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LEIBOWITZ, S.F. Paraventricular nucleus: a primary site mediating adrenergic stimulation of  feeding and drinking. 
PHARMAC. BIOCHEM. BEH'AV. 8(2) 163-175, 1978. - Central injection of norepinephrine (NE) has been found to 
elicit preprandial drinking and feeding responses in the satiated rat. In the present study, 35 different brain areas, in over 
500 rats, were examined to localize the precise region of NE sensitivity. Essentially all sites outside the hypothalamus, as 
well as in the lateral portion of the hypothalamus, were relatively or totally unresponsive to NE. in the medial 
hypothalamic area, the paraventricular nucleus (PVN) was clearly distinguished as the most effective site for initiating both 
feeding and drinking with noradrenergic activation in the satiated animal. Sites greater than 0.5 mm rostral, caudal, dorsal, 
ventral or lateral to this nucleus yielded significantly smaller effects. In mildly hungry rats, NE was found to potentiate the 
ongoing feeding response, and anatomical analyses of this phenomenon showed the PVN to be most responsive, with a 
smaller but reliable potentiation occurring along the periventricular hypothalamus adjacent to the third ventricle. 
Norepinephrine injected into the lateral perifornical hypothalamic area actually produced a suppression of feeding in these 
hungry animals. These findings, together with results from other studies, converge on the medial PVN region as being a key 
link in the process of increased food and water consumption associated with increased noradrenergic activity. 
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ADRENERGIC agonists, when administered directly into 
the hypothalamus of rats, have been shown to have 
profound effects on ingestive behavior (for review, see [30, 
41, 47]).  In satiated animals, these agonists have been 
found to produce a vigorous feeding response, apparently 
mediated by alpha receptors [6, 22, 23, 43, 44, 74] ,  and a 
preprandial drinking response which involves alpha and beta 
receptors [43,44]. In hungry animals, both a potentiation 
and a suppression of feeding effect have been described, 
depending on site of injection (see DISCUSSION). As in 
satiated rats, the potentiation effect in hungry rats is 
mediated by alpha receptors [47,681; the suppressive 
effect, in contrast, is mediated by beta receptors [21, 37, 
47, 48, 56, 57].  

These observations on the effects of central adrenergic 
stimulation on food and water intake have inspired re- 
searchers to examine the question of whether adrenergic 
receptor mechanisms in the brain have a physiological 
function in the regulation of  natural ingestive behavior. In 
support of this suggestion, recent studies have been able to 
demonstrate i'eliable changes in feeding (either a po- 
tentiation or a suppression) with quite low doses of  the 
adrenergic agonists, in the low ng range [40, 44, 49 ,681 .  
Moreover, there is additional evidence that a rat's normal 
feeding behavior can be predictably altered by drugs that 

act indirectly through endogenous adrenergic mechanisms, 
either by releasing the adrenergic neurotransmitter from 
central nerve endings or by blocking adrenergic receptor 
sites (for review, see [47] ). In addition, close examination 
of adrenergically induced ingestive behaviors in satiated rats 
has revealed remarkable similarities between these elicited 
behaviors and a rat's normal ingestive behaviors [43]. The 
eating response triggered by hypothalamic adrenergic stim- 
ulation is similar in magnitude and duration to a rat's 
normal meal. Furthermore, adrenergic stimulation produces 
a drinking response which, as under normal conditions, 
immediately precedes the meal and is positively correlated 
in magnitude with the size of the subsequent meal. 

In light of this evidence for the existence of central 
adrenergic mechanisms controlling ingestive behavior, the 
present study was focused on the problem of determining 
where in the brain these adrenergic mechanisms might exist. 
With regard to the feeding response elicited by nor- 
epinephrine in satiated rats, Coury [ 11 ] obtained evidence 
suggesting a possible link between this phenomenon and the 
Papez circuit. Booth [5],  however, pointed out a specific 
site in the brain that he found to be particularly responsive 
to norepinephrine. This site, which is located just next to 
the fornix (approximately 1 mm lateral to midline) at the 
anterior hypothalamic level, has been confirmed by other 
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investigators [14, 43, 74] to be a particularly sensitive area, 
in contrast to more lateral and posterior sites in the lateral 
hypothalamus, where catecholamines and amphetamine 
have actually been found to cause a suppression of  feeding 
[37, 38, 45, 48, 56, 57].  In general, the evidence appears to 
favor the view that the medial hypothalamus is con- 
siderably more sensitive than the lateral hypothalamus with 
respect to noradrenergic stimulation of  feeding [14, 22, 
381. 

This evidence has laid the foundation for the present 
series of experiments, in which the effects on ingestive 
behavior of centrally administered norepinephrine were 
examined as a function of injection site in over 500 rats. 
Thirty-five different areas of the brain, throughout the 
mesencephalon, diencephalon, and telencephalon were 
investigated. The results of these tests have clearly dis- 
tinguished the hypothalamic paraventricular nucleus as the 
most effective site for potentiating feeding and preprandial 
drinking with central adrenergic stimulation. 

Some of the results described in this article were 
presented in preliminary form at the Third International 
Congress on Catecholamines in 1973 [40] and the 45th 
Annual Meeting of the Eastern Psychological Association in 
1974 [42].  

METHOD 

Animals 

The animals were 566 male albino Sprague-Dawley rats 
weighing 3 5 0 - 4 0 0  g at the start of the experiment. They 
were housed individually and maintained and tested, in 
their home cages, on Purina lab chow pellets and tap water. 
Most rats were tested while food- and water-satiated, 
although in one experiment the animals were tested after 
mild overnight deprivation during which 80% of their  
normal food intake was made available. The animals were 
kept on a constant light-dark cycle, with the 12-hr light 
phase beginning at 6:00a.m.  followed by a 12-hr dark 
phase. 

Surgery 

Each rat was stereotaxically implanted under Nembutal 
anesthesia with a chronic unilateral cannula. These cannulas 
(made from 23- or 26-gauge hypodermic needles), which 
had a screw-on protective cap and an inner stylette as 
described elsewhere [431, were aimed at one of 35 
different regions in the brain and were fixed in place on the 
top of the skull with acrylic cement and stainless steel 
hooks penetrating the bone. All drugs were injected directly 
into the brain via these implanted cannulas. 

