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EVOKING CONDITIONED FEAR'BY EL
SUBCORTICAL STRUCTURES IN&

JOSE M. R, DELGADO H. ENGER ROSVOLD,* axp ED‘VIUND LOONEY

Yale University

’I“mork of Hesz (9, 10), Ranson and Ma-
gougRyZ8), Kaada (11), MacLean and Del-
ga 2), Gastaut and collaborators (8),
and Masserman (14) has demonstrated that
thelfeancephalon, diencephalon, and rhinen-
cepitigh play important roles in the integra-
tioddaemotional reactions. Electrical stimula-
tion of all these subcortical structures has
a wide variety of the behavioral com-
gﬁﬁ% usually associated with fear, rage,
";\.{.L;&pgu Masserman (14), however, was
by to condition an escape response to
%‘}A alamic stimulation, or even -to elicit
PeCiApe response by such stimulation in
animals which had already been conditioned to
escape to auditory stimuli. He concluded,
therefore, much as Bard had done earlier in
connection  with  lesions placed in the
hypothalamus, that “these pscudo-affective
responses differ from those in integrated emo-
tional states in that the hypothalamic reac-
tions are not adapted to external circum-
stances” (1, p. 633). Delgado (6), on the
other hand, observed that animals in which
emotional responses were being evoked by
stimulating in subcortical structures other
than the hypothalamus soon began to ex-
hibit anxiety-like responses when picced in
the apparatus prior to stimulation. These
obscrvations were incidental to the main
purpose of that study, and the phenomenon
may have been an artifact of certain uncon-
trolled variables. The present study was de-
signed to determine whether electrical stinu-
lation in these same subcortical structures
would evoke a fear resporse which had been
conditior-d to an auditory stimulus, Positive
results would suggest that the emotional be-
havior mediated by these subcortical struc-

' Supported by grants from Foundutions Fund foe
Research in Psychiatry, Office of Naval Research
SAR/Nanr 609 (08), National Science Foundation and
Veterans Administration (VA1001-M3222). Reproduc-
tion in whole or in part is permitted for any purpose
of the United States Government,

1 Now at Natirnal Tostitute of Mental Health,
Bethesda,
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tures, unlike that mediated by the hypothala-
mus, can be adapted to extemal circumstances.

METHOD

Subjects
Ten monkzys (Macace mulatio), ranging in weight
from 2.0 kg. to 3.0 kg., were housed in individual cages
and maintained on a standard synthetic diet calculated
to provide 80 cal/kg of body weight daily, One-half
orange three times a week supplemented the diet.
Upon complgtion of preoperative training, an assembly
of sizx needle electrodes was permanently implanted
within each hemisphere. at the positions in the rhinca-
cephalon, diewcephalon, and  mesencephalon from

which Delgado {6) had previously elicited emotional
behavios.

Apparalus
Needle Electrodes

Enameled or Teflon-coated stainless steel wire, 0.005
in. in diameter, was straightened by stretching and cut
into six graduated lengths: the first 10 cr. long, =nd
each succoeding piece 4 mm. shorter. Each wire was
scraped bare of insulation for 1 mm. at the tip, and
for about 5 mum. at the socket end. Six such wires were
then cemented together side by side with Plexiglas
dissolved in dithlorethylene, each bare tip 4 mm, from
the next. The sccket ends were soldered to a seven-pin
miniature radio tube socket In an identifiable crder. A
bare stainless steel wire was soldered to the middle pin
to serve as the indifferent lead. These seven wires were
insulated from cne another by flooding the soldered
ends with INSLX-E33 clear. This assembly provided a
six-point multifead clectrode by means of which the
brain could be stimulated at six vertical levels

FElectrical Stimulator

The twochannel Hols-Delgado stimulator providing
bidirectional rectangular pulees was connected to the
clectrode by means of a light-weight, fiexible multilead
cable. Frequency was kept constant at 100 cycles per
second, and pulse duration at 35 msec.; amplitude was
varied from 1 to 10 v. Menitodng the current with 8
dual-beam oscilloscope (DuMont Type 322) indicated
that current of 0.25 to 4 ma. passed through the braia
when 1 to 10 v. was applicd. Stimulation was unilateral
and moncpolar. In some casca bipolar stimulation be-
tween adjacent points was also used to check the
results of mengpolar stimulation. Tn each stimulation
trial the animals were continuously stimulated until
they resp.onded or until 40 sec. bad clapsed.
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Testing A pparams

