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The amygdala is critically involved in discriminative avoidance learning. Large
lesions of the amygdala block discriminative avoidance learning and abolish cingulo-
thalamic training-induced neuronal activity. These results indicated that amygdalar
processing is critical for cingulothalamic plasticity. The larger lesions did not allow
differentiation of the specific functioning of various amygdalar nuclei. Anatomical
analysis showed that damage in the central (CE) nucleus of the amygdala was
correlated with the severity of the behavioral deficit. The present study was carried
out to determine whether smaller lesions, centered in the CE nucleus, would impair
discriminative avoidance learning and block cingulothalamic plasticity. In addition,
the possible role of the CE nucleus in appetitively motivated discriminative approach
learning was examined for the first time. New Zealand White rabbits with CE
nuclear lesions were first trained in the discriminative approach task. After attaining
asymptotic performance, discriminative avoidance training sessions were alternated
with continuing approach training sessions, one session each day. The rabbits with
lesions were severely impaired in avoidance learning but showed no impairment
of approach learning. Surprisingly, the attenuating effects of the lesions on cingulo-
thalamic training-induced neuronal activity were more prevalent during approach
learning than during avoidance learning. These results indicated that avoidance
learning can be impaired by lesions centered in the CE nucleus that leave cingulotha-
lamic plasticity largely intact and that the CE nucleus is involved in extra-cingulotha-
lamic learning processes. q 2001 Academic Press
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INTRODUCTION

The present study applied the model systems approach pioneered by Dr. Richard F.
Thompson to the analysis of the role of the amygdala in discriminative instrumental
learning. The amygdala is critically involved in aversively motivated learning. Lesions
of the amygdala disrupt classical aversive conditioning of immobility (Iwata, Chida, &
LeDoux, 1987), arterial blood pressure (LeDoux, 1993), heart rate responses (Kapp,
Frysinger, Gallagher, & Haselton, 1979), and fear-potentiated startle responses (Hitch-
cock & Davis, 1986), and they block aversively motivated instrumental learning, including
passive (Liang, McGauch, Martinez, Jensen, Vasquez, & Messing, 1982; Nagle & Kemble,
1976; Parent & McGaugh, 1994) and active avoidance learning (Roozendaal, Koolhaas, &
Bohus, 1993). The amygdala is critically involved in discriminative avoidance, wherein
rabbits learn to produce a locomotor response to an acoustic (pure tone) conditional
stimulus (CS+) in order to avoid a foot shock and they learn to ignore a second tone
(CS2) that is not followed by a foot shock (Poremba & Gabriel, 1997, 1999). Neurons
in the basolateral (BL) nucleus of the amygdala exhibited robust training-induced activity,
wherein they became more responsive to the CS+ than to the CS2 (Maren, Poremba, &
Gabriel, 1991). Lesions of the amygdala blocked avoidance learning and abolished training-
induced neuronal activity in cingulothalamic circuitry, comprised by the cingulate cortex
and the interconnected limbic (anterior and medial dorsal) thalamic nuclei (Poremba &
Gabriel, 1997). The cingulothalamic circuit is essential for discriminative avoidance learn-
ing (Gabriel, Kubota, Sparenborg, Straube, & Vogt, 1991a; Gabriel, Lampert, Foster,
Orona, Sparenborg, & Maiorca, 1983; Gabriel & Saltwick, 1977). Reversible inactivation
of the amygdala using the GABAA agonist muscimol early in training temporarily blocked
learning and the development of cingulothalamic training-induced neuronal activity, but
amygdalar inactivation during performance of the well-learned behavior did not have
these effects (Poremba & Gabriel, 1999). These results indicated that amygdalar processing
is critical for the development of learning-related plasticity in cingulothalamic circuitry.

The amygdala is not a homogenous structure, but rather is a collection of distinct
nuclei, each with different afferent and efferent projections (Amaral, Price, Pitkanen, &
Carmichael, 1992; Krettek & Price, 1977a, 1978). A number of authors have proposed
that circuitries involving different nuclei of the amygdala mediate different aspects of
learning (Amorapanth, Ledoux, & Nader, 2000; Gallagher & Holland, 1994; Killcross,
Robbins, & Everitt, 1997; LeDoux, Iwata, Cicchetti, & Reis, 1988; Pitkänen, Savander, &
LeDoux, 1997; Swanson & Petrovich, 1998). The BL nucleus projects to the anterior
cingulate cortex directly and indirectly, via projections to the medial dorsal (MD) thalamic
nucleus (Krettek & Price, 1977a). These projections may account for the loss of cingulotha-
lamic plasticity in rabbits with amygdala lesions (Poremba & Gabriel, 1997, 1999). Less
is known about the role of the central (CE) nucleus of the amygdala in discriminative
avoidance learning. A previous study (Poremba & Gabriel, 1997) employed large lesions,
encompassing much of the lateral (LA), BL, and CE nuclei. However, the avoidance
learning deficit was highly correlated with the amount of damage to the CE nucleus,
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suggesting that the CE nucleus is critically involved in mediating this form of learning.
The CE nucleus receives input from the LA and BL nuclei and sends projections to many
brain regions known to influence behavior, including the lateral hypothalamus, the ventral
tegmental area, the periaquiductal gray, the reticular formation, and the substantia nigra
(Amaral et al., 1992; Krettek & Price, 1978). Numerous studies have demonstrated an
involvement of the CE nucleus in aversively motivated learning (Davis, 1990; LeDoux
et al., 1988; Roozendaal et al., 1993). Indeed, the CE nucleus has been proposed to be
the primary “output” region whereby the amygdala influences learned behavior (LeDoux
et al., 1988; Maren & Fanselow, 1996; Pitkänen et al., 1997; but see Smith & Pare, 1994,
Collins & Pare, 1999). The present study was carried out to determine whether smaller
lesions centered in the CE nucleus would impair discriminative avoidance learning and
block the development of cingulothalamic training-induced neuronal activity.

