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VAN DER GUGTEN, J. AND J. L. SLANGEN. Release of endogenous catecholamines from rat hypothalamus in vivo 
related to feeding and other behaviors. PHARMAC. BIOCHEM. BEHAV. 7(3) 211-219,  1 9 7 7 . -  The release of 
endogenous noradrenaline (NA) and dopamine (DA) from various sites in the hypothalamus was determined in 
unanesthetized, freely moving rats by means of a push-pull perfusion technique in combination with a sensitive 
radiochemical assay. The perfusate was collected continuously over 10-min periods for 4 to 8 hr. Patterns of feeding, 
drinking, grooming, and locomotor activity were recorded during the perfusion experiments. Release patterns and 
behavior recordings were analysed by tests of serial correlation. Although significant variations in catecholamine release 
over time were observed, they did not reflect a fixed autonomic periodicity. Release from the medial hypothalamus 
was measured in rats which had been deprived of food for 16 hr and were subsequently given free access to food. 
Before food presentation, mean NA release over 10-min periods was consistently higher than during satiety. Mean NA 
and DA release over 10-min periods before, during and after the occurrence of feeding, drinking or grooming were 
calculated for the dorsomedial, perifornical, subfornical, and anterolateral hypothalamus of freely feeding rats. During 
feeding, NA (but not DA) release from the dorsomedial and perifornical areas was significantly elevated (40-50%) 
when compared with pre- or postfeeding values. An increase in catecholamine release was not observed during drinking 
or grooming. In addition, NA release from the anterolateral area correlated with locomotor activity. The enhancement 
of NA release from the perifornical area during feeding is considered to be specific as no change in release was observed 
even during the vigorous drinking response induced by angiotensin. 
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IN A D D I T I O N  to  pha rmaco log ica l  p rocedure s  [2,  3, 6, 10, 
13, 14, 23, 2 4 ] ,  n e u r o c h e m i c a l  m e t h o d s  have been  employ-  
ed to  s t u d y  the  i n v o l v e m e n t  of  cen t ra l  c a t e c h o l a m i n e  (CA) 
n e u r o n  sys tems  in the  r egu la t ion  of  food  in take  in the  rat.  
The  m e a s u r e m e n t  of  chemica l  p a r a m e t e r s  in large bra in  
par t s  in vivo [8]  and  in v i t ro  [27]  revealed changes  in 
ac t iv i ty  o f  h y p o t h a l a m i c  CA n e u r o n s  poss ib ly  re la ted  to 
a l t e ra t ions  in feeding cond i t ions .  Regional  changes  in 
h y p o t h a l a m i c  CA m e t a b o l i s m  were also obse rved ;  the  
act iv i ty  o f  n o r a d r e n a l i n e  (NA) and  adrena l ine  n e u r o n s  in 
the  do r somed ia l  nuc leus  as well as NA n e u r o n s  in the  
per i fo rn ica l  region appeared  to be e n h a n c e d  in ra ts  showing  
relat ively h igh  feeding rate [ 25 ] .  

Moreover ,  the  washou t  of  r ad ioac t iv i ty  f rom the  area 
ad jacen t  to  the  th i rd  vent r ic le  as d e t e r m i n e d  a f te r  the  
in jec t ion  of  [~ '  C ] - N A  was e n h a n c e d  dur ing  feeding in 

previously  food  depr ived  rats  [ 1 5 ] .  The eff lux of  radio-  
active mater ia l ,  however ,  is cons ide red  to be a p o o r  index  
of  n e u r o n a l  t r a n s m i t t e r  release. The labeled CA which  mus t  
be appl ied  in a h igh dose is progressively me tabo l i z ed  
dur ing  the  pe r fus ion  [16 ,17]  and nonspec i f ic  release m a y  
occur  [ 1 7 ] .  F u r t h e r m o r e ,  the  t i m e - d e p e n d e n t  decl ine in 
the  rad ioac t iv i ty  of  the  e f f luen t  does  n o t  al low the  
e s t ima t ion  of  abso lu te  a m o u n t s  of  released CA. 

T h e  d e v e l o p m e n t  of  e n z y m e - r a d i o c h e m i c a l  assay 
p rocedure s  made  it  possible  to  d e t e r m i n e  in vivo release of  
e n d o g e n o u s  CA f rom brain  tissue. Release of  NA and  
d o p a m i n e  (DA) was d e m o n s t r a t e d  at  a large surface of  
cerebra l  co r t ex  o f  the  cat [22]  whereas  DA release was also 
observed  in the  cat  cauda te  nuc leus  and  nuc leus  a c c u m b e n s  
[ 1 ] wh ich  are very  r ich in this  c o m p o u n d .  

