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FIBIGER, H. C., A. G. PHILLIPS AND A. P. ZIS. Deficits in instrumental responding after 6-hydroxydopamine lesions 
of the nigro.neostriatal doparninergic projection. PHARMAC. BIOCHEM. BEHAV. 2(t) 87 96, 1974. Rats subjec- 
ted to bilateral injections of 6-hydroxydopamine (8 gg) into the zona compacta of the substantia nigra completely 
failed to learn either a one-way active avoidance response or a simple approach response for food reinforcement. The 
neurotoxic lesions reduced striatal dopamine and tyrosine hydroxylase activity to less than 10 percent of control levels. 
A significant loss of hypothalamic norepinephrine was also produced by these lesions suggesting that this procedure also 
destroyed part of the ventral noradrenergic bundle. When bilateral lesions of the latter pathway were made caudal to 
the substantia nigra, so that similar losses were produced in hypothalamic norepinephrine levels without reducing 
striatal tyrosine hydroxylase activity, normal acquisition of both avoidance and appetitive responses were observed. In 
another experiment, almost complete retention of avoidance responding was obtained if the animals were overtrained 
on this response prior to the bilateral nigral lesions. These results suggest that the nigro-neostriatal dopaminergic projec- 
tion may play an important role in the acquisition of learned instrumental responses. 
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DESPITE the fact that  there exists a substantial  pharma- 
cological l i terature suggesting that  central  catecholamines  
play an impor t an t  role in the acquisi t ion and re ten t ion  of  
a variety of  learned behaviours,  the relative roles of  nor- 
adrenaline (NA) and dopamine  (DA) remain unclear.  A 
major  dif f icul ty  in different ia t ing be tween  the relative 
impor tance  of  pathways utilizing these two putat ive neu- 
ro t r ansmi t t e r s  is that peripheral ly administered drugs 
which inf luence the storage, synthesis or metabol i sm of  
one of  these amines almost  inevi tably also have p ro found  
effects  on the other.  Recen t ly  Breese and coworkers  have 
taken advantage of  the fact that  6 -hydroxydopamine  
(6-OHDA) can, when injected intraventr icular ly  under  the 
appropr ia te  pharmacological  condit ions,  produce variable 
degrees of  des t ruct ion of  ei ther  dopaminergic  or noradre-  
nergic neurons [7 ,9] .  Based on this approach  these 
workers  have concluded that  DA neurons are impor tan t  
substrates in the acquisi t ion and main tenance  of  condi- 
t ioned avoidance responding [9 ,41] .  Addi t iona l  suppor t  
for this hypothesis  can be found in a recent  report  by 
Mitchum and Thomas  [281 who demons t ra ted  that  le- 
sions of  the substantia nigra, the  source of  a major  DA 
project ion in the brain [47] ,  produce  substantial  defici ts  
in condi t ioned  avoidance responding (CAR).  Numerous  
o ther  workers  have also found that  lesions which en- 
croach upon the nigro-striatal project ion disrupt avoidance 

responding (e.g. [21 ,38]) .  Fur the rmore ,  drugs such as 
p imozide  and haloper idol  which in small doses may be 
relatively specific in blocking DA receptor  sites produce 
defici ts  in avoidance but  not  escape behaviour  [31] .  

While data  accumula ted  f rom these diverse procedures 
poin t  to a role for dopamine  in CAR,  each one of  these 
approaches  has certain methodologica l  l imitat ions.  Intra- 
ventr icular  applicat ion of 6-OHDA can produce  only a 
relative decrease in dopamine  over norepinephr ine  so that  
some effects on brain NE levels are always observed when 
brain DA levels are substantial ly reduced.  Elec t ro ly t ic  le- 
sions and knife cuts produce,  of  course, comple te ly  non- 
specific damage making it diff icult  to ascribe behavioural  
effects  to any part icular  system. Elec t ro ly t ic  lesions of  
the substant ia  nigra are also rather ineffect ive in produc-  
ing substantial  and reproducible  decreases in neostr iatal  
dopamine  levels suggesting that  this technique results in 
partial and variable dest ruct ion of the nigro-neostr iatal  
p r o j e c t i o n  [15 ,19] .  Finally,  some quest ions remain 
regarding the specifici ty of  neurolept ic  drugs even when 
given at relatively low doses [2, 6, 10, 20] .  

With Ungers tedt ' s  [47] discovery that  it was feasible 
to selectively lesion specific catecholaminergic  pathways 
by s tereotaxic  inject ion of  6-OHDA into the cell bodies  
or axons of  these project ions,  new possibilities for the 
invest igation of  the funct ional  roles of  these systems have 

87 



88 ' F IBIGER,  PHILLIPS AND ZIS 

emerged. The present  exper iments  were designed to fur- 
ther evaluate the role of  the ascending dopaminergic  
project ions  in condi t ioned  avoidance responding.  Fur ther-  
more,  insofar as 6-OHDA has been used almost  exclu- 
sively in investigations of  avoidance responding the role of  
these systems in a non-aversive learning task was also 
examined.  

E X P E R I M E N T  1 

The role of  the nigro-striatal dopaminergic  projec t ion  
in condi t ioned  avoidance learning was examined fol lowing 
l o c a l i z e d  b i l a t e r a l  inject ions o f  6-OHDA into the 
substantia nigra. 

METHOD 

A nimals 

Twenty - two  naive male Wistar rats were maintained in 
individual stainless steel cages, wi th  Purina rat chow and 
water  available ad lib, prior to surgery. Throughou t  the 
exper iment ,  co lony  lighting was on be tween  7 a.m. and 
7 p . m .  

