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Intracellular Analysis in Several Brain Areas 
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2 D i v i s i o n o f P r e c l i n i c a l N e u r o s c i e n c e and E n d o c r i n o l o g y , S c r i p p s 
C l i n i c and R e s e a r c h F o u n d a t i o n , L a J o l l a , C a l i f o r n i a 92037, U.S.A. 

SUMMARY 
Fo u r d i f f e r e n t mechanisms h a v e been p o s t u l a t e d t o a c c o u n t f o r t h e 

d e p r e s s a n t e f f e c t s o f o p i o i d p e p t i d e s on c e n t r a l mammalian n e u r o n s . 
The e v i d e n c e f o r t h e s e mechanisms, p r e d o m i n a n t l y o b t a i n e d from i n t r a 
c e l l u l a r r e c o r d i n g s , i s r e v i e w e d . We have performed i n t r a c e l l u l a r i n 
v i t r o s t u d i e s o f f o u r d i f f e r e n t n e u ron t y p e s (hippocampus CA1 p y r a m i 
d a l c e l l s , d e n t a t e g r a n u l e c e l l s , c o r t i c a l p y r a m i d a l c e l l s , and n uc
l e u s accumbens n e u r o n s ) . I n a l l t h e s e c e l l t y p e s , t h e predominant 
e f f e c t o f low c o n c e n t r a t i o n s of r e c e p t o r s e l e c t i v e e n k e p h a l i n a n a l o 
gues and m orphine was r e d u c t i o n o f p o s t s y n a p t i c p o t e n t i a l s . D e p o l a r i 
z i n g r e s p o n s e s t o l o c a l l y a p p l i e d L - g l u t a m a t e were a l s o t e s t e d i n 
h i ppocampal and c o r t i c a l p y r a m i d a l c e l l s and found t o be r e d u c e d by 
t h e e n k e p h a l i n s . Membrane p o t e n t i a l and i n p u t r e s i s t a n c e were l i t t l e 
a f f e c t e d by t h e o p i o i d s . T h e s e r e s u l t s s u g g e s t t h a t , i n t h e f o u r b r a i n 
r e g i o n s e xamined, t h e p r e d o m i n a n t mechanism of o p i a t e - i n d u c e d d e p r e s 
s i o n s i s r e d u c t i o n o f e x c i t a t o r y s y n a p t i c t r a n s m i s s i o n . A l t h o u g h 
p r e s y n a p t i c e f f e c t s c o u l d be i n v o l v e d , t h e a n t i - g l u t a m a t e e f f e c t 
p r e s e n t a l s o i n p r e p a r a t i o n s where s y n a p t i c t r a n s m i s s i o n was e f f e c t i 
v e l y p r e v e n t e d p o i n t s t o a p o s t s y n a p t i c n e u r o m o d u l a t o r y r o l e f o r t h e s e 
e n k e p h a l i n s . 
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1 INTRODUCTION 

E l e c t r o p h y s i o l o g i c a l r e s e a r c h on o p i a t e s and o p i o i d p e p t i d e s h a s 
p r i m a r i l y i n v o l v e d e x t r a c e l l u l a r s i n g l e - u n i t r e c o r d i n g s w i t h i o n t o p h o 
r e s i s , d i r e c t e d a t CNS a r e a s w i t h a h i g h d e n s i t y of o p i a t e b i n d i n g 
s i t e s , o r a r e a s i n v o l v e d i n t h e i n t e g r a t i o n of n o c i c e p t i v e s i g n a l s . I n 
su c h e x t r a c e l l u l a r r e c o r d i n g s , t h e p r e p o n d e r a n t s t e r e o s p e c i f i c a c t i o n 
of o p i a t e a l k a l o i d s o r o p i o i d p e p t i d e s i n most b r a i n r e g i o n s i s de
p r e s s i o n o f s p o n t a n e o u s , s y n a p t i c a l l y o r c h e m i c a l l y - e v o k e d n e u r o n a l 
s i n g l e - u n i t d i s c h a r g e a c t i v i t y . The d e p r e s s i o n s a r e g e n e r a l l y b l o c k e d 
by n a l o x o n e , s u g g e s t i n g i n v o l v e m e n t of t h e e m p i r i c a l l y d e f i n e d o p i a t e 
r e c e p t o r s . The d e p r e s s i o n s a r e q u a l i t a t i v e l y s i m i l a r t h r o u g h o u t t h e 
mammalian c e n t r a l and p e r i p h e r a l n e r v o u s s y s t e m s . Some m a j o r e x c e p t i 
ons t o t h e u s u a l d e p r e s s i o n s e x i s t , s u c h a s t h e n a l o x o n e - r e v e r s i b l e 
e x c i t a t o r y r e s p o n s e s s e e n i n hippocampal p y r a m i d a l c e l l s ( 3 , 4 ) , i n 
s p i n a l c o r d Renshaw c e l l s (5 and C r a i n e t a l . , t h i s v o l u m e ) , i n t h e 
b r a i n stem ( 6 ) , and i n t h e s u b s t a n t i a n i g r a ( 7 ) ( s e e r e f s . 1,2,8,53 
f o r r e v i e w and C r a i n e t a l . , t h i s v o l u m e ) . 

I n t h e hippocampus, b o t h i n v i v o s t u d i e s and i n v i t r o i n t r a c e l l u l a r 
r e c o r d i n g r e v e a l e d e x c i t a t o r y r e s p o n s e s of hippocampal p y r a m i d a l 
neurons t o o p i o i d a g o n i s t s . B l o c k a d e of GABA r e s p o n s e s by b i c u c u l l i n e 

2+ 
and t r a n s m i t t e r r e l e a s e by Mg i n d i c a t e t h a t e x c i t a t i o n may a c t u a l l y 
be i n d i r e c t , r e s u l t i n g from a p r i m a r y i n h i b i t o r y e f f e c t on n e i g h b o u 
r i n g i n h i b i t o r y i n t e r n e u r o n s and l e a d i n g t o t h e e x c i t a t i o n of p y r a m i 
d a l c e l l s by d i s i n h i b i t i o n ( 4 , 8 ; s e e b e l o w ) . I t i s p o s s i b l e t h a t t h e 
o p i a t e - i n d u c e d e x c i t a t i o n s seen i n o t h e r a r e a s may a l s o d e r i v e from 
d i s i n h i b i t o r y o p i a t e a c t i o n s . However, i n t r a c e l l u l a r r e c o r d i n g i s 
u s u a l l y r e q u i r e d t o more s t r i c t l y t e s t t h e d i s i n h i b i t i o n h y p o t h e s i s 
and i s o b l i g a t o r y f o r d e t e r m i n i n g t h e p o s s i b l e i o n i c mechanisms i n v o l 
ved i n o p i a t e f u n c t i o n . 

The l a s t d e cade has s e e n an i n c r e a s e i n i n t r a c e l l u l a r s t u d i e s , 
l e a d i n g t o a g r e a t e r u n d e r s t a n d i n g of t h e mechanisms o f o p i o i d f u n c t i 
on. However, a s many a s f o u r g e n e r a l t y p e s of o p i o i d mechanisms, a s 
s c h e m a t i z e d i n f i g u r e 1, have now been d e s c r i b e d i n t h e l i t e r a t u r e . 
The f i r s t t y p e shown, p r e s y n a p t i c m o d u l a t i o n , may i n f a c t d e r i v e from 
t h e o p e r a t i o n a t t h e p r e s y n a p t i c l e v e l of one o r more of t h e o t h e r 
t h r e e mechanisms shown. U n f o r t u n a t e l y , t h e d i f f i c u l t y of r e c o r d i n g 
from p r e s y n a p t i c t e r m i n a l s i n mammalian CNS g e n e r a l l y p r e c l u d e s d i r e c t 
e x a m i n a t i o n o f t h e a c t u a l mechanisms i n v o l v e d . However, t h e r e have 
been s e v e r a l s t u d i e s i n d i c a t i n g t h a t o p i o i d s c a n r e d u c e r e l e a s e of 
s y n a p t i c t r a n s m i t t e r s ( 9 - 1 1 ; s e e a l s o t h e c h a p t e r s by Cox e t a l . , 
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Mulder e t a l . , I l l e s e t a l . and F u d e r , t h i s v o l u m e ) , t h u s s u g g e s t i n g a 
p r e s y n a p t i c s i t e of a c t i o n . 