In addition to its well-documented role in aversive learning, various regions of the
amygdala have been implicated in phenomena of appetitively motivated learning, including
conditioned place preference (Everitt, Morris, O’Brian, & Robbins, 1991), visual object
discrimination (Gaffan, Gaffan, & Harrison, 1988; Gaffan & Murray, 1990), unblocking
(Holland & Gallgher, 1993), stimulus devaluation, and second-order conditioning (Hat-
field, Han, Conley, Gallagher, & Holland, 1996; Cador, Robbins, & Everitt, 1989). Re-
cently, an appetitively motivated discrimination task has been developed, wherein rabbits
learn to approach and make oral contact with a drinking spout to obtain a water reward
following a CS+ and they learn to withhold spout contact responses following a CS2 that
does not predict the availability of water (Freeman, Cuppernell, Flannery, & Gabriel,
1996). Rabbits in the present study were tested concurrently in both the discriminative
approach and avoidance tasks in order to compare directly the effects of CE nuclear
lesions on discriminative approach and avoidance learning in the same subjects.

MATERIALS AND METHODS

Subjects and surgical procedures. The subjects were 27 New Zealand White rabbits
weighing 1.5–2.0 kg at the time of delivery from the supplier (Myrtle’s Rabbitry Inc.,
Thompson Station, TN). Seven days after arrival in the Beckman Institute Vivarium, the
rabbits were placed on a moderately restricted diet (1 cup of Purina rabbit chow daily)
to control obesity. After 1–2 weeks for recovery from surgery, the rabbits were placed
on a restricted regimen of 100 ml of water daily. They were given at least 1 week to
adjust to this regimen before training began. Bilateral electrolytic lesions centered in the
CE nucleus of the amygdala were induced in 17 rabbits using stainless steel insect pins
insulated with epoxylite. Approximately 0.7–0.8 mm of the insulation was removed from
the tip of the pins to provide a conductive surface. Whereas the previous study (Poremba &
Gabriel, 1997) employed three bilateral lesion targets, the present study employed a single
bilateral target yielding substantially smaller lesions. Lesioning electrodes were positioned
0.0 mm posterior to bregma, 5.5 mm lateral to bregma, and 14.5 mm ventral to the dorsal
surface of the brain (Girgis & Shih-Chang, 1981). A 1.5-mA cathodal DC current was
passed for 50 s. Control rabbits underwent the same surgical procedures, except that no
lesions were made. Instead, recording electrodes were implanted in the amygdala. During
surgery six fixed-position stainless steel microelectrodes were implanted in all rabbits for
the recording of unit activity during training. The target sites for recording electrodes
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were anterior cingulate cortex (AP 5 3.5 mm anterior to bregma, ML 5 0.8, DV 5 3.5),
posterior cingulate cortex (AP 5 4.0 mm posterior to bregma, ML 5 0.8, DV 5 1.5),
anterior ventral thalamic nucleus (AP 5 2.0 mm posterior to bregma, ML 5 2.3, DV 5

7), medial dorsal thalamic nucleus (AP 5 4.6 mm posterior to bregma, ML 5 1.5, DV 5

8.0), medial division of the medial geniculate nucleus (AP 5 7.5 mm posterior to bregma,
ML 5 5.0, DV 5 9.0), and the BL nucleus of the amygdala in control rabbits (AP 5

0.5 mm posterior to bregma, ML 5 5.5, DV 5 13.25). Because insufficient numbers of
records were obtained from the medial geniculate nucleus, the anterior cingulate cortex,
and the amygdala, data from these regions are not reported.

Training procedure. Each rabbit was first given training in a discriminative approach
task. After attaining asymptotic performance, discriminative avoidance training sessions
were alternated with continuing approach training sessions, one session each day.