General Test Procedure 

The rats were given 2 weeks of postoperative recovery 
before testing was started. During this period, they were 
frequently handled and mock-injected in order to adapt 
them to the test procedure. The drug tests were conducted 
in the morning (approximately 10:00 a.m.) every 2 or 3 
days. During a l-hr pretest period, the rats (with the 
exception of those tested after mild food deprivation) were 
given fresh food and water, to insure maximal satiation, and 
were handled and mock-injected at least once during this 
period. At the end of this pretest hour, the rats were 
injected with the drug vehicle (0.5 ul of sterile physiological 
saline) and then immediately given measured pellets and/or 

water. The water was made available through calibrated 
tubes with drinking nozzles, and measurements of water 
consumption were taken 10 and 30 min after injection. The 
measured food was placed in a corner of the cage with 
measurements being recorded 30 min after injection. The 
food lost through spillage was added to the unconsumed 
total. There was no apparent spillage of water. At the end 
of this 30-rain saline control test, the rats received 
injections (0.5-ul) of l-norepinephrine-d-bitartrate (NE) 
dissolved in physiological sterile saline (0.9%). A test 
identical to that just described for saline alone was then 
carried out for the adrenergic agonist. 

In one experiment, the rats were tested after mild food 
deprivation; that is, the test began after a 24-hr period 
during which only 80% of the rats' normal food intake was 
made available. The purpose of these tests was to examine 
the effect of NE in slightly hungry animals which had just 
initiated a meal. For this experiment, NE or saline was 
injected in a counterbalanced sequence (ABBA). Food and 
water intake were measured 30 min after injection. 

Except where indicated, statistical evaluations of the 
results were based on a two-tailed t-test for dependent 
means. The saline baseline food intake scores for the 
satiated rats were generally near zero (between 0.0 and 
0.4 g). The water intake scores during the first 10 min were 
almost always zero. For the mildly deprived rats, the 
meal size exhibited during the saline control test varied 
between 1.6 and 2.1 g. 

Histology 

To determine the precise placement of the brain 
cannulas, the rats at the termination of each experiment 
were sacrificed under Nembutal anesthesia and perfused 
with saline and a 10% buffered Formalin solution. Their 
brains were removed from the skull, and frozen sections of 
50 ~ were cut and then stained with cresyl violet. The 
location of the cannula tips was determined according to 
the atlas of KSnig and Klippel [35]. 

EXPERIMENT 1 : MAPPING OF NE-ELICITED FEEI)ING 

This experiment examined the NE-elicited eating re- 
sponse in satiated rats as a function of the injection site in 
the brain. A total of 357 rats were used. Each animal was 
implanted with a unilateral chronic cannula aimed at a 
single site within the mesencephalon, diencephalon, or 
telencephalon. The rats were then subjected to approx- 
imately 6 tests (one every 2 or 3 days), in which saline and 
then NE (at a moderately high of 40 nmoles) were injected 
as described in the METHOD section. Only food was 
available during these tests, and the rat's latency to eat after 
injection, as well as their total food consumption after 
30 min, was recorded. 

Results and Discussion 

A total of 35 brain areas were tested in this experiment. 
The sensitivity of these areas to exogenous NE, with respect 
to its elicitation of feeding effect in satiated animals, is 
diagrammatically illustrated in Fig. 1. Each area is re- 
presented by a circle with a number enclosed. Between 6 
and 20 rats had cannulas aimed at a particular area, and the 
number within each circle indicates the magnitude of the 
average feeding response (in grams) produced in these rats 
by NE injection at that site. (Saline baseline score was 
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FIG. I. Schematic representation of  central injection sites for 
norepinephrine and its st imulatory effect on feeding behavior in 
satiated rats (N = 357). Each site is represented by a circle with a 
number enclosed. Between 6 and 20 rats had cannulas aimed at a 
particular area, and the number wi thin each circle indicates the 
magnitude of  the average feeding response (in grams) produced in 
these rats by norepinephrine (40 nmoles) injected at that site. 
(0 = 0.0 to 0.5; 1 = 0 .6 -1 .5 ;  2 = 1.6 to 2.5; 3 = 2 .6 -3 .5 ;4  = 3.6 to 
4.5.) Sagittal sections and abbreviations are derived from K6nig and 
Klippel's atlas of the rat brain [35]. Abbreviations within hypo- 
thalamus: fm, nucleus paraventricularis pars magnocellularis; fp, 
nucleus paraventricularis pars parvocellularis; ha, nucleus anterior; 
hd, nucleus dorsomedialis; hvm, nucleus ventromedialis; hp, nucleus 
posterior; hi, nucleus lateralis; so, nucleus supraopticus; ZI, zona 

incerta; F, fornix; H~ and H 2 , Forel's field. 

generally less than 0.4 g). In general, it appears from these 
results that the feeding response induced by centrally 
injected NE in satiated rats is a site-specific phenomenon,  
with the hypothalamic paraventricular nucleus (PVN) and 
its vicinity being strongly distinguished as the site of 
greatest sensitivity. 

Essentially all sites outside the hypothalamus (tested in 
183 rats) were found to be relatively or totally un- 

responsive to NE. The totally insensitive structures included 
(from anterior to posterior) the nucleus accumbens septi, 
caudate-putamen, medial and lateral septum, interstitial 
nucleus of the stria terminalis, lateral preoptic area, and 
caudal regions at the midbrain-hypothalamic juncture and 
within the medial and lateral midbrain tegmentum. (Not 
shown in Fig. 1 are two placements aimed at the anterior 
and posterior portion of the central amygdaloid nucleus. In 
confirmation of Grossman's earlier work [24],  NE at these 
sites was also ineffective in initiating feeding.) A small to 
moderate response (reliable at least at p<0.05) could be 
observed with NE injection into the hippocampus, peri- 
ventricular nucleus of the thalamus, and the third ventricle 
(at the level of the preoptic area). The effectiveness of these 
ventricular or periventricular sites is most probably due to 
the spread of NE to the sensitive area (see below and 
GENERAL DISCUSSION). 