Surgery 

Twenty - two  animals were anesthet ized with sodium 
pen tobarb i to l  (50 mg/kg) and prepared for s tereotaxic  
surgery in a Kopf  s tereotaxic  ins t rument .  Twelve animals 
received 8 ~g of 6 -hydroxydopamine  hydrobromide  (dos- 
age expressed as the free base) injected bilaterally into 

the substantia nigra in a Volume of 2 tzl by the me thod  of  
Fibiger et al. [ 16].  The  6-OHDA was dissolved in a solut ion 
of  0.9% NaC1 containing ascorbic acid (1 mg/ml).  
The inject ion coordinates  according to K6nig and Klippel 
[22] were A + 3.2 mm;  L ± 2.1 m m ; a n d  D V -  2.1 mm. 
The 10 control  animals received identical  t rea tment  with 
an emp ty  inject ion needle lowered to within 1.5 mm of  
the substantia nigra. Previous results have shown that  
hypotha lamic  norepinephr ine  levels and tyrosine hydrox-  
ylase act ivi ty  are significantly reduced after bilateral injec- 
tions of  6-OHDA into the substantia nigra ( [17] ,  Fibiger 
and Phillips, unpublished observations).  This probably 
reflects damage to the ventral  noradrenergic project ion 
[47] .  To control  for the possible effects of  damage to 
this system an addit ional  group of  five animals received 
bilateral inject ions of  6-OHDA (8 ug) into this bundle 
caudal to the substantia nigra so as not  to damage the 
nigro-striatal project ion.  The coordinates  according to 
K6nig and Klippel [22] were A + 1.0 mm;  L + 1.3 mm;  
and D V -  2.1 mm. 

Apparatus  

The test chamber  was a wooden  shut t lebox measuring 
90 x 28 x 45 cm, divided into  two equal compar tments  
by a manual ly  opera ted  guil lotine door.  The f loor was 
constructed from 0.6 mm diameter  copper  rods moun ted  
12 mm apart and the grid floor of  one compar tment  
could be wired for the delivery of  foot  shock. In the 
avoidance tests, a 1.5 mA shock was supplied by a 
LaFaye t te  shocker  (Model 5226) to the grid floor. 
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FIG. 1. Effect of bilateral 6-OHDA lesions of the substantia nigra on the acquisition of a 
one-way active avoidance response. Animals were given 10 trials per day and the number of 
errors each day (lack of avoidance response) are given on the abscissa. Data represent means 

(± 1 S.E.M.) of 9 animals in each group. 
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Procedure 

Convalescence. All an imals  receiving 6 -OHDA lesions of  
the  s u b s t a n t i a  nigra b e c a m e  aphagic  and adipsic and  re- 
qui red  t ube  feeding un t i l  t hey  recovered  the  abi l i ty  to  
feed and dr ink .  Each an imal  was i n t u b a t e d  w i t h  12 cc of  
art if icial  m o t h e r ' s  mi lk  (Lac to l  25% b y  vo lume ,  75% tap 
wate r ) ,  twice  daily.  Three  daily feedings were given w h e n  
necessary  to  m a i n t a i n  b o d y  weight .  A daily record  of  
each  an imal ' s  b o d y  weigh t  was kep t  and i n t u b a t i o n  was 
c o n t i n u e d  un t i l  t he  an imal  d isp layed  a sus ta ined  increase 
in b o d y  weight  and could m a i n t a i n  itself. Our  past  exper i -  
ence  has  s h o w n  6-OHDA t rea ted  an imals  to  have  a prefer-  
ence  for  canned  dog  food  and  c o n s e q u e n t l y  th is  diet  was 
made  available a f te r  the  o p e r a t i o n  and  for  the  r e m a i n d e r  
of  the  e x p e r i m e n t .  Despi te  these  p recau t ions ,  th ree  animals  
d ied  pr io r  to  test ing.  

One-way avoidance learning. Nine e x p e r i m e n t a l  animals  
wh ich  had received b i la te ra l  6 -OHDA lesions of  the  sub- 
s t an t i a  nigra,  and had  regained feeding and d r ink ing  be- 
h a v i o u r ,  and  nine  con t ro l  an imals  were t r a ined  for  
avoidance  b e h a v i o u r  in the  s h u t t l e b o x  descr ibed  above .  

On Day 1 each  an imal  was p laced  in the  appa ra tu s  and  
p e r m i t t e d  to exp lo re  for  15 min  wi th  the  gui l lo t ine  d o o r  
raised. Tes t ing  began  the  nex t  day  at wh ich  t ime  the  rat  
was placed on  the  r ight  side of  the  c h a m b e r  w i th  the  
d o o r  closed. Af te r  5 sec the  d o o r  was raised,  the  concomi -  
t a n t  noise serving as a CS and  the  rat  a l lowed 10 sec to 
r each  the  left  side be fo re  the  1.5 m A  f o o t s h o c k  was deliv- 
ered.  When  the  rat  r eached  the  left  side, the  d o o r  was 
lowered  and  the  rat  a l lowed 30 sec on  the  safe side before  
the  nex t  trial  began .  Each  an imal  was given 10 trials per  
day  un t i l  a c r i te r ion  of  9 of  ten  cor rec t  responses  on  two  
consecu t ive  days  was reached .  The  resul t s  were ana lyzed  
by  analysis  of  var iance  and  S t u d e n t ' s  t test .  

Biochemistry 

After  the  behav ioura l  tests  were c o m p l e t e d  the  an imals  
were killed by  cervical f rac tu re  and  the  s t r i a tum and  
h y p o t h a l a m u s  were dissected ou t  f rom each  bra in .  Tyro-  
sine h y d r o x y l a s e  ac t iv i ty  was measured  in the  s t r i a tum by  
the  m e t h o d  of  McGeer ,  G ibson  and McGeer  [ 2 5 ] .  Hypo-  

t h a l a m i c  n o r e p i n e p h r i n e  and  s t r ia ta l  d o p a m i n e  were 
measu red  accord ing  to  McGeer  and  McGeer  [ 2 6 ] .  

