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1983 —Electncal and adrenergic brain stimulation can induce eating in satiated animals This report explores the interrela-
tionship of brain feeding systems mediating eating 1n response to norepinephrine and electrical stimulation of the hypothal-
amus 1n rats It was found that simultaneous adrenergic and electrical brain stimulation resulted in a sigmficant increase n
food intake as compared to each stimulation condition alone Furthermore, pharmacological blockade of the a-adrenergic
receptors mn the hypothalamus attenuvated feeding 1n response to adrenergic, but not electrical brain stimulation Results are
interpreted to suggest that these feeding systems are independent at the level of the diencephalon The role of the vagus
nerve as an efferent link through which these brain systems may influence feeding behavior 1s discussed
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A ROBUST eating response can be elicited in the rat by
mjecting /-norepinephrine (NE) directly into the anteromed-
1al hypothalamus [5, 9. 18], or by electnically stimulating the
lateral hypothalamus [22,24] Historically, the discovery of
each of these elicited eating responses stimulated a some-
what independent line of investigation, and each has resulted
in an elaborate description of a forebrain neural mechanism
controlling feeding behavior (for examples see [14, 17, 37,
40]) No studies, however, have directly explored the inter-
relationship of these brain feeding mechanisms

Leibowitz [19] has proposed that eating elicited by central
NE 1njection 1s mediated by a-adrenergic receptors in the
hypothalamic paraventricular nucleus (PVN) It has been
shown that the PVN 1s the most sensitive brain site for ehcit-
ing this eating response [9,18]. and that a preceding injection
of an a-adrenergic receptor blocking agent, such as phen-
tolamine, attenuates the NE-elicited eating response [6, 16,
33] Exogenous NE may stimulate feeding by inhibiting hy-
pothalamic neurons, since microiontophoretically apphed
NE has been shown to exert an inhibitory influence on hypo-
thalamic neurons [3] Consistent with this hypothesis 1s the
finding that PVN lesions result in hyperphagia and obesity
{11,211, this suggests that the PVN may indeed play an im-
portant role 1n spontaneous feeding Recent evidence [13]

also suggests that the PVN may be the rostral focal point of
fibers coursing through the ventromedial hypothalamus
which, when lesioned, result in the well-known syndrome of
hyperhagia and obesity

Eating 1n response to electncal bram stimulation (EBS)
occurs most effectively when electrodes are placed at the
level of the ventromedial nucleus, 1n the penfornical hypo-
thalamic area or in the lateral hypothalamic medial forebrain
bundle [39] This response can also be elicited from brain loci
extending caudally along the path of the medial forebrain
bundle to the ventral tegmental area of Tsai [38] However,
because of the diffuse organization of this area, the neural
elements mediating the elicited eating response have not
been positively 1dentified It has been proposed, however,
that EBS-elicited eating may be mediated by dopamine-
contamning fibers ansing from midbran cell groups, which
course through the lateral hypothalamus and termmate n
extrahypothalamic forebrain structures [26,31] This hy-
pothesis 1s based on the findings that systemic injection of
dopamine receptor blocking agents such as halopendol [28],
and the intraventricular jection of the neurotoxin
6-hydroxydopamine (6-OHDA) [26,27], each reliably at-
tenuate feeding 1n response to EBS

While distinct hypothalamic mechanisms have been char-
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acterized as mediating the EBS- and NE-elicited eating re-
sponses, the possible interaction of these mechanisms has
not been investigated Eating responses to central NE njec-
tion and EBS bear striking behavioral similanties For
example, both responses can be viewed as motivated rather
than reflexive, 1n that the animal will modify its sequence of
motor responses 1n order to obtamn and consume the food [7,
8, 36] Furthermore, both responses occur in conjunction
with other prandial responses, such as drinking, sniffing, and
grooming (17,37] In addition, chronic administration of both
NE [30] and EBS [35] appear to induce eating that will over-
ride body weight regulation In hight of these similanties, we
have explored the possibility that the hypothalamic mech-
anisms mediating these responses are parts of a unmtary fore-
brain feeding system In Expernment 1, we evaluated the
effect on feeding of simultaneously stimulating both systems

In Experiment 2, we attempted to determine whether the
integrity of the a-adrenergic receptors in the anteromedial
hypothalamic area 1s critical for the ehlicitation of eating 1n
response to EBS We found a surprising degree of indepen-
dence between the systems mediating these two ehicited
feeding responses

