
Pharmacology Biochemistry & Behavior, Vol. 4, pp. 551-560. Copyright © 1976 by ANKHO International Inc. 
All rights of reproduction in any form reserved. Printed in the U.S.A. 

Dopamine Efflux from the Brain Stem 
of the Rat During Feeding, Drinking 

and Lever-Pressing for Food' 
G. E. MARTIN 2 AND R. D. MYERS 

Labora to~  o f  Neuropsychology, Purdue University, West Lafayette IN 4 7907 

(Received 30 May 1975) 

MARTIN, G. E. AND R. D. MYERS. Dopamine efflux from the brain stem of  the rat during feeding, drinking and 
lever-pressing for food. PHARMAC. BIOCHI'M. BEItAV. 4(5) 551-560, 1976. -  To determine whether endogenous 
dopamine (DA) is involved in the control of feeding and drinking, the cerebral activity of ~ 4C-DA was examined in the rat 
while the animal consumed food or water. A push-pull guide tube was implanted above sites either adjacent to the third 
ventricle, the anterior hypothalamus or the substantia nigra in each of 41 rats. After the endogenous stores of DA at 
specific sites were labelled by a microinjection of 0.5 to 2.0 taCi of ~ 4C-DA, an artificial CSF was perfused at half-hour 
intervals at a rate of 20- 23 ul/min in these sites in the food deprived rat. After a ' 4C-washout curve of radioactivity in the 
perfusate was derived for successive control ,samples, the food-deprived rat was offered food or water which was ingested 
during the course of one or more perfusions. As the rat consumed food, ~*C-DA was released in some experiments from 
circumscribed sites in the nucleus reuniens and the zona incerta. The efflux of ~4C-DA from certain sites in the 
ventromedial and dorsomedial hypothalamus as well as from the substantia nigra also was enhanced as the rat depressed a 
lever to obtain food pellets. Since I *C-DA was also released from the zona incerta, perifornical hypothalamus, and into the 
third ventricle as the rat drank wager, these results suggest that dopaminergic neurons in the brain stem play some part in 
the motor component of ingestive behavior rather than feeding per se. 
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APHAGIA and adipsia result when dopaminerg ic  fibers in 
the brain of  the rat are des t royed  by the adminis t ra t ion  of  
6 - h y d r o x y d o p a m i n e  (6-OHDA),  e i ther  direct ly into the 
ascending nigro-striatal  sys tem [27] or into the ventricle 
af ter  p r e t r ea tmen t  with pargyline [31 ] .  Similarly, an 
e lec t ro ly t ic  lesion of  the nigro-striatal bundle  produces  a 
severe dec remen t  in the ra t ' s  c o n s u m m a t o r y  behavior  
concomi tan t  wi th  the dep le t ion  of  te lencephal ic  dopamine  
(DA) [24] .  In addi t ion ,  the tu rnover  of  DA increases in the 
rat that  is fasted [7 ] .  On the o the r  hand,  the direct  
appl icat ion of  DA to the perifornical  region [9] or an 
inject ion of  this amine into the cerebral  ventricle of  the rat 
[23] elicits only negligible eat ing behavior.  

These exper imen t s  with lesions and micro in jec t ions  
suppor t  the idea that  DA could be involved in a neural 
circuit modula t ing  feeding or sat ie ty [18] .  However,  a 
major  issue is whe the r  or not  DA func t ions  endogenous ly  in 
the cont ro l  o f  normal  ingestive behavior.  To examine  this 
ques t ion ,  the DA storage pools  in the rat brain were 

labelled by the intracerebral  inject ion of  ' "  C-DA. Using the 
technique  of  repeated push-pull  perfusion,  the release of  
,4 C-DA was moni to red  subsequent ly  f rom DA-rich sites in 
the brain s tem as the rat was e i ther  eating ad lib, dr inking 
water,  or per forming  a lever pressing task to obtain food 
pellets. 

METHOD 

Each of  41 male albino rats of  the Sprague-Dawley 
strain, weighing be tween  3 0 0 - 5 0 0  g, was housed  individu- 
ally and mainta ined on a 12 hr l i g h t - d a r k  cycle. Unless 
stated otherwise ,  water  was available ad lib; however ,  food 
was available for only 4 hr each day. Twelve rats were 
trained to depress  a lever to obta in  a 45 mg Noyes  pellet 
delivered on a FR-6 schedule of  re in forcement .  Subse- 
quent ly ,  each of  these animals was placed in an operant  
chamber  for one half  of  its daily 4 hr feeding period to 
work for  food.  Rates of  lever pressing were moni to red  on a 

1Reprints available from R. D. Myers. This research was supported in part by the Office of Naval Research Contract N 
00014-67 -A-0226-0003 and by Grants 24592 and GB 35380X from the National Science Foundation. We thank Marianne K. Waller and 
Diane Higgins for their excellent technical assistance. 

2G. E. M. was a pre-doctoral Fellow in Neurobiology supported by National Institute of Mental Health Grant T01-MH-10267. Ilis 
present address is: Department of Neurophysiology, Walter Reed Army Institute of Research, Walter Reed Army Medical Center, 
Washington, D. C. 20012. 

551 



552 MARTIN AND MYERS 

cumulat ive recorder  and the total  number  of  lever presses 
was recorded on a digital counter .  

