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KELLY, J., G. F. ALHEID, L. MCDERMOTT, A. HALARIS AND S. P. GROSSMAN. Behavioral and biochemical effects 
of knife cuts that preferentially interrupt principal afferent and efferent connections of the striatum in the rat. 
PHARMAC. BIOCHEM. BEHAV. 6(l) 31-45, 1977. - Knife cuts were made that preferentially interrupted (a) the 
nigrostriatal pathway; (b) pallidofugal projections to the lower brainstem; (c) caudate-pallidal interconnections; and (d) 
fibers entering or leaving the striatum ventrally. The effects of these cuts on conditioned (shuttle box) avoidance, passive 
avoidance, swimming escape, sucrose-rewarded alley running, locomotor activity, and various measures of sensory-motor 
function were examined. The norepinephrine, dopamine and serotonin content of the striatum, residual forebrain and 
hypothalamus were determined following the completion of behavioral testing. The pattern of results suggests that striatal 
functions which are significantly influenced by several afferent and efferent connections are essential for the acquisition 
and, perhaps, execution of complex behavior in appetitive as well as aversive test paradigms. A special role for the 
dopaminergic afferents to the striatum was not established in these tests. 
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A NUMBER of investigators have presented experimental 
evidence for the hypothesis that central catecholaminergic 
pathways play an important role in the organization of 
avoidance behaviors. This conclusion is supported by the 
results of investigations using electrolytic lesions [ 10, 15, 
23, 34, 371 ; surgical knife cuts [20] ; intercranial injections 
of neurotoxins such as 6hydroxydopamine (6-OHDA) [7, 
8, 9, 14, 26, 27, 28, 39, 53, 601 or other pharmacological 
treatments [ 11, 35, 40,49, 501. 

The relative importance of noradrenergic (NE) and 
dopaminergic (DA) pathways has been the subject of 
considerable debate. It has been suggested that the release 
of norepinephrine is an essential aspect of all learned 
behavior [21] and this intriguing suggestion has been 
supported [2] by experiments showing that destruction of 
the locus coeruleus (which gives rise to a significant portion 
of the ascending NE projections) all but eliminated learning 
in a simple maze situation. In the case of avoidance 
learning, the bulk of the evidence appears to favor the 
alternative hypothesis that dopaminergic pathways may be 
specifically involved in this behavior. 

Some of the earlier pharmacological investigations, [49, 
501 demonstrated that reserpine-induced deficits in 
avoidance behavior were reversed by the catecholamine 

precursor dihydroxyphenylalanine (DOPA). Alpha- 
methyl-p-tyrosine (alpha MPT), which inhibits catechol- 
amine synthesis at the rate limiting tyrosine hydroxylase 
level, similarly interferes with avoidance behavior [43,44] 
and this effect is also reversed by l-DOPA [36]. These 
results can be interpreted in terms of a drug action on NE 
systems [ 11 but the results of more recent experiments 
favor explanations involving dopamine more specifically. 

Neil1 and Grossman [37] observed avoidance deficits in 
rats with electrolytic lesions in the caudate nucleus (which 
has the highest concentration of dopamine in the brain) and 
impaired avoidance learning has been reported [34] in rats 
with damage to the nucleus of origin of the dopaminergic 
nigrostriatal pathway as well as lesions in its target area in 
the caudate nucleus. Neil1 et al. [41] have reported 
impaired avoidance behavior following intrastriatal adminis- 
trations of 6-OHDA (which destroys catecholaminergic 
nerve terminals preferentially) and noted that the be- 
havioral effects were correlated with depletions of forebrain 
DA but not forebrain NE. Cooper et al. [7] used two 
intracisternal injections of 6-OHDA in combination with 
systemic desimipramine or single injections of 6-OHDA in 
combination with alpha-MPT or reserpine to selectively 
deplete DA, and found severe deficits in avoidance be- 

‘This research was supported by Grant MH-10130 from the U.S. Public Health Service and Grant 409-03-RD from the State of Illinois 
Mental Health. 

31 



32 KELLY,  ALHEID,  MCDERMOTT,  H A L A R I S  AND G R O S S M A N  

havior .  Zis et  al. [60]  d e m o n s t r a t e d  impai red  avoidance  
behav io r  fo l lowing in t r aven t r i cu l a r  in jec t ions  of  6-OHDA 
and a m a r k e d  i m p r o v e m e n t  a f te r  1-DOPA. Lenard  and  
Beer [27]  s imilar ly reversed a 6-OHDA induced  avoidance  
defici t  wi th  sys temic  in jec t ions  of  1-DOPA or apomor -  
ph ine  or wi th  i n t r aven t r i cu l a r  in jec t ions  of  dopamine .  
These inves t igators  also r epo r t ed  improved  avoidance  be- 
havior  a f te r  i n t r aven t r i cu l a r  in jec t ion  of NE or sys temic  
in jec t ions  of  the  no rad rene rg ic  r ecep to r  s t imu lan t  coni-  
dine bu t  conc luded  t h a t  dopamine rg ic  r a t h e r  t han  nora-  
drenergic  p a t h w a y s  were essential  for  avoidance  behav ior  
because the  d o p a m i n e  b locker  sp i roper idol  p reven ted  the  
res tora t ive  ef fec ts  of  all no rad rene rg ic  as well as dopamin -  
ergic agonists.  

In view of an extens ive  and reasonab ly  cons i s t en t  
l i te ra ture  which  impl ica tes  s t r ia tal  m e c h a n i s m s  in avoidance  
behav ior  [15,  23, 34, 37, 4 1 ] ,  it is widely accep ted  tha t  
drug ac t ions  on dopamine rg ic  c o m p o n e n t s  of  this  region 
(i.e., the  n igros t r ia ta l  a f fe rents )  m ay  be respons ib le  for  the  
effects  of  CA dep le t ing  or b lock ing  c o m p o u n d s .  It  should  
be no ted ,  however ,  t ha t  the  possible  in f luence  of  o t h e r  
dopaminerg ic  p ro jec t ions  to  the  meso l imbic  fo rebra in  and  
t empora l  region have no t  ye t  been  specifically s tudied.  The  
role of the  m a n y  non-ca t echo lamine rg i c  a f fe ren t  and 
e f fe ren t  c o n n e c t i o n s  of  the  s t r i a tum in avoidance  behav io r  
is poor ly  u n d e r s t o o d  at this  t ime. Neill and  Gros sman  [371 
d e m o n s t r a t e d  t ha t  les ions in e i the r  the  dorsal  or the  vent ra l  
po r t ions  of  the cauda te  nuc leus  p r o d u c e d  avoidance  defici ts  
and tha t  a selective b lockade  of  the  chol inergic  c o m p o n e n t s  
of the dorsal  area dup l ica ted  the  effects  of  the  lesions 
whereas a b lockade  of  the  chol inergic  c o m p o n e n t s  of  the  
vent ra l  p o r t i o n  of  the  nuc leus  had oppos i te ,  fac i l i ta tory  
effects.  This suggests t h a t  chol inergic  as well as dop-  
aminergic  c o m p o n e n t s  of the  region m ay  inf luence  avoid- 
ance behav io r  bu t  the specific na tu re  of  the i r  i n t e rac t ion  is, 
as yet ,  u n k n o w n .  

The a n a t o m y  of  the  complex  cort ical  and b ra ins t em 
c o n n e c t i o n s  of the s t r i a tum is r easonab ly  well k n o w n  for  
many  species inc lud ing  the  rat  [24]  bu t  the i r  f un t i ona l  
s ignif icance is no t  well es tabl ished.  The  s t r i a tum subserves 
i m p o r t a n t  m o t o r  func t i ons  ( a l though  m a n y  repor t s  of  
m o t o r  effects  of electr ical  s t imu la t i on  of  the  region 
p r o b a b l y  ref lect  an ac t iva t ion  of  f ibers of  passage [ 1 3 , 2 5 ] .  
Sizeable lesions in the  s t r i a tum of  the  rat  none the les s  do  
no t  resul t  in incapac i t a t ing  m o t o r  dys f unc t i ons  in our  
exper ience  and  a n u m b e r  of  complex ,  in tegra t ive  func t i ons  
are suggested by the  results  of var ious expe r imen t a l  
invest igat ions.  Post t r ia l  e lectr ical  or chemica l  s t imu la t i on  of  
the region has been  r epo r t ed  to p roduce  severe defici ts  on  
s u b s e q u e n t  recall tests  in s imple passive avoidance  as well as 
mul t ip le- t r ia l  learning s i tua t ions  [12,  18, 42,  59, 61 ] ,  and 
has a p p a r e n t l y  nonspec i f ic  i nh ib i t o ry  effects  on  cort ical  
func t ions  which  are re f lec ted  in overt  behav io r  [6 ] .  Lesions 
in the  s t r i a tum also p roduce  sensory defici ts  [28]  and it has 
been suggested tha t  the  sensory-neglec t  seen in rats wi th  
lateral  h y p o t h a l a m i c  lesions may  be the  resul t  of  an 
i n t e r r u p t i o n  of  n igros t r ia ta l  p ro jec t ions  [32 ] .  S t r icker  and 
Z igmond  [54]  have recent ly  p roposed  tha t  the  s t r i a tum,  
par t icular ly  the  n igros t r ia ta l  p ro j ec t ion  to the  s t ruc ture ,  
may be essential  for  arousal  responses  to sensory i npu t  
because a 6 -OHDA induced  dep le t ion  of  brain DA is 
typical ly  a ccompan i ed  by severe arousal  deficits.  

The  presen t  series of expe r i m en t s  was designed to 
invest igate  the  behaviora l  in f luence  of  some of  the  pr incipal  
a f fe ren t  and e f fe ren t  c o n n e c t i o n s  of  the  s t r i a tum by means  

of surgical knife  cuts  which  p roduce  li t t le damage to 
cellular c o m p o n e n t s  of  the  area of i n t e r v e n t i o n  bu t  
i n t e r rup t  all f ibers  of passage. Earl ier  expe r imen t s  [20]  had 
ind ica ted  t ha t  a t r ansec t ion  of lateral ly cours ing inter-  
c o n n e c t i o n s  be tween  the  lower  b r a in s t em and the  s t r ia tum 
results  in a severe i m p a i r m e n t  in all complex  learned 
behaviors .  The  presen t  e x p e r i m e n t s  were in tended  to 
c o m p l e m e n t  and ex t end  these  observat ions .  