His to logy 

The caudal  po r t i on  of the  bra ins  of  all e x p e r i m e n t a l  
animals  were f ixed in bu f f e red  Fo rma l in  pr ior  to  embed-  
ding in paraf f in  wax.  Serial sec t ions  (20 u)  were t aken  
t h r o u g h  the  subs t an t i a  nigra and every f o u r t h  sec t ion  
m o u n t e d ,  s ta ined wi th  luxol  fast  blue and  coun t e r s t a i ned  
w i th  t h ion in .  

RESULTS 

The  resul ts  of this  e x p e r i m e n t  are seen in Fig. 1. High- 
ly s igni f icant  d i f fe rences  were observed b e t w e e n  the  con-  
t rols  and  the  6 -OHDA subs t an t i a  nigra les ioned group  on  
CAR ( p < 0 . 0 0 1 ) .  All of  the  con t ro l  animals  reached  crite- 
r ion  (9 ou t  of  10 avoidance  responses  on 2 consecut ive  
days)  b y  the  seven th  e x p e r i m e n t a l  day.  The  average was 
4 .70  + 0 .47 days. None  of  the  subs t an t i a  nigra les ioned 
animals  reached  cr i te r ion  dur ing  the  14 day tes t  per iod.  
In fact,  9 ou t  of 10 avoidance  responses  were never  ob- 
ta ined  in any of  the  animals  in this  g roup  on any  of  the  
14 tes t  days.  The  an imals  sus ta in ing  bi la tera l  6 -OHDA 
lesions of  the  ven t ra l  b u n d l e  reached  c r i te r ion  in 5 .00 -+ 
0 .36  d a y s  wh ich  was no t  s igni f icant ly  d i f f e ren t  f rom con-  
trols.  While the  subs t an t i a  nigra les ioned g roup  never  
learned to  avoid the  shock ,  they  had  no  d i f f icu l ty  in per- 
fo rming  the  escape response  af te r  shock  onset .  The  escape 
l a t e n c i e s  were no t  sys temat ica l ly  r ecorded  b u t  t hey  
typica l ly  fell w i th in  2 - 3  seconds  af te r  shock  onset .  

The  b iochemica l  results  are seen in Table  1. The  da ta  
in this  table  r ep resen t  the  c o m b i n e d  resul ts  f rom Exper i -  
men t s  1 and 2 because  animals  in these  e x p e r i m e n t s  re- 
ceived ident ica l  lesions.  6 -OHDA lesions of  the  subs t an t i a  
nigra r educed  str ia tal  ty ros ine  hyd roxy l a se  act ivi ty  to 
a b o u t  4 pe rcen t  of  con t ro l  values. H y p o t h a l a m i c  norepi -  
n e p h r i n e  was reduced  by  63 percen t .  Str ia ta l  ty ros ine  
hyd roxy l a se  was no t  s igni f icant ly  a l tered in the  animals  
w i th  ven t ra l  no rad rene rg ic  b u n d l e  lesions,  b u t  hypo-  
tha lamic  n o r e p i n e p h r i n e  was reduced  by  65 percen t .  

Histological  analysis revealed t ha t  the  damage  p roduced  

T A B L E  1 

EFFECT OF 6-OHDA LESIONS ON STRIATAL TYROSINE HYDROXYLASE ACTIVITY AND 
HYPOTHALAMIC NOREPINEPHRINE LEVELS 

Striatal Tyrosine Hydroxylase 
(n moles Dopa/gm/hr) 

% Control 

Hypothalamic Norepinephrine 
(#g/gm) 

% Control 

Controls 104.5 ± 3.5 100 2.53 + 0.10 100 

6-OHDA SN 4.1 ± 1.2" 3.9 0,94 + 0.11" 37.1 

6-OHDA Ventral 103.5 ± 3.3 99.0 0.89 + 0.06* 35.2 
Bundle 

Data represent means (+ S.E.M.) of 17 (controls and 6-OHDA SN) or 8 (6-OHDA ventral bundle) 
animals. Tyrosine hydroxylase was measured by this method of McGeer, Gibson and McGeer (1967) 
and norepinephrine was measured according to McGeer and McGeer (1961). 

*Significantly different from controls, p<0.01. 



90 F IBIGER,  PHILLIPS AND ZIS 

by 6-OHDA was confined primari ly to the zona compac ta  
of  the substantia nigra. Considerable gliosis was observed 
in this region. Cells in the zona ret iculata  appeared nor- 
mal. Small amounts  of  gliosis were observed in cell group 
A10 near the in te rpeduncular  nucleus [47] .  In some ani- 
mals a few necrot ic  cells were observed in the ventral  
part  of  the red nucleus,  bu t  the vast major i ty  of  cells in 
this region appeared normal.  

D I S C U S S I O N  

Bilateral inject ions of  6-OHDA into the substantia 
nigra produced  p ro found  deficits in oneway  active avoid- 
ance learning similar to those repor ted  after  bilateral elec- 
t rolyt ic  lesions of  this nucleus or the caudate [28] .  
Immedia te ly  af ter  the neuro tox ic  lesions, all of the ani- 
mals became aphagic and adipsic, conf i rming previous 
observat ions [ 17] .  The animals were initially maintained 
by intragastric in tuba t ion  of  milk and after  one to three 
weeks began eating canned dog food.  This period of  
aphagia and adipsia was marked by a p ronounced  lethargy 
and a degree of  ataxia, but  these symptoms  disappeared 
when the animals regained the ability to feed themselves.  
At the t ime of  testing which was 35 days after the lesion, 
the exper imenta l  subjects appeared as active as controls  
and displayed no marked m o t o r  disabilities making it un- 
l ikely that  these factors could account  for the results. 

