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E P S P s .  These  resu l t s  rule  ou t  t he  r a t h e r  r e m o t e  possi-  
b i l i ty  t h a t  t he  a l t e r a t i ons  of D R  E P S P s  b y  4 -AP are due  
to  i ts  ac t ion  on  t he  p o s t s y n a p t i c  m e m b r a n e .  The  effects 
of smal l  c o n c e n t r a t i o n s  were revers ible ,  whi le  a f te r  long 
exposure  to  large c o n c e n t r a t i o n s  of 4 -AP we could no t  
ach ieve  t he  comple te  r e s to ra t ion .  The  ra t e  of r ecove ry  of 
a n t i d r o m i c  spike was c lear ly  m u c h  faster .  A s imi la r  
d r a m a t i c  increase  of t he  R F  E P S P  b y  4 -AP was found  
(figure 1), a l t h o u g h  t he  l a t t e r  were m u c h  smal le r  in 
a m p l i t u d e  a n d  could be  de t ec t ed  on ly  in few moto -  
neu rones  i n  c o n t r a s t  to  e lec t ro tonic  D R  E P S P s  wh ich  
were p r e sen t  p rac t i ca l ly  in all  impa led  ceils. 
The  e lec t ro tonic  V R  E P S P s  can  be  subd iv ided  in to  2 
s epa ra t e  g roups :  ea r ly  and  late.  The  fo rmer  are cha rac -  
te r ized  b y  v e r y  s h o r t  l a t ency  (0.5-2.0 msec) and  re l a t ive ly  
long du ra t i on .  T h e  s u b t r a c t i o n  of the  ex t race l lu la r  re- 
sponse  f rom the  in t r ace l lu l a r  one d e m o n s t r a t e s  t h a t  the  
ea r ly  V R  E P S P s  a lways  beg in  before  t he  peak  of t he  
a n t i d r o m i c  spike. Af te r  4 -AP t r e a t m e n t ,  t he  ear ly  V R  
E P S P s  were e n h a n c e d  a n d  p ro longed  in a s imi la r  way  as 
D R  and  R F  E P S P s  (figure 2, A). This  fac t  a n d  t he  s h o r t  
l a t ency  of ea r ly  E P S P s  sugges t  t h a t  t h e y  are p roduced  b y  
m o n o s y n a p t i c  connec t ions  b e t w e e n  r e c u r r e n t  col la tera ls  
of m o t o r  axons  and  motoneurones .  
In s t a n d a r d  saline,  the  de layed  V R  E P S P s  were p r e sen t  
on ly  in a few cells. T h e y  h a d  a v e r y  fas t  t i m e  course,  b u t  