Procedure 
Surgeo'. Using methods  described previously [15] ,  

stainless steel guide tubes cut from 20 ga thin-wall (TW) 
tubing were implanted in the brain of  the rat anesthet ized 
with 35 mg/kg intraperi toneal  sodium pentobarbi tal .  The 
s tereotaxic  coordinates  for the cannula placements  based 
on the DeGroot  system [4] were: (1) lateral ventricle,  AP = 
+5.4, L = +1.7, V = +4.0; (2) third ventricle,  AP = +5.4, L = 
0.0, V = -1.5;  (3) anter ior  hypotha lamus ,  AP = +6.2, L = 
+0.8, V = - 1 . 5 ;  and (4) substantia nigra, AP = +3.4, L = 
+2.3, V = -2.3. In 4 animals, one cannula was implanted 
above the lateral ventricle and another  above the site to be 
per(used. In these animals the ' " C-DA was injected into the 
ventricle contralateral  to the perfusion site. This method  of  
labelling, however ,  did not  permit  a sufficient amount  of  
the tracer substance to penetra te  to the intended site of  
perfusion. This was especially true at sites distant from the 
ventr icular  space. Therefore ,  a single cannula was implanted 
directly above the intended site of  perfusion in 37 o the r  
rats. The cannula fi t ted with an indwelling stylet was 
lowered into the brain and fixed chronical ly in place by 
packing cranioplast cement  in and around the cannula and 
three stainless steel screws which had been inserted in the 
cranium. Fol lowing surgery, each rat was allowed a mini- 
mum of 5 days to recover before it was used in an 
exper iment .  

Microinjection procedure. Radioact ive dopamine  hydro-  
chloridc (3 ,4-d ihydroxyphenyle thy lamine- l - '  ' C, Amersham 
Scarle, specific activity = 56 mCi /mM) and crystall ine 
inulin -~ H (Schwartz  Mann, specific activity = 140 mCi/mM) 
were used as the tracer substances. The ca techolamine  was 
diluted with an artificial cerebrospinal  fluid (CSF) for the 
rat [16] which was prepared daily. To prevent degradation 
of  the amine,  0.2 mg/ml  of  ascorbic acid was added to the 
artificial CSF to lower its ptl  to 3.6. Expressed as the free 
base, the concent ra t ion  of  ' "  C-DA in the stock solut ion 
was 3.1 ug/ul/0.5 uCi. A stock solut ion o f '  H-inulin was 
prepared with a concent ra t ion  of 70 ug/ul/0.5 uCi. The 
amount  of  labelled amine injected to tag the endogenous  
store of  DA ranged from 0.5 to 2 uCi, viz., 3.1 to 12.4 ug 
of DA. 

Before a microinject ion,  the solut ion of  radioactive 
substance was carefully backloaded into the injector  
cannula which was then inserted into the indwelling guide 
tube. When given by the ventr ieular  route,  0.5 to 2.0 uCi of  
DA was permi t ted  to f low into the ventricle over  a 3 0 - 6 0  
sec interval in a vo lume of I to 4 u l. On the o ther  hand, 
when the nuclide was infused at a site, 0.5 to 2.0 u l  of  the 
solution containing 0.25 uCi to 1.0 ~Ci was injected again 
in the same interval. For  all injections,  a 23 ga stainless steel 
injector  needle was connected  to a 10 u 1 Hamil ton syringe 
by a short length of  PE-50 tubing and was always lowered 1 
mm beyond the tip of  the guide cannula. The needle was 
kept in place for 45 sec to permit  diffusion of  the solution 
into the brain { 15]. 

Push-pull perfusion. The concentr ic  push-pull cannulae 
were modif ied from a design described by Myers [17] and 
connected via PE tubing to calibrated 1 ml syringes 
mounted  on an infusion-withdrawal  pump (Harvard 
Apparatus Co., Model 935). The exact  ratc of  the perfusion 
was moni tored  constant ly  by observing the movement  of a 

small air bubble through the pull tube. Immedia te ly  prior 
to each perfusion, the CSF was passed through a 0.22 uM 
Swinnex Millipore filter and loaded into the pull syringe. At 
the end of  each perfusion the eff luent  was rapidly expelled 
into a calibrated centrifuge tube kept in an ice bath. 

The first of  each 5 rain perfusion was performed 
one-half  hour after the injection of  the labelled compound .  
Successive perfusions were then carried out at 30 rain 
intervals. Each perfusate was collected at a rate of  20 to 23 
u l /min .  If, at any time during a pcrfusion, an occlusion 
occurred in the push-pull system or if the pcrfusate became 
discolored, the exper iment  was stopped immediately .  A 50 
u l aliquot of  the chilled eff luent  was carefully micro- 
pipet ted into a scinti l lation vial containing 10 ml of  PCS 
(Amersham Scarle) and the radioact ivi ty was counted  in a 
Packard Model 3320 Tri-Carb Liquid Scintillation Spcctro-  
meter.  The remainder  of  the pcrfusatc was placed immedi-  
ately tinder a stream of ni trogen and dried to the 
const i tuent  salts. All samples were counted for 10 rain and 
corrected to DPM either by the method  of  internal c)r 
external  s tandardizat ion.  If the CPM of the 50 u l aliquot 
was greater than 500, the lyophil ized sample was stored at 
- 10°C for subsequent chemical  analysis. 