We used a sensi t ive m i c r o - m e t h o d  for  the  s imu l t aneous  
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The investigations were supported in part by the Foundation for Medical Research FUNGO which is subsidized by the Netherlands 
Organization for the Advancement of Pure Research (ZWO). 
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FIG. 1. Schematic representation of the push-pull cannula system. 
The needle of the permanent outer cannula had an outer diameter 
of 0.65 mm and an inner diameter of 0.40 mm; the needle of the 
removable inner cannula had an outer diameter of 0.30 ram. The 
total volume of the outflow part of the system was 7.5/~1. The 

protective wire stylette is represented on the right. 

assay of  NA, DA and adrenaline [26 ] ,  in combina t ion  with  
a push-pull  perfusion technique,  for the cont inuous  mea- 
surement  of  endogenous  NA and DA release from areas 
wi thin  the hypo tha lamus  of  unanes thet ized ,  freely moving 
rats. The data were analysed in relation to pat terns  of  
feeding, drinking and grooming as well as l o c o m o t o r  
act ivi ty which were cont inuous ly  recorded during the 
perfusion exper iments .  This approach al lowed evaluat ion of  
the specifici ty of  correla t ions  be tween  the neurochemica l  
and behavioral  parameters .  

M E T H O D  

Animals 

Twenty-f ive  male Wistar rats weighing approx imate ly  
250 g were used. They were housed individually in wire- 
metal  h o m e  cages. The animals had always free access to 
water.  Standard labora tory  food (Muracon I) was available 
ad lib. unless otherwise stated. Lights were o f f  f rom 19.00 
to 7.00 hr. R o o m  tempera ture  was kept  at 2 2 - 2 4 ° C .  

Surgery 

The ou te r  cannula of  a concent r ic  perfusion system 

(Fig. 1) was s tereotaxical ly implanted  in the brain of  a rat 
which had been anesthet ized with Hypnorm (Philips- 
Duphar),  conta in ing 10 mg fluanisone and 0.2 mg fentanyl  
per ml, given subcutaneously  in a dose of  1 ml/kg.  The 
stainless steel needle of  this cannula was lowered into the 
brain according to the Pellegrino and Cushman coordinate  
system [19] unti l  the tip rested at 0.25 mm above the 
in tended site of  perfusion within the hypothalamus.  Sites 
medial  to the fornix were approached at an angle of  5 ° to 
the midsagittal  plane in order  to avoid damage to the wall 
of  the third ventricle.  The cannula was fixed in place with 
acrylic cement  which was poured around the hub and 
anchored with four  stainless steel screws in the skull. A 
removable  wire s tylet te  a t tached to a threaded cap (Fig. 1) 
was then inserted into the cannula so that  the tip of the 
wire was exact ly  flush with the tip of  the cannula. 

Five rats were implanted  with an addit ional  cannula 
aimed at the lateral ventricle.  This cannula was const ructed 
f rom po lypropylene  tubing (internal d iameter  0.50 mm)  
and was used for int raventr icular  injections.  Stereotaxic  
coordinates  [19] of  the tip of  the cannula were the 
anter ior-poster ior  level of  bregma, 1.5 mm lateral to the 
midline and 3.5 mm ventral  to the dura. The rats were 
al lowed at least 7 days of  recovery before perfusions were 
carried out. 

Push-Pull Per fusion 

For the perfusion in an unanesthet ized rat, a Plexiglas 
exper imenta l  cage was used. The cage had a height of  20 cm 
and was equipped w i t h a g r i d  f loor of 2 0 ×  1 0 c m  ~ . O n e o f  
the large walls inclined at an angle of  70 ° to the floor,  
which forced the animal to turn back only by the opposi te  
wall and thus prevented twisting of  inf low and out f low 
tubing during the cont inuous  perfusion. Food  pellets 
(Noyes,  300 mg) could be offered in a trough and water  
was available from a drinking tube at tached to the cage. 
Before perfusion exper iments  were per formed,  each animal 
was habi tua ted  to the exper imenta l  s i tuation by being 
placed in the cage for periods of  at least 60 rain on three 
separate days. 