G E N E R A L  METHOD 

Animal s  

Adul t  male  a lb ino rats of the  Sprague-Dawley strain 
(Holzman ,  Madison,  Wisc.) weighing 3 5 0 - 4 5 0  g at the  t ime 
of surgery were used. The  animals  were m a i n t a i n e d  on  ad 
lib food  (Teklad  6% fat d ie t )  and wate r  while housed  in 
individual  steel cages. The  t e m p e r a t u r e  of the  vivarium was 
ma in t a ined  at 2 1 ° - 2 4 ° C .  A 12-hour  l ight-dark cycle 
( 0 7 0 0 - 1 9 0 0  h r  l ight)  was employed .  All of the  animals  
were aphagic  and adipsic for various du ra t ions  af te r  surgery. 
Unless vo lun t a ry  ingestive behav ior  appeared  wi th in  48 
hours  a f te r  surgery,  the  animals  were fed intragastr ical ly 
several t imes a day, using a l iquid diet  which  consis ted of  
evapora ted  milk,  50% sucrose wt. /vol ,  in tap water ,  eggs, 
and l iquid mul t ip le  vi tamins .  Tube  feeding was c o n t i n u e d  
unt i l  vo lun t a ry  food  and wate r  in take  reappeared.  Af te r  the  
recovery of  vo lun ta ry  in take ,  mos t  animals  were subjec ted  
to a ba t t e ry  of  tests  designed to es tabl ish  the i r  abi l i ty to 
respond  adequa te ly  to  nu t r i t i ona l  (i.e., g lucoprivic)  or 
hyd ra t i ona l  (i.e., cellular or ex t race l lu la r  d e h y d r a t i o n )  
challenges.  The  results  of  these expe r imen t s  will be re- 
po r t ed  elsewhere.  The  tests  of i n s t rumen ta l  learning as well 
as mos t  of the  tests  of sensory  and m o t o r  abil i ty which  are 
the subjec t  of  the  p resen t  repor t  were c o n d u c t e d  af ter  the  
c o m p l e t i o n  of  the  tests  for  food and wate r  intake.  The 
surgery-test  intervals  are specif ied in the  m e t h o d s  sect ions  
of specific expe r imen t s  below. 

Surgery  

Knife cuts  were pe r fo rmed  unde r  N e m b u t a l  anes thes ia  
using an e n c e p h a l o t o m e  similar to tha t  previously  descr ibed 
[48 ] .  F o u r  bi lateral ly symmet r i c  cuts  were made:  

( 1 ) A cut  in a parasagi t ta l  plane along the lateral bo rde r  of 
the h y p o t h a l a m u s  (PH) was p roduced  by lowering the 
guide shaft ,  cons t ruc t ed  of a 27 gauge h y p o d e r m i c  needle  
to the  De G r o o t  [16 ] c o o r d i n a t e s A . P . = 6 . 0 ; H =  0 . 5 ; L =  
-+2.0. A 150 mic ron  d i ame te r  wire knife was then  ex t ended  
f rom the  slightly ben t  t ip such tha t  the  knife  ex t ended  
caudal ly  at 90 ° to the guide shaf t  for  2.0 ram. The ent i re  
i n s t r u m e n t  was then  lowered to H = - 3 . 0 ,  the wire 
re t rac ted  in to  the shaft ,  and removed  f rom the  an imal ' s  
brain.  

(2) A cut  lateral  to the in ternal  capsule and medial  to 
the g lobus  pal l idus (MP) which  was execu ted  by lowering a 
knife to the  coord ina tes  A.P. = 7.3; H = +1.5;  L = , 1.8. 
The wire knife  was e x t e n d e d  f rom the shaf t  tip for  3.0 mm 
at a 50 ° angle to the  parasagi t ta l  plane.  With the knife 
ex t ended  at 90 ° to the guide shaf t  the  appara tus  was 
lowered to H = 1.0, the  wire was re t rac ted  and the 
i n s t r u m e n t  removed.  

(3) A cut  ventral  to the g lobus  pall idus (VP)  was 
p roduced  by lowering the  tip of  the guide cannula  to the 
coord ina tes  A.P. = 7.0; H = 0.5; L = ~ 2.0 at an angle of  
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30 ° to  the  h o r i z o n t a l  plane.  The  cannu la  en t e red  the  
c ran ium con t ra l a t e ra l  to  the  side of  the  cut  and  passed 
t h rough  the  s e p t u m  and the  con t ra l a t e ra l  cauda te  nucleus.  
The  wire kni fe  was e x t e n d e d  caudal ly  at 90 ° to the  guide 
shaf t  for  2.2 m m  and the  assembly was lowered  for  3.0 m m  
th rough  the  en t r ance  angle to  comple t e  the  t r ansec t ion .  
The wire knife  was r e t r ac ted  and  the  assembly  w i thd rawn .  

(4) A cut  dorsal  to the  g lobus  pal l idus (DP),  under -  
cu t t ing  po r t i ons  of  the  cauda te  nuc leus  was p roduced  by  
lowering the  tip of  the  e n c e p h a l o t o m e  t h r o u g h  an  angle of  
45 ° to  the  vert ical  p lane  and  s lant ing do r soven t r a l ly  to  the  
coord ina te s  A .P . - -  7 . 5 ; H  = +2.8;  L =  ± 1.8. This  en t r ance  
rou te  t raversed the  cor tex  jus t  dorsal  to  the  s ep tum.  The  
wire was e x t e n d e d  caudal ly  for  3.0 m m  at 110 ° to the  
guide shaft .  The  assembly  was lowered t h r o u g h  the  en- 
t rance  angle for  a 3.0 m m  dis tance.  The  knife  was r e t r ac ted  
in to  the  shaf t  and the  en t i re  i n s t r u m e n t  w i thd rawn .  

Hsito logical Pro cedure 

Fol lowing  behaviora l  tes t ing the  animals  were scheduled  
in a ba lanced  fash ion  (based  on  the  d u r a t i o n  of  aphagia)  for 
e i ther  his tological  or b iochemica l  analysis.  Animals  sched- 
uled for  h is to logy were kil led wi th  an overdose  of  Nem-  
buta l  and per fused  in t racard ia l ly  wi th  i so tonic  saline 
fo l lowed by a 10% formol-sa l ine  so lu t ion .  Fo l lowing  
f ixa t ion  in Forma l in ,  the i r  b ra ins  were sec t ioned  on  a 
freezing m i c r o t o m e .  F i f ty  m i c r o n  sec t ions  were made  and 
every f i f th  one in the  area of  the  knife  cut  was saved. These  
sect ions  were m o u n t e d  on  glass slides and s ta ined wi th  
cresyl violet.  

Statistical Analysis 

A s t u d e n t ' s  t - test  [58]  was used for  all ac t iv i ty  and 
s enso ry -mo to r  tests  as well as for  the  c o n d i t i o n e d  avoidance  
procedure .  R u n w a y  p e r f o r m a n c e  ( E x p e r i m e n t  2), passive 
avoidance  ( E x p e r i m e n t  3), and  swimming  p e r f o r m a n c e  (Ex- 
p e r i m e n t  4) were ana lyzed  by analysis  of var iance  for  unequa l  
group n ' s  ( unwe igh ted  means  so lu t ion ,  [58]  ). Analysis  of 
sucrose in take  of  individual  groups  vs. the i r  baseline wate r  
in takes  ut i l ized the  Sandler ' s  A test  for  cor re la ted  samples  
[ 4 7 ] .  

Biochemistry 

Rats  were sacrif iced by decap i t a t ion ,  the  bra ins  qu ick ly  
r emoved  and dissected on  ice. Brain  regions were weighed 
and s tored  in l iquid n i t rogen  un t i l  assayed. NE, DA and 
5-HT were d e t e r m i n e d  in poo led  s t r ia ta  f rom the  r ight  and 
left  hemisphere .  The  same amines  were d e t e r m i n e d  in the  
remain ing  t e l e n c e p h a l o n  in a b o u t  ha l f  of  the  animals.  In 
h y p o t h a l a m u s  only  NE and 5-HT were measured.  Brain 
regions were h o m o g e n i z e d  in 15 ml ice cold 0.4 N 
perchlor ic  acid (PCA) wi th  0.25 ml 4% d isod ium (e thy lene -  
d in i t r i lo)  t e t r aace t a t e  ( E D T A )  and 0.2 ml 2% ascorbic  acid 
in each tube.  Af ter  cen t r i fuga t ion ,  the  s u p e r n a t a n t  was 
adjusted to pH 6.5 and  passed o n t o  Amber l i t e  (CG-50)  
columns.  The  amines  were e lu ted  f rom the  co l umns  in 4 ml 
1 N hyd roch lo r i c  acid (HC1). 5-HT was reac ted  wi th  
c o n c e n t r a t e d  HC1 and the  ca t echo lamines  were oxid ized  
according to Barchas  et al. [3 ] .  

Brain regions were dissected according  to the  fo l lowing 
procedures :  Af te r  the  bra in  was r emoved  f rom the  cal- 
var ium,  the o l fac to ry  bulbs  were r emoved  and discarded.  
Coronal  cuts  were t hen  made  at the  rostral  and caudal  edges 
of the o l fac to ry  tubercles .  The  left  and right  s t r ia ta  were 

then  r emoved  f rom the  remain ing  sec t ion  by  t r imming  
away the  cor tex  a long the  corpus  ca l losum,  removing  the 
amygdala  by  a ho r i zon ta l  cut  cen t ra l  to the  s t r ia ta  and 
removing  the  s ep tum by cu t t ing  along the  lateral  ventr icles.  
The  par ts  su r round ing  the  s t r i a tum ( inc lud ing  the  f ron ta l  
lobes)  were c o m b i n e d  wi th  the remain ing  cor tex  w h e n  
te lencepha l ic  amines  were measured .  The  h y p o t h a l a m u s  
was dissected by  cu t t ing  jus t  caudal  to  the  mammi l l a ry  
bodies  to  remove  the  midbra in ,  and by  cu t t ing  ho r i zon ta l ly  
at a b o u t  the  dorsal edge of the  forn ix  (an te r io r ly )  to  
remove the  tha lamus .  

ANATOMICAL AND BIOCHEMICAL 
OBSERVATIONS 

(a) Anatomical 

The loca t ion  and e x t e n t  of the  knife  cuts  was de- 
t e rmined  in selected animals  f rom each group.  Othe r s  were 
re ta ined  for  add i t iona l  behaviora l  tes t ing a n d / o r  brain 
m o n o m a i n e  assays ( r epor t ed  below).  