Within the hypothalamus itself (N = 174), all but two 
lateral sites (that is, sites lying 1.3 mm or more lateral to 
the midline) were found to be unresponsive to NE. The two 
exceptions, the supraoptic nucleus and the dorsolateral 
hypothalamus at the level of the PVN, yielded a small but 
reliable enhancement of 1 g. This pattern of lateral hypo- 
thalamic insensitivity contrasts dramatically with the effec- 
tiveness of medial hypothalamic injection of NE. While the 
posterior hypothalamus appeared unresponsive, a small to 
moderate increase of food consumption was observed after 
NE administration into the anterior, ventromedial, and 
dorsomedial regions, as well as the medial preoptic area. By 
far the largest and most consistent response, however, was 
observed after NE injection directly into the PVN. An 
increase of 4 g (p<0.001), consumed in approximately 
15 rain, was produced by NE in rats with cannulas aimed at 
this structure. This contrasts with the somewhat weaker 
response ( 1 - 3  g increase) produced in rats with cannulas 
just rostral, caudal, dorsal, ventral, or lateral to this nucleus. 
The injection site just lateral to the PVN, which yielded a 
3 g response, represents the perifornical site (perhaps 
slightly caudal) originally described by Booth [5] and 
subsequently tested by several other investigators [14, 43, 
741. 

From these results, it appears that the PVN or its 
immediately surrounding tissue might be NE's primary site 
of action for eliciting feeding in satiated rats. While 
somewhat smaller eating responses can be observed with 
injection into structures outside the PVN, the gradual 
decrease in the magnitude of this response with increase in 
distance from the PVN suggests that the apparent 
sensitivity of other structures might be attributed to the 
diffiusion of NE to the PVN (see GENERAL DIS- 
CUSSION). Evidence to support this suggestion is provided 
by additional results showing the rats' latency to respond to 
NE. The longest latency (6.5 min, ranging from 3 to 
10 min) characterized the eating response elicited by NE 
injection into structures further than 1 mm from the PVN. 
A shorter latency of 4.5 min (ranging from 2.5 to 8.0 min) 
was obtained from structures within a l-mm radius of the 
PVN (see [431), while an even shorter latency 2.5 min, 
ranging from 1.5 to 4.5 min) was obtained from the PVN 
itself. In these PVN animals, behavioral signs indicative of 
the onset of a meal (such as searching for or handling the 
food) were observed prior to this time, approximtely 
1.2 min after injection. We have observed even shorter 
latencies (30 sec or less) in animals that were undisturbed 
during the NE injection procedure (that is, injected 
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remotely) rather than being handled during this process as 
is usually done when large numbers of  animals are being 
tested, it should perhaps be noted that no water was 
available during these tests on food intake. The presence of  
water will frequently delay the feeding response, by 
allowing initial drinking to occur [43 ]. 

EXPERIMENT 2: FURTHER ANALYSIS 
OF PVN SENSITIVITY TO NE 

The NE mapping results obtained in Experiment 1 
clearly demonstrate the largest NE-elicited feeding response 
and shortest latency to respond after injection into the 
dorsomedial portion of the anterior hypothalamic region. 
While the evidence is indicative of  PVN involvement in this 
response, the limitations of the cannula-injection technique, 
with regard to the extent of drug spread from the site of 
injection (see GENERAL DISCUSSION), preclude any firm 
conclusions on whether the tissue sensitive to NE lies 
within the boundaries of the nucleus or somewhere in its 
vicinity. 

To provide insight into this question, additional animals 
were tested (N = 60; between 11 and 15 for each injection 
site) in which small adjustments in the cannula placements 
were made along the ventral and lateral border of  the PVN 
as well as within the rostral and caudal portions of this 
nucleus. For these tests (identical to those of  Ex- 
periment 1), a smaller, 26-gauge, cannula was used to 
minimize damage and drug spread at the injection site. 
Furthermore, only 4 tests with NE (40 n m o l e s ) w e r e  
conducted to further reduce the trauma to the brain tissue. 
Although these precautions would not be expected to 
eliminate the problems associated with the cannula- 
injection technique, they might facilitate the process of 
detecting small differences in the sensitivity to NE of 
various parts of the PVN and its immediate vicinity. This 
experiment was used further to identify the precise 
stereotaxic coordinates for implanting a cannula aimed at 
the most responsive site. 

Results and Discussion 

In Fig. 2, the behavioral findings of this experiment are 
illustrated on a frontal section of the rat brain (A5340 u 
according to K6nig and Klippel [35])  at the level of  the 
PVN. In Fig. 3, brain photomicrographs (frontal sections) 
are presented showing the injection sites for 6 of the rats 
used in this study. The results obtained from this analysis 
confirm the responsiveness of  the anteromedial hypo- 
thalamus to NE injection. Furthermore, they indicate that 
the most sensitive tissue may lie within the borders of the 
PVN itself, as opposed to along its lateral, ventral, or caudal 
edges. 

As demonstrated in Figs, 2 and 3, injection sites aimed 
at the dorsomedial portion of the PVN (see Fig. 3a and b) 
yielded the largest eating response of approximately 4.2 g 
after NE administration. A small movement of the cannula 
(0.5 mm) to the dorsolateral edge of  the PVN, just medial 
to the fornix (Fig. 3c), was apparently sufficient to reliably 
reduce (at p<0.05)  the average meal size to 3.3 g. A 
somewhat smaller meal, 2.9 g, was generally observed in a 
slightly more lateral placement just on top of the fornix 
(Fig. 3d). (This perifornical placement is the same as that 
examined in our previous studies on NE-elicited ingestive 
behavior [43,44].) Further movement of the cannula 

5.5 
FIG. 2. Frontal diagram of the rat brain based on K6nig and 
Klippel's atlas of the rat brain [35] illustrating food intake scores 
(grams averaged over 4 tests) obtained after norepinephrine in- 
jection into 5 sites at the level of the paraventricular nucleus 
(A 5340 ~). Between 11 and 15 rats had cannulas aimed at each site 
indicated by a filled circle (o). All feeding scores reached statistical 
significance at least at p<O.01, with the exception of 0.9 g in the 
lateral hypothalamus, which was statistically unreliable. The food 
intake score for the dorsomedial portion of the paraventricular 
nucleus (4.2g) was reliably greater (at least at p<0.05, as 
determined via independent t-test comparisons) than all other scores 

presented in this figure. For abbreviations, see legend to Fig. 1. 

lateral to this site (Fig. 3e) or ventral to the PVN (Fig. 3f) 
revealed a dramatic decrease in responsiveness, with meal 
size averaging 0.9 and 2.1 g, respectively. These results 
clearly distinguish the PVN, apparently its dorsomedial 
portion, as being the most sensitive area for stimulation of 
feeding with noradrenergic activation. Further dissection of 
the results along the anterior-posterior plane indicates that 
injection sites within the rostral or middle portion of the 
PVN are slightly more responsive than those lying along its 
caudal edge. Animals with cannulas terminating at levels 
A5660u  and A5340u  [35],  within or just lateral to the 
PVN, tended to eat approximately 0.5 g more than those 
with cannulas aimed between A5340u  and A4890u  
(immediately caudal to the PVN). 

