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Learning to fear dangerous situations requires the participation
of neurons of the amygdala. Here it is shown that amygdalar
neurons are also involved in learning to avoid dangerous situ-
ations. Amygdalar lesions severely impaired the acquisition of
acoustically cued, discriminative instrumental avoidance be-
havior of rabbits. In addition, the development of anterior cin-
gulate cortical and medial dorsal thalamic training-induced
neuronal plasticity in the early stages of behavioral acquisition
was blocked in rabbits with lesions. The development of
training-induced neuronal plasticity in the medial dorsal and
anterior thalamic nuclei in late stages of behavioral acquisition

was also blocked in rabbits with lesions. These results indicate
that the integrity of the amygdala is essential for the establish-
ment of both early and late training-induced cingulothalamic
neuronal plasticity. It is hypothesized that amygdalar training-
induced neuronal plasticity in the initial trials of conditioning
represents a substrate of learned fear, essential for the early
and late cingulothalamic plasticity that is involved in mediation
of acquisition of the instrumental avoidance response.
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Much information concerning the neural mediation of learned
behavior has been provided by studies using the “model system”
approach. These studies focus effort on the analysis of a single
learning paradigm in a particular species (Carew et al., 1984;
Steinmetz and Thompson, 1991; Gabriel, 1993). The present study
continues an analysis of discriminative avoidance, wherein rabbits
learn to step in an activity wheel in response to a tone that predicts
foot shock, and they learn to ignore a different tone that does not
predict foot shock.

Past studies using lesions and multisite recording of neuronal
activity have demonstrated that the cingulate cortex and the
interconnected medial dorsal (MD) and anterior thalamic nuclei
are essential for learning, and that neurons in these areas exhibit
massive training-induced neuronal plasticity during learning (for
review, see Gabriel, 1993). The thalamic training-induced neuro-
nal plasticity does not depend on cerebral cortical afferents, be-
cause lesions in projecting cingulate cortical and hippocampal
formation areas did not interfere with, indeed they enhanced, the
development of the thalamic plasticity (Gabriel et al., 1987, 1991).

Here, we tested the hypothesis that the integrity of the
amygdala is essential for the development of training-induced
plasticity in the anterior cingulate cortex and MD nucleus. This
hypothesis was based on the following results: (1) the training-
induced plasticity of amygdalar, anterior cingulate cortical and
MD thalamic neurons develops in parallel, in the early stages of
learning; the plasticity in these areas diminishes as asymptotic
levels of performance are attained (Applegate et al., 1982;
Pascoe and Kapp, 1985; Nishijo et al., 1988; Gabriel, 1990;
Maren et al., 1991); (2) amygdalar neurons send axons directly

to the anterior cingulate cortex and the MD nucleus (Krettek
and Price, 1978; Porrino et al., 1981; Price and Amaral, 1981;
Price et al., 1987); and (3) the amygdala is involved in medi-
ating acquisition of other aversively motivated behaviors (Blan-
chard and Blanchard, 1972; Spevack et al., 1975; Gentile et al.,
1986; Hitchcock and Davis, 1987; LeDoux et al., 1988; Cahill
and McGaugh, 1990; Willner et al., 1991; Helmstetter, 1992;
Kapp et al., 1992; Fanselow et al., 1994).

Rabbits received bilateral electrolytic lesions or sham lesions
centered in the basolateral nucleus of the amygdala. Fixed posi-
tion electrodes for chronic recording of multiunit neuronal activ-
ity were implanted in the anterior cingulate cortex and the MD
nucleus. Recording electrodes were also placed in the anteroven-
tral (AV) thalamic nucleus, because neurons in this area are also
involved in the mediation of discriminative avoidance learning.
However, because anterior thalamic neurons do not exhibit
training-induced plasticity until late stages of behavioral acquisi-
tion, the amygdalar lesions were not expected to interfere with
plasticity development in this area.

The amygdalar lesions were expected to retard but not to block
the acquisition of the discriminative avoidance response, because
this was the result obtained previously in rabbits with lesions
restricted to the cingulothalamic areas that develop training-
induced plasticity in the early stages of behavioral acquisition (for
review, see Gabriel, 1990).

