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SUMMARY 

Neuronal activity related to brain-stimulation reward and to feeding was 
analyzed in rhesus monkeys and squirrel monkeys as follows. First, self-stimulation of 
the lateral hypothalamus, orbitofrontal cortex, amygdala and nucleus accumbens was 
found. Second, a population of single neurones in the lateral hypothalamus was found 
to be trans-synaptically activated f rom one or several self-stimulation sites. It  was also 
found that populations of  neurones in the orbitofrontal cortex and amygdala were 
activated from at least some of the self-stimulation sites. Thus, in the monkey, there is 
evidence for an interconnected set of  self-stimulation sites, stimulation in any one of  
which may activate neurones in the other regions. These sites include the lateral hypo- 
thalamus, amygdala, and orbitofrontal cortex. Third, in one sample of  764 neurones in 
the lateral hypothalamus and substantia innominata which were activated from brain- 
stimulation reward sites, 13.6 ~ were also activated during feeding, by the sight and/or 

taste of  food. The responses of  the neurones with activity associated with taste occurred 
only while some substances (e.g. sweet substances such as glucose) were in the mouth, 
depended on the concentration of the substances being tasted, and were independent 
of  mouth movements made by the monkeys. Fourth, the responses of  these neurones 
occurred to food when the monkeys were hungry, but not when they were satiated. 
Fifth, self-stimulation occurred in the region of these neurones in the lateral 
hypothalamus and substantia innominata, and was attenuated by satiety. These results 
suggest that self-stimulation of some brain sites occurs because of activation of 
neurones in the lateral hypothalamus and substantia innominata activated by the sight 

* University of Sussex, Laboratory of Experimental Psychology, Falmer, Brighton, Sussex. 
** Departamento de Fisiologia, Facuitad de Medicina, Universidad de Granada, GRANADA, Spain. 



340 

and/or taste of food in the hungry animal, and that these neurones are involved in 
responses to food reward. 

INTRODUCTION 

Electrical stimulation of some areas of the brain is rewarding, in that the animals 
will work to obtain the stimulation. (As used in this paper, the term 'reward' simply 
means something for which the animal will work.) Although the areas of the rat brain 
which support self-stimulation or where electrical stimulation is negatively reinforcing 
have been extensively mapped 14,16-18,23,26, only few studies have attempted a similar 
systematic examination of the primate brain2,19,33, although it is known that self- 
stimulation of some brain regions does occur in man 1,4,34,35. Mainly in the rat, 
considerable effort has been devoted to identifying the particular neural pathways, for 
example, catecholamine pathways, which are best correlated with the areas where self- 
stimulation can be obtained (see ref. 6). However, only few studies have attempted to 
examine the neural systems which are actually activated by rewarding stimulation (see 
refs. 11, 23 and 24). The study described here is the first in which the effects of 
rewarding electrical stimulation of the brain on neuronal activity in any forebrain 

region have been analyzed in the primate. 
In this study of the neurophysiology of self-stimulation in the primate, electrodes 

were implanted in squirrel monkeys and rhesus monkeys at a variety of brain sites and 
tested for self-stimulation to determine which brain areas support self-stimulation in 
the monkey. Then the effects of the stimulation on neuronal activity in different brain 
regions were analyzed. The brain areas investigated in this study were chosen for one 
of the following reasons. Either the areas were homologous to those previously 
investigated by Rolls in the rat (hypothalamus, nucleus accumbens, and amyg- 
dala)20-22 thus extending this work to the monkey, or they had been implicated in self- 
stimulation on the basis of fibre degeneration studies (orbitofrontal cortex, medio- 
dorsal nucleus of the thalamus) 33. 

When we had found self-stimulation sites in the monkey, and had been able to 
demonstrate populations of neurones in a number of different brain regions which 
were activated by the rewarding stimulation, the next question was the extent to which 
the activation of particular populations of these neurones might be related to the 
reward produced by the stimulation. To provide evidence on this, we next investigated 
what factors normally influence the activity of these neurons in the alert, behaving 
animal. Experiments are described which show that some of the neurons in the 
hypothalamus activated by brain-stimulation reward are also activated when a natural 
reinforcer, food, is given to the hungry monkey. 

METHODS 

Eight squirrel monkeys and two rhesus monkeys were implanted under pento- 
barbital sodium anaesthesia with arrays of monopolar stainless-steel stimulating 
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electrodes insulated to within 0.3 mm of the tip as described elsewhere a°. After a 
period of one week or more, the monkeys were placed in a primate chair and tested for 
self-stimulation using 0.3 sec trains of 100 Hz, 0.1 msec (0.5 msec for the rhesus 
monkeys), square-wave, negative-going capacitatively-coupled pulses. The animals 
could turn on one train of stimulation each time they touched a brass bar placed at 
arm's length in front of them. If  initial difficulty was experienced in shaping the animal 
to bar-press for 0.3 sec trains, the stimulation was applied for as long as the animal 
touched the bar. This helped the monkeys to learn to self-stimulate. The animals were 
then shaped to respond with the 0.3 sec trains. An alternative operant response which 
was easier for the monkeys to learn was licking a metal tube placed in front of the 
mouth. Initial training consisted of raising the stimulation current until a behavioural 
change was seen during priming, such as arousal. The current was then lowered and 
the animal was shaped until it learned to touch the bar to obtain brain stimulation, or 
failed to reach a criterion of 5 presses in 15 sec. In testing sessions repeated on different 
days the lowest current that would maintain self-stimulation was determined. The 
threshold was taken to be that current level at which less than 3 breaks of responding 
of more than 30 sec occurred in any 3 min test period. After each break in responding 
an animal was given a 0.3 sec train of priming stimulation. The threshold was 
measured as the current was both raised and lowered. When on three or more days the 
threshold currents were within 20 ~ of each other and, at some arbitrary current 
usually 1.5 times threshold, the animal would sustain a stable self-stimulation rate over 
the 20 min test period, electrophysiological recording commenced. 