EXPERIMENT 1

METHOD
Subjects

Male Sprague-Dawley rats (325-375 g), anesthetized with
Nembutal (50 mg/kg), were each implanted with a bipolar
stainless steel electrode (Plastic Products MS 303/1) aimed at
the left lateral hypothalamus (LH), and a 23-gauge cannula
aimed at the ipsilateral anteromedial hypothalamic area For
implantation of the electrode, the nose bar was set at 5 2 mm
below the intra-aural line and the stereotaxic coordinates
were the midpoint between lambda and bregma, 1 7 mm lat-
eral to the midsagittal suture, and 8 5 mm below the surface
of the skull For the cannula implantation, the nose bar was
set 3 | mm above the mtra-aural line and the stereotaxic
coordinates were 0 2 mm caudal to bregma, 0 3 mm lateral to
the midsagittal suture, and 8§ 2 mm below the surface of the
skull The electrode and cannula were cemented to the skull
with dental acryhc Stamless steel screws anchored the
acrylic fixture to the skull

The first half of all the animals used 1n the experiment
were 1mplanted with the cannula and electrode durning a
single operation For the remaining rats, we found that 1t was
more efficient to implant each animal imitially with the elec-
trode only, after recovering from surgery, those rats exhibit-
ing eating 1n response to electrical brain stimulation (EBS)
underwent a second operation in which they were implanted
with the drug injection cannula After surgery, the rats were
housed individually and maintained on Purina pellet chow
and water ad lib under a 12-hour hight/dark cycle

Apparatus

During all testing procedures, ammals were removed
from the cages in which they were housed and placed 1n
Plexiglas cages (20x20x20 cm) with stainless steel grid
floors Prior to all feeding tests, the rats were each 1njected
(over a period of a few seconds) with 40 nmoles of
[-norepinephrine-d-bitartrate (NE) dissolved in 0 5 ul sterile
physiological saline, or with the vehicle alone Drugs were
myected through a 10-ul Hamilton syringe Immediately fol-
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lowing the drug injection, each rat was connected to an elec-
trical stimulator through a commutator which permitted
the animal to move freely

Electrical brain stimulation consisted of 60 Hz sine waves
dehivered 1n 30-sec trains Each trial consisted of a 30-sec
train of stimulation and was separated by a 30-sec inter-trial
mterval A daily test consisted of 20 tnals During all trals,
stimulation was continuously monitored through the use of a
cathode ray oscilloscope, reading the voltage drop across the
animal A 1 5 m{ resistor was placed 1n series with the rat to
achieve a relatively constant current Dunng the inter-trial
interval, the experimenter set the current intensity by read-
g the voltage drop across a 10 kQ resistor The current
flow was caluclated utiizing the root mean square of the
peak to peak voltage

Screening

After a one- to two-week post surgery recovery period,
each animal was screened for eating 1n response to EBS and
NE The food used during all screening and testing proce-
dures consisted of powdered lab chow and sweetened con-
densed milk mixed and then rolled into a ball For the EBS
screentng tests, the rat was placed in the test cage with fresh
food for a 35-min adaptation and satiation period At the end
of the satiation period, the rat was connected to the
stimulator and tested for eating in response to EBS during a
20-tnal session On the nitial tnal, the current intensity was
set at four to eight uA On subsequent trials, the current was
mncremented 1n 1 5 A steps until the animal exhibited
arousal (locomotion or smffing) or orientation toward the
food Current levels within the range of intensities that elic-
ited these responses were repeated until a total of 20 tnials
had been conducted Each rat was tested at least two times
on separate days

Animals that ate in response to EBS were then screened
(on a different day) for eating responsivity to NE 1njection
under testing conditions comparable to those used to assess
EBS-elicited eating After the satiation period and just prior
to the 20-mun test, each rat was injected with NE through the
chronically implanted brain cannula The food was weighed
before and after the 20-min test Rats that ate in response to
both EBS and NE njection were tested daily either under
EBS. NE or vehicle conditions until the eating responses
became stable with respect to electrical threshold and the
amount of food ingested

All animals used 1n the experiment exhibited a rehable
eating response of one gram greater than baseline to (a) a
consistent (within 9 wA) range of electrical stimulation 1n-
tensities and (b) a central injection of 40 nmoles of NE over a
penod of several days Nine rats, of approximately 45 that
underwent surgery, maintained both eating responses and
were ultimately used 1n the expenment

