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H y p e r p o l a r i z a t i o n  by Cycl ic  A M P  (Act iva t ion  of D i p h o s p h o i n o s i t i d e  Kinase )  

D u r i n g  a c t i v i t y  t he  cyclic A M P  c o n t e n t  of neu rons  m a y  
increase  ~-3. This  increase  seems to  genera te  m e m b r a n e  
h y p e r p o l a r i z a t i o n  ~-~. c A M P  usal ly  ac t s  b y  f i rs t  fo rming  
a complex  w i t h  one of i ts  specific receptors .  Th i s  specific 
recep tor  has  been  ident i f ied  in t he  p r e s en t  s t u d y  as t he  
r egu la to ry  s u b u n i t  of i n t r a p o s t s y n a p t i c  d iphospho ino-  
s tr ide k inase  (DPI1K). 

I n  vitro experiments. D P I K  is a soluble  e n z y m e  4 t h a t  
phospho ry l a t e s  D P I  (d iphosphoinos i t ide)  to  T P I  (tri- 
phosphoinos i t ide) .  The  enzymic  a c t i v i t y  of D P I K  was 
s tud ied  b y  m e a s u r i n g  5 t h e  nmo!es  of T P I  fo rmed  d u r i n g  
5 min  (37~ i n c u b a t i o n  of a n  e n z y m e  p r e p a r a t i o n  w i t h  
t he  essent iaI  cofactors  (MgC12, ATP) ,  and  D P I .  D P I K  was  
pur i f ied  f rom r a t  or r a b b i t  b r a i n  ~. T he  ca t a ly t i c  and  
r egu la to ry  subun i t s  of D P I N  were o b t a i n e d  b y  weaken ing  
t he  b o n d s  t h r o u g h  a 20 m i n  exposure  to  [*H] cAMP.  The  
m i x t u r e  was c h r o m a t o g r a p h e d  on  a Sepharose  4B c o l u m n  6 
(Pharmac ia ,  Sweden)  p rev ious ly  equ i l i b r a t ed  w i t h  10 m M  
2 [N-morphol ino]  e t h a n e  sulfonic acid buf fe r  (pH 6.0) and  
2 m M  E D T A .  The  co lumn  was e lu ted  b y  a l inear  g r ad i en t  
of MaC1 in the  same buffer  (Figure 1). The  p ro t e ins  were 
m e a s u r e d  b y  m e a n s  of a n  L K B  u l t r av io l e t  a d s o r p t i o m e t e r  
uv icord  a t  280 nm,  tall] c A M P  w i t h  a d ioxane  based  
sc in t i l lan t .  9-26 ml  of the  e lua te  c o n t a i n e d  al l  p ro te in -  
b o u n d  [~H] c A M P  (fract ion A). 27-190 m l  of t he  e lua te  
con t a ined  o the r  p ro t e in s  ( f ract ion ]3). F r a c t i o n s  A a n d  B 
were  s e p a r a t e l y  dr ied  on a r o t a r y  e v a p o r a t o r  a t  4~ 
col lect ion t e m p e r a t u r e  a n d  were d i lu ted  w i t h  Tris-HC1 
buffer  (pH 7.2) before  use. 

The  enzymic  a c t i v i t y  was l inear  for 10 ra in  in  t he  
presence  of A T P  (5-8 m]l//) a n d  MgCI~ (0.6-2 mM) .  D P I K  
a c t i v i t y  was p r o p o r t i o n a l  w i t h  t h e  p r o t e i n  c o n c e n t r a t i o n  
(range of 0.4 mg). The  I (  m was 1.43 •  for D P I ,  
a n d  2.5 • 10 -~M for ATP .  The  p H  o p t i m u m  was 7.0-7.5. 
Pur i f i ed  D P I K  yie lded 6.6 nmoles  of  T P I / m i n / m g  of 
p ro te in .  I t  was  una f fec t ed  b y  - S H ,  Ca++, Na+,  K+,  and  
was a c t i v a t e d  b y  cAMP. ]~ract ion A lacked  e n z y m e  
ac t iv i ty .  F r a c t i o n  B yie lded 111 nmoles  of T P I / m i n / m g  
of p ro te in ,  and  was unaf fec ted  b y  - S H ,  Ca++, Na+, K+, 
a n d  cAMP.  