It is worth noting that squirrel monkeys do not extinguish readily unless the 
response bar is placed at the limit of their reach. Under these conditions response 
rates are reduced and extinction occurs much more quickly. 

The electrophysiological recording consisted of chronic recording from unanest- 
hetized animals in eight squirrel monkeys and the two rhesus monkeys. The recordings 
of the activity of single neurons were carried out as previously described using 
tungsten microelectrodes 30. These were slowly advanced through the brain towards 
the target structures. During this time single pulses, or multiple pulses identical to 
those which supported self-stimulation, were applied in turn to each of the self- 
stimulation electrodes to determine the effects of stimulation at the different reward 
sites on the activity of the cell being recorded. The pulses were delivered at the current 
which had supported self-stimulation or which had produced a behavioural change at 
electrodes negative for self-stimulation. 

Activation of single cells by these stimulation pulses was noted for each 
electrode, and the activation was characterized as direct or trans-synaptic, as 
excitation or inhibition, and in terms of threshold for activation and latency of 
activation 20. A cell was classified as trans-synaptically driven if its action potential 
followed single stimulus pulses with variable latencies which were generally longer 
than those of directly driven units, in the range 2-100 msec (see Fig. 1). The shortest 
intrapair intervals of pulse pairs which trans-synaptically activated units would follow 
were usually in the range 1.5-10 msec. The latency of activation for trans-synaptic 
driving was taken as the shortest time at which changes in activation occurred with the 
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Fig. 1. a: example of a unit recorded in the lateral hypothalamus which was trans-synaptically activated 
(note the relatively long, variable latencies) by rewarding stimulation of the orbitofrontal cortex, nucleus 
accumbens, mediodorsal nucleus of the thalamus, and lateral hypothalamus. Left, peristimulus time 
histograms, bin width : 1 msec, 5 sweeps; right, photograph of unit, approximately 3 superimposed 
sweeps, b : excitation-inhibition produced by stimulation (arrow) at a self-stimulation site on the activity 
of a lateral hypothalamic unit in the squirrel monkey. At low currents (just below the current threshold 
for self-stimulation at the reward site-subt'  hold, top trace) excitation lasting approximately 50 msec 
was followed by inhibition lasting approximately 200 msec. At  just higher currents (middle trace, at 
the threshold current for self-stimulation), this excitation-inhibition was followed by a further phase 
of excitation-inhibition, and this was more pronounced at higher currents (bottom trace) at a current 
supra-threshold for self-stimulation. 
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stimulation current at the threshold for self-stimulation (see ref. 20 for details). The 
shape and magnitude of the action potentials indicated that the recordings were from 
cell bodies. 

The factors which influenced the activity of hypothalamic neurons activated l~y 
brain-stimulation reward were analyzed as follows. The monkey sat in a primate chair 
during the recording sessions, and could move his limbs freely, or have them moved 
by the investigator, and could eat and drink, so that any neuronal response associated 
with movement could be investigated. It was possible to investigate effects of 
somatosensory stimulation on the neurones using touch to the body or face. Effects of 
visual stimulation on the neurones were tested by presenting food and non-food 
objects to the monkey at a distance of 1 m, as described in more detail elsewhere30, a2. 
The monkeys were 4-18-h food deprived, and were willing to accept and eat food. 
When it was found that some of the neurons altered their activity when food was given 
to the monkey to eat, different tests as described below and elsewhere 2,3° were used to 
determine whether the firing was associated with the sight of food, with the taste or 
smell of food, with the movements made to obtain food, or with general arousal. The 
activity of the neurones was measured when food and non-food odours were presented 
on cotton swabs, when the animal reached for and chewed edible and inedible objects, 
when the food was shown to the monkey, and to assess somatosensory effects, when 
the animal was touched, especially on the face, eyes, mouth, throat and stomach. For 
neurones whose activity altered while food was in the mouth, the neuronal activity was 
measured in the tests described above, and while the monkey's food (chow, oranges, 
bananas, dates, carrots and grapes), and standard volumes of test solutions (different 
concentrations of glucose, water and isotonic saline) were consumed. The solutions 
were useful in the separation of motor or somatosensory from gustatory effects, 
because the similar motor response, of drinking, was associated with different tastes. 

The activity of neurones in the globus pallidus was also investigated in the same 
test situation and with the same procedures used for the neurones in the lateral 
hypothalamus and substantia innominata. This investigation was made in order to 
determine whether the tests used distinguished between neurones in different areas, and 
to investigate the activity of pallidal neurones during feeding in the monkey. 