Al though no formal  assessment of  shock threshold was 
made,  the exper imenta l  animals would  react vigorously to 
the presenta t ion of  the foo t shock  by squealing and escap- 
ing into the safe compar tmen t .  This react ion to the shock 
was in contrast  to the response elicited by raising the guil- 
lot ine door  at which t ime the animals would  remain rela- 
t ively quiet  until  the shock was ini t iated.  Al though the 
CS only consisted of  the sight and sound of  the door  
being raised, the cont ro l  animals reacted to it immedia te ly  
as they acquired the avoidance response, but  the exper-  
imenta l  subjects did not  appear to pair these cues with 
the ensuing foot  shock. 

E X P E R I M E N T  2 

The preceding exper iment  provides strong evidence for 
the role of  the nigro-striatal  dopaminergic  system in the 
acquisi t ion of  shock-mot iva ted  behaviour ,  but  the ques- 
tion still remains as to whe ther  this role is l imited to 
avoidance behaviour  or may be generalized to learning 
similar responses under  different  states of  mot iva t ion .  One 
diff icul ty  which of ten arises in studies of  this nature is 
the use of  di f ferent  test apparat i  for the avoidance and 
appet i t ive  tasks. In the fol lowing exper iment ,  animals 
which had recovered f rom aphagia and adipsia produced 
by bilateral 6-OHDA inject ions in to  the substantia nigra 
were food deprived and tested for the acquisi t ion of  a 
simple approach response in the same shu t t l ebox  as was 
used in Exper iment  1. 

M E T H O D  

Animals and Surgery 

Twenty-s ix  addi t ional  male Wistar rats were housed in 
condi t ions  identical  to Exper iment  1. Twelve animals re- 
ceived bilateral inject ions of  6-OHDA into  the substantia 
nigra as described above, and ten animals served as opera- 
ted controls.  As a control  for possible damage to the 
ventral  NA bundle,  four  animals had 6-OHDA injected bi- 

laterally into this project ion as described in Exper iment  1. 

Apparatus and Procedure 

The wooden  shut t l ebox  employed  in Exper iment  1 was 
again uti l ized in the appeti t ive testing. As in the previous 
exper iment  all animals were placed on a diet of  dog food 
af ter  the 6-OHDA substantia nigra lesioned animals no 
longer required intragastric feeding. The animals, including 
controls,  remained on the canned dog food for the re- 
mainder  of  the exper iment .  Thirty-five days after  surgery, 
eight surviving rats with 6-OHDA lesions, and eight con- 
trols were placed on a 21-hr food deprivat ion schedule on 
which they were maintained until  the end of  testing. 
Water was available ad lib. 

Prior to the learning trials, each animal was accus- 
t omed  to the apparatus by first placing it next  to the 
food dish, then moving it slowly to the opposi te  compart-  
ment  of  the test chamber ,  a procedure  which took  ap- 
p rox imate ly  15 min per animal. On the first day of  test- 
ing, each rat was placed in the right side of  the chamber  
facing away from the lowered guillotine door.  The door  
was raised after  5 sec. Each rat was given 10 sec to move 
out  of  the start compar tment .  On reaching the food the 
animal was given 10 sec to eat the dog food before being 
put  in to  a separate cage during the 30 sec inter-trial inter- 
val. Ten trials were conduc ted  per day until  a cri terion of  
9 of  10 approach responses were displayed within the 
initial 10 sec after the door  was raised on two consecutive 
days. A trial was not  considered correct  unless the rat 
also ate within 30 sec on the food side. In the event  the 
rat did not  leave the start side within 30 sec on the first 
trial, he was placed on the goal side by the exper imenter  
and left  near the food dish for 10 sec. After  the learning 
trials the animals were returned to their  home cages and 
al lowed food and water  for 3 hr. The amount  of  food 
consumed during the 3-hr eating period was measured on 
four  days. This measure was used to determine  whether  
the exper imenta l  animals differed from control  animals in 
terms of  food mot iva t ion .  Fol lowing comple t ion  of  the 
exper iment ,  all animals were sacrificed and prepared for 
b i o c h e m i c a l  measures and his tology as described in 
Exper iment  1. 

RESULTS 

The results of  this exper iment  are seen in Fig. 2. The 
per formance  of  the 6-OHDA substantia nigra lesioned 
group differed significantly from the controls  (p<0.001) .  
All control  animals reached cri terion within 10 days, the 
mean being 8.50 _+ 0.29 days. As in the first exper iment ,  
none of  the substantia nigra lesioned animals at tained cri- 
ter ion per formance  during the 14 days. The group receiv- 
ing lesions of  the ventral noradrenergic bundle reached 
cri terion in 5.00 -+ 0.72 days which tended to be shorter  
than controls ,  but  because of  the small number  of  animals 
in this group,  this observat ion requires further  validation.  
It is obvious however ,  that  none of  the profound deficits 
found in the substantia nigra lesioned animals were pres- 
ent  in the animals receiving bilateral ventral  bundle  le- 
sions. The biochemical  results are as for Exper iment  1 
(Table 1). The controls  and substantia nigra lesioned 
animals did not  differ  significantly in the amount  of  food 
eaten during the three hour  feeding period each day 
(Controls:  38.6 -+ 1 . 9 4 g m s ; 6 - O H D A  SN: 39.1 -+ 1.03). 
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FIG. 2. Effect of bilateral 6-OHDA lesions of the substantia nigra on the acquisition of an 
approach response for food reinforcement. Animals were given 10 trials per day and the 
number of errors on each day (failure to approach the food within 10 seconds) are given on 

the abscissa. Data represent means (± 1 S.E.M.) of 8 animals in each group. 