Thin-layer chromatography. To prepare the lyophil ized 
perfusate for thin-layer chromatography,  it was resus- 
pended in 25 or 50 ul of  0.01 N hydrochlor ic  acid 
containing 1 mg/ml  of  unlabelled DA. If the DPM in a 5.0 
ul al iquot of  the suspension were greater than 500, a 5.0 
u l  aliquot was applied to the chromatogram plate but if the 
DPM wcrc less, 10 u l  werc spotted.  The fol lowing 
standards obtained from Sigma Chemical  Co. were dissolved 
in 0.01 N IIC1 in a concent ra t ion  of  1 mg/ml and dried 
under a stream of  nitrogen gas as they were applied to each 
plate using a 1 u l  disposable capillary pipet lc :  ( I )  
norepincphrine ( l -ar terenol  hydrochlor ide ,  NE); (2) d l -  
normetancphr ine  hydrochlor ide  (NMN); (3) 3-hydroxy-  
tyramine (DA):  (4) 3-mcthoxy- tyros ine  hydrochlor idc  
(3MT); (5) 4 hydroxy,  3 -methoxyphenylacc t i c  acid (homo-  
vanillic acid, HVA);  and (6) 3 ,4-dihydroxy-phcnylacet ic  
acid (DOPAC). To determine  Rf values, each standard 
compound  was run by itself on a 20 x 20cmgla s s -backed  
plate coated with 80 micra of  Avicel microcrystal l ine 
cellulose powder  (Merck, Darmstadt)  in the two- 
dimensional  process described by Fleming and Clark [6] .  

After  the ident if icat ion of  the standards on the fully 
developed chromatogram,  the spots were scraped off  and 
placed in individual count ing vials containing 0.5 ml of  
water. After  the radioact ivi ty was eluted, 10 ml of  the 
count ing fluor were added and the samples were counted 
for 10 min in the spectrometer .  

Free feeding. The '4C-1)A washout pattern was calcu- 
lated from three general areas: { 1) the substantia n igra ; (2)  
the third ventricle:  and (3) the anter ior  hypothalamus.  Two 
to three control  perfusates were first collected from the 
food-deprived animal.  Five minutes before the next 
schedulcd perfusion, a prcmeasured amount  of  dry food 
was placed in the rat 's cagc. Subsequent ly ,  the animal 
consumed the food ad lib for the 5 rain prior to the 
perfusion and during the 5 rain required to collect the 
push-pull perfusate. The level of  radioactivi ty in this 
eff luent  was compared  to that in the control  perfusates to 
determine any release of  ' 4 C-DA during feeding. 

The food was removed from the cage after the perfusion 
and reweighcd to determine  the exact amount  of  food that 
had been ingested. Then, addit ional  pcrfusions wcrc carried 
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out  to comple t e  the  ' 4C washou t  curve wi th  no  food  
available to the  rat .  A s imilar  paradigm was fo l lowed to 
examine  the  e f fec t  of  d r ink ing  on  DA release. In this  case, 
wa te r  was of fe red  in a ca l ib ra ted  nalgene  cy l inder  to each 
water -depr ived  rat  ins tead of  food.  In several cases the  same 
animal  was used for  two  or more  expe r i m en t s .  

Lever pressing. Fol lowing  e i the r  2 or  3 con t ro l  per- 
fusions,  the  rat  was placed in the  ope r an t  c h a m b e r  and  
pe rmi t t ed  to press the lever for  food  pel le ts  dur ing  a 
s u b s e q u e n t  per fus ion .  The  an ima l ' s  response  rate was 
recorded  on  a cumula t ive  r ecorde r  as the  per fusa te  was 
col lected.  At the  end  of  this  per fus ion ,  the  rat  was e i the r  
removed  f rom the  ope ran t  c h a m b e r  or p e r m i t t e d  to 
con t inue  ea t ing  up to and  dur ing  the  co l lec t ion  of  the  next  
perfusate .  As a con t ro l  for the  specif ic i ty  of  in t racel lu lar  
r a the r  than  ex t race l lu la r  release of  rad ioac t iv i ty ,  the  wash- 
ou t  of  radioac t ive  ~ H-inulin was also observed  dur ing  the  
lever-pressing response  a f te r  sites had been  labelled wi th  

H-inulin.  
ltistology. At the  end  of  the  e x p e r i m e n t ,  each rat  was 

anes the t i zed  wi th  an overdose  of  sod ium p e n t o b a r b i t a l  
given in t raper i tonea l ly .  Then  0.9% saline fo l lowed by 10% 
buf fe red  neu t ra l  Fo rma l in  was per fused  re t rograde  t h rough  
the descend ing  aor ta  a f t e r  the  hea r t  had  been  c lamped.  The  
brain  was sec t ioned  at 100 micra on  a Lipshaw freezing 
m i c r o t o m e  and  s ta ined for  f ibers  wi th  h e m a t o x y l i n  
accord ing  to the  m e t h o d  of  Wolf  [ 3 0 ] .  The  loca t ion  of  
each per fus ion  site was verif ied fo l lowing s t andard  
ana tomica l  procedures .  

RESULTS 

To d e n o t e  the  change  in nucl ide  released dur ing  
behavior ,  a p r o p o r t i o n a l  measure  was a d o p t e d  since the  
abso lu te  n u m b e r  of  DPM in each per fusa te  varied f rom 
e x p e r i m e n t  to  e x p e r i m e n t .  The  p r o p o r t i o n a l  figure was 
derived by cons ider ing  the  DPM in the  per fusa te  co l lec ted  
immed ia t e ly  pr ior  to the  behav iora l  even t  as the  basal value. 
Then  DPM de tec t ed  in the  per fusa te  col lec ted  before  and  
af ter  tha t  sample  were expressed  as a p r o p o r t i o n  of  tha t  
value. Since the  rad ioac t iv i ty  in successive samples  no rma l ly  
decl ined,  a p r o p o r t i o n  greater  than  one  derived for the  
e f f luen t  co l lec ted  dur ing  the  behav iora l  event  signified an 
active release of  rad ioac t iv i ty  above  the  basel ine level. 