The sites where the neurones described in this paper were recorded were located 
in three different ways, using microlesions made through the recording microelec- 
trodes, X-rays taken on every track, and subsequent histological verification, as 
described fully elsewherea0, 8z. 

RESULTS 

(1) Self-stimulation sites 
It was possible to ol~tain good self-stimulation with electrodes in the caudal 

orbitofrontal cortex, nucleus accumbens, amygdala and in the lateral hypothalamus, 
preoptic area, and substantia innominata in the rhesus and squirrel monkeys. 
Examples of the self-stimulation sites in the squirrel monkeys, including also some in 
the mediodorsal nucleus of the thalamus, are shown in Fig. 2. Mapping with movable 
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Fig. 2. Self-stimulation sites (filled circles) and recording sites (stipple) shown on coronal sections of the 
squirrel monkey brain at different distances (ram) anterior (AP) to the earbars. Orbitofrontal cortex 
sites: section at AP 15; nucleus accumbens stimulation sites: sections at AP 14, 13, and 12; different 
sites in the preoptic area, hypothalamus and substantia innominata: sections at AP 12, 11, 10, and 9; 
mediodorsal nucleus of the thalamus sites: AP 6. 
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Fig. 3. Activation of cells recorded in different regions (lateral hypothalamus, etc.) from self-stimulation 
electrodes in different brain regions (OF, etc.) (OF, orbitofrontal cortex; LH, lateral hypothalamus; 
NAS, nucleus accumbens septi; MD, mediodorsal nucleus of the thalamus; Am, amygdala). For each 
recording site the median latency and inter-quartile range of the activation from the different stimulation 
sites is shown. The numbers within each histogram show the number of instances of activation of a 
neuron, with each pair of stimulation and recording sites. The latencies measured were the shorlest 
latencies from the stimulation at which excitation or inhibition was observed. In approximately 90 
of the cases the effect measured was excitation. Histograms are only plotted if 10 or more instances of 
activation were found. 

electrodes driven by a microdrive showed that the diencephalic area which supported 
self-stimulation ranged rostra-caudally from the level of  the anterior commisure to the 
posterior hypothalamus, and extended laterally under the globus pallidus into the 
substantia innominata and dorsal amygdala. 

(2) Activation of neurones from self-stimulation sites 
Recordings were made from single neurones in a number of different brain sites 

from which self-stimulation could be obtained. A summary of the neuronal activation 
obtained in different recording sites from different self-stimulation sites is shown in 
Fig. 3. The activation recorded in these experiments was almost always trans-synaptic. 
It  is clear, for example, that in the lateral hypothalamus, neurones were activated from 
self-stimulation sites in the orbitofrontal cortex, lateral hypothalamus itself, nucleus 
accumbens, and mediodorsal nucleus of  the thalamus in the squirrel monkey, and 
from the orbitofrontal cortex, lateral hypothalamus itself, nucleus accumbens, and 
amygdala in the rhesus monkeys (Fig. 3). The area in which this activation occurred 
stretched laterally though the substantia innominata, and rostrally to the anterior 
commissure. Because, in any individual monkey positive self-stimulation electrodes 
were not present in all the brain areas tested at some time in the study, the numbers of 
instances of  activation with a particular recording site/stimulation site combination 
cannot be compared across different combinations, but are included in the latency 
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histograms to give an indication of  the many hundreds of  instances of  activation 
observed in the course of  this study, and of  the reliable nature o f  the activation 

observed. Further, because this is the first study in which recordings have been made in 

any of  these areas in relation to self-stimulation in the primate, any instances o f  
activation observed in these areas were our pr imary interest. Because of  this, and 

because of  the limited durations of  the recording sessions, exhaustive demonstrat ions 

that particular cells were not activated from self-stimulation sites were not attempted, 
and the percentage of  possible instances of  activation for a given electrode combina-  

t ion was not calculated. A second region in the primate in which neurons were 

activated from self-stimulation sites was the amygdala,  as shown in Fig. 2. Activation 

o f  neurones in the basolateral and lateral amygdala  was clearly demonstrated from the 

self-stimulation sites in the orbitofrontal  cortex, lateral hypothalamus,  and nucleus 
accumbens in the squirrel monkey, and from the orbitofrontal  cortex, lateral 

hypothalamus and amygdala  itself in the rhesus monkey. Recordings in the orbito- 
frontal cortex, mainly in the caudal orbitofrontai  cortex area 13, in which self-stimula- 

t ion was obtained, showed that  neurones here were activated from self-stimulation 

sites in the lateral hypothalamus,  nucleus accumbens and mediodorsal nucleus of  the 
thalamus as well as from the orbitofrontal  cortex itself in the squirrel monkey,  and 

from the nucleus accumbens, lateral hypothalamus and amygdala  (in limited numbers 

so that  they are not  represented in Fig. 3), as well as from the orbitofrontal  cortex 
itself, in the rhesus monkey (Fig. 3). The results thus show that neurones in the 

hypothalamus,  orbitofrontal  cortex and amygdala  are activated in self-stimulation of  a 
number  of  different brain sites in the monkey. Activation of  neurones recorded in the 

internal segment of  the globus pallidus was found mainly from only one self- 

stimulation site, the orbitofrontal  cortex, and self-stimulation in the globus pallidus 
was obtained only at a high current, which perhaps reflected current spread to the 

lateral hypothalamus and substantia innominata below, as the current required to 

maintain self-stimulation increased as the electrode was raised away from the 

hypothalamus.  