MATERIALS AND METHODS
Subjects. The subjects were 33 male New Zealand White rabbits weighing
1.5–2.0 kg on delivery to the laboratory and maintained on ad libitum
water and 1 cup of rabbit chow daily. This mild restriction has been found
to maintain health and prevent obesity.

Surgical implantation of recording electrodes and lesion administration.
After a minimum period of 1 week for adaptation to living cages, each
rabbit underwent surgery for implantation of microelectrodes for re-
cording of multiunit neuronal activity. Surgical anesthesia was induced
by subcutaneous injection (1 ml/kg body weight) of a solution contain-
ing 60 mg/ml ketamine HCl and 8 mg/ml xylazine, followed by hourly
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injections of 1 ml of the solution. The rabbits were placed in a Kopf
stereotaxic rabbit head clamp. Six intracranial recording electrodes
were lowered through burr holes (diameter, 0.5 mm) drilled in the skull
over the target sites. The electrodes were made with stainless steel
insect pins (number 00; shaft diameter, 0.28 – 0.30 mm) insulated with
Epoxylite. The recording surfaces were made by removing insulation
from the tip of the pins. The recording surface lengths ranged from 10
to 50 mm, from tip to insulation, and electrical impedances ranged from
500,000 V to 2 MV. Miniature Teflon cylindrical electrode guides
(length, 2.5 mm; diameter, 1.5 mm) impaled on noninsulated pins were
positioned over each burr hole and affixed to the skull using dental
acrylic. The pins were removed from the guides after the dental acrylic
was set. The recording electrodes were slowly advanced to the targets
by press fitting them through the holes in the Teflon guides. The Teflon
guides held the electrodes firmly during implantation, rendering un-
necessary attachment of the electrodes to the stereotaxic manipulator.
This greatly reduced the risk that slight movements of the rabbit (e.g.,
caused by respiration) would damage cells at the electrode tips. Wires
were presoldered to the electrodes and to each of six contacts of a
nine-contact Amphenol connector, which was also affixed to the skull
with dental acrylic and stainless steel machine screws. A stainless steel
machine screw threaded into the frontal sinus and connected to one of
the Amphenol contacts served as the reference electrode. Neuronal
activity was monitored acoustically and with an oscilloscope during
electrode advancement to guide electrode placement.

Recording electrodes were implanted into the anterior cingulate cortex
(Brodmann’s area 24b) and in the AV and MD thalamic nuclei. The
stereotaxic coordinates for the recording electrodes were: anteroposte-
rior (AP), 12.0 mm; lateral (L), 62.3 mm; and ventral (V), 7.5 mm (AV
thalamic nucleus); AP, 14.6 mm; L, 61.5 mm; and V, 8.25 mm (MD
thalamic nucleus); and AP, 24.0 mm; L, 60.8 mm; and V, 3.0 mm
(anterior cingulate cortex) (Girgis and Shih-Chang, 1981).

Seventeen rabbits received bilateral electrolytic lesions of the amyg-
dala, and 16 rabbits received recording electrodes and sham lesions (the
lesioning electrodes were lowered, but no current was passed). All lesions
except as indicated below were made during the surgery for implantation
of the recording electrodes. The lesions were made by passing a 1.5 mA
cathodal DC current for 15 sec through lesioning electrodes identical to
the recording electrodes in all respects except the length of the exposed
tip (range of tip length, 0.5–0.6 mm). The coordinates for the lesions were
centered in the basolateral amygdalar nucleus. One, two, or three lesion
sites were used as follows: one site, AP, 10.5 mm; L 5 65.0 mm; and V,
115.7 mm (n 5 8); two sites, AP, 10.5 mm; L, 65.0 mm; and V, 115.7
mm and AP, 10.5 mm; L, 67.0 mm; and V, 113.7 mm (n 5 4); and three
sites, AP, 11.0 mm; L 5 66.5 mm; and V, 113.7 mm; AP, 11.0 mm; L,
65.0 mm; and V, 115.3 mm; and AP, 10.5 mm; L, 65.0 mm; and V,
115.7 mm (n 5 5). Because the first subject to receive the three-lesion
protocol died, the third lesion was made subsequently 7 d after original
surgery, with full anesthesia, through electrodes permanently implanted
during the original surgery.

