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Damage to the Lateral and Central,
but Not Other, Amygdaloid Nuclei Prevents
the Acquisition of Auditory Fear Conditioning

Karim Nader, Pedram Majidishad, Prin Amorapanth, and Joseph E. LeDoux"
W.M. Keck Foundation Laboratory for Neurobiology, Center for Neural Science, New York University, New York, New York 10003, USA

It is well established that the amygdala plays an essential role in Pavlovian fear conditioning, with the lateral
nucleus serving as the interface with sensory systems that transmit the conditioned stimulus and the central
nucleus as the link with motor regions that control conditioned fear responses. The lateral nucleus connects
with the central nucleus directly and by way of several other amygdala regions, including the basal, accessory
basal, and medial nuclei. To determine which of these regions is necessary, and thus whether conditioning
requires the direct or one of the indirect intra-amygdala pathways, we made lesions in rats of the lateral,
central, basal, accessory basal, and medial nuclei, as well as combined lesions of the basal and accessory basal
nuclei and of the entire amygdala. Animals subsequently underwent fear conditioning trials in which an
auditory conditioned stimulus was paired with a footshock unconditioned stimulus. Animals that received
lesions of the lateral or central nucleus, or of the entire amygdala, were dramatically impaired, whereas the
other lesions had little effect. These findings show that only the lateral and central nuclei are necessary for

the acquisition of conditioned fear response to an auditory conditioned stimulus.

The neural circuits underlying Pavlovian fear conditioning
are believed to involve transmission of the conditioned
stimulus (CS) to the lateral nucleus of the amygdala (LA) and
the control of conditioned fear responses by way of projec-
tions from the central nucleus of the amygdala (CE) to brain-
stem areas (see Maren and Fanselow 1996; Davis and Lee
1998; Fendt and Fanselow 1999; LeDoux 2000). Given that
the LA projects directly to the CE (Paré et al. 1995; Pitkinen
et al. 1997), it is possible that these two nuclei and the
connections between them fully account for the amygdala’s
role in fear conditioning. However, there are several other
routes within the amygdala through which processing in LA
could reach CE.

For example, LA projects to the basal (B), accessory
basal (AB), and medial (M) nuclei, each of which projects to
CE (Pitkidnen et al. 1997). Although damage to either the LA
(LeDoux et al. 1990a; Amorapanth et al. 2000) or the CE
(Kapp et al. 1979; LeDoux et al. 1986; Hitchcock and Davis
1991; Roozendaal et al. 1991b; Rosen et al. 1991; Maison-
nette et al. 1996) prevents fear conditioning, relatively little
is known about the effects of damage restricted to B, AB,
and M. Numerous studies have made relatively large lesions
of the so-called basolateral complex, which includes LA and
B, and sometimes AB, and blocked the acquisition of fear
conditioning (e.g., Sananes and Davis 1992; Campeau and
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Davis 1995; Maren et al. 1996). However, because damage
to LA alone disrupts conditioning, it is not possible to draw
conclusions about the role of the B or AB from such studies.
Damage restricted to B was found to have no effect in one
previous study (Amorapanth et al. 2000), but the effects of
damage to AB and M alone have not been assessed.

The goal of the present study was to re-examine the
contribution of amygdala areas to fear conditioning by plac-
ing discrete lesions in several of the major nuclear regions,
especially those that might serve as links between sensory
processing of the CS and control of the expression of the
conditioned responses. A standard auditory fear condition-
ing task was used in which a tone CS was paired with a
footshock unconditioned stimulus (US). Lesions were made
bilaterally in the LA, CE, B, AB, or M. Additional groups
received combined lesions of B and AB. Further, a group
sustaining large bilateral lesions that essentially destroyed
the entire amygdala was also included to determine the
maximal effects of amygdala damage. Control subjects ei-
ther received sham operations or were not operated on. A
separate group of controls was given unpaired training to
determine the extent to which the association formed be-
tween the CS and US accounts for conditioning in the
groups given paired training.

