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Phosphory la t ion  of  synaptosomal plasma membranes from rat  hippocampus in the 
presence of  the convulsant drug 4-aminopyr id ine  resu l ted  in the i n h i b i t i o n  of 
the phosphory la t i on  of the nervous t i ssue  s p e c i f i c  p ro te i n  kinase C subst ra te  
p r o t e i n  B-50 (48 kDa) and the a-subuni t  of  ca lc ium/calmodul in-dependent  pro-  
t e i n  kinase I I  (50 kDa). Pre incubat ion of SPM wi th 2-amino-5-phosphonovale- 
ra te  prevents the i n h i b i t i o n  of B-50 phosphory la t ion  by 4 -aminopyr id ine ,  but 
had no e f f e c t  on the i n h i b i t i o n  of 50 kDa phosphory la t ion .  2-Amino-5-phospho- 
nova le ra te  is  known to be a s p e c i f i c  N-methy1-D-aspartate antagonis t  and has 
a n t i - e p i l e p t i c  a c t i v i t y  in v i t r o  and in v i vo .  Several o ther  a n t i - e p i l e p t i c  
drugs tes ted d id  not i n f l uence  the 4-aminopyr id ine- induced i n h i b i t i o n  of  pro-  
t e i n  phosphory la t ion ,  o 1987 Academic Press, Inc. 

The molecular  mechanisms under ly ing  ep i l ep togenes is  are s t i l l  l a r g e l y  un- 

known. One of  the exper imental  models we have been employing to study the 

changes in the phosphory la t ion  of membrane p ro te ins  dur ing ep i lep togenes is  is  

based on the convulsant ac t ion  of the potassium channel b locker  4 -aminopyr i -  

d ine (4 -AP,1 ,2) .  The blockade of K+-channels wi th  4-AP is  associated wi th  an 

i n f l u x  of Ca 2+ and subsequently wi th  the re lease of neuro t ransmi t te rs  from 

the p resynapt i c  te rmina l  (3 ,4 ) .  Moreover, recen t l y  is  has been shown that  4- 

AP f a c i l i t a t e s  long- term p o t e n t i a t i o n  in  the hippocampal s l i c e  (5 ,6 ) ,  a pro-  

cess which seems to be dependent on a c t i v a t i o n  of N-methy l -D-aspar ta te  (NMDA) 

receptors ,  s ince i t  can be blocked by s p e c i f i c  NMDA antagon is ts  (7-10) .  

Recent ly ,  we have shown that  incubat ion  of  the hippocampal s l i c e  wi th  4- 

AP, fo l l owed  by post-hoc phosphory la t ion  of  a crude m i tochond r i a l / synap to -  

soma1 f r a c t i o n  prepared from these s l i c e s  resu l ted  in a dose-dependent i n -  

crease in the phosphory la t ion  of a 50 kDa p r o t e i n ,  which was t e n t a t i v e l y  i -  

d e n t i f i e d  as the a-subuni t  of ca lc ium/calmodul in-dependent  p ro te i n  kinase I I  

(CaMK I I , 1 , 2 ) .  In the present paper we show that  the phosphory la t ion  of the 

presynapt ic  membrane p ro te in  B-50 as we l l  as the 50 kDa p ro te i n  are i n h i b i t e d  
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by 4-AP in synaptosomal plasma membranes (SPM) and that  the i n h i b i t i o n  of B- 

50 by 4-AP can be s p e c i f i c a l l y  reversed by the NMDA-antagonist 2-amino-5- 

phosphonovalerate (APV,11). 

