
Pharmacology Biochemistry & Behavior, Vol. 6, pp. 273--287. Copyright © 1977 by ANKHO International Inc. 
All rights of  reproduction in any form reserved. Printed in the U.S.A. 

Deficits in Food and Water Intake after 
Knife Cuts that Deplete Striatal DA or 

Hypothalamic NE in Rats' 

ALHEID,  G. F., L. MCDERMOTT,  J. KELLY,  A. H A L A R | S  AND S. P. GROSSMAN 

Department o f  Behavioral Sciences, Committee on Biopsychology 
University o f  Chicago, Chicago, 1L 60637 

(Received t4 January  1977) 

ALHEID, G. F., L. MCDERMOTT, J. KELLY, A. HALARIS, AND S. P. GROSSMAN De/icits in/hod aim water httake 
after kni/O cuts that deplete striatal DA or hypothalamic NE #l rats. PHARAC. BIOCItEM. BEHAV. 6(3) 273 287, 1977. 

Knife cuts ventral or medial to the striatum were used to interrupt some o[" the principal connections of this structure. 
All of the cuts depleted striatal dopamine and produced aphagia and adipsia but there was no indication that the two 
classes of effects were always correlated. Cuts medial to the striatum produced the most severe DA depletions, persistent 
aphagia and adipsia, and the full complement of deficits in responding to glucoprivic and hydrational challenges that 
characterize rats that have recovered from lateral hypothalamic lesions. Cuts ventral to posterior portions of the striatum 
produced comparable periods of aphagia and adipsia (bul few of the persisting impairments in responsiveness to regulatory 
challenges) even though their effect on striatal DA was relatively small (the average depletion was 51'~ compared to 89c{ 
for rats with cuts medial to the striatum). A second group of rats with cuts below more anterior aspects of the striatum 
sustained severe DA depletions (70%) but only very brief periods of aphagia and adipsia and only slighl deficits in 
responding to osmotic challenges. The effects of the DA depleting cuts were compared with the behavioral consequences or" 
coronal cuts in the midbrain tegmentum which selectively depleted hypothalamic norepincphrine. These culs did not 
produce reliable effects on either food or water intake but abolished lhc normal feeding response to 2-deoxy-d-glucose 
without affecting the response to insulin. A correlational analysis of the biochemical and behavioral resuhs ot" our cuts 
indicated a significant positive relationship between drinking in response to cellular thirst stimuli and Jlypothalamic NE as 
well as striatal DA. The postoperative body weights of our experimental animals were positively correlated with strialal 
dopamine and negatively related to hypothalamic norepincphrinc. 
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LESIONS in the lateral h y p o t h a l a m u s  (LH) of  rats and very severe general deple t ions  of  brain dopamine  (DA) 
various o the r  species p roduce  severe and of ten  pers is tent  stores [47,55] produce  aphagia and adipsia and some 
impa i rments  in ingestive behavior  [49] .  Several indepen-  ( though apparent ly  no t  all) of  the deficits  in behavioral  
dent  lines of  recent ly  ob ta ined  evidence suggest that  an reactivity to glucoprivic and hydra t ional  challenges that  
in te r rup t ion  of  fibers of  passage ra ther  than  the des t ruc t ion  characterize rats with LH lesions. 
of cellular c o m p o n e n t s  of  the area may be responsible  for The similarities be tween  the behavioral  deficits  of  rats 
the effect  o f  LH damage. For  example ,  lesions rostral [37] with LH lesions and chemical ly or surgically p roduced  
or caudal [17, 24, 50] to the h y p o t h a l a m u s  also p roduce  striatal dopamine  deple t ions  are numerous  (see [48] for a 
aphagia and surgical t ransect ion  of  the lateral connec t ions  review) but a closer look at the evidence suggests possibly 
of  the h y p o t h a l a m u s  reproduce  the full synd ro me  of  impor t an t  differences.  Both exper imenta l  prepara t ions  are 
persisting defici ts  in ingestive behavior  tha t  have been seen somnolen t  short ly  after surgery and at least some compo-  
after  LH lesions [20,21 J (see [ 19] for a detai led review of  nents  of  the initial aphagia and adipsia may be due to this 
relevant data),  general lack of endogenous  arousal [30] .  Severe central  DA 

It has recent ly  been suggested tha t  the ef fec ts  of LH deple t ions  result in persisting arousal defici ts  that  may well 
lesions on ingestive behavior  may be specifically related to be responsible  for the relatively mild deficits  in responsive- 
an in te r rup t ion  of  the dopaminerg ic  nigrostr iatal  pa thway  ness to glucoprivic and hydra t iona l  challenges that  have 
(NSB), because e lec t ro ly t ic  as well as chemical  lesions in been observed in these animals as recent ly  proposed  [48] .  
the nucleus of  origin of  this f iber sys tem [33,50] as well as What is not  so clear is whe the r  the typically more  severe 
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i m p a i r m e n t s  seen in rats  wi th  LH lesions are due to s imilar  = 8). The cuts were designed to i n t e r rup t  the lateral 
arousal  deficits.  These  an imals  display some evidence  of  cours ing c o n n e c t i o n s  of  the  h y p o t h a l a m u s  w i t h o u t  pro- 
sensory  neglect  t h r o u g h o u t  the  per iod  of  gradual  recovery  ducing s ignif icant  direct  damage to cellular c o m p o n e n t s  of 
of v o l u n t a r y  ingest ive behav io r  bu t  appear  qui te  alert  and the  LH. The  wire was e x t e n d e d  caudal ly  2.5 m m  at AP = 
responsive  to e n v i r o n m e n t a l  s t imu la t ion  [ 3 5 ] .  We [20 ,21]  6.0 H = 0.5, l~ = -+2.0 (using coord ina tes  f rom the deGroo t ,  
have found  tha t  knife  cuts  along the  lateral  b o r d e r  of the  1959 atlas of  the  rat  bra in ,  [ 1 1 ] )  and lowered 2.5 ram. 
lateral  h y p o t h a l a m u s  p roduce  aphagia  and adipsia (as well Anterior ventral striatal knife cuts (A V). Cuts were made  
as the  comple t e  s y n d r o m e  of  pers is t ing defici ts  seen af te r  ad jacen t  to the  ven t ra l  surfaces of  the  globus pallidi and 
LH lesions)  in an imals  which  display on ly  very t r ans ien t  caudate  nuclei  (n = 14). The cuts  were designed to u n d e r c u t  
evidence of  sensory  or arousal  dys func t ions .  More recent ly ,  the  an t e r io r  s t r i a tum bu t  avoid damage to the in terna l  
we [3] have f o u n d  t ha t  surgical t r ansec t ions  of pa thways  capsule.  The guide tube  was lowered s te reo tax ica l ly  at an 
tha t  en te r  or leave the  s t r i a tum vent ra l ly  resul t  in pers is t ing angle of  30 c' to the  ho r i zon ta l  plane (s lant ing lateral ly f rom 
aphagia and adipsia bu t  few, if any,  pers is t ing i m p a i r m e n t s  dorsal  to ven t ra l )  at  AP = 8.0, H = 0.0, L = + 2.0. The wire 
in respons iveness  to  glucoprivic  or h y d r a t i o n a l  challenges,  was e x t e n d e d  2.0 m m  caudal ly  and the  guide tube  lowered 
Converse ly ,  we have found  t ha t  lesions in the zona incer ta  3.0 m m  in the  d i rec t ion  of  the  guide cannu la  axis. 
[51 ,52]  or i n t e r r u p t i o n  of ascend ing  n o r e p i n e p h r i n e  (NE) Posterior ventral striatal knife cuts (P V). These cuts were 
p ro jec t ions  [23]  p roduce  m a n y  of  the  specif ic  i m p a i r m e n t s  designed to u n d e r c u t  the s t r ia tum,  bu t  were placed more  
in r e spond ing  to glucoprivic  and h y d r a t i o n a l  chal lenges pos te r io r ly  than  the  AV cuts in order  to include str iatal  
w i t h o u t  s igni f icant ly  in te r fe r ing  wi th  ad l ib i tum food or axons  i m b e d d e d  in the  in te rna l  capsule (n = I4).  Damage to 
water  in take ,  the  opt ic  t rac t  was avoided.  The guide cannula  was lowered 