OPIOID P E P T I D E S : M E C H A N I S M S O F A C T I O N 

F i g . l Scheme of p o s s i b l e mechanisms of a c t i o n of o p i o i d p e p t i d e s . See 
t e x t f o r d e t a i l s . 

The second o p i o i d mechanism shown, p o s t s y n a p t i c m o d u l a t i o n , was one 
of t h e f i r s t d e s c r i b e d ( 1 2 , 1 3 ) . I n t h i s c a s e , we d e f i n e m o d u l a t i o n a s 
an a l t e r a t i o n of t h e a c t i o n of o t h e r t r a n s m i t t e r s by t h e o p i o i d s , 
w i t h o u t a d i r e c t a c t i o n on t h e e x c i t a b i l i t y of t h e p o s t s y n a p t i c n e u r o 
n a l membrane ( s e e 8 ) . Thus, e a r l y s t u d i e s on t h e i n v i v o c a t s p i n a l 
c o r d showed t h a t i n t r a v e n o u s a d m i n i s t r a t i o n of morphine a g o n i s t s 
d e p r e s s e d p o l y s y n a p t i c EPSPs, an e f f e c t r e v e r s e d by o p i a t e a n t a g o n i s t s 
( s e e 12 and 53 f o r r e f s . ) . L a t e r s t u d i e s i n v o l v i n g t h e i n t r a c e l l u l a r 
r e c o r d i n g of c a t s p i n a l c o r d neurons w i t h s i m u l t a n e o u s e x t r a c e l l u l a r 
m i c r o i o n t o p h o r e t i c drug a p p l i c a t i o n s u g g e s t e d t h a t morphine and o p i o i d 
p e p t i d e s d i d n o t change t h e membrane p o t e n t i a l o r r e s t i n g membrane 
r e s i s t a n c e b u t d i d d e c r e a s e t h e magnitude and r a t e of r i s e of t h e 
EPSPs ( 1 2 , 1 3 ) . I n t h e s e i n v i v o s t u d i e s o p i a t e s and o p i o i d p e p t i d e s 
a l s o d e p r e s s e d t h e g l u t a m a t e - i n d u c e d d e p o l a r i z a t i o n . M i c r o i o n t o p h o r e -
t i c a l l y a p p l i e d L - g l u t a m a t e was thought t o i n c r e a s e t h e p o s t s y n a p t i c 
membrane c o n d u c t a n c e t o N a + and K +. I t was t h e r e f o r e p o s t u l a t e d t h a t 
t h e o p i a t e s i n t e r f e r e w i t h t h e c h e m i c a l l y e x c i t a b l e c a t i o n i c c h a n n e l s 
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comparable t o t h o s e a l s o opened by s y n a p t i c a l l y r e l e a s e d e x c i t a t o r y 
t r a n s m i t t e r s ( 1 2 , 1 3 ) . Antagonism of t h e p o s t s y n a p t i c d e p o l a r i z i n g 
r e s p o n s e s t o L - g l u t a m a t e s u g g e s t s t h a t t h e o p i a t e r e c e p t o r s i n v o l v e d 
i n t h i s e f f e c t a r e a l s o l o c a t e d on t h e p o s t s y n a p t i c membrane. To some 
e x t e n t , t h e a n t i - g l u t a m a t e a c t i o n of t h e o p i o i d p e p t i d e s i n v i v o has 
been c o n f i r m e d f o r mouse s p i n a l neurons grown i n c u l t u r e where a 
n o n c o m p e t i t i v e b l o c k i n g a c t i o n on t h e g l u t a m a t e - a c t i v a t e d c o n d u c t a n c e s 
was o b s e r v e d ( 1 4 ; s e e a l s o : CEREBRAL CORTEX). 

I n a r e c e n t e x t r a c e l l u l a r s t u d y , an a n t a g o n i s m o f L - g l u t a m a t e 
r e s p o n s e s by an e n k e p h a l i n a n a l o g u e i n s u b s t a n t i a g e l a t i n o s a n e u r o n s 
r e c o r d e d i n a s l i c e p r e p a r a t i o n of an a d u l t r a t s p i n a l c o r d h a s been 
shown ( 1 5 ) . N o n e t h e l e s s , s e v e r a l i n t r a c e l l u l a r s t u d i e s on a c u t e l y 
i s o l a t e d o r h e m i s e c t e d s p i n a l c o r d p r e p a r a t i o n s i n v i t r o d i d n o t 
c o n f i r m an o p i o i d a n t a g o n i s m of L - g l u t a m a t e e x c i t a t o r y a c t i o n s ( 1 6 ) 
and/or have r e c o r d e d o p i o i d - i n d u c e d h y p e r p o l a r i z a t i o n s ( 1 6 - 1 8 ) . Two of 
t h e s e l a t t e r s t u d i e s i n v o l v e d s u c r o s e gap r e c o r d i n g s o f h e m i s e c t e d 
f r o g s p i n a l c o r d and measured o n l y s m a l l (0.5-1 mV) membrane p o t e n t i a l 
c h anges. However, a more r e c e n t s t u d y (18) w i t h i n t r a c e l l u l a r r e c o r 
d i n g of s u b s t a n t i a g e l a t i n o s a neurons i n a r a t s p i n a l c o r d s l i c e 
measured h y p e r p o l a r i z a t i o n s t h a t a v e r a g e d 8 mV, i n about 50% of t h e 
c e l l s t e s t e d . O p i o i d a c t i v a t i o n of a K + c o n d u c t a n c e was s u g g e s t e d ( s e e 
a l s o b e l o w ) . I t was r e p o r t e d a t t h e p r e s e n t m e e t i n g t h a t b a t h a p p l i c a 
t i o n of a ^ - p r e f e r r i n g a g o n i s t ( s e e a l s o below) i n c o n c e n t r a t i o n s t h a t 
d i d n o t have a m e a s u r a b l e e f f e c t on r e s t i n g membrane p o t e n t i a l o r 
i n p u t r e s i s t a n c e produced a d e p r e s s i o n of t h e p o r t i o n of t h e EPSP 
i n d u c e d by a c t i v a t i o n of s m a l l p r i m a r y a f f e r e n t s i n d o r s a l horn neu
r o n s of t h e r a t s p i n a l c o r d ( J e f t i n i j a , t h i s v o l u m e ) . I t i s p o s s i b l e 
t h a t some of t h e d i s c r e p a n c i e s i n t h e l i t e r a t u r e w i t h r e s p e c t t o t h e 
e f f e c t s of t h e o p i o i d s on membrane p o t e n t i a l and r e s p o n s e s t o L - g l u t a 
mate c o u l d a r i s e from s p e c i e s , m e t h o d o l o g i c a l o r c e l l - t y p e d i f f e r e n c e s 
( s e e CONCLUSIONS). 