RESULTS
Histology

For all structures targeted, animals were only included in
the statistical analysis if vast majority of the structure of
interest was destroyed bilaterally with minimal infringe-
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Amygdala Lesions and Freezing

ment on neighboring nuclei. Extent of damage was esti-
mated from histological sections. The residual tissue typi-
cally consisted of either the rostral or caudal areas of the
nucleus (Figs. 1, 2).

Entire Amygdala
Of the seven animals that received large amygdala lesions,
three were excluded from the statistical analysis due to
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Figure 1

sparing of significant amounts of the amygdala. The remain-
ing four animals sustained massive damage that included all
amygdala nuclei. In addition, the overlying caudate/puta-
men and pyriform cortex, ventrally were typically damaged.

LA
The LA was targeted in 45 animals. Of these, six were in-
cluded in the statistical analysis. Acceptable lesions de-
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Camera Lucida drawings of the various surgical groups. The shadings show the smallest and largest extent of the damage a structure

sustained for animals included in the statistical analysis. The numbers in bold indicate the approximate distance posterior to bregma that a

section represents.
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Figure 2 Composite photographs showing complete lesions of a structure. All images are unilat-

eral.

stroyed much of the LA and minimally infringed on the CE
or the B. Although the dorsal division of the LA was always
damaged, there was variable damage to the ventral regions.

CE

Twenty rats received lesions of the CE. Of these, 15 were
excluded due to excessive sparing of tissue or because the
lesions infringed on adjacent amygdala nuclei. The remain-
ing five rats had extensive damage restricted to CE bilater-
ally along the rostro-caudal extent.

B
Of 25 rats that received lesions targeted at the B, 8 were
included in the statistical analysis. Tissue damage spared the
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CE but in some cases infringed on
the ventral portion of the ventral
LA. Furthermore, caudally damage
extended to the anterior cortical
nucleus, periamygdaloid, and pyri-
form cortex. Portions of the acces-
sory nucleus were also damaged.

AB

Of 40 rats that were lesioned, 12
were included in the statistical
analysis. In addition to the AB, the
periamygdala and pyriform cortex
were consistently damaged. Dor-
sally, portions of the ventral B

3 iy were occasionally damaged.

B+ AB

Twenty rats received lesions tar-
geted at the B +AB. Of these, six
were included in the statistical
analysis.

M

The medial nucleus was signifi-
cantly destroyed bilaterally in 9
out of 20 rats. The lesions also
damaged the periamygdaloid cor-
tex. Caudally, the amygdalo-hippo-
campal area and posterior cortical
area were also partially damaged.

s Lesion
ﬁ -
_ﬁi
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Behavioral Results
Approximately 24 h after being
conditioned, all animals were
placed in a novel chamber. They
were then exposed to the auditory
CS for 60 sec. The amount of freez-
ing exhibited during the CS and in
the time immediately prior to the
onset of the CS (pre-CS period)
was measured. As shown in Figure
3, little freezing occurred in the pre-CS period in any of the
groups. In the unoperated and sham operated controls
given paired training, much of the 60 sec test was ac-
counted for by freezing. In contrast, little freezing was ob-
served in a group of unoperated animals given unpaired
training (in which the CS and US did not overlap). The
dramatic difference between the paired and unpaired
groups indicates that freezing to the CS in the paired group
is due to the specific association of CS with the US and is
not a nonassociative consequence of presenting the CS and
US during training.