Procedure

Anmimals were tested at the same time daily throughout the
actual experiment A 35-mun satiation period immediately
preceded all tests The satiation procedure consisted of plac-
ing the animal 1n the test cage with a pre-weighed milk mash
ball Food intake dunng this mitial period averaged 39 g
(=0 11) and did not differ across conditions Immediately
following the satiation period, the amimals were imjected with
NE (40 nmoles) or saline and then connected to the
stimulator The 20-min test session, during which the rats
recetived EBS or No-EBS, began immediately thereafter
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During the EBS condition, a test consisted of 20 stimulation
trals each of 30-sec duration, separated by a 30-sec inter-
trial interval The experimenter recorded the latency and
duration of eating during each trial and inter-tnial interval
The level of stimulation was varied between trials so that
each rat received an approximately 10 uA range of current
intensities spanning sub-threshold through supra-threshold
levels The procedure was designed so that each rat ate dur-
ing approximately 10 of the 20 test trials in response to EBS
Each rat received 1dentical levels of electrical stimulation
during all EBS conditions Durning the No-EBS condition,
identical procedures were followed, but no current was
passed through the animal Food intake was measured at the
end of each test session

The four conditions of the experiment were saline/No-
EBS, NE/No-EBS, saline/EBS and NE/EBS The sequence
of drug conditions, saline-NE-saline, was repeated four
times 1n each ammmal Thus two ‘saline’” days separated each
‘drug’’ day Two drug sequences were run i conjunction
with the EBS condition, and two were run in comjunction
with the No-EBS condition The order of the electrical
stimulation conditions was counterbalanced

Three of the eight rats tested in this experiment exhibited
EBS-elicited eating thresholds that were lower than | 4 nA
Since our stimulation apparatus did not permit us to deliver a
current below that level, we stimulated them at 1 4 to 10 4
nA throughout the 20-trial test Thus, the animals received
supra-threshold stimulation for all 20 test trials Because of
this difference 1n treatment, these three rats were analyzed
as a separate group (Subsequent to this experiment, we
built a square wave stimulator which permitted us to deliver
lower levels of stimulation (monophasic square waves of 0 1
msec duration) We tested rats exhibiting low thresholds for
EBS-elicited eating, and found that, although they were un-
usually sensitive to EBS, they exhibited stable thresholds for
EBS-ehcited eating )

RESULTS

For the five rats exhibiting normosensitive eating in re-
sponse to EBS, we found that food intake in response to
simultaneous NE and electrical brain stimulation was signifi-
cantly greater than to either stimulation condition alone
Figure 1 represents mean food intake dunng the 20-min ses-
sion 1 response to each experimental treatment A single-
factor analysis of variance revealed a significant difference
across conditions, F(3,12)=22 084, p<0 01 Tukey’s test for
paired comparisons revealed that food intake 1n response to
the NE/EBS treatment was significantly greater than food m-
take mn response to NE/No-EBS, q(4,12)=20 3, p<0 01, and
saline/EBS. q(4,12)=23 7, p<0 01 Furthermore, food intake
during simultaneous drug and electrical stimulation
(NE/EBS) was almost precisely equal to the sum of the re-
sponses to each stimulation condition alone (NE/No-EBS
and saline/EBS) A contrast analysis was performed to de-
tect any significant deviation from additivity by comparing
the differences between the sum of the mean food intake
scores 1n response to NE/No-EBS and to saline/EBS with
the sum of the scores 1n response saline/No-EBS and
NE/EBS This comparison showed no significant deviation
from additivity, F(1,12)=0 176, p>0 25

When a NE injection (as opposed to saline injection) pre-
ceded the test session, eating 1n response to EBS occurred
more frequently and for longer durations both during trials
and inter-trial intervals In the saline/EBS condition, eating
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FIG 1| Feeding behavior in amimals (n=5) exhibiting normosensi-
tive current thresholds in response to electrical brain stimulation
Food intake was measured 1n response to medial hypothalamic in-
Jection of saline and norepinephrine with and without simultaneous
lateral hypothalamic electrical brain shmulation All rats were tested
n each experimental condition