These obse rva t ions  suggest tha t  the  residual  defici ts  in at an angle of  30 ° as descr ibed above  for  the  AV cuts,  but  
r e spond ing  to  glucoprivic  or h y d r a t i o n a l  chal lenges tha t  are the  guide cannu la  was imp lan t ed  at AP = 7.0, tt = 0.5, L = 
typica l ly  seen af te r  LH lesions m ay  no t  mere ly  ref lect  an 2.0. The wire knife  was e x t e n d e d  2.0 m m  in the  caudal  
i n c o m p l e t e  recovery  of  the  same neura l  m e c h a n i s m s  t ha t  d i rec t ion  and the  guide lowered 3.0 m m  in the  d i rec t ion  of  
are respons ib le  for  the  ini t ia l  aphagia  and adipsia bu t ,  the guide axis. 
ins tead,  a d y s f u n c t i o n  of  qu i te  specific r egu la to ry  mecha-  Midbrain kn(/'e cuts (MB). Transec t ions  in the coronal  
n isms t ha t  involve d i s t inc t  cen t ra l  pa thways .  In the  present  p lane were made  in the midbra in  in an area k n o w n  to 
expe r imen t s ,  the  role of  noradrenerg ic ,  and se ro tonerg ic  con ta in  ascending  NE fibers, but  pos te r io r  to  the cells of 
(5HT)  p ro jec t ions  to  the  h y p o t h a l a m u s ,  and dopamine rg ic  origin for  the  NSB (n = 11). The guide cannula  was lowered 
p ro jec t ions  to the  s t r i a tum in the  regula t ion  of ingestive to AP = 0.8, H = 1.5, L = 2.0. The wire was ex t ended  
behav io r  was the re fo re  f u r t h e r  explored .  To this  end,  the  medial ly  in a corona l  plane for 1.5 ram,  and the assembly  
re la t ionship  b e t w e e n  the  b iochemica l  (s t r ia ta l  DA, hypo-  lowered vert ical ly  to  H = 3.5. The wire was then  re t rac ted  
tha lamic  NE, and  5HT) and  behaviora l  ( food  and wate r  and the  guide r emoved  f rom the  brain.  
in take ,  response  to regu la tory  chal lenges)  effects  tha t  resul t  Controls (C). Twelve rats  were used as ope ra t ed  controls .  
f rom several surgical  i n t e rven t ions  k n o w n  to i n t e r r u p t  Anes thes ia  was admin i s t e red  to these animals ,  the scalp was 
h y p o t h a l a m i c a n d  s t r ia ta l  a f fe ren t s  was evaluated,  incised, and holes drilled t h r o u g h  the skull as in all 

e x p e r i m e n t a l  animals.  The wound  was then  closed and the 
METHOD rats r e tu rned  to the i r  h o m e  cages. 

Recovery. Fol lowing surgery each an imal  had ad lib 
Animals access to food  and water.  Five fresh food  pellets were placed 

F i f ty -n ine  male  a lb ino  rats  of  the  Sprague-Dawley s t ra in  on the f loor  of the  cage. The  pel le ts  were inspec ted  twice 
(Ho l t zman ,  Madison,  Wisconsin)  were used. They  weighed daily for  t o o t h  marks.  The  du ra t ion  of aphagia  was def ined  

as the  average be tween  the t ime when  t o o t h  marks  were 3 5 0 - 4 0 0  g at the  beg inn ing  of  the  e x p e r i m e n t .  The an imals  
first observed and  the  t ime a full pellet  ( a p p r o x i m a t e l y  3 g) were indiv idual ly  housed  in an air cond i t i oned  co lony  wi th  

a 12 hr  l igh t /da rk  cycle (l ights on  at 0600  hr) .  They  were was ingested.  The la t ter  event  a lmost  always occurred  
wi th in  12 36 hr  of  the  former .  The du ra t ion  of  adipsia was 

m a i n t a i n e d  on  a 6% fat Teklad Mouse and Rat  Pellet diet ,  de t e rmined  by m o n i t o r i n g  water  in take  to the neares t  ml. 
and tap wa te r  which  was available in glass bo t t l e s  wi th  
stainless steel nozzles.  The per iod in which  wate r  in take  exceeded  5 ml was scored 

as the  end of  adipsia (spillage averaged 1 ml or less). If rats  
Surgery failed to eat wi th in  48 hr  af ter  surgery, in t ragas t r ic  feeding 

was in i t ia ted .  This involved the i n t u b a t i o n  of 15 ml of a 
Surgery was p e r f o r m e d  u n d e r  N e m b u t a l  anes thes ia  using liquid diet ,  consis t ing of  milk,  sugar, egg, and several drops  

a re t rac tab le  wire knife.  The appa ra tus  and p rocedure  have of l iquid mul t ip le  v i tamins  (Polyvisol)  two or three  t imes  a 
been  previously  descr ibed  [ 4 4 [ .  Briefly,  a 27 gauge guide day. ln t ragas t r ic  feeding was c o n t i n u e d  unt i l  vo lun ta ry  
cannu la  was s te reo tax ica l ly  lowered in to  the  b ra in  un t i l  its ingestive behav io r  occur red  wi th  suff ic ient  regular i ty  to 
tip reached  the  desired coord ina tes .  A 150 ~ spring steel ma in t a in  s table body  weight.  The first regu la tory  chal lenges 
wire was t hen  e x t e n d e d  f rom the  t ip of  the  guide which  was were admin i s t e red  a m i n i m u m  of 2 weeks fo l lowing 
slightly ben t  so t ha t  the  wire pro jec ted  at an angle of  a b o u t  recovery  of  vo lun t a ry  eat ing and dr inking.  Successive tests  
90 ° to the  guide. The en t i re  assembly  was lowered to were scheduled  at least one week apart .  Pos t tes t  recovery of  
t ransec t  f ibers of  passage. The wire was then  re t rac ted  and  food and wate r  in take  to baseline was required before  
the guide cannu la  r emoved  f rom the brain.  The  p rocedure  add i t iona l  tests  were pe r fo rmed .  
was repea ted  on the  con t ra l a t e ra l  side of  the brain.  Fou r  Response to regulatory challenges. (Lis ted in the order  
d i f fe ren t  knife  cuts  were made.  of admin i s t r a t ion ) .  

Parasagittal hypothalmaic knife cuts (PH). Cuts were Water intake during food deprivation. T w e n t y - f o u r  hr 
made  in a parasagi t ta l  p lane  at  the lateral  edge of  the  k H ( n  water  in take  in the  absence  of food was recorded  in the  
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h o m e  cage and  c o m p a r e d  wi th  the  an imals '  i n t akes  dur ing  samples.  Brain regions were homogen i zed  in 15 ml ice cold 
the  previous  24 hr  w h e n  food  was present ,  and wi th  the 0.4 N perch lor ic  acid wi th  0.25 ml 4% d isod ium (e thyl -  
in takes  of  s imilar ly depr ived  cont ro ls ,  ened in i t r i lo )  t e t r aace ta t e  and  0.2 ml 2% ascorbic  acid in 