Parasagittal hypothalamic (PH) cuts (Fig. 1). The 
major i ty  (8 of 11) of the  bra ins  of  this  g roup  which  were 
selected for  his tological  e x a m i n a t i o n  had bi lateral ly sym- 
metr ic  cuts  along the  media l  b o r d e r  of the  in te rna l  capsule 
which  e x t e n d e d  f rom the  caudal  edge of the  opt ic  chiasm 
to the level of the  sub tha l amic  nucleus  and f rom the base of  
the bra in  to  the cen te r  of  the zona  incerta.  In mos t  animals,  
the cut  c o n f o r m e d  closely to the  changing shape of  the  
in terna l  capsule,  because  the  f lexible  wire knife  was 
def lec ted,  to  some ex ten t ,  by the  dense f iber  bund les  tha t  
charac ter ize  this  s t ruc ture .  The  remain ing  three  animals  
sus ta ined cuts  which  were similar in the i r  general  d imens ion  
but  had sl ightly a symmet r i c  medio- la tera l  coord ina tes  (one  
of the  cuts  invaded  the  in te rna l  capsule  while  the  cont ra-  
lateral cut  was displaced sl ightly towards  the  midl ine) .  
There  were no  sys temat ic  d i f ferences  in p e r f o r m a n c e  on 
any of  our  tests  be tween  animals  wi th  s t r ic t ly  symmet r i c  
and sl ightly a symmet r i c  cuts. 

These  parasagi t ta l  h y p o t h a l a m i c  cuts  were i n t ended  to 
pre fe ren t ia l ly  i n t e r rup t  the  ascending dopaminerg ic  nigro- 
str iatal  pro jec t ions ,  bu t  also involved noradrenerg ic  pro- 
j ec t ions  to the  cauda te  nucleus,  po r t i ons  of  the  ventra l  
amygdalofuga l  pa thway ,  and,  possibly,  po r t ions  of  ascen- 
ding chol inergic  p ro jec t ions  [ 5 2 ] .  Most  pal l idofugal  pro- 
j ec t ions  were spared by these cuts  since in rats  they  leave 
the g lobus  pall idus medial ly  and en t e r  the  in te rna l  capsule 
en rou te  to the  t ha l amus  and lower  b ra ins t em [ 2 4 ] .  The  
reciprocal  c o n n e c t i o n s  be tween  the  g lobus  pal l idus and the  
sub tha lamic  region and  e n t o p e d u n c u l a r  nuclei  were also 
largely in tact .  

Medial pallidal (MP) cuts (Fig. 2). All bu t  two of the  
animals  of this  group which  were selected for  his tological  
analysis had  bi la teral ly  symmet r i c  cuts  which  separa ted  the  
globus pall idus (GP)  f rom the  in te rna l  capsule. The  cuts  
fol lowed the medial  b o r d e r  of  the  g lobus  pal l idus s tar t ing at 
the level of the  an te r io r  commisu re  and ex t end ing  caudal ly  
to the level of the ven t romed ia l  nuc leus  of the  hypo-  
tha lamus .  Hor izon ta l ly  these cuts  e x t e n d e d  f rom the  
ventra l  bo rde r  of the  GP to a line only a few t e n t h s  of  a 
mi l l imeter  below its dorsal  border .  These  cuts  severed mos t  
of the  descending  pallidal c o n n e c t i o n s  and i n t e r rup t ed  
cort ical  and b ra ins tem pro jec t ions  to the  cauda te  nucleus  
which  pass t h rough  the  g lobus  pall idus,  bu t  no t  the  
sero tonerg ic  pa thways  which  ascend pr imar i ly  in the  region 
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LAT. 2.0 
FIG. l. Superimposed outlines of representative parasagittal knife 
cuts at the lateral edge of the lateral hypothalamus (PH) (DeGroot 

atlas, 1963). 

jus t  vent ra l  to the  in te rna l  capsule  [ 3 1 ] .  The  noradrenerg ic  
p ro jec t ions  to  the cauda te  nuc leus  were also largely in tact .  

In the  two  animals  which  sus ta ined  cuts  t ha t  were no t  
per fec t ly  bi la teral ,  on ly  the  an t e r io r  p o r t i o n  of  one  of  the  
cuts  was displaced ( la teral ly  in one  ins tance  and  media l ly  in 
the  second) .  The r e m a i n d e r  of  these cuts  (as well as the  
ent i re  con t r a l a t e ra l  cu ts )  were as descr ibed above.  The  
behaviora l  da ta  f rom these two animals  could  no t  be 
d is t inguished f rom those  of  rats  wi th  per fec t ly  bi la teral  
cuts. 

Ventral pallidal {VP) cuts (Fig. 3). The four  animals  of  
this group wh ich  were selected for  his tological  s tudy  had  
bi la teral ly  s y m m e t r i c  cuts  be low the  g lobus  pall idus and 
s t r ia tum e x c e p t  t ha t  in one  an imal  one  of the  cuts ex t ended  
0.4 m m  fa r the r  an te r io r ly  t han  in t ended .  These  cuts  
ex t ended  f rom the media l  edge of  the  in te rna l  capsule  in to  
the an t e r io r  amygda lo id  region and dorsal  amygdala .  The  
pos te r io r  p o r t i o n  of the  cuts  passed t h r o u g h  the  in te rna l  
capsule and  po r t i ons  of  the  e n t o p e d u n c u l a r  nucleus.  These  
cuts  were designed to p re fe ren t i a l ly  in t e r rup t  the  ansa 
peduncu la r i s  of Meyne r t  and  dopaminerg ic  p ro jec t ions  to  
the nuc leus  accumbens .  As execu ted ,  they  reached fa r the r  
in to  the  in te rna l  capsule  t han  i n t e n d e d  and i n t e r rup t ed  
some DA p ro j ec t i ons  to  the  s t r i a tum as well. 

Dorsal pallidal (DP} cuts (Fig. 4). The four  animals  of  
this group which  were selected for  his tological  s tudy  had  
bi la tera l ly  symmet r i c  cuts  excep t  tha t  in one  animal  the cut  
on the  left side of  the  brain  began 0.5 m m  fa r ther  an t e r io r  
than the  cut  on the con t ra la te ra l  side. The  cuts  were 
designed to selectively i n t e r r u p t  a s ignif icant  p o r t i o n  of  the  
c o n n e c t i o n s  be tween  the  cauda te  nuc leus  and the  g lobus  

FIG. 2. Schematic representation of knife cuts medial to the globus 
pallidus (MP) (DeGroot atlas, 1963). 

pal l idus bu t  also severed cor t ico-fugal  and -petal  con- 
nec t ions  of the  s t r ia tum.  The cuts  fo l lowed the dorso-  
lateral  b o r d e r  of  the media l  po r t i on  of the  g lobus  pall idus 
but  depar t ed  f rom it la teral ly near  its an te r io r  pole and 
medial ly  in the  pos te r io r  po r t i on  of the  nucleus.  

(b) Biochemical 

The effects  of the  var ious  knife  cuts  on  the con- 
cen t r a t i ons  of m o n o a m i n e s  in the  h y p o t h a l a m u s ,  s t r i a tum,  
and  t e l e n c e p h a l o n  are summar i zed  in Table  1. All of our  
cuts  reduced  the  d o p a m i n e  c o n c e n t r a t i o n  of  the  s t r i a tum 
but  the ef fec t  was small  af ter  dorsal  pallidal cuts  and 
s o m e w h a t  var iable  a f te r  vent ra l  paltidal cuts. (The vari- 
abi l i ty in the  VP group may  be due to slight d i f ferences  in 
the caudal  e x t e n t  of  the cuts  which  de t e rmine  the degree of  
damge to the  in te rna l  capsule.)  All cuts  excep t  those  dorsal  
to the  g lobus  pall idus also reduced  str iatal  n o r e p i n e p h r i n e  
reliably.  Str iatal  5HT c o n c e n t r a t i o n s  were no t  s ignif icant ly  
af fec ted  in any of  our  groups.  

The t e lencepha l ic  c o n c e n t r a t i o n s  of  all three  mono-  
amines were rel iably r educed  by the parasagi t ta l  cuts.  Small  
bu t  s ta t is t ical ly  rel iable dep le t ions  of  t e lencepha l ic  NE and 
5HT were also seen af ter  cuts  vent ra l  to the  g lobus  pal l idus 
bu t  no t  af ter  cuts  medial  or dorsal  to  tha t  s t ruc ture .  
Te lencenpha l i c  DA levels were deple ted  s ignif icant ly  af te r  
cuts media l  to the  g lobus  pallidus.  
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FIG. 3. Schematic representation of knife cuts ventral to the globus 
pallidus (VP) (DeGroot atlas, 1963). 

None  of  our  cuts  p roduced  s ignif icant  NE or 5HT 
dep le t ions  in the  h y p o t h a l a m u s .  The  animals  which  sus- 
ta ined cuts  lateral  to the  h y p o t h a l a m u s  or cuts  ven t ra l  to  
the g lobus  pal l idus  had s ignif icant ly  h igher  c o n c e n t r a t i o n s  
of one  or b o t h  of  these  amines  in h y p o t h a l a m i c  tissue. It  is 
possible  t ha t  these s ignif icant  increases m ay  ref lect  no th ing  
more  t han  the  occas ional  large var ia t ions  one  exPects  w h e n  
a n u m b e r  of  d i f fe rences  are s ta t is t ical ly  evaluated.  How- 
ever, the fact  tha t  increases were seen only  in h y p o t h a l a m i c  
tissues suggests tha t  c o m p e n s a t o r y  col la teral  sp rou t ing  of  
amine te rmina ls  may  occur  when  the  axons  of  m o n o -  
aminergic  nerve t e rmina l s  are t r ansec ted  f u r t he r  rostral ly .  

B E H A V I O R A L  E X P E R I M E N T S  1: A V O I D A N C E  
A C Q U I S I T I O N  AND P E R F O R M A N C E ,  L O C O M O T O R  

ACTIVITY,  AND S E N S O R Y - M O T O R  F U N C T I O N S  

The  first group of  e x p e r i m e n t s  was designed to inves- 
t igate the  ef fec ts  of  the  knife  cuts  descr ibed  above on the  
acquis i t ion  and  p e r f o r m a n c e  of a two-way  shu t t l e  box  
avoidance  response  and to d e t e r m i n e  the possible  in f luence  
of gross sensory  or m o t o r  dys func t ions .  