D ISCUSSION 

The resul ts  of  this  e x p e r i m e n t  are d i rec t ly  comparab l e  
to  those  o b t a i n e d  in the  avoidance  task e m p l o y e d  in 
E x p e r i m e n t  1, in t ha t  an imals  sus ta in ing  bi la tera l  des t ruc-  
t ion  of  the  subs t an t i a  nigra never  learned a s imple  ap- 
p r o a c h  response  for  food.  In spite of  the  fact  tha t  the  
same appa ra tu s  was emp loyed ,  th is  task appeared  more  dif- 
f icult  to  learn t han  the  avoidance  task as ev idenced  by  
the  grea te r  n u m b e r  of  trials requi red  b y  the  con t ro l s  to  
r each  cr i ter ion.  Despi te  the  a p p a r e n t  increase  in d i f f icu l ty ,  
b o t h  of  the  con t ro l  and the  ven t ra l  no read rene rg ic  b u n d l e  
les ioned groups  a t t a ined  cr i ter ia  whereas  n o n e  o f  the  
e x p e r i m e n t a l  an imals  acqui red  the  response.  This  fai lure 
c a n n o t  be a t t r i b u t e d  to the  un fami l i a r i t y  w i th  the  type  of  
r e i n f o r c e m e n t  emp loyed ,  as all g roups  had  been  ea t ing  the  
canned  dog food in the i r  h o m e  cages for  over  a m o n t h  
pr ior  to  the  s tar t  of  the  e x p e r i m e n t ,  and c o n s u m e d  equal  
quan t i t i e s  w h e n  r e tu rned  to the  h o m e  cage for  the  3 h r  
daily feeding per iod  wh ich  occur red  af te r  each  tes t  ses- 
sion. F u r t h e r m o r e ,  the  nigral  les ioned an imals  would  eat 
the  food  when  placed nex t  to  the  dish,  b u t  would  no t  
learn to run  f rom one c o m p a r t m e n t  to  the  goal c o m p a r t -  
m e n t  wi th in  a specif ied per iod  of  t ime for  the  food re- 
ward.  The observed  i m p a i r m e n t  t he re fo re ,  seems bes t  at- 
t r i b u t e d  to defici ts  o t h e r  t h a n  decreased food mo t iva t i on .  
These  resul ts  suggest t ha t  6 -OHDA lesions of  t he  subs tan-  
t ia nigra p roduce  a learn ing  defici t  wh ich  m ay  be of  a 
general ized na tu re  r a the r  t h a n  a specif ic  i m p a i r m e n t  of  
c o n d i t i o n e d  avo idance  responding .  

E X P E R I M E N T  3 

Many researchers  engaged in the  s tudy  o f  shock-  
m o t i v a t e d  active avoidance  r e spond ing  have emphas ized  
the  i m p o r t a n c e  of  p rov id ing  measures  in add i t i on  to the  
avoidance  response ,  as these o t h e r  variables may  aid in 
the  i n t e r p r e t a t i o n  of  any  observed defici ts  [3, 5, 3 3 ] .  
Act iv i ty  levels r ep resen t  a par t icu la r ly  i m p o r t a n t  variable 
in these s tudies ,  and  they  b e c o m e  even more  cri t ical  w h e n  
the  ef fec ts  of  damage  to a par t  of  the  e x t r a p y r a m i d a l  
sys tem is u n d e r  inves t iga t ion .  C o n s e q u e n t l y ,  measures  of  
ac t iv i ty  were t a k e n  be fo re  and af te r  a foot  shock .  This 
t e s t  w a s  c o n d u c t e d  pr ior  to  the  lea rn ing  tests  in 
E x p e r i m e n t s  1 and 2. 

METHOD 

Animals 

All animals  receiving subs t an t i a  nigra lesions (N = 17) 
and  the i r  con t ro l s  (N = 17) in E x p e r i m e n t s  1 and 2 were 
tes ted.  

Apparatus and Procedure 

A Plexiglas c h a m b e r  measur ing  45 x 45 x 45 cm wi th  
a grid f loor  was e m p l o y e d  in measur ing  act iv i ty  levels. 
The f loor  area was divided i n to  16 equal  squares  to  facili- 
ta te  the  record ing  of  ac t iv i ty  and the  shock  source  em- 
p loyed  in E x p e r i m e n t  1 was c o n n e c t e d  to the  grid f loor  
and ca l ib ra ted  to del iver  a 1.5 m A  cur ren t .  Each animal  
was placed in the  b o t t o m  left  h a n d  corne r  of  the  c h a m b e r  
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and  a l lowed to  move  freely.  The  n u m b e r  of  squares  tra- 
versed was r ecorded  over  a 3 min pre-shock  per iod  a f te r  
wh ich  a shock  was del ivered for  5 sec. The  animals  were 
immed ia t e ly  r e tu rned  to the i r  h o m e  cages for  1 rain a f te r  
wh ich  they  were r e t u r n e d  to  the  tes t  appa ra tus  for  an 
add i t iona l  3 min  per iod dur ing  wh ich  pos t - shock  act ivi ty  
was measured .  

RESULTS 

No s i g n i f i c a n t  d i f f e r e n c e  was observed  b e t w e e n  
6-OHDA les ioned an imals  and con t ro l s  in p re - shock  activi- 
ty  levels. The  les ioned subjec ts  crossed over  an average of  
45 .2  ± 3.5 squares  in the  3 rain pre -shock  per iod as com- 
pared  to a con t ro l  m e a n  of  46 .6  _+ 2.9. The  groups  differ-  
ed s igni f icant ly  however ,  in ac t iv i ty  levels a f te r  the  5 sec 
shock.  The  post  shock  act ivi ty  of  the  les ioned animals  
was s igni f icant ly  h igher  t h a n  the  con t ro l s  ( p < 0 . 0 1 ) .  Vir tu-  
ally all of  the  con t ro l  an imals  f roze for  the  en t i r e  3 ra in  
per iod  (X = 1.1 + 0 .4)  whereas  the  e x p e r i m e n t a l  animals  
were act ive a l t h o u g h  at a s igni f icant ly  r educed  level 
( p < 0 . 0 1 )  relat ive to the i r  p re - shock  scores (X = 15.3 ± 
2.6). 