Glucoprivation (2DG). E x p e r i m e n t a l  an imals  and con-  each tube .  Af te r  cen t r i fuga t ion ,  the s u p e r n a t e n t  was ad- 
trols  were tes ted  for  the i r  abi l i ty  to  increase  ea t ing  af te r  jus ted  to PH 6.5 and  passed o n t o  Amber l i t e  (CG-50)  
i n t r ape r i t onea l  (IP) in jec t ions  of  2-deoxy-d-glucose  (2DG)  co lumns .  The amines  were e lu ted  f rom the  co lumns  in 4 
(750  mg/kg,  10% so lu t ion  w/v in dist i l led wate r )  adminis-  mls IN h y d r o c h l o r i c  acid. M o n o a m i n e s  (MA) were oxid ized  
tered b e t w e e n  1000 1100 hr. The  food  in take  in the  first 6 accord ing  to the  m e t h o d s  descr ibed by Barchas  et al. [4 ] .  
hr  fo l lowing the  in jec t ion  was c o m p a r e d  wi th  t ha t  recorded  Brain regions were dissected according  to the fo l lowing 
on  the  previous  day fo l lowing in jec t ions  of  a comparab le  p rocedure :  af ter  removal  of  the  bra in  f rom the calvarium, 
vo lume of  i so ton ic  saline. Bo th  food  and wate r  were corona l  cuts  were made  pe rpend icu la r  to  the  cor tex  at the 
available ad lib. rostral  and caudal  edges of  the  o l fac to ry  tuberc le .  The left 

Glucoprivation (insulin). Animals  were tes ted  for  the i r  and r ight  s t r ia ta  were t hen  ob ta ined  f rom the  resul t ing 
abi l i ty  to increase ea t ing a f te r  IP in jec t ions  of  5 U of  sec t ion  by t r i m m i n g  away the  cor tex  a long the corpus  
r egu la r  insul in  (I le t in ,  Lilly Co.) admin i s t e red  at ca l losum,  removal  of  the  nuc leus  a c c u m b e n s  and o l fac to ry  
1 0 0 0 - 1 1 0 0  hours .  The  food in take  in the  first 6 hr  a f te r  tuberc le  by  a h o r i z o n t a l  cut  vent ra l  to the  s t r ia tum,  and 
the in jec t ion  was c o m p a r e d  wi th  t ha t  fo l lowing in jec t ions  removal  of  the  s ep tum by cu t t ing  a long the  lateral  
of  comparab l e  vo lumes  of  i so ton ic  saline, ventricles.  The  h y p o t h a l a m u s  was dissected by a cut in the 

Cellular dehydration. The wate r  in take  of  e x p e r i m e n t a l  coronal  p lane jus t  caudal  to the  m a m m i l l a r y  bodies  which  
and con t ro l  an imals  was measured  3, 6, and 24 hr  fo l lowing removed  the  midb ra in  and  remain ing  b ra ins tem,  and a cut 
IP in jec t ions  of  5 ml of  2 M NaC1, admin i s t e r ed  at in the  ho r i zon ta l  p lane at the  level of  the  an t e r io r  
1 0 0 0 - 1 1 0 0  hours .  Food  and  wate r  were available ad lib. commissure  tha t  r emoved  the  tha lamus .  Lateral ly,  re- 
The con t ro l  tes t  consis ted  of  in jec t ions  of 5 ml of  0.15 M main ing  par ts  of  the  t e m p o r a l  lobes and cerebral  peduncles  
( i so tonic)  saline (IP). were t h e n  t r i m m e d  away. 

ExtracelluIar dehydration. Two tests  for  d r ink ing  re- Data analysis. Produc t  m o m e n t  cor re la t ions  were com- 
sponses  to  p o l y e t h y l e n e  glycol (Carbowax ,  c o m p o u n d  pu ted  b e t w e e n  the  b iochemica l  (s t r ia ta l  DA, h y p o t h a l a m i c  
20-M, Union  Carb ide)  (PG) were given. In the  first,  5 ml of  NE, or 5HT) and behaviora l  ef fects  of our  cuts. Correla- 
30% PG (w/v)  in i so ton ic  saline were in jec ted  s u b c u t a n e o u s  t ions  were c o m p u t e d  separa te ly  for  each  e x p e r i m e n t a l  
(SC) at 1000 hr. The s u b s e q u e n t  in take  of i so ton ic  saline group as well as for  a c o m b i n e d  sample consis t ing of all 
was measured  3, 6, 8, 14, and  24 hr  a f te r  the  in jec t ion .  In animals  which  sus ta ined knife  cuts. Amine  levels were 
the second  test ,  5 ml of  30% PG (w/v)  were given at 2200  c o m p a r e d  wi th  du ra t i on  of  aphagia  or adipsia;  average body  
hr  and  the  in take  of  i so ton ic  saline measured  3, 6, 8, 14, weight  ( the  mean  of  6 separate  measures  t aken  dur ing  2 
17, 22, and 24 hr. Food  was no t  available dur ing these  m o n t h s  af te r  surgery);  food  in take  fo l lowing in jec t ions  of  
tests. I so ton ic  saline was used r a the r  t han  disti l led wate r  in 2DG or insul in;  wate r  in take  af ter  in jec t ions  of  h y p e r t o n i c  
these tests  since it has been  shown  tha t  wa te r  c o n s u m p t i o n  saline, or  PG; and dur ing  the 24 hr  per iod when  all animals  
in response  to PG induces  an osmot i c  imba lance  t h a t  were food depr ived;  and the  median  f rom 4 measures  of 24 
inh ib i t s  f u r t h e r  fluid in take  pr ior  to  the rep le t ion  of  hr  food  or wate r  in take  dur ing  the  2 m o n t h s  af te r  surgery. 
ex t race l lu la r  fluid. Fluid inges t ion  af te r  PG was c o m p a r e d  P r e t r e a t m e n t  baseline records  were used to ob ta in  these 
wi th  the  in take  of  i so ton ic  saline fo l lowing SC p lacebo  food and  wate r  in take  scores. Because of the  large n u m b e r  
in jec t ions  of  5 ml of  i so ton ic  saline. Since these tests  of  cor re la t ions  c o m p u t e d ,  coef f ic ien ts  were requi red  to 
requi red  food  depr iva t ion ,  e x p e r i m e n t a l  and con t ro l  tests  exceed the  0.01 p robab i l i ty  level for  pairwise compar i sons  
were separa ted  by no  less t han  one  week of  ad lib access to  to  insure  rel iabi l i ty.  
food and water.  

Histology. Animals  were killed wi th  an overdose  of  RESULTS 
N e m b u t a l  and per fused  in t racard ia l ly  wi th  i so ton ic  saline 
fol lowed by a 10% formol-sa l ine  so lu t ion .  Fo l lowing  
f ixa t ion  in fo rmol  saline,  bra ins  were r emoved  f rom the  Histology 
calvaria and  sec t ioned  at 50 u on a freezing m i c r o t o m e .  Parasagittal hypothalamic (PH) cuts. The loca t ion  and 
When sec t ions  were cut  in a p lane  t ransverse  to the  plane of  e x t e n t  of  the  PH cuts  were examined  in 3 rats. Five 
the  knife  cut  e.g., corona l  sect ions  of  PH, AV and PV add i t iona l  rats  were used for  m o n o a m i n e  assay. In all 3 
cuts  every f i f th  sec t ion  was saved t h r o u g h o u t  the e x t e n t  animals,  b i la tera l ly  symmet r i c  knife  cuts  were observed at 
of the  kni fe  cut.  When sect ions  were cut  parallel  to the  the media l  edge of  the  in te rna l  capsule (See Fig. 1). The 
plane of  the  cut  - e.g., parasagi t ta l  sect ions  of  PH cuts or rostral  b o u n d a r y  of  the  t r ansec t ions  was jus t  pos te r ior  to  
corona l  sect ions  of  MB cuts  - every sec t ion  was re ta ined  in the op t ic  chiasm and t hey  e x t e n d e d  caudal ly  to the  level of 
the region of  the  cut .  All bra in  sec t ions  were s ta ined wi th  the sub tha l amic  nucleus.  At  the  caudal -most  level of  each 
cresyl violet  to aid in the i den t i f i ca t ion  of  the  glial cell cut  some damage occur red  to the  media l  t ip of  the  cerebral  
f o r m a t i o n  which  charac te r izes  the  loca t ion  of  the  knife  pedunc le  and media l  po r t i ons  of  the  sub tha l amic  nucleus.  
cuts. To faci l i ta te  analysis,  kni fe  cuts  were r e c o n s t r u c t e d  by  All cuts  e x t e n d e d  f rom the  base of  the  brain in to  the  area 
t racing the  image f rom a m i c r o p r o j e c t o r  o n t o  atlas pages, of the  zona  incer ta  dorsally.  