All lesioned groups received paired training. Freezing
during the CS was greatly reduced, relative to the controls,
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Figure 3 The effects of pretraining lesions on the acquisition of

conditioned freezing behavior elicited by a Tone. All Amy, entire
amygdala; CE, central nucleus; LA, lateral nucleus; B, basal
nucleus; AB, accessory basal nucleus; B + AB, basal and accessory
basal nuclei; M, medial nucleus; CP, caudate/putamen. Bars rep-
resent group means +SEM.

in the groups with large amygdala lesions or with lesions of
the LA or CE. Damage to B, AB, M, or B + AB had no ob-
servable effect. The freezing scores were statistically evalu-
ated using a repeated measures analysis of variance

(ANOVA) that compared the amount of freezing across
groups in the two sampling periods (pre-CS and CS; Fig. 1).
The main effects of group (F[10, 91] = 26, P < 0.05) and
sampling period (F[1, 91] = 760, P < 0.05) were significant,
as was the interaction between these factors (F[10,
91] = 24, P<0.05). Post-hoc Newman-Keuls tests, with
groups and sampling period as factors were performed.
There was no difference in freezing between any of the
groups during the pre-CS time (Ps > 0.05). However, the
groups differed in the amount of freezing exhibited during
the CS (for summary, see Table 1). Sham and unoperated
controls given paired training froze significantly more than
unoperated controls given unpaired training, further sup-
porting the view that CS-elicited freezing is an associatively
conditioned response. The large-amygdala-lesion group, and
the groups with LA and CE lesions froze significantly less
than both the unoperated controls or sham groups (Ps <
0.05), and at comparable levels to each other and to un-
paired controls. In contrast, all the other groups froze sig-
nificantly more than the unpaired group. B, AB, B + AB, and
M were not different from the unoperated or sham groups.

DISCUSSION

To determine which amygdala nuclei are necessary for the
acquisition of conditioned fear responses (freezing) to au-
ditory stimuli, we made lesions of either the entire amyg-
dala, or of specific amygdala nuclei, including the LA, B, CE,
AB, and B combined with AB or M. These areas were chosen

Table 1. Freezing Exhibited During Conditioned Stimulus

Unpaired
Unoperated & Unoperated
Sham & NS Sham
Amygdala NS * * Amyg.
CE NS & i NS CE
LA NS * * NS NS LA
B * NS NS * * * B
AB * NS NS * * * NS AB
B+AB * NS NS * * * NS NS B+AB
M * NS NS * * * NS NS NS M
CP * NS * * * * NS NS NS NS CP
Means 3.29 50.69 51.96 13.25 8.0 14.0 48.13 46.83 48.17 47.00 38.40
NS, not significant.
*, PL, OS
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because each is a potential link between sensory and motor
processing within the amygdala (see above).

Large lesions of the amygdala blocked fear condition-
ing, as has long been known (e.g., Blanchard and Blanchard
1972). A similar degree of impairment was produced by
lesions restricted to LA or CE. The amount of freezing dur-
ing the CS in these groups was in fact no different from that
in the unpaired group, which received nonassociative train-
ing. In contrast, groups with damage to B, AB, B + AB or M
were significantly different from the unpaired group but not
from the unoperated and sham-operated groups receiving
paired training.

These findings are consistent with previous studies
showing that damage to LA and CE disrupts conditioned
fear responses (Kapp et al. 1979; LeDoux et al. 1988, 1990a;
Roozendaal et al. 1991a; Sananes and Davis 1992; Campeau
and Davis 1995; Oakes and Coover 1997; Poremba and Gab-
riel 1997; Walker and Davis 1997). The fact that damage to
B, AB, B, and AB together or M fail to interfere with fear
conditioning strongly suggests that LA and CE are sufficient
on their own. Two interpretations follow from these find-
ings. First, the direct connections from LA to CE, rather than
indirect pathways involving the other nuclei, are necessary
for fear conditioning. Second, information from the LA can
use redundant indirect routes to the CE to engage the freez-
ing response. For example, the B may normally link the LA
and CE. However, in its absence, projections from the LA to
the CE may substitute.

Although the connections from LA to B, AB and M, and
from these nuclei to CE are not necessary for conditioning
to occur, these may nevertheless participate in the intact
brain. To test this possibility it would be necessary to se-
lectively disrupt the pathway from LA to CE and then test
the role of these regions. Such an experiment is difficult
given techniques currently available.