2+ 
The t h i r d mechanism, r e d u c e d Ca i n f l u x , i s i l l u s t r a t e d by s t u d i e s 

of c u l t u r e d d o r s a l r o o t g a n g l i a n e u r o n s , w h i c h c o u l d a l s o p r o v i d e 
i n s i g h t s i n t o t h e p r e s y n a p t i c e f f e c t s of o p i o i d p e p t i d e s ( s e e 19-23; 
and a l s o C r a i n e t a l . , t h i s v o l u m e ) . I n t h e s e n e u r o n s ( d e r i v e d from 
e i t h e r c h i c k o r r a t n e o n a t e s ) , none of t h e o p i o i d p e p t i d e s t e s t e d 
a l t e r e d membrane p o t e n t i a l s , but t h e y d i d r e d u c e t h e d u r a t i o n o f t h e 
(Ca-dependent) a c t i o n p o t e n t i a l ( 1 1 , 2 0 - 2 3 ) . I t was i n i t i a l l y t h o u g h t 
t h a t t h i s r e d u c t i o n was due t o i n t e r f e r e n c e w i t h a v o l t a g e - d e p e n d e n t 

2+ 
Ca c o n d u c t a n c e ( 1 9 , 2 0 ) . However, t h i s o p i o i d e f f e c t might a r i s e from 
t h e enhancement of some K + c o n d u c t a n c e ( e . g . , Ca-dependent K + conduc
t a n c e o r d e l a y e d r e c t i f i e r ) , a s s u g g e s t e d by t h e r e c e n t s t u d i e s of μ-



Regulat ion of Neuronal Exci tabi l i ty by Op io id Pet ides: Intracellular Analys is in Several Brain Areas 151 

and ^ - r e c e p t o r a c t i v a t i o n i n t h e s e neurons ( 2 2 , 2 3 ) . I n t h e s e s t u d i e s , 
t h e o p i o i d ( e n k e p h a l i n ) e f f e c t on t h e a c t i o n p o t e n t i a l d u r a t i o n , but 
not t h e r e s p o n s e t o d y n o r p h i n ( 2 3 ) , was a b o l i s h e d by i n t r a c e l l u l a r Cs 
i n j e c t i o n , w h i c h e l i m i n a t e s most K + c o n d u c t a n c e s . R e g a r d l e s s of t h e 
p r i m a r y mechanism, t h e n e t e f f e c t of su c h an a c t i o n would be a r e d u c 
t i o n of c a l c i u m e n t r y i n t o t h e c e l l . Such a r e d u c t i o n , i f i t a l s o 
o c c u r r e d i n t h e t e r m i n a l s of t h e s e c e l l s i n t h e s p i n a l c o r d ( e . g . , i n 
s u b s t a n t i a g e l a t i n o s a ) , c o u l d p r o v i d e t h e mechanism f o r t h e r e p o r t e d 
o p i o i d - i n d u c e d i n h i b i t i o n of t r a n s m i t t e r r e l e a s e ( 9 - 1 1 ) . U n f o r t u n a t e l y 
f o r t h i s h y p o t h e s i s , d o r s a l r o o t g a n g l i o n c e l l s a c u t e l y i s o l a t e d from 
a d u l t r a t s do n o t show t h i s o p i a t e e f f e c t on (presumed Ca-dependent) 
a c t i o n p o t e n t i a l d u r a t i o n ( 2 4 ) . I t i s p o s s i b l e t h a t e i t h e r t h e r e l e 
v a n t s o m a t i c o p i a t e r e c e p t o r s d i s a p p e a r e n t i r e l y w i t h m a t u r i t y o r t h e y 
m i g r a t e down t h e axons t o t h e t e r m i n a l s i n t h e s p i n a l c o r d . A l s o t h e 
s i t e of i n t e r a c t i o n i n t h e t e r m i n a l r e g i o n r e q u i r e s r e v i s i o n . R e c e n t 
h i s t o c h e m i c a l and u l t r a s t r u c t u r a l d a t a s u g g e s t a p o s t s y n a p t i c i n t e r a c 
t i o n between o p i o i d p e p t i d e s and p r i m a r y a f f e r e n t s . However, an e f f e c t 
of d i f f u s i n g o p i o i d p e p t i d e s on p r i m a r y a f f e r e n t f i b e r s c a n n o t be 
e x c l u d e d ( f o r d e t a i l s s e e r e f s . 8 , 5 3 ) . 

The f o u r t h m a j o r mechanism r e p o r t e d , c l a s s i c t r a n s m i t t e r a c t i o n , 
d e r i v e s from i n t r a c e l l u l a r r e c o r d i n g s of l o c u s c o e r u l e u s n e u r o n s i n 
t h e b r a i n stem s l i c e i n v i t r o ( 2 5 ) , t h a t show h y p e r p o l a r i z i n g r e s p o n 
s e s t o t h e o p i o i d p e p t i d e s a s s o c i a t e d w i t h an i n c r e a s e d c o n d u c t a n c e . 
W i l l i a m s e t a l . ( 2 6 ) have p r e s e n t e d e v i d e n c e t h a t t h e o p i o i d - i n d u c e d 
h y p e r p o l a r i z a t i o n i s v e r y s e n s i t i v e t o low n a l o x o n e c o n c e n t r a t i o n s and 
t h a t t h e i n c r e a s e d c o n d u c t a n c e i n v o l v e s K +. An a l m o s t i d e n t i c a l s e r i e s 
of f i n d i n g s have been r e p o r t e d from t h e same l a b o r a t o r y f o r s u b s t a n t i a 
g e l a t i n o s a n e u r o n s of t h e r a t s p i n a l c o r d s l i c e p r e p a r a t i o n ( 1 8 ) , 
a g a i n s u g g e s t i n g a c l a s s i c n e u r o t r a n s m i t t e r - l i k e a c t i o n f o r t h e o p i o i d 
p e p t i d e s . More r e c e n t d a t a from t h i s l a b o r a t o r y s u g g e s t s t h a t t h e K + 

c h a n n e l s i n v o l v e d i n t h e o p i o i d - i n d u c e d h y p e r p o l a r i z a t i o n i n l o c u s 
c o e r u l e u s a r e t h e same v o l t a g e - d e p e n d e n t ( i n w a r d r e c t i f y i n g ) c h a n n e l s 
a c t i v a t e d by s e v e r a l o t h e r i n h i b i t o r y t r a n s m i t t e r s , and t h a t s u c h 
a c t i v a t i o n i n v o l v e s a G T P - b i n d i n g p r o t e i n ( 2 7 ) . 

However, t h e sum of our f i n d i n g s , d e r i v e d from i n t r a c e l l u l a r r e c o r 
d i n g s o f s e v e r a l d i v e r s e b r a i n r e g i o n s i n v i t r o and c a r r i e d o u t i n two 
d i f f e r e n t l a b o r a t o r i e s , a p p e a r s t o i n d i c a t e t h a t t h e most pronounced 
e f f e c t of low c o n c e n t r a t i o n s of t h e o p i o i d p e p t i d e s f a l l s i n t o t h e 
second c a t e g o r y o f mechanisms, p o s t s y n a p t i c m o d u l a t i o n . T h e s e f i n d i n g s 
a r e d e t a i l e d i n t h e f o l l o w i n g s e c t i o n s . 
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2 HIPPOCAMPAL CA1 AND CA3 PYRAMIDAL NEURONS 

P y r a m i d a l c e l l s o f t h e hippocampus i n v i t r o show l i t t l e o r no 
d i r e c t transmembrane e f f e c t s o f morphine o r o p i o i d p e p t i d e s ( i . e . , ß -
e n d o r p h i n and a n a l o g u e s o f l e u c i n e - and m e t h i o n i n e - e n k e p h a l i n ) , i n 
c o n c e n t r a t i o n s of up t o 5 μΜ. ( s e e 8 and 28 f o r r e f s . ) . However, much 