METHOD 

Animals 

Twenty- f ive  rats  were t ra ined  to avoid pa infu l  f o o t s h o c k  

FIG. 4. Schematic representation of knife cuts dorsal to the globus 
pallidus (DP) (DeGroot atlas, 1963). 

in a shu t t l e  box  a p p r o x i m a t e l y  one  week pr ior  to surgery. 
These an imals  were assigned to five groups  of  equal  size 
( four  expe r imen t a l  groups  and one con t ro l )  in such a way 
that  the i r  p reopera t ive  avoidance  p e r f o r m a n c e  was as 
comparab le  as could be arranged.  An addi t iona l  30 rats 
were r a n d o m l y  assigned to add i t iona l  e x p e r i m e n t a l  and  
con t ro l  groups  which  were subjec ted  to surgery 3 - 5  weeks 
pr ior  to the beginning  of  t ra in ing  in the shu t t l e  box.  The 
preopera t ive ly  t ra ined  animals  were re tes ted  3 5 weeks 
af ter  surgery. 

Apparatus 

Two 53 x 20 x 23 cm high shu t t l e  boxes,  housed  in 
sound -a t t enua t i ng  enclosures ,  were used. The  boxes  were 
cons t ruc t ed  of clear Plexiglas excep t  for the  end panels  
which  were covered wi th  a l u m i n u m  in con t ac t  wi th  the last 
steel rod of the  floor.  The  f loor  of  the  appara tus  was 
cons t ruc t ed  of  0.5 mm stainless steel rods separa ted  by 2.0 
cm. The rods were c o n n e c t e d  to a source  of cons t an t  
cur ren t  which  delivered a 100 micro  A cons t an t  cu r ren t  
tha t  was pulsed by a solid s ta te  device at the  rate of  1/sec 
wi th  an " o n "  t ime  of  0.5 sec [5 ] .  The loca t ion  of  the  
animal  in the  appara tus  was m o n i t o r e d  by  means  of 
pho toce l l s  and infrared l ight  sources  m o u n t e d  in the  walls 
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T A B L E  1 

MEAN MONOAMINE LEVELS (_+ SE) IN SELECTED BRAIN TISSUES FOLLOWING TRANSECTIONS 
(NG/G WET TISSUE WEIGHT) 

Caudate Hypothalamus Forebrain 
DA NE 5HT NE 5HT DA NE 5HT 

Control 9475 409 418 1949 1221 610 492 666 
_+ S.E. _+275 _+18 _+56 _+88 _+101 _+13 _+13 _+ll 
n = (23) (10) (10) (23) (16) (5) (5) (5) 

PH 2460* 219" 283 1739 1554:) 262t 3545 474* 
_ S.E. -+532 -+15 _+46 -+73 -+67 -+50 -+34 _+55 
n = (9) (9) (9) (9) (9) (4) (4) (4) 

MP 4422+ 307t 398 2041 1357 372t 418 616 
_+ S.E. -+542 -+18 -+51 -+82 _+112 -+41 -+32 +49 
n = (6) (6) (6) (6) (6) (3) (3) (3) 

DP 8006 427 452 2110 1279 205 463 739 
-+ S.E. -+839 _+39 _+79 _+89 _+56 _+152 +24 _+73 
n = (6) (6) (6) (6) (6) (3) (3) (3) 

VP 4187' 275* 315 2442t 1630t 500 389t 617 + 
_+ S.E. _+798 -+23 _+43 _+106 _+56 _+49 _+17 _+15 
n = (10) (10) (10) (10) (10) (5) (5) (5) 

*Diff. controls p <0.00l. 
tDiff, controls p<0.01. 
:)Diff. controls p<0.05. 

of each box at its center  and l0  cm to e i ther  side of  the 
center .  Escape and avoidance responses  were recorded  by 
au toma ted  equ ipmen t .  

Procedure 

Avoidance behavior. In the shut t le  box,  each animal was 
pe rmi t t ed  a brief  per iod of explora t ion .  On each sub- 
sequent  avoidance trial, the half  o f  the apparatus  that  was 
occupied by the rat was i l luminated by an overhead light. 
Seven seconds  later, the grid f loor in the i l luminated sect ion 
of the apparatus  was connec ted  to the cons tan t  current  
source th rough  a solid-state device that  assured that  each 
bar was ho t  with respect  to all o the r  bars at all times. 
Running into the dark po r t i on  of  the apparatus  cons t i tu ted  
the avoidance (or  escape) response  which te rmina ted  the 
CS/UCS combina t ion .  Successive CS and UCS presen ta t ions  
were scheduled 21 sec apart. Intertr ial  crossings were not  
punished.  All animals were given 100 massed trials in this 
fashion, Those that  failed to reach a cr i ter ion of  eight 
avoidance responses  on 10 consecut ive  trials were given a 
second 100 trial training session 3 -4  days later. 

Tilt box activity. Five to ten days after  the comple t ion  
of avoidance training all animals were placed in tilt cages. 
Eight tilt cages were main ta ined  in a sound a t tenuat ing  
room on the same 12 hr light dark cycle as the home  
colony.  The cages were cons t ruc ted  of  dark green plexiglass 
walls with a clear Plexiglas top.  The f loor was made  of  wire 
mesh and was suspended on a rod in the middle of  the cage 
b o t t o m  such that  the animal t i l ted the f loor  to the side on 
which it was si tuated.  A microswi tch  at one end of  the floor 
was connec ted  to a counte r  which mon i to r ed  the number  of  
crossings the animal made.  Readings were taken every six 
hours  for 24 hr. Ad lib food was available from a basket  
and tap water  from a bot t le  that  were both  s i tuated in the 
middle  of the f ront  wall. 

Open field activity. L o c o m o t o r  activity in a novel open 
field was observed 120 days after surgery for 2 rain in a 2 × 
2 ft. c o m p a r t m e n t  with a f loor that  was divided into 6 in. 
squares. The n u m b e r  of  squares en tered  was recorded.  An 
entry was scored when the animal crossed with two paws 
into a square. This measure was obta ined during the light 
part of the l ight /dark cycle. 

Proprioceptive stepping. Reflex limb use was tested 120 
days pos topera t ive ly  by holding the rat upright  but at an 
angle to a table surface. The limb proximal  to the surface 
was then allowed to suppor t  the weight of  the rat and the 
rat was moved laterally. Normal rats flex this limb and 
reposi t ion it under  the new center  of gravity, thus resulting 
in a s tepping reflex as lateral mo v emen t  is cont inued .  

Horizontal stabilization. Rats were placed on a wire 
p la t form which was gradually tilted so that  the rat had to 
resist the pull of gravity. Normal  rats grasp the rungs of  the 
wire p la t fo rm and ex tend  the down-hil l  hind- and fore- 
limbs to maintain  a nearly hor izonta l  posi t ion.  This test was 
adminis tered 120 days after  surgery. 

Step down latency. Animals were placed on a 8 × 12 × 
8 cm high p la t form.  The time required for the animal to 
step down from this p la t form on to  a table surface was 
recorded.  A s tep-down response was scored when two paws 
touched  the table. The max imum time allowed was 60 sec. 
This was tested 1 20 days after  surgery. 

Forelimb strength. This was evaluated by grasping the 
rat by ei ther  forepaw and recording the la tency of  
compensa to ry  movemen t s  ( the rat grasps the ex- 
pe r imente r ' s  hand and pulls i tself up). Both limbs were 
tested.  The max i mu m time al lot ted per forepaw was 60 sec. 
Tests were adminis tered  1 20 days postoperat ively .  

Visual placing. The rat was held by its h indquar te rs  with 
its head ex tended  downward .  It was then brought  close to 
the edge of the table. Normal  rats ex tend  their forepaws to 
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grasp the  edge of the  table.  The  presence  or absence  of  this  
response  was recorded .  Visual  placing was tes ted  120 days 
af ter  surgery. 

R E S U L T S  

The avoidance  behav io r  of  pos tope ra t ive ly  t ra ined  rats  is 
c o m p a r e d  wi th  the  p e r f o r m a n c e  of  p reopera t ive ly  t ra ined  
rats in Fig. 5. Rats  wi th  parasagi t ta l  h y p o t h a l a m i c  cuts  
( p < 0 . 0 1 ) ,  vent ra l  pallidal cuts  ( p < 0 . 0 2 5 ) ,  or  media l  pallidal 
cuts  ( p < 0 . 0 1 )  showed  severe acqu i s i t ion  defici ts  when  an 
a t t e m p t  was made  to t ra in  t h e m  3 - 5  weeks  af te r  surgery. 
There  were no  s ignif icant  ( p < 0 . 0 5 )  d i f fe rences  in the  ra te  
of acquis i t ion  of  these  th ree  e x p e r i m e n t a l  groups.  The  
f o u r t h  e x p e r i m e n t a l  group (rats  wi th  cuts  dorsal  to  the  GP) 
learned the  response  as rapidly  as the  controls .  

When tes ted  for  r e t e n t i o n  of a p reopera t ive ly  learned  
avoidance  response  on ly  rats wi th  cuts  vent ra l  to  the  g lobus  
pal l idus p e r f o r m e d  rel iably p o o r e r  ( p < 0 . 0 5 )  t h a n  the  
controls .  The  inef fec t iveness  of  m o s t  of  our  cuts  wi th  
respect  to recall p e r f o r m a n c e  is par t icu lar ly  s t r iking in rats  
wi th  parasagi t ta l  h y p o t h a l a m i c  and  media l  pallidal cuts  
which  p e r f o r m e d  s ignif icant ly  be t t e r  ( p < 0 . 0 1  and 0 .025  
respect ive ly)  on  the  recall  tes t  t h a n  an imals  wi th  compara -  
ble cuts  did when  t ra ined  de novo  af te r  surgery.  

Table  2 summar izes  the  tilt  box  act ivi ty of  all ex- 
pe r imen ta l  and con t ro l  groups ,  r ecorded  5 - 1 0  days af te r  
the c o m p l e t i o n  of the  pos tope ra t ive  avoidance  test.  None  
of the  e x p e r i m e n t a l  groups  d isplayed s ignif icant  hypo-  
act ivi ty which  migh t  have in te r fe red  wi th  behav io r  in the  
shu t t l e  box.  Two of the  e x p e r i m e n t a l  groups  were sig- 
n i f icant ly  more  active t han  cont ro ls .  One  of these groups  
( the  animals  wi th  ven t ra l  pallidal cuts)  p e r f o r m e d  poor ly  in 
the avoidance  s i tua t ion  dur ing  init ial  t ra in ing  and dur ing  
the pos tope ra t ive  recall  test. The  second of the  hyperac t ive  
groups  ( ra ts  wi th  cuts  dorsal  to  the  GP) p e r f o r m e d  well 
dur ing b o t h  avo idance  tests,  suggesting tha t  act ivi ty  may  
not  have been a de t e r m i n i ng  fac to r  in the  avoidance  tests. 
Our  second index of  l o c o m o t o r  act ivi ty,  the  open  field test ,  
failed to disclose rel iable d i f ferences  be t w een  any  of our  
expe r imen t a l  and  con t ro l  groups  120 clays a f te r  surgery (See 
Table 3). 
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FIG. 5. Conditioned Shuttle-Box Avoidance. Mean trials to criterion 
for experimental and control groups (see text for abbreviations) 
which were trained 3 -5  weeks post-operatively (left)or trained prior 

to surgery and retested post-operatively. 