Discriminative avoidance training. Details of the procedures are pre-
sented in other reports (e.g., Gabriel, 1993). A minimum of 7 d
intervened between surgery and the onset of behavioral training. Train-
ing was not initiated until the rabbits exhibited normal intake of rabbit
chow and water. Avoidance training, administered in a rotating wheel
conditioning apparatus (Brogden and Culler, 1936), involved the suc-
cessive presentation in a random order of two 0.5 sec auditory stimuli,
a positive conditional stimulus (CS1) and a negative conditional stim-
ulus (CS2). The stimuli were either pure tones (1 or 8 kHz, 85 dB re
20 N/m2) or white noise (75 dB re 20 N/m2). Onset of the CS1 was
followed after 5 sec by a 1.5 mA constant current shock delivered to the
rabbits’ paws through the grid floor of the wheel apparatus. The foot
shock was terminated after 0.2– 0.4 sec by locomotion-induced wheel
rotation. Locomotion after CS1 presentation but before the foot shock
prevented the scheduled foot shock. The CS2 was never followed by
foot shock. The assignment of stimuli as CS1 and CS2 was counter-
balanced. The rabbits learned to avoid the foot shock by stepping in
response to the CS1, and they learned to ignore the CS2. Thirty-three
rabbits were given 120 CS presentations (trials) daily, 60 with the CS1
and 60 with the CS2, until behavioral discrimination reached a crite-
rion, the requirement that locomotory responses be performed more
frequently to the CS1 than to the CS2, by at least 60%, in two
consecutive training sessions. Each rabbit received two preliminary
sessions on 2 consecutive days before the first training session. In the
first preliminary training session 120 presentations of the tones to be

used as CS1 and CS2 were given without the foot shock. In the second
preliminary session 120 tone presentations were accompanied by 30
unpaired foot shock presentations (foot shocks not preceded by any
CS). The preliminary sessions provided “baseline” control data for the
assessment of later associative, training-induced neuronal and behav-
ioral activity.

Histology. After completion of training, the rabbits were killed with an
overdose of sodium pentobarbital. After deep anesthesia was established
the rabbits were perfused transcardially with normal saline and 10%
formalin. The brains were removed, frozen, and sectioned at 40 mm. The
sections were photographed while still wet. After drying the sections were
stained with formol–thionin.

For lesion quantification, the number of 0.25 mm grid squares covering
the damaged portion of the amygdalar nuclei was counted bilaterally in
each of four coronal sections spaced 1 mm apart from 0.5 mm anterior to
bregma to 2.5 mm posterior to bregma. The average percentage of
damaged relative to spared amygdalar tissue over sections and hemi-
spheres was calculated for each rabbit. Eight rabbits with scores of .15%
were designated as having lesions. The average score for this group of
rabbits was 33.5% (range, 15–57%). Because the lesions were centered in
the basolateral nucleus, this area was damaged consistently in all rabbits
with lesions. The largest and smallest lesions in the eight rabbits with
damage scores of .15% are depicted in Figure 1.

Scores were also calculated for the percentage of damaged relative to
spared amygdalar tissue, bilaterally, for eight separate areas of the
amygdala. The average damage scores for the eight rabbits with lesions
were: basolateral nucleus, 55.25%; central nucleus, 53.13%; lateral nu-
cleus, 22.63%; basomedial nucleus, 60.88%; anterior medial nucleus,
9.25%; cortical amygdalar nucleus, 16.25%; and cortico-amygdalar tran-
sitional zone, 32.75%. Minor damage found in nearby areas was distrib-
uted as follows: interstitial nucleus of the stria terminalis, 4.12%; puta-
men, 2.45%; and piriform cortex, 2.13%.

