on the intrinsic protein kinase activity 
of  isolated synaptosome membranes. 

T A B L E  II 

E V I D E N C E  F O R  T H E  P R E S Y N A P T I C  L O C A T I O N  O F  T H E  C Y C L I C  A M P - S T I M U L A T E D  P R O T E I N  
K I N A S E  W H I C H  IS B O U N D  T O  T H E  S Y N A P T I C  P L A S M A  M E M B R A N E  

S a m p l e s  o f  s y n a p t o s o m e s ,  o r  s y n a p t o e o m a l  p l a s m a  m e m b r a n e s ,  ( a b o u t  2 0 0  ~ g  o f  p r o t e i n )  w e r e  
incubated  f o r  S 0  s w i t h  1 m M  MgCI2, 5 0  m M  T r i s .  HCI,  p H  7 .4 ,  0 . 5  m M  [ ~ - 3 2 P ] A T P  (spec i f i c  ac t i v i t y  
a b o u t  5 • 106 c p m / ~ m o l )  in  the presence  or  absence o f  1 0  ~ M  c y c l i c  A M P  in  a f i na l  v o l u m e  o f  0 . 5  m l  a t  
3 7 ° C .  R e a c t i o n s  we re  s topped  b y  the a d d i t i o n  o f  2 m l  o f  ice c o l d  1 5 %  t r i c h l o r a c e t i c  a c i d  a n d  t h e  
a m o u n t  o f  32p t r a n s f e r r e d  to  p r o t e i n  d e t e r m i n e d  as p l ~ v i o u ~ y  d e s c r i b e d  [ 2 ] .  Resu l t s  a re  s h o w n  as 
m e a n s  + s t a n d a r d  d e v i a t i o n s  a n d  a re  t a k e n  f r o m  6 s e p a r a t e  o b s e r v a t i o n s .  

S t a r t i n g  m a t e r i a l  S u c r o s e  32p t r a r m f e n ' e d  to  prote in  
(M) ( p m o l / m g  of  p r o t e i n )  

- c y c l i c  AMP +cyc l i c  AMP (10 /~M)  

I n t a c t  0 . 3 2  3 4  + 1 2  3 4  -+ 1 7  
s y n a p t o s o m e s  0 . 0 5  1 4 0  + 13  2 2 2  +- 3 0  

I s o l a t e d  s y n a p t o s o m e  0 . 3 2  8 3  +- 1 2  1 8 9  -+ 2 5  
m e m b r a n e s  0 . 0 5  8 4  + 1 4  2 0 0  +- 11 

It is thus apparent that  most  of  the sites of protein phosphorylat ion in 
the synaptosomes are only exposed after osmotic shock. The most  plausible 
interpretation of  this result is that  it is the breaking open of  the synaptosome 
and exposure of  presynaptic sites which allows the increased phosphorylat ion 
and that  the cyclic AMP-stimulated intrinsic protein kinase activity of  
synaptosome membranes is presynaptic with the cyclic AMP receptor  facing 
inwards. 

The fact that  intact synaptosomes may be phosphorylated suggests that  
the membrane~bound kinase can use external ATP as a source of phosphate.  
The possibility arises, however, that  the proteins which are phosphorylated in 
the intact synaptosomes are not  the same as those phosphorylated in isolated 
synaptosome membranes. 

In order to test this possibility, either intact synaptosomes or isolated 
synaptosome membranes were incubated with [7 .32 P] ATP and the phos- 
phorylated proteins separated by  polyacrylamide gel electrophoresis as de- 
scribed in Fig. 1. The pattern of  protein phosphorylat ion was found to be the 
same for either type  of sample, demonstrating that  no new protein substrates 
are exposed on rupturing the synaptosomes and suggesting that phosphoryla- 
tion may occur in intact synaptosome due to the membrane-bound protein 
kinase being able to utilise external ATP as phosphate donor. The pat tern 
shown in Fig. 1 is similar to  that  found by Greengard's [3] and Dunkley's  [18] 
groups. It would appear that  my bands I, II and III correspond to bands a, 
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Fig. 1. S a m p l e s  o f  s y n a p t o s o m e s  ( ~ )  we re  i n c u b a t e d  f o r  1 r a in  w i t h  5 0  m M  Tris  • HCI {_oH 7 .4 )  1 m M  
MgCI~, 0 . 3 2  M suc rose ,  0 . 5  r aM [T -32P]ATP  (spec i f ic  a c t i v i t y  a b o u t  1 • l 0  s c p m / # r a o l )  a t  a p r o t e i n  con-  
centrat ion  o f  a b o u t  0 .8  r a g / m l  in  a v o l u m e  o f  0 . 1 5  m l  a t  37°C.  S a m p l e s  o f  s y n a p t o s o r a e  p l a s m a  m e m -  
b r a n e s  w e r e  i n c u b a t e d  u n d e x  s imi l a r  c o n d i t i o n s  ( b u t  a t  a prote in  eonccntra t ion  o f  a b o u t  0 .3  m g / m l )  in  
the presence ( • • • ) o r  a b s e n c e  (-- - -  - )  o f  I 0  # M  c y c l i c  AMP.  R e a c t i o n s  were  s topped  b y  the addi t ion  
o f  0 . 1 5  m l  o f  a m i x t u r e  c o n t a i n i n g  2% s o d i u m  d o d e e y l  s u l p h a t e . ~ M  u r e a  a n d  1% m e r e a p t o e t h a n o l  and 
the prote ins  separated b y  p o l y a c r y l a m i d e  gel e l e e t r o p h o r e s i s ,  t he  gels b e i n g  c u t  i n t o  2 r a m  l e n g t h s  and 
r a d i o a c t i v i t y  d e t e r m i n e d  as p r e v i o u s l y  d e s c r i b e d  [ 5 ] .  

and 7 of Dunkley et al. [18], while Greengard's bands I and II correspond, in 
terms of molecular weights and sensitivity to cyclic AMP, to my bands II and III, 

In view of the presynaptic location of the cyclic AMP-stimulated intrinsic 
protein kinase and adenylate cyclase it seems reasonable to suggest that a pre- 
synaptic increase in the concentration of cyclic AMP will stimulate the phos- 
phorylation-of membrane proteins as shown in ]~ig. 2. The question, however, 
arises as to how the presynaptic production of cyclic AMP can be stimulated. 
This can scarcely be through the interaction of a neurotransmitter with a 
receptor site on the cyclase enzyme, as is postulated to occur for the post- 
synaptic enzyme. It could be that it is membrane depolarisation and, perhaps 
Ca 2 + influx, which stimulates the presynaptic adenylate cyclase. 

It has previously been demonstrated that phosphorylation of proteins in 
the presynaptic membrane can reduce the permeability of the membrane to 
Ca 2 + [6]. The fact that the phosphorylation can be stimulated by cyclic AMP 
suggests that the Ca 2 ÷ permeability of the synaptic membrane may be reduced 
by agents or treatments which increase cyclic AMP concentration. Since an in- 
flux of Ca 2 ÷ into the synaptic terminal is essential for neurotransmitter release 
this suggests an important method of control of nervous activity. 

While the results described above indicate that cyclic AMP can stimulate 
the phosphorylation of presynaptic membrane proteins the data of Rodnight's 
group [19] supported by the work of William's [13] ~ad the indirect evidence 
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Fig. 2. A hypothetical scheme for the presynaptic location and interaction of adenylate cyclase and the 
membrane-bound protein kirmse. 

of Siggins and Henriksen [12] suggests that postsynaptic protein phosphoryla- 
tion may also occur. 
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