F r a c t i o n  A a n d  B s eem end  to f u n c t i o n  as t he  r egu la to ry  
and  ca t a ly t i c  subun i t s  of D P I K .  W h e n  i n c u b a t e d  toge ther ,  
t he  enzymic  a c t i v i t y  of f r ac t ion  B decreased in p r o p o r t i o n  
w i t h  t h e  a m o u n t s  of f r ac t ion  A. F u r t h e r  i n c u b a t i o n  
w i t h  added  c A M P  reversed  t h e  i n h i b i t i o n  (in p r o p o r t i o n  
w i t h  t h e  a m o u n t  of c A M P  b o u n d  to f r ac t ion  A of t h e  
f r ac t ion  A - B  c o m p o u n d  formed  d u r i n g  t he  incuba t ion) .  
c A M P  increased t he  enzymic  a c t i v i t y  on ly  in those  m i x t u -  
res where  f rac t ions  A a n d  B fo rmed  a complex  (e.g. 

pur i f ied  D P I K ,  m i x t u r e  of f rac t ions  A a n d  B), b u t  d id  no t  
affect  t h e  a c t i v i t y  of f r ac t ion  t3 alone.  Therefore ,  t he  
r egu la to ry  s u b u n i t  of D P I K  m a y  serve as a specif ic  
recep tor  of c A M P  (Table).  

I n  vivo experiments. O b s e r v a t i o n s  on m e m b r a n e  hype r -  
polar iza t ion .  The  in t r ace l lu l a r  b ioelec t r ic  process  of t he  
super ior  cervical  gang l ion  of r a b b i t  7, s were recorded  w i t h  
glass microe lec t rodes  (0.5 n m  t i p  d iamete r ,  10 M O h m  t i p  
res is tance,  fi l led w i t h  4 M K ci t ra te) ,  on  a dua l  oscillos- 
cope (using a c a thode  r a y  follower).  The  p r e s y n a p t i c  
n e u r o n  was S t imula ted  b y  c o n s t a n t  vo l t age  r e c t a n g u l a r  
pulses  (1/min) t h r o u g h  p l a t i n u m  wire  electrodes.  Hype r -  
po la r iz ing  cu r r en t s  were g iven  t h r o u g h  t he  i n t r ace l lu l a r  
microelect rodes .  I n t r a p o s t s y n a p t i c  mic ro in jec t ions  were 
g iven  b y  c o m b i n i n g  pressure  w i t h  ion tophores i s  (40 n A  
for 3-30 msec). The  s u b u n i t s  of D P I K  were p r e p a r e d  b y  
t h e  above  m e t h o d  descr ibed  for p r e p a r a t i o n  of f r ac t ion  
A (wi thou t  cAMP) a n d  f rac t ion  B. i U n i t  of f r ac t i on  B 
(ca ta ly t ic  subun i t )  was  a r b i t r a r i l y  chosen  as t he  a m o u n t  
of e n z y m e  t h a t  y ie lded 1 ng  of T P I / m i n .  i U n i t  of t he  
r egu la to ry  s u b u n i t  i n h i b i t e d  i U of f r ac t ion  t3. The  
subs t ances  were in jec ted  in  inc reas ing  a m o u n t s ,  un t i I  
b iole lectr ic  changes  were observed.  Less t h a n  5 U a lways  
sufficed. Spon t aneous  r ecovery  a lways  occur red  in less 
t h a n  30 rain.  