Our  tests  of p ropr iocep t ive  s tepping,  h o r i z o n t a l  stab- 
i l izat ion,  fo re l imb s t reng th ,  visual placing, and step d o w n  
la tency also failed to show persis t ing defici ts  120 days af ter  
surgery. It  is, u n f o r t u n a t e l y ,  no t  clear w h e t h e r  these 
func t ions  were en t i re ly  in tac t  dur ing  the  t ime  w h e n  the  
avoidance  tests were c o n d u c t e d .  We have some evidence 
from animals  wi th  comparab le  cuts  tha t  visual placing, in 
par t icular ,  is def ic ien t  a m i n i m u m  of 40 days af ter  surgery 
in abou t  80% of animals  wi th  cuts  vent ra l  to the  g lobus  
pall idus (which  showed  the  mos t  severe p e r f o r m a n c e  
defici ts  in the  avoidance  appara tus )  and in 90% of  the  
animals  wi th  medial  pallidal cuts  (which  p e r f o r m e d  well on  
the recall test  bu t  were def ic ient  in acquir ing the  avoidance  
response  de novo) .  

T A B L E  2 

MEAN ACTIVITY COUNTS (± SE) OBTAINED IN A TILT CAGE DURING A CONSECUTIVE 24 HR 
PERIOD 

Group n 1300-1900 1900-0100 0100-0700 0700-1300 24 Hr Total 

NC 8 89.10 85.75 63.63 19.75 258.2 
(+9.9) ( _ 10.7) (_+ 14.9) (_+4.3) ( _+ 15.8) 

PH 10 64.80 101.80 68.20 27.10 261.90 
(-+ 11.0) (_+ 17.50) (_+6.4) (_+5.4) (_+31.6) 

MP 9 105.4 136.6 89.66 38.55 370.20 
(_+5.5) (_+37.9) (_+30.5) (_+9.8) (_+83.1) 

VP 8 110.7 151.70* 93.40 67.70* 423.48* 
( + 17.7) ( _+ 21.70) ( _+ 24.8) ( _+ 13.6) (_+45.7) 

DP 9 125.00 185.2" 94.00 51.56* 455.76* 
(_+26.4) ( _+23.5) ( _+ 17.7) (_+2.5) ( _+51.6) 

*Diff. controls p <0.01. 
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T A B L E  3 

MEAN OPEN FIELD ACTIVITY COUNTS (_+ SE), n* 

Group NC PH MP VP DP 

26.83 34.0 14.86 23.67 16.67 
(6.44) (8.80) (4.91) 5.83 (7.15) 

n 6 5 7 6 6 

*(None of the differences between groups were statistically reli- 
able) 

DISCUSSION 

The results  of this  e x p e r i m e n t  agree well w i th  earlier 
r epor t s  of avoidance  defici ts  a f te r  surgically, e lectro-  
lyrically,  or chemica l ly  i nduced  d i s rup t ions  of  s tr iatal  
func t ions  [14,  20, 37, 3 9 ] .  

Our  parasagi t ta l  h y p o t h a l a m i c  cuts  severely d i s rup ted  
the acquis i t ion  of  avoidance  responses  as previously  re- 
po r t ed  [20]  bu t  had l i t t le  de le te r ious  effects  on  per- 
fo rmance  on pos tope ra t ive  recall  tests  which  had also 
s h o w n  m a r k e d  ef fec ts  of  the  larger cuts  used by  Ken t  and  
Gros sman  [ 2 0 ] .  The  select ive ef fec ts  of  our  sho r t e r  cuts  on  
pos topera t ive  acquis i t ion  appear  to  be more  near ly  com- 
parable  to  the  effects  observed af te r  in jec t ions  of  6-OHDA 
in to  the  subs tan t i a  nigra [14]  which,  like our  cuts,  
p roduced  severe bu t  no t  to ta l  dep le t ions  of  s tr iatal  dop-  
amine.  The acquis i t ion  def ici t  does n o t  appea r  to  be due to 
simple sensory  or m o t o r  def ic i ts  since our  rats wi th  
parasagit tal  cuts  p e r f o r m e d  a p reopera t ive ly  learned avoid- 
ance response  as well as u n o p e r a t e d  cont ro ls .  They  also 
showed  no  gross sensory  or m o t o r  d i s tu rbances  on any  of  
our  specific tests. 

Cuts  media l  to the  g lobus  pal l idus  p roduced  avoidance  
defici ts  tha t  appeared  to be s imilar  to those  seen in rats  
with  parasagi t ta l  h y p o t h a l a m i c  cuts  (i.e., a m a r k e d  impair-  
m e n t  of  ini t ia l  acqu i s i t ion  bu t  essent ial ly  n o r m a l  
p e r f o r m a n c e  of  p reopera t ive ly  learned avoidance  behavior) .  
This is par t i cu la r ly  in te res t ing  because the  cuts  media l  to 
the  GP p roduced  m u c h  smaller  dep le t ions  of  d o p a m i n e  
f rom the  s t r i a tum as well as the  r emain ing  forebra in ,  than  
the parasagi t ta l  cuts  a long the  la teral  b o r d e r  of  the  
h y p o t h a l a m u s .  

The  avo idance  behav io r  of an imals  wi th  cuts  vent ra l  to 
the  g lobus  pal l idus was mos t  severely a f fec ted .  Thei r  post-  
operat ive acquis i t ion  p e r f o r m a n c e  was c o m p a r a b l e  to tha t  
of animals  wi th  parasagi t ta l  h y p o t h a l a m i c  and media l  
pallidal cuts. However ,  the  VP group was the  only one to 
show a severe i m p a i r m e n t  in p reopera t ive ly  acqui red  
avoidance  behavior ,  The reasons  for  this  were no t  im- 
med ia te ly  apparen t .  As a group,  these animals  displayed 
some hype rac t i v i t y  in the  t i l t  boxes,  bu t  so did rats  wi th  
cuts  dorsal  to the  GP which  pe r fo rmed  ex t r eme ly  well 
when  t ra ined  or tes ted  pos topera t ive ly  in the  avoidance  
s i tua t ion .  Some  animals  wi th  vent ra l  pallidal cuts  d isplayed 
evidence of  visual placing diff icul t ies  w h e n  tes ted shor t ly  
af ter  surgery but  an even grea ter  p r o p o r t i o n  of animals  wi th  
cuts media l  to the  g lobus  pal l idus (which  p e r f o r m e d  well on  
the pos topera t ive  recall test)  were def ic ien t  in this test. The  
effects  of  the  vent ra l  pallidal cuts  on str iatal  c a t echo l amine  
c o n c e n t r a t i o n s  were variable.  As a group,  the  dep le t ions  
were no t  as large as those  p roduced  by parasagi t ta l  

h y p o t h a l a m i c  cuts  which  had  no  ef fec t  on the  p e r f o r m a n c e  
of p reopera t ive ly  learned avoidance  behaviors .  

Dorsal  pall idal  cuts which  i n t e r r u p t e d  a large p r o p o r t i o n  
of the  i n t e r c o n n e c t i o n s  be tween  the GP and the  cauda te  
nucleus  as well as cor t ico-fugal  p ro jec t ions  did no t  in ter fere  
wi th  the  acquis i t ion  or p e r f o r m a n c e  of  avoidance  behav io r  
in any of  our  tests. This  obse rva t ion  does no t  con t rad ic t  the  
hypo thes i s  tha t  dopamine rg ic  c o m p o n e n t s  of the  s t r ia tum 
in pa r t i cu l r  may  be related to avoidance  behav io r  since 
these cuts  failed to p roduce  s ignif icant  d o p a m i n e  dep le t ions  
in the  s t r ia tum.  It  appears  tha t  the  n igros t r ia ta l  p ro jec t ions  
do no t  d i f fusely  p ro jec t  t h rough  the  g lobus  pal l idus in the  
rat bu t  may  fol low a more  c i rcu i tous  rou te  a round  or 
t h rough  more  lateral  or caudal  po r t i ons  of  the  GP. 

B E H A V I O R A L  E X P E R I M E N T S  2: A C Q U I S I T I O N  
OF A SUCROSE R E I N F O R C E D  R U N N I N G  RESPONSE 

The  second e x p e r i m e n t  was designed to examine  a 
critical p red ic t ion  f rom the  hypo thes i s  tha t  the  defici ts  seen 
in three  of our  expe r imen ta l  groups  in the  preceding  
p o r t i o n  of  the inves t iga t ion  migh t  be pecul iar  to avoidance  
behavior .  Fo r  this purpose ,  we designed a novel  appara tus  
which  cons is ted  of  an a u t o m a t e d  r u n w a y  with dr ink ing  
cups at b o t h  ends. The ope ran t  response  requi red  to ob ta in  
a h ighly  prefe r red  10% sucrose so lu t ion  was shu t t l ing  back 
and fo r th  be tween  the  two dr ink ing  cups. The t opography  
of this  behav io r  is r easonab ly  similar  to tha t  requi red  in the 
shut t le  box.  

Severe i m p a i r m e n t s  in b o t h  the acquis i t ion  and per- 
fo rmance  of food-  or bra in  s t imula t ion - rewarded  alley 
runn ing  have been r epo r t ed  af te r  large parasagi t ta l  cuts  
along the lateral  bo rde r  of  the  d i encepha lon  [20 ] .  Food-  or 
water - rewarded  app roach  behav ior  as well as more  complex  
food- rewarded  ope ran t  responses  have also been repor ted  to 
be impai red  af te r  in t r aven t r i cu la r  or in t ranigral  in jec t ions  of  
6-OHDA [4, 14, 3 3 ] ,  or in t ras t r ia ta l  in jec t ions  of anti-  
chol inergic  c o m p o u n d s  [ 3 8 ] .  

METHOD 

Animals 

All of the rats  in the avoidance  test  descr ibed above were 
used. Add i t iona l  animals  received comparab l e  surgical 
t r e a t m e n t s  to  increase the  subjec t  pool  for  the  p resen t  
e x p e r i m e n t  to: parasagi t ta l  h y p o t h a l a m i c  n = 13; media l  
pallidal n ; 10; dorsal  pallidal n = 10; vent ra l  pallidal n = 9; 
and con t ro l  n = 12. 