Discriminative approach training was administered while rabbits occupied an apparatus
designed for instrumental conditioning of a response consisting of head extension and
oral contact with a drinking spout. The chamber provided electrical shielding and sound
attenuation. Within the chamber, rabbits occupied a Plexiglass rabbit restrainer that allowed
free head movement. A 70-dB re 20 mN/m2 masking noise was played continuously
through a loudspeaker mounted in the ceiling of the chamber. Two pure tones (1 or 8
kHz; duration, 500 ms; 85 dB re 20 mN/m2; rise time, 3 ms) were assigned as positive
and negative conditional stimuli (CS+ and CS2) in a counterbalanced fashion. During
training, the onset of the CS+ was followed after 4 s by insertion of a drinking spout
through a opening in the chamber wall. The rabbit was positioned such that a head
extension of approximately 4 cm was required to reach the spout. Water reward (3 ml in
2 s) was delivered when oral contact was made with the spout. Spout contact responses
were detected by a grounding circuit. CS2 presentation was also followed by spout
insertion and spout contact responses were recorded, but no reward was delivered. Instead,
spout contact responses were followed immediately by retraction of the spout.

Prior to training, rabbits were given daily sessions for acclimation to the conditioning
chamber and spout presentations. Acclimation sessions consisting of 60 spout insertions
at irregular intervals were given daily until the rabbits reached a criterion of at least 45
spout contact responses in a session. After acclimation, the rabbits received two preliminary
training sessions during which baseline neuronal and behavioral data were recorded for
comparison with later training sessions. In the first preliminary training session, the tones
to be used as conditional stimuli were presented 60 times each without spout insertion
or water reward. In the second session, the tone conditional stimuli were presented 60
times each along with explicitly unpaired water spout presentations. The rabbits could
obtain water reward for spout contact responses. Following preliminary training, rabbits
were given daily training sessions consisting of 120 trials (60 each with the CS+ and CS2,
presented in an irregular order). The intertrial interval was 8, 13, 18, 23, or 28 s, with
these values occurring in an irregular order. Training continued until the rabbits reached
a criterion in which the percentage of spout contact responses on CS+ trials exceeded the
percentage of spout contact responses on CS2 trials by at least 50%. This discriminative
performance had to be achieved in two consecutive training sessions. On the last day of
training before they were sacrificed, all rabbits were given free access to water for 15
min in the training apparatus in order to assess possible motivational effects of lesions.
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After the rabbits achieved the approach training criterion, discriminative avoidance
training was initiated. Avoidance training sessions and continuing approach training ses-
sions were given on alternating days. The tone conditional stimuli used during avoidance
training were the same as those used during approach training, except that their predictive
value was reversed relative to approach training. Thus, the tone that had been assigned
as the CS+ for approach training was used as the CS2 for avoidance training and the tone
that had been assigned as the CS2 for approach training was used as the CS+ for avoidance
training. Discriminative avoidance training was administered while the rabbits occupied
a rotating wheel apparatus designed for the instrumental aversive conditioning of small
animals (Brogden & Culler, 1936). A 1.5-mA constant current shock delivered to the
rabbits’ footpads through the grid floor of the wheel served as an unconditional stimulus
(US). The foot shock US had a maximum duration of 0.5 s and was terminated by wheel
rotation. Prior to avoidance training, rabbits were given two preliminary training sessions
similar to those employed in the approach task, the first consisting of 120 presentations
of the tone conditional stimuli (60 with each CS) and the second consisting of 120
tone presentations with explicitly unpaired presentations of the foot-shock US. Regular
discriminative avoidance training sessions consisted of of 120 trials (60 each with the
CS+ and CS2, presented in an irregular order). The onset of the CS+ was followed after
5 s by the US. Locomotion after the CS+ prevented the scheduled US. The CS2 was not
followed by shock. The intertrial interval was 8, 13, 18, 23, or 28 s, with these values
occurring in an irregular order. The rabbits learned to step in the activity wheel in response
to the CS+ and to ignore the CS2. Alternating sessions of approach and avoidance training
were given daily until the rabbits attained the criterion, which required that the percentage
of avoidance responses on CS+ trials exceed the percentage of responses on CS2 trials
by at least 60%. This discriminative performance had to be achieved in two consecutive
training sessions.

Collection of neuronal data. The neuronal records were passed from the recording
electrodes to a field-effect transistor (FET) that served as a high-impedance source follower
located approximately 2.5 cm from the recording sites within the brain. The FET outputs
were fed to a high-gain preamplifier (gain, 40000; 1–2 amplitude cutoffs as 500 and 8000
Hz). The amplified records were fed through active band-pass filters (1–2 amplitude cutoffs
at 600 and 8000 Hz; roll-off, 18 dB/octave). The records were then fed to Schmitt triggers
with a threshold set to allow triggering at a mean rate of 110–190 spikes per second.
With this setting, several of the larger spikes were sampled. In addition, the band-pass
filter outputs were half-wave rectified and integrated. Schmitt trigger pulses were counted
and the integrator output voltage was digitized on each trial (CS presentation) for 1.0 s,
from 0.3 s before CS onset to 0.7 s after CS onset. A digital value was stored for each
measure and electrode every 10 ms throughout the 1-s sampling interval. The Schmitt-
trigger data provided an index of the firing frequency of the larger spikes, whereas
integrated activity measured the fluctuations of the entire record, including activity below
the triggering thresholds.