Thirty-one of the electrodes from the lesion and sham lesion groups
yielded viable neuronal recordings and were located in the target sites,
respectively, as follows: 10 and 19 in anterior cingulate cortex, eight and
eight in the AV nucleus, and eight and seven in the MD nucleus.

Figure 1. Schematic coronal sections at three AP levels of the rabbit
brain: bregma (AP 0), 1.5 mm posterior to bregma (AP 11.5), and 2.0 mm
posterior to bregma (AP 12.0). The largest and smallest amygdalar lesions
are shown, respectively, by the hatched and dark areas. The corresponding
schematic sections in the lower part of the figure portray the central (CE),
lateral–anterior (LA), basolateral (BL), basomedial (BM ), medial (ME),
cortical (CO), lateroposterior (LP), and basal accessory (BA) amygdalar
areas.
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Recording and analysis of neuronal activity. Throughout behavioral
training the neuronal activity was fed into active bandpass filters
(bandwidth, 600 – 8000 Hz) and subsequently to pulse height discrimi-
nators, set to detect the largest three or four neuronal spikes present on
the record. Outputs of the discriminators were fed to a computer,
programmed to control task administration and to sample the neuronal
data before and during CS presentation. The computer sampled the
average frequency of multiunit firing in each of 100 consecutive 10
msec intervals, 30 before and 70 after CS onset. The frequencies in the
intervals after CS onset were normalized with respect to the frequen-
cies in the 30 consecutive 10-msec pre-CS (baseline) intervals, using the
z transformation. This normalization procedure provides a standard
quantification of the CS-elicited neuronal discharge, permitting direct
comparison of discharge magnitudes between recordings in different
areas and subjects.

The multiunit recording technique used here combines the firing fre-
quencies of several cells. With this approach it is possible to obtain a
robust measure of localized learning-relevant neuronal activity, which
remains stable over many days. Whereas the multiunit activity cannot
document all relevant neuronal firing patterns, it has been shown to
provide a reliable representation of the modal pattern of single-unit firing
in these areas (Kubota et al., 1996).

A central feature of this and related studies is the use of discriminative
neuronal activity to assay learning-relevant brain processes. Discrimina-
tive neuronal activity is defined as significantly different neuronal firing in
response to signals that have different learned meanings, the CS1 that
predicts the aversive reinforcer, and the CS2 that predicts that no
aversive reinforcer will occur. Discriminative activity has the advantage
that it is unambiguously associative in character; i.e., it cannot be attrib-
uted to nonassociative factors such as arousal, motor preparation, and
pseudo-conditioning.

The neuronal and behavioral data were submitted to multifactor fac-
torial repeated measures ANOVA (BMDP statistical software program
2V). Factors of the analysis yielding significant overall F ratios were
further analyzed using simple effect tests following procedures outlined
by Winer (1962). Correction of the F test attributable to disconformity of
the data with the sphericity assumption of these analyses was performed
following the procedure of Huynh and Feldt (1976).

RESULTS
Behavior
Behavioral learning was severely impaired in rabbits with lesions.
Five of the eight rabbits with lesions and one of 16 rabbits with
sham lesions failed to attain the criterion of acquisition. For these
rabbits a value of 15 was assigned, the maximum number of
training sessions administered before declaring failure to learn.

Analysis of the number of sessions required for criterion attain-
ment, including the aforementioned scores of 15, showed that
rabbits with lesions required significantly more training sessions
(mean, 13.00) to attain the criterion than did the rabbits with
sham lesions [mean, 5.43; F(1,22) 5 28.44; p , 0.0001]. Two of the
three rabbits with lesions that learned were nevertheless severely
impaired, requiring 12 and 13 training sessions, respectively, to
reach the criterion of acquisition. The remaining rabbit with a
lesion completed the criterion in five sessions.