— 7 — 6 
lower c o n c e n t r a t i o n s ( 1 0 ~ - 10 M) a l t e r s y n a p t i c r e s p o n s e s t o a f f e 
r e n t s t i m u l a t i o n ( 8 , 1 6 , 2 9 - 3 3 ) , w h i c h would be c o n s i s t e n t w i t h a modu
l a t o r y a c t i o n o f t h e o p i o i d s (mechanism 2) a t t h e hippo c a m p a l p y r a m i 
d a l c e l l ( 8 ) . Most s t u d i e s on t h e hippocampal s l i c e i n d i c a t e t h a t t h e 
e n k e p h a l i n s and ß-endorphin p r i m a r i l y r e d u c e t h e s i z e o f r e c u r r e n t and 
f e e d f o r w a r d I P S P s i n bo t h CA1 and CA3 c e l l groups ( 1 6 , 2 9 - 3 3 ) , t h u s 
s u p p o r t i n g a d i s i n h i b i t o r y mechanism ( 4 ) . However, two o t h e r hippocam
p a l s l i c e s t u d i e s have shown o n l y enhanced EPSPs w i t h o u t changes i n 
t h e IPSP ( 3 0 , 3 4 ) , w h i l e a t h i r d n o t e d a r e d u c t i o n i n t h e s i z e o f EPSPs 
( a s w e l l a s I P S P s and d e p o l a r i z i n g L - g l u t a m a t e r e s p o n s e s ) i n about 50% 
of t h e p y r a m i d a l n e u r o n s s t u d i e d ( 3 3 ) . I n v i t r o s t u d i e s o f e x p l a n t 
c u l t u r e s of r a t hippocampus showed both r e d u c e d I P S P s and enhanced 
EPSPs ( 5 6 , 5 7 ) . The b u l k of t h e e x t r a c e l l u l a r ( s e e r e f s . 1,8,28,35-37) 
and i n t r a c e l l u l a r (8,28,29,31-33,37) d a t a t h u s s u p p o r t s a d i s i n h i b i t o 
r y mechanism of a c t i o n f o r t h e s i n g l e - u n i t e x c i t a t o r y ( 3 , 4 ) e f f e c t s o f 
t h e s e o p i o i d p e p t i d e s i n t h e hippocampus. ( See 8 and 28 f o r r e v i e w s o f 
the hippocampus and o p i a t e - r e l a t e d p h y s i o l o g y and m o r p h o l o g y ) . 

F i g . 2 Pen r e c o r d i n g o f membrane p o t e n t i a l i n a CA1 p y r a m i d a l n e uron 
showing t h e d e p r e s s i o n of L - g l u t a m a t e (G) i n d u c e d d e p o l a r i z a t i o n s by 

2 5 
s u p e r f u s i o n o f 2 μΜ D - a l a - D - l e u - e n k e p h a l i n (DADL), i n t h e p r e s e n c e 

2+ 
of 12 mM Mg t o b l o c k s y n a p t i c t r a n s m i s s i o n . L - g l u t a m a t e a p p l i e d by 
p r e s s u r e (100 kPa) from a m i c r o p i p e t t e p l a c e d i n t h e p y r a m i d a l c e l l 
l a y e r . R e s t i n g membrane p o t e n t i a l = -72 mV. Note l a c k of e f f e c t o f 
DADL on membrane p o t e n t i a l ( C a l i b r a t i o n b a r s 10 mV, 1 m i n ) . 

B e c a u s e EPSPs a s w e l l a s I P S P s were o f t e n r e d u c e d i n o u r s t u d i e s o f 
CA1 ne u r o n s i n hippocampal s l i c e s ( 3 3 ) , we a t t e m p t e d t o d e t e r m i n e i f 
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t h i s e f f e c t was e x e r t e d p r e - o r p o s t s y n a p t i c a l l y by a p p l y i n g e x c i t a t o 
r y t r a n s m i t t e r s . F i g u r e 2 shows an example of t h e b l o c k a d e by an 
e n k e p h a l i n a n a l o g u e of d e p o l a r i z i n g r e s p o n s e s t o L - g l u t a m a t e a p p l i e d 
l o c a l l y t o a CA1 p y r a m i d a l neuron. T h i s e f f e c t was s e e n i n 4 o f 5 CA1 
c e l l s so t e s t e d . The a n t i - g l u t a m a t e a c t i o n was c l e a r l y a p o s t s y n a p t i c 

2+ 
e f f e c t , a s b l o c k a d e of s y n a p t i c r e l e a s e w i t h h i g h Mg c o n c e n t r a t i o n s 
had no e f f e c t on t h i s m o d u l a t i o n ( s e e a l s o : CEREBRAL CORTEX). The 
o p i o i d / L - g l u t a m a t e i n t e r a c t i o n s were a n t a g o n i z e d by n a l o x o n e , sugge
s t i n g i n v o l v e m e n t of t r u e o p i a t e r e c e p t o r s . 

I t i s now a p p a r e n t t h a t one o r more of t h e C O O H - t e r m i n a l l y e x t e n d e d 
v e r s i o n s of l e u c i n e ^ - e n k e p h a l i n , s u c h a s d y n o r p h i n A o r B, o r dynor
p h i n Â ĵ  g, may c o n s t i t u t e a m a j o r p r o p o r t i o n o f mammalian c e n t r a l 
o p i o i d p e p t i d e s ( s e e r e f s . 3 8 , 3 9 ) . I n t e r e s t has c e n t e r e d on t h e h i p p o 
campal mossy f i b e r pathway t h a t p r o j e c t s from t h e d e n t a t e g r a n u l e 
c e l l s , t h r o u g h t h e h i l u s , t o CA3 p y r a m i d a l c e l l d e n d r i t e s . I n t h e r a t 
t h e s e f i b e r s (and g r a n u l e c e l l s o u r c e s ) were o r i g i n a l l y t h o u g h t t o 
c o n t a i n e n k e p h a l i n , b u t s u b s e q u e n t s t u d i e s showed t h a t t h e s e f i b e r s 
p o s s e s s c o n s i d e r a b l e i m m u n o r e a c t i v i t y f o r d y n o r p h i n ( s ) ( 4 0 ) . I t i s 
i n t e r e s t i n g t h a t t h i s pathway i s g e n e r a l l y thought t o be e x c i t a t o r y , 
l i k e l y t o i n v o l v e t h e r e l e a s e of an a c i d i c amino a c i d s u c h a s L - g l u t a 
mate o r L - a s p a r t a t e . The p r e s e n c e of d y n o r p h i n s and e x c i t a t o r y amino 
a c i d s i n t h e same pathway, and p o s s i b l y i n t h e same f i b e r s , has a r o u 
sed s p e c u l a t i o n t h a t t h e s e s u b s t a n c e s may be c o t r a n s m i t t e r s w i t h i n t h e 
same mossy f i b e r t e r m i n a l s . 

A t t e m p t s t o d e f i n e t h e f u n c t i o n of t h e s e d y n o r p h i n p e p t i d e s have 
met w i t h some d i f f i c u l t y . E x t r a c e l l u l a r s i n g l e - u n i t s t u d i e s w i t h 
i o n t o p h o r e s i s o f d y n o r p h i n B1 ^ o r d y n o r p h i n A ^ _ ^ have shown both 
d e p r e s s a n t ( 4 1 , 4 2 ) and f a c i l i t a t o r y ( 41) a c t i o n s on CA3 hippocampal 
p y r a m i d a l n e u r o n s . P r e l i m i n a r y i n t r a c e l l u l a r s t u d i e s o f d y n o r p h i n ' s 
a c t i o n s on CA3 p y r a m i d a l neurons i n t h e hippocampal s l i c e p r e p a r a t i o n 
a r e c o n s i s t e n t w i t h t h e s e e x t r a c e l l u l a r f i n d i n g s : depending on t h e 
p a r t i c u l a r c e l l s t u d i e d , e i t h e r s l o w h y p e r p o l a r i z i n g o r d e p o l a r i z i n g 
r e s p o n s e s a r e s e e n w i t h low c o n c e n t r a t i o n s of d y n o r p h i n A and Β ( 2 9 ) . 
The d e p o l a r i z i n g r e s p o n s e s were not of t h e t y p e e x p e c t e d o f mossy 
f i b e r a c t i v a t i o n , i n t h a t t h e y were s l o w and n o t a l w a y s a b l e t o a c t i 
v a t e s p i k e s . T h e s e e f f e c t s c o n t r a s t w i t h t h e e f f e c t s o f e n k e p h a l i n s on 
t h e s e CA3 n e u r o n s , where no i n h i b i t o r y e f f e c t s a r e s e e n and e x c i t a t o r y 
e f f e c t s a p p e a r t o be due p r i m a r i l y t o r e d u c t i o n of I P S P s , w i t h l i t t l e 
d i r e c t change i n membrane p o t e n t i a l o r r e s i s t a n c e ( 2 9 , 3 1 ) . 