I n t r a p o s t s y n a p t i c  mic ro in jec t ions  of D P I K  w i t h  D P I  
or c A M P  w i t h  D P I  caused  h y p e r p o l a r i z a t i o n  t h a t  was  
c o m p a r a b l e  to  t he  effect  of hype rpo l a r i z i ng  elect ical  
s t imul i .  The  effects of weak  e lect r ica l  s t imu l i  and  low 
c o n c e n t r a t i o n s  of t he  chemica ls  (cAMP a n d  D P I  or D P I K  
a n d  DPI )  were  add i t ive .  Since t h e  in t r ace l lu la r  space 
lacks free D P I  ~, D P I  h a d  to be s i m u l t a n e o u s l y  in jec ted .  
Since c A M P  ac ted  on ly  w h e n  i ts  specific i n t r a p o s t s y n a p -  
t ic  phosphod ie s t e r a se  9 was i n h i b i t e d  b y  theophy l l ine ,  a n d  
since c A M P  did  no t  genera te  ful l  h y p e r p o l a r i z a t i o n  w i th -  
ou t  a d d e d  D P I ,  one  m a y  a s sume  t h a t  c A M P  induced  
h y p e r p o l a r i z a t i o n  t h r o u g h  a c t i v a t i o n  of D P I K .  I n h i b i t i o n  
of D P I K  resu l ted  in s ign i f i can t  decrease  of hyperpo la r i z -  
a t i on  (regardless of w h e t h e r  i t  was induced  b y  e lec t r ica l  
or chemica l  means) .  The  a c t i v i t y  of D P I K  was i n h i b i t e d  
b y  lack of D P I  or  b y  t h e  r e g u l a t o r y  s u b u n i t  of D P I K .  
These  e x p e r i m e n t s  sugges t  t h a t  h y p e r p o l a r i z a t i o n  b y  
c A M P  m a y  be  induced  t h r o u g h  a c t i v a t i o n  of D P I K .  I n t r a -  
p o s t s y n a p t i c  c A M P  increase  d u r i n g  p r e y n a p t i c  s t imula -  
t i on  is due  to t he  a c t i v i t y  of dopamine rg i c  in t e rneu-  
rons10,11 (Figure 2). 

Discussion and conclusions. The  resul t s  ful ly  s u p p o r t  
t he  a s s u m p t i o n  of DURELL et  al. ~2 and  of I~AI e t  al. 5 t h a t  
h y p e r p o l a r i z a t i o n  resu l t s  f rom s y n t h e t i c  and  no t  f rom 
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Fig. 1. Chromatography of DPIK on sepharose 4B column. Each 
sample contained 3.5 ml of eluate. The number of the samples was in- 
dicated on the horizontal axis. The protein contents of the samples 
was recorded on the vertical axis. All [3HI cAMP content appeared 
between the dotted lines (9-26 ml of eluate). 
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Type of enzyme preparagion used for incubation No. of experiments Incubation time 
(rain) 

Amounts of [82p] TPI formed from DPI and 
[82p] APT during incubation of the various 
enzyme preparations with DPI and the essential 
cofaetors (MgC12, [32p] ATP) 

nmoles TPI/min/mg of enzyme protein Control 
followed by the S.E. of mean (%) 

Purified DPIK 25 5 
Same and cAMP (1 • 10-7M) 25 5 

Fraction B (catalyt. subu.) 
Same and cAMP (1 x 10 T-aM 
Same and fraction A (reg. sub.) 
(prepared with cAMP) 

Same and fraction A (no cAMP) 

6.6~=0.18 100 
39.6=~0.20 600 

30 5 111.0•  100 
25 5 107.7-t-0.10 96.4 

25 5 92.8 4- 0,12 a 82.9 

(1/4 of Fr.B b) 20 5 85.7 -4- 0.14 77.2 
(1/2 of Fr.B) 20 5 57.2 ~ 0.16 51.5 
(3/4 of Fr.B) 20 5 26.0 J= 0.17 23.4 

Same and fraction A (8/4 ' of Fr.B) 20 5 26.0 =E 0.17 23.4 
Same and same and cAMP (a)~ 20 5 39.6 ~ 0.21 35.7 