a lways  appea red  a f t e r  t he  p e a k  of t he  a n t i d r o m i c  spike  
( l a tency  2.5-4.8 msec).  W h e n  4 -AP was applied,  t he  de-  
l ayed  V R  E P S P s  a p p e a r e d  in m o s t  cells and  t h e i r  h e i g h t  
could r e a c h  up  to 8-12 inV. However ,  t he  d u r a t i o n  was 
on ly  s l igh t ly  a l t e red  a n d  t h e y  p rese rved  the  r ap id  spike-  
l ike shape  (figure 2, B). The  long l a t e n c y  of  de layed  V R  
E P S P s  a n d  the i r  s u d d e n  a p p e a r a n c e  a f t e r  4 -AP t r e a t -  
m e n t  are c o n s i s t e n t  w i t h  t he  p ro longa t i on  of t he  soma-  
dendr i t i c  spike a n d  sugges t  t h a t  th i s  t y p e  of a c t i v i t y  is 
t r a n s f e r r e d  f rom m o t o n e u r o n e  to m o t o n e u r o n e  v ia  elec- 
t r i ca l ly  ope ra t i ng  d e n d r o - d e n d r i t i c  synapses .  
Our  resu l t s  show t h a t  4 -AP is a n  eff ic ient  p o t e n t i a t o r  of 
e x c i t a t o r y  t r a n s m i s s i o n  in d i f fe ren t  e lec t ro tonic  j u n c t i o n s  
a n d  t h a t  t h i s  effect  is p roduced  a t  the  p r e s y n a p t i c  level.  
The  obse rved  e n h a n c e m e n t  of e lec t ro ton ic  E P S P s  b y  t he  
s u b s t a n c e  b lock ing  K + c o n d u c t a n c e  f u r t h e r  ind ica tes  t h a t  
t h e y  are  n o t  caused  b y  K + a c c u m u l a t i o n  in p e r i n e u r o n a l  
space. The  d i f fe ren t ia l  effect  of 4 -AP on d i f fe ren t  e lectro-  
ton ic  j u n c t i o n s  m a y  ref lect  the  d i s t i nc t  s t r u c t u r a l  or- 
gan i za t i on  of r e l e v a n t  synapses  (axo-dendr i t i c  and  dendro -  
dendr i t ic ) ,  b u t  m a y  d e p e n d  also on  t he  pecul ia r i t ies  of 
molecu la r  a r c h i t e c t u r e  of K+ channe l s  in d i f fe rent  elec- 
t r i ca l ly  exc i t ab le  p r e s y n a p t i c  m e m b r a n e s .  Therefore ,  th i s  
s u b s t a n c e  m a y  be  used as a p robe  for ana lys i s  of pre-  
synap t i c  even t s  which,  as a rule,  are n o t  sub j ec t  to  d i r ec t  
e lec t rophys io logica l  inves t iga t ion .  
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Summary. S t i m u l a t i o n  of nuc leus  a c c u m b e n s  p roduces  i nh ib i t i on  and  fac i l i t a t ion  of n e u r o n a l  a c t i v i t y  in the  ips i la te ra l  
g lobus  pa l l idus  and  s u b s t a n t i a  nigra .  Smal l  lesions in t he  a c c u m b e n s  reduce  pa l l ida l  b u t  no t  n igra l  G A B A  con ten t .  

R e c e n t  s tud ies  us ing  t he  o r t h o g r a d e  t r a n s p o r t  of label led  
amino  acids or t he  r e t rog rade  t r a n s p o r t  of ho r se rad i sh  
pe rox idase  h a v e  shown  t h a t  neu rones  of t he  nuc leus  
a c c u m b e n s  send e f fe ren t  p ro jec t ions  to  the  g lobus  pa l l idus  
a n d  s u b s t a n t i a  n igra  2-4. This  r e p o r t  p rov ides  electro-  
phys io log ica l  c o n f i r m a t i o n  for these  p ro jec t ions  and  
discusses the  possible  n e u r o t r a n s m i t t e r s  released.  
Materials and methods. E x p e r i m e n t s  were pe r fo rmed  in 
10 ma le  a lb ino  r a t s  l i gh t ly  a n a e s t h e t i z e d  w i t h  u r e t h a n e  
(1.2 g/kg, i.p.). The  effect  of nuc leus  a c c u m b e n s  s t imula -  
t i on  was e x a m i n e d  on  s p o n t a n e o u s  n e u r o n a l  a c t i v i t y  in  
t he  ips i l a te ra l  g lobus  pa l l idus  a n d  s u b s t a n t i a  nigra .  The  
cen t re  b a r r e l  of a m u l t i b a r r e l l e d  m i c r op i pe t t e  was  used 
to record  ex t race l lu la r  ac t ion  po ten t ia l s .  O t h e r  bar re l s  
c o n t a i n e d  aqueous  so lu t ions  of subs t ances  for e lectro-  
phores i s ,  p o n t a m i n e  blue,  GABA,  dopamine ,  1 M NaC1 
(cur ren t  control) .  Me t hods  for record ing  a n d  ana lys i s  
h a v e  been  descr ibed  5. 
In  o t h e r  a n i m a l s  (11) un i l a t e ra l  e lec t ro ly t ic  lesions 
(300-400 FA for 20 sec) of the  nuc leus  a c c u m b e n s  were 
made .  The  c o n c e n t r a t i o n  of G A B A  ~ was e s t i m a t e d  in 
g lobus  pa l l idus  a n d  s u b s t a n t i a  n igra  14 days  a f te rwards .  
Results. The  effects  of nuc leus  a c c u m b e n s  s t i m u l a t i o n  
are s u m m a r i z e d  in t he  table .  I n  t he  g lobus  pa l l idus  39 
of 62 cells t e s t ed  were ac t i va t ed .  The  p r e d o m i n a n t  re- 
sponse  was  i nh ib i t i on  of f i r ing (33 cells) (figure 1). This  
occur red  a lone  w i t h  r e l a t ive ly  sho r t  and  c o n s t a n t  l a t ency  
(3.3 msec),  b u t  in o t h e r  cells t he  l a t e n c y  was longer  
(13.0 msec) more  va r i ab l e  a n d  i n h i b i t i o n  was  of sho r t e r  