Analysis of the percentage of conditioned avoidance responses
was computed with factors of group (lesion and sham lesion),
stimulus (CS1 and CS2), and training stage (the preliminary
training session with unpaired CS and foot shock presentations,
the first session of conditioning, the session of first significant
behavioral discrimination, and the session in which the criterion
of learning was attained). The session of the first significant
discrimination was the first session, for a given rabbit, in which the
locomotory response was performed on 25% more of the CS1
trials than on CS2 trials. Data analyzed for rabbits that did not
reach the first significant discrimination were obtained from the
second training session, which corresponded to the average ses-
sion in which successful rabbits reached the first significant be-

havioral discrimination. Data analyzed for rabbits that did not
reach the criterion were obtained from their final training session.

A severe deficit of avoidance response performance occurred in
all training stages in the rabbits with lesions. This was indicated by
simple effect tests after a significant interaction of the group,
training stage, and stimulus factors [F(3,66) 5 8.71; p , 0.001]. The
percentages of conditioned responses performed to the CS1 were
9.63, 21.25, and 29.25% during the first conditioning session, the
session of the first significant discrimination, and the session of
criterion attainment, respectively, whereas the corresponding per-
centages in controls in the same sessions were, respectively, 39.75,
61.12, and 82.94%. The difference at each training stage was
significant ( p , 0.01).

The rabbits with lesions that did not reach the criterion (n 5 5)
did not perform conditioned responses more frequently than
during preliminary training, and the rabbits with lesions that
attained the criterion (n 5 3) exhibited significantly reduced rates
of avoidance relative to the controls during the early training
sessions (Fig. 2).

Correlational analyses indicated a clear relationship between
the amount of lesion-related damage in specific amygdalar nuclei
and behavioral performance in the rabbits with lesions. Average
scores indicating damage in all amygdalar areas were not predic-
tive of behavioral performance (r 5 20.03); however, a significant
negative correlation was found for the percentage of conditioned
responses performed at the criterion and the damage scores for
two of the areas, the central nucleus (r 5 20.84; p , 0.01) and the
lateral nucleus (r 5 20.70; p , 0.05). The rabbits with lesions that
reached the criterion had the smallest damage scores in these
areas (Fig. 3). Damage scores for the basolateral nucleus also
predicted behavioral performance (r 5 20.33), although this
correlation was not significant.

Training-induced neuronal plasticity
This plasticity was defined as significant discriminative neuronal
activity, i.e., a significantly different neuronal discharge in re-
sponse to the CS1, compared with the discharge elicited by the

Figure 2. Percentage of conditioned responses performed in response to
the CS1 during each daily training session (day) for controls (n 5 15),
lesioned rabbits that learned (n 5 3), and lesioned rabbits that did not
learn (n 5 5). Training was terminated for the lesioned rabbits that did not
reach significant behavioral discrimination (see text) by the seventh train-
ing day. The plotted scores for the control group exclude data of one
rabbit that did not learn.
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CS2 (see Materials and Methods). Multifactor factorial repeated
measures ANOVA was computed on the average neuronal firing
frequency (z scores, see Materials and Methods) in four consec-
utive 100-msec intervals after onset of the CS1 and CS2. Signif-
icant training-induced discriminative neuronal activity developed
as expected in all monitored areas in rabbits with sham lesions.
However, discriminative activity did not develop in the rabbits
with lesions (Fig. 4). This conclusion was based on significant
interactions of the group, training stage, and stimulus factors
[anterior cingulate cortex, F(3,87) 5 4.02; p , 0.02; AV nucleus,

F(3,42) 5 3.12; p , 0.04; and MD nucleus, F(3,39) 5 3.19; p , 0.04].
Simple effect tests indicated the occurrence of significant training-
induced neuronal discrimination between the CS1 and the CS2
in the controls. The average neuronal discharge frequency elicited
by the CS1 exceeded significantly the discharge frequency elicited
by the CS2 during the first session of conditioning (anterior
cingulate cortex, p , 0.05), the session of first significant behav-
ioral discrimination (MD nucleus, p , 0.05; anterior cingulate
cortex, p , 0.01), and during the session in which the criterion of
behavioral acquisition was attained (anterior cingulate cortex, p ,

Figure 3. Scatter plots of the percentage of conditioned response and the percentage of lesion-induced brain damage in the central, lateral, and
basolateral amygdalar nuclei of the rabbits with lesions. The regression line represents the prediction of y (conditioned responses) from x (brain damage).
The corresponding Pearson product–moment correlations are shown in the top right corner of each plot. PT, pretraining; FE, first exposure to conditioning;
FS, first significant discrimination; CRIT, criterion attainment.