The failure of a lesion to disrupt fear conditioning
shows that the region is not necessary for the particular fear
conditioning task but does not necessarily mean that the
region has no role in fear learning. For example, once an
auditory stimulus acquires aversive properties through fear
conditioning, it can then motivate the learning of active
responses that allow escape or avoidance from threatening
situations by serving as a conditioned reinforcer (Mowrer
and Lamoreaux 1946; Miller 1948; McAllister and McAllister
1971). Although lesions of B have no effect on fear condi-
tioning to an auditory CS, lesions of LA and B either alone
(Amorapanth et al. 2000) or together (Killcross et al. 1997)
prevent instrumental learning motivated by an auditory CS
(however, it has been reported for a different task that there
is no correlation between damage to the B and the ability of
rabbits to acquire an active avoidance response; Poremba
and Gabriel 1997). Lesions of the CE, but not B, prevent the
acquisition of freezing behavior elicited by auditory fear
conditioning. Conversely, lesions of the B, but not CE, block
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the instrumental learning as measured using an escape-from-
fear task (Amorapanth et al. 2000). This double dissociation
shows there are two output systems for the amygdala. The
CE mediates reactive, reflexive fear responses and the B
mediates the conditioned reinforcement that will drive the
acquisition of active fear responses (Killcross et al. 1997;
Amorapanth et al. 2000). Only lesions of the LA block the
acquisition of both responses, suggesting that it is the site of
plasticity for fear learning and the B and CE separate out-
puts (Amorapanth et al. 2000). Thus, the reasons why le-
sions of the LA and CE block fear condition are different.
Lesions of the LA block fear conditioning because this is the
site of plasticity mediating the learning. Lesions of the CE
block fear conditioning because this is the motor output
through which learned information needs to access the cir-
cuits controlling freezing.

The question arises as to whether the lesions that had
no effect were sufficiently complete to rule out a role in fear
conditioning. The lesions of B in this study were similar to
ones in our conditioned reinforcement study. Because the
lesions were effective in disrupting instrumental learning in
that study, we have an independent indication that lesions
of that size can be effective. In the case of the other lesions,
there is no independent behavioral evidence that allows us
to judge the effectiveness of the lesions and we are left to
base our conclusions on the fact that our histological ob-
servations indicate that the regions sustained extensive
damage.

We used electrolytic lesions because these can be re-
stricted to small regions of the amygdala with minimal in-
fringement onto neighboring structures. However, electro-
lytic lesions can interrupt functions mediated by pathways
passing through the lesion, as well as the functions medi-
ated by the area destroyed. For this reason, positive effects
of lesions must be carefully interpreted (e.g., Dunn and
Everitt 1988). Given the pattern of the present results, to-
gether with previously published findings showing that fi-
ber-sparing neurotoxic lesions of the LA and B together
disrupt fear conditioning (e.g., Sananes and Davis 1992;
Maren et al. 1996), it is unlikely that damage to fibers pass-
ing through the amygdala accounts for our results. Further,
functional inactivation of LA and B disrupts fear condition-
ing (Helmstetter and Bellgowan 1994; Muller et al. 1997;
Wilensky et al. 2000). Because electrolytic lesions of LA but
not B disrupt conditioning, the effects of LA + B neurotoxic
lesions or LA + B inactivation are likely to be due to actions
in LA. Similarly, since neurotoxic lesions of CE disrupt con-
ditioned fear responses (Killcross et al. 1997), the effects of
electrolytic lesions in the present study are likely to be due
to a disruption of functions localized to CE rather than to
functions mediated by fibers passing through CE.