F u r t h e r s t u d i e s a r e needed t o d e t e r m i n e w h e t h e r 1) t h e s e d y n o r p h i n 
i n d u c e d p o t e n t i a l changes a r e due t o remote e f f e c t s on o t h e r i n p u t 
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n e u r o n s , 2) t h e y a r e n a l o x o n e s e n s i t i v e , and 3) m u l t i p l e o p i a t e r e c e p 
t o r s u b t y p e s a r e i n v o l v e d . I n d e e d , a r e c e n t f i e l d - p o t e n t i a l s t u d y of 
hippocampal s l i c e s s u g g e s t s t h a t d y n o r p h i n s a c t , l i k e e n k e p h a l i n , on 
th e μ-receptors i n CA1, r a t h e r t h a n on / t - r e c e p t o r s a s was e x p e c t e d 
( 4 3 ) . The p o s s i b l e i n t e r a c t i o n of d y n o r p h i n w i t h e x c i t a t o r y amino 
a c i d s must a l s o be t e s t e d t o a s s e s s t h e s i g n i f i c a n c e of t h e i r p o s s i b l e 
c o e x i s t e n c e i n t h e same mossy f i b e r e n d i n g s . The mixed e f f e c t s o f 
d y n o r p h i n s on CA3 hippocampal p y r a m i d a l n e u r o n s , and t h e d i f f e r e n c e s 
between t h e e f f e c t s o f t h e d y n o r p h i n s and t h e o t h e r o p i o i d s , may be 
m a n i f e s t a t i o n s of a f u n c t i o n a l o r r e c e p t o r h e t e r o g e n e i t y i n c e n t r a l 
n e u r o n s . However, p r o o f t h a t t h e d y n o r p h i n s a c t a s t r a n s m i t t e r s o r a s 
some o t h e r n e uromessenger t y p e f o r any g i v e n mossy f i b e r - t a r g e t c e l l 
e n t i t y would r e q u i r e t h e d e m o n s t r a t i o n of i d e n t i c a l e f f e c t s , i n t r a c e l -
l u l a r l y r e c o r d e d from a s i n g l e CA3 neuron, i n r e s p o n s e t o exogenous 
d y n o r p h i n and s t i m u l a t i o n o f t h e mossy f i b e r i n p u t . However, t h i s h as 
been a d i f f i c u l t t a s k , owing i n p a r t t o t h e presumed c o n c o m i t a n t 
r e l e a s e o f t h e e x c i t a t o r y amino a c i d a l o n g w i t h t h e o p i o i d s , a s w e l l 
a s t h e p o s s i b l e r e l e a s e o f more t h a n one t y p e of o p i o i d p e p t i d e ( 3 8 ) . 

3 CEREBRAL CORTEX 

As i n p r e v i o u s s t u d i e s ( 4 4 ) , e n k e p h a l i n o p i o i d s and morphine d i s 
p l a y e d m a i n l y m o d u l a t o r y a c t i o n s i n n e o c o r t i c a l p y r a m i d a l c e l l s i n t h e 
f r o n t a l / m o t o r c o r t e x of t h e r a t (n= 2 0 ) . I n t h e s e c e l l s ( l a m i n a 2 & 3) 
r e c o r d e d i n t r a c e l l u l a r l y i n an i n v i t r o s l i c e p r e p a r a t i o n , t h e mean 
r e s t i n g p o t e n t i a l (+ S.D.) was -7 7.4 + 5.4 mV and mean i n p u t r e s i s 
t a n c e (+ S.D.) was 27.8 + 9.8 ΜΩ. S p i k e a m p l i t u d e s ranged from 90-110 
mV. T h e r e i s e v i d e n c e from p r e v i o u s s t u d i e s performed i n an i n v i v o 
p r e p a r a t i o n o f t h e r a t c o r t e x t h a t μ- and ^ - r e c e p t o r s u b t y p e s of t h e 
o p i o i d r e c e p t o r a r e c o l o c a l i z e d i n t h i s s p e c i e s on t h e same n e o c o r t i 
c a l neuron ( 4 5 ) . 

A p p l i c a t i o n of t h e ̂ - p r e f e r r i n g a g o n i s t DADL and t h e ̂ - p r e f e r r i n g 
2 4 5 

a g o n i s t s morphine and D - a l a ,N-Me-Phe , G l y - o l (DAGO) by i o n t o p h o r e s i s 
( p h o r e t i c c u r r e n t s : 50 - 150 n A ) , pneumatic e j e c t i o n from m i c r o p i p e t -
t e s o r a d d i t i o n t o t h e p e r f u s i o n medium (10 - 10 M) d e c r e a s e d t h e 
EPSP a m p l i t u d e and t h e a m p l i t u d e of t h e L - g l u t a m a t e i n d u c e d d e p o l a r i 
z a t i o n s t o 20 +. 18% of c o n t r o l . The EPSPs were most e f f e c t i v e l y r e 
duced ( t o 45 +_ 17%) a t t h e l o w e r i n t e n s i t y r a n g e o f t h e i n p u t / o u t p u t 
c u r v e . I n none of t h e s e c e l l s were changes i n membrane p o t e n t i a l of 
more t h a n + 4 mV o b s e r v e d . The a p p a r e n t i n p u t r e s i s t a n c e o f t h e s e 
c e l l s ( m o n i t o r e d by c o n s t a n t c u r r e n t p u l s e s o r d e t e r m i n e d v i a con
s t r u c t i o n of c u r r e n t - v o l t a g e c u r v e s ) was a l s o n o t changed. The e f f e c t s 
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of t h e e n k e p h a l i n a n a l o g u e s and morphine on EPSPs and L - g l u t a m a t e 
r e s p o n s e s ( s e e F i g . 3) were r e v e r s e d by n a l o x o n e (10""^M) added t o t h e 
p e r f u s i o n medium. The a n t i - g l u t a m a t e a c t i o n of t h e e n k e p h a l i n o p i o i d s 
p e r s i s t e d i n Ca-free/high-Mg medium, s u g g e s t i n g t h a t t h e o p i o i d s a c t e d 
p o s t s y n a p t i c a l l y , a s s y n a p t i c t r a n s m i s s i o n had been e f f e c t i v e l y b l o c 
ked (44) . 

D A G O D A G O 

2 0 m V 

1nA 

1min 

F i g . 3 Pen r e c o r d i n g s of p a r t o f an ex p e r i m e n t showing t h e e f f e c t s of 
DAGO i o n t o p h o r e s i s on membrane p o t e n t i a l and r e s i s t a n c e and on r e s p o n 
s e s t o L - g l u t a m a t e (100 nA, G l a b e l l e d b a r s ) and GABA (80 nA, u n l a b e l -
l e d b a r s ) i o n t o p h o r e s i s . DAGO r e v e r s i b l y e l i m i n a t e s g l u t a m a t e - i n d u c e d 
d e p o l a r i z a t i o n s w i t h o u t s i g n i f i c a n t e f f e c t s on membrane p o t e n t i a l o r 
r e s i s t a n c e ( b r i e f upward d e f l e c t i o n s ) . The l a t t e r i s m o n i t o r e d by 
c o n s t a n t d e p o l a r i z i n g c u r r e n t p u l s e s (0.4 nA, bottom t r a c e s ) . Gap i n 
r e c o r d i n d i c a t e s o m i s s i o n o f a 4 min i n t e r v a l . 