Prior to an exper iment ,  the inf low and out f low nipples 
on the isolated inner part of  the push-pull cannula system 
(Fig. 1) were connec ted  via po lypropylene  tubing (internal 
diameter  0.50 mm)  to pieces of  silicon rubber  tubing 
(internal d iameter  0.65 mm)  moun ted  in two peristaltic 
pumps  (LKB, Var ioperpex 12000). The complete  tubing 
system was then filled with perfusion fluid (Merlis' solu- 
t ion) of  the fol lowing composi t ion :  l l 9 . 0 m M  NaC1, 
3.3 mM KC1, 1 . 3 m M  CaC12, 1 . 2 m M  MgCI:,  0.5 mM 
Na~ HPO+, 21.0 mM NaHCO+, 3.4 mM glucose, 2.2 mM 
urea; pH 7.4. The loose end of  the inf low tubing was 
immersed  in a beaker  containing this solut ion and the inner 
cannula was screwed into  a chronical ly implanted outer  
cannula. The tip of the inner cannula prot ruded 
0.5 mm beyond  the tip of  the ou te r  cannula. The perfusion 
was carried out  at a rate of  exact ly  10 u l /min  for 4 to 8 hr. 

Perfusate was col lected cont inuous ly  in 10-min fractions 
at the end of  the ou t f low tubing. The total  volume of the 
tubing from the tip of  the cannula to the site of  col lect ion 
amoun ted  to 200 ul. Therefore ,  a delay of  exact ly  20 min 
in the col lect ion of  the perfusate relative to the actual 
release was taken into account .  Immedia te ly  after  a 10-min 
fraction was obtained,  10 ul of  27 mM disodium ethylene-  
d iaminete t raacet ic  acid was added in order  to prevent  
degradat ion of  the CA. The volume of  each fract ion was 
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measured;  no significant deviat ions in perfusion rate were 
detected.  The samples were stored at - 1 5  ° . Fract ions  
col lected during the first 30 rain of  an exper iment  were 
used for the prepara t ion o f  internal  CA standards. 

The rat 's  behavior  was cont inuous ly  observed during the 
perfusion. Onset  t ime and durat ion of  feeding, drinking, 
and grooming  were recorded.  L o c o m o t o r  act ivi ty  def ined as 
the number  of  rearings and turnings was scored. No 
abnormal  behavior  was observed during or immedia te ly  
after the perfusion. A max imum of three perfusion experi-  
ments  was pe r fo rmed  with one animal. 

In some exper iments ,  200 ng of  the synthet ic  octa- 
pept ide (valine ~ )-angiotensin II amide (Hyper tensin ,  CIBA) 
was adminis tered at intervals of  at least 60 min. This 
c o m p o u n d  was injected through the ventr icular  cannula in a 
volume of  2 ul while the animal was left  in the cage. Other  
drugs were administered in t raper i toneal ly  (IP). 

Catecholamine Assay 

Perfusate fractions were thawed and triplicate 20-ul 
samples were transferred into conical glass tubes. Samples 
and blanks were analysed according to an enzyme-radio-  
chemical  me thod  [26] in a random order. Blanks consisted 
of  Merlis' solut ion to which was added 0.1 vo lume of 
27 mM e thylenediamine te t raace t ic  acid. Each assay series 
also included internal  CA standards in pooled  perfusate  
fractions and external  standards added to blanks. Internal  
standards were exposed to room tempera ture  for 20 min.  
The CA were conver ted  into their  [ 3 H ] - m e t h o x y  deriva- 
t i v e s  by incubat ion  with S-adenosy l -L- [methyWH]  
me th ion ine  (The Radiochemical  Centre,  Amersham;  
8 - 1 0  C i /mmole )  in the presence of  ca techol-O-methyl-  
transferase. The labeled products  were isolated by means of  
organic ex t rac t ion  and paperchromatography .  CA concen- 
trations in the perfusate  fract ions were calculated on the 
basis of  values obta ined for internal  CA standards. The 
mean recovery of  internal  standards amoun ted  to 76% of  
the yield of external  standards. Cross con tamina t ion ,  
a l though less than 1%, was correc ted  for. The sensitivity o f  
the assay was approximate ly  10 pg. Al though the amounts  
of  CA in the samples were close to this l imit,  the analysis of  
triplicate samples al lowed a reliable de te rmina t ion  of CA 
release. A part icular  CA was considered to be not  detect-  
able when the mean value obtained for the perfusate  
fractions was no t  significantly di f ferent  f rom that  found for 
blanks. 