Biochemical assays. Rats  were sacrif iced by decap i t a t i on ,  Anterior ventral striatal (A V) cuts. Histological  mater ia ls  
the  bra ins  qu ick ly  r em oved  and  dissected on  ice. Brain f rom 6 rats  were analyzed to charac ter ize  the  AV cuts. 
regions were weighed and  s tored in l iquid n i t rogen  unt i l  Eight  add i t iona l  animals  were used for  MA assay. All 
assayed. DA was d e t e r m i n e d  in poo led  s t r ia ta  f rom the  t r ansec t ions  were bi la tera l ly  symmet r i ca l  jus t  p rox imal  to 
r ight  and  left  hemisphe re .  The  c o n c e n t r a t i o n  of  NE and the  ven t ra l  surface of  the  s t r i a tum (See Fig. 2). The  rostral  
5HT in the  h ' ypo tha l amus  was d e t e r m i n e d  f rom single b o u n d a r y  of  these  cuts  was jus t  an t e r io r  to the  op t ic  chiasm 
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aphagic and adipsic (See Table 1). One rat  wi th  a PI{ cut  
died oll the th i rd  pos topera t ive  clay. The data  f rom this 
an imal  were no t  inc luded  in Table  1. Rats wi th  PV cuts 
were aphagic  and adipsic s ignif icant ly  longer than  animals  

, ' wi th  AV cuts ( p < 0 . 0 1 l .  Parasagit tal  h y p o t h a l a m i c  cuts  

[ ~ ~  ~I~.2' vE " p r o d u c e d m o r e v a r i a b l e d u r a t i o n s o f a p h a g i a o r a d i p s i a t h a n  
X cPu ~ AV or  PV cuts. The sizeable d i f ferences  be tween  the effects  

~ - - - - . . ~  of PH and AV cuts the re fore  did not  a t ta in  customary 
levels of  s ignif icance ( 0 . 0 5 < p < 0 . 1 0 ) .  One rat wi th  a P[t cut 

Y l  ,T remained  adipsic for  an e x t e n d e d  per iod and was severely 
"",~--:"~'~ .,,~-"L.~,,',,{"::" hypod ips ic  for  m o n t h s  thereaf te r .  This animal  was not  

~. ~° " - - , : .  ~ , inc luded  in subsequen t  tests  of  responsiveness  to various 
l " -  ' , t ~ " ' "  regula tory  chal lenges because of the general  debi l i t a t ing  

iC ~ A C B  ~v  z 

"-  " - - .  ' ' " ' "  . . . .  effects  of  this  deficit .  

% ~ POA 
\ , L I  

,~o ~'~" -_.-'so "'" %;.:-_ T A B L E  1 

MEAN DURATION OF APHAGIA AND ADIPSIA AFTER CENTRAL 
KNIFE CUTS (DAYS) 

PH AV PV 

Aphagia  9.14 4 .29 9.89* 

PH CUT 72"31 140"82 141'46 

FIG. 1. Parasagittal hypothalamic knife cuts. Outlines represent the Adipsia 14.86 6.64 13.86" 
common bilateral area intersected by these cuts projected on a ~ SE 3.87 0.88 1.72 

sagittal section (lat. = 2.0), N 7 14 14 

*Signif icantly greater  than rats with A V  cuts (p<(I .01) .  
(AP = 8.2)  and they  e x t e n d e d  caudal ly  for 2.0 mm.  The 
cuts did no t  involve the  in te rna l  capsule.  

Posterior ventral striatal /PV) cuts. Histological  mater ia ls  Food deprivation drinking. This test  was c o n d u c t e d  
f rom 6 rats were ana lyzed  to charac te r ize  the PV cuts. 40 days af ter  surgery. At this  t ime,  all bu t  one of the 
Eight add i t iona l  rats  were used for  MA assay. The cuts  groups of expe r imen t a l  animals  consumed  quan t i t i e s  of 
began rostra l ly  at the  level of  the an t e r io r  c o m m i s s u r e ( A P  wate r  when  food was available ad l ib i tum tha t  were 
= 7.4)  and e x t e n d e d  caudal ly  to the  level of  the e n t o p e d u n -  comparab le  to the in take  of  the  con t ro l  animals  (See Table 
cular nuc leus  (AP = 5.4) (See Fig. 3). The ros t ra l  po r t i on  of 2). The excep t ion  to this  rule, rats wi th  Ptt cuts, drank 
these cuts  a p p r o x i m a t e d  the vent ra l  surface of  the  s t r ia tum,  rel iably ( p < 0 . 0 0 1 )  less than  the con t ro l s  and less (p<0 .001  t 
Thei r  pos te r io r  e x t e n t  invaded the  rostral  aspects  of  the than  any of  the  o the r  3 expe r imen t a l  groups.  When food 
in te rna l  capsule.  At this  poin t ,  some irreguIari t ies  in the was wi thhe ld  for  24 hr. the animals  of  all e x p e r i m e n t a l  and 
pos i t ion  of  these  cuts  occurred ,  p r e sumab ly  due to deflec- con t ro l  groups  sharply cur ta i led the i r  wate r  in take  
t ion of  the  wire knife ,  by heavily mye l ina t ed  c o m p o n e n t s  ( p < 0 . 0 1 ) .  Rats with  PH cuts c o n t i n u e d  to dr ink reliably 
of  the  capsule. All cuts  t raversed the  capsule jus t  dorsal to ( p < 0 . 0 1 )  less than  all o t h e r  groups  on this test, a t t es t ing  to 
the e n t o p e d u n c u l a r  nucleus ,  and separa ted  dorsal  and the genera l i ty  of  the defici t  seen when  food was available. 
vent ra l  c o m p o n e n t s  of  the pos te ro- la te ra l  globi  pallidi and Rats with  cuts  b e n e a t h  the pos te r io r  aspects  of  the s t r i a tum 
cauda te  nuclei .  (PV) which  had consumed  normal  quan t i t i e s  of wate r  when  

Midbrain knife cuts. The his tological  data  f rom all I 1 dry food was available ad l ib i tum drank reliably U;<0.001 ) 
rats  wi th  MB cuts were analyzed.  The por t ions  of all 11 less than  con t ro l s  dur ing  24 hr. of food depr iva t ion .  This  
brains an te r io r  to the cuts  were used for neu rochemica l  
analysis.  These t r ansec t ions  were placed in the  midb ra in  suggests tha t  a s ignif icant  i m p a i r m e n t  in water  intake 
re t icular  f o r m a t i o n  near  the  level of  the  o c u l o m o t o r  regula t ion  may have been masked in these animals  by 

feeding-associated wate r  needs. Rats wi th  cuts  benea th  the 
nucleus .  The area affected was jus t  lateral  and ventra l  to the an te r io r  po r t i ons  of  the  s t r i a tum (AV)  did not  show this  
per iven t r icu la r  grey (See Fig. 4). Three  rats received cuts  effect ,  suggesting tha t  the pos te r io r -mos t  por t ion  of the PV 
tha t  were a s y m m e t r i c  wi th  respect  to  the  AP d imens ion .  In cut  may  be respons ib le  for its ef fects  on regula tory  wate r  
these animals  the knife  cut on the left  occur red  1.5 2 mm intake.  