Anterior ltypothalarnus 

The release of  ' 4 C-DA was not  e n h a n c e d  dur ing  feeding 
in a to ta l  of  5 e x p e r i m e n t s  at  the  4 rostral  h y p o t h a l a m i c  
sites dep ic ted  by the  black do ts  in Fig. 1 ( top) .  Release of  
,4 C-DA refers  here  not  on ly  to the  ef f lux of  rad ioac t iv i ty  
a t t r i b u t a b l e  to DA itself  bu t  also to the  me tabo l i t e s  of  this 
amine.  A compar i son  o f  the  decl ine in rad ioac t iv i ty  
fo l lowing the  in jec t ion  of  ' 4 C - D A ,  dur ing  the  5 feeding 
e x p e r i m e n t s  and  the  con t ro l  ' 4C.DA washou t  is p resen ted  
in Fig. 2. The  con t ro l  curve is based on  the  individual  
' 4 C - D A  washou t  curves derived f rom DPM in e f f luen t  
col lected at the  4 sites shown  in Fig. 1 ( b o t t o m )  f rom 
deprived rats  which  had no  access to food.  A l though  the  
mean  in take  of  food  was 2.2 g in the  feeding animals ,  there  
was no  s ignif icant  d i f fe rence  be t w een  the  two radioac t iv i ty  
washout  curves p resen ted  in Fig. 2. 

Third Ventricle Sites 

An increase in the  eff lux of  ' 4 C-DA was observed  dur ing  

ANTERIOR HYPOTHALAMUS 

14C-DA PERFUSION SITES 

FEEDING 

A P 7 8  A P 6 4  

CONTROL 

" ~ : " : - ; - J  " " " 1 ~ ' .  h., "F" ' 

A P 7 8  A P 6 0  A P 5 5  

FIG. 1. Histological reconstructions in 5 coronal planes of the sites 
at which ' 4C-DA washout curves were derived for both feeding and 
control animals. The black dot ( t )  denotes a site at which no 
increase in '4C-DA release was observed during feeding (top 
sections). The sites at which non-feeding control curves were derived 
are denoted (bottom sections) by a square (m). Abbreviations are: 
dm-dmh, dorsomedial hypothalamus; f, fornix; gp, globus pallidus; 
lh, lateral hypothalamus, ml, medial lemniscus; rot, mamillo- 
thalamic tract; oc, optic chiasm; ot, optic tract; ph, posterior 
hypothalamus; poa, pre-optic area; pg, periaqueductal gray; re, 
nucleus reuniens; sn, substantia nigra; v, ventricle; vh-vmh, ventro- 

medial hypothalamus; and zi, zona incerta. 

feeding at on ly  one of  the  five mid-l ine sites dep ic ted  in 
Fig. 3 ad jacen t  to the  th i rd  ventr ic le .  At  this  one site, 
however ,  the  marked  release of  ' 4 C-DA was rel iably evoked 
dur ing  th ree  d i f fe ren t  e x p e r i m e n t s  while the an imal  con- 
sumed food pellets. Figure 4 i l lus t ra tes  one of  these results  
for  Rat  (S-9) which  c o n s u m e d  1.0 g of  food  as the 
radioact iv i ty  in 50 u l of  the  e f f luen t  increased f rom 348 
DPM in the per fusa te  col lec ted  jus t  pr ior  to the interval  of  
feeding to 829 DPM in the per fusa te  col lected as the animal  
fed. As s h o w n  in the  histological  r e cons t ruc t i on ,  the  
push-pul l  pe r fus ion  site encompassed  the  nuc leus  reun iens  
as well as the  pa raven t r i cu la r  nucleus.  

Figure 5 presen ts  a compar i son  of  the ' "C-DA washout  
curves f rom those  sites shown in Fig. 3 of  the  n o n f e e d i n g  
con t ro l  group and  the  group  of  rats  which were feeding. 
Overall,  the  , 4 C  release be tween  the  two groups  was not  
s ignif icant ly  d i f fe ren t  when  the  p r o p o r t i o n a l  data  were 
compared  by  means  of  a t-test  [ 27 ]. 

Substan tia Nigra 

An increased eff lux of  , 4 C . D A  occur red  dur ing  feeding 
at one  of  the  five sites in the  region of  the  subs t an t i a  nigra 
s h o w n  in Fig. 6 ( top) .  As shown  in Fig. 7, however ,  feeding 
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I"iG. 2. Mcan efflux of '4C-DA (~ S.E.) from sites in the anterior 
hypothalamic area of the rats that were feeding (-u-) and the 
non-feeding control rats (-e-). The proportional '4C-DA efflux is 
expressed on a log scale for each pcrfusion perlormed at half-hour 
intervals. The perfusions are numbered relative to the 0 perfusion at 
which time food was presented (.....-.4. The curves are based on 5 

feeding and 4 control experiments. 

only  r e t a rded  the  washout  curve of  ' 4 C - D A  when the  
e x p e r i m e n t  was repea ted  at this  site. A compar i son ,  shown  
in Fig. 8, of  the  release curves of  the  feeding and  the  
cont ro l  an imals  for  the  washout  of  ' 4 C - D A  from the  
subs tan t i a  nigra revealed no  signif icant  d i f fe rence  be tween  
the groups.  