The animal was cvmcd to an axroandmoncd sound-
proofed, darkened testing room, where it was - veleased
into the testing cage. On stimulation days before being
released into the testing cage the multilead cable was
plugged into the electrode socket. The animal was free
to move about in the testing cage even when the mult-
lead cable was plugged in. The testing cage was a
Wisconsin General Test Apparatus (WGTA) modified
by Waterhouse (20) to contain an electric grid floor
through which shock could be administered to the
animal’s feet as described by Beck, Runyon, und
Waterhouse (2). The level of shock was regulated so
that it produced apparent signs of discomfort in the
monkey without producing tetany. Lifting the one-way
vision screen started a timer and, eitber immediately or
after 2 sec., electrified the grid. Lnftmg the screen also
initiated elthcr the high tong, the low toue, the no-tone,
or the clectrical stimulation, In addition, lifting the
screcn exposed to the animal two cups placed 12 in.
apart, cach fastened to a scparate sitde. Turning over a
cup stopped the timer, the current in the grid, and the
tones or the electrical stimulation. The time elapsed
between the raising of the screen and the tuming of the
cups was called the “response time.” The monkeys were
trained to pull in and overtum the left cup in response
to the high tonc to stop (escape) and later to avoid,
the shock to the feet, and the right ¢op in response to
the low tonc to obtain a peanut rewzrd. This training
proczeded as described below.

Procedure

T'raining

Twenty-five trials of cach of the two responses
were distributed at random over the day's 50 trials.
The trials were separated by 5 to 10 sec. The training
was continued until the animal was correct on all trials
and avoided shock by anticipating every fear (high-
tore) trial on five successive days. Thea 10 trials pre-
ceded by no-tone were presented at rezdem among the
other 50 trials for a total of 60 trials. TTe no-tone tnal
consisted at first of confronting the monkey with
vasious stimuli such as blinking lights, trainer’s gloves,
and banging noises as the screen was raised. Gradually
these novel stimuli were omitted so that finally the
no-tane condition consisted in simply reising the screen.
Training continyed under these conelitions until on
three successive days the animal resprarded to the left
cup only for tie conditioned fear stimrutas, and to the
right cup for cverything but the conditioned fear
stimulus, i.e., on both the low-tone asd no-tone trials
The electrodes were then implanted. Training was
resumed within a few days after eperation and was
continued until on three successive davs the animals
did not make an error either by going to the wrong cup
oe by failing to avoid shock.

Testing

Selection of lhe stiselotion inlensily. The animal was
placed on the observation stage descrited by Macleun
and Delgado (12), and all the leads of %wth electrades
were plugged into a flexible cable leading to the stimu-
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lator. With frequency and pulse duration constant at
100 cps and .35 msec., respectively, the voltage was
varied in 0.1-v. intervals from 1.0 to a maximum of
10.0 v., repeating cach level three times in cne ascend-
ing and one descending series for each lead, The £ re-
corded whether or not he observed an effect and on
the hasis of earlier investigations categorized the be-
havior into fear responses, motor effects, or inhibition
of movement. The lowest voltage at which an effect
was apparent every time in both series (six out of
six) was called the “effective threshold” for that
lead. This was the intensity of the stimulation used
for that lead in the systematic testing.

Systemalic testing. Each day that the animal was
placed in the Waterhouse mparatus only three leads
were plugged in, one ir one 1 :misphere and two in the
other. The leads were selected so that (a) on any one
day stimulation was applied through one lead from
which fear responses had been elicited, one from which
cither motor effects or inhibition hud been elicited,
and one from which there hed been no apparent effect.
(b) The same lead was selected on three different days,
sceparated by as many days as possible, usually three.

A day's session consisted of 60 trials—15 stimulation
(5 through each of three leads), 20 low-tone, 20 high-
tone (fear), and § no-tone trinls—presented in a
balanced order such that neither () twr stimulation

trials, nor (b} 2 fear trial and a stimula izl ex-
pected to elicit a fear response, were juxtap. J. The

systematic testing was completed in 12 testing days
and provided obscrvations on a total of 15 stimulation
trials through each lead.