Noradrenaline Tests 

The cons t ruc t ion  of  the push-pull  cannula system 
offered the possibil i ty of  micro-inject ions at the perfusion 
site. Af te r  a series of  perfusion exper iments ,  each animal 
was tested for the effect  of  exogenous  NA on food intake. 
The aim of  these tests was to establish whether  a normal  
sensitivity to NA existed even after  repeated perfusions,  
and to determine  the correlat ion be tween  the act ion of  NA 
at a part icular  site and the local CA release pat tern.  The 
tests were always carried out  be tween  10:00 and 16:00 hr. 
Af ter  a rat had been taken f rom its home cage, the 
protect ive  s tylet te  was removed from the pe rmanen t  
cannula and subsequent ly  replaced. The animal was then 
placed in a wire-metal  test cage where it had access to a 
known amount  of  food for 60 rain. Af te r  this period, the 
amount  of  consumed food was determined and 20 nmoles  
of  L - N A  (bitartrate salt, Sigma) were injected via the 
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FIG. 2. Effects of drugs on hypothalamic NA release. Reserpine 
(res, 5 mg/kg IP) in combination with desmethylimipramine (DMI, 
25 mg/kg IP) was administered to an unanesthetized rat (upper 
panel). D-Amphetamine (A,, 1 mg/kg; A3, 3 mg/kg IP) or saline 
(sal) was injected in an animal anesthetized with urethane (1.25 g/kg 

IP) (lower panel). Arrows indicate the times of injection. 

cannula in a vo lume of  1 ul. The tip of  the micro- inject ion 
needle p ro t ruded  0.25 mm beyond  the b o t t o m  of the 
cannula. The animal was replaced in the test cage and food 
intake over  60 rain was again measured.  The effect  of NA 
on food  intake is expressed as the difference be tween  the 
amount  o f  food consumed during the hour  after the 
in ject ion and intake during the hour  before.  Three NA tests 
were pe r fo rmed  with each rat at intervals of  at least 2 days. 

Histology 

After  the exper iments  and NA tests, each animal was 
anesthet ized with an overdose of  sodium pentobarbi ta l  and 
successively perfused with  0.9% NaC1 and 10% Formalin.  
The brain was f rozen and frontal  serial sections of  100 ~m 
were cut  at an angle of  about  15 ° to the tract  of  the 
cannula system. Sections were stained with thionin.  The 
site o f  perfusion was localized by direct project ion of  the 
sections on to  the atlas of  KSnig and Klippel  [12] and 
ident i f ied as a poin t  0.3 mm dorsal to the bo t tom of the 
tract and 0.2 mm rostral to its caudal extension.  The 
d iameter  of  the tract at the level of  the perfusion site was 
0.4 mm at most.  

Statistical Analysis 

Each t ime series consist ing of  CA release data or 
l o c o m o t o r  act ivi ty scores was analysed by tests of  serial 
correlat ion in order  to investigate the statistical dependence  
of  the values. Serial correlat ion coeff icients  (SCCs) were 
calculated by means o f  a general-purpose e lectronic  com- 
puter  (CDC Cyber).  The correlat ion coeff ic ient  (rk) at the 
t ime lag o f  k t ime units (10 min)  is expressed by the 
equat ion  

n(ExiYi+k) - ExiEYi+ k 

r k = 

, /I 2 } tn Y k -  Yi+k)2}l 
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FIG. 3. NA and DA release from the medial hypothalamus of 16 hr 
food deprived rats which were subsequently given free access to 
food (indicated by arrow). Data were obtained from 4 animals. 
Catecholamine release is expressed as percentage of the mean value 
before food presentation in the respective experiment. Duration of 
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where E = i=E1; xi, i th  value of  the  x series; Yi+k, ( i+k) th  
value o f  the  y series; n,  n u m b e r  of  values pe r  series minus  k. 
In the  tes t  of  serial co r re l a t ion  the  x and  y series are 
ident ical .  SCCs were c o m p u t e d  at  t ime  lags 1 to  13, Since 
the  sho r t e s t  series (3 h)  cons is ted  of  18 values,  at least  5 
pairs of  values (n)  were used for  the  ca lcu la t ion  of  the  
SCCs. The  s ta t is t ical  s ignif icance of  a SCC was d e t e r m i n e d  
on  the  basis of  the  t-value expressed  by  the  e q u a t i o n  

t = rk / n  - 2  

" V  1 - r 2 

When n o  s igni f icant  SCCs were found ,  the  t ime  series was 
cons ide red  to be  s ta t ionary .  