TABLE I 

Convergence o f  activation from different numbers o f  self-stimulation sites onto individual hypothalamic 
neurons 

Number o f  neurons recorded in: Number o f  self-stimulation sites 

O* I 2 3 

4 

Lateral hypothalamus r** 10 93 91 15 
s 4 173 114 45 

Amygdala r 3 19 7 4 
s 115 36 5 

Orbitofrontal cortex r 79 3 1 
s 84 49 29 

* As described in thetext, exhaustive tests for neurones for this column(i.e.hypothalamic neurones 
not activated from any self-stimulation site) were not made in this initial study. 

** r -- rhesus monkey, s -- squirrel monkey. 
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In many cases, particularly in the hypothalamus, in which instances of neuronal 
activation from a self-stimulation site were observed, it was found that an individual 
neuron was activated from a number of different self-stimulation sites. An example of 
this convergence of activation from self-stimulation electrodes in different sites onto 
an individual hypothalamic neuron is illustrated in Fig. la. A summary of the 
convergence from different brain regions onto individual neurons is shown in Table I. 
To allow the convergence in the different brain sites to be assessed, these results were 
drawn only from animals with 3 or more electrodes positive for self-stimulation and 
thus represent data from 3 squirrel monkeys and one of the two rhesus monkeys. It is 
clear that in both the rhesus and the squirrel monkey the effects of brain-stimulation 
reward of a number of different brain regions converge onto single hypothalamic 
neurons. This convergence was often from self-stimulation sites in the orbitofrontal 
cortex and nucleus accumbens, or from orbitofrontal cortex, nucleus accumbens and 
lateral hypothalamus, or from these three and the amygdala. 

Although it was not a primary aim of this study, the first in which the activity of 
forebrain neurones in relation to brain-stimulation reward has been investigated in the 
primate, some evidence on the specificity of the neuronal activation from self- 
stimulation sites was obtained. This evidence is presented in the next two paragraphs. 

In one rhesus monkey the electrode aimed at the nucleus accumbens septi (NAS) 
supported self-stimulation, and in the other monkey it did not, as it was too far 
ventral, although in this monkey behavioural signs of the stimulation, movements, 
were produced. It was thus possible to compare the numbers of neurones in the lateral 
hypothalamus activated from these two closely adjacent sites, and it was found that 65 
hypothalamic neurones were activated from the electrode positive for self-stimulation 
and two from the electrode negative for self-stimulation. In the same two monkeys, the 
number of hypothalamic cells activated from the other electrodes were 112 and 159, 
respectively, so that the small number of hypothalamic neurones activated from the 
NAS electrode which was negative for self-stimulation in the second monkey, was not 
simply because fewer tracks were made and fewer hypothalamic cells recorded in the 
second rhesus monkey. Thus for these two stimulation electrodes more hypothalamic 
cells were activated from the electrode which was positive for self-stimulation than 
from the electrode which did not support self-stimulation. 

In three squirrel monkeys recordings were made in the dorsal frontal cortex, in 
the region stippled in Fig. 2, in order to compare the activation found here with the 
activation found in the other recording sites. It was found that although some 
neurones (57) in the dorsal frontal cortex were activated from the different self- 
stimulation sites used in the squirrel monkey, some dorsal frontal neurones (39) were 
also activated from non self-stimulation sites in these animals. For comparison, in 
these same three squirrel monkeys, 213 hypothalamic neurons were activated from the 
electrodes positive for self-stimulation, and 21 from the negative electrodes. These 
data suggest that relative to the dorsal frontal cortex, neurones in the lateral 
hypothalamus are more likely to be activated from self-stimulation than from non- 
self-stimulation electrodes positive for self-stimulation. Self-stimulation through the 
microelectrodes in the dorsal frontal cortex was tested, and was not obtained. 
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It appears that in the monkey there is an interconnected system of  sites 
activation of  which is related to self-stimulation of  any of  these sites. 

(3) The response character&tics of  neurones in the lateral hypothalamus and substantia 
innominata activated by brain-stimulation reward 

The responses of  a sample of  764 hypothalamic neurones activated from at least 
one self-stimulation site as described above were analyzed in five behaving squirrel 
monkeys and two behaving rhesus monkeys,  to provide evidence on the function of 
these activated neurones. 

The responses of  one category of  these neurones which have activity related to 
the sight of  food have been described elsewhere 3,12,z°,32. One other category of  these 
neurones had responses which occurred during ingestion while food was in the mouth 
as described next. An analysis of  the responses of  one of  the neurones during the 
ingestion of  water and different concentrations of  glucose solution is shown in Fig. 4. 
This neurone increased its firing rate above the spontaneous level when substances 
such as water or weak (2.5 ~o) glucose were in the mouth, and showed a decrease below 
this level in firing rate which was closely related to the concentration of  the glucose (see 
Fig. 4a). Other sweet solutions (such as blackcurrant juice) produced a comparable 
decrease in firing rate. Many other similar neurones did not respond to solutions such 