DISCUSSION 

These data  are i m p o r t a n t  in t ha t  t h e y  reduce  the  possi- 
bi l i ty  t ha t  d i f fe rences  in general  act ivi ty  were the  ma jo r  
f ac to r  respons ib le  for  the  observed d e c r e m e n t s  in b o t h  
a p p r o a c h  and  avoidance  behav iour .  F u r t h e r m o r e ,  these  
f indings suggest  t ha t  the  inabi l i ty  of  the  6 -OHDA group  
to  acquire  the  avo idance  response  c a n n o t  be a t t r i b u t e d  to 
freezing in this s i tua t ion .  In the  present  e x p e r i m e n t ,  the  
les ioned animals  in fact  showed  less pos t - shock  freezing 
t h a n  controls .  It may  be argued f rom these  resul ts  t h a t  
the  e x p e r i m e n t a l  animals  were less react ive to  foo t shock .  
While this  po in t  remains  to  be d e t e r m i n e d  empir ica l ly ,  the  
fact  t ha t  a s ignif icant  decrease  in ac t iv i ty  was observed 
a f t e r  the  shock  serves to  emphas ize  again the  expe r imen-  
tal  an imals '  ab i l i ty  to  react  to  the  shock.  On the  o t h e r  
hand ,  the  r educed  freezing could be t aken  as evidence  of  
impa i red  learning of  a c o n d i t i o n e d  e m o t i o n a l  response  b y  
the  6 -OHDA les ioned group.  Ver i f ica t ion  of  this  poss ibi l i ty  
in a fo rmal  c o n d i t i o n e d  response  suppress ion  task is in 
progress and  should  help e luc ida te  w h e t h e r  the  disrupt ive  
effects  of  nigral  damage are l imi ted  to i n s t r u m e n t a l  learn- 
ing. 

E X P E R I M E N T  4 

Insofar  as E x p e r i m e n t  1 d e m o n s t r a t e d  tha t  de s t ruc t i on  
of  the  n igros t r ia ta l  dopamine rg ic  b u n d l e  abol i shed  the  
acqu i s i t ion  of  a c o n d i t i o n e d  avoidance  response ,  the  fol low- 
ing e x p e r i m e n t  was u n d e r t a k e n  to d e t e r m i n e  the  effects  of  
b i la tera l  6 -OHDA lesions of  the  subs t an t i a  nigra on  the  
r e t e n t i o n  of  a wel l -es tabl ished c o n d i t i o n e d  avoidance  re- 
sponse.  

METHOD 

Animals and Surgery 

Eigh teen  male  Wistar  rats were assigned e i the r  to  a 
g roup  receiving 6-OHDA lesions of  the  subs t an t i a  nigra or  
t o  a s h a m o p e r a t e d  con t r o l  c o n d i t i o n  based on  pre-  
opera t ive  p e r f o r m a n c e  in a s h u t t l e b o x .  The  groups  were 
m a t c h e d  in t e rms  of  days  to reach  cr i ter ion (9 ou t  of  10 

avo idance  responses  on 2 consecut ive  days) .  The stereo- 
taxic  mic ro in j ec t ion  p rocedu re  was the  same as descr ibed 
in E x p e r i m e n t  1, as were the b iochemica l  and his tological  
analyses.  Pos t -opera t ive  convalescences  were as descr ibed 
above.  

Apparatus and Procedure 

The animals  were t ra ined  in a s h u t t l e b o x  (75 x 25 x 
3 0 c m ) ,  d ivided in to  two equal  c o m p a r t m e n t s  by  a 
w o o d e n  doo r  e x t e n d i n g  f rom the  top  of  the  appara tus  to  
the  grid floor.  Raising the  doo r  tr iggered the  p re sen t a t i on  
of  a descre te  tone  for  10 sec, wh ich  served as the CS. 
T e r m i n a t i o n  of  the  CS co inc ided  w i th  the  delivery of  a 
0.7 m A  shock  to the  grid f loor  wh ich  was composed  of  
0 . 6 m m  d i ame te r  copper  rods m o u n t e d  1 2 m m  apart .  
Tra in ing  t o o k  place over a 13-day per iod and the animals  
received 10 trials per  dai ly session. In this manne r ,  the 
animals  were assured at least  7 days of  over t ra in ing  af te r  
having reached  the cr i ter ion of 9 ou t  of  10 correct  re- 
sponses  on two consecut ive  days. Af te r  a 15-day post-  
surgery recovery  per iod,  b o t h  groups  were re tes ted  on  
pos t -opera t ive  Days 15 and  21, and the  n u m b e r  of  errors  
in each  10 tr ial  session were recorded .  

RESULTS 

B o t h  g r o u p s  learned the  avo idance  response  pre- 
opera t ive ly  at  very similar  rates (because  of  ma tch ing )  and 
to an equal  level of  p e r f o r m a n c e  (Fig. 3). Bo th  the  con-  
t rol  and the  e x p e r i m e n t a l  groups  showed  subs tan t ia l  re- 
t e n t i o n  on  the  re tes t  days.  In Fig. 3 it is ev ident  t ha t  the  
con t ro l s  in fact  showed  comple t e  r e t e n t i o n  of the  avoid- 
ance  response.  A l t h o u g h  on b o t h  re tes t  days the perfor-  
m a n c e  of  nigral  les ioned group was s ignif icant ly  p o o r e r  
t h a n  con t ro l s  ( p < 0 . 0 5 ) ,  th is  group also clearly showed  
cons iderab le  savings, making  a m e a n  of  a p p r o x i m a t e l y  8 
ou t  of  10 avo idance  responses  (Fig. 3). This differs d rama-  
t ically f rom the  animals  in E x p e r i m e n t  1 which  were le- 
s ioned  before  avoidance  training.  These  animals  were 
making  an average of  on ly  one  or two ou t  of  ten avoid- 
ance  responses  per  session a f te r  14 days of  t ra in ing  (Fig. 
1). 