Histology. After the completion of training, euthanasia was administered via an over-
dose of sodium pentobarbital followed by transcardial perfusion with normal saline and
10% Formalin. The brains were frozen and sectioned at 40 mm and the sections were
photographed while still wet (Fox & Eichman, 1959). After drying, the sections were
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stained with a metachromatic Nissl and myelin stain using formol thionin (Donovick,
1974). Photographs and stained sections were used to verify recording electrode locations
and lesion location. Lesion size was estimated using digitized images of the Beckman
Institute Neuronal Pattern Analysis digital rabbit brain atlas (Payne, Hanlon, Cantey,
Mungnirun, Duvel, Smith, Gimbel, Nelson, & Gabriel, 1999, http://soma.npa.uiuc.edu/
isnpa/atlas/rabbit/). Ten coronal sections representing the rostral–caudal extent of the
amygdala were selected and the nuclei within the amygdala were defined in each section
using the atlases of Girgis and Shih-Chang (1981) and Urban and Richard (1972). The
nuclei were digitally drawn onto a transparent layer over the sections of interest and color
coded. The layer containing the color-coded nuclei was rendered invisible to the user so
that the sections of interest could be seen. The region of damage was then digitally drawn
in for each rabbit. The number of lesion pixels that overlapped pixels within each color-
coded nucleus was automatically counted and a damage score was calculated [damage
score 5 (number of lesion pixels/number of nuclear pixels) 3 100]. This method provided
a reusable template for quickly and objectively calculating accurate damage estimates.
The mean damage score was 38.8% of the total amygdala (range, 16.6 to 55.2%). The
mean damage scores for individual nuclei of the amygdala were as follows: CE, 81.4%;
BL, 51.5%; basomedial, 32.0%, medial, 7.3%; and LA, 34.9%. The smallest and largest
lesions are depicted in Fig. 1. Five rabbits with minimal damage to the CE nucleus were
excluded from analysis. The damage scores for these rabbits ranged from 4.3 to 38.1%
of the CE nucleus, with the larger lesions being bilaterally asymmetrical. Because the
sizes of the lesions varied and some of the larger lesions included substantial damage to
surrounding nuclei, extensive analyses were conducted to determine the effects of unin-
tended damage to the BL or LA nuclei (see Results).

Data analysis. Because the rabbits required varying numbers of conditioning ses-
sions to attain the criteria of approach and avoidance learning, the analyses were
restricted to a set of training sessions common to all rabbits. The sessions were pretrain-
ing with unpaired CS and US presentations, the first conditioning session, the session
of first significant behavioral discrimination (defined as the session half in which the
percentage of trials with conditioned responses to the CS+ first exceeded the percentage
of trials with responses to the CS2 by at least 25%), and the criterial session. The
percentage of trials in which a conditioned response (CR) occurred was submitted to
a factorial, repeated measures analysis of variance (ANOVA) using the 2V program
(BMDP Statistical Software). The factors used for the analysis were Group (two levels,
control and lesion), CS (two levels, CS+ and CS2), and Training Session (four levels,
as described above). Since the lesions could have impaired ongoing approach perfor-
mance after the initiation of avoidance training, an additional analysis of approach
behavior was conducted on data obtained after the introduction of avoidance training.
This analysis used the same factors as other behavioral analyses, except that the session
factor had four levels (the criterial session and the next three postcriterial approach
training sessions).

Analysis of the neuronal data had the same form as the analysis of the CR percentage
data, with an additional orthogonal factor, post-CS interval, denoting the successive
epochs in which neuronal data were represented. All neuronal data (spike frequency
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FIG. 1. Coronal sections used to quantify the lesions (see text for details) with stereotaxic coordinates (in
mm posterior to bregma) shown. Each nucleus within the amygdala is identified and the largest (white) and
smallest (black) lesions are shown on the right, although all lesions were bilateral. Recording sites, indicated
by asterisks, were the posterior cingulate cortex (PC), the anterior ventral thalamic nucleus (AV), and the medial
dorsal thalamic nucleus (MD).

and integrated activity) were analyzed using two different post-CS intervals, 40 consecu-
tive 10-ms post-CS intervals and 4 consecutive 100-ms post-CS intervals. For the 10-
ms post-CS intervals, the data were normalized to pre-CS baseline by converting them
to z scores using the mean and standard deviation of data collected during the 300 ms
immediately preceding CS onset. Similarly, data for the 100-ms intervals were converted
to T scores (Student’s T statistic), calculated for each of the four consecutive 100-ms
post-CS intervals in comparison to 100 ms of pre-CS baseline data. These two measures
were complimentary in that the 10-ms intervals allowed for fine-grained analysis of
the neuronal response, while the 100-ms intervals provided a global measure that was
less susceptible to short-term temporal variation. Corrections of the F tests due to
violations of the sphericity assumption of repeated measures analysis were performed
as needed following the procedure of Huynh and Feldt (1976). Factors yielding signifi-
cant F ratios were further analyzed using simple effect tests following procedures
described by Winer (1962). In order to assess general locomotor behavior, the number
of wheel turn responses initiated during intertrial intervals was submitted to ANOVA
using the same procedures as were used to assess conditioned responding. Analyses
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were also conducted to assess the effects of lesions on motivation. These included
analysis of water consumed during a free access period following training and latency
to escape the foot shock US.