The  re l a t ion  b e t w e e n  CA release and  the  occu r r ence  of  a 
pa r t i cu la r  behav io r  was c o m p u t e d  f rom s t a t i ona ry  release 
pa t te rns .  CA release da ta  were expressed  as percen tages  of  
the  m e a n  release in each respect ive  expe r i m en t ,  Means of  
NA and  DA release were t h e n  ca lcu la ted  for  10-min 
sampl ing  per iods  which  inc luded  the pa r t i cu la r  behavior ,  as 
well as for  the  p reced ing  and  fo l lowing 10-min periods.  
Behaviora l  ac t iv i ty  was on ly  cons ide red  w h e n  it lasted for  
at least  30 sec dur ing  a 10-min period.  F u r t h e r  s ta t is t ical  
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FIG. 4. Diagrammatic representation of hypothalamic perfusion 
sites. The loci are projected on frontal sections according to the 
atlas of K6nig and Klippel [12]. When two overlapping sites were 
perfused, only one is plotted. The increase in hourly food intake 
induced by local application of L-NA (20 nmoles) is indicated for 
each site: e~<l.2 g; 1.2<A~<2.4 g; ->2.4 g. Inferior numbers 
represent the rank order in terms of the magnitude of the NA effect. 

eva lua t ion  of  CA release values was based on S t u d e n t ' s  
t- test .  

The co r re l a t ion  be tween  NA or  DA release and  loco- 
m o t o r  ac t iv i ty  was d e t e r m i n e d  by  cross co r re l a t ion  analysis.  
L o c o m o t o r  act ivi ty  scores expressed  as pe rcen tage  of  m e a n  
were des igna ted  as the  x series and  pe r cen t  CA release da ta  
as the  y series. Cor re la t ion  coef f ic ien ts  ( rk)  at  t he  t ime lags 
- 2 to  3 were ca lcula ted .  F o r  the  ac tua l  c o m p u t a t i o n  of  rk 
at  a negat ive  t ime  lag, the  x and  y series were t ransposed .  
The ca lcu la t ion  of  a cross cor re la t ion  coef f ic ien t  for  several 
pairs of  series was essent ial ly  ident ical .  

RESULTS 

Spontaneous Release and Drug Effects 

Release of  NA was observed at each  of 17 sites in the  
h y p o t h a l a m u s  o f  u n t r e a t e d  rats  which  had  free access to 
food.  Mean NA release over  a per iod  of  several hours  ranged 
f rom 2.5 to 18.8 pg /min .  DA release was observed at the  
ma jo r i ty  of  the  sites; the  h ighes t  mean  value measured  was 
3.4 pg /min .  Adrena l ine  was n o t  de t ec t ed  in the  perfusates .  

The  ef fec ts  o f  drugs which  p r o b a b l y  act  on adrenergic  
n e u r o t r a n s m i s s i o n  are i l lus t ra ted  in Fig. 2. A gradual  
increase in h y p o t h a l a m i c  NA release was observed up to 
75 min  a f te r  the  a d m i n i s t r a t i o n  of reserpine  in c o m b i n a t i o n  
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FIG. 5. Representative recording of  a perfusion experiment  with a 
rat which had a cannula in the dorsomedial hypothalamus (site 14, 
Fig. 4). CA release over 10-min periods is depicted. The onset time 
and duration of  feeding, drinking and grooming, as well as the 

locomotor  activity scores are also illustrated. 
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FIG. 7. Representative recording of  a perfusion experiment with a 
rat which had a cannula in the anterolateral hypothalamus (site 15, 

Fig. 4), See also Fig. 5. 
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FIG. 6. Representative recording of  a perfusion experiment  with a 
rat which had a cannula in the perifornical hypothalamus (site 11, 

Fig. 4). See also Fig. 5. 
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ficients (SCCs) for 17 NA release patterns. Catecholamine release 
over ]0-min periods was measured in the hypothalamus of rats 

which had free access to food. 
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with desmethylimipramine. In addition, a stimulation of 
NA release was found after two different doses of D- 
amphetamine in urethane anesthetized rats. 