Tesling the lineits, Upon completion of the 12 days of
systematic testing, scveral variations in provedure wase
introduced. In one of these, the low (food) tone, was
sounded simuhtaneously with appiying stimufation
through a lead from which fear brad been elicited. A
conditioned {fear resporse in the peesence of this
competing drive was comsidered a definitive demon-
stration of the copacity of tha wimmiation to evoke
fear responses. In another of these variations, the high
tone or low me was sounded simultaneously with
applying  stimulation through a lead from which
inhitition had been elicited. Failure to respond in the
presence of these vorupeting, drives was considered a
definitive denmnsteation of an inhibitery effee,
stimulation. Toward the end of this testing period,
stimwbation was spplied onfy through leads from which
feny responses had been elicited. Thus, an animal
vieeived a total of approaimately 40 trials in which the
conditioned fear response was elicited by substituting
electrieal stimulation for the corditioned wtimulng

Surgical Psocedure

Surgical procedures, construction of electredes, and
the method of implahtation have been reported by
DelgaJo (3, 5} and Rosvold and Delgade (19). Biefly,
the method was as follows: with the animal wnder
anesthesia and placed in the Horley-Clarke instru-
nwnt, the assembly of needle #lectrodes was lowered
through holes in the skull drilled at points designated
by Glazewski (16) to locate the various intracerebral
structures (o be investigated. The electrdes were
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EVOKING FEAR BY BRAIN STIMULATION 378

secured in place by dental cement and steel wire ifes
through the skull. Electrodes thus implanted remained
in place over many months and permitted daily testing
of the unanaesthetized animal while it was being
stimulated.

Anatomical Proceduse

Following completion of the behavioral observa-
tions, the animals were sacrificed and the brains
prepared for histological examination as describad
by Rosvold and Delgado (19). Celis were stained by
the method of Nissl, fibers by the method of Spiel-
meyer.® As a check, the Kliver method of staining cells
and fibers simultaneously was used in some brains.
Sections were examined to determinz the anatomical
location of the electrode leads. The sections-in the
plane of the electrode were photographed, and the
cniarged prints were examined to identify the structures
surrounding the leads. Each histological section was
then magnified through a photographic enlarger and
ti's image traced, marking the channel of the electrode
and « cation of the leads. These findingy, together wit
tissue changes, were verified microscopically. A final
drawing of the section was prepared by comparing the
tracing and the photograph.

RESULTS
Responses to the Conditioned Stimsdi

The interpolation of stimulation trials dur-
ing the testing sessions did not alter signifi-
cantly cither the accuracy or the response
times of the conditioned responses. Pulling
in and overturning the left cup in response
to the high tone (conditioned fear response,
tenceforth called CFR) continued to be 2
very energetic, fast response with a mean
response time of 1.78 sec. Pulling in and o 2r-
irning the right cup in response to the low
tone (conditioned food response) and in re-
gponse to the ne-tone (also a conditioned food
respore —the rising screen served as the con-
ditioned stimufus) continued to be identicsl
and relatively slow responses, each with a
mean response time of 4.24 sec

Responses to the Electsical Slimssdation

Stimulation tials were identical to the no-
tone trial (i.e., the ouly external stimulus was
the rising sceeen) except thoet electrical stimu-
Istion was applied through one of the leads.
The effect of the stinsulation was to elicit one
of five responses: {8) A response identical to
that which had been made to the high-tone.
This response was indistinguishable from the
CFR with respect o response time and accom-