more  pos te r io r  t han  t ha t  on the right.  I na smuch  as the  Rats wi th  coronal  cuts  in the t e g u m e n t u m  (MB) also 
behaviora l  and b iochemica l  results  of these 3 cuts  were reduced the i r  wate r  in take  more  than  con t ro l s  when  the 
similar in all respects  to those  of  s y m m e t r i c  cuts, the i r  data  ingestive and digestive needs of  a dry food diet were 
were inc luded  in the  subsequen t  analysis,  r emoved  bu t  the  d i f ference  did not  reach cus tomary  levels 

Behavioral Observations of stat is t ical  s ignif icance (0. l 0 > p >  0.05 ). 
Baseline /ood and water intake. Food and water  in takes  

Aphagia and adipsia. Fol lowing surgery,  rats with  PH were measured  60 days af ter  surgery. A n u m b e r  of  samples  
cuts  or cuts  vent ra l  to the  s t r i a tum ( A V a n d  P V c u t s )  were were ob t a ined  t h r o u g h o u t  a 24 hr period to evaluate  the 
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FIG. 2. Schematic diagr~ma or" anterior ventral striatal knife cuts. 

d iurnal  pa t t e rn  of  ingest ive behav io r  (See Fig. 5). There  was no rma l  a m o u n t s  when  food was available on the  f loor  of 
no  s ignif icant  e f fec t  ( p > 0 .  I0)  of  any  of  the  knife  cuts  on the i r  h o m e  cages but  they  appeared  to find it d i f f icul t  to 
24 hr food  in take ,  bu t  there  was a s ignif icant  in t e rac t ion  ob ta in  food f rom the  wire mesh  hoppe r s  used dur ing  the 
be tween  the  ef fec ts  of  the  cuts  and t ime of day  (p<O.01) .  present  test.  Rats wi th  PV cuts also t ended  to inver t  the i r  
All rats wi th  knife  cuts  overa te  relat ive con t ro l s  dur ing  the heads while d r ink ing  suggesting tha t  a general  oral  apraxia  
dark par t  of  the  l igh t /da rk  cycle (PH, AV, MB, p < 0 . 0 1  ; PV, may have in f luenced  the i r  ingestive behaviors  to some 
p < 0 . 0 5 ) ,  bu t  ate less (PH, p < 0 . 0 1  ; PV, p<O .05 )  dur ing  the ex ten t .  O t h e r  over t  sensory or m o t o r  i m p a i r m e n t s  were not  
l ight par t  of  the  cycle. None  of the e x p e r i m e n t a l  animals  observed in these animals  who  were o therwise  active and 
drank  re l iably ( p > 0 . 0 5 )  more  than  the con t ro l s  dur ing the  responsive.  
dark par t  of  the cycle despi te  the  s ignif icant  increases in Body weight. Mean body  weights  in the  three  m o n t h s  
food in take ,  fo l lowing surgery are shown in Fig. 6. Rats wi th  PH cuts 

Fou r  rats  wi th  PV cuts  were exc luded  f rom this  analysis  showed the  greates t  weight  r educ t ions  af te r  surgery and 
because they  failed to eat dur ing  this  test. Earlier measures  failed to c o m p e n s a t e  for this  loss dur ing  the  pos t -opera t ive  
of 24 hr  food  in take  ind ica ted  t ha t  these  4 animals  ate observa t ion  per iod ( p < 0 . 0 1 ) .  Rats  wi th  PV cuts also 
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FIG. 3. Schematic diagram of posterior ventral striatal knife cuts. These cuts were variable in their 
posterior location as indicated by the broken lines at the level where the cut crosses the internal 

capsule. 

weighed less t han  con t ro l s  t h r o u g h o u t  this  pe r iod  (p<0 .05 ) .  Both  groups  ate less t han  con t ro l s  a f te r  2DG but  this  
Rats wi th  MB cuts  increased the i r  body  weight  relat ive to d i f ference was s ta t is t ica l ly  reliable ( p < 0 . 0 5 )  on ly  for rats  
controls .  This  ef fec t  was small  and  var iable  bu t  was wi th  PV cuts.  Rats  wi th  MB cuts failed to increase food 
s ta t is t ical ly  s ignif icant  over  the  3 m o n t h s  pos tope ra t ive  in take  in response  to 2DG, bu t  r e sponded  re l iably ( p < 0 . 0 5 )  
obse rva t ion  per iod ( p < 0 . 0 1 ) .  to insul in  in ject ions .  Thei r  response  to insul in  was no t  

Glueoprivic challenges. Eat ing  af te r  2DG or insul in  is d i f fe ren t  ( p > 0 . 1 0 )  f rom tha t  of  the  controls .  The  rats  wi th  
s h o w n  in Table  3. Rats  wi th  cuts  ven t ra l  to the g lobus  PH cuts  did no t  rel iably ( p > 0 . 1 0 )  increase food in take  af te r  
pal l idus (AV and PV) s ignif icant ly  ( p < 0 . 0 5 )  increased food 2DG or insulin.  
in take  dur ing  the  6 hr  per iod af te r  2DG and af te r  insulin.  
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of the rats in the PH group drank as much as the average 
control; the others increased their intake only very slightly, 
or drank less than during the control test. After the first PG 
test (begun in the light part of the cycle) 2 rats with PH 
cuts became aphagic and required intragastric feeding for 
several days. These animals were not included in the second 
PG test that was administered during the dark part of the 

, light-dark cycle. 
i - -  c s  ~ ~ Light appeared to inhibit drinking after PG. In the first 

~ ' , ~  PG test (for all animals except rats with PH cuts) water ~ - intake during the period 8 - 1 4  hr after PG injection (the 

, ' ~  •I t ~ ,  . 1  first 6 hr of the dark period) was significantly greater 
, . (p<0.01) than the amount ingested during the first 6 hr 

Fuo ~ i ", ' after injection. In the second PG test, fluid intake for the 
" ~ ' j first 6 hr exceeded (p<0.05) the amount ingested 8 - 1 4  hr 

,..,:N_ ," |_ / after PG injection (the first 6 hr of the light t~eriod). 
~, , , 'D I I 

DA, NE, and 5HT concentrations. The residual concen- 
i trations of striatal DA, hypothalamic NE, and hypothala- 

mic 5HT are shown in Table 4. PH, AV, or PV cuts 
produced significant depletions of striatal DA. The most , e L  

cot ~ severe effects were caused by PH cuts which depleted DA 
k to only 13% of control values (p<0.001). There were no 

j~ 
" p significant differences in the DA depletions between PH 

and AV animals, but each of these groups were depleted to 
a greater degree (p<0.05) than rats with PV cuts. None of 

M B  C U T  the three cuts which preferentially severed striatal connec- 
tions (PH, AV, PV) had significant effects on hypothalamic 
NE. Coronal cuts in the midbrain depleted that amine to 

FIG. 4. Midbrain knife cuts. Outlines were projected from several about 60% of control levels (p<0.001). Hypothalamic 5HT 
different subjects to indicate variability in cut location. The section was not reduced by any of the cuts. Significantly higher 

shown is at A.P. 0.6. IVlost cuts fell between 0.8 and 0.4 A . P .  concentrations were found in rats with PH cuts (p<0.05) 
than in controls. 

Cellular dehydration. Of all groups tested, only rats with 
PH cuts failed to significantly increase their water intake 3 Correlations 
or 6 hr after IP injections of 5 ml of 2 M NaC1 (See Fig. 7). 
However, rats with PH, AV or PV cuts drank significantly Body weight. Significant correlations were obtained 
less than controls (p< 0.01) throughout the 24 hr test. Only between body weights and MA concentrations. For pooled 
the water intake of rats with MB cuts did not differ reliably data from all experimental groups body weight was 
from controls levels at any of the intervals measured, positively correlated with striatal DA (r = .67, n = 32, 

Extracellular dehydration. The 24 hr intake of isotonic p<0.001), and negatively correlated with hypothalamic NE 
saline in the absence of food (before and after the injection (r= .53, n =31 ,p<0 .001) .  
of PG) is shown in Fig. 8. Except for rats with PH cuts, all Food intake. Daily food intake and the concentration of 
animals significantly increased fluid intake in the 24 hr hypothalamic NE were negatively correlated in the control 
after the injection of polyethylene glycol (p<0.01). Only animals ( r = - . 7 9 ,  n = 10, p < 0 . 0 1 ) b u t  positively correlated 
rats with PH cuts drank significantly (p<0.05) less than in the combined experimental group (r = .56, n = 31, 
controls in the 24 hr after either of our two PG tests. One p<0.001). 