Food Deprivation 

CA release from the medial hypothalamus was measured 
in 4 rats which had been deprived of food for 16 hr and 
were subsequently given free access to food. Chemical and 
behavioral data are depicted in Fig. 3. Food intake was high 
during the 20 rain immediately after food presentaion 
whereas the animals appeared to be satiated during the next 
50 min. The locomotor  activity patterns of the 4 experi- 
ments were found to be stationary. In contrast, the time 
series consisting of  NA release data were not. Before food 
presentation, mean NA release over 10-min periods was 
consistently higher than during satiety. A similar pheno- 
menon was not observed for DA release from the same 
sites; in fact, the DA release patterns were stationary. 
However, a significant positive correlation between DA 
release and locomotor  activity was found at a time lag of 
10 min (r = .350, p<0.05).  

Free Feeding 

CA release from various sites in the hypothalamus was 
determined in rats which had free access to food. The 
perfusion sites are depicted in Fig. 4. The sensitivity to 
exogenous NA in respect of food intake stimulation is 
indicated. A total of 14 sites out of 18 were considered to 
be sensitive since a mean increase in hourly food intake of 
more than 1.2 g [2,6] was observed after local application 
of 20 nmoles of L - N A .  Numbers represent the rank order 
in terms of the magnitude of the NA effect. 

Recordings of representative perfusion experiments are 
given in Figs. 5, 6 and 7. They clearly demonstrate that 
local CA release measured over 10-min periods varies over 
time. In order to investigate whether a discrete general 
periodicity exists, time series analyses of NA release data 
obtained in 17 experiments with rats which had ad lib 
access to food were compared. All patterns were stationary. 
Time lags corresponding to the maximum and minimum 
SCCs were determined for each of the time series and 
represented in histograms (Fig. 8). Although the minimum 
SCCs occurred predominantly at lags 3 to 7, neither 
maximum nor minimum SCCs were found to produce 
discrete peaks. 

Mean NA and DA release over 10-min periods before, 
during and after the occurrence of feeding, drinking or 
grooming were calculated for the dorsomedial, perifornical, 
subfornical, and anterolateral areas of the hypothalamus. 
The calculations were based on the stationary "CA release 
patterns obtained in 11 perfusion experiments. CA release 
during a particular behavior, as well as release at 10 rain 
after that, was respectively compared with CA release at 10 
and 20 min before, and 20 and 30 min after the behavior 
by means of t-tests. The results of the calculations and 
statistical analyses are summarized in Fig. 9. 

Significant increases (40-50%) in NA release from the 
dorsomedial and perifornical areas were observed during a 
10-min period which included feeding (Fig. 9a). It should 
also be noted that NA release from these areas during 
feeding was higher than the mean release (100%) during the 
whole perfusion experiments. NA release from the sub- 
fornical area was found to be increased at 10 rain after the 
act of feeding whereas no significant changes in NA release 

from the anterolateral hypothalamus were observed around 
the time of feeding. The mean increase in hourly food 
intake induced by locally applied L - N A  (20 nmoles) was as 
follows: dorsomedial, 2.2 g; perifornical, 1.7 g; subfornical, 
1.5 g; anterolateral, 0.6 g (see also Fig. 4). 

DA release from the dorsomedial, perifornical and 
subfornical areas, respectively, was not significantly 
changed during feeding or immediately afterwards 
(Fig. 9b). (Release of DA was not detected at the two sites 
in the anterolateral hypothalamus.) In none of the areas 
investigated were significant changes in NA or DA release 
found around the incident of drinking or around the 
occurrence of grooming. Moreover, NA release was not 
altered during 10-min periods which included drinking 
and]or grooming (Fig. 9c). 

Tests of cross correlation performed on the data from 
the same sets of experiments revealed no significant 
correlations between DA release and locomotor  activity. 
However, a significant positive correlation (r = .369, 
p<0.025) between NA release from the anterolateral 
hypothalamus and locomotor  activity was observed at a 
time lag of 10min  (Fig. 9d). A significant correlation 
between NA release from the dorsomedial area and loco- 
motor activity at a time lag of - 1 0  min was also found 
although this correlation was obviously artefactual since in 
the 3 experiments concerned, a highly significant cor- 
relation ( r= .545 ,  p<0.001)  between duration of feeding 
and locomotor  activity existed at the same time lag. No 
significant correlation coefficients were found when NA 
release from the perifornical or the subfornical area was 
compared with locomotor  activity. 