Ma te r i a l s  and Methods 

The f o l l o w i n g  chemicals were obta ined from Sigma Chemicals (St .  Louis ,  MI, 
USA): 4-AP, APV, b i c u c u l l i n e ,  va lp roa te ,  diazepam, carbamezepine, d i pheny l -  
hydanto in  (DPH), p i c r o t o x i n ,  ca lmodul in (104 u n i t s / 0 . 2 8  mg p ro te i n )  and phe- 
n y l m e t h y l s u l f o n y l f l u o r i d e  (PMSF). Pentobarb i ta !  (Narcovet) was obta ined from 
Apharmo (Arnhem, NL); 5 , 5 - d i e t h y l b a r b i t u r i c  ac id from Merck (Darmstadt, FRG); 
[y-32p]ATP (spec. ac t .  3000 Ci/mmol) from Amersham (Slough, UK), low molecu- 
l a r  weight markers from Pharmacia (Uppsala, S) and X-ray f i lms  XomatRP from 
Kodak (Rochester,  NJ, USA). Synaptosomal plasma membranes (SPM) were i s o l a t e d  
from hippocampal t i ssue  from male inbred Wistar ra ts  (TNO, Ze is t ,  NL) accor -  
d ing to the method of  Kr is t jansson et a l .  (12) .  Phosphory lat ion of SPM pro-  
t e i ns  was c a r r i e d  out at 30°C in a f i n a l  volume of  25 pl  in 10 mM Na-acetate ,  
10 mM Mg-acetate,  100 HM Ca-acetate,  100 gM PMSF (pH 6.5 wi th  ace t i c  ac id )  
and 5 U ca lmodul in ,  con ta in ing  10 pg p ro te i n  determined according to the me- 
thod of  Bradford (13) .  A f t e r  p re incubat ion  ( f o r  d e t a i l s  see legends of  f i g u -  
res)  the phosphory la t ion  reac t ion  was s ta r ted  by the add i t i on  of 1-2 pCi l a -  
b e l l e d  ATP ( f i n a l  ATP concent ra t ion  7.5 pM) and terminated a f t e r  15 sec by 
the a d d i t i o n  of  12.5 gl  of  a denatur ing s o l u t i o n  (14).  Prote ins were separa- 
ted by SDS-polyacrylamide ge| e l ec t ropho res i s  (composi t ion of  the running 
ge l :  7~ acry lamide and 0.127~ methylene b isacry lamide ,15)  at 30 mA. The i n -  
c o r p o r a t i o n  of  phosphate i n t o  p ro te ins  was determined by dens i tomet r i c  scan- 
n ing o f  the autoradiograms from the d r ied  gels  (16,17) .  

Results 

Incuba t ion  o f  SPM wi th  1 mM 4-AP fo r  5 min resu l ted  in the i n h i b i t i o n  of  

phosphory la t i on  of  two p ro te ins ,  the nervous t i ssue  s p e c i f i c  p ro te in  B-50 (48 

kDa) and the au tophosphory la t ing  a-subuni t  of  CaMK I I  (50 kDa) ( F i g . t ,  com- 

pare lanes A and B). The i n h i b i t i o n  of  phosphory la t ion  of B-50 could be coun- 
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F ig . t .  The autoradiograms shown were obtained from incubation of SPM under 
the fo l lowing conditions. A: control,  B: 5 min 4-AP, C: 5 min APV 
followed by 5 min 4-AP, D: 5 min APV. The f ina l  concentrations of 
APV and 4-AP used were 1 mM. 
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F ig .2 .  A concen t ra t i on  e f f ec t  curve fo r  APV was obta ined in the presence (e) 
or absence (o)  of  1 n~ 4-AP. SPM was pre incubated fo r  5 min wi th  APV 
fo l l owed  by 5 min wi th  4-AP. The amount of phosphate incorporated was 
q u a n t i f i e d  by dens i t ome t r i c  scanning of the autoradiogram and is ex-  
pressed as • i n co rpo ra t i on  to  con t ro l  ( -  100g, no APV or 4-AP pre-  
sen t ) .  A: B-50 p r o t e i n  (48 kDa); B: a-subuni t  of Cak~ I I  (50 kDa); C: 
52 kDa major coated v e s i c l e  p r o t e i n .  =: I nd i ca tes  a s i g n i f i c a n t  d i f -  
ference between con t ro l  and 4-AP incuba t ion  (2p < 0.025, Students t -  
t e s t ) ;  x: I nd i ca tes  a s i g n i f i c a n t  d i f f e r e n c e  between 4-AP and APV/4- 
AP i ncuba t i on  (2p < 0.005, Students t - t e s t ) .  