Apparatus 

Three  similar alleys were used. Each measured  18 x 81 
× 18 cm high and was cons t ruc t ed  of wood  excep t  for  the 
f ron t  panel  which  was made  of  t r ans lucen t  Plexiglas. At  
each end  of  the runway ,  a d r ink ing  cup was m o u n t e d  in the 
cen te r  of  the  endwal l ,  5 cm above  the  floor. A Sylvania 24 
PSB light  bu lb  was m o u n t e d  8 cm above the  cup. 
I l l umina t ion  of  the  l ight  ind ica ted  tha t  the  cup was filled 
wi th  0.1 ml of  a 10% sucrose /wate r  so lu t ion  (wt /vol ) .  

Procedure 

A p p r o x i m a t e l y  60 days af te r  surgery, all animals  were 
offered a 1.0% sucrose so lu t ion  (wt /vo l  in water )  in the 
h o m e  cage dur ing  a 24-hr  per iod  when  no  o the r  food  was 
available. In take  dur ing  this per iod  was c o m p a r e d  to a 
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similar 24-hr measure when only tap water was available. 
This test was designed to determine the animals' ability to 
detect the mild sugar solution, and drink it in preference to 
tap water. 

On the day before training began, each animal was 
permitted to explore the runway for 10 min. During this 
test, the drinking cups contained only tap water. On the 
next day the cup on one end of the runway was filled with 
0.1 ml of a 10% sucrose solution and the light above it was 
illuminated. As soon as the animal touched the cup, a 
response was automatically recorded, the light above the 
cup was turned off, the cup at the other end of the runway 
was filled, and the light above it illuminated. The rat could 
obtain sucrose rewards ad lib by shuttling back and forth 
between the two ends of the apparatus for 10 min. Each 
animal was given a total of twelve sessions (2 per day for 
the first 5 days, and 1 per day on Days 6 and 7). All test 
sessions were given during the dark portion of the animals' 
light/dark cycle. During the first ten sessions regular 
laboratory food and tap water were available ad lib in the 
home cages. Following the tenth session all animals were 
food deprived until the following test (approx. 24 hr). 
Food was again available ad lib after Trial 11, and all rats 
were given a final runway test on the following day. 

R E S U L T S  

The control animals rapidly learned the simple shuttling 
response required to obtain the sucrose solution reward in 
the alley. Their performance improved throughout the first 
ten sessions and reached asymptotic levels only when the 
animals could consume 0.1 ml of sucrose and run down a 
nearly 3 foot long alley in only 6 - 9  sec. None of  the 
experimental groups quite matched this performance (See 
Fig. 6). 
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FIG. 6. Sucrose-Rewarded Running. Mean number of crossings per 
min in the shuttle runway. 

An analysis of variance indicated a significant treatment 
(i.e., knife cut) effect (p< 0.01) as well as a significant trials 
by groups interaction (p<O.O1) which suggested different 
rates of acquisition for the experimental and control 
groups. Individual group comparisons indicated further that 

the overall performance of rats with dorsal pallidal (DP) 
cuts did not differ reliably from that of the controls 
whereas all other experimental groups performed reliably 
poorer (PH p<0.01;  MP p<0.01;  VP p<0.05). A separate 
analysis of the first (Sessions I - 6 )  and last (Sessions 7 - 1 2 )  
half of the training period indicated that the rats with cuts 
dorsal or ventral to the GP acquired the running response as 
rapidly as the controls (p>0.05) but could not match their 
terminal performance (p<0.05). The performances of rats 
with parasagittal hypothalamic or medial pallidal cuts were 
significantly (p<0.05) inferior to that of the control group 
throughout the experiment. 

Food deprivation (Session 11) increased running speed 
slightly in nearly all groups. However, this effect was not 
statistically reliable (p<0.05), indicating that the strong 
sucrose solution provided optimal incentive even in the 
absence of food deprivation. 

DISCUSSION 

The results of these experiments agree with earlier 
reports [ 14, 20, 33, 38] that striatal dysfunctions interfere 
with appetitively as well as aversively controlled operant 
responding. However, a comparison of the pattern of 
effects seen in this and the preceding experiment suggest 
that different components of the striatum may contribute 
to the organization of appetitively and aversively controlled 
behaviors. 

A rather general deficit is indicated in the case of 
animals with parasagittal hypothalamic or medial pallidal 
cuts which learned both avoidance and sucrose-rewarded 
running poorly. These animsls clearly preferred a weak 
sucrose solution to tap water but seem unable or unwilling 
to initiate or execute a simple running response to obtain 
an even sweeter one. The results of the preceding ex- 
periment as well as a more detailed account of the motor 
capabilities of rats with larger parasagittal hypothalamic 
cuts [20],  indicate that simple sensory or motor dis- 
turbances are not responsible for these effects. 

Rats with ventral pallidal cuts displayed a pattern of 
effects which suggests a more selective impairment. Al- 
though these animals performed much worse than rats with 
parasagittal hypothalarnic or medial pallidal cuts in the 
post-operative retest of preoperatively learned avoidance 
behavior (and as poorly in post-operative avoidance learning 
tests), their performance of the sucrose-rewarded running 
response was clearly superior. 

The rats with parasagittal hypothalamic or medial 
pallidal cuts drank less of the 1% sucrose solution in the 
home cage (See Table 4) and also ran slower in the runway. 
However, there was only a weak correlation between home 
cage intake and initial running speed in the runway (p< 0.05 
for the combined experimental groups) and none between 
home cage consumption and individual rates of acquisition. 
Sucrose preference thus does not seem to be an important 
determinant of the differential running speeds seen amongst 
our experimental groups. 

BEHAVIORAL EXPERIMENTS 3: 
PASSIVE AVOIDANCE 

Experimental treatments that increase or decrease loco- 
motor activity or reactivity to sensory input can have quite 
different effects on avoidance behaviors, depending on the 
nature of the contingencies. Shuttle box avoidance behavior 



40 KELLY, ALHEID, MCDERMOTT, HALARIS AND GROSSMAN 

TABLE 4 

MEAN INTAKE (*SE) (ML) OF TAP WATER AND A 1.0% SUCROSE 
SOLUTION DURING SEPARATE 24 HOUR PERIODS WHEN FOOD 

WAS ABSENT 

Group n Water Sucrose 

NC 12 29.7 (4.3) 84.5 (5.0) 
PH I3 9.1 (l.I)‘r 43.4 (5.2)t 
MP 10 6.7 (l.I)t 30.2 (5.2)t 
VP 9 12.5 (2.8)t 67.2 (12.7) 
DP 10 10.8 (1.9)t 63.9 (6.7)* 

*Diff. controls p<O.O5. 
tDiff. controls p <O.Ol. 

may be facilitated by an increase in the animal’s tendency 
to become active in response to a change in its environment 
whereas most so-called passive avoidance paradigms which 
require the withholding of a pre-potent response tend to 
show opposite, deleterious effects. 

Although the pattern of effects seen in the first group of 
experiments does not indicate that activity changes played 
a major role in the avoidance decrements produced by most 
of our cuts, it appeared worthwhile to pursue the matter 
further since a number of investigators have reported 
differential effects on active and passive avoidance behavior 
of various treatments that deplete central CA stores. 
Cooper et al. [ 7] , for instance, reported that intracisternal 
injections of 6-OHDA severely impaired active avoidance 
behavior but had little or no effect on a passive avoidance 
response. Smith et al. [53] similarly reported that rats 
which had received 6-OHDA injections directly into the 
hypothalamic region that is traversed by the medial 
forebrain bundle performed an active avoidance response 
poorly but showed no passive avoidance deficit. Other 
investigators who have used surgical procedures that inter- 
rupt the nigrostriatal projections extensively have typically 
reported deleterious effects on both active and passive 
avoidance behavior. Kent and Grossman [ 201, for instance, 
reported severe deficits in both paradigms following long 
parasagittal knife cuts along the lateral border of the 
hypothalamus and a similar pattern of effects has been 
reported after electrolytic lesions of the substantia nigra or 
the caudate nucleus [ 341. 

METHOD 

Animals 

Experimentally naive rats which had been subjected to 
the surgical treatments described under GENERAL 
METHOD were used. Fifty-one animals were tested 
(control,n=8;PH,n= 12;MP,n=lO;VP,n=5;DP,n= 
16). 

Apparatus 

A 46 x 46 x 64 cm high translucent Plexiglas box with a 
floor made of 0.5 cm stainless steel rods, spaced 2.0 cm 
apart, was used for the passive avoidance test. The rods of 
the floor were connected to a constant current source 
which assured that each rod was hot with respect to all 
other rods when the experimental conditions required it 

[ 51. A 13 x 13 x 8 cm high wooden platform was placed 
into the middle of the Plexiglas box. 

A test of shock sensitivity was conducted in 35 X 26 X 

22 cm high translucent Plexiglas boxes with floors made of 
0.5 cm stainless steel rods placed 2.0 cm apart. The rods 
were connected to a constant current source similar to that 
used in the passive avoidance test. 

Procedure 

Approximately 120 days after surgery, the animals were 
placed onto the small wooden platform of the passive 
avoidance apparatus. When an animal stepped down from 
the platform, a latency was recorded, the wooden platform 
removed and the shocker was turned on for 5 sec. The 
current level was set at 100 micro A for all animals. If the 
animal remained on the platform for 120 set (i.e., perfect 
avoidance), it was pushed off and shocked in the same way. 
This procedure provided equal shock experience for all 
animals across all trials. The test was repeated 24. 48, and 
72 hours after the initial exposure. 

A few days after the completion of the passive avoidance 
test, the animal’s shock sensitivity was investigated by 
determining the threshold for flinch responses to foot- 
shock. For these tests, the animals were placed into the 
apparatus, and given 0.5 sec. bursts of grid shock 60 sec. 
apart. beginning with 2.0 micro A and ascending to 200 
micro A (or beginning at 200 micro A and descending to 2 
micro A). Each animal was tested twice with the ascending 
and the descending shock intensities and the threshold was 
defined as the median of the four tests. 

RESULTS 

The data from the passive avoidance test are shown in 
Fig. 7. A two-way analysis of variance and appropriate 
group comparisons indicated that the rats with parasagittal 
hypothalamic (p<O.Ol); ventral pallidal (pcO.05); or dorsal 
pallidal (p<O.Ol) cuts acquired the passive avoidance 
response significantly slower than the controls or rats with 
medial pallidal cuts which did not perform reliably dif- 
ferent controls. 