With regard to the stereotaxic coordinates for the 
placements, we have generally implanted the cannulas with 



P A R A V E N T R I C U L A R  N U C L E U S  AND NE E F F E C T S  ON INGESTION 167 

FIG. 3. Photomicrographs of frontal sections of  the rat brain showing representative injection sites (indicated by arrows) for 
animals with unilateral cannulas aimed at: the paraventricular nucleus (a,b), just lateral (c) or ventral (f) to the nucleus, and at 
the fornix (d) or just lateral to the fornix in the lateral hypothalamus (e). See Fig. 2 for diagrammatic representation of these 

injection sites and and their respective behavioral sensitivity to norepinephrine. 

the  t op  o f  the  inc isor  bar  3.1 m m  above  the  cen te r  of  the  
aural  bars. Using this  angle,  the  mos t  ef fec t ive  coo rd ina t e s  
for  a iming  a cannu la  d i rec t ly  at  the  do r somed ia l  po r t i on  of  
the  PVN in adu l t  male  ra ts  were as fol lows:  0.3 to  0.8 m m  

caudal  to  bregma,  0.2 to  0.4 m m  lateral  to  the  midl ine ,  and  
8.1 to  8.3 m m  vent ra l  to  the  surface of  the  skull.  ( F o r  
r ou t i ne  tes t ing,  we f r e q u e n t l y  a im the  cannu la  at  the  ros t ra l  
t ip of  the  PVN,  t h a t  is, 0 .0 to  0.3 m m  caudal  to  b regma,  to  
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minimize direct damage to the nucleus. We also use the 
more lateral p lacement  (0.4 mm lateral) to avoid pen- 
e t ra t ing the saggital sinus). In a group of  15 rats, we 
a t t emp ted  to convert  these coordinates ,  for implanta t ions  
to be per fo rmed  with the skull fiat. These prel iminary trials 
with a change in head angle indicate the effect ive co- 
ordinates  to be: 1.3 mm caudal to bregma, 0.3 mm lateral, 
and 7.8 mm ventral to skull surface. This p lacement ,  also 
aimed direct ly at the PVN, yielded a NE feeding response 
similar in magni tude  to that  obta ined with the rat 's head at 
an angle. 

EXPERIMENT 3: MAPPING OF 
NE-ELICITED DRINKING 

In addi t ion to eliciting a feeding response, NE injected 
into the rostral hypotha lamus  has also been f requent ly  found 
to elicit a small, rapid drinking response (generally be tween  
1 and 4 ml) which occurs  during the first few minutes  prior 
to the ini t iat ion o f  eating [43] .  This preprandial  drinking 
can occur  independent ly  of  the feeding response, that  is, in 
the absence of  food.  However ,  it appears to be closely 
associated with the feeding process, since when food is 
present,  it immedia te ly  precedes the onset  of  eating and the 
magni tude of  each rat 's drinking response is posi t ively 
correlated with the magni tude  of  his feeding response [43 ]. 

In the present exper iment ,  this preprandial  drinking 
response was examined  in a number  of  the rats used in 
Exper iment  l (on feeding),  to de termine  whether  the 
association,  in magni tude and tempora l ly ,  of  these NE- 
elicited ingestive responses might actually reflect  an 
anatomical  cont igui ty  of  the mediat ing receptor  systems. In 

this s tudy,  the rats (N = 75) were subjected to 4 addit ional  
tests with NE (40 nmoles) in which their  latency to drink, 
as well as the amount  of  water  drunk within 10 min after  
inject ion,  was recorded.  For  these tests, only water  was 
made available. As described previously [43 ] ,  when food is 
also present,  the drinking response is somewhat  reduced in 
magni tude (that  is, premature ly  terminated) ,  apparent ly 
due to the compet i t ive  stimulus to eat. 

Resu l t s  and  Discussion 

These results of  these tests clearly indicate that  the 
NE-elicited preprandial  drinking response can be obtained 
only f rom sites in or  near to the PVN. The anatomical  
mapping of  sensitivity to NE reveals similar results for 
elicited feeding and drinking, with the magni tude of  the 
drinking response diminishing more rapidly with increased 
distance from the PVN. 

As with NE-induced feeding, essentially no drinking was 
observed af ter  NE injection into ext ra-hypotha lamic  sites, 
nor into lateral or caudal hypotha lamic  sites. Within the 
medial,  rostral por t ion of  the hypotha lamus ,  in contrast ,  
NE induced a reliable drinking response at several sites, 
with the strongest effect  (4.1 ml in approximate ly  3.7 min) 
occurr ing in the PVN. In Table 1, the effect iveness of  this 
site can be seen relative to the reliable but  smaller responses 
detected after  inject ion into sites just anterior ,  lateral, or 
dorsal to the nucleus, and the statistically unreliable effects  
which occurred in the vent romedia l  and dorsomedial  nuclei 
and with inject ion into the third ventricle.  By comparing 
these drinking scores with the same rats '  NE feeding scores 
obta ined in Exper iment  1 (also shown in Table 1), a quite  

T A B L E  1 

NOREPINEPHRINE-ELICITED DRINKING AND FEEDING AS A FUNCTION OF HYPOTHA- 
LAMIC INJECTION SITE 

Water and food intake after 
norepinephrine injection 

Hypothalamic Relative to N Water Food 
injection site Paraventricular (ml ± SEM) (g _+ SEM) 

nucleus 

Paraventricular 
nucleus 

Rostral border of Anterior 
paraventricular 
nucleus 

Perifornical Lateral 

Nucleus Reuniens Dorsal 

Ventromedial Ventral, and 
nucleus Posterior 

Third Ventricle Dorsal, and 
Anterior 

Dorsomedial Posterior 
nucleus 

12 4.1 _+ 0.55 4.3 ±0.45 

14 3.2 ± 0.65 3.4 +-- 0.45 

13 2.7 ± 0.75 3.3 _+ 0.85 

9 1.8 ± 0.5t" 2.4 ± 0.5* 

10 1.0 + 0.4 2.3 _+ 0.6* 

8 1.3 -'- 0.7 2.1 -'- 0.6t 

9 0.2 -+ 0.1 1.8 -+ 0.6* 

Two-tailed dependent t-tests comparing saline (generally near zero) and norepinephrine 
scores. 