was confined almost exclusively to the stimulation periods of
the test sesston, with the rats spending an average of 190 sec
eating during the EBS tnals as opposed to 35 sec during the
inter-trial intervals This contrasts with the NE/EBS condi-
tion, in which the rats spent an average of 351 sec eating
during the EBS trials and 204 sec during the inter-trial inter-
vals Rats exhibited eating during more trials in the NE/EBS
test session (15 2 positive trials) than in the saline/EBS ses-
sion (10 4 positive trials), and the mean duration of the eating
response during these positive 30 sec trials was greater m the
NE/EBS test (22 0 vs 17 8 sec) The magmtude of the differ-
ences displayed on each of these measures (between saline/
EBS and NE/EBS conditions), although generally large, was
extremely variable across amimals, and therefore failed to
reach significance In some cases, during the NE/EBS con-
dition, the animal would display a bout of eating that ap-
peared to be continuous throughout stimulation tnals and
inter-trial intervals Interestingly, when the eating bout had
ended, the current threshold for elicited eating on the re-
maining test trials appeared to be the same as that seen when
saline iyection preceded the EBS test

The additional three rats that exhibited uniquely low cur-
rent thresholds for EBS-elicited eating received current
levels that far exceeded threshold levels on almost all stimu-
lation trials Figure 2 represents the mean food intake during
the 20-min test session for each experimental condition Dur-
ing the saline/EBS condition, these amimals exhibited a large
eating response of approximately 127 g (x12) This re-
sponse appeared unaltered by NE imjection, which n the
No-EBS condition produced an eating response of 37 g
(=0 8) Since, under any circumstances, we have rarely ob-
served satiated animals eating much more than 12 g during a
20-min test session, the failure of NE to potentiate the EBS
response, 1n the manner demonstrated by ammals with
higher thresholds (Fig 1), may reflect a ceiling effect due to
the large amount of food eaten The possibility of an interac-
tion at high levels of stimulation cannot, however, be ruled
out
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FIG 2 Feeding behavior in amimals (n=3) tested only at supra-
threshold current intensities in responses to electrical brain stimu-
lation Food intake was measured in response to medial hypotha-
lamic injection of saline and norepinephrine with, and without simul-
taneous lateral hypothalamic electrical bram stimulation All rats
were tested in each experimental condition

For these low threshold rats, the number of positive eat-
ing trials and the duration of eating during EBS trials did not
appear to differ for the saline/EBS vs the NE/EBS condi-
tions (17 8 vs 19 2 positive trials, and 21 4 vs 20 7 sec dura-
tion, respectively) These amimals, however. appeared to
spend more time eating during the inter-trial interval of the
NE/EBS test than the saline/EBS test (108 vs 19 sec, re-
spectively)

DISCUSSION

The fact that we could detect no strong evidence for an
mteraction between these stimulation conditions, at rela-
tively high levels of drug and electrical stimulation, led us to
hypothesize that the systems mediating eating in response to
hypothalamic NE mjection and EBS may be independently
regulated Expermment 2 was conducted as a first attempt to
explore this hypothesis

EXPERIMENT 2

In this experiment, we attempted to determine the impact
on EBS-elicited eating of pharmacologically inactivating the
a-adrenergic receptors of the PVN, which are believed to
mediate the NE-elicited eating response We compared the
effect of hypothalamic injection of phentolamine (Pht), an
a-adrenergic receptor blocker on NE- and on EBS-elicited
eating 1n the same animal

METHOD
Subjects

The five rats used 1n this experiment had previously been
tested in the paradigm described in Experiment 1 Two were
among the five rats whose data appear in Fig 1, two were
among those who had displayed low current thresholds (Fig
2) One was tested but not used in Expennment 1 because 1ts
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FIG 3 Food intake in response to hypothalamic norepinephrine
mjection and electrical brain stimulation with and without a preced-
ing central mjection of phentolamine All rats (n=5) were tested 1n
each experimental condition

eating response to NE mection did not rehably exceed 1ts
response to saline in the No-EBS condition However, this
rat's eating response to central NE mmection subsequently
stabilized, and 1t was therefore included n this experniment

Procedure

Testing procedures were 1dentical to those used in Exper-
iment 1 except for the modifications noted here To assess
the effect of Pht on the NE-elicited eating response, we first
imjected the animals with Pht HC1 (60 nmoles in | 0 ul sterile
water, injected over a period of approximately 7 seconds) or
with the vehicle alone Five minutes later, they received
another 1njection of either NE (40 nmoles 1in 0 5 ul of sterile
saline, injected over a period of a few seconds) or the vehi-
cle A 20-min test session identical to that used in the
No-EBS condition of Experiment 1 immediately followed
the second mjection