I n c o n t r a s t t o L - g l u t a m a t e and q u i s q u a l a t e evoked d e p o l a r i z a t i o n s , 
N - m e t h y l - D - a s p a r t a t e (NMDA) i n d u c e d d e p o l a r i z a t i o n s were e i t h e r n o t 
i n f l u e n c e d o r r e d u c e d o n l y s l i g h t l y by o p i o i d s . The d e p o l a r i z a t i o n s , 
e l i c i t e d by NMDA were b l o c k e d by D-2-ami n o - 5 - p h o s p h o n o v a l e r i c a c i d , 
which, a t t h e c o n c e n t r a t i o n s employed (5-50 μ Μ ) , d i d n o t a f f e c t L -
glutamate i n d u c e d d e p o l a r i z a t i o n s ( 4 6 ) . S i n g l e e l e c t r o d e v o l t a g e - c l a m p 
s t u d i e s showed t h a t t h e L - g l u t a m a t e - and q u i s q u a l a t e - i n d u c e d i n w a r d 
c u r r e n t i s r e d u c e d by o p i o i d s . V a r i o u s s t u d i e s s u g g e s t t h a t NMDA and 
L - g l u t a m a t e - i n d u c e d i n w a r d c u r r e n t s a r e t r i g g e r e d t h r o u g h t h e a c t i v a 
t i o n of d i f f e r e n t r e c e p t o r s , a r e c a r r i e d by a d i f f e r e n t i o n i c composi
t i o n and d i s p l a y d i f f e r e n t i o n - and v o l t a g e - s e n s i t i v i t i e s . NMDA r e c e p 
t o r a c t i v a t i o n l e a d s t o a c u r r e n t t h a t i s c a r r i e d t o a g r e a t e x t e n t by 
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Ca i o n s e n t e r i n g a l o n g w i t h Na i o n s and i s m a r k e d l y p o t e n t i a t e d by 
2+ 

removal of Mg i o n s . R e c e n t s t u d i e s s u g g e s t t h a t t h e v o l t a g e - d e p e n d e n 
ce of t h e NMDA-activated c o n d u c t a n c e i s n o t e x c l u s i v e l y d e t e r m i n e d by 

2+ 
Mg ( 4 6 ) . Due t o t h e v o l t a g e - s e n s i t i v i t y o f t h e NMDA r e s p o n s e , r e g e n e 
r a t i v e c u r r e n t s a r e i n d u c e d w h i c h i n c r e a s e w i t h d e p o l a r i z a t i o n and 
i n d u c e b u r s t - l i k e f i r i n g p a t t e r n s , i n c o n t r a s t t o t h e r e p e t i t i v e 
f i r i n g i n d u c e d by L - g l u t a m a t e ( s e e 46,47 f o r r e f s . ) . The r e s p o n s e s t o 
i o n t o p h o r e t i c a l l y a p p l i e d GABA was n o t a f f e c t e d by t h e o p i o i d s a d m i n i 
s t e r e d by t h e v a r i o u s r o u t e s ( s e e F i g . 3 ) . 
4 DENTATE GRANULE CEL L 

I n t e r e s t i n o p i o i d e f f e c t s on g r a n u l e c e l l s o f t h e d e n t a t e g y r u s 
d e r i v e s from h i s t o c h e m i c a l s t u d i e s showing a p r o f u s e i n n e r v a t i o n o f 
e n k e p h a l i n - c o n t a i n i n g f i b e r s o r i g i n a t i n g from t h e e n t o r h i n a l c o r t e x 
and p r o j e c t i n g onto g r a n u l e c e l l s v i a t h e p e r f o r a n t p a t h ( 4 0 , 4 8 ) . T h i s 
c e l l t y p e i s m o r p h o l o g i c a l l y d i s t i n c t from t h e p y r a m i d a l c e l l t y p e s 
j u s t d i s c u s s e d , y e t t o d a t e i t a p p e a r s t o r e s p o n d t o t h e e n k e p h a l i n 
p e p t i d e s l i k e t h e p y r a m i d a l c e l l s . 

The 11 d e n t a t e g r a n u l e c e l l s from w h i c h we r e c o r d e d i n t r a c e l l u l a r l y 
showed f a i r l y l a r g e r e s t i n g membrane p o t e n t i a l s (mean: -76 mV; r a n g e : 
-60 t o -90 mV) w i t h l i t t l e o r no spontaneous s p i k e a c t i v i t y . They 
responded t o s t i m u l a t i o n o f t h e p e r f o r a n t p a t h a l m o s t e x c l u s i v e l y w i t h 
d e p o l a r i z i n g s y n a p t i c p o t e n t i a l s . These s y n a p t i c p o t e n t i a l s o f t e n 
showed a b i p h a s i c d ecay, w i t h a f a s t e r d e c a y i n g e a r l y p o r t i o n l i k e l y 
to represent the l a t e phase of an EPSP» A much more s l o w l y d e c a y i n g 
l a t e r p h ase ( a t h i g h e r s t i m u l u s s t r e n g t h s ) i s tho u g h t t o r e p r e s e n t a 
d e p o l a r i z i n g I P S P ( s e e 49 and f i g . 4 ) . 

S u p e r f u s i o n o f t h e s l i c e w i t h a ran g e o f c o n c e n t r a t i o n s (2-10 μΜ) 
2 5 

of e n k e p h a l i n a n a l o g u e s (DADL, 8 c e l l s ; D-Ala , met - e n k e p h a l i n amide: 
DAMEA, 3 c e l l s ) p r o duced o n l y weak and v a r i a b l e e f f e c t s on membrane 
p o t e n t i a l and i n p u t r e s i s t a n c e . Of t h e 11 c e l l s s t u d i e d , 5 d i s p l a y e d 
o n l y weak h y p e r p o l a r i z a t i o n s (mean: 4 mV) accompanied by s l i g h t d e
c r e a s e s i n i n p u t r e s i s t a n c e ( r a n g e 0-16%; mean = 6 % ) . One c e l l was 
d e p o l a r i z e d and t h e r e m a i n i n g 5 g r a n u l e c e l l s showed no change i n 
membrane p o t e n t i a l o r i n p u t r e s i s t a n c e . One c e l l t e s t e d w i t h DAMEA (5 
μΜ) showed a 3 mV h y p e r p o l a r i z a t i o n , whereas two o t h e r s r e g i s t e r e d no 
change i n membrane p o t e n t i a l o r r e s i s t a n c e a t 5 and 10 μΚ DAMEA. 

The o c c a s i o n a l s m a l l changes i n membrane p o t e n t i a l and r e s i s t a n c e 
g e n e r a l l y o c c u r r e d a t t h e h i g h e r e n k e p h a l i n c o n c e n t r a t i o n s (5 - 10 
μ Μ ) . I n c o n t r a s t , 10 o f 11 c e l l s e x h i b i t e d a pronounced r e d u c t i o n 
(mean: 33%; r a n g e : 17-52%) of t h e magnitude of t h e evoked s y n a p t i c 



Regulat ion of Neuronal Exci tabi l i ty by Op io id Pet ides: Intracel lular Analys is in Several Brain Areas 1 5 7 

p o t e n t i a l s ( F i g . 4 ) , even a t low e n k e p h a l i n c o n c e n t r a t i o n s (2 μ Μ ) . 
T h e r e f o r e , t h e s e s t u d i e s , a l t h o u g h s t i l l ongoing, i n d i c a t e a g a i n a 
pronounced m o d u l a t o r y e f f e c t of t h e e n k e p h a l i n a n a l o g u e s on s y n a p t i c 
r e s p o n s e s i n t h e d e n t a t e g y r u s . However, t h e e x a c t mechanism o f t h i s 
m o d u l a t i o n ( e . g . , p r e s y n a p t i c v e r s u s p o s t s y n a p t i c ) w i l l r e q u i r e f u r 
t h e r s t u d y . 

<-63mV) 

CONTROL 
2 0 V 

5μΜ DADL 

„•mini. 