P My Reatrix Eghh propared the histolngical shides

panying autonomic signs. It was therefore
called an “elicited fear response” (FEAR).
(8) A response identical to that which had
been made to the low-tone or no-tone. This
response was indistinguishable from the con-
ditioned food response with respect to response
time and absence of autonomic signs. How-
ever, the interpretation of a response to the

food cup during stimulation is equivocal;:

i.e., it could be interpreted as indicating that
stimulation elicited a food response, or that
stimulation had no effect, the response to the
food cup being simply the CR to the rising
screen in the absence of the high (fear) tone.
Therefore, the more conservative interpreta-
tion was made, namely, that a response to the
right cup indicated that the stimulation had
“no apparent effect” (NAE), (¢) A response
to the food cup which was accompanied by
pronounced “motor effects” (AIOTOR). (d)
A response to neither cup. The monkey sat
motionless in the cage slowly turning its head
rom side to side for the 0 sec. during which
the current was on, after which it moved
abruptly to the food cup. Such a failure to
respond while the current was on was called
an “inhibited response” (INHIBIT). (&) A
response in which the animal did not overturn
either cup for 10 to 39 sec., but moved cau-
tiously about the cage, frequently as though
searching the floor. This response was called
“a slow response” (SLOW).

Every time a stimulating current was passed
through a particutar lead, the snme response
was invariably elicited. Even in those trials
which tested the limits, ie, in which a CS
was sounded during the stimulatien, the type
of response that resulted was related to the
strutture being stimulated rather than the C§,
always being different from that to be ex-
pected in response to the CS.

Anatomical Resulls

The structures from which these responses
were clicited are identitied in Figure 1, which
contains reproductions of the sections in the
plane of the electrode tracts from seven differ-
ent hemispheres. Reproductions of sections
from the 13 other hemispheres (bilateral im-
plantation in 10 animals, making 20 hemi-
spheres) are not shown because they are simi-
lar to one or ancther of the seven. Thus, he
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Fia. 1. Camera lucica tracings of sections in the pleme of the electrode frum at least one arimal imglanted at

each of the Horsley.Clare positions investigated in thes s uiv. 417 iniates the anterior H.C coofinate of the
clectrode placement, £:10, the lateral. The Nack dots iz tZe cimnncl of the einctrode represent the points of stimu-
lation. Their positions within the brain appear somewZaz storted as a esult of fixing and cutting processes.
INHIB ~ inhibitory response; NAE = no arpavent eSers JC = intenal apsile, PUT = patawes, 4C =
anterior commissure, 4P w ansa peduncilaris, AMYS = xmygdaly, RF = rhinal fissure, PALL = paladum, !
DENTG = dentate mrus, HIPPG = hippocampal goras. X ILP = nutiess lateralis posterior of the thalamus,
NV2L = nucleus ventrafis posterolaterniis of the thalamis. WM D = nutleus inedialis dorsalis of the thalamus,
N¥PM = nucleus ventralic posteromedialis of the thalarze. SUBN = wiatantia nigra, CC = corpes aiosum,
STT = spinothalamic tract, SFG = superics frontal gyras. C7NG = dnpriate gyrus SMED = striae modellaris,
CG = cential gray.
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EVOKING FEAR BY BRAIN STIMULATION 3T

sections in Figure 1 which are designated by
A:17 L:10, A:15 L:10, and A:10 L:12 each
represent an IV of 2. The other sections repre-
sent V’s as follows: A:8 L:5, N = 3; A:6L:3,
N = 4; A:5L:35, N = 1; and, finally, A:2
L:2, N = 6. The three reproductions on the
left of Figure ! are at different anterior-
posterior levels in the amygdala, that at the
top being most anterior. The remaining four
are at four different anterior-posterior levels
through the pons and (halamus, that at the
top right being most anterior. The anatomical
structure in which each lead was found to be
located is identified by familiar abbreviations,
The label for the particular behavior elicited
by electrical stimulation is shown prefixed
to the abbreviation of the structure from which
the behavior was elicited. Stimulating in the
following structures elicited the CFR:

The amygdaloid-hippocampal complex. The
complicated arrangement of nuclel within
the amydala makes it difficult to determine
for certain from which of the amygdaloid
nuclei the CFR was obtained. However, as
illustrated in Figure 2 and in the seqgtions on
the left of Figure 1, it is probable that the
CFR was elicited only from the medial amyg-
daloid nucleus and from tissue adjacent to this
nucieus in the superior bank of the rhinal fis-
sure. That these effects were specific to this
nucleus is suggested by the fact that they were
not obtained, as illustrated in A:15 1L:10, 2
mm. posteriorto it (probably in basal amygda-
loid nucleus), nor 4 mm. superior to it (prob-
ably in centaal amygdaleid nucleus). Stimulat-
ing the anteriar portion of the hippocampus
resulted in the slow response, not the CFR,
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T10. 2. Photrgraph of the scction in the plane of the
electrode of ane of the brains represented as A:17 L1110
in Figure L.