Drin king 

As thc rat  d rank  an average of  3.9 ml of  water ,  the  
release of  ' 4 C-DA rad ioac t iv i ty  increased at three  of  the  
nine push-pul l  per fus ion  sites p resen ted  in Fig. 9 in the  
region of  the  zona incer ta ,  ros t ro- la tera l  and  dorsomedia l  
h y p o t h a l a m u s .  The  typica l  pa t t e rn  of  ' 4 C - D A  release is 
p lo t t ed  in Fig. 10 for  an  e x p e r i m e n t  dur ing  which  3 ml o f  
fluid was c o n s u m e d  as the  push-pul l  per fusa te  was col lec ted  
f rom the  site ind ica ted  in the  inset wi th in  the  area lateral  to 
the fornix .  

Overall Chemical Analysis o f  Perfusates 

In all, 27 of the  526 per fusa tes  col lected dur ing  this  
e x p e r i m e n t  were separa ted  chemica l ly  by  b i -d i rec t ional  
th in- layer  c h r o m a t o g r a p h y .  A typica l  C h r o m a t o g r a m  is 
p resen ted  in Fig. 1 I. As ind ica ted  in Table  1, d o p a m i n e  
represen ted  37% of  thc  rad ioac t iv i ty  recovered  in the  
perfusate  30 min a f te r  the  cerebral  in jec t ion  of  ,4C_DA. 
Subsequen t ly ,  the  level of  this  amine  d ropped  sharply  to 12 

THIRD VENTRICLE 

14C-DA P E R F U S I O N  S I T E S  

FEEDING 

,:,p " l~, / 

' h  , t , ' / ' "  

A P 7 0  A P 6 4  A P 5 4  A P 5 0  

CONTROL 

A P 7 0  A P 6 0  A P 5 4  A P 5 0  

FIG. 3. Histological reconstructions in 8 coronal planes or the sites 
adjacent to the third ventricle at which '4C-DA washout curves 
were derived for feeding and control animals. Sites denoted by a 
triangle (A) are those from which '4C-DA release was enhanced 
during feeding, whereas, the dot (e) indicates a site at which no 
change in release occurred. Control washout curves were derived at 
the sites denoted by the square (,). Anatomical abbreviations are 

the same as Fig. 1. 

and 14% of the  e f f luen t s  col lected at 60 and  90 min af ter  
the admin i s t r a t i on  of  the  labelled c o m p o u n d .  Conversely ,  
the p r o p o r t i o n  of  homovani l l i c  acid ( I IVA)  increased f rom 
15% of  the  act ivi ty recovered  f rom the c h r o m a t o g r a m  {'or 
the 30 min perfus ion to 34 and 40%, of the to ta l  
radioact iv i ty  in the  two subsequen t  perfusates .  Nor- 
ep inephr ine  and o the r  me tabo l i t c s  of  DA were de tec ted  
only  in small  amoun t s .  The  rad ioac t iv i ty  c o n t a i n e d  in the  
e f f luen t  col lec ted  b e y o n d  the  90 rain interval  did not  
pe rmi t  eff ic ient  c h r o m a t o g r a p h i c  separa t ion  of DA from its 
me tabo l i t e s  using the thin layer t echn ique ,  l l ence ,  a 
separa t ion  of  DA and its me tabo l i t e s  was not  possible 
dur ing  behavior .  However ,  the  presence of  IIVA in the  
previous e f f luen t s  ind ica ted  that  the injected 14C-DA was 
be ing  me tabo l i zed  via the  no rma l  cerebral  pa thway  [ 1 0 ] .  
The  recovery of  tile ' 4 C  radioact iv i ty  spo t t ed  on the 
c h r o m a t o g r a m  was d e t e r m i n e d  to be 34 -+ 155,5 based on 15 
d e t e r m i n a t i o n s  of  recovery.  

Lever Pressing 

The release of  ' 4 C - D A  was de tec ted  in 3 of  10 
expe r imen t s  while the  rat  was depress ing a lever to ob ta in  
food.  As shown  in Fig. 1 2, nine sites were e x a m i n e d  for the  
release o f  ' 4 C - D A  as the  rat  pe r fo rmed  the  operan t  task. 
The  triangles (A) indicate  the  sites f rom which ' 4C-DA 
release was observed in at least one  expe r imen t ,  and the  
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FIG. 4. A 14C_DA washout curve illustrating the DPM detected on 
successive 50 ,1 aliquots of the perfusate collected during a 5-rain 
perfusion. The perfusions are numbered as in Fig. 2. Food was 
presented as indicated by the black bar ( - - .~.  The site of perfusion 

is denoted by the triangle (-) in the inset. 

T A B L E  1 

THE REt .ATIVE AMOUNTS,  EXPRESSED AS PERCENTS,  OF '4C-[)A 
AND ITS METABOLITES (_~ SEM) THAT WERE DETECTED IN A 
T O T A l .  OF 27 P U S H - P U L L  P E R F U S A T E S  C O L L E C T E D  AT T H E  
TIME I N D I C A T E D  F O L L O W I N G  T H E  C E R E B R A L  MICROINJEC-  
TION OF THE NUCLIDE.  THE ABBREVIATIONS ARE THE SAME 
AS INDICATED IN T H E  TEXT. NMN WAS LESS THAN 1.0c~ IN ALl .  