d u r a t i o n  (table).  I n  2 cells sho r t  l a t ency  i n h i b i t i o n  was 
fol lowed b y  a single phase  of r e b o u n d  exc i ta t ion .  I n  3 
cells fac i l i t a t ion  p receded  a per iod  of i nh ib i t i on  (figure 1) 
and  6 cells r e sponded  b y  fac i l i t a t ion  alone.  Fac i l i t a t i on  
was cha rac t e r i zed  b y  a b u r s t  of ac t ion  p o t e n t i a l s  (figure 1) 
and  no  ev idence  was o b t a i n e d  for a n t i d r o m i c  ac t i va t i on .  
The  l a t e n c y  of these  exc i t a t ions  was s imi lar  (2.4 msec) 
b u t  t he  d u r a t i o n  of e x c i t a t i o n  occur r ing  a lone  was longer  
(45.0 msec) t h a n  t h a t  w h i c h  preceded  a per iod  of in- 
h i b i t i o n  (15.7 msec).  His to logica l  e x a m i n a t i o n  revea led  
t h a t  m o s t  cells a f fec ted  (22 inh ib i t ed ,  5 exci ted)  were 
localized ro s t romed ia l l y  in  t he  v e n t r a l  t w o - t h i r d s  of t he  
pal l idus .  B o t h  G A B A  and  D A  (5-75 nA) depressed  all  
cells t e s t ed  in the  pa l l idus  (26 cells). 
In  t he  s u b s t a n t i a  n ig ra  13 of 30 cells t e s t ed  responded .  
Only  s imple  i nh ib i t i on  (7 cells, f igure 2) or s imple faci l i ta-  
t i on  (6 cells) was  observed .  The  l a t ency  of i n h i b i t i o n  
(6.7 msec) or exc i t a t i on  (5.2 msec) was  s imi lar  as were 
t he  respec t ive  d u r a t i o n s  of the  evoked  effect  ( table).  
Of t he  respons ive  neurones ,  m o s t  (5 inh ib i t ed ,  5 exci ted)  
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Globus pallidus 
A 5.9-6.8 
L 2.5 
D +0.5 to -2.0 

Substantia nigra 
A 1.6-2.6 
L 2.0 
D -1.5 to -3.0 

Inhibition Facilitation 
Latency (insec) Duration (reset) Latency (reset) Duration (msec) 

n = 19 3 .34,  0.4 28 .54 .4 .3  n ~ 6 2 .44 .  1.2 4 5 . 0 •  16.4 
range 2-7 7-90 range 2-10 10-100 
n = 9 13.0 ~: 0.9 18.3 4- 2.4 
range 10-17 10-35 

I 

n =  7 6 . 7 4 , 0 . 9  14.6 4- 2.5 n = 6 5 . 2 4 . 0 . 2  1 0 . 8 •  
range 5-10 5 25 range 5 6 5-20 

Stereotaxic coordinates 16 for the recording micropipette are indicated. Stimulation of the accumbens (coordinates A 9.4-9.8, L 1.0, D 0.5) 
was performed with a bipolar electrode (tip separation 0.25 m m  insulated to 0.25 mm of the tips) using single square wave pulses of 50-250 
[xA, duration 0.2-0.3 msec at 1-2 Hz. The position of the st imulating electrode and micropipette tip position (dye ejection) was varified 
histologically after each experiment. See text for further details. 

15, 1. 1978 Speeialia 

Effects of nucleus accumbens stimulation on the activity of nelarones in the ipsilateral globus pallidus and substantia nigra 

Fig. 1. Inhibition of a globus pallidus neurone evoked by stimulation 
of the ipsilateral nucleus accumbens. Spike record also shows pre- 
ceding excitation, characterized by a burst  of action potentials (2 
sweeps, calibration 10 msee; 100 [xV). Below is the poststimulus 
histogram of 100 consecutive sweeps from the same neurone (sweep 
duration 250 msec, calibration 10 impulses per bin). 