FiG. 3. Photograph of the section in the plane of the
electrode of one of the Lrains represented in A2 L:2in
Figure 1.

The corpus striatum. As illustrated in the
three scctions on the left of Figure 1, the CFR
was elicited trom the corpus striatum only
when the lead was in the posterior portion
of the pallidum or in the external medullary
lamina surrounding the pallidum. Stimulation
2 to 4 mm. anterior to these structures in the
striatum, particularly in the putanien, in-
hibited responses.

Thalamus. The ouly thalamic nuclei from
which the CFR was elicited were, as illustrated
in A8 L:§ and A:5 L:5 of Figure 1, the
ventzal nuclei VPL and VPM. Motor effects
were obtained from the lateral thalamic nuclei
while no apparent effect was cbserved during
stimulation in medialis dorsalis,

Mesencephalon. The CTR was elicited from
several  structures in the mesencephalon.
Wheneve' the trigeminus nerve was involved,
this response was very frantic, and the monkey
screamed and rubbed its face, This was appar-
ent from stimulating (¢) where the root of the
nerve appears, as in A:8 L:§ just lateral to
the pons (Gasserian ganglion); (b; where it
enters the pons through the superolateral
aspect of the brachium pontis (not ilustrated,
but 1 mm. posterior and medial to the tract
shown in A:8 L:3); and (¢) where the mesen-
cephalic root of the nerve runs close to peri-
aqueductal central gray, as illusirated in
Figure 3 and A:2 L:2,

Similarly, whenever stimulation in the
pons may have involved the spinothalamic
tract, as in Ai5LiSand in A:2 L:2, the CFR
was elicited, somelimes accompanied by
screaming.
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However, when, as in A:2L:2, the lead was
clearly in periaqueductal central gray, where
it probably 1id not inwvolve either spinotha~
lamic tract or trigeminus nerve, the CFR was
always elicited accompanied by autonomic
signs but nerc> by screaming or face-rubbing.

Other siructuses. The CFR was not elicited
from sensorimotor cortex, sensorimotor path-
ways, n.VL and pulvinar of the thalamus,
substantia nigra, or tegmentum inferior to
central gray.

It is apparent in Figure 1 that the motor
effects followed stimulation mainly of sen-
sorimotor pathways and thalamic nuclei
projecting to the motor cortex, while resprnses
were inhibited by stimulating primarily in
corpus striatum but also in ansa peduncularis.

DISCUSSION

Many investigators have elicited fearful
reactions in animals by electrically stimulating
in some subcortical structures. In this study
a conditioned fear response invariably followed
electrical stimulation in certain of these struc-
tures in the monkey. More recently, Delgado,
Roberts, and Miller (7) have demonstrated
that stimulation in some of these structures in
cats leads to fear-like behavior which can b2
conditioned, can be used to motivate tdal-
and-crror learning, and can function as punish-
ment to make hungry animals avoid food.
It may be corcluded, therefore, that responses
resulting from this stimulation, unlike those
clicited by stimulating in the hypothalamus,
are not “‘pseude-aflective” responses but, in-
stead, are responses which have the charac-
teristics of learned behavior in that they can
be adapted to external circumstances.

There is a question, however, as to whether
these elicited responses are actually fear re-
sponses. In the present study there are three
other possible interpretations: (a) One alterna-
tive is that the stimulation was in “pain
fibers” and thercfore elicited a puin-escape
response rather than a pain-avoidance re-
sponse (CIFR). This is a plausible interpreta-
tion, since overturning the left cup was the
conditioned response for both conditions.
Indeed, in the case of stimulation of structyres
rclated to sensory fibers, such as trigeminal
nerve, spinothalamic tract, pallidum, and
ventral thalamue, it is a likely interpretation.