RESULTS

Discriminative Approach Behavior

No differences between control rabbits and rabbits with lesions were found in discrimina-
tive approach learning. Control rabbits required a mean of 16.6 sessions to attain the
criterion, compared to 18.6 sessions in rabbits with lesions (F[1, 20] 5 .58, p , .47).
No between-group differences in conditioned responding were found for any session of
training (interaction of session, CS, and group factors; F[2, 40] 5 .89, p , .43, Fig. 2).
The lesions had no effect on motivation. No between-group differences were found in
the amount of water consumed during the free access period at the conclusion of training
(F[1, 9] 5 0.56, p , .48).

FIG. 2. Average percentage of conditioned responses to the CS+ (black bars) and CS2 (white bars) in the
discriminative approach task as a function of training session. Data are shown for control rabbits (top, n 5 10)
and rabbits with lesions (bottom, n 5 12) for the following sessions: the first conditioning session, the session
of first significant behavioral discrimination (First Discrimination), and the criterial session.
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FIG. 3. Average percentage of conditioned responses to the CS+ (black bars) and CS2 (white bars) in the
discriminative avoidance task as a function of training session. Data are shown for control rabbits (top n 5 10)
and rabbits with lesions (bottom, n 5 12) for the following sessions: pretraining with explicitly unpaired tone
and foot shock presentations, the first conditioning session, the session of first significant behavioral discrimination
(First Discrimination), and the criterial session.

Discriminative Avoidance Behavior

In contrast to approach learning, rabbits with lesions were severely impaired in discrimi-
native avoidance learning. Six of the 12 rabbits with lesions failed to attain the avoidance
criterion within 15 training sessions. The 6 rabbits with lesions that did attain the criterion
were significantly delayed, requiring an average of 5.5 conditioning sessions compared
to 3.0 sessions in control rabbits (F[1, 14] 5 12.87, p , .005). Simple effect tests
following a significant F ratio for the interaction of the Session, CS, and Group factors
(F[3, 60] 5 4.58, p , .01, Fig. 3) indicated that rabbits with lesions exhibited significantly
less frequent responding to both the CS+ and the CS2 during the first conditioning session
and the session of first significant behavioral discrimination and they exhibited less
responding to the CS+ during the criterial session, relative to controls (all p , .05). Control
rabbits showed significant discrimination during the first conditioning session ( p , .05),
whereas rabbits with lesions did not.

As in the case of approach learning, there were no indications that the lesions interfered
with basic sensory, locomotor, or motivational processes. No group differences were found
in the latency to respond to the foot shock US (F[1, 18] 5 .10, p , .76) or in the duration
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of these unconditioned responses (F[1, 18] 5 .14, p , .73). No group differences were
found in the number of times the rabbits initiated locomotor responses during intertrial
intervals (F[1, 18] 5 .85, p , .38).

Effects of Lesion Size and Location on Avoidance Behavior

Because the size of the lesions varied and some of the larger lesions included substantial
damage to the BL and LA nuclei, it was necessary to determine whether damage to these
regions contributed to the avoidance learning impairment. To assess this possibility, the
lesion group was divided into subgroups with differing amounts of damage to the neigh-
boring nuclei (Table 1). In order to assess the effects of damage to the BL nucleus the
lesion group was subdivided into two groups (BL Grouping), one containing rabbits with
minimal BL damage (Minimal BL) and another containing all of the remaining rabbits
with lesions (BL). A second grouping of the rabbits with lesions was carried out to assess
the effects of damage to the LA nucleus. The lesion group was again subdivided into two
groups (LA Grouping), one containing rabbits with minimal LA damage (Minimal LA)
and another containing all of the remaining rabbits with lesions (LA). To assess the effects
of BL and LA nuclear damage, the number of sessions required to attain the criterion
and the percentage of trials on which a CR occurred were submitted to ANOVA. Each
analysis used three groups, including control rabbits and the two resulting lesion groups
(Minimal BL and BL or Minimal LA and LA).

Neither the BL Grouping nor the LA Grouping yielded lesion subgroups that differed
in any behavioral measure. Furthermore, all of the lesion subgroups differed from control
rabbits in the same manner as had the group composed of all rabbits with lesions. Individual
comparisons following significant interactions of the session, CS, and group factors
(comparison of Minimal BL, BL, and Control groups: F[6, 57] 5 2.54, p , .05; comparison
of Minimal LA, LA, and Control groups: F[6, 57] 5 2.4, p , .05) indicated that the
Minimal BL and BL groups did not differ in any respect nor did the Minimal LA and
LA groups differ (all p . .05), but each of these lesion groups differed from control
rabbits (all p , .05). Simple effect tests following a significant main effect of Group