TABLE 2 

MEAN 24 HR WATER INTAKE WITH FOOD PRESENT OR ABSENT (ML) 

PH A V  PV MB C 

Food Present 19.5" 43.4 36.9 37.1 41.4 
-+ SE 2.14 2.76 3.07 3.25 2.90 

N 6 14 14 11 12 

Food Absent 5.7* 30.4 12.0' 20.9 31.8 
+ SE 0.91 3.84 1.60 3.66 3.97 

N 6 14 14 11 12 

*Significantly lower than controls (/7 <0.001). 
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FIG. 5. Light/dark food and water intake. The rate of food and water intake is shown al 4 hr intervals 

for all animals. The black bar indicates the period in which liglHs were ofT. 

Water intake. No significant correlat ions were found hyper ton ic  saline challenge was also positively correlated 
be tween  amine concen t ra t ions  and ad lib water  intake,  or with striatal DA (r = .61, n = 31, p < 0 . 0 0 1 )  and negatively 
water  intake during food deprivat ion,  correlated with hypo tha lamic  511T (r = .61, n = 21, 

Glucoprivation. No significant correlat ions were found p < 0 . 0 1 )  when the data f rom all exper imenta l  rats were 
be tween  amine concen t ra t ions  and food intake after  2I)(} pooled.  
or insulin inject ion.  Extracellular dehydration. Cumulative water  intake 14 

lntracellular dehydration. Water intake in the first 3 hr hr af ter  PG inject ion was negatively correlated with 
af ter  2 M NaCl was posit ively correlated with hypo tha l amic  hypo tha lamic  5HT concen t ra t ions  for all exper imenta l  
NE in rats with AV cuts ( r =  .87, n = 8 ,  p<0 .01 ) ,  and in rats animals ( inject ion during light, r = .54, n = 2 1 , p < 0 . 0 1  
with MB cuts ( r =  .79, n =  10, p<0 .01 ) .  Water intake after a injection during dark, r =  .54, n= 21, p<0 .01) .  
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FIG. 6. Effect of knife cuts on mean body weights in the three months following surgery. 

DISCUSSION types  of  glucoprivic challenges. However,  the magni tude  of  

The results of  the present  expe r imen t s  provide fur ther  their  response to 2DG was not  as large as that  seen in 
evidence for the  conclus ion that  an in te r fe rence  wi th  controls ,  the reduc t ion  being statistically reliable (p<0 .05)  
af ferent  or e f ferent  connec t ions  of  the s t r ia tum results in for the PV group. Al though small, the impa i rment  in the 
aphagia and adipsia which may persist for several weeks and response to 2DG is of interest  because all animals ate 
cause death  unless food and water  are supplied intra- normal  quant i t ies  during the insulin test. Selective impair- 
gastrically. All three of  our  cuts which in te r rup ted  striatal merits in responding to 2DG but not  insulin have recently 
connec t ions  reliably p roduced  this syndrome .  However,  the been observed after several o the r  lesions including the zona 
full synd rome  of  persist ing deficits  in responding  to all incerta [52] ; a n d b r a i n s t e m  t egmen tum [22] .  
types  of  glucoprivic and hydra t iona l  challenges which  is Rats with cuts benea th  the s tr iatum responded  normal ly  
character is t ic  of rats that  have recovered voluntary  ingestive to po lye thy lene  glycol t r ea tmen t s  that  sequester  extra- 
behavior  af ter  LH lesions was seen only in rats with cellular fluids. They also drank after an osmot ic  challenge 
parasagittal hypo tha l amic  cuts. but  the magni tude  of  the response was smaller than normal .  

Rats with cuts that  severed the ventral  connec t ions  of  The only o ther  behavioral  abnormal i ty  observed in animals 
the s t r ia tum increased their  food intake in response to bo th  with cuts below the s tr iatum was a significant t endency  to 

T A B L E  3 

MEAN FOOD INTAKE (G) IN 6 HR AFTER INJECTION OF PLACEBO (0.15M NaCI), 2DG (750 MG/KG), 
OR INSULIN (5 U) 

PH AV PV MB C 

0.15 M NaC1 2.58 3.29 4.53 4.73 3.96 
_+ SE 0.57 0.35 0.56 0.60 0.45 

N 6 14 14 11 12 

2DG 4.08t 8.93* 7.41 *t 5.32t 11.33" 
_+ SE 0.93 0.96 I. 10 1.03 0.83 

N 6 14 14 11 12 

Insulin 3.00t 7.44* 6.53* 7.32* 7.88" 
_+ S E 1.02 0.63 0.61 1.00 0.37 

N 6 8 14 11 12 

*Significantly greater than baseline (p<0.05). 
?Significantly lower than control response (p<0.05). 
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FIG. 7. Drinking in response to injections of hypertonic saline. 

dr ink  less dur ing  per iods  of  food depr iva t ion  and to ingest  a lateral  b o r d e r  of the  h y p o t h a l a m u s  in p roduc ing  not  only  
larger t h a n  n o r m a l  p r o p o r t i o n  of  the i r  daily food  in take  persis t ing aphagia  and adipsia,  bu t  also defici ts  in respond-  
dur ing  the  dark  po r t i on  of  the  day-night  cycle, ing to all types  of  glucoprivic  and hyd ra t i ona l  challenges 

The  r e m a r k a b l y  comple t e  recovery  of  our  rats  wi th  cuts  repli.cates and ex t ends  earlier obse rva t ions  [20 ,21]  of  the  
b e n e a t h  the  s t r i a tum is of  in te res t  in view of  the  c o m m o n  effects  of  larger cuts  in the same plane.  The results  of  the 
a s sumpt ion  t ha t  pers is t ing defici ts  in responsiveness  to present  e x p e r i m e n t s  ind ica te  t ha t  the pa thway  responsible  
glucoprivic  or  h y d r a t i o n a l  chal lenges  ref lect  i n c o m p l e t e  for  the  ef fec t iveness  of these  cuts  are no t  as diffusely 
recovery  of  the  same pa thways  t h a t  are respons ib le  for the d i s t r ibu ted  as original ly assumed.  They  fu r t he r  d e m o n s t r a t e  
ini t ial  aphagia  and adipsia. If d u r a t i o n  of  aphagia  and tha t  t r ansec t ion  of  this  c o n n e c t i o n  enhances  the c i rcadian 
adipsia is a valid measure  of  the  ex t en t  to  which  feeding r h y t h m  of  food  in take  tha t  is typica l  of the rat  and 
and dr ink ing  - re la ted p a t h w a y s  are d i s rup ted ,  our  rats  abol ishes  no t  on ly  wate r  [21]  bu t  also saline ingest ion af te r  
wi th  pos te ro -ven t ra l  s t r ia ta l  cuts  shou ld  have been  as p o l y e t h y l e n e  glycol t r e a t m e n t s  tha t  seques ter  ex t race l lu la r  
severely impa i r ed  on  s u b s e q u e n t  tests  of  responsiveness  to  water .  
r egu la tory  chal lenges as the an imals  wi th  parasagi t ta l  The th ree  cuts  which  in te r fe red  wi th  s t r ia tal  connec t i ons  
h y p o t h a l a m i c  cuts. Yet ,  the re  were few ind ica t ions  of  dep le ted  d o p a m i n e  f rom the s t r i a tum bu t  a causal re la t ion-  
s ignif icant  i m p a i r m e n t s  in th is  group or in the g roup  wi th  ship b e t w e e n  the  behaviora l  and b iochemica l  consequences  
similar,  more  an t e r i o r  cuts. These obse rva t ions  suggest tha t  of  these  cuts  could no t  be es tabl ished.  The du ra t ion  of  the 
d i f fe ren t  a f fe ren t  or  e f fe ren t  c o n n e c t i o n s  of  the  s t r i a tum pr incipal  behaviora l  dys func t i on  (aphagia  and adipsia)  was 
may  play specific roles in the  o rgan iza t ion  of  ingest ive no t  rel iably cor re la ted  wi th  the c o n c e n t r a t i o n  of  d o p a m i n e  
behavior ,  in the  s t r i a tum and only  one  of  the  three  groups  which  