*p<0.05. 
tp<0.0l .  
l:p <0.001. 
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similar pattern of sensitivity can be seen. However, as is 
generally found to be the case, the feeding response 
appeared to be somewhat more robust than the drinking, as 
indicated by the reliable feeding that occurred at three 
medial sites where drinking could not be observed. 

The food and water intake scores presented in Table 1 
were found to be positively correlated (r = +.96, p<0.001)  
as a function of injection site. This anatomical association 
suggests that the noradrenergic receptor systems mediating 
these two ingestive behaviors may be contiguous, if not one 
and the same system. The dissociation of these two 
responses at the three sites where only feeding could be 
observed most probably reflects their differences in ro- 
bustness or threshold sensitivity, which in turn may be due 
to differences in receptor density or sensitivity. As just 
mentioned above, the feeding response is more readily 
elicited than the drinking response at high NE doses, and, as 
revealed by tests with very low NE doses [43,49],  the 
feeding can be initiated by lower threshold doses (approx- 
imately 4 ng) than the drinking (approximately 18 ng). 

While the positive correlations between the two re- 
sponses, both within a given animal [43 ] and as a function 
of injection site (Table 1), might reflect an anatomical as 
well as a functional link between them, there are two pieces 
of evidence which have dissociated these two phenomena 
both pharmacologically and hormonally. The pharma- 
cological finding is that beta-adrenergic blockers are 
effective in antagonizing the drinking without affecting the 
feeding [44].  The hormonal dissociation was detected in 
hypophysectomized animals in which the eating was 
abolished while the drinking remained unaffected [52],  
This dissociation of the two NE ingestive responses is 
interesting in light of the iontophoretic results of Moss 
etal. [61] who have distinguished two types of NE- 
sensitive units within the PVN. These investigators found 
NE to inhibit the firing of PVN neurons directly linked to 
the pituitary (as determined via antidromic stimulation) but 
to excite other neurons which appeared to be independent 
of the pituitary. 

From these results, it seems that in the satiated animal, 
the PVN is NE's primary site of action for preprandial 
drinking behavior, as well as for eating behavior. Consistent 
with these mapping results are the scores obtained for the 
latency to respond after drug administration. When injected 
into the PVN, NE elicited a drinking response within 
approximately 0.8 min (ranging from 0.3 to 1.5 min) after 
injection, This relatively short latency contrasts with that 
observed after injection into sites just anterior or lateral to 
the PVN. At these sites, a somewhat weaker response was 
elicited (see Table 1) after a longer latency of 1.7 min 
(ranging from 0.9 to 2.6 min). These findings confirm our 
earlier results obtained with injection into the perifornical 
area of  the anterior hypothalamus [43].  

EXPERIMENT4: NEEFFECTS 
ON FEEDING IN HUNGRY RATS 

In addition to eliciting eating in satiated rats (as in 
Experiments 1 and 2), NE has been shown to potentiate the 
ongoing feeding response exhibited during a normal, spon- 
taneously initiated meal [68] or as a result of  deprivation- 
induced hunger [40,47]. The present series of tests in 
slightly food-deprived animals was designed to determine 
whether the NE enhancement of eating effect in already 

hungry rats is similar, in terms of its anatomical properties, 
to the NE-elicited feeding in satiated rats. Is the antero- 
medial hypothalamus, specifically the PVN, the site of 
greatest effect? 

Four different anterior-posterior levels, extending from 
the preoptic area to the paraventricular and ventromedial 
nuclei and, finally, to the posterior hypothalamus, were 
examined (see Table 2). At each of these levels, unilateral 
cannulas were directed toward a medial site (0.3 mm lateral 
to the midline) or a lateral site (1.6 mm lateral to the 
midline). As determined histologically at the end of the 
experiment, the depth of these cannulas (see Table 2) 
generally placed the medial ones close to or within the 
structures indicated in the Table, and lateral cannulas (with 
the exception of the lateral preoptic area) alongside the 
fornix. All animals (N = 74; between 8 and 10 at each 
injection site) were tested with NE (40 nmoles) or saline, in 
counterbalanced order, after a 24-hr period of mild (20%) 
food deprivation. When food was made available to these 
animals, this deprivation schedule caused them, on saline 
tests, to initiate a discrete meal between 1.6 and 2.1 g in 
size and lasting between 10 and 15 min. Food intake was 
measured 30 min after drug injection and food pre- 
sentation. Water was made available, but drinking results 
are not presented. A total of 8 tests, 4 with NE and 4 with 
saline, were conducted. 

Results and Discussion 

As can be seen in Table 2, the responsiveness to NE of 
slightly hungry rats exhibits an anatomical pattern similar 
to that observed in satiated animals. The PVN, where NE 
increased the meal size of hungry animals by 165%, was 
once again distinguished as the most sensitive region. 

Two additional findings should be noted. First, the 
medial brain area sensitive to NE after mild food de- 
privation appeared to extend somewhat beyond that 
observed in satiated animals (Experiment 1 ). While the PVN 
was clearly the most effective site in both satiated and 
already hungry animals, the medial structures rostral and 
caudal to the PVN (those indicated in Table 2) appeared 
somewhat more sensitive in the hungry rats (see also [38] ). 
For example, in these rats, NE significantly increased the 
size of an ongoing meal after injection medially into the 
rostral portion of the preoptic area or the posterior 
hypothalamus. In the satiated animal, however, no reliable 
effect of NE in initiating a meal was detected at these sites 
(Fig. 1). These results suggest that, due either to behavioral 
or to physiological factors, a lower threshold of sensitivity 
to NE may exist during the course of a meal, in comparison 
with preceding a meal. 