10mV 

1MIN 

5 0 V 8 0 V 

1 S E C 
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j 2 0 m V 

0 . 5 S E C 

1 
F i g . 4 E f f e c t s of 5 μΜ DADL on membrane p r o p e r t i e s and on evoked p o s t 
s y n a p t i c p o t e n t i a l s of a hippocampal d e n t a t e g r a n u l e c e l l . Top: pen 
r e c o r d i n g of p a r t of an e x p e r i m e n t i l l u s t r a t i n g t h e unchanged membrane 
p o t e n t i a l and c o n d u c t a n c e (downward d e f l e c t i o n s ) d u r i n g DADL a p p l i c a 
t i o n . Bottom: specimen r e c o r d s of r e s p o n s e s t o s y n a p t i c s t i m u l a t i o n 
( a t 3 d i f f e r e n t s t i m u l u s s t r e n g t h s t o p e r f o r a n t p a t h ) and c u r r e n t 
p u l s e s i n t h e p r e s e n c e and a b s e n c e of DADL a s i n d i c a t e d . R e s t i n g 
membrane p o t e n t i a l = -63 mV. L a t e s l o w component of s y n a p t i c r e s p o n s e 
i s l i k e l y an i n v e r t e d I P S P , a l s o r e d u c e d by DADL. 

5 NUCLEUS ACCUMBENS 

Our i n t e r e s t i n t h e n u c l e u s accumbens (NAcc) stems from immunohi-
s t o c h e m i c a l s t u d i e s showing a p r o f u s e e n k e p h a l i n network i n t h e NAcc 
( 5 0 ) and from b e h a v i o r a l s t u d i e s s u g g e s t i n g t h a t t h e NAcc may be a k e y 
a r e a i n v o l v e d i n t h e r e i n f o r c i n g p r o p e r t i e s of h e r o i n e i n a s e l f -
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a d m i n i s t r a t i o n paradigm ( 5 1 ) . T h e r e f o r e , t o t e s t t h e e f f e c t s o f o p i a 
t e s and o p i o i d p e p t i d e s on t h e n e u r o n a l e x c i t a b i l i t y i n t h i s a r e a , we 
have d e v e l o p e d an i n v i t r o c o r o n a l s l i c e p r e p a r a t i o n o f t h e NAcc u s i n g 
t h e v i b r a t o m e method. 

I n p r e l i m i n a r y s t u d i e s , we a g a i n s e e e v i d e n c e f o r a m o d u l a t o r y 
e f f e c t o f t h e o p i o i d p e p t i d e s . I n 10 c e l l s t e s t e d f o r membrane p r o p e r 
t i e s , membrane p o t e n t i a l s r a n g e d from -74 t o -92 mV (mean: -82 mV) and 
evoked s p i k e s were 85 - 120 mV. No c e l l s e x h i b i t e d s p o n t a n e o u s a c t i o n 
p o t e n t i a l d i s c h a r g e , b u t a l l r esponded t o s t i m u l a t i o n of t h e w h i t e 
m a t t e r v e n t r a l t o t h e NAcc w i t h s y n a p t i c p o t e n t i a l s . T h e s e p o t e n t i a l s 
were a l w a y s d e p o l a r i z i n g and ap p e a r t o r e p r e s e n t EPSPs b e c a u s e o f 
t h e i r d i m i n u t i o n by membrane d e p o l a r i z a t i o n ; however, i n two c e l l s , 
h y p e r p o l a r i z i n g I P S P s were o b s e r v e d d u r i n g d e p o l a r i z a t i o n o f t h e c e l l s 
w i t h p o s i t i v e c u r r e n t i n j e c t i o n . Most of t h e c e l l s ( 8 0 % ) s t u d i e d 
d i s p l a y e d pronounced i n w a r d r e c t i f i c a t i o n ( i n c r e a s i n g a p p a r e n t i n p u t 
r e s i s t a n c e a t membrane p o t e n t i a l s d e p o l a r i z e d from t h e r e s t i n g l e v e l ) . 

D A G O 1uM 
ι 1

 ' 1 

2 0 m s e c ho mV 

F i g . 5 E f f e c t s of DAGO on membrane p r o p e r t i e s of NAcc n e u r o n s . Top: 
Pen r e c o r d i n g i l l u s t r a t i n g n e i t h e r s i g n i f i c a n t membrane p o t e n t i a l n o r 
con d u c t a n c e changes (upward d e f l e c t i o n s ) d u r i n g a p p l i c a t i o n o f DAGO. 
Bottom: Specimen r e c o r d s ( a v e r a g e o f 5 sweeps) o f evoked EPSPs i l l u 
s t r a t i n g t h e r e v e r s i b l e a t t e n u a t i o n by 1 μΜ DAGO. Gaps i n r e c o r d 
i n d i c a t e o m i s s i o n of 3-4 min e a c h . R e s t i n g membrane p o t e n t i a l = -86 
mV. 

I n a l l o f t h e 7 c e l l s t e s t e d w i t h o p i o i d s , s u p e r f u s i o n o f enkepha
l i n a n a l o g u e s (DADL, DAGO) a t c o n c e n t r a t i o n s o f 1-5 μΜ ( a l l b u t 1 c e l l 
a t 1 μΜ) had no m e a s u r a b l e o r c o n s i s t e n t e f f e c t on membrane p o t e n t i a l 
o r i n p u t r e s i s t a n c e . However, i n a l l t h e s e c e l l s , t h e s y n a p t i c p o t e n 
t i a l s were r e d u c e d (by 20 - 100%) i n magnitude by t h e e n k e p h a l i n 
a n a l o g u e s ( F i g . 4 ) . T h r e e o f t h e s e c e l l s c o u l d be r e c o r d e d l o n g enough 
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t o show complete r e c o v e r y from t h i s e f f e c t a f t e r washout of t h e o p i o i d 
p e p t i d e s . F u r t h e r s t u d i e s a r e now b e i n g p u r s u e d t o d e t e r m i n e t h e 
g e n e r a l i t y o f t h i s m o d u l a t o r y e f f e c t and t h e l o c u s and m e c h a n i s m ( s ) of 
a c t i o n . 

6 CONCLUSIONS 

The sum of o u r d a t a i n d i c a t e t h a t low c o n c e n t r a t i o n s of t h e enke
p h a l i n s have l i t t l e d i r e c t e f f e c t on p o s t s y n a p t i c membrane p r o p e r t i e s 
i n t h e f o u r d i f f e r e n t b r a i n r e g i o n s s t u d i e d , but c a u s e pronounced 
d i m i n u t i o n o f evoked s y n a p t i c p o t e n t i a l s . T h i s e f f e c t c o u l d be e x e r t e d 
e i t h e r p r e - o r p o s t s y n a p t i c a l l y . Thus, i t i s p o s s i b l e t h a t t h e enke
p h a l i n s c o u l d a c t p r e s y n a p t i c a l l y t o r e d u c e t h e r e l e a s e o f both e x c i 
t a t o r y and i n h i b i t o r y t r a n s m i t t e r s from n e r v e t e r m i n a l s . T h i s a c t i o n 

2+ 
c o u l d a r i s e from t h e b l o c k of Ca c u r r e n t s a s s u g g e s t e d from t h e 
d o r s a l r o o t g a n g l i o n s t u d i e s ( 2 0 - 2 3 ) , o r from a h y p e r p o l a r i z a t i o n of 
t h e n e r v e t e r m i n a l s due t o a c t i v a t i o n o f a K + c o n d u c t a n c e ( 1 8 , 2 6 ) . I n 

2+ 
t h i s r e g a r d i t i s i n t e r e s t i n g t o no t e t h a t t h e r e d u c t i o n o f Ca 
c u r r e n t s by GABA-B r e c e p t o r a c t i v a t i o n , w h i c h l e a d s t o a marked r e d u c 
t i o n of s y n a p t i c p o t e n t i a l s ( 5 2 ) i s b l o c k e d by e l e v a t i o n of i n t r a c e l 
l u l a r c y c l i c AMP ( 5 4 ) . S i m i l a r l y , t h e n e t e f f e c t of t h e e n k e p h a l i n s 
c o u l d a l s o depend upon i n t r a c e l l u l a r c y c l i c n u c l e o t i d e l e v e l s . I t was 
r e p o r t e d i n a r e c e n t p a p e r ( 5 5 ) t h a t DADL had an i n h i b i t o r y e f f e c t on 