The test for shock sensitivity did not reveal statistically 
reliable differences between any of the groups tested. It 
may be noteworthy, however. that all of the experimental 
groups had slightly lower thresholds than the controls 
(flinch threshold means were: controls-29 micro A; para- 
sagittal hypothalamic cuts-18 micro A; medial pallidal 
cuts-l 1 micro A; dorsal pallidal cuts-19 micro A; and 
ventral pallidal cuts-1 1 micro A). These results suggest that 
differential shock sensitivity is probably not a significant 
factor in the performance impairments seen in this as well 
as earlier experiments of the current series. 

DISCUSSION 

Our observation that rats with parasagittal cuts along the 
lateral border of the hypothalamus acquire a passive 
avoidance response poorly if at all although their detection 
threshold for footshock appears normal replicates earlier 
observations of the effects of more extensive cuts [ 201 and 
is congruent with the report [34] that damage to the nuclei 
of origin or termination of the nigrostriatal pathway 
produces a comparable impairment. 

The passive avoidance test revealed an unexpected and 
potentially instructive difference between the animals with 
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FIG. 7. Step-Down Passive Avoidance. Mean latency to step down 
onto an electrified grid. 

parasagi t ta l  h y p o t h a l a m i c  cuts  ( t h a t  were def ic ien t  in this  
as well as all previous  tests  of  learned behav ior )  and  the  
animals  wi th  medial  pall idal  cuts  ( t h a t  had  been  similarly 
impai red  in all previous  tests  bu t  p e r f o r m e d  as well  as 
cont ro l s  in the  passive avo idance  tests).  Our  tests  of  
l o c o m o t o r  act ivi ty (see E x p e r i m e n t  1) indica te  t ha t  the  
d i f fe rence  in passive avoidance  behav io r  b e t w e e n  these two  
groups  does no t  ref lect  d i f fe ren t ia l  act ivi ty levels. It is 
in teres t ing  to note ,  in this  c o n t e x t ,  t ha t  the  rats w i th  
media l  pal l idal  cuts  re ta ined  cons iderab ly  more  DA as well 
as NE in the  s t r i a tum and also showed  smaller  dep le t ions  of  
these amines  f rom fo rebra in  t han  our  an imals  wi th  para- 
sagittal  h y p o t h a l a m i c  cuts. 

The  passive avoidance  tes t  also succeeded in d e m o n -  
s t ra t ing an i m p a i r m e n t  in the  one  e x p e r i m e n t a l  group 
which  had  p e r f o r m e d  w i t h o u t  d i f f icu l ty  in all previous  tests  
of learned behavior .  Rats  w i th  cuts  dorsal  to the  g lobus  
pall idus learned and  p e r f o r m e d  active avoidance  responses  
in the  shu t t l e  box  and sucrose-reward r unn i ng  well bu t  
pe r fo rmed  poor ly  in the  passive avoidance  test. It is 
t e m p t i n g  to suggest tha t  this  cut  wh ich  i n t e r r u p t e d  the  
pr incipal  e f fe ren t s  f rom the  cauda te  nuc leus  to  the  g lobus  
pall idus bu t  did no t  s ignif icant ly  al ter  bra in  CA con-  
cen t r a t i ons  may specifically in te r fe re  wi th  func t i ons  tha t  
are respons ib le  for  response  suppress ion .  There  are 
n u m e r o u s  repor t s  of  impa i red  behaviora l  suppress ion  in 
d i f fe ren t  tes t  paradigms,  inc lud ing  passive avo idance  [ 3 4 ] ;  
DRL con t ingenc ies  [41]  ; a l t e rna t ion  [17]  ; and  dis- 
c r im ina t i on  reversal [22]  a f te r  s t r ia tal  lesions. Our  results  
suggest t h a t  a specific e f fe ren t  p a t h w a y  m ay  be respons ib le  
for these effects.  I t  is, however ,  no t  clear, to  wha t  e x t e n t  
the slight hype rac t i v i t y  which  was seen in our  rats  wi th  
dorsal  pallidal cuts  ( E x p e r i m e n t  1) as well as s t r ia ta l  lesions 
[57] may  in f luence  these a p p a r e n t  inc iden t s  of  impa i red  
response  inh ib i t ion .  

Ven t ra l  pall idal  cuts  p r o d u c e d  a severe i m p a i r m e n t  in 
passive avoidance  learn ing  which  provides  f u r t h e r  ev idence  
for our  suggest ion tha t  the  defici ts  seen in these animals  
may be more  specifically re la ted  to avoidance  behav io r  t han  

may be the  case in animals  wi th  parasagi t ta l  h y p o t h a l a m i c  
cuts or cuts  dorsal  or media l  to  the g lobus  pallidus.  

B E H A V I O R A L  E X P E R I M E N T S  4: 
SWIMMING ESCAPE 

A n u m b e r  invest igators  [30,  45,  46,  56]  have repor ted  
tha t  chemica l  or e lec t ro ly t ic  lesions which  involve the  
nigrost r ia ta l  p ro j ec t i on  sys tem severely impai r  swimming  in 
the  rat.  S t r icker  and  Z igmond  [54]  have recen t ly  suggested 
t ha t  this, as well as o the r  behaviora l  dys func t ions  t ha t  
charac ter ize  rats which  have l i t t le  or n o  s tr ia tal  d o p a m i n e  
may  be the  resul t  of a defici t  in general  arousal  because  
thei r  p e r f o r m a n c e  can be dramat ica l ly  improved  w h e n  cold 
r a the r  t han  t h e r m o n e u t r a l  wate r  is used in the  swimming  
test. Our  rats do no t  show the  m a r k e d  arousal  i m p a i r m e n t s  
typical  of  ra ts  wi th  lateral  h y p o t h a l a m i c  lesions or inter-  
ven t r icu la r  6 -OHDA t r e a t m e n t s  bu t  it appeared  i m p o r t a n t  
to invest igate  our  animals '  abi l i ty  to swim and to examine  
the in f luence  of wate r  t e m p e r a t u r e  on this  behavior .  

METHOD 

Animals 

One h u n d r e d  and  t w e n t y  th ree  rats  were used, 94 of 
which  sus ta ined  kni fe  cut  surgery as descr ibed u n d e r  
G E N E R A L  M E T H O D  above.  S ix ty- two were tes ted  in 
t h e r m o n e u t r a l  wate r  (38°C +_ 0.5°C) (Cont ro l ,  n = 14; PH, 
n =  16, MP, n = 1 0 ; V P ,  n = 9 ; D P ,  n = 1 3 )  and 6 1 w e r e  tes ted  
in cold water  (20°C _+ 0 .5°C)  (Cont ro l ,  n = 1 5 ; P H ,  n = 14; 
MP, n = 10; VP, n = 9; DP, n = 13). 

Apparatus 

Swimming  escape was observed in a 92 x 51 x 46 cm 
deep t ank  wi th  a 20 cm d iame te r  island at one end.  The 
island e x t e n d e d  2 cm above the  water  l ine which  was 18 cm 
be low the  u p p e r  edge of  the  tank .  The island was placed at 
least 15 cm f rom the  neares t  t ank  wall. 

Procedure 

At the  beg inn ing  of  each trial,  the  rat  was placed in to  
the  28 cm deep water  of  the  t ank  at the  end  oppos i te  to  
tha t  which  c o n t a i n e d  the  island. A s top wa tch  was ac t iva ted  
and  the  l a t ency  of  a comple t e  escape response  (i.e., all four  
l imbs on  the  is land)  was recorded .  During the  trial, the  
animals '  abi l i ty  to  swim was ra ted  using a mod i f i c a t i on  of a 
ra t ing  sys tem deve loped  by Shapiro  [51 ] to  descr ibe stages 
of neona ta l  d e v e l o p m e n t  of  this  behavior .  The fo l lowing 
categories  were used:  (1)  h i n d l i m b  use only  wi th  ex t enso r  
r igidi ty of  fore l imbs  (mos t  ma tu re ) ;  (2)  use of h i n d l i m b s  
bu t  occas ional  use of  fo re l imbs ;  (3) use of fore l imbs  and  
h ind l imbs  a p p r o x i m a t e l y  equal ly ;  (4)  head  f r equen t ly  
unde r  wate r  ( least  mature) .  

RESULTS 

Escape Latencies 

A three-way analysis of  var iance ind ica ted  a s ignif icant  
effect  of  knife  cuts  ( p < 0 . 0 1 ) ;  trials ( p < 0 . 0 1 )  and wate r  
t e m p e r a t u r e  ( p < 0 . 0 5 )  (see Fig. 8). 

Rats  wi th  vent ra l  pallidal (VP) cuts  showed  the  mos t  
marked  p e r f o r m a n c e  d i f ferences  in the  two tes t  s i tua t ions .  
In warm water ,  the  escape la tencies  of these  animals  did no t  
decrease over  trials and  they  p e r f o r m e d  cons i s t en t ly  p o o r e r  
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FIG. 8. Swimming Escape. Mean latency to escape from thermo- 
neutral (above) and cold water (below). 

( p < 0 . 0 0 1 )  t h a n  the  con t ro l s  t h r o u g h o u t  the  expe r imen t .  In 
cold water ,  these  an imals  also p e r f o r m e d  poor ly  dur ing  the  
early trials and  improved  s igni f icant ly  s lower  t han  the  
con t ro l s  ( p < 0 . 0 1 )  bu t  the i r  a s y m p t o t i c  p e r f o r m a n c e  levels 
were no t  re l iably d i f fe ren t  f rom those  of  the  con t ro l  or 
o t h e r  e x p e r i m e n t a l  groups.  The overall  p e r f o r m a n c e  of  
these an imals  was s igni f icant ly  ( p < 0 . 0 0 1 )  b e t t e r  in cold 
than  in a p p r o x i m a t e l y  t h e r m o n e u t r a l  water.  

Rats  wi th  dorsal  pallidal (DP) cuts  p e r f o r m e d  as well as 
the  con t ro l s  in cold water.  In more  near ly  t h e r m o n e u t r a l  
water,  these  an imals  p e r f o r m e d  poor ly  on the  early trials 
(p<  0 .01)  bu t  r eached  a s y m p t o t i c  p e r f o r m a n c e  levels which  
were n o t  re l iably  d i f fe ren t  f rom those  of  the controls .  The 
overall  p e r f o r m a n c e  of  these  an imals  was s ignif icant ly  
( p < 0 . 0 1 )  b e t t e r  in cold t han  in warm water .  