To determine the effect of Pht on EBS-elicited eating, the
ammals were mjected with either Pht (60 nmoles) or water
Just prior to a 20-mun test A dese of 60 nmoles of Pht was
selected because higher doses have been found to cause a
suppression of spontaneous feeding [17] During each EBS
test, the current mtensity was varied to assess the threshold
for elicated eating A modified method of constant stimuli
was used A 10-uA range of current intensities spanning
sub-threshold through suprathreshold levels was selected for
each rat The 20-trial test session consisted of four ascending
blocks of five trnials Within a block, the intensity was in-
cremented in 2 uA steps from one trial to the next A daily
threshold was determined by calculating the arithmetic mean
of the threshold for each block of tnals

As i Experiment 1, the experimenter recorded the la-
tency and duration of all eating responses during each trial
and inter-tnal interval Food intake was measured at the
beginning and end of each test session

Thus eating in response to water/saline, water/NE and
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FIG 4 Effect of hypothalamic injection of phentolamine on four parameters of eating in
response to electrnical brain stimulation current threshold for ehcitation of eating, latency
to eat after onset of stimulation, duration of eating response during 30-sec stimulation
trnial, and number of positive response trials in a 20-tnial test

Pht/NE was measured, 1n the absence of EBS, to determine
the impact of Pht on NE-elicited eating Two water/saline
days separated each drug day Drug conditions (water/NE
and Pht/NE) were given in an ABBA sequence beginning
with the water/NE condition The conditions used to deter-
mune the impact of Pht injection on EBS-elicited eating were
water/EBS or Pht/EBS The sequence, water-Pht-water, was
given two times to each animal in conjunction with EBS The
order of NE vs EBS conditions was counterbalanced across
ammals All amimals were tested 1n all treatment conditions

Histological Analysts

After completion of this experiment, the rats were
anesthetized and guillotined Theiwr brains were removed
from the skull and placed in a 10% formalin solution contain-
ing 30% sucrose Alternate frozen sections, 50 u thick, were
stamned with cresyl violet Cannula and electrode tips were
localized with the aid of a stereotaxic atlas [15]

RESULTS

As can be seen 1n Fig 3, the food intake response elicited
by NE was attenuated by 68 2% after injection of Pht into the
anteromedial hypothalamic area This feeding suppression,
observed when an mjection of Pht preceded the NE injec-
tion, was sigmficant, t(4)=4 406, p<0 02 This contrasts with
EBS-elicited eating, which 1n the same rats remained unal-
tered by this a-adrenergic receptor antagonist, t(4)=1 875,
p>0 10 Food intake was less in response to central NE
mnjection than to EBS, although this difference was not
statistically sigmficant, #(4)=2 178, p>005 To determine
whether the higher food intake response to EBS could ac-
count for the fatlure of Pht to suppress eating in this condi-
tion, we evaluated the effect of Pht 1n three rats with low
food intake scores The mean food intake 1n response to EBS
was 49 g £040 and 4 6 g =0 049 in the Pht and vehicle
conditions, respectively To explore further any possible ef-
fect of Pht injection on EBS-elicited eating, we compared a
variety of response parameters after central Pht and vehicle
mjection As shown in Fig 4, Pht produced no change in
current threshold for elicitation of eating, mean latency to

U

FIG 5 Schematic representation of cannula placements for central
drug mnjections (Taken from [15])

eat or the number of positive responses made during a test
session

Histological analysis of cannula placements was con-
ducted by localizing what were judged to be the center points
of the 23-gauge cannulas Four cannula tips were located
either just above or along the dorsal edge of the PVN at its
anterior portion Three cannula tips were more posteriorly
placed, approximately 0 5 to 0 7 mm posterior to the PVN 1n
the area of the nucleus reuniens or the periventrnicular nu-
cleus Two cannula tips were approximately 0 4 mm anterior
to the PVN bordering the anterior hypothalamus and the
nucleus periventricular stellatocellularis All placements
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FIG 6 Schematic representation of electrode tips for EBS (Taken
from [15])

were thus found to lie in the medial hypothalamic area where
NE 1s most effective in ehiciting eating [18]

The electrode tips were placed more posteriorly, two at
the level of the ventromedial nucleus and seven at the level
of the posterior hypothalamus Three tips were 1n the medial
forebrain bundle, two were in the zona incerta, and three
were 1n the H, field of Forel

DISCUSSION

Since the Pht injected into the anteromedial hypothala-
mus attenuated NE-elicited eating and, in the same animals,
had no apparent effect on EBS-elicited eating, we suggest
that the functional integnty of these a-adrenergic receptors,
which appear to mediate NE-elicited eating, 1s not critical for
the manifestation of EBS-elicited eating