The second point pertains to the effect of NE in the 
lateral hypothalamic regions. Our failure to obtain a 
stimulatory effect of NE in these areas of hungry rats 
(Table 2) confirms our results obtained in satiated rats 
(Fig. 1). In addition, however, we actually found NE in 
these lateral perifornical areas to cause the opposite effect, 
namely, a suppression of feeding. (In satiated rats, the low 
food intake baseline prevented this effect from being 
revealed.) This latter phenomenon appeared strongest at the 
level of the PVN and the ventromedial nucleus and, 
although small, reached statistical significance lateral to the 
PVN. This suppressive effect, which has been described 
previously (see [47]),  is considerably more pronounced 
with the adrenergic agonist epinephrine, which appears to 
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TABLE 2 
NOREPINEPHRINE IN MILDLY FOOD-DEPRIVED RATS: EFFECT ON MEAL SIZE AS A FUNC- 

TION OF I-IYPOTI-IALAMIC INJECTION SITE 

Percent Change in Meal Size't 
Identifying Anterior-Posterior Ventral Medial Lateral 
Structure Level* Extent* Cannula Cannula 

(0.3ram) (1.6 re_m) 

Preoptic area A 6860/z -1.9 + 42~t -12 
Paraventricular A 5340/.L -2.0 + 165§ -29~t 
nucleus 

Ventromedial A 4380/z -3. I + 86:~ -25 
nucleus 

Posterior A 3750/z -2.9 + 58~t -17 
hypothalamus 

*Based on Konig and Klippel's [35] arias of the rat brain. 
tMeal size after saline injection ranged from 1.6 to 2.1 g. Percent change was calculated from 

the ratio of amount eaten after norpeinephrine injection to amount eaten after saline. 
Norepinephrine and saline scores were each averaged over 4 tests given and then statistically 
compared by a two-tailed dependent t-test. There were between 8 and 10 rats with cannulas 
aimed at each injection site. 

~tp<0.05. 
§p<0.001. 

exert its effect through a beta-adrenergic receptor [37,48],  
and in animals pretreated with a monoamine oxidase 
inhibitor [51].  It also occurs with dopamine via a dop- 
aminergic receptor (see [48] for review), as well as with 
amphetamine, which acts through the release of endo- 
genous catecholamines [46 ]. 

GENERAL DISCUSSION 

Each of the four experiments just described clearly 
indicates that the PVN in the rostral hypothalamus is the 
most effective site for stimulating ingestive behavior with 
noradrenergic activation in the rat. The largest feeding and 
preprandial drinking responses were observed after NE 
injection into this nucleus of satiated rats; in slightly 
hungry rats, the strongest potentiation of an ongoing 
feeding response was also obtained at this site. The latency 
to respond was clearly shortest after NE stimulation of the 
PVN, and, as shown in some additional experiments with 
this agonist [49] ,  this brain region has exhibited the lowest 
threshold of sensitivity in terms of the minimum drug dose 
(less than 4 ng for feeding and 18 ng for drinking) required 
to produce a reliable response. 

The credibility of these mapping results, in terms of 
their implicating a discrete brain region in the mediation of 
a central drug effect, rests heavily on the question 
concerning the extent of NE spread from its injection site. 
There have been extensive discussions of this question in 
the literature (for review, see [62,70]),  and, while a few 
points remain unresolved, it seems that when a relatively 
small injection volume is used (1.0 ul or less), a spread of 
approximately 1 mm in diameter can be expected to occur 
at the injection site, in addition to some drug spread up 
along the cannula shaft and into the ventricle. 

In all of the studies published to date on this topic, 
compounds other than NE were tested. Since the pattern of 
spread may be expected to vary depending on the drug 
injected, as well as the site of injection, it seemed 
important for our purposes to examine specifically the 

spread that occurs with NE injection into behaviorally 
responsive hypothalamic areas. With this goal in mind, John 
L. Gerlach in the laboratory of Dr. N. E. Miller here at 
The Rockefeller University used the autoradiographic pro- 
cedure, similar to that described by Gerlach and McEwen 
[17],  to analyze the spread of 3 H - N E  after injection into 
the perifornical hypothalarnus along the lateral surface of 
the PVN. For these tests, NE was injected at a moderately 
high and behaviorally effective dose of 20 nmoles in a 
volume of 1 pl, and the animals were sacrificed a few 
minutes later at the onset of eating. 

Preliminary results of this analysis can be found in 
Fig. 4, which illustrates two of the five brains analyzed to 
date. Within a week after cannula implantation (when the 
rats were generally sacrificed), a pocket of necrotic tissue is 
found to develop around the tip of the cannula. The 
diameter of this pocket (approximately 0.8 mm) is slightly 
larger than the outer diameter of the 23-gauge cannula 
(0.64 mm). After injection of 3H-NE,  a highly con- 
centrated area of radioactivity can be seen at the cannula 
tip, remaining to a large degree confined within the necrotic 
area, although spreading slightly beyond the perimeter by 
0.1 to 0.2 mm. Thus, the total spread at the tip of the 
cannula (after a 1-~1 injection) appears to be in the order of 
approximately 1 mm. This finding is supportive of our 
behavioral results demonstrating clear differences in re- 
sponsiveness with l-ram shifts in the injection site. With 
smaller cannulas and injection volumes, greater sensitivity 
in terms of diffentiating brain areas less than 1 mm apart 
may possibly be achieved. Such was apparently the case in 
Experiment 2 in which small but detectable behavioral 
differences were observed with approximately 0.5-mm 
changes in cannula placement relative to the center of the 
PVN. 