2+ 
t h e Ca c u r r e n t i n n e u r o b l a s t o m a χ g l i o m a h y b r i d c e l l s . T h i s e f f e c t 
was r e d u c e d by p r e t r e a t m e n t w i t h p e r t u s s i s t o x i n and r e s t o r e d by 
i n t r a c e l l u l a r i n j e c t i o n o f G - p r o t e i n s (G^and G Q ) . I t was s u g g e s t e d 
t h a t G Q i s i n v o l v e d i n t h e f u n c t i o n a l c o u p l i n g of o p i a t e r e c e p t o r s t o 
n e u r o n a l v o l t a g e - d e p e n d e n t C a ^ + c h a n n e l s . 
However, our o b s e r v a t i o n s o f t h e a b i l i t y o f some r e c e p t o r s u b t y p e 

s e l e c t i v e o p i o i d p e p t i d e s (DAGO, DADL) and morphine t o r e d u c e t h e 
d e p o l a r i z i n g e f f e c t s of e x c i t a t o r y t r a n s m i t t e r s l i k e L - g l u t a m a t e seems 
t o s u g g e s t t h a t a t l e a s t t h e e f f e c t o f t h e o p i o i d s on EPSPs might be 
e x e r t e d p o s t s y n a p t i c a l l y . The e f f e c t s on t h e I P S P s c o u l d t h e n d e r i v e 
from an a n t i - g l u t a m a t e e f f e c t a t t h e l e v e l of t h e i n h i b i t o r y i n t e r n e u 
r o n , p r e v e n t i n g a c t i v a t i o n o f t h e i n t e r n e u r o n by e x c i t a t o r y i n p u t and 
t h u s r e s u l t i n g i n r e d u c e d o u t p u t of i n h i b i t o r y amino a c i d n e u r o t r a n s 
m i t t e r s l i k e GABA. 

I t i s n o t y e t c l e a r why we do not s e e t h e pronounced e n k e p h a l i n -
i n d u c e d h y p e r p o l a r i z a t i o n s s u c h a s t h o s e d e s c r i b e d f o r t h e l o c u s 
c o e r u l e u s and s u b s t a n t i a g e l a t i n o s a neurons (18,25,26) and t h e myente
r i c p l e x u s ( 1 ) . P e r h a p s t h e s e d i f f e r e n c e s i n t h e o p i o i d r e s p o n s e s 
r e f l e c t t r u e d i f f e r e n c e s i n c e l l t y p e s and/or t h e i r o p i a t e r e c e p t o r s . 
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I t may be a r g u e d t h a t t h e a v e r a g e membrane p o t e n t i a l of t h e v a r i o u s 
c e l l s r e c o r d e d c o u l d p r o v i d e t h e d i f f e r e n c e i n t h e r e s p o n s e t y p e . 
Thus, i f t h e c e l l s we s t u d i e d had r e s t i n g membrane p o t e n t i a l s n e a r t h e 
K + e q u i l i b r i u m p o t e n t i a l , we might t h e n be i n t h e r a n g e where t h e 
d r i v i n g f o r c e would be i n a d e q u a t e t o produce a Κ m e d i a t e d p o t e n t i a l 
change. S t i l l , some o f t h e c e l l s we r e c o r d e d had somewhat l o w e r r e 
s t i n g membrane p o t e n t i a l s ( s e e f i g s . 2 and 4) o r were d e p o l a r i z e d by 
c u r r e n t i n j e c t i o n ( 4 4 ) ; one would e x p e c t t h a t a t l e a s t t h e s e c e l l s 
s h o u l d be s t r o n g l y h y p e r p o l a r i z e d , but t h i s was n o t s e e n . F u r t h e r m o r e , 
t h e e x t e n s i v e c u r r e n t - v o l t a g e c u r v e s o b t a i n e d i n many of t h e c e l l s we 
s t u d i e d s h o u l d show some change i f a K + c o n d u c t a n c e were a c t i v a t e d , 
y e t no s u c h changes were s e e n w i t h t h e e n k e p h a l i n s . 

A n o t h e r p o s s i b i l i t y i s t h a t t h e h y p e r p o l a r i z a t i o n s r e s u l t from t h e 
e n k e p h a l i n b l o c k a d e of t o n i c g l u t a m a t e r g i c , d e p o l a r i z i n g i n p u t . I t 
might be a r g u e d t h a t s u c h an a n t i - g l u t a m a t e e f f e c t s h o u l d produce an 
i n c r e a s e i n i n p u t r e s i s t a n c e r a t h e r t h a n t h e r e p o r t e d d e c r e a s e . Howe
v e r , a marked i n w a r d r e c t i f i c a t i o n s u c h a s t h a t s e e n i n many c e n t r a l 
neurons might g i v e an a p p a r e n t r e d u c t i o n i n i n p u t r e s i s t a n c e w i t h 
removal of s u c h an e x c i t a t o r y d r i v e . 

A n o t h e r problem t o be r e s o l v e d c o n c e r n s t h e i n a b i l i t y by some t o 
o b s e r v e an a n t i - g l u t a m a t e o r a n t i - E P S P e f f e c t of t h e e n k e p h a l i n s ( 1 6 ) . 
To some e x t e n t t h e s e n e g a t i v e f i n d i n g s might d e r i v e from t h e u s e of 
d i f f e r e n t e n k e p h a l i n a n a l o g u e s t h a t might have p r e f e r e n t i a l b i n d i n g t o 
d i f f e r e n t o p i a t e r e c e p t o r s u b t y p e s . A n o t h e r p o s s i b i l i t y i s t h a t some 
component o f t h e d e p o l a r i z a t i o n s o r EPSPs t e s t e d might i n v o l v e an NMDA 
component, w h i c h has been shown n o t t o r e s p o n d t o t h e o p i o i d s ( s e e : 
CEREBRAL CORTEX). I t i s t h e r e f o r e p o s s i b l e t h a t p r e v i o u s s t u d i e s d i d 
not d e t e c t t h e a n t i - E P S P e f f e c t b e c a u s e near-maximal s t i m u l i were u s e d 
t o evoke t h e EPSPs. Our i n p u t / o u t p u t c u r v e s c o n s t r u c t e d f o r EPSPs of 3 
d i f f e r e n t b r a i n r e g i o n s (CA1, c e r e b r a l c o r t e x and NAcc) show t h e most 
pronounced o p i o i d e f f e c t a t l o w e r t o medium s t i m u l u s i n t e n s i t i e s . 

I n summary, ou r i n t r a c e l l u l a r d a t a d e r i v e d from s e v e r a l d i s p a r a t e 
b r a i n r e g i o n s s u g g e s t t h a t t h e most p o t e n t e f f e c t of t h e e n k e p h a l i n s 
a p p e a r s t o be t h e r e d u c t i o n o f s y n a p t i c p o t e n t i a l s , p r o b a b l y e x e r t e d 
p o s t s y n a p t i c a l l y v i a m o d u l a t i o n o f g l u t a m a t e r g i c e f f e c t s . T h i s a c t i o n 
would t e n d t o a p p l y an e f f e c t i v e b r a k i n g mechanism on a l a r g e p e r c e n 
t a g e of e x c i t a t o r y n e u r o n a l i n p u t s . However, t h e f i n a l outcome o f 
r e l e a s e of endogenous e n k e p h a l i n s may depend upon t h e l o c a l c i r c u i t r y 
and w h e t h e r i n h i b i t o r y i n t e r n e u r o n s a r e a l s o i n v o l v e d . The p r e s e n c e of 
d i f f e r e n t l e v e l s of t h e v a r i o u s r e c e p t o r s u b t y p e s w i l l a l s o l i k e l y be 
a f a c t o r i n d e t e r m i n i n g t h e f i n a l r e s p o n s e of t h e t a r g e t c e l l f o r t h e 
endogenous o p i o i d s . 
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