The ef fec t iveness  of  our  parasagi t ta l  cuts  along the sus ta ined severe d o p a m i n e  dep le t ions  displayed persist ing 
defici ts  in r e spond ing  to all glucoprivic  and hyd ra t i ona l  

T A B L E  4 

MEAN C O N C E N T R A T I O N  (NG/GM) STRIATAL DA, HYPOTIqALAMIC NE, OR 5HT AFTER CENTRAL 
K N I F E  CUTS 

PH AV PV MB C 

Striatal DA 1201 * 2832* 4744* 8847 9210 
_+ SE 446 681 466 536 299 

N 5 8 8 11 l0 

Hypothalamic NE 2030 2048 2109 1169" 1952 
-+ SE 150 84 49 126 130 

N 5 8 7 10 10 

Hypothalamic 5 HT 19697 1141 1387 887 969 
_+ SE 327 221 50 230 195 

N 5 6 6 5 6 

• Significantly lower than control (p <0.001). 
?Significantly greater than control (p <0.05). 
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FIG, 8. Drinking of isotonic saline before and after injections of polyethylene glycol (PG). Injections 
were given either at 1000 hr (top graph) or at 2200 hr (bottom graph). The black bars indicate the 

periods in which lights were off. 

challenges. Within this group, the behavioral and biochemi- [36] have observed a significant correlation between the 
cal effects of the cuts were also not reliably correlated, duration of aphagia and adipsia and striatal dopamine 

The failure of  our correlational analysis to demonstrate depletions after knife cuts across lateral portions of the 
significant relationships between the biochemical effects of medial forebrain bundle but also noted that such a 
these cuts and the duration of aphagia and adipsia does not, relationship did not characterize a group of animals with 
of course, prove the null hypothesis. A relation between parasagittal hypothalamic cuts similar to the PH cuts used 
striatal dopamine and ingestive behavior has been suggested in the present study [36]. 
by many different lines of evidence (see [19],  and [48], Other workers in this field (e.g., [55] ) have argued that 
for review) but significant correlational data have been hard significant and persisting behavioral deficits occur only 
to come by. To our knowledge, only one of the many when striatal dopamine has been depleted to such low levels 
studies which have demonstrated concurrent behavioral and (less than 5% of normal) that the relatively crude assay 
biochemical effects of electrolytic or chemical lesions procedures used in all published research could not possibly 
which affect the nigrostriatal pathway [33] has reported detect significant correlations. It is interesting to note, in 
significant correlations between the duration of aphagia or this connection, that we obtained prolonged aphagia and 
adipsia (the choice of data suggest that the duration of adipsia as well as the full complement of persisting deficits 
adipsia was the critical variable in this correlation) and the in responding to glucoprivic and hydrational challenges in 
extent of striatal dopamine depletion. Even these investi- our animals with PH cuts that depleted striatal dopamine to 
gators failed to obtain reliable correlations between the 13% of normal on the average. We aIso recorded aphagia 
biochemical consequences of their lesion and any of the and adipsia of comparable duration in rats with postero- 
persisting regulatory deficits that were observed after the ventral striatal undercuts that depleted striatal dopamine by 
animals had recovered voluntary ingestive behavior. We only 51%. The antero-ventral undercut of the striatum 
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which produced the shortest period of aphagia and adipsia this time, particularly in view of the fact that we have not 
depleted striatal dopamine much more severely than the observed significant correlations between food intake anti 
behaviorally more effective postero-ventralcut,  hypothalamic NE in normal rats or in animals with 

The only test which provided evidence of a persisting brainstem lesions which interrupted NE pathways in several 
behavioral impairment in all three groups of animals with other studies [23,36]. 
cuts that interfered with striatal connections also provided The analysis of pooled data from all experimental groups 
the only indication of a significant relationship between provided one additional set of observations of interest. 
their behavioral and biochemical effects. The magnitude of Several investigators [9,32] have demonstrated that sero- 
the response to an osmotic challenge did not correlate tonin depleting tegmental lesions produce transient hyper- 
reliably with striatal dopamine in any of the three groups dipsia, suggesting that 5HT might exercise inhibitory effects 
but pooled data from all experimental animals indicated a on water intake. We [23] have recently observed that 
significant relationship. This observation is of particular tegmental lesions which result in hyperdipsia deplete 
interest in view of several reports of selective impairments forebrain 5HT more severely than similar lesions that did 
in the responsiveness to osmotic challenges after lesions in not affect water intake. In the present experiment, 
the ventral thalamus [ 12], zona incerta [51], preoptic area telencephalic 5HT was not assayed, but hypothalamic levels 
[6,40[, and globus pallidus [38] which may have inter- of 5HT were negatively correlated with drinkingin response 
rupted components of the nigrostriatal projection system, to cellular as well as extracellular thirst stimuli. The 
Drinking responses to osmotic challenges are also impaired influence of the serotonergic projections to the hypothala- 
by vagotomy [27] and it is possible that some or all of the mus which are responsible for these correlations appears to 
effective brain lesions interfere with the transmission of be subtle since none of our cuts produced hyperdipsia or 
afferents from the vagus to the diencephalon and striatum, significant 5HT depletions from hypothalamus. Somewhat 