In Fig. 4, some additional spread of NE can be seen 
along the outer surface of the cannula shaft, subsequently 
into the ventricles through which the cannula generally 
passes. The ingestive responses elicited by NE injection into 
the PVN, however, do not appear to be attributed to this 
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FIG. 4. Autoradiograms of 3H-norepinephrine after injection into the perifornical hypothalamus, at the level of 
ttae paraventricular nucleus (see Fig. 3d), through chronically implanted brain cannulas in two rats. See Gerlach 

and McEwen [17] for details of autoradiographic procedure and text for experimental protocol. 

route of spread. While NE injected directly into the lateral 
or third ventricles elicits reliable eating (see Fig. l and 
[2,3]), this response is considerably smaller than that 
observed with direct PVN injection ; it occurs after a longer 
latency; and it is not associated with the PVN preprandial 
drinking response (Table l ). Furthermore, dramatic changes 
in sensitivity to NE (see Figs. l and 2 and Table l ), or even 
reversal of its predominant effect to a feeding suppression 
(Table 2), can be observed with cannula shifts that maintain 
the position of the cannula relative to the third or lateral 
ventricles but increase its distance relative to the PVN. The 
reduced sensitivity of sites near to the PVN, in particular 
the perifornical, ventromedial, and dorsomedial hypo- 
thalamic areas, may reflect either a reduced number of 
receptors situated at these sites outside the PVN or the 
spread of  NE from these areas to the PVN. While the 
available evidence does not permit a definitive choice 
between these alternatives, the latter possibility seems most 
likely since cannulas aimed at the ventromedial area 
generally pass through or near to the PVN; the perifornical 
and dorsomedial areas lie only 0.5 mm or so from the PVN; 
and, most importantly, injection sites just lateral to these 
structures which border the PVN (Figs. I and 2) were 
relatively unresponsive to noradrenergic stimulation. The 

small feeding response elicited in the hippocampus or the 
thalamic periventricular area may also be due to drug 
spread to the PVN, in this case very probably via the 
ventricles. 

In addition to initiating feeding in satiated rats, NE in 
the mildly hungry rat was found to increase the strength of  
an ongoing feeding response. Our mapping analysis of this 
phenomenon indicated its focal point of sensitivity to be 
the PVN, just as with NE-elicited feeding. In hungry 
animals, however, we were able to detect a somewhat wider 
area of NE receptivity, extending rostral and caudal along 
the medial hypothalamus into sites where NE generally 
failed to initiate feeding in satiated rats. This finding is 
consistent with the results of  a recent study [68] in which 
NE was shown to be more effective (that is, effective at a 
lower threshold dose) in potentiating a normal, spon- 
taneously initiated meal than in eliciting a new meal in a 
nonfeeding animal. Thus, in both this and the present 
study, normal or deprivation-induced hunger was found to 
be associated with an increase in responsiveneness to NE. 
While this enhancement may simply reflect a greater 
behavioral receptivity in animals already in the process of  
feeding, it may also reveal a physiological change in the 
brain, perhaps at the synaptic level, which develops with 
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increased hunger. This change may involve an increase in 
release of endogenous NE (such as in [591) or an increase 
in receptor sensitivity or number (such as in [69]). Both 
changes would be expected to potentiate the action of 
exogenous NE, and this increased effectiveness may be 
revealed either by a lower threshold dose or by a wider 
brain area over which NE may effectively diffuse. In the 
present study in hungry rats, the wider area of NE 
receptivity, extending beyond the PVN along the medial 
hypothalamus, may simply reflect an increase in receptor 
sensitivity within the PVN itself. This receptor change 
would yield a greater response of the nucleus to lower 
concentrations of NE spreading from more distant injection 
sites. An additional possibility, however, is that with 
increased levels of hunger a wider range of adrenergically 
innervated brain tissue may actually become more actively 
involved. Such a recruitment may help to initiate the 
necessary regulatory responses for restoring normal energy 
balance. 

Thus, from the present study, it still remains an open 
question whether NE stimulation of feeding involves 
predominantly thc PVN, or whether a more extended 
medial area, with the PVN as its focus, also plays a role. 
Histochemical or biochemical assays of catecholamine 
neurons in the hypothalamus (NE and epinephrine) have 
revealed a particularly rich innervation of the PVN as well 
as the periventricular regions of the hypothalamus [32, 33, 
53 -55,  63, 64, 77, 78].  it is possible therefore that a more 
extended area within the periventricular zone may become 
involved with increased levels of hunger. In light of these 
findings, it is important to mention the recent studies of 
Martin and Myers [59] in which the push-pull cannula 
technique was used to measure the efflux of '* C-labeled 
endogenous NE during a normal meal in a hungry animal. 
These authors found that, in the feeding rat, a reliable 
increase in the efflux of ,4 C - N E  occurred in the anterior 
portion of the third ventricle, at the level of the para- 
ventricular nucleus as well as caudal towards the ventro- 
medial nucleus (Myers, personal communication). No 
change in NE was observed in the lateral ventricle, nor in 
the region of the anterior hypothalamus. These findings, 
together with the results of our mapping studies, converge 
on the medial PVN region as being a key link in the process 
of increased noradrenergic activity associated with in- 
creased food consumption in the rat. This relationship may 
be reflected in the finding of Cruce et al. [13] that 
genetically obese Zucker rats have decreased NE content 
specifically in the PV N, possibly as a result of increased NE 
release associated with insufficient acceleration of syn- 
thesis. 

Further evidence which points toward the rostral hypo- 
thalamus, perhaps the PVN, as being crucial in the 
regulation of feeding are the results obtained with knife 
cuts and lesions. Lesions in the area of the ventromedial 
nucleus are known to produce overeating and obesity (see 
[26] ). This effect, however, is believed not to involve the 
nucleus itself but to be due to tissue damage rostral (in the 
anterior hypothalamus) and perhaps immediately lateral to 
the nucleus [19].  The relationship of this effect to the PVN 
noradrenergic mechanism for stimulating feeding is not 
clear at this time, although it has been demonstrated that 
feeding elicited by NE injection into the perifornical region 
can be abolished by ventromedial hypothatamic lesions 
[29]. In this study, not all ventromedial lesions were 
effective in antagonizing the NE response, nor was there a 

clear relationship between NE blockade and the de- 
velopment of obesity, which typically results from this 
lesion. In light of our evidence pointing toward a PVN or 
periventricular location of the crucial adrenergic receptors, 
the disruption of NE's feeding effect after ventromedial 
hypothalamic lesions most probably does not reflect direct 
damage to these receptors. 