Our results are most directly applicable to auditory fear
conditioning but may also apply to studies in which other
discrete unimodal sensory stimuli are used as a CS since the
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LA is the main link in the amygdala with sensory systems in
mammals (LeDoux et al. 1990b; Amaral et al. 1992; Pitkanen
et al, 1997; McDonald 1998). In contrast, our findings may
not apply to contextual conditioning, which is believed to
involve connections from the hippocampus to the amygdala
(Phillips and LeDoux 1992; Kim et al. 1993), because the
main projections from the hippocampus terminate in the B,
AB, and CE (Canteras and Swanson 1992). However, there
are some minor projections from hippocampal areas to LA
(Stefanacci et al. 1996), and recent studies have shown that
portions of LA are functionally activated in response to a
contextual CS (Wallace and Rosen 1999). Nevertheless, ad-
ditional studies are needed to clarify the role of amygdala
regions in contextual conditioning. Particularly important
will be the use of tasks in which conditioning depends on
an association involving a representation of the context
rather than on tasks in which conditioning to unimodal and
contextual stimuli cannot be differentiated (e.g., Phillips
and LeDoux 1992; Maren et al. 1997; Frankland et al. 1998).

In summary, we have shown that damage to LA and
CE—but not B, AB, or M—disrupts the acquisition of con-
ditioned freezing in response to auditory fear conditioning.
LA and CE and the connections between them thus are
sufficient to mediate fear conditioning. Future studies in-
volving physiological recordings, perhaps in conjunction
with lesions, will be required to determine more precisely
how processing within this circuitry allows sensory stimuli
to come to control fear reactions as a result of their asso-
ciation with painful or other aversive stimuli.

MATERIALS AND METHODS
Subjects

All subjects were adult male Sprague-Dawley rats housed in pairs in
Plexiglas cages. All animals weighed between 275 and 300 g upon
arrival at the laboratory and were kept on a 12-h light-dark cycle
with lights on at 7:30 A.M. Rats had ad libitum access to food and
water for the duration of the experiment. Rats remained in the
vivarium undisturbed for 5 d. The animals were then handled each
day for 5 d after the experiments were begun.

Surgery
Rats were injected with 0.15 cc atropine intraperitoneally (ip),
anaesthetized with Nembutal (ip, 0.1 cc/100 g body weight, 50
mg/mL), and placed in a stereotaxic frame. The cranium was ex-
posed and four burr holes were drilled using a dental drill. A stain-
less steel, monopolar electrode insulated with epoxy to within 200
um of the tip was lowered through an incision in the dura to the
target brain area. Lesions were made by passing positive current of
various durations through the electrode at each lesion site. Coor-
dinates taken from for the various experimental groups are given in
Table 2 (Paxinos and Watson 1997). Animals in the sham lesion
group had identical electrode placements, with the exception that
the DV coordinate was 1-1.5 mm dorsal to the experimental group
and no current was passed through the electrode.

Following completion of surgery, the wound was closed and
the animal was placed in its home cage, which rested under a heat
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Table 2. Coordinates Relative to the Skull Surface at Bregma
(in Millimeters) and Current Duration

Duration

Posterior ~ Medial/Lateral ~ Ventral (sec)

Entire 2.3 +4.8 8.4 20
Amygdala 3.0 +5.2 8.5 20
LA 2.3 +5.1 8 9
3.2 +5.3 8.1 10

4.0 +5.5 8.1 11

CE 1.8 +4.4 8.4 12
2.3 +4.4 8.4 12

2.8 +4.4 8.4 12

B 2.1 +4.9 9.1 12
2.8 +4.9 9.3 15

3.3 +5.3 9.2 15

4.2 +5.3 9.3 15

AB 3.1 +4.8 9.8 10
3.6 +4.5 9.5 10

B + AB 2.1 +4.9 9.1 12
3.0 +4.9 9.6 18

3.5 +4.9 9.4 18

4.2 +5.3 9.3 15

M 2.3 +3.2 9.0 10
3.2 +3.3 9.0 10

3.8 +3.6 9.2 12

CcP 1.8 +4.9 7.5 12
2.4 +4.7 7.4 12

3 +4.9 7.4 10

3.6 +5.2 6.8 10

lamp. After recovery from surgery, the animal was returned to the
animal housing area and allowed to recover undisturbed for a 1-wk
period.