Such is probably not the case for stimulation
in amygdala and central gray, however, for
these structures are not related to sensory
fibers. (b)) A second, less likely alternative is
that stimulation was in auditory structures in-
volved in the transmission of the conditioned
fear stimulus (high tone). Two factors argue
against this interpretation: First, it is unlikely
that stimulation would selectively evoke
responses to the high tone; second, the struc-
tures from which the fear responses were
evoked are remote from those related to the
auditory system. (¢) Finally, it is possible
that the stimulation resulted merely in a
novel sensation to which the animal responded
with the fear response. This interpretation
is quite unlikely since the animals had learned
to respond to the other (left, not the right)
cup when confronted with novel external
stimuli (the no-tone condition). It seems
reasonable, therefore, to advance the inter-
pretation that electrical stimulation, at least
in the amygdala and central gray, induces in
the animal a condition similar to that which is
present when it is anxious or afraid of being
hurt.

Papez (17) and more recently, MacLean
{13), have summarized the evidence tn sup-
port the conclusion that emotional expression
is mediated through the related cerebral
structures called the limbic system. It is
well established that the amygdah is included
in this system. Further, Nauta (15) has
recently demonstrated that periaqueductal
central gray is also related to the limbic sys-
tem by way of collateral fibers from the fornix,
These considerations perhaps provide a ra-
tionale for the findings that fearful behavior
was elicited by stimulating In central gray
and medial nucleus of the amygdala,

A difficulty for this formulation is that
fear was not elicited %y stimulating in other
amygdaloid nuclei or in the anterior hippo-
campus, i.e., structures which are also included
in the limbic system. Kaada (11), and Mac-
Lean and Delgado (12), however, have reported
“fiar’” responses following stimulation in
these structures. Some of the factors which
might be responsible for these discrepant re-
sults can be pointed out. Stimulating at two
different points within what appears to be the
same anatomical structure may produce
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_ different behavioral effects.-Thus, in the pres-
ent study, stimulation in the corpus striatum
through one lead resulted in motor effects but
thr :gh an adjacent lead resulted in inhibitory
effects. Secondly, what appear to be minor
variations in the parameters of stimulation
produce different behavioral effects. Thus,
stimulating in putamen with 100-cps current
in the present study resulted in inhibition,
but stimulating in the putamen with 60 cps
in an earlier study 719) resulted in hyperac-
tivity. The resolution of these problems would
require a systematic analysis of the effect
on behavior of point-by-point stimulations
throughout a structure in question, varying
all the parameters of the stimulating current.
Until such systematic studies are undertaken,
assigning functions to structures based on the
results of electrical stimulation is hazardous.

At present, however, it secms profitable to
include the results of the present study among
those which support the notion that the hmbic
system is involved in the expression of emo-
tions.

SUMMARY

1. An assembly containing six elzctrodes
was implanted in mesencephalie, diencephalic,
and rhinencephalic structures in the brains of
10 monkeys (Macaca mnlatta), which had
been trained to avoid shock to the feet.

2. Electrical stimulation of some structures
evoked a response identical to the response to
avoid shock; of other structures, an inhibitory
response; of other structures, motor effects;
and of some structures no apparent response.

3. Stimulation of the following structures
elicited the conditioned fear response: medial
nucleus of the amygdala and adjacent tissue
in rhinal fissure, trigeminal nerve at the Gas-
serian ganglion, rostral part of the pons, medial
part of the mesencephalon in the vicinity of the
central gray, nucleus ventralis posteromedialis,
external part of the nucleus ventralis postero-
lateralis of the thalamus, and external medul-
lary lamina of the pallidum.

4. Electrical stimulation of the following
structures did not evoke the avoidance re-
sponse: sensorimotor cortex, sensorimotor
pathways, nucleus ventralis lateralis of the
thalamus, pulvinar of the thalamus, substan-
tia nigra, part of the tegmentum inferior to

the central gray, anterior hippocampus, poste-
rior portions of the amygdaloid nucleus, and
the putamen.

5. A great variety of motor effects affecting
head, eyes, face, forelimbs, hindlimbs, and
also the tail were evoked by stimulation. In
some instances responses were inhibited by
stimulation.

6. The results suggest that fear may be
induced by electrical stimulation of some struc-
tures, not others. The structures from which
fear was elicited appear to be related to the
limbic system.

7. These results are interpreted as indicat-
ing that clectrical stimulation of some sub-
cortical structures elicits fear responses
which may be adapted to extermnal circum-
stances.
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