The b iochemica l  results  are seen in Table 2. Bilateral 
in jec t ions  of  6-OHDA in to  the  subs t an t i a  nigra reduced stri- 
atal  d o p a m i n e  to 5.5 pe rcen t  of  cont ro ls ,  a value compara-  
ble to  the  96 percen t  decrease in s t r ia tal  ty ros ine  h y d r o x -  
ylase o b t a i n e d  in Expe r imen t s  1 and  2. H y p o t h a l a m i c  
n o r e p i n e p h r i n e  was also reduced  in the  les ioned animals  by  
67 pe rcen t  which  is also comparab le  to  the  first two experi-  
ments .  

DISCUSSION 

In marked  con t ras t  to  the  disrupt ive  effects  of subs tan t i a  
nigra lesions on  the  acquis i t ion  of  an active avoidance  
response,  s imilar  lesions p roduced  only  a slight def ici t  in 
r e t e n t i o n  of this  task af te r  over t ra in ing.  The over t ra in ing  
may be a cri t ical  variable,  as Cooper  et al. [9] have repor t -  
ed p o o r  r e t e n t i o n  of  a s imilar  response  acqui red  in a non -  
over t ra ined  massed trial paradigm,  fo l lowing in t raven t r i cu-  
lar in jec t ions  o f  6-OHDA in rats p re t r ea ted  wi th  a 
m o n o a m i n e  oxidase  inh ib i to r .  In the  present  e x p e r i m e n t  
the  response  p a t t e r n  appea red  to be suff ic ient ly  well 
es tab l i shed  pr ior  to  surgery as to  ensure  its i m m u n i t y  f rom 
the  les ion effects .  This obse rva t ion  leads to  the  conc lus ion  
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FIG. 3. Effect of bilateral 6-OHDA lesions of the substantia nigra on the retention of an overtrained 
conditioned avoidance response. Animals were trained on 10 trials per day for 13 days, and then received 
lesions or sham operations. The animals were tested for retention 15 and 21 days after surgery. Data 

represent means (± 1 S.E.M.) of 9 animals in each group. 

TABLE 2 

EFFECT OF 6-OHDA LESIONS OF THE SUBSTANTIA NIGRA ON STRIATAL DOPAMINE 
AND HYPOTHALAMIC NOREPINEPHRINE LEVELS 

Striatal Dopamine Hypothalamic Norepinephrine 
(gg/gm) (#g/gm) 

% Control % Control 

Controls 8.74 ± 0.44 100 2.76 + 0.12 100 

6-OHDA SN 0.48 ± 0.12" 5.5 0.91 ± 0.10" 33.0 

Data represent means (± S.E.M.) of 9 animals in each group. Norepinephrine and dopamine were 
measured according to McGeer and McGeer (196l). 

*Significantly different from controls, p<0.0 l. 

tha t  6-OHDA lesions of  the substant ia  nigra may impair  the  
acquisi t ion of  learned ins t rumen ta l  responses  ra ther  than 
result ing in non-specif ic  pe r fo rmance  decrements .  It should 
be po in ted  out that  for  technica l  reasons a d i f fe rent  shut t le-  
box  was used in this expe r imen t  than  in Exper imen t s  1 and 
2. We have observed however ,  that  animals given bilateral 
6-OHDA lesions of  the substant ia  nigra prior  to CAR train- 
ing in this apparatus ,  show the identical  defici ts  as r epor ted  
in Expe r imen t  1 (Zis, Fibiger and Phillips, in prepara t ion) ,  

so tha t  this variable cannot  account  for the substant ia l  sav- 
ings observed in the lesioned animals. 

G E N E R A L  DISCUSSION 

Several laborator ies  have n o w  repor ted  that  intraventr ic-  
ular in ject ions  of  6-OHDA can produce  deficits  in active 
avoidance responding  [9, 23, 43, 45 ] .  Because 6-OHDA 
appears  to  be a relatively specif ic  agent for  the des t ruc t ion  
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of CA neurons, these reports have confirmed earlier 
suggestion that central CA mechanisms play an important 
role in this behaviour [34, 35, 39, 40].  Due to the fact that 
there are a number of well-defined CA projections in brain 
[13,47], it next becomes important to at tempt to deter- 
mine which of these systems are important in CAR. Using 
intraventricular injections of 6-OHDA several laboratories 
have concluded, on the basis of preferential reduction of 
either norepinephrine or dopamine, that dopamine is the 
more important amine for the maintenance of CAR [9, 41, 
45].  These conclusions are consistent with the fact that 
drugs such as chlorpromazine, haloperidol and pimozide, 
which at low doses are thought to be relatively specific 
blockers of dopamine receptor sites, produce disruption of 
CAR in rats [ 14,31 ]. While highly suggestive, these conclu- 
sions are weakened by the facts that (a) intraventricular 
6-OHDA inevitably produces destruction of NE neurons 
when major destruction of DA neurons is obtained [9] and 
(b) that neuroleptic drugs may also block NE receptor sites 
albeit less effectively [2, 6, 10, 20]. 

In the present experiments, massive destruction of the 
ascending nigro-neostriatal projection was obtained by 
stereotaxic injection of 6-OHDA into the substantia nigra. 
Thus, neostriatal tyrosine hydroxylase activity and dopa- 
mine levels were reduced by more than 90 percent 
(Tables 1 and 2). These lesions produced substantial learn- 
ing  defici ts  in both approach and avoidance tasks. 
Hypothalamic norepinephrine levels were also reduced by 
this procedure and this was probably due to partial lesion- 
ing of the ventral noradrenergic bundle which ascends just 
dorsal to the substantia nigra [47]. That the behavioural 
deficits in the nigral lesioned group were not due to 
destruction of the ventral NE bundle is indicated by the 
fact that when hypothalamic NE levels were similarly re- 
duced by lesions of the ventral NE bundle caudal to the 
substantia nigra, normal and perhaps enhanced acquisition 
was observed. While the lack of pronounced deficits in the 
animals with lesions in the ventral NE bundle is clear from 
the few animals tested, the possibility that these lesions 
may even enhance the acquisition of learned responses is 
the subject of on-going experiments. 