GENERAL DISCUSSION

The fact that we could detect no interaction after simulta-
neous activation of the NE- and EBS-elicited eating mech-
anmisms suggests that the brain systems mediating these re-
sponses may be independent Additive increases in food 1n-
take after simultaneous electrical and NE brain stimulation
can be interpreted to reflect mediation by independent sys-
tems if the level of stimulation used (for each stimulation
condition alone) yields close to a maximal behavioral re-
sponse, 1 e, If one system were saturated, an increase n
feeding due to an additional kind of stimulation would have
to be the result of activation of a second system An additive
increase would further suggest that the two systems involved
are not mutually facilitative or mnhibitory

An attempt was made to utilize high levels of stimulation
in this study However, this goal was somewhat restricted by
the requirements that the feeding response to each stimula-
tion condition (1) did not outlast the 20-min test session, and
(2) was not so high as to preclude the possibility of our ob-
serving (by virtue of a ceiling resulting from excessive food
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intake) an additive or multiplicative increase n feeding dur-
ing the combined stimulation condition The magnitude of
the eating response we observed to simultaneous NE and
EBS exceeded the maximum feeding response we generally
observe to the highest level of NE or EBS stimulation alone
(unpublished data) Thus, the additive increase 1n food 1n-
take suggests that these responses are mediated by inde-
pendent brain systems

In Experiment 2 we found that Pht, an «-adrenergic
antagonist, attenuated NE-elicited eating, but had no impact
on the EBS-elicited eating response This difference 15 not
attributable to the difference in food intake scores resulting
from these treatments since Pht did not suppress feeding 1n
rats with low food intake scores Thus, the a-adrenergic re-
ceptors in the anteromedial hypothalamus, which appear to
mediate the NE-elicited eating response, are not essential
for manifestation of EBS-ehcited eating Furthermore, the
fact that these two similar eating responses can be differen-
tially affected under comparable experimental conditions
demonstrates that the response decrement produced by Pht
on NE-elicited eating cannot be attributed to broad behav-
1oral deficits

In this report, we have shown that the eating responses
elicited by two different mampulations within the di-
encephalon may occur independently of each other
Whereas this appears to indicate that the brain systems
mediating these responses function independently at this
level of the neuraxis 1t leaves open the question as to the
extent of their interaction at other levels of the nervous sys-
tem Each of the forebrain feeding mechanisms that we have
activated has been concerved as the diencephalic component
of a longitudinal system which extends caudally to the hind-
brain With regard to electrically elicited feeding, Waldbillig
[38] has mapped effective brain loct along the path of the
medial forebrain bundle, caudal to the level of the ventral
tegmental area of Tsai Dopamine-containing neurons appear
to mediate this goal-directed feeding response to EBS at
these brain sites [26 28] Electrical stimulation of more
postertor brain sites in the dorsal pontine tegmentum which
are devoird of DA-containing neurons has been found to
elicit a more reflexive feeding response which occurs even in
the absence of an appropnate goal object [4.23] Dopamine-
contaming fibers in the LH also appear to mediate the re-
warding effects of EBS (e g . [27]) Lateral hypothalamic
EBS may induce feeding by enhancing the rewarding effects
of food and/or food-related stimuli

With regard to neurochemical systems eliciting feeding
behavior, Leibowitz [18] and Leibowitz and Brown [20]
studying noradrenergic drugs, and Gold ¢t «/ [13] investigat-
ing wire knife cuts. have suggested that the PVN 1s the ros-
tral focal point of a4 longitudinal neural circurt involved 1n
feeding Leibowitz has found the PVN to be the most effec-
tive site for elicited feeding after NE mjection with the
entire periventricular zone of the diencephalon exhibiting a
moderate degree of sensitivity Furthermore, Leibowitz and
Brown have recently identified ascending catecholamine
projections in the dorsal midbrain tegmentum which appear
to nnervate specific noradrenergic receptors in the PVN
medating feeding The work of Gold suggests that cells n
the PVN or a region just ventral and rostro-caudally coex-
tenstve with the PVN send descending projections through
the lateral hypothalamus and into the midbrain The precise
path of these fibers, and their target areas have not as yet
been delineated These fibers may include, but do solely
consist of those mediating the eating response to central NE
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mjection Future investigation may reveal a possible 1n-
teraction of the systems mediating EBS- and NE-elcited
feeding at bram levels caudal to the diencephalon