o, ConcentrQfion-response curve 

3O 

25 

'~" 20 

o i s  

10 

5 

0 

++ 
+ 

i I i~ i i 
Sp 0 25 5 10 20 

Glucose concefltrat{on (g'/,) 

b Effect of sclliety on responsiveness 

25 

2 0  

® 15 

5 

0 

Rejection--0I 

Acceptance °L 

Spont ..... • • •  

I I I I 

T r i a l  

Fig. 4. a: effect of the glucose concentration (w/v) tasted on the firing rate of a neurone in the rhesus 
monkey lateral hypothalamus. The firing rate (mean ~ S.E.M.) was measured in a 7-10 sec period 
during which the monkey was drinking 2 ml of the solution from a syringe. 0 ~  represents drinking 
water, b: effect of satiety on the response of the neuron shown in a. The firing rate was measured on each 
trial in a 7-10 sec periodin which the monkey drank 10 ml of 20 ~ glucose solution. The firing rate (mean 
± S.E.M.) decreased when the glucose was tasted on the early trials in which the monkey was still 
hungry, but as the monkey became satiated because of drinking the glucose (trials 5-15), the response 
when the glucose was tasted diminished to nil. Note that the spontaneous firing rate was not influenced 
by the transition to satiety. 
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as water or saline by altering their firing rate from the spontaneous level, but did alter 
their firing rate only when some foods, e.g. sweet solutions, were in the mouth (see ref. 
31). These responses to some but not other ingested solutions suggested that the 
responses of this category of hypothalamic neurones were associated with the taste of 
the food in the mouth, and this suggestion received support from the observations that 
these neurones were relatively uninfluenced by mouth movements and swallowing, or 
other face or body movements, or arousal. 

Knowing from work on the rat that brain-stimulation reward of the lateral 
hypothalamus can be diminished by feeding the animal to satiety 24, the effects of 
satiety on the responses of these hypothalamic neurones associated with the taste of 
food were next determined. An example is shown in Fig. 4b. This neurone, the same as 
that in Fig. 4a, decreased its firing rate from a spontaneous rate of 22 spikes/sec to 5-6 
spikes/sec while 20 % glucose was in the mouth at the start of the experiment, when the 
monkey was 8-20-h food deprived ('pre-satiety'). Then on consecutive trials (separated 
by 30 sec) the monkey was fed 10 ml of the 20 % glucose solution, and the response of 
the neurone which occurred while the glucose was in the mouth being ingested was 
measured. Gradually, particularly between trials 4 and 12, the response of the neurone 
to the glucose became less (i.e. it changed its firing rate by a smaller amount from the 
baseline level), until by trial 18, when the monkey was satiated, ingestion of the glucose 
did not produce any response in the neurone. For comparison, the satiety produced by 
the glucose, measured by whether the monkey accepted or attempted to reject the 
glucose, is shown below. (The glucose was delivered into the monkey's mouth, and he 
swallowed it, even when he was showing satiety by attempted rejection, to ensure 
standard testing conditions.) It is clear that the neurone only responded in association 
with the taste of the glucose when the monkey was hungry, and did not respond when 
the monkey was satiated. It should be noted that only the responsiveness, and not the 
spontaneous firing of the neurone, was influenced by the change from hunger to 
satiety. This modulation of reponsiveness by hunger was found in all the units tested 
(see ref. 3). 

Responses of this type associated with the taste of food were found in 33 
neurones (4.3 % of the sample). Twenty-one responded with an increase of firing rate, 
and 17 with a decrease. (Nineteen of these neurons responded to both the sight, as 
described below, and the taste of food.) The effects of satiety on the responses of these 
neurones associated with the taste of food has been confirmed five times in five 
different neurones recorded in three squirrel monkeys and two rhesus monkeys (see 
also ref. 3). 

Of the other neurons in this sample of 764 hypothalamic neurones activated by 
brain-stimulation reward whose responses were analyzed in the behaving animal, it 
was found that 71 (9 %) had responses which occurred immediately before the animal 
was fed, in association with the sight of food. The response characteristics of these 
neurones have been described elsewhere a0. It has been found that these neurones, too, 
only respond to food when the monkey is hungry a. Further, the responses of these 
neurones become associated with the sight of food during learning 12, and fire with 
latencies of 150-200 msec in a visual discrimination for food, so that they precede, and 
predict, the responses of the hungry monkey to foodaL 
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TABLE lI 

Convergence o f  activation from different numbers o f  self-stimulation sites onto hypothalamic neurons 
which had or did not have food-related responses 

Number o f  self-stimulation sites 

0 1 2 3 

1 Rhesus monkey Feeding-related 0 7 14 
Not feeding-related 10 86 77 

3 Squirrel monkeys Feeding-related 0 21 18 
Not feeding-related 4 152 96 

6 ~ z2__5.7, d f _  1 ,P<0 .02  
9~ 

13 ~ Z2 =7.9, d f = 2 , P < 0 . 0 2  
32 

Of  the remain ing  hypo tha lamic  neurones,  another  g roup  had  act ivi ty  which was 

associa ted with arousa l  and  general  body  movement ,  with mouth ,  face or  a rm 

movements ,  with visual s t imula t ion  by moving  objects,  or  with the sight of  aversive 

visual stimuli,  as descr ibed elsewhere 27,a2, and  128 neurones  (16.8 ~ )  were classified 