t e r a c t e d  by p r e i n c u b a t i o n  o f  SPM w i t h  t he  s p e c i f i c  NMDA-antagon is t  APV when 

added 5 min b e f o r e  t h e  a d d i t i o n  o f  4-AP ( F i g . l ,  l a n e  C).  APV i t s e l f  had no 

e f f e c t  on t h e  p h o s p h o r y l a t i o n  o f  any o f  t h e  p r o t e i n s  p resen t  in  SPM ( F i g . t ,  

l a n e  D) .  R e v e r s a l  o f  t h e  a d d i t i o n  o f  4-AP and APV r e v e a l e d  t h a t  t he  a n t a g o -  

n i s t i c  e f f e c t  o f  APV was no l o n g e r  p r e s e n t  ( r e s u l t s  not  shown).  The i n h i b i -  

t i o n  o f  t h e  50 kDa p r o t e i n  p h o s p h o r y l a t i o n  was no t  a n t a g o n i z e d  by any o f  t h e  

APV c o n c e n t r a t i o n s  t e s t e d .  

A c o n c e n t r a t i o n - e f f e c t  cu r ve  f o r  t h e  r e v e r s i n g  e f f e c t  o f  APV on t h e  i n -  

h i b i t i o n  i nduced  by 4-AP i s  shown in  F i g . 2  f o r  3 known p h o s p h o p r o t e i n s  i n  SPM 

( B - 5 0 ,  CaMK I I  and t h e  52 kDa ma jo r  c o a t e d  v e s i c l e  p h o s p h o p r o t e i n ,  18 ) .  P r e -  

i n c u b a t i o n  o f  SPM w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  APV b e f o r e  a d d i t i o n  o f  1 

mM 4-AP showed t h a t  t h e  e f f e c t  on B-50 p h o s p h o r y l a t i o n  was dose -dependen t  

( F i g . 2 A ) .  The a p p r o x i m a t e  h a l f - m a x i m a l  e f f e c t  o f  APV was found at  5 . 10  -4  M 

and a t  10 - 3  M APV t h e  l e v e l  o f  B-50 p h o s p h o r y l a t i o n  was comparab le  t o  con -  

t r o l .  In  c o n t r a s t  t o  B-50 ,  even 10 - 3  M APV c o u l d  no t  a l t e r  the  l e v e l  o f  phos -  

p h o r y l a t i o n  o f  t he  50 kDa p r o t e i n  i n  t he  p resence  o f  4-AP ( F i g . 2 B ) .  In  f a c t  

t he  c o m b i n a t i o n  o f  APV and 4-AP led  to  a d o s e - i n d e p e n d e n t  not  s i g n i f i c a n t  

d e c r e a s e  i n  t h e  p h o s p h o r y l a t i o n  o f  t h i s  p r o t e i n .  On ly  a sma l l  i n h i b i t i o n  o f  

p h o s p h o r y l a t i o n  o f  t h e  52 kDa p r o t e i n  was o b s e r v e d  i n  the  p resence  o f  4-AP, 

wh i ch  was no t  a f f e c t e d  by p r e i n c u b a t i o n  w i t h  APV ( F i g . 2 C ) .  

O the r  d rugs  wh ich  a r e  known t o  have a n t i - e p i l e p t i c  a c t i v i t y  were t e s t e d  

on t h e  4-AP induced  i n h i b i t i o n  of B-50 p h o s p h o r y l a t i o n  in  SPM. None o f  t h e  

t e s t e d  d rugs  c o u n t e r a c t e d  t he  i n h i b i t i o n  o f  B-50 p h o s p h o r y l a t i o n  by 4-AP 

( T a b l e  1 ) .  P e n t o b a r b i t a l  and DPH i n h i b i t e d  t he  p h o s p h o r y l a t i o n  o f  B-50 by 

r e d u c i n g  t h e  p h o s p h o r y l a t i o n  a l !  o f  p r o t e i n s  d e t e c t a b l e  i n  SPM. The GABA-re-  
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Table 1. Effect of several a n t i - e p i l e p t i c  drugs on the inh ib i t i on  of 
B-50 phosphorylation by 4-aminopyridine 