TABLE 1

Lesion Location and Avoidance Behavior

BL Grouping LA Grouping

Control All lesions Minimal BL BL Minimal LA LA

N 12 12 4 8 4 8
CE (%) — 81 86 79 86 79
BL (%) — 52 18 71 25 67
LA (%) — 35 28 39 17 45
Sessions 3.0 9.8 13.0 8.0 12.0 8.6

Note. Data are shown for control rabbits and different groupings of rabbits with lesions: all rabbits with
lesions (All lesions), rabbits with minimal damage to the BL nucleus (Minimal BL), rabbits with substantial
damage to the BL nucleus (BL), rabbits with minimal damage to the LA nucleus (Minimal LA), and rabbits
with substantial damage to the LA nucleus (LA). Shown in the columns are the number of subjects in each
grouping (N ), the percentage of damage to the CE, BL, and LA nuclei, and the mean number of sessions
required to attain the criterion (Sessions) are given.
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(F[2, 18] 5 13.29, p , .001) indicated that none of the lesion subgroupings differed in
the number of sessions required to attain the criterion ( p . .05), but that all of the lesion
groups required more training sessions than controls (all p , .05, see Table 1 for means).
In fact, the rabbits with more well-contained CE nuclear lesions (groups Minimal BL and
Minimal LA) were numerically slower to attain the criterion than rabbits with lesions that
included substantial BL damage (group BL) or rabbits with substantial LA damage (group
LA), although these differences did not reach significance (comparison of Minimal BL
and BL groups: p , .10; comparison of Minimal LA and LA: p . .05). Thus, these
results showed equivalent behavioral deficits in rabbits with and without substantial BL
or LA nuclear damage, suggesting that damage to these regions was unlikely to have
been a factor in the learning deficit.

These results indicate that extensive damage to the BL or LA nuclei was not required
to observe a learning impairment. Rabbits with well-confined CE nuclear lesions were
as severely impaired as rabbits with larger lesions. All of the remaining analyses were
therefore conducted using the full complement of rabbits with lesions.

Training-Induced Neuronal Activity: Brief Overview

Central nuclear lesions produced a marked impairment of avoidance learning, but
had no effect on approach learning. Surprisingly, the lesions had minimal impact on
cingulothalamic training-induced neuronal activity during avoidance learning. The lesions
did attenuate training-induced activity in many of the sampled regions. However, this
attenuation was most prevalent during discriminative approach learning, in which the
rabbits with lesions were unimpaired. Despite the fact that the lesions were associated
with an attenuation of neuronal activity, evidence of spared training-induced activity was
found in all of the sampled regions during approach and avoidance learning.

Training-Induced Neuronal Activity: Posterior Cingulate Cortex

Central nuclear lesions attenuated, but did not block, the development of posterior
cingulate cortical training-induced neuronal activity during approach learning (Fig. 4A).
Individual comparisons following a significant interaction of the Session, CS, 100 ms
Post-CS Interval, and Group factors (F[9, 162] 5 3.82, p , .005, integrated activity, F[9,
162] 5 2.89, p , .05, spike frequency) indicated significant discriminative training-
induced activity (greater neuronal responses to the CS+ than to the CS2) in all four 100-
ms post-CS intervals during the session of first significant behavioral discrimination and
the criterial session in control rabbits (n 5 9, p , .05) but no neuronal discrimination
was observed in rabbits with lesions (n 5 11, p . .05). Individual comparisons also
indicated the development of excitatory training-induced neuronal activity in control
rabbits (an increase in the magnitude of the CS-elicited responses during training, relative
to the response during the pretraining session). The average neuronal response elicited
by the CS+ was significantly increased during the session of first significant behavioral
discrimination and during the criterial session, relative to pretraining and the first condition-
ing session in control rabbits (all p , .05). No such increases in the neuronal response
were observed in rabbits with lesions ( p . .05).

The analysis of data from the control and lesion groups did not reveal training-induced
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FIG. 4. Average integrated unit activity recorded in the posterior cingulate cortex during discriminative
approach (A: top row, control; second row, lesion) and avoidance learning (B: top row, control; bottom row,
lesion) for control rabbits (n 5 9) and rabbits with lesions (n 5 11). The data, in the form of z scores normalized
with respect to a 300-ms pre-CS baseline, are shown in 40 consecutive 10-ms intervals after the onset of the
CS+ (black bars) and CS2 (white bars). Data are shown for the following sessions: pretraining with explicitly
unpaired tone and foot shock presentations, the first conditioning session, the session of first significant behavioral
discrimination (First Discrimination), and the criterial session.
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neuronal activity in rabbits with lesions. However, separate analysis of the data from
rabbits with lesions did indicate the development of excitatory and discriminative training-
induced neuronal activity in the posterior cingulate cortex during discriminative approach
learning. Individual comparisons following significant interactions of the Session and CS
factors (10-ms post-CS intervals: F[3, 54] 5 5.78, p , .01, integrated unit activity; F[3,
54] 5 3.56, p , .05, spike frequency; 100-ms post-CS intervals: F[3, 30] 5 7.82, p ,

.001, integrated activity; F[3, 30] 5 7.09, p , .005, spike frequency) indicated that
neurons in the posterior cingulate cortex of rabbits with lesions exhibited a preexisting
sensory bias (greater responses to the tone assigned as the CS2 than to the tone assigned
as the CS+) during pretraining, but that significant discriminative activity (greater responses
to the CS+ than to the CS2) was present during the criterial session ( p , .05). Posterior
cingulate cortical neurons also exhibited a significant increase in the response elicited by
the CS+ during the session of first significant behavioral discrimination and the criterial
session, relative to pretraining (integrated activity, p , .05). Together, these results indi-
cated that the lesions attenuated, but did not abolish, posterior cingulate cortical training-
induced neuronal activity during discriminative approach learning.