E F F L U E N T S  

L a t e n c y  (min) 
30 60 90 

DA 37 _+ 7 12 _+_ 2 14 -+- 8 
In = 121 (n = 4) (n . 6) 

NE 11-+2 6 ~ - 2  2 r 4  
(n - 12) (n = 4) (n = 6) 

HVA 15 ± 7 34 - 12 40 ± 9 
(n ~ 12) (n = 4) (n -- 6) 

DOPAC 3 -* 1 2 _+ I 7 = 4 
(n =12) (n = 4) (n = 6) 

3MT 2 - I 1 ~- I 4{1 z 8 
(n = 12) (n = 4) In - 6) 

Trailing and 30 -~ 9 46 ± 13 
Origin (n - 12) In = 4) 

black dots  (e)  deno te  those at which the release of  DA was 
not enhanced  during operan t  responding.  

Mid-Line and Substantia Ntgra Sites 

As the rat depressed the lever to obta in  food  pellets,  
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FIG. 5. Mcan proportional efflux of :4C-DA (± S.E.) from sites 
adjacent to the third ventricle. The perfusions are numbered as in 
Fig. 2 and the black bar ( . . . J  indicates when food was presented. 

The curves are based on 8 feeding and 6 control experiments. 

,4C_DA release was evoked f rom 2 of  6 sites located next  
to the third ventricle.  The washout  curves f rom these two 
expe r imen t s  are presented  in Fig. 13. On the left,  the 
results o f  an exper imen t  are shown in which the level of  
radioactivi ty in the ef f luent  col lected from the dorsomedia l  
hypo tha l amus  increased by 55% as the animal r e sponded  on 
an FR 6 schedule and consumed  19 food pellets during the 
interval deno ted  by the black bar (--). An increase of  63% in 
the amo u n t  of  radioact ivi ty  recovered in the perfusate  was 
de tec ted  in the expe r imen t  shown on the right as the rat 
worked for ten food  pellets. The augmented  release of  
radioactivi ty was not  sustained through the subsequent  
perfusion period even though  the animal pressed the lever 
in t e rmi t t en t ly  for the food pellets during the intervening 
period. 

In one of  four  exper iments ,  feeding evoked the release 
of ' 4 C-DA in the region of  the substant ia  nigra. The release 
was de tec ted  in the first perfusate  ob ta ined  as the animal 
consumed the food pellets it had received on the FR 6 
schedule of  r e in fo rcement .  Al though this rat con t inued  to 
feed over  a 40 rain span which encompassed  two per- 
fusions, the release occurred  only during the first perfusion.  
All o the r  sites in this region failed to show a significant 
increase in ' 4 C-D A  ou tpu t  during the operant  task. The 
propor t iona l  figures for the  DPM de tec ted  in the push-pull  
e f f luents  before  and during the lever pressing response are 
given in Table 2 toge ther  with the number  of  pellets 
consumed during the exper imen t .  
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FIG. 6. Histological reconstructions in 6 coronal planes of the sites 
of perfusion in the region of the substantia nigra from which the 
washout curves of ~4C-DA were derived for feeding and control 
animals. The triangle (A) denotes the sites at which the release of 
z4C-DA was enhanced during feeding and the dot (e) indicates sites 
from which no increase in the release was detected. Control sites are 
indicated by the .squares (e). Anatomical abbreviations are the same 

as in Fig. I. 

In six contro l  expe r imen t s ,  3 H-inulin release was not  
observed during the intervals of lever pressing for food .  
Table 3 presents  the mean amoun t  of  release, during the 
lever pressing, of  ~4C-DA which was no t  significantly 
di f ferent  f rom the washout  o f  ~ H-inulin (t = 1.29, dr= 14). 

DISCUSSION 

These expe r imen t s  demons t r a t e  that  as a rat consumes  
food,  dopamine  can be released endogenous ly  in the 
animal 's  brain s tem but  only within certain c i rcumscr ibed 
sites. A repeatable  release of  radioact ivi ty  fol lowing the 
intracerebral  inject ion of  ~4 C-DA was observed f rom one 
site in the region bounded  by the nucleus reuniens  in close 
p rox imi ty  to the third ventricle.  The augmented  release of  
the amine was also evoked by feeding at a site more  
pos ter ior  in the zona incerta. In addi t ion ,  the release of  
radioactivi ty due to ,4C_DA was observed at sites in the 
lateral h y p o t h a l a m u s  and at the tip of  the third ventricle in 
the rostral h y p o t h a l a m u s  as the rat consumed  water.  
Fur the rmore ,  an efflux o f  radioact ivi ty was observed f rom 
the border  of  the third ventricle near the vent romedia l  and 
dorsomedia l  h y p o t h a l a m u s  and also from a site in the 
substantia  nigra, as the animal depressed a lever to obta in  
and consume food pellets. 