The role of each of these feeding systems 1n naturally
occurring behavior remains elusive The metabolic and/or
environmental signals which trigger these systems are not
well understood However, the vagus nerve 1s an important
efferent link through which both central NE and EBS appear
to influence behavior Subdiaphragmatic vagotomy has been
shown to abolish both NE- and EBS-elicited eating [1, 29,
32] Moreover, evidence exists suggesting that medial hypo-
thalamic NE mjection and lateral hypothalamic electrical
stimulation act similarly to influence a variety of digestive
processes For example, both have been shown to increase
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pancreatic release of msulin [10,34] In light of the fact that
NE may exert its nfluence on feeding by inhibiting neuronal
firing 1n the medial hypothalamus [3], 1t 1s noteworthy that
electrical stimulation of the medial hypothalamus causes a
decrease in insulin release [12] Similarly, lateral hypotha-
lamic EBS increases gastric motility [2], gastric release of
pepsin [25], and blood flow to the gut [2], while medial hypo-
thalamic EBS causes a decrease 1in the magnitude of these
digestive events Autonomic nervous system activation dur-
ing naturally occurring feeding 1s partially understood
Further knowledge as to how the brain feeding systems
studied here interact with the autonomic nervous processes
15 hikely to shed light on the functional role of these brain
systems in naturally occurring behavior

REFERENCES

Ball, G G Vagotomy effect on electrically elicited eating and

self-stimulation 1n the lateral hypothalamus Science 184 4849

485, 1974

Ban T The septo-preoptico-hypothalamic system and its au-

tonomic function In Progress in Brain Research, vol 21A

edited by T Tokizane and J P Schade New York Elsevier,

1966, pp 1-43

3 Barone F C., M J Wayner W H Tsaiand F E Barash
Effects of microlonteophoretically apphed chemicals on hypo-
thalamic neural activity Brain Res Bull 5 325-332, 1980

4 Bermntson, G G and D ] Micco Organization of bramstem be-
havioral systems Brain Res Bull 1+ 471-483, 1976

5 Booth D A Localization of the adrenergic feeding system in
the rat diencephalon Science 158 515-517, 1967

6 Booth D A Mechanism of action of norepinephrine 1n ehciting
an eating response on njection into the rat hypothalamus J
Pharmacol Exp Ther 160 336-348, 1968

7 Coons E E M Levak and N E Miller Lateral hypothala-
mus learming of food seeking response motivated by electrical
stimulation Science 150 1320-1321, 1965

8 Coons, E E and D Quartermain Motivational depression as-
sociated with norepinephrine-induced eating from hypothala-
mus Resemblance to ventromedial hyperphagic syndrome
Phvsiol Behav 5 687-692, 1970

9 Davis,] R and R E Keesey Norepmephrine induced eating
its hypothalamic locus and an alternate interpretation of action
J Comp Phvsiol Psychol 77 394-402 1971

10 de Jong, A ] H Strubbe and A B Steffens Hypothalamic
influence on insulin and glucagon release in the rat Am J
Physiol 233 E380-E388, 1977

11 Eng R R M Gold and A Nunez Elemental hypothalamic
obesity after discrete lesions of the paraventricular nucleus
Presented at the 9th Annual Meeting, Society for Neuroscience,
Atlanta, GA 1979

12 Frohman L A The hypothalamus and metabolic control
Pathobiology Annual 1971 edited by H L loachim New
York Appleton-Century-Crofts, 1971, pp 353-371

13 Gold R M A P Jones P E Sawchenko and G Kappatos
Paraventricular area cnitical focus of a longitudinal neurocir-
cuitry mediating tood intake Phyvsiol Behav 18 11111119,
1977

14 Hoebel, B G Feeding and self-stimulation Ann NY Acad Sci
157 758-778, 1969

15 Konig,J F R and R A Khppel The Rut Brain A Stereotaxic
Atlas Balumore Willlams and Wilkins, 1963

16 Leibowitz, S F Ingestion in the satiated rat role of a- and
B-receptors 1in mediating effects of hypothalamic adrenergic
stimulation Phvsiol Behav 14 743-754, 1975

17 Leibowrtz, S F Brain catecholaminergic mechamsms for con-

trol of hunger In Hunger Basic Mechanisms and Clincial Im-

plications, edited by D Novin, W Wyrwickaand G Bray New

York Raven Press, 1976, pp 1-18

(9]