Figure 4. Average multiunit neuronal activity of the AV thalamic nucleus (left two columns), MD thalamic nucleus (middle two columns), and anterior
cingulate cortex in response to CS1 (dark bars) and CS2 (open bars) presented to rabbits with sham lesions (top row, Control ) and amygdala lesions
(bottom row, Lesion). The bars in each panel represent the neuronal activity in the form of z scores (see text) in 40 consecutive 10 msec intervals after
the onset of the CS1 and CS2. The first, third, and fifth columns represent the neuronal activity recorded during the preliminary training session in which
the tones that would be used as CS1 and CS2 and the foot shock were presented in an explicitly unpaired manner (neither tone predicted the foot shock).
The second, fourth, and sixth columns show the neuronal activity recorded during the training session in which the acquisition criterion was attained by
rabbits with sham lesions or (for rabbits that did not reach the criterion) during their last training session.
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0.01; AV nucleus, p , 0.05; MD nucleus, p , 0.01). No significant
discriminative activity occurred in these areas during the prelim-
inary training session with tones and unpaired foot shock
presentations.

Latencies of the discriminative neuronal plasticity
Significant discriminative neuronal activity during the session in
which the criterion was attained first occurred in the third 10-msec
interval (20–30 msec after tone onset) in the anterior cingulate
cortex, the sixth interval (50–60 msec) in the MD nucleus, and the
12th interval (110–120 msec) in the AV nucleus. Significant dis-
crimination was first exhibited at the seventh interval (60–70 msec
after CS onset) in the basolateral nucleus of the amygdala in
trained rabbits (Maren et al., 1991). Significant discriminative
activity occurred in the majority of later intervals after tone onset
in all three areas. This information may indicate the sequence in
which areas of the learning-relevant circuit are associatively acti-
vated during conditioning trials: anterior cingulate cortex . MD
nucleus . basolateral amygdala . AV thalamic nucleus. The brief
interval from CS onset to significant neuronal discrimination in all
areas rules out the possibility that the discriminative neuronal
activity could have been a byproduct of the rabbits’ discriminative
behavioral response, which did not occur until 2.5 or more sec
after tone onset.

Neuronal activity in rabbits that learned and did
not learn
Analyses were carried out to compare the neuronal activity of the
rabbits with lesions that reached the criterion of learning (n 5 3)
with the activity of rabbits that did not reach the criterion (n 5 5,
see Results, Behavior). It was expected that cingulothalamic neu-
ronal plasticity would be found in the rabbits that learned but not
in those that failed to learn. Although the numbers of neuronal
records available for these analyses were very small, the results
were as expected. Analyses of the spike frequency data of the MD
nucleus yielded an interaction of the group (learned or did not
learn), training stage, and stimulus factors [F(3,24) 5 3.35; p ,
0.039]. Simple effect tests demonstrated significant discriminative
plasticity (greater spike frequency in response to the CS1 than to
the CS2) during the sessions of first significant behavioral dis-
crimination and criterion attainment (P , 0.05 in each case).
However, no significant discrimination occurred in rabbits that did
not learn. Simple effect tests yielded the same results for data of
the anterior cingulate cortex after an analysis that yielded an
interaction that approached significance (P , 0.080). Analysis of
the data of the AV nucleus did not yield a significant effect of the
group factor. However, a separate analysis of the data of rabbits
that did learn demonstrated significant discriminative AV tha-
lamic plasticity, whereas significant plasticity was not found in a
separate analysis of the AV thalamic data of rabbits that did not
learn.