Taken toge ther  with the previous repor ts  involving 
6-OIIDA lesions as well as e lec t ro ly t ic  lesions [24,27]  these 
results tend to suppor t  the concept  that  dopamine  could 
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FIG. 7. Two washout curves ol ~4C-DA activity from the 
anatomical site depicted in the inset when food was presented ( ) 
in 2 separate experiments to the same animal. Left and right 
ordinates correspond to the solid line (..e-) and the dotted line 

(..D..), respectively. The perfusions are numbered as in Fig. 2. 
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FIG. 8. Mean proportional el'flux of ~4C-I)A (* S.t':.) from sites in 
the region of the substantia nigra during ad lib feeding. The 
perfusions are numbered as in Fig. 2. The black bar ( ~  denotes 
when food was presented. The curves are based on 5 feeding and 5 

control experiments. 
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14 C -DA PERFUSION SITES 

DRINKING 

I I I I ' " " I ~ ;  ~ I ' J I ~ " / /ell/ 
, - .  

A P 6 0  A P 5 5  A P 5 0  

A P 4 0  A P S 4  

FIG. 9. Itistological reconstructions in 5 coronal planes of the sites 
in the brain at which the efflux of  '4C-DA was examined while the 
rat drank water. An increased efflux was observed at sites denoted 
by a triangle (A), whereas no change in release is indicated by a dot 

(o). Anatomical abbreviations are the same as in Fig. 1. 

play some role in the central  control  of  food and water  
intake. In contrast  with the results of a recent  series of 
parallel exper iments  in which the dynamics  of  t4C-NE 
release were examined,  the magni tude as well as the 
f requency of  the enhanced ou tpu t  of  the ca techolamines  
during feeding is much less for ' 4 C-DA than that which we 
have observed for ' 4C-NE [ 13]. Fur the rmore ,  the findings 
with ' 4 C-DA release are somewhat  compl ica ted  by the fact 
that fol lowing its intracerebral  inject ion this amine is 

1500, 
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0 

14C DOPAMINE 
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I - -  

! i 

• " h t  , a ~ • 

AP 6.0 

Q ~ O  
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-3  -2 -I 0 I 2 3 
PERFUSION 

FIG. 10. ~4C-DA washout curve of  activity obtained from the site 
(A) shown in the inset for a water-deprived animal. Drinking of 
water is denoted by the black bar ( . . . ~ .  Perfusions are numbered as 
in Fig. 2. DPM were detected in successive 50 u l  aliquots of  

perfusates collected at 30 rain intervals. 

deaminated  readily not  only to its major metabol i te ,  HVA, 
but also hydroxyla ted  to NE. Since Glowinski  et  al. [8] 
observed that dopamine  is t ransformed rapidly to nor- 
epinephrine after  its injection into the ventricle of  the rat, 
it is possible that part of  the increase in ' * C  efflux noted 
during the ingestive response could be due to nor- 
epinephrine.  

Since the level of  radioact ivi ty recovered in the 

T A B L E  2 

THE ~4C-DA RADIOACTIVITY DETECTED IN A 50 ktl AI.IQUOT OF THE PI.;SH-PUI.I. EFFLUENTS 
COLLECTED IMMEDIATELY BEFORE AND DURING THE FIRST PERIOD OF LEVER PRESSING. Ttfl- 
PROPORTIONAL FIGURE COMPUTED FROM THESE 2 PERFUSATES. THE NUMBER OF NOYI-S 
PELI.ETS CONSUMED AND THE NUMBER OF I.EVER PRESSES EMITTED DURING THE 

COI.I.ECTION OF THE FEEDING PERFUSATE ARE ALSO I.ISTED 

DPM Proportion I .ever Pellets 
Animal Pre During DuringJPre Responses Consumed 

S- 12 86 141 1.63 60 10 
BP- I 481 394 0.g I 121) 20 
BP-5 143 222 1.55 114 19 
BP-6 139 77 I).55 138 23 
BP-2 250 ,_9 11.91 11)2 17 
BP-4 217 67 0.30 126 2 I 
SN-I 519 119 11.23 36 6 
SN-5 659 611 0.92 48 8 
SN-2 1811 341 1.89 186 3 I 
SN- 1 1318 3611 I).27 48 8 



558 M A R T I N  AND MYERS 

14C-DA PERFUSION SITES 

LEVER PRESSING 

~ '  DOPAC 
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FIG. I 1. Thin layer chromatogram with the characteristic pattern of 
development for dopamine and its metabolites after it had been run 
in both directions and sprayed with diazotized-p-nitroaniline. 
Abbreviations are: HVA, homovanillic acid, DOPAC, dopacetic acid; 
NE, norepinephrine; DA, dopaminc, NMN, normetanephrine; 3MT, 

3-methyltyrosine. 

T A B I , E  3 

THE MEAN EFFI .UX ()f'  t4C-I)A AND : 'H-INUI.IN DETECTED IN 
THE PERFUSATE COLI .ECTED DURING THE LEVER PRF.SSING 
RESPONSE. THE EFFI.UX IS EXPRESSEI) IN PROPORTIONAL NO- 

"IATION AS I)ESCRIBED IN THE TEXT (-+ SFM) 

' aC-DA :'H-inulin 

X = 0.91 _+ 0.19 X - 0.55 +_ 0.16 
in = 10l (n - 6) 

perfusa tes  was relat ively low in re la t ion  to our  separa t ion  
t echn iques ,  it is d i f f icul t  to de l inea te  precisely w h e t h e r  

4 C-DA or one  of  its me tabo l i t e s  was be ing  released. Once 
again, it is possible tha t  the  ef f lux of  rad ioac t iv i ty  may be 
due to ' 4 C - N E  which we have observed  f rom analagous  
brain s tem sites [ 1 3 ] .  A l though  tagging the  brain wi th  
radioact ive  tyros ine  and  d e t e r m i n i n g  the  release of  radio- 
act ivi ty due to labelled NE or DA dur ing  behav io r  would  
appear  to  be a b e t t e r  m e t h o d  for examin ing  which  
ca t echo lamine  is released dur ing  behavior ,  we f ind t ha t  this  