after  analysis  in this category.  Many  neurones  (69.6 ~ of  this  sample)  were unaffected 

by the above  types of  s t imula t ion  or  by movement  or  by feeding, or  had  small  

responses or  could  not  be analyzed sufficiently to  enable  them to be classified into  the 

above  categories.  Thus of  the sample  o f  764 hypo tha lamic  neurones  ac t iva ted  by 

bra in -s t imula t ion  reward  and analyzed dur ing behaviour ,  104 (i.e. 71 ~- 33), or  13.6 ~o 

had  responses associa ted with the  sight and /o r  taste o f  food,  and  the responsiveness o f  

these classes o f  neurones  depended  on hunger.  I t  should  be emphas ized  tha t  these 

neurones  were found  in the la teral  hypo tha lamus ,  and  in an area  s tretching lateral ly 

into the subs tant ia  innomina ta ,  and  rost ra l ly  th rough  the p reop t ic  area  to  the an te r ior  

commissure  (see also examples  in refs. 30 and 32). In  re la t ion to b ra in-s t imula t ion  

reward,  it  was found  tha t  neurones  act ivated f rom many  self-s t imulat ion sites were 

par t icu lar ly  l ikely to be ac t iva ted  by the sight and /o r  taste o f  food  (see Table  II). (As in 

Fig. 5. a: hypothalamic units activated by both brain-stimulation reward and by natural reward (the 
sight of food) were recorded at the base of this microelectrode track. Self-stimulation through the 
recording microelectrode occurred in the region of these units as shown in the histogram of the current 
threshold for self-stimulation through the recording microelectrode. Both the response of the units to 
food and the self-stimulation in this region were attenuated if the animal was not hungry. Above this 
region in the globus pallidus, some activation of units, particularly from reward sites in the orbito- 
frontal cortex and mediodorsal nucleus of the thalamus, occurred, but the firing of these units occurred 
in relation to head movements, and self-stimulation of this region was poor (it probably occurred 
because of current spread to the hypothalamus below). The activation of the units was trans-synaptic 
(S) or direct (D) from self-stimulation sites in the orbitofrontal cortex (OF), nucleus accumbens (NA), 
mediodorsal nucleus of the thalamus (MD) or lateral hypothalamus (hi) with the latencies shown in 
msec. Abbreviations: Am, amygdala; Ca, caudate nucleus; CC, corpus callosum; GP, globus pallidus; 
IC, internal capsule; Lh, lateral hypothalamus; OC, optic chiasm; Put, putamen; SI, substantia in- 
nominata; th, thalamus; V, ventricle, b: the mean of the self-stimulation threshold current (mA) as a 
function of the depth (ram) of the microelectrode in the brain for eight separate experiments in the 
squirrel monkeys. The lowest thresholds in the 8 experiments were found at 18-20 mm below the dura, 
i.e. at the level of the lateral hypothalamus and substantia innominata. The stimulation (0.1 msec pulses 
at 100 Hz lasting for 0.3 sec) was applied through the recording microelectrode after recording had 
finished as the microelectrode was repeatedly raised and lowered to different depths. 
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the case of Table I the data are drawn only from the animals with three or more 
electrodes positive for self-stimulation.) This suggests a close relation between the 
effects of the sight and taste of  food and brain-stimulation reward on these neurones. 

(4) Effects of stimulation in the region of the neurones in the lateral hypothalamus and 
substantia innominata 

Electrical stimulation was applied through the recording microelectrode alter 
recordings had been completed on some of the tracks. It was found that self- 
stimulation occurred when the microelectrode was in the region of the neurones which 
were activated by brain-stimulation reward and had responses associated with food. 
The current threshold for the self-stimulation with 0.1 msec pulses was usually low 
(100/~A) in the region of these neurones, and as the microelectrode was moved away 
from this region the threshold for self-stimulation increased, until finally self- 
stimulation would not occur at any current, and usually only motor movements were 
elicited. An example of one of these experiments is shown in Fig. 5a. It is shown in Fig. 
5b that in 8 experiments in the squirrel monkey in which stimulation was applied 
through the recording electrode at different depths, self-stimulation was obtained at 
low currents at depths of 18-20 mm (corresponding to the depth of the lateral 
hypothalamus), and higher currents had to be given to obtain self-stimulation as the 
microelectrode was moved away from this region. In these experiments care was taken 
to ensure that the measured sell-stimulation threshold at a particular electrode depth 
was constant, as the initial effect of stimulation through the varnished electrode was to 
lower the impedance of the electrode. Although not usually tested, it was noted in 
some tracks that eating or other stimulus-bound behaviour might be elicited by 30 sec 

trains of electrical stimulation, 

(5) Effects of satieO, on the self-stimulation in this region 
As it was known that the responses of neurones in this region associated with 

food rewards are decreased if the monkey is fed to satiety 3, the effects of satiety on 
brain-stimulation reward in this region were determined. In experiments in the squirrel 
monkey it was found that the self-stimulation rate through the microelectrode could 
sometimes be decreased, and the current required to maintain self-stimulation be 
increased, by feeding the monkey to satiety with 20 % glucose solution (Fig. 6). The 
effect did not appear to be due to a general depression of behaviour, for self- 
stimulation at some other sites (for example in the nucleus accumbens) was not 

affected by satiety. 