Fig. 2. Inhibition of a substantia nigra neurone by ipsilateral nucleus 
accumbens stimulation. Spike record of 20 superimposed oscilloscope 
sweeps showing inhibition of spontaneous firing (calibration 20 msec ; 
100 [~V). Below is the corresponding PSTH from 100 consecutive 
stimuli. The high count preceding inhibition is the stimulus artefact 
(sweep duration 250 nlsec; calibration 10 impulses per bin). 

we re  l oca l i zed  m e d i o - c a u d a l l y  w i t h i n  t h e  z o n a  c o m p a c t a -  
z o n a  r e t i c u l a t a  b o r d e r .  
L e s i o n s  of  t h e  a c c u m b e n s  p r o d u c e d  a s i g n i f i c a n t  r e d u c -  
t i o n  of G A B A  in  t h e  g l o b u s  p a l l i d u s  ( i p s i l a t e r a l  5 .16 4. 
0 .23;  c o n t r a l a t e r a l  6.47 • 0.30 ~ m o l e s  g - l ,  n 11, 
p < 0.01, t - t e s t )  b u t  no  c h a n g e s  in  t h e  s u b s t a n t i a  n i g r a  
G A B A  (6.23 4. 0.17 ~ m o l e s  g 1) of  t h e  s a m e  a n i m a l s .  
Al l  l e s i ons  we re  a c c u r a t e l y  p l a c e d  in  t h e  m e d i a l  p o r t i o n  
of t h e  a c c u m b e n s  a n d  h a d  d a m a g e d  a n  a r e a  5 0 0 - 7 5 0  ~ m  
in  d i a m e t e r .  N o  o b v i o u s  n e u r o l o g i c a l  d i s t u r b a n c e s  we re  
o b s e r v e d ,  
Discussion. T h e  p r e s e n t  o b s e r v a t i o n s  c o n f i r m  ea r l i e r  
a n a t o m i c a l  s t u d i e s  ~-4. I n  t h e  p a l l i d u s ,  i n h i b i t i o n  w a s  
t h e  p r e d o m i n a n t  r e s p o n s e  a n d  for  m o s t  ce l ls  w a s  of  
c o n s t a n t  l a t e n c y .  E x c i t a t i o n  in  t h e  p a l l i d u s  w a s  a l so  of  
c o n s t a n t  l a t e n c y  b u t  w a s  s o m e w h a t  s h o r t e r  t h a n  t h e  
l a t e n c y  of  i n h i b i t i o n .  I t  is t h e r e f o r e  p o s s i b l e  t h a t  s o m e  
i n h i b i t i o n s  m a y  b e  g e n e r a t e d  i n d i r e c t l y  in  t h e  p a l l i d u s  
v i a  t h e  a c t i v a t i o n  of  a n  i n h i b i t o r y  i n t e r n e u r o n e .  W h i l e  
i t  is a l so  p o s s i b l e  t h a t  t h e  e f f ec t s  o b s e r v e d  w e r e  d u e  to  
s t i m u l a t i o n  of  f i b re s  ' en  p a s s a g e '  t h e  d a t a  a r e  c o m p a t i b l e  
w i t h  t h e  e x i s t e n c e  of a m i x e d  m o n o s y n a p t i c  a c c u m b e n s -  
p a l l i d u s  p a t h w a y .  H o w e v e r  i n t r a c e l l u l a r  s t u d i e s  a r e  re-  
q u i r e d  to  c o n f i r m  t h i s  s u g g e s t i o n .  T h e  l o n g e r  l a t e n c y  a n d  