The relationship between striatal dopamine and cellular paradoxically, significant increases in 5HT were observed 
thirst which our data suggest is supported by a number of after PH cuts. While the exact mechanism for this increase 
reports of impaired responding to osmotic challenges after has not been explained, similar increases in monoamine 
intrahypothalamic, intranigral, or intrapallidal injections of content have been observed after 6-OttDA injections, or 
6-OHDA which severely deplete striatal dopamine [33]. injections of 5,6-dihydroxytryptaminethat  initially deplete 
However, matters are complicated by reports of essentially more rostral structures [33,5]. Increases in 5ffT require an 
normal responses to cellular dehydration after intraventri- extended recovery period, anti may be due to axonal 
cular injections of 6-OHDA that deplete striatal dopamine sprouting [5,14]. 
severely [47] and after central injections of the dopamine Our coronal cuts through the midbrain reticular forma- 
blocker haloperidol which were effective in inhibiting tion failed to produce reliable effects on ad libitum food 
drinking responses to extracellular thirst stimuli [45]. The and water intake. These cuts were designed to interrupt the 
pooling of data from all experimental groups produced ascending noradrenergic projections to the hypothalamus 
several additional results of interest. A significant positive and did so with considerable success although we did not 
correlation between body weight and striatal dopamine was achieve the very severe depletions which some investigators 
recorded that is in good agreement with earlier reports of [21 have obtained by local injections of 6-Olll)A into the 
similar correlations in rats with LH lesions [ 151 as well as tegmental area. 
normal animals [16J. In addition, we observed a significant It was reported earlier [ 1 ] that electrolytic lesions in the 
negative correlation between body weight and hypothala- dorsal tegmental area resulted in mild hyperphagia and 
mic norepinephrine concentration which suggests an inter- obesity and these authors proposed that an interruption of 
active system in which the hypothalamic NE component noradrenergic projections to the hypothalamus might be 
plays an inhibitory function. This is in agreement with responsible for the effects of their lesions because local 
recent reports of hyperphagia and obesity after brainstem injections of 6-OHDA which preferentially (although not 
lesions which deplete hypothalamic NE [1,2] as well as exclusively) destroy catecholaminergic neurons had similar 
earlier reports of inhibitory effects on food intake of effects. More recently, the effects of tegmental 6-OHDA 
intrahypothalamic [29] or systemic [28] injections of injections on food and water intake have been replicated 
beta-adrenergic compounds. Our observation of a signifi- [2] and the resulting syndrome differentiated from the 
cant negative correlation between food intake and hypo- hyperphagia and obesity that is seen after medial hypo- 
thalamic NE in our control animals provides further thalamic lesions. It is, however, not clear that the effective- 
evidence for an inhibitory function of adrenergic compo- ness of these injections is specifically related to their 
nents of the hypothalamus. These observations suggest that depleting action on hypothalamic NF. It was recently 
noradrenergic hypothalamic pathways which may rely on reported [39] that electrolytic lesions in the locus 
beta-adrenergic receptor mechanisms [29] and exert inhibi-  coeruleus which depleted hypothalamic norepinephrine 
tory influences on food intake play a dominant role. There significantly (although not to the same extent as some of 
is, however, also considerable evidence for alpha-adrenergic the 6-OHDA treatments) failed to produce hyperphagia. We 
pathways to the diencephalon that carry facilitatory influ- [23] have similarly found that some tegmental lesions 
ences on food intake (e.g., [18, 29, 42]). Our knife cuts which depleted hypothalamic NE failed to increase food 
may have interfered preferentially with this aspect of the intake. Other tegmental lesions which had comparable 
system since the overall correlation between food intake effects on hypothalamic NE produced hyperphagia but 
and hypothalamic NE was positive for the combined attempts to establish a correlation between the magnitude 
experimental groups. These results suggest that food intake of the hyperphagia and the extent of the hypothalamic NE 
may be regulated, in part, by two noradrenergic hypothala- depletion was not successful. Recent data [3 1] support the 
mic mechanisms which exert opposing influences. Other hypotheses that the effects of electrolytic or chemical 
interpretations, including the possibility of statistical arti- lesions in the dorsal tegmentum may be independent of 
fact, cannot, however, be excluded from consideration at their effects on hypothalamic NE. In a direct comparison of 
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electrolytic and 6-OHDA induced lesions, these workers NE and the quantity of water consumed in response to an 
found significant obesity only after electrolytic lesions osmotic challenge. The drinking response to cellular thirst 
which produced much smaller depletions of hypothalamic stimuli was also positively correlated in one other experi- 
NE than the injections of 6-OHDA. It should be noted, mental group (rats with AV cuts) which did not sustain 
however, that the chemical lesions used in this experiment significant NE depletions. Comparable relationships were 
were not as effective in depleting hypothalamic NE as those also indicated for rats with PH cuts and the control animals 
used in studies that produced hyperphagia after 6-OHDA but the correlations did not reach our stringent statistical 
[1,2]. The possibility thus remains that behaviorally criterion. These observations are in good agreement with 
effective tegmental lesions may severely deplete specific earlier reports of deficits in responding to cellular thirst 
regions of the hypothalamus (without necessarily producing stimuli after 6-OHDA injections which depleted hypothala- 
very large overall depletions) whereas behaviorally ineffec- mic norepinephrine without significantly lowering striatal 
tive lesions might spare significant aspects of feeding-related dopamine [46]. 
areas. It is interesting to note, in this connection, that Specific deficits in the behavioral response to osmotic 
medial hypothalamic lesions that produce hyperphagia have challenges have been reported after lesions in the zona 
been reported [2] to have little or no effect on the NE incerta [51], in the lateral preoptic area [6,40] and after 
content of the remaining hypothalamic tissue, knife cuts ventral to the striatum (present experiments). We 

The only significant effect of the tegmental knife cuts have suggested (above) that the effects of all of these 
that were used in the present experiments on food intake lesions may be due to an interruption of dopaminergic 
was a marked inhibition of feeding responses to 2-deoxy-d- projections to the ventral striatum. The effectiveness of the 
glucose. This deficit was particularly striking because the coronal cuts caudal to the origin of this projection system 
animals ate essentially normal quantities of food in re- suggests that noradrenergic pathways may also play a role 
sponse to another experimental treatment (insulin) that in the regulation of drinking responses to cellular dehydra- 
results in glucoprivic emergencies. Deficits in responding to tion. 
2-DG in animals that display normal sensitivity to insulin There is some evidence that the influence of this 
have been seen in hyperphagic as well as normophagic rats noradrenergic system may be indirect. Central injections of 
with slightly more lateral tegmental knife cuts [23] and beta-adrenergic compounds have been reported to decrease 
after lesions or knife cuts involving the zona incerta and urine sodium as well as urine volume [10], whereas 
subthalamic area [52]. A similar dissociation of responsive- alpha-adrenergic compounds decrease renin release [41] 
ness to the two types of glucoprivic challenges has been and increase urine sodium without changing urine volume 
reported after subdiaphragmatic vagotomy [8,43], al- [101. Decrease beta-adrenergic activity thus could reduce 
though the eating response to 2DG was not as completely the drinking response to osmotic stimuli simply by in- 
eliminated as it appeared to be in the present experiment creasing sodium clearance. Reduced beta-adrenergic activity 
and in earlier studies of CNS lesions. It is interesting to note should, by the same mechanism, enhance sodium appetite. 
that vagtomy apparently does not attenuate the feeding This pattern of effects is precisely what we have recently 
response to intracranial injections of 2DG [25,43] suggest- observed in animals which sustained NE depleting knife 
ing that there may be distinct peripheral and central cuts. The concentration of hypothalamic NE was positively 
receptors for this particular type of glucoprivic emergency, correlated with the response to cellular dehydration (as in 
Vagal afferents may normally carry information from the present exper iments)but  negatively correlated with the 
peripheral receptors which supplements or even supercedes intake of hypertonic saline induced by extracellular de- 
signals from central glucoreceptors, hydration (unpublished observations). 

Impaired or absent feeding responses to systemic injec- The results of our experiments indicate that ingestive 
tions of 2DG have been reported after a number of behaviors may be altered by a variety of central knife cuts. 
electrolytic, surgical, or chemical brain lesions [7, 21, 25, Despite some similarities in the initial postoperative deficits 
55, 561 which share a common characteristic, close (eg. aphagia and adipsia), chronic changes in the regulatory 
proximity to ascending noradrenergic or adrenergic projec- behavior of rats receiving disimilar cuts do not coincide. 
tions. Although the coincidence is striking, there is, as yet, This suggests that the duration of aphagia and adipsia does 
no compelling evidence of a causal relationship between the not depend upon damage to common neural substrates for 
NE depleting effects of our cuts and their effectiveness in ingestive regulation. Further, while biochemical assay may 
blocking the feeding response to 2DG. provide insight as to the etiology of behavioral dysfunction 

Several investigators [9,32] have reported that some after monoamine manipulations by lesions and cuts, some 
lesions in the midbrain tegmentum result in transient caution is indicated. These manipulations may substantially 
hyperdipsia, and it has been suggested [39] that this may alter the relationship between a behavioral measure and a 
specifically reflect an interruption of ascending NE projec- particular neurochemical system. In our study the correla- 
tions from the locus coeruleus. We did not observe tions observed for rats with knife cuts were not identical 
significant alterations in ad libitum water intake in our rats with the correlations observed for controls. While the 
with coronal cuts through the tegmentum, possibly because number and variety of correlations that we observed suggest 
our cuts were somewhat lateral to the region that has been that the role of the monoamines in regulatory behavior is 
implicated in earlier experiments (see [23] for a detailed not a simple one, their effects are pervasive, but not 
anatomical analysis). MB cuts also did not modify the indiscriminant. The robust correlations that we have re- 
quantity of water consumed in response to osmotic or ported should serve as guides for further exploration of 
hypovolemic challenges but our analysis revealed a striking these effects. 
correlation between the effects of the cuts on hypothalamic 
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