(2a) 20 5 52.7 • 0.25 47.5 

30 5 0 0 Fraction A (with or without cAMP) 

�9 Some inhibition of the enzymic activity of DPIK (fraction B) occurred due to redistribution of fraction A between cAMP and fraction B 
according to their relative affinity, during the incubation period, b Unit of fraction B was arbitrarily chosen as the amount of enzyme that 
yielded 1 ng of TPI  formed/rain. Fraction B was expressed in U. Fraction A was added in various amounts, e.g. a/4; 1/2; or ~/4 amounts in U 
of the fraction B content. 1 U of fraction A inhibited 1 U of fraction B. o (a) is an arbitrarily chosen amount of cAMP that did bind to fraction 
A during the.5 min incubation of cAMP and fraction A and fraction B. 
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Fig. 2. Effects of activated and inhibited DPI K on membrane hyper- 
polarization. Column 1. Effects of hyperpoIarizing currents and inhi- 
bition of DPIK. Row 1: Postsynaptie response to supramaximal 
presynaptie pulses. Row 2 and 3: Hyperpolarizing currents of in- 
creasing intensity were applied (see half arrows). Response decreased 
due to hyperpolarization. Row 4: Reversal of hyperpolarization after 
mieroinjeetions of the regulatory subunit of DPI K. Column 2. Effects 
of the activated and inhibited DPIK on membrane hyperpolarization. 
Row 1 : Postsynaptie response to supramaximal presynaptie pulses. 
Row 2 and 3 : Added microinjections of the catalytic subunit of DPIK 
(and DPI) induced hyperpolarization that decreased the response of 
the postsynaptic neuron, Row 4 : Reversal of hyperpolarization after 
mieroinjeetions of the regulatory subunit of EPIK. (Similar hyper- 
polarization was generated by either the catalytic subunit of DPIK 
(and DPI or cAMP and DPI). 

h y d r o l y t i c  p rocesses .  T h e  in v i t r o  e x p e r i m e n t s  s u g g e s t  
t h a t  t h e  r e g u l a t o r y  s u b u n i t  of D P I K  (or a c losely r e l a t ed  
s u b s t a n c e )  is one  of  t h e  specif ic  r e c e p t o r s  of cAMP.  T h e  
in v ivo  e x p e r i m e n t s  s u g g e s t  t h a t  a c t i v a t i o n  of D P I K  b y  
c A M P  m a y  coup le  in  t i m e  a n d  space  t h e  f o r m a t i o n  of 
c A M P - r e c e p t o r  c omp le x ,  ion  t r a n s p o r t ,  a n d  m e m b r a n e  
h y p e r p o l a r i z a t i o n :  O n  c o m b i n a t i o n  w i t h  cAMP,  t h e  
r e g u l a t o r y  s u b u n i t  ceases  to  i n h i b i t  t h e  c a t a l y t i c  s u b u n i t  
of  D P I K ,  a n d  D P I  is p h o s p h o r y l a t e d  t o  T P I .  S ince  T P I  
is a s t r o n g e r  c h e l a t i n g  a g e n t  t h a n  DP113,1~, m e m b r a n e -  
b o u n d  Ca++ increases ,  ion  t r a n s p o r t  dec reases  to  t h a t  of 
C1- a n d  IK+. T h e  s u m  of t h e  e q u i l i b r i u m  p o t e n t i a l s  o f  t h e  
m i g r a t i n g  CI-  a n d  K+ is e x p r e s s e d  as  m e m b r a n e  h y p e r -  
p o l a r i z a t i o n  is. 

Zusammen/assung. I n - v i t r o - u n d  I n - v i v o - V e r s u c h e  be-  
weisen,  da s s  ein molekul~trer  M e c h a n i s m u s  fiir das  Zu- 
s t a n d e k o m m e n  der  M e m b r a n - H y p e r p o l a r i s a t i o n  v e r a n t -  
w o r t l i c h  ist. 
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