Lesions of the CE nucleus had little effect on posterior cingulate cortical training-
induced neuronal activity during discriminative avoidance learning (Fig. 4B). Individual
comparisons following a significant interaction of the Session, CS, and Group factors
(10-ms post-CS intervals: F[3, 54] 5 3.38, p , .05, integrated unit activity; F[3, 54] 5

3.42, p , .05, spike frequency; 100-ms post-CS intervals: F[3, 54] 5 3.97, p , .05,
integrated unit activity; F[3, 54] 5 3.39, p , .05, spike frequency) indicated significant
excitatory and discriminative training-induced neuronal activity in control rabbits during
the criterial session ( p , .05). Rabbits with lesions exhibited significant excitatory and
discriminative training-induced neuronal activity during the session of first significant
discrimination and the criterial session (all p , .05). Thus, rabbits with lesions exhibited
training-induced activity earlier in training than control rabbits. However, these effects
were likely due to group differences in the distribution of recording sites across cingulate
cortical layers. Recording electrodes in 8 of the 11 of the rabbits with lesions were placed
in cell layer V. Neurons in layer V have been shown to develop discriminative responses
during the session of first significant behavioral discrimination (Gabriel, Vogt, Kubota,
Poremba, & Kang, 1991b). In contrast, 6 of the 9 control rabbits had placements in layers
IV (n 5 3) and VI (n 5 3), in which neurons typically do not develop discriminative
responses until the criterial training session.

Training-Induced Neuronal Activity: AV Thalamic Nucleus

Central nuclear lesions attenuated excitatory training-induced neuronal activity, but did
not disrupt the development of discriminative training-induced neuronal activity in the
AV thalamic nucleus during discriminative approach learning (Fig. 5A). Individual compar-
isons following a significant interaction of the Session and CS factors (10-ms post-CS
intervals: F[3, 48] 5 11.45, p , .0001, integrated unit activity; F[3, 48] 5 8.40, p ,

.0005, spike frequency; 100-ms post-CS intervals: F[3, 48] 5 10.62, p , .0005, integrated
unit activity; F[3, 48] 5 8.57, p , .001, spike frequency) indicated significantly greater
responses to the CS+ than the CS2 during the session of first significant behavioral
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FIG. 5. Average integrated unit activity recorded in the anterior ventral thalamic nucleus during discriminative
approach (A: top row, control; second row, lesion) and avoidance learning (B: top row, control; bottom row,
lesion) for control rabbits (n 5 9) and rabbits with lesions (n 5 9). The data, in the form of z scores normalized
with respect to a 300-ms pre-CS baseline, are shown in 40 consecutive 10-ms intervals after the onset of the
CS+ (black bars) and CS2 (white bars). Data are shown for the following sessions: pretraining with explicitly
unpaired tone and foot shock presentations, the first conditioning session, the session of first significant behavioral
discrimination (First Discrimination), and the criterial session.
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discrimination and the criterial session (all p , .05). No group differences in the develop-
ment of discriminative neuronal activity were found (e.g., interaction of the Session, CS,
and Group factors, 10-ms intervals: F[3, 48] 5 .94, p , .44, integrated unit activity, F[3,
48] 5 .33, p , .82, spike frequency). Separate analyses of the data from rabbits with
lesions confirmed that the lesions did not block the development of discriminative training-
induced activity. Individual comparisons following a significant interaction of the Session
and CS factors (10-ms intervals: F[3, 24] 5 7.19, p , .005, integrated activity; F[3,
24] 5 4.61, p , .05, spike frequency) indicated significant discriminative neuronal activity
during the criterial session (all p , .05). However, the lesions did attenuate excitatory
training-induced neuronal activity. Individual comparisons following a significant interac-
tion of the Session and Group factors (F[3, 48] 5 5.58, p , .005, integrated unit activity,
F[3, 48] 5 4.33, p , .05, spike frequency) indicated that the overall magnitude of the
CS-elicited response increased during the session of first significant behavioral discrimina-
tion and the criterial session in control rabbits (n 5 9), relative to pretraining and the
first conditioning session (all p , .05). No such increases in the magnitude of the neuronal
response were found in rabbits with lesions ( p . .05, n 5 9).