Angiotensin-Induced Drinking 

Further investigations of the specificity of changes in 
hypothalamic NA release were based on the relation 
between angiotensin-induced drinking and NA release. 
Perfusions were performed in the perifornical area of rats 
which had ad lib access to food and water. The data 
obtained in 4 different perfusion experiments are presented 
in Fig. 10. Angiotensin consistently elicited a drinking 
response of  about 3.5 ml within I0 min after intraventri- 
cular administration whereas food intake was constantly 
low. No effect on locomotor  activity was observed. The NA 
patterns of the different experiments were all stationary. 
During the 10-rain period after the injection, NA release 
from the perifornical hypothalamus was not significantly 
changed when compared with release during each of the 
pre- and postdrinking intervals. 

DISCUSSION 

This study provides direct evidence of the spontaneous 
release of endogenous NA and DA from the rat hypo- 
thalamus in vivo. The results show that alterations in local 
CA release measured over 10-rain periods normally occur. It 
appears that NA release from the medial hypothalamus 
depends on experimental feeding conditions. From studies 
in freely feeding rats it is concluded that particularly NA 
release from the dorsomedial and perifornical areas of the 
hypothalamus is elevated during feeding but not during 
drinking or grooming. 

The concentrations of endogenous CA in the perfusate 
most probably reflect the functional release from nerve 
terminals. This is substantiated by the observation that 
drugs which are assumed to increase NA concentration in 
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the  synap t i c  c lef t  [4,9]  cause e leva t ions  in the  a m o u n t  of  
NA in the  pe r fusa te  (Fig. 2). This  f ind ing  also ind ica tes  t ha t  
s t imu la t ion  of  n e u r o n a l  CA release is n o t  en t i re ly  masked  
by physio logica l  processes  of  e x t r a n e u r o n a l  deg rada t ion  
and r eup t ake  i n t o  nerve  te rmina ls ,  a l t h o u g h  the  a m o u n t s  of  
CA f o u n d  in the  pe r fusa te  do n o t  necessar i ly  equa te  the  

a m o u n t s  released at the  synap t i c  j u n c t i o n .  F u r t h e r m o r e ,  
var ia t ions  in NA release over  t ime  are ev iden t  u n d e r  n o r m a l  
cond i t ions ,  whereas  i t  has  been  f o u n d  t h a t  these  do n o t  
ref lect  a general  a u t o n o m i c  r h y t h m  wi th  a f ixed per iod  of  
2 h r  or less (Fig. 8). Final ly,  CA in h y p o t h a l a m i c  per fusa tes  
do n o t  arise f rom b lood  since the  m e a n  NA c o n c e n t r a t i o n s  
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measured are generally even higher than the NA level of  
0.4 ng/ml  found for rat plasma obta ined  from an iliac 
cannula (unpublished).  

NA release f rom the medial  hypo tha lamus  of  16 hr food 
deprived rats is shown to be diminished after  the animals 
have been al lowed to satiate themselves (Fig. 3). This 
decrease can no t  be a t t r ibuted  to a change in l o c o m o t o r  
activity. Obviously,  a similar p h e n o m e n o n  was not  de tec ted  
in the eff lux of  radioact ivi ty  after  the inject ion of  labeled 
NA [ 151 since this parameter  normal ly  decreases over time. 
The relatively high NA release during starvation also 
explains the enhancemen t  of  ~-methyl-p- tyrosine induced 
NA deple t ion  in the hypo tha lamus  of  22 hr  food deprived 
rats [8] .  It might  ref lect  increased act ivi ty of  hypothes ized  
NA neurons which inhibi t  a hypo tha lamic  satiety mecha- 
nism [13] in hungry rats. The significant corre la t ion 
be tween  DA release and l o c o m o t o r  activity might  indicate 
that  the changes in hypo tha lamus  DA metabol i sm observed 
in food deprived rats [8] were related to al terat ions in 

l o c o m o t o r  activity which may occur  during food depriva- 
tion [201. 

The data on NA release during 10-min periods before,  
during and after  feeding in rats which had free access to 
food (Fig. 9a) indicate that  an anatomical  different ia t ion 
exists in the funct ional  act ivi ty of  hypotha lamic  NA 
neurons. Substantial  elevations were found in the dorso- 
medial and perifornical  areas during feeding. Such an 
enhancement  in NA release was not  found in the antero- 
lateral hypo tha lamus  whereas in the subfornical  area a peak 
in NA release occurred at about  10 min after the act of 
feeding. This delay in NA release may reflect  diffusion from 
a site of  actual release. The results suggest that the activity 
of NA neurons which project  into the dorsomedial  and 
perifornical  areas is specifically related to feeding behavior.  
The data cor robora te  the regional different ia t ion of the 
effect  of  exogenous  NA on food intake;  the highest 
sensitivity was observed in those areas (Fig. 4). Our findings 
are in accordance with the results of  previous localisation 
studies which poin ted  to a region which includes the 
dorsomedial  [ 10] and rostral perifornical  areas [6, 14, 24] 
as being very sensitive to NA's  action. The increased NA 
release from these areas during feeding corresponds well 
with the anatomical ly  specific increases in NA level and 
turnover  observed in the dorsomedia l  nucleus and the rostral 
hypotha lamic  region dorsal to the fornix in rats showing 
relatively high feeding rate [25] .  