m o r e  c o m p l e x  r e s p o n s e s  m a y  h a v e  r e s u l t e d  f r o m  a c t i v -  
a t i o n  of  m i x e d  or  p o l y s y n a p t i c  p a t h w a y s .  I t  is u n c e r t a i n  
w h e t h e r  s u c h  p a t h w a y s  w o u l d  be  e x t r i n s i c  o r  i n t r i n s i c  
to  t h e  p a l l i d u s .  O n l y  s i m p l e  i n h i b i t i o n  or  f a c i l i t a t i o n  w a s  
o b s e r v e d  in  t h e  s u b s t a n t i a  n i g r a .  T h e s e  we re  of  c o m p a r a -  
b le  a n d  c o n s t a n t  l a t e n c y  s u g g e s t i n g  t h e  p o s s i b l e  m o n o -  
s y n a p t i c  n a t u r e  of  t h i s  p a t h w a y .  
T h e  d i s t r i b u t i o n  of  n e u r o n s  a f f e c t e d  b y  a c c u m b e n s  
s t i m u l a t i o n  w a s  s i m i l a r  to  t h e  t o p o g r a p h i c a l  d i s t r i b u t i o n  
of  a c c u m b e n s  p r o j e c t i o n s  o b s e r v e d  in  a n a t o m i c a l  s t u d i e s .  
T h u s  f i b r e s  f r o m  t h e  m e d i a l  a c c u m b e n s  ( the  s i t e  of  
s t i m u l a t i o n  in  t h e  p r e s e n t  e x p e r i m e n t s )  p r o j e c t  to  t h e  
m e d i a l  a n d  v e n t r o m e d i a l  pa l l i dusS ,  4. A d d i t i o n a l l y  f i b r e s  
p r o j e c t  to  t h e  m e d i a l  s u b s t a n t i a  n i g r a  a e n d i n g  in  t h e  
r e t i c u l a t a  i m m e d i a t e l y  s u b j a c e n t  to  t h e  c o m p a c t a  4. 
I n  a g r e e m e n t  w i t h  o t h e r  s t u d i e s  7, G A B A  a n d  D A  d e -  
p r e s s e d  t h e  a c t i v i t y  of  g l o b u s  p a l l i d u s  n e u r o n e s  t h o u g h  
t h i s  w a s  n o t  n e c e s s a r i l y  c o r r e l a t e d  w i t h  e v o k e d  a c t i v i t y .  
H i g h  l eve l s  of  G A B A  a n d  G A D  a re  f o u n d  in  t h e  p a l l i d u s  8, 9 
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and  some m a y  or iginate  f rom neurones  in the  accumbens  10. 
The r e d u c t i o n  of GABA in the  pal l idus following ac- 
cum bens  lesions suggests  a possible role as the  inh ib i to ry  
t r a n s m i t t e r  in the  pa thway .  T h a t  no s ignif icant  changes  
in subs t an t i a  nigra  GABA were observed suggests  t h a t  
accumbens  lesions were selective and  did no t  damage  
the  cauda to-n igra l  GABA p a t h w a y  5. The lack of bio- 
chemical  changes  in the  n igra  m a y  also reflect  the  sparse 
pro jec t ion  f rom the  accumbens  or indicate  t h a t  GABA 
is no t  involved in the  p a t h w a y .  