(6) Activity during feeding and drinking of neurones in the globus pallidus 
A number of units were found in the globus pallidus which altered their activity 

during ingestion. However, the characteristics of these units were different from those 
of the units in the lateral hypothalamus and substantia innominata. An example of the 
responses of one of the pallidal units has been shown in Fig. 2 of ref. 31, which shows 
that the firing rate of  the unit increased to more than 60 spikes/sec when any fluid was 
swallowed. Thus the activity of  the unit appeared to be related to ingestion or 
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Fig. 6. The histogram shows the threshold current for self-stimulation obtained before (pre-satiety) 
and after (post-satiety) satiating the squirrel monkeys with 20 ~ glucose solution. The self-stimulation 
measured was that obtained through the microelectrode when it was in the region of the lateral hypo- 
thalamus and substantia innominata after a recording track had been made. Results obtained for 5 tests 
on different tracks (usually in different monkeys) are shown. 

swallowing per se. Several units of this type were found. Other units responded when 
the lips were touched, or when air was blown onto the lips, or when the monkey moved 
his tongue or chewed, or moved his head, or when the monkey reached (see refs. 3, 27 
and 30). Thus although the firing pattern of  these units was related to ingestion, the 
responses were obtained with a wide variety of substances ingested and thus could be 
differentiated from the responses of hypothalamic neurones associated with the taste 
of  food. 

Units in the globus pallidus often fired with high maximal firing rates between 50 
and 100 spikes/see. This characteristic also helped to differentiate these neurones from 
the neurones in the hypothalamus and substantia innominata below the globus 
pallidus. Further, the responsiveness of pallidal units was found to be independent of 
whether the animal was hungry or satiated 3. 

DISCUSSION 

Good self-stimulation sites in the monkey were found in the caudal orbitofrontal 
cortex, mediodorsal nucleus of  the thalamus, nucleus accumbens septi, lateral 
hypothalamus and substantia innominata, and in the basolateral amygdala and the 
dorsal amygdala. These findings are consistent with and extend the findings of  Briese 
and Olds 2, Routtenberg, Gardner and Huang 33, Plotnik et al. 19 and German and 
Fetz 7. 

A main finding of this study was that neurones in the caudal orbitofrontal 
cortex, lateral hypothalamus, substantia innominata, and amygdala were activated by 
stimulation applied to these self-stimulation sites or to self-stimulation sites in the 
nucleus accumbens (see Fig. 3). Often, and particularly in the lateral hypothalamus 
and substantia innominata, individual neurones were activated from several of  these 
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different self-stimulation sites (see Table I). Thus in the monkey there is a highly 
interconnected set of self-stimulation sites in which stimulation at one site activates 
neurons in the other self-stimulation sites. 

Although the primary aim of this initial study was to identify forebrain areas in 
which neurones were activated by rewarding stimulation, some evidence was obtained 
on the specificity of the type of activation which was found. First, when recordings 
were made in the internal segment of the globus pallidus, it was found that if neurones 
were activated during self-stimulation, the main site from which activation occurred 
was the orbitofrontal cortex (see Fig. 3). When self-stimulation of the globus pallidus 
was tested with a roving microelectrode it was found that the further the micro- 
electrode was raised above the substantia innominata, the higher was the current 
needed to maintain self-stimulation. Thus either the activation of pallidal neurones 
only occurred at high currents, or the self-stimulation occurred by current spread 
towards the substantia innominata. When the activity of pallidal neurones was 
recorded during behaviour rewarded by food, it was found that neuronal activity 
related to the task occurred during movements, rather than in relation to the 
presentation of food (see also ref. 30). Thus, although activation of neurones in this 
extrapyramidal structure occurred, it was mainly from one self-stimulation site, the 
activity of these neurones was related to movements, and it was not clear whether self- 
stimulation of this region occurred. Second, when recordings were made in the lateral 
hypothalamus and substantia innominata of the rhesus monkeys, it was found that 
neurones were more likely to be activated from a nucleus accumbens electrode which 
supported self-stimulation than from one at which stimulation elicited effects other 
than self-stimulation. Third, in the squirrel monkey's dorso-lateral frontal cortex, 
although some neurones were activated from reward sites, neurones were also 
activated from non-reward sites, and self-stimulation was not obtained in this region. 
This region thus provided a contrast to the lateral hypothalamus, in which neurones 
were more likely to be activated from reward sites than from non-reward sites, and in 
which self-stimulation was obtained. These comparisons emphasize that it is not to be 
expected that electrical stimulation of the brain which provides reward excites only 
one neural system. Rather it is to be expected that several or many systems will be 
activated, with activation of some of the systems being related to the positively 
reinforcing effects produced, while activation of other systems may be related to side 
effects such as minor motor  movements. Further, it is possible that stimulation at non- 
reward sites activates neurones normally involved in brain-stimulation reward, but 
that concomitant activation of another system is incompatible with self-stimulation. In 
this situation it is necessary to analyze systems activated from reward and non-reward 
electrodes and to test for self-stimulation in these systems, and also to analyze the 
function of neurons activated from self-stimulation sites. 