Rats  wi th  media l  pallidal (MP) cuts  did no t  escape as 
qu ick ly  as the  con t ro l s  f rom e i the r  the warm or the  cold 
water  ( p < 0 . 0 1 )  dur ing the  first four  trials bu t  reached  
comparab l e  ( p > 0 . 0 5 )  a s y m p t o t i c  p e r f o r m a n c e  levels. The i r  
overall  p e r f o r m a n c e  in warm and  cold wate r  did no t  differ  
s ignif icant ly.  Rats wi th  parasagi t ta l  h y p o t h a l a m i c  (PH) cuts  
were s igni f icant ly  s lower  than  con t ro l s  in warm or cold 
water  ( p < 0 . 0 1 )  dur ing  early trials. However ,  the i r  asymp-  
to t ic  scores did no t  differ  f rom those  of  the  controls .  The 
overall p e r f o r m a n c e  of  rats  wi th  PH cuts was b e t t e r  in cold 
water  when  c o m p a r e d  wi th  t ha t  in warm ( p < 0 . 0 1 ) .  

Quality of Swimming 

In fan t  ra ts  swim poor ly ,  using fore l imbs  and h ind l imbs  
equal ly,  and  succeeding  only  i n t e r m i t t e n t l y  to ma in t a in  
the i r  heads  above  water.  As the  an imals  ma tu re ,  c o m p e t e n t  
behav io r  gradual ly  emerges,  unt i l ,  in the adul t  rat ,  well- 
in tegra ted  swimming  responses  are seen which  involve 
s m o o t h  paddl ing  wi th  the  h i n d l i m b s  while the fore l imbs  are 
e x t e n d e d  rigidly. We ra ted the c o m p e t e n c e  of the 
swimming  behav io r  in our  e x p e r i m e n t a l  and  con t ro l  animals  
and found  t ha t  our  knife  cuts  in t e r fe red  with the de- 
v e l o p m e n t  of  the  adul t  sw imming  pa t t e rn  (see Table 5). 
Even af te r  e ight  days of  t ra ining,  n o n e  of  the  expe r imen ta l  
groups  achieved the cons i s ten t  behaviora l  profi le  seen as 
early as Day 1 or 2 in the  con t ro l  animals  ( p < 0 . 0 1 ) .  It is 
in te res t ing  to no t e  t ha t  the  severi ty of  the i m p a i r m e n t  was 
no t  cor re la ted  wi th  the  l a t ency  scores r epo r t ed  above.  Rats 
wi th  vent ra l  pallidal (VP) cuts  showed  no i m p r o v e m e n t  in 
l a tency  to escape f rom warm water  bu t  swam as well or 
b e t t e r  than  the  o t h e r  e x p e r i m e n t a l  groups  which escaped 
m u c h  more  rapidly.  Moreover,  the  VP animals  (as well as 
rats with  dorsal pallidal cuts)  scored slightly (bu t  no t  
s igni f icant ly)  b e t t e r  in warm water  f rom which  they  
escaped only  slowly t han  in the  cold wate r  which  provided 
a much  more  effect ive s t imulus  for  escape. This provides an 
in te res t ing  con t r a s t  to the pa t t e rn  observed in cont ro l ,  
animals  which  acqui red  c o m p e t e n t  adu l t  sw imming  pa t t e rns  
more  rapid ly  in the  cold water  tests  ( p < 0 . 0 0 1 ) .  These 
observa t ions  suggest tha t  the l a tency  of  the escape response  
may be largely i n d e p e n d e n t  of  m o t o r  dys func t ions  tha t  
might  in te r fe re  wi th  swimming.  

MEAN TRIALS TO 

T A B L E  5 

ACQUIRE ADULT SWIMMING POSTURE ON 
TWO SUCCESSIVE TRIALS 

NC PH MP VP DP 

m 

Warm X 2.07 3.88* 5.2* 4.7* 3.92* 
_+ SE _+ 0.24 _+ 0.46 -+ 0.81 _+ 0.76 +_ 0.60 
(n) (14) (16) (10) (9) (13) 

Cold X 1.2 3.79" 4.5* 5.9* 4.46* 
_+ SE _+ 0.14 _+ 0.41 _+ 0.90 _+ 0.76 _+ 0.68 
(n) (15) (14) (10) (9) (13) 

*Diff. controls p <0.01. 

DISCUSSION 

A n u m b e r  of  invest igators  have repor ted  severely im- 
paired swimming  escape af te r  h y p o t h a l a m i c  lesions [30, 45, 
46 ] .  Because in t ranigra l  in jec t ions  of  6-OHDA also have 
this  ef fec t  [ 5 6 ] ,  it is widely held t ha t  this  effect  of  
h y p o t h a l a m i c  lesions may  be due to an i n t e r r u p t i o n  of  the  
n igros t r ia ta l  pa thway .  Our results  suppo r t  the conc lus ion  
tha t  an  in t e r f e rence  with str iatal  func t ions  impairs  
swimming  escape bu t  suggest t ha t  dopaminerg ic  mech-  
anisms may  n o t  play as i m p o r t a n t  a role as has been  
assumed.  Cuts  be low the  vent ra l  surface of  the s t r ia tum,  
which  i n t e r r u p t  the ansa peduncular i s ,  dopaminerg ic  pro- 
j ec t ions  to  the  nucleus  accumbens ,  and o the r  vent ra l ly  
cours ing  c o n n e c t i o n s  of  the  s t r i a tum had  by far the  mos t  
severe ef fec t  on  swimming  escape in our  tests  even though  
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their effects on striatal dopamine were much less than in 
animals with parasagittal hypothalamic cuts. The latter 
produced the most severe and consistent depletion of 
striatal DA but had only slight effects on escape from warm 
or cold water and did not prevent the acquisition of 
competent swimming escape behavior. Rats with medial 
pallidal cuts (which produced much less of a depletion of 
DA in the striatum than the parasagittal cuts) performed 
about as poorly in the warm water test but somewhat 
better in the cold water experiment. 

The competent  escape from cold water of rats with 
parasagittal hypothalamic cuts is particularly interesting 
when viewed in the context  of the earlier experiments 
which consistently showed that this cut severely interfered 
with the acquisition of active as well as passive avoidance 
responses. The fact that these animals performed better in 
cold water supports the suggestion [30],  that an inter- 
ruption of the nigrostriatal system may interfere with 
sensory-activation mechanisms necessary for the orga- 
nization of complex, goal-oriented behavior. However, our 
animals with parasagittal (or other) cuts did not show the 
gross arousal deficits that have been reported in rats after 
dopamine-depleting intraventricular 6-OHDA injections 
[54] and we do not believe that a general arousal failure is 
part of the etiology of the many behavioral deficits which 
we have observed in these animals. 

GENERAL DISCUSSION 

The results of the present experiments support the 
general conclusion that the striatum plays an important role 
in the organization of avoidance behaviors. The hypothesis 
that dopaminergic projections to the striatum may spec- 
ifically subserve avoidance behavior and related functions 
did not receive consistent verification. Surgical interruption 
of various afferent and efferent connections of the striatum 
severely impaired shuttle box avoidance, swimming escape, 
and passive avoidance behavior but an appetitively con- 
trolled behavior was similarly affected. All of our cuts 
which produced significant striatal CA depletions interfered 
with shuttle box avoidance acquisition but there was no 
indication of a correlation between the magnitude of the 
DA or NE depletions and the severity of the behavioral 
deficit. Indeed, the only cut which reliably interfered with 
preoperatively learned avoidance behavior (the cut below 
the striatum) produced CA depletions that were smaller on 
the average than those seen in rats with parasagittal cuts 
which had no effect on performance in this test. Rats with 
cuts below the striatum displayed by far the most severe 
impairments in the swimming escape test, whereas rats with 
PH cuts (which produced the largest depletions of striatal 
catecholamines) acquired this behavior almost normally in 
cold water and showed only a transient impairment in 
thermoneutral water. 

Pharmacological interventions that deplete striatal dop- 
amine have been reported to interfere with active avoidance 
acquisition without affecting so-called passive avoidance 
behavior [7,53]. Our results indicate that cuts which 

produce marked striatal DA depletions impair passive as 
well as active avoidance learning. However, there was, once 
again, no indication of a correlation between the magnitude 
of the behavioral and biochemical effects of our cuts. That 
striatal pathways which do not depend on catecholamine 
transmitters contribute importantly to the organization of 
these behaviors is further indicated by the fact that cuts 
above the globus pallidus which did not significantly 
interfere with striatal CA content resulted in a deficit in 
this (but no other avoidance) test. 

It has been suggested that chemical and surgical de- 
struction of the dopaminergic afferents to the striatum may 
interfere with endogenous arousal or arousal responses to 
environmental stimuli [30,54]. Our animals do not show 
the gross arousal deficits seen in 6-OHDA treated rats or in 
animals with large lateral hypothalamic lesions and we have 
seen no evidence of hypoactivity in any of our tests. The 
differential effects of our cuts on escape from thermo- 
neutral or cold water suggest, however, that at least one of 
the behavioral dysfunctions can be partially overcome by 
an increase in arousal (or, in the specific motivational 
substrata of the behavior). 

The results of our tests indicate that not only the 
dopaminergic afferents to the striatum but other afferent as 
well as efferent connections of this structure may be 
essential for the normal acquisition of complex, appe- 
titively as well as aversively controlled behaviors. Medial 
pallidal (MP) cuts which in te r fe red 'wi th  the principal 
efferent connections of the striatum produced effects on 
shuttle box avoidance, swimming escape, and sucrose 
rewarded alley running which were similar to those seen in 
rats with parasagittal hypothalamic cuts even though the MP 
cuts had much less effects on the striatal concentrations 
of catecholamines. Ventral pallidal cuts, which interrupted 
still a third set of afferent and efferent connections and 
produced relatively moderate effects on striatal DA had 
even more severe effects in the shuttle box and the 
swimming escape test. 

It appears from this pattern of effects that any major 
interference with striatal functions (including pharma- 
cological or surgical interventions that result in DA de- 
pletions) may produce impairments in a function (or 
functions) which appears to be essential for the acquisition 
of novel complex behaviors. The function in question does 
not appear to be as crucial for the execution of previously 
learned behaviors since most rats eventually reached per- 
formance levels which were indistinguishable from those 
achieved earlier by control animals. However, behavior is 
particularly labile during initial acquisition and the acqui- 
sition/performance differences seen in the present ex- 
periments may merely reflect this well known fact. The 
severe impairments seen in rats with ventral pallidal cuts on 
our shuttle-box avoidance recall test as well as earlier 
observations of apparently irreparable acquisition and 
performance losses in rats with larger parasagittal cuts [20] 
indicate that some striatal functions may be essential for 
the execution of all complex behavior. 
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