The nucleus accumbens  thus  appears  to send inh ib i to ry  
and exc i t a to ry  pro jec t ions  to the  pal l idus and  nigra. 
The ident i f ica t ion of the  neu ro t r ansmi t t e r s  concerned  
requires  fu r the r  s tudy .  However  since the  accumbens  
is an i m p o r t a n t  site for self s t imula t ion  11 and  for the  

act ions of locomotor  s t imu lan t s  1~-15 i t  is reasonable  to 
consider  t h a t  such behav iour  m a y  be med ia ted  in p a r t  
t h rough  the  pal l idal  and  nigral  project ions ,  

10 G.J. Balcom, R. H. Lenox and J. L. Meyerhoff, J. Neurochem. 
24, 609 (1975). 

11 E.T. Rolls, Brain Res. 31, 275 (1971). 
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5O7 (1975). 
13 A . J . J .  Pijnenburg, G. N. Woodruff and J. M. Van Rossum, 

Brain Res. 59, 289 (1973). 
14 A . J . J .  Pijnenburg and J. M. Van Rossum, J. Pharm. Pharmac. 

25, 1003 (1973). 
15 C. Pycock and R. Horton, Brain Res. 170, 629 (1976). 
16 J . F . R .  KSnig and R. A. Klippel, The rat brain: a stereotaxic 

atlas of the forebrain and lower parts of the brain stem. Williams 
and Wilkins, Baltimore 1963. 

T e m p e r a t u r e  a c c l i m a t i o n  and  l e a r n i n g  in f i s h  
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Summary. Control  fish acc l imated  at  21 ~ learned to swim upr igh t  fol lowing the  a t t a c h m e n t  of f loats  to the i r  ven t ra l  
surfaces,  while f ish acc l imated  a t  both 5 ~ and 33 ~ failed to learn the  swimming  skill. F ish  previous ly  acc l imated  a t  
5~ and  then  t r ans fe r red  to  21 ~ 48 h before the  task,  learn t  the  swimming  skill b e t t e r  t h a n  the  contro l  fish, b u t  fish 
acc l imated  a t  33 ~ and t r ans fe r red  to 21 ~ failed to acquire  the  new skill. Accl imat ion  t empera tu re ,  therefore ,  signif- 
i can t ly  modifies the  learning behaviour  of fish. 

F ish  have  the  abi l i ty  to learn to swim in the  upr igh t  
pos i t ion  af ter  po lys ty rene  f loats  are a t t a ched  to the i r  ven-  
t ra l  surfaces 1-5. Shashoua  ~ has  shown t h a t  goldfish ex- 
h ib i t  cyclic changes,  w i th  an annua l  r h y t h m ,  in the i r  
capac i ty  to  learn th is  swimming  skill. F ish  learned be t t e r  
dur ing  the  win te r  m o n t h s  t h a n  dur ing  the  summer  
m o n t h s ;  the  lowest  levels of learning coincided wi th  t he  
onse t  of spawningK These changes  in learning p a t t e r n s  
were t h o u g h t  to  be due to  cyclic ho rmona l  and biogenic 
amine  level changes  4. The d i rec t  effect  of t e m p e r a t u r e  on 
learning was not ,  however ,  inves t iga ted .  
We have  inves t iga ted  the  effect  of d i f fe rent  acc l imat ion  
t e m p e r a t u r e s  on learning in f ish using the  same learning 
t a sk  as t h a t  used by  Shashoua  1. 
Materials and methods. Cyprinus carpio (L.) f ingerl ings 
weighing 14-18 g were used in all exper iments .  All experi-  
m e n t s  were pe r fo rmed  dur ing  the  a u t u m n  (May-June)  
and  a t  the  same t ime  of day  (evening). Groups of fish 
were accl imat ized to 33, 21 and  5~ for 3 weeks. They  
were kep t  in 40-1 aquar ia  equipped  wi th  aerators ,  and  

the  animals  were fed regular ly  a t  f ixed t imes.  The fish 
were d iv ided  in to  5 groups  of 8 each for t ra ining.  3 groups  
were t r a ined  in the i r  respect ive  accl imat ion t empera tu res .  
The o ther  2 groups were r emoved  f rom 5 or 33~ and  
placed in a t a n k  ini t ia l ly a t  the  same tempera tu re ,  which  
was t h e n  al lowed to equi l ibra te  to room t e m p e r a t u r e  
(21 ~ This  t r ans fe r  took  place 48 h before t ra ining.  
Po lys ty rene  f loats  8.75% of the  mass  of the  fish in 600 ml 
of wa te r  were made.  The m e t h o d  of a t t ach ing  these  floats,  
as well as t he  m e t h o d  used for calculat ing the  pe rcen tage  
t ra ined,  was the  same as t h a t  used by  Kap lan  et  al. 5. The 
fish were ass igned 3 s tages  of learning.  During s tage I t he  
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Acquisition (trial 1) and retention 
(trials 2 and 3) of a learning task 
for fish acclimated to 21~ 
(O . . . . .  O), to 5~ ([~--[]) and to 
33~ (O-- -- O) for a period of 3 
weeks. The results of fish trans- 
ferred from 5~ (U . . . .  I )  and 
from 33~ (A--A) after the same 
acclimation period to 21~ 48 h 
before being subjected to t he  
learning task in trial 1 are also 
shown. Each point represents the 
mean percentage trained for 8 fish 
at 15-rain-intervals. 