When the responses of  a sample of 764 neurons activated from self-stimulation 
sites were analyzed, it was found that 104 neurons (13.6 j°/o of  the sample) had activity 
associated with the sight and/or taste of food. Some of the neurones fired during the 
ingestion of certain foods or fluids (as described here), and others fired before feeding, 
when the monkeys were looking at food 3°. Both types of response associated with food 
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only occurred in the hungry animal, i.e. when the food was rewarding, as indicated by 
the animal working to obtain and accepting the food3,1L Thus these neurones are 
activated when either brain-stimulation reward of some sites, or food reward, is given 
to the animal. (It may be noted that as both excitation and inhibition of an individual 
neurone may be produced by the electrical stimulation, it is not easy to relate the 
direction of the effect on neuronal firing rate of food - -  an increase or a decrease - -  to 
whether the electrical stimulation excited or inhibited the neurone. The main point 
which can be made is that the neurones described receive an input from both food 
reward and brain-stimulation reward.) Further, electrical stimulation in the region of 
those neurons was found to be rewarding (see above). It was also shown that at some 
of these sites, the self-stimulation rate was reduced if the animal was satiated. 

These findings indicate a close relationship between food reward, brain-stimula- 
tion reward, and the activation of neurones in the lateral hypothalamus and substantia 
innominata. A comparable relationship may also exist in the rat hypothalamus, in 
which some neurones alter their activity during feeding 9, in which some neurones are 
affected by food-related gustatory stimuli, particularly if the rat is hungry 14, and near 
which neurones self-stimulation is likely to occur. 

The findings that some neurones in the lateral hypothalamus and substantia 
innominata altered their activity during the ingestion of certain foods or fluids, and 
that their activity was not affected by movements of, for example, the face and mouth, 
are consistent with the possibility that the responses of these neurones are gustatory. 
Further evidence consistent with this possibility is that in the test situation used the 
responses of these neurones can be differentiated from the responses of other neurones 
in the same area and of neurones in the globus pallidus (see above) and substantia 
nigra la, which have activity which appears to be related to motor responses. For  
example, some neurones in these areas had activity which altered during feeding, but 
showed similar changes in activity when different fluids were ingested, and had activity 
which could be related to identifiable face, mouth or throat movements. It is of interest 
that in the lateral hypothalamus and substantia innominata of the alert monkey 
neurones with responses which appear to be gustatory are recorded, for in the lateral 
hypothalamus of the anesthetized rat neurones with gustatory responses have been 
described la and, also in the rat, gustatory pathways have been traced from the nucleus 
of the solitary tract to the pontine taste area, and from there to the central nucleus of 
the amygdala, lateral hypothalamus, and substantia innominata, as well as to the 
thalamic taste relay 15. It is also of interest that at the stage of the lateral hypothalamus 
and substantia innominata, at least in the monkey, the responses of the neurons 
associated with gustatory stimuli occur when the animal is hungry and not when he is 
satiated (see above and ref. 3). 

A hypothesis which is consistent with these findings is that some of these 
neurones in the lateral hypothalamus and substantia innominata which are activated 
by food in the hungry animal are involved in the reactions of the animal to food when 
he is hungry, that is to food reward ~4-2s. According to the hypothesis, the reason why 
the animal works to obtain the sensory stimulation associated with, for example, the 
sight and taste of food only when he is hungry, is that this is when the sensory 
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stimulation activates these neurones. The sensory stimulation would, by activating 

these neurones, provide the reward for which the animal worked. Brain-stimulation 
reward of  this, and perhaps of  some other regions would occur because in activating 

these neurones the stimulation mimics the effects which food has in the hungry animal 

on these neurones. Before this hypothesis can be accepted, evidence is needed on 

whether the activity of  these neurones precedes feeding behaviour,  or reflects feeding 
behaviour. To test this, the latency of  activation o f  these hypothalamic neurones by 

the sight of  food was measured, by presenting the food from behind a wide-aperture 

shutter. The latencies were in the range 150-200 msec. Further,  it was shown that these 
neurones fired in a visual discrimination for food with latencies of  150-200 msec to the 

stimulus which signified that food was available, and did not  respond to the stimulus 

which indicated that  food was not available, and that  latencies of  the E M G  associated 
with the lick responses were 200-350 msec 32. Thus the firing of  the hypothalamic units 

preceded and predicted the responses of  the hungry animal to food 32. Also, the 

findings that brain-stimulation reward activates these neurones activated by food 
reward, and that self-stimulation occurs in the region of  these neurones, suggest that  
the activity of  the neurones could be involved in the reaction of  the animal to the food 

reward, that  is in the initiation and maintenance of  feeding when food is available. It is 

now of  importance to analyze the output  connections of  these neurones, to determine 
whether they could be involved in the effects produced by food reward such as the 

initiation of  feeding behaviour, and the endocrine and autonomic  responses which 

occur to food in the hungry animal. 
If neurones in the forebrain which are related to brain-stimulation reward are 

concerned with processes of  this type, then it need not be expected that  there would be 
only one reward system, or that  activation of  these systems would be necessary for 

reward. Rather,  brain-stimulation reward at some forebrain sites would occur because 
of  activation o f  any one o f  a number  of  different systems concerned with responses to 
different natural reinforcers such as food or waterZS,26, 30. At other self-stimulation 

sites there could be other substrates for the self-stimulation (see refs. 24 and 29). 
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