A P 3 . 8  

. t~ ~, ,.:S / 

AP 3.4 AP 2.2 

FIG. 12. Histological reconstructions in 6 coronal planes of sites 
from which the washout of ~4C-DA was examined as the rat 
depressed a lever to obtain food pellets. An increased release of 
~C-DA is denoted by a triangle (A), and no change in release is 
indicated by a dot (el. Anatomical abbreviations are the same as in 

Fig. 1. 

m e t h o d  does  not  ove rcome  the separa t ion  p rob lem because 
of the small  a m o u n t  of  rad ioac t iv i ty  recovered in the 
perfusate .  F u t u r e  e x p e r i m e n t s  ut i l iz ing the  new and  more 
sensit ive e n z y m a t i c  t echn iques  [3] in t a n d e m  with  the  push 
pull p rocedure  [11]  may alleviate this  p rob lem th rough  
direct  m e a s u r e m e n t s  of  the  release of e n d o g e n o u s  cate-  
cholamines .  

It is d i f f icul t  to k n o w  which of  the  behaviora l  or 
physiological  s ta tes  under ly ing  ingestive behav io r  are 
mir rored  by the bra in-s tem release of  1 ,C_DA. Act iva t ion  
of  DA tu rnove r  may in part ref lect  the  m o t o r  c o m p o n e n t  
of  e i the r  feeding or d r ink ing  behavior .  The  aphagia and  
adipsia o f t en  observed  af te r  the cerebral  pool  of  d o p a m i n e  
is dep le ted  by in t racrania l  in jec t ions  of  6-OHDA [2, 21, 
27] would suppor t  this  view. If such defici ts  are the  result  
of a part ial  m o t o r  incapac i t a t ion ,  this could explain why 
pharmacologica l  e x p e r i m e n t s  in which d o p a m i n e ,  in jected 
at norep inephr ine - sens i t ive  sites tha t  media te  feeding be- 
havior ,  has very l i t t le  overall  effect  on  the  an imal ' s  
feeding or d r ink ing  behav ior  per se [ 18].  

Given by the ven t r icu la r  route ,  d o p a m i n e  elicits only  a 
small a m o u n t  of  ea t ing and af te r  a cons iderab le  la tency,  
which could reflect  the t ime taken  for  the me tabo l i sm of  
the m o n o a m i n e  to n o r e p i n e p h r i n e  [ 2 3 ] .  Fu r the r ,  the fact 
tha t  ' 4 C - D A  release was observed dur ing  the dr ink ing  of  
water ,  bu t  the  release of  '4C-NI"  was not  seen dur ing  
dr ink ing  in previous  e x p e r i m e n t s  [131,  suggests a func-  
t ional  specif ici ty in the  d i f fe rent ia l  release of NE and DA. 
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FIG. 13. Two expertments during which an enhanced efflux of '4C-DA occurred at sites of perfusion t") shown in the 2 insets as each 
rat pressed a lever to obtain food pellets. The perfusions are numbered as in Fig. 2 and the interval of lever pressing is denoted by the bar 

{..--.~. 

Since Ungerstedt  repor ted  that  severe moto r  impairment  
and hypoact iv i ty  are part of  the sequelae of  the central  
injection of  6-OHDA, DA may be involved in the specific 
mediat ion of coordinated  movemen t s  that are necessary for 
the ingestion of  food pellets. Concordan t  with this view is 
the reversal of  the mo to r  symptoms  by an inject ion of  the 
DA receptor  s t imulat ing drug, apomorph ine  [27] .  Thus, 
dopamine  may play a dual role in the modula t ion  of  
ingestive behavior.  First,  it serves as a substrate for the 
synthesis of  norepinephr ine ,  and second,  it would seem to 
exert  an effect  of  its own in the control  of  the moto r  
responses required for feeding and drinking. 

Finally,  of  special significance to the quest ion of  the 
specificity of  release of  the labelled amine [18] is the fact 
that the chara.:teristics of  the eff lux of  ' * C - D A  were 
different  from that of  ' 4C- inu l in  during the lever-pressing 
task. Whereas the activity of  the amine can change as a 
result of  the behavior of  the rat, the biologically inert 

tracer, inulin, which is sequestered extracel lulary after its 
injection, simply follows a standard washout  curve of  
activity independent  of  the animal 's  response pattern.  

At the present time, it is not  unders tood how dopamine  
and norepincphrinc are related to the o ther  chemical 
factors that have becn implicated in feeding and drinking 
behavior [18] which include: serotonin [51: amino acids 
125];  sex steroids [281; cyclic AMP [1 ] ;  acetylchol ine 
[14 ,26] ;  prostaglandins [121 and cations such as sodium 
and calcium [20,221. Whether  the presynaptic  release of  
dopamine from neurons in the diencephalon is part of the 
presynaptic mechanism through which these o ther  sub- 
stances act is not  known at the present time. As suggested 
recently [19] ,  the funct ion of  these different  endogenous 
compounds  probably lies in the integrat ion of  the responses 
for ingestive behavior which requires not only sensory and 
moto r  pathways,  but also a system moni tor ing the nutr ients  
circulating in the blood stream. 
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