Neuronal activity before training
Inspection of Figure 4 suggested that the magnitude of tone-
elicited neuronal responses before training (during preliminary
training with tones and unpaired foot shock presentation) was
reduced in rabbits with lesions. However, simple effect tests com-
paring neuronal activity during preliminary training in rabbits with
lesions with that of controls did not reveal significant differences.
Additional analyses restricted to the preliminary training data
alone did reveal that the activity from 10 to 200 msec after CS
onset in the MD nucleus was reduced during preliminary training
in rabbits with lesions compared with controls (P , 0.05). A

similar reduction of the activity in the MD nucleus was found
during the preliminary training session in which only the tones
were presented with no foot shock. Thus, in addition to the
prevention of plasticity development, the amygdalar lesions were
associated with a reduction of MD thalamic tone-elicited neuro-
nal activity before training. This reduction of elicited activity
during preliminary training was not found in the anterior cingu-
late cortex or the AV thalamic nucleus.

DISCUSSION
Lesions of the amygdala in rabbits blocked the acquisition of
discriminative active avoidance behavior, indicating that the in-
tegrity of the amygdala is a requirement of this acquisition. Past
studies have demonstrated the development during acquisition of
excitatory and discriminative training-induced neuronal plasticity
in several cingulothalamic areas (for review, see Gabriel, 1993).
Excitatory plasticity is an increase in neuronal firing elicited by the
CS1 during training relative to discharges elicited before training
when CS and unpaired reinforcer presentations are given. Dis-
criminative plasticity is the development of greater neuronal dis-
charges in response to the CS1 than to the CS2. The present
study showed that the amygdalar lesions abolished the develop-
ment of both excitatory and discriminative plasticity, indicating
that the integrity of the amygdala is necessary for both forms of
plasticity.

The interpretation of studies such as this one, which use the
electrolytic technique for lesion induction, must consider the possi-
bility that damage to passing fibers or to areas adjacent to the target
area contributed to the effects of the lesions. The following consid-
erations render these possibilities unlikely for the present results. A
strong correlation was observed between the severity of the behav-
ioral deficit and the amount of damage in particular amygdalar
nuclei. In addition, temporary inactivation of amygdalar neurons
with microinjection of the GABA agonist muscimol, which does not
affect neurotransmission in passing fibers, also blocked cingulotha-
lamic plasticity and acquisition of discriminative avoidance behavior
(Poremba and Gabriel, 1995). Finally, lesions of the medial genicu-
late (MG) nucleus which blocked amygdalar plasticity also elimi-
nated cingulothalamic plasticity as found after direct amygdalar
lesions in the present study. Just as amygdalar neurons, neurons of
the medial geniculate (MG) nucleus of the thalamus exhibited
training-induced discriminative neuronal plasticity during discrimi-
native avoidance learning (Gabriel et al., 1975, 1990). The MG
nucleus, the auditory relay for audition, supplies afferents to the
amygdala and to periamygdalar areas (LeDoux et al., 1988), and
bilateral lesions of the MG nucleus abolished learning as well as
basolateral amygdalar and cingulothalamic discriminative plasticity
(Poremba and Gabriel, 1993). The effect of the MG nuclear lesions
was not attributable to a direct projection of MG neurons to the
limbic thalamus, because such a projection does not exist (Sikes and
Vogt, 1987; Poremba et al., 1994;).

The hypothesis that fostered this study stated that amygdalar
lesions will attenuate specifically anterior cingulate cortical and
MD thalamic training-induced plasticity. This hypothesis was
based on the fact that plasticity develops in parallel in the early
training stages in all of these areas, and there are direct axonal
projections from the amygdala to the anterior cingulate cortex and
MD nucleus (see the introductory remarks). We thus did not
expect the amygdala lesions to block the discriminative plasticity
of the AV thalamic nucleus. Amygdalar neurons do not project
directly to the anterior thalamus, and unlike amygdalar discrimi-
native plasticity, AV thalamic plasticity does not develop until the
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late training stage, when asymptotic levels of behavioral discrim-
ination are first attained. Nevertheless, the data indicate that the
integrity of the amygdala is essential for establishment of the
late-developing AV thalamic discriminative plasticity. This result
raises the question, by what route do amygdalar efferents influ-
ence the development of late cingulothalamic discriminative
plasticity?