Alternative explanations of this phenomenon may be 
found in the hormonal consequences of the lesion (that is, 
disruption of pituitary function), in the possible de- 
struction of fibers of passage, and/or the damage to specific 
PVN afferents or efferents linking the brain and the 
peripheral autonomic nervous system [16, 20, 26, 671. 
Feeding elicited by hypothalamic injection of NE has 
been found to be dramatically altered by changes in 
circulating adrenal hormones [50,52]. Furthermore, 
changes in autonomic function has been observed after NE 
injection [8,75],  and the elicited feeding response is found 
to be abolished by surgical and pharmacological blockade 
of the vagus nerve [Leibowitz, unpublished observations]. 
It is interesting to note that while ventromedial lesions in 
the Herberg and Franklin study were effective in antag- 
onizing the NE-elicited feeding response, lesions placed just 
lateral to these, in the lateral hypothalamic region, ap- 
peared to have little effect on the response [3]. In this 
latter study, NE was injected into the ventricles, and the 
elicited adrenergic feeding response remained intact even in 
some rats which were generally aphagic as a result of the 
lesion. This evidence is consistent with our findings that NE 
has little stimulatory action (or even produces a suppressive 
effect) after injection directly into the lateral hypo- 
thalamus (Fig. 1 and 140]). 

In addition to the above effect observed with medial 
hypothalamic lesions, parasagittal knife cuts aimed between 
the medial and lateral hypothalamic regions have also been 
found to produce overeating [26].  Interestingly, as with 
the NE- and lesion-induced eating phenomena, the most 
effective site for increasing food intake with parasagittal 
cuts appears to be at the level of the PVN [18, 66, 72]. 
Coronal knife cuts also produce hyperphagia and increase 
weight gain [1, 25, 731 and this effect, which can be 
observed with cuts in the midbrain as well as throughout 
the hypothalamus, disappears immediately rostral to the 
PVN I20]. 

These results reveal the coronal level of the PVN as the 
rostral focus of a longitudinal pathway for inhibiting food 
intake. The relationship between this system and that 
mediating NE-elicited feeding is not clear at this time. It has 
been proposed that hypothalamic injection of NE may 
stimulate food intake via disinhibition; that is, by inhibition 
of satiety [10, 38, 39, 68].  Evidence to support this view 
may be obtained from iontophoretic studies that have 
demonstrated a predominantly inhibitory effect of NE on 
neuronal discharge in the region of the PVN 14, 12, 61 ]. 

What then is the relationship between NE stimulation of 
feeding with PVN injection and hyperphagia resulting from 
knife cuts near to the nucleus? If NE acts in an inhibitory 
fashion to suppress fibers of satiety, overeating and obesity 
after knife cuts could not be attributed to the severing of 
noradrenergic input to the PVN. Such an effect would be 
expected to produce the opposite outcome, namely, in- 
creased satiety and loss of body weight. With regard to the 
possibility that the knife cuts damage the efferents of a 
PVN noradrenergic feeding system, the autoradiographic 
evidence of Conrad and Pfaff [91 bears directly on this 
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issue. These authors indicate that the PVN, in addition to 
projecting rostrally and to the supraoptic nucleus and 
median eminence, sends a band of fibers caudally along the 
ventral surface of the hypothalamus (partially within the 
supraoptic commissure of Meyner), in the periventricular 
hypothalamus adjacent to the third ventricle, and a few 
axons laterally from the PVN, through the lateral hypo- 
thalamus into the anterior and medial amygdaloid nuclei, in 
mapping studies on hyperphagia caused by coronal knife 
cuts, it has been shown that damage limited to the midline 
has little effect on feeding and that mid-lateral cuts need 
not extend medially to produce a reliable effect [20, 27, 
65, 66, 72].  In a study with short parasagittal cuts at the 
level of the PVN [34],  hyperphagia has been found to 
occur with a dorsal cut just lateral to the PVN and to a 
somewhat greater extent with a short cut along the ventral 
surface. The anatomical overlap of these knife-cut results 
and of Conrad and Pfaff's autoradiographic analysis does 
not provide any clear indication as to which PVN efferents 
(if any) may be involved in the hyperphagia caused by the 
knife cuts. Tentatively, it may be said that midline 
projections are not crucial, whereas ventral and lateral 
projections might be contributing to, but not essential for, 
the phenomenon. Other neurochemical systems are un- 
doubtedly involved in the hyperphagia and obesity after 
hypothalamic knife cuts, and possible candidates might be 
the ascending catecholaminergic projection in the peri- 
fornical region (for review, see [47,481) and also an 
ascending serotonergic fiber system which, if ablated, 
produces hyperphagia and increased growth (see [31,731). 

The evidence just summarized distinguishes the coronal 
level of  the PVN as an important area for control of food 
ingestion. Until recently, this area has remained largely 

unexplored, since most earlier studies have focused their 
attention on more caudal (ventromedial, dorsomedial, and 
lateral) sites in the hypothalamus. The PVN has generally 
not been associated with feeding behavior, although in an 
early study lesions in this nucleus were suggested to 
produce hyperphagia in the dog [28].  Furthermore, ventral 
hypothalamic lesions that included, or extended im- 
mediately ventral to, the PVN were found to be particularly 
effective in producing hyperphagia in the rat [19]. Ad- 
ditional studies with discrete PVN lesions are clearly 
required to define more precisely the role of this nucleus in 
control of feeding. 

Most commonly,  the PVN has been associated with the 
control of hormone release by the pituitary (e.g. [7, 12, 58, 
71 ] ), and the rich catecholamine innervation of this region 
is believed to play an important role in this neuroendocrine 
process [791. To gain insight into a possible link between 
the noradrenergic feeding effects involving the PVN and its 
normal neuroendocrine function, this laboratory has ex- 
amined the effect of a variety of hormone manipulations on 
the phenomenon of NE-elicited feeding [50,52]. The 
outcome of these studies has demonstrated a clear de- 
pendence of this NE response on circulating adrenal 
hormones. Adrenalectomy and hypophysectomy are found 
to abolish the NE feeding effect, and replacement with 
corticosterone or, to some extent,  desoxycorticosterone is 
found to restore the response. This relationship, although a 
permissive one, may in some manner reflect the function of 
the PVN relative to adrenocorticotrophin release from the 
pituitary [15].  It may also be related to the finding of 
other studies [36,60] which have associated normal feeding 
periods with circadian rises in endogenous corticosterone. 
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