Control I mM 4-AP 

Con t ro l  100 ± 2 
APV 90 ± 2 +a 
P e n t o b a r b i t a l  = 4g ± 4 0 
B a r b i t u r i c  ac id  99 ± 2 0 
V a l p r o a t e  104 ± 4 0 
Diazepam 100 ± 1 0 
Carbamezepine g8 ± 1 0 
DPH* 15 ± 2 0 

Al l  a n t i - e p i l e p t i c  drugs were tested at 1 rnM. 
a Indicates antagonism of 4-AP inh ib i t i on  on B-50 phosphorylation. 
s These compounds reduced the overal l  phosphorylation of proteins in SPM. 

cep to r  an tagon is t s  p i c r o t o x i n  and b i c u c u l l i n e ,  which are a lso used in e x p e r i -  

mental  models to  study e p i l e p t o g e n e s i s ,  t es ted  at a concen t ra t i on  of  1 mM, 

d id  n e i t h e r  a l t e r  the o v e r a l l  phosphory la t i on  of  p r o t e i n s  in SPM nor d id  they 

a l t e r  the phosphory la t i on  of  B-50 under the phosphory la t i on  cond i t i ons  used 

( r e s u l t s  not shown). 

Discussion 

Our f i n d i n g s  desc r ibe  fo r  the f i r s t  t ime the i n h i b i t i o n  of  phosphory-  

l a t i o n  o f  the membrane-bound, nervous t i s s u e  s p e c i f i c  phosphoprote in  B-50 

(12,19)  in  SPM by the potassium channel b locker  4 -am inopy r i d i ne .  Moreover, 

the i n h i b i t i o n  of  B-50 phospho ry l a t i on  by 4-AP could  be s p e c i f i c a l l y  reversed 

by the s p e c i f i c  NMDA-receptor an tagon is t  2 -amino-5-phosphonova lera te ,  whereas 

the i n h i b i t i o n  phospho ry la t i on  of  the o -subun i t  o f  CaMK I I  (50 kDa) by 4-AP 

was not s e n s i t i v e  to APV. 

P rev ious l y  we have shown tha t  pos t -hoc  phosphory la t i on  of  the 50 kDa 

p r o t e i n  was s t i m u l a t e d  by 4-AP, when membranes i s o l a t e d  from hippocampal s l i -  

ces incubated  w i th  4-AP were phosphory la ted  w i t h  r a d i o l a b e l l e d  ATP (2 ) .  In 

tha t  r e p o r t  we a lso showed a smal l  decrease in the degree of phospho ry la t i on  

of  B-50. Since the e f f e c t s  on B-50 phospho ry l a t i on  were very smal l  and d i f -  

f i c u l t  to  i n t e r p r e t  due to the use of  the pos t -hoc  phosphory la t i on  assay, we 

i n v e s t i g a t e d  in  t h i s  study the d i r e c t  e f f e c t  o f  4-AP on the phospho ry la t i on  

of  p u r i f i e d  synap t i c  plasma membrane p r o t e i n s  prepared from hippocampal t i s -  

sue. 

The decrease observed in the autophosphorylation of the a-subunit of 

CaMK IT by 4-AP might reflect changes in the catalytic activity of this kina- 

se, which phosphorylates, among others, synapsin T (20,21). Recently it has 

been shown that the activation or inhibition of CaMK IT by autophosphoryla- 

tion is determined by the amount of phosphate incorporated and thus by the 

amount of ATP employed to phosphorylate the kinase (22). At the concentration 

of ATP used in this study (7.5 gM), the activity of the kinase is most pro- 

bably inhibited by autophosphorylation, as deduced from the experiments of 
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Lou et a l .  (22).  Autophosphory la t ion  of CaMK I I  r esu l t s  in a loss of calcium 

s e n s i t i v i t y  of the kinase (23).  This imp l i ca tes  that  in SPM the i n h i b i t i o n  of 

phosphory la t i on  by 4-AP resu l t s  in an a c t i v a t i o n  of  CaMK I I .  4-AP is  known to 

s t imu la te  the re lease of neuro t ransmi t te rs  from the presynapt ic  te rmina l  (3) .  