8 Leibowitz, S F Paraventricular nucleus A primary site
mediating adrenergic stimulation of feeding and drinking
Pharmacol Biochem Behay 8 163-178, 1978
19 Leibowitz, S F Neurochemical systems of the hypothalamus
control of feeding and drinking behavior and water-electrolyte
excretion In Behavioral Studtes of the Hypothalamus vol 3A
edited by P J Morgane and J Panksepp New York Marcel
Dekker, Inc , 1980, pp 299-437

20 Leibowitz, S F and L L Brown Histochemical and phar-
macological analysis of noradrenergic projections to the
paraventricular hypothalamus 1n relation to feeding sumulation
Brain Res 201 289-314, 1980

21 Letbowitz S F,N J Hammer and K Chang Hypothalamic
paraventricular nucleus lesions produce overeating and obesity
in the rat Phvsiol Behav 27 1031-1040, 1981

22 Margules,D L andJ Olds Identical ‘‘feeding”’ and *‘rewarding’’
systems n the lateral hypothalamus of rats Science 157 274
275 1962

23 Micco, D J Complex behaviors elicited by stimulation of the
dorsal pontine tegmentum 1n rats Brain Res 75 172-176, 1974

24 Miller, N E Movitational effects of brain stimulation and
drugs Fed Proc 199 846-854 1960

25 Misher, A and F P Brooks Electrical stimulation of hypothal-
amus and gastric secretion 1n the albino rat Am J Physiol 211
403-406, 1966

26 Philhips, A G and H C Fibiger Deficits in stimulation-
induced feeding after intraventricular administration of
6-hydroxydopamine in rats Behav Biol 9 749-754 1973

27 Philips A G and H C Fibiger Long term deficit in
stimulation-induced behaviors and self-stimulation after
6-hydroxydopamine administration n rats Behay Biol 16 127-
143, 1976

28 Phillps, A° G and R S Nikaido Disruption of bramn
stimulation-induced feeding by dopamine receptor blockade
Nature 258 750-751, 1975

29 Powley, T L and C A Opsahl Autonomic changes of the
hypothalamic feeding syndrome In Hunger Basic Mech-
amsms and Chrical Imphcations, edited by D Novin W
Wyrwicka and G Bray New York Raven Press, 1976, pp
313-326

30 Roossm, P, M Rosennand S F Leibowitz Chronic injections
of catecholamine drugs into the hypothalamic paraventricular
nucleus cause changes m daily food mtake and body weight
gain Presented at the 51st Annual Meeting, Eastern Psycholog-
ical Association, Hartford CT 1980

31 Rowland, N, D M Marques and A E Fisher Comparison of
the effects of dopamine-depleting lesions upon oral behaviors
elicited by tail-pinch and electrical brain stimulation Phvsiol
Behav 24 273-281 1980

32 Sawchenko,P E,R M Goldand S F Leibowitz Evidence for

vagal mmvolvement n eating elicited by adrenergic stimulation of

the paraventnicular nucleus Brain Res 225 249-269 1981



422

33

34

35

36

Slangen, ] L and N E Miller Pharmacological tests for the
function of hypothalamic norepinephrine 1n eating behavior
Physiol Behav 4 543-552 1969

Steffins, A B, G J Mogensonand]J A F Stevenson Blood
glucose, insulin and free fatty acids after stimulation and lesions
of the hypothalamus Am J Physiol 222 1446-1452, 1972
Stemnbaum, E A and N E Miller Obestty from eating elicited
by daily stimulation of the hypothalamus Am J Phvsiol 208
1-5, 1965

Tenen,S S and N E Miller Strength of electrical stimulation
of the lateral hypothalamus, food deprivation, and tolerance for
quinine tn food J Comp Phvsiol Psychol 58 55-62, 1964

37

38

39

40

HALPERIN ET AL

Valenstein, E S,V C Cox andJ W Kakolewski Reexam-
mation of the role of the hypothalamus in motivation Psvchol
Rev 77 16-31, 1970

Waldbillig, R J Brain stem stimulation and behavior J Comp
Phvstol Psvchol 89 200-212, 1975

Wise, R A Individual differences in effects of hypothalamic
stimulation the role of stimulation locus Physiol Behav 6
569-572, 1971

Wise, R A Lateral hypothalamic electrical sumulation does 1t
make animals ‘‘hungry’’? Brain Res 67 187-209, 1974