The data on DA release from the dorsomedial  and 
perifornical  hypotha lamus  indicate that changes in the 
activity of  DA neurons in these areas do not  occur  during 
feeding (Fig. 9b). This is in agreement  with the earlier 
finding that  DA metabol ism in the dorsomedial  nucleus and 
the perifornical  region is not  changed in rats showing high 
feeding rate when compared  to values for rats showing low 
feeding rate [25] .  The conclusion that  DA neurons in these 
regions are not  directly involved in feeding behavior is also 
substant iated by the observation that  local application of 
DA does no t  immedia te ly  elicit feeding [3 ,24] .  

The activity of  NA neurons which terminate  in the 
dorsomedial  and perifornical  areas of the hypotha lamus  
appears to be specifically related to feeding. No changes in 
NA release during or immedia te ly  after drinking and/or  
grooming were observed in any of  the four  areas investi- 
gated (Fig. 9c). Moreover,  no significant cross correlat ion 
was found between NA release f rom the perifornical  or the 
subfornical  area and l o c o m o t o r  activity (Fig. 9d) whereas 
the significant correlat ion coeff ic ient  observed for the 
dorsomedial  areas has been shown to be an artefact.  The 
correlat ion be tween NA release from the anterolateral  
hypotha lamus  and l o c o m o t o r  activity explains the increase 
in NA metabol ism in the rostral medial forebrain bundle 
during the night compared  to dayt ime values [25] .  This 
increase was supposed to be not  specifically related to 
al terat ions in feeding behavior  which is also substant iated 
by the NA release data. However,  it is not  clear whether  the 
medial  forebrain bundle NA neurons concerned underlie 
l ocomoto r  activity per se; they may also be involved in 
general arousal or sleep-wakefulness pat terns [ 5, 11, 21 ]. 

Drinking is, at least in part,  closely associated with 
meals. It has also been demons t ra ted  that local application 
of L - N A  in especially the perifornical  area elicits a 
drinking response as well as feeding [ 14,24].  However,  even 
during the consistent ly vigorous drinking response resulting 
from the intraventr icular  inject ion of angiotensin [7] ,  no  
significant change in NA release from the perifornical  
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h y p o t h a l a m u s  was observed (Fig. 10). This is addi t ional  
evidence that  NA neurons  in the direct  vicinity of  the 
fornix co lumns  are no t  direct ly involved in the act of  
dr inking but  specifically underl ie  feeding behavior.  

The results of  this s tudy conf i rm the concep t  tha t  NA 
conta in ing  neurons  associated with the dorsomedia l  nucleus  
and the rostral  per i fornical  region are impl ica ted  in the act 
of  feeding [25] .  It is no t  clear whe the r  the same popula-  
t ions of  neurons  are also responsible  for  the observed 
e n h a n c e m e n t  of  NA release upon  food deprivat ion.  The 
elevation of  NA release part icularly during feeding is in 
accordance  with the obervat ion  that  low doses of  exo- 
genous NA infused in to  the forebrain of  rats are only 
effective during a meal [23] .  Al though no data on 

endogenous  adrenaline release were ob ta ined  as yet ,  adrena- 
line neurons  in the dorsomedia l  nucleus might  also be 
impl ica ted  in feeding behavior,  as suggested earlier [25] .  

The p rocedure  used represents  a chemical  m e t h o d  for 
the con t inuous  registration of  neurona l  activity in small 
areas of  the brain in unanes the t i zed  rats. Therefore ,  it is 
considered to be an alternative of  e lect rophysiological  
recording techniques  [5,18] in various types  of  experi- 
ments ,  whereas  it enables  the measu remen t  of  activity of  
part icular  types  of  neurons .  The de tec t ion  of  changes in NA 
release during feeding demons t r a t e s  that  the m e t h o d  may 
be a useful tool  in the ident i f ica t ion  of  physiological  
mechan i sms  in the central  nervous system. 
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