Since the re lease o f  neuro t ransmi t te rs  from t h e i r  ves ic les  is s t imu la ted  by 

phosphory la t i on  of  synapsin I ,  which is a subst ra te  p r o t e i n  fo r  CaMK I I  (21, 

24,25) ,  the observed i n h i b i t i o n  of  au tophosphory la t ion  by 4-AP could be one 

of  the b iochemical  e f f e c t s  of 4-AP lead ing to enhanced neurotransmission.  The 

i n h i b i t i o n  of  phosphory la t ion  of CaMK I I  by 4-AP could not be counteracted by 

APV and thus most probably  does c,0t i nvo l ve  the a c t i v a t i o n  of the NMDA recep- 

t o r .  

The phosphory la t ion  of the kinase C subst ra te  p r o t e i n  B-50 was a lso i n -  

h i b i t e d  by 4-AP, and t h i s  i n h i b i t i o n  could be reversed by p re incubat ion  w i th  

APV. Reversal of  the add i t i on  of  4-AP and APV d id  not n e u t r a l i z e  the i n h i b i -  

t o ry  e f f e c t  of  4-AP on B-50 phosphory la t ion .  This imp l i ca tes  that  4-AP i n t e r -  

ac t ion  w i th  SPM cannot be superseded by APV, but that  b ind ing of  APV to the 

NMDA receptor  prevents the i n h i b i t o r y  ac t ion  of 4-AP on the phosphory la t ion  

of B-50. Whether or not the e f fec t s  of 4-AP are the d i r e c t  resu l t  of  i n t e r a c -  

t i o n  w i th  the NMDA receptor  is  remains to be proven. The i n h i b i t i o n  of B-50 

phosphory la t i on  by 4-AP is  most l i k e l y  not the resu l t  of  a d i r e c t  e f f e c t  of  

4-AP wi th  the p r o t e i n  kinase C - B-50 phosphory la t ion  system, since the phos- 

p h o r y l a t i o n  of  p u r i f i e d  B-50 wi th p u r i f i e d  p ro te i n  kinase C was not a f f ec ted  

by 1 mM 4-AP ( r e s u l t s  not shown). 

The reversa l  of  the i n h i b i t i o n  by 4-AP could not be shown by other a n t i -  

e p i l e p t i c  drug a f f e c t i n g  GABAergic neurotransmission (e.g.  p e n t o b a r b i t a l ,  

b a r b i t u r i c  ac id ,  carbamezepine and diazepam). Moreover, GABA receptor  antago- 

n i s t s  ( p i c r o t o x i n  and b i c u c u l l i n e )  which are also employed in exper imenta l  

models fo r  ep i l ep togenes i s ,  d id not change the degree of phosphory la t ion  of  

any of  p r o t e i n s  s tud ied.  This ind ica tes  that  the changes in phosphory la t ion  

of membrane p ro te ins  in hippocampal SPM by the convulsant 4-AP is  associated 

w i th  the glutamate receptor  and not w i th  the GABA receptor .  

Recent ly  i t  has been shown that  the a c t i v a t i o n  of  the NMDA receptor  is 

a lso i nvo lved  in the induct ion  of long- term p o t e n t i a t i o n  (LTP) in the h ip -  

pocampus (7-10) .  During LTP the phosphory la t ion  of B-50, which is  i d e n t i c a l  

to p r o t e i n  F! of the Routtenberg group (26),  is increased as a resu l t  of  ac- 

t i v a t i o n  of p r o t e i n  kinase C (1 ,27-29) .  Pro te in  kinase C a c t i v a t i o n  by phor-  

bol d i e s t e r s  w i thout  t e t a n i c  s t imu la t i on  a lso induces LTP (30).  B-50 is  one 

of the major subst ra tes for  p ro te in  kinase C in the presynapt ic  membrane (31, 

32) and is  thus the most l i k e l y  membrane phosphoprotein invo lved in LTP. The 

f i nd i ngs  descr ibed in t h i s  paper add f u r t he r  evidence for  such an involvement 

and support the p a r t i c i p a t i o n  of B-50/F1 phosphory la t ion  and NMDA receptor  

a c t i v a t i o n  dur ing LTP and ep i lep togenes is .  
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