Apparatus
Prior to each phase of the experiment, animals were transported to
a holding room in the vivarium. This room is distinct from the
rooms in which conditioning took place. Distinct environments
were used for conditioning and testing. All rats received fear con-
ditioning in a conditioning chamber (chamber A, Model E10-10,
Coulbourn Instruments) with a metal grid floor. Black plastic in-
serts with diagonal white lines on them were fitted to the two side
and back walls. The front wall was made of clear Plexiglas. A single
house light illuminated the chamber. This conditioning chamber
was contained within a sound-attenuating cubicle (Model E10-20,
Coulbourn). The apparatus was cleaned with an industrial deter-
gent after each use.

Testing took place in four standard operant chambers (ENV-
001, Med Associates) that were located in a different room in the
vivarium (chamber B). The only modification made to these cham-
bers was that the normal metal grid floor was covered with a sheet
of white plastic. The plastic floor was wiped before and after each
conditioning session with a peppermint-odored soap. These cham-
bers had two levers extending into them. The house light and two
key lights produced illumination for the chamber. These chambers
were contained within a sound-attenuating cubicle (ENV-022M,
Med Associates). A 1.5-in hole was drilled through the top of the
cubicle, over which video cameras were mounted and which re-
corded the animals; behavior.
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General Procedures

Habituation

Rats were habituated to chambers A and B over a 2-d period in a
counterbalanced order. On the first day, half the rats were placed
in chamber A for 20 min and the remaining rats were placed in
chamber B for 20 min. The following day, each rat was habituated
to the alternate environment for the same amount of time.

Fear Conditioning

The training procedure has been described in detail previously
(Phillips and LeDoux 1992; Morgan et al. 1993). On the two days
following habituation (days 1 and 2), classical-conditioning trials
began (2 trials per day, 2 d). These trials entailed transporting
animals into the training room and placing them individually into
chamber A. The CS was a 10-kHz tone and the US a 0.5-sec (0.5 mA)
scrambled shock through the floor grid. For rats receiving paired
fear conditioning, the CS was presented for 20 sec through a
speaker mounted on the front panel of the chamber. The US cote-
rminated with the CS. The intertrial interval averaged 120 sec with
a range between 90-150 sec. Each daily session began [1120 sec
after being placed in the box.

Unpaired fear conditioning entailed presenting the CS on the
same schedule as the paired procedure. The US, however, was
presented pseudo-randomly such that the order of stimulus presen-
tation was US/CS/US/CS, with the US not occurring within 60 sec
of CS1 termination.

Test

On day 3, the animals were transported and placed into chamber B
and allowed to explore. At minute 10 the CS was presented for 60
sec. The number of seconds spent freezing during CS presentation
was determined by observing the video tape of the rats’ behavior in
the chamber. Freezing was defined as immobility, with the excep-
tion of respiratory-related movement. The duration of freezing dur-
ing the CS was compared to the duration of freezing in the 60-sec
period just before the onset of the CS (pre-CS period). Freezing was
scored by people blind to the experimental groups that the animals
belonged to.

Histology

Following completion of the behavioral studies, animals were
deeply anaesthetized with Nembutal (0.5 cc, 50 mg/mL) and trans-
cardially perfused with physiological saline and 10% buffered for-
malin. The brains were stored in 30% sucrose in formalin postfix
solution and sectioned on a microtome at 50 um. Every other sec-
tion was collected on a slide and stained with cresyl violet. Sections
were examined and images digitally captured under bright-field
microscopy using Stereo Investigator (v.3.16, MicrobrightField,
Inc.).

The publication costs of this article were defrayed in part by
payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 USC section 1734
solely to indicate this fact.
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