It is possible that amygdalar projections to the mamillary
hypothalamic nuclei are involved. Amygdalar neurons send
axons to the vicinity of the mamillary nuclei directly (Hopkins
and Holstege, 1978; Krettek and Price, 1978; Price and Amaral,
1981; Caffé et al., 1987; Canteras et al., 1992) and via a synapse
in the bed nucleus of the stria terminalis (Price et al., 1987;
Swanson, 1987). Neurons of the mamillary nuclei provide
strong input to the limbic thalamus (Seki and Zyo, 1984;
Hayakawa and Zyo, 1989; Shibata, 1992). Neuronal recordings
in the lateral mamillary nuclei, the supramamillary nuclei, and
the medial mamillary nuclei exhibited late-developing discrim-
inative plasticity (Kubota et al., 1994). Lesions of the mamil-
lothalamic tract abolished AV thalamic excitatory and discrim-
inative plasticity, and these lesions impaired discriminative
avoidance performance in the late stages of acquisition (Gab-
riel et al., 1995). Amygdalar neurons also send axons to the
brainstem cholinergic lateral dorsal tegmental and pedunculo-
pontine nuclei (Hopkins and Holstege, 1978). Lesions of these
nuclei also disrupted asymptotic performance of the avoidance
behavior (Kubota et al., 1993), and these nuclei project
acetylcholine-containing axons to mamillary and limbic tha-

lamic nuclei, raising the possibility that amygdalar efferents
may influence the cingulothalamic areas via the amygdaloteg-
mental projection. The suggested flows of neuronal activity
from the amygdala (Fig. 5) could induce the changes that bring
about observed late development of discriminative plasticity in
the mamillary and supramamillary nuclei (Kubota et al., 1994).
The late mamillary discriminative activity may be relayed di-
rectly from these areas to the limbic (anterior and MD) tha-
lamic nuclei, from the limbic nuclei to the cingulate cortex, and
onward to the striatum to induce the output of the behavioral
response. Direct information flow from the amygdala to the
anterior cingulate cortex and to the MD thalamic nucleus may
account for the occurrence of early discriminative plasticity in
these areas.

Our current working hypothesis concerning the functional sig-
nificance of the discriminative activity is presented in other re-
ports (e.g., Gabriel, 1990, 1993). Briefly, it is proposed that par-
ticular task-, and training stage-specific topographic distributions
of brief latency CS1 elicited cingulothalamic neuronal activity
give rise to premotor “command volleys” in the cingulate cortex
(Kubota et al., 1996), which are projected to striatal areas to
trigger the output of the primed avoidance response.

The present results are compatible with past theoretical
accounts, which view active avoidance learning as a product of
two processes, acquisition of an emotional response of “fear”
to the conditional stimulus and instrumental learning of the
skeletomotor avoidance response (Miller and Konorski, 1928;
Pavlov, 1932; Skinner, 1938; Mowrer, 1947; Spence, 1956; Res-
corla and Solomon, 1967; Trapold and Overmier, 1972). The
present data are also in accord with other results in indicating
a major role of the amygdala in fear conditioning (LeDoux,
1990; Davis, 1992; Kapp et al., 1992; Kesner et al., 1992;
Fanselow et al., 1994). In addition, it is shown here that
amygdala neurons are involved in the acquisition of the instru-
mental response, centered in the limbic thalamus and cingulate
cortex. These findings may also account for the recent findings
suggesting that the role of the amygdala is time-limited, i.e.,
necessary for the acquisition but not the maintenance of some
types of associative learning (Brady et al., 1954; Thatcher and
Kimble, 1966; Aigner et al., 1991; Parent et al., 1992, 1995;
Roozendaal et al., 1993; Burns et al., 1994). The amygdala is
necessary for initiating the training-induced changes in the
limbic thalamus, but once initiated, the amygdalar involvement
is reduced. This process is accelerated by virtue of the fact that
the instrumental response enables the subject to gain control
over the aversive stimulus that was originally the source of fear.
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