The fact that neurotoxic lesions of the nigro-striatal 
dopaminergic projection produce an inability to learn a 
conditioned avoidance response may be related to the 
numerous reports which have found deficits in CAR after 
lesions of the caudate nucleus [30, 46, 48, 49].  The present 
data are also consistent with the results of experiments in 
which lesions which may have produced damage at various 
levels of the nigro-striatal projection have been observed to 
produce learning deficits. Electrocoagulation of the basal 
diencephalon in the region of the medial cerebral peduncle 
for example, produces severe deficits in avoidance behav- 
i o u r  [38,44] .  Mitchum and Thomas [28] observed 
impaired avoidance after electrolytic lesions of the substan- 
tia nigra or ventral caudate nucleus. Kent and Grossman 
[21] have reported that knife cuts in the hypothalamus 
which would interrupt the nigro-striatal projection prevent 
the acquisition of conditioned avoidance responding. Some 
of the above authors have interpreted their results as re- 
flecting the involvement of other central projections, but to 
hypothesize that damage to the nigro-striatal system plays 
an important part in these observations would appear to be 
more parsimonious. 

Further evidence for the involvement of the nigro- 
striatal projection in learning and memory comes from 

findings observed after electrical stimulation of the zona 
compacta of the substantia nigra. Routtenberg and Holz- 
man [37] observed that electrical stimulation of this 
nucleus at low currents disrupted retention of a simple 
passive avoidance response. Such low level stimulation may 
have blocked activity in the nigro-striatal system and in 
essence created a reversible functional lesion, the effects of 
which may be comparable to the deficits observed after the 
neurotoxic and electrolytic lesions referred to above. Elec- 
trical stimulation of the caudate nucleus also disrupts 
passive avoidance learning [50]. Furthermore, stimulation 
in the medial forebrain bundle in the lateral hypothalamus 
impairs two-way avoidance responding [8]. Carder[8] 
demonstrated that new learning was retarded whereas well- 
established responses were enhanced by comparable stim- 
ulation. This dichotomy between the effects of stimulation 
on new versus well-learned behaviour is comparable with 
the present results. All of these findings are consistent with 
a hypothesis of nigro-striatal involvement in the establish- 
ment of relatively permanent changes in behaviour. 

The fact that bilateral 6-OHDA lesions of the substantia 
nigra produced profound deficits in both the acquisition of 
an operant response for food reinforcement as well as in 
conditioned avoidance responding indicates that the 
nigro-neostriatal projection may play an important general 
role in learning. Furthermore, the fact that subtantial 
savings are observed when the animals are overtrained prior 
to the nigral lesions indicates that this pathway may be of 
particular importance in the acquisition of learned 
responses. It remains to be determined whether the 
functional integrity of this pathway is a prerequisite for the 
development of the special significance of the conditioned 
stimulus (i.e. the acquisition of the classically conditioned 
emotional response to the CS) or whether the lesioned 
animal may indeed learn the significance of the CS but may 
not be able to generate the appropriate instrumental 
response to that stimulus [29]. 

While the discussion to this point has revolved around 
the importance of the nigro-striatal projection, it should be 
emphasized that a contribution of the meso-limbic 
dopaminergic projection to the results cannot at present be 
excluded. Using the Fink-Heimer stain we have found that 
when 8 ug of 6-OHDA are injected into the substantia nigra 
significant destruction of the meso-limbic DA projection 
also occurs (Maler and Fibiger, unpublished observations). 
Lorens, Sorensen and Harvey [24] found that electrolytic 
lesions of the nucleus accumbens, a site of extensive 
termination of mesolimbic DA axons, enhance the 
acquisition of CAR and this may indicate that this 
projection is not critically involved in the learning deficits 
observed after 6-OHDA lesions of the substantia nigra. 
More work will be required to deal with the possible 
involvement of the meso-limbic projection however. An 
additional note of caution stems from recent evidence 
suggesting that 6-OHDA, despite being highly specific at 
lower doses [27],  may have nonspecific toxic actions when 
given in the amounts required to cause nearly complete 
destruction of the nigro-striatal DA projection [1,42]. 
Damage to a second nigro-striatat projection, which is not 
dopaminergic, could for example be responsible for some of 
the behavioural effects of the 6-OHDA injections [17,18]. 
Although we cannot at present be sure that some of the 
deficits produced by bilateral 6-OHDA injections into the 
substantia nigra are not due to nonspecific damage 
produced by the drug, our preliminary observation that 
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l-dopa can reverse these defici ts  argues tha t  damage to 
central  dopaminerg ic  mechan i sms  are indeed the critical 
variable. 

Recen t ly  Anlezark,  Crow and Greenway  [4] found  tha t  
bilateral lesions of  the locus coeruleus can impair  the 
acquis i t ion of  a response  for  food  r e in fo rcemen t  in an 
L-shaped runway.  This observat ion,  toge the r  wi th  present  
f indings,  indicates  that  several central  ca techolaminergic  
sys tems  may be impor t an t  substra tes  of  learning. It is 
in teres t ing  to  no te  that  b o t h  the dorsal  noradrenergic  
bundle  which  originates f rom cells in the locus coeruleus,  as 
well as nigro-striatal and meso- l imbic  dopaminerg ic  
pro jec t ions  will suppor t  high rates of  intracranial  
se l f -s t imulat ion [11, 12, 32, 36] .  This suggests that  these 

sys tems may play impor t an t  roles in r e in fo rcemen t  and 
leads to  the specula t ion  that  some of  the learning deficits  
observed af ter  lesions of  these pro jec t ions  are due to an 
inabili ty of  these animals to  be re inforced  by correct  
responses.  It will be necessary for  fu ture  research to 
cons ider  possible funct ional  d i f ferences  of  these 
ca techolaminergic  pa thways  in learning. 
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