Central nuclear lesions did not disrupt AV thalamic training-induced neuronal activity
during discriminative avoidance learning (Fig. 5B). No significant interactions involving
the Group factor were found (e.g., interaction of the Session, CS, and Group factors, 10-
ms post-CS intervals: F[3, 42] 5 .01, p , .99, integrated unit activity, F[3, 42] 5 .38,
p , .78, spike frequency).

Training-Induced Neuronal Activity: MD Thalamic Nucleus

Central nuclear lesions attenuated excitatory training-induced activity, but did not disrupt
the development of discriminative activity in the MD thalamic nucleus during discrimina-
tive approach learning (Fig. 6A). A significant interaction of the Session and Group factors
was found in the spike frequency data (100-ms post-CS intervals: F[3, 39] 5 5.01, p ,

.001; 10-ms post-CS intervals: F[3, 39] 5 3.93, p , .05). Individual comparisons indicated
the development of excitatory training-induced activity during the session of first signifi-
cant discrimination and the criterial session in control rabbits but not in rabbits with
lesions (all p , .05). These interactions did not attain significance in the integrated unit
activity (100-ms post-CS intervals: F[3, 39] 5 2.64, p , .09; 10-ms post-CS intervals:
F[3, 39] 5 1.75, p , .20). No group differences were found with respect to discriminative
training-induced activity during discriminative approach learning (e.g., interaction of the
Session, CS, and Group factors, 100-ms post-CS intervals: F[3, 39] 5 .33, p , .80,
integrated unit activity, F[3, 39] 5 .50, p , .67, spike frequency).

Central nuclear lesions attenuated but did not block training-induced neuronal activity
in the MD thalamic nucleus during discriminative avoidance learning (Fig. 6B). Individual
comparisons following a significant interaction of the Session, CS, and Group factors for
the integrated unit activity (100-ms post-CS intervals: F[3, 42] 5 3.58, p , .05) indicated
the development of significant discriminative and excitatory training-induced activity
during the criterial session in control rabbits but not in rabbits with lesions (all p , .05).
However, individual comparisons following an interaction of the Session, CS, and Group
factors for the spike frequency data which approached significance (100-ms post-CS
intervals: F[3, 42] 5 2.80, p , .06) did indicate the development of excitatory and
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FIG. 6. Average integrated unit activity recorded in the medial dorsal thalamic nucleus during discriminative
approach (A: top row, control; second row, lesion) and avoidance learning (B:top row, control; bottom row,
lesion) for control rabbits (n 5 7) and rabbits with lesions (n 5 8). The data, in the form of z scores normalized
with respect to a 300-ms pre-CS baseline, are shown in 40 consecutive 10-ms intervals after the onset of the
CS+ (blackbars) and CS2 (white bars). Data are shown for the following sessions: pretraining with explicitly
unpaired tone and foot shock presentations, the first conditioning session, the session of first significant behavioral
discrimination (First Discrimination), and the criterial session.
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discriminative training-induced activity during the criterial session in rabbits with lesions
(all p , .05). Furthermore, separate analyses of the data from rabbits with lesions confirmed
the development of discriminative and excitatory training-induced activity. Individual
comparisons following a significant interaction of the Session and CS factors (100-ms
post-CS intervals: F[3, 24] 5 5.75, p , .01, integrated unit activity, F[3, 24] 5 4.26,
p , .05, spike frequency) indicated significant discriminative and excitatory training-
induced activity during the criterial session ( p , .05).

Training-Induced Neuronal Activity during Avoidance Learning in Rabbits with
Lesions: Comparison of Rabbits That Did and Did Not Attain the
Avoidance Criterion

Although they were significantly delayed, half of the rabbits with lesions did attain the
avoidance learning criterion. This raised the possibility that the intact training-induced
neuronal activity during avoidance learning in the lesion group as a whole was due
primarily to spared neuronal activity in the rabbits that learned. However, examination
of the neuronal records revealed no evidence of greater disruption of neuronal activity in
the rabbits that did not attain the criterion. Thus, training-induced neuronal activity was
not more severely disrupted in rabbits that failed to attain the avoidance criterion and the
intact neuronal activity in those subjects that did learn could not have accounted for the
findings of intact training-induced activity in the lesion group as a whole.

Alternating Approach and Avoidance Task Performance

Initiation of avoidance training did not disrupt ongoing discriminative approach perfor-
mance in control rabbits or rabbits with lesions. No significant interactions involving the
Group or Session factors were found for conditioned responding in the approach task
(e.g., interaction of Session, CS, and Group factors: F[3, 57] 5 1.96, p , .14). Furthermore,
there were no indications that initiation of avoidance training disrupted training-induced
neuronal activity during continuing discriminative approach performance in any of the
regions sampled. For example, the interaction of the Session, CS, and Group factors for
the AV thalamic neuronal data was not significant (F[3, 48] 5 0.47, p , .71, integrated
unit activity). The same results were found for posterior cingulate cortical and MD thalamic
neuronal activity. The predictive value of the conditional stimuli was reversed between
the approach and avoidance tasks. Thus, the neurons could only exhibit the correct
discriminative responses if they also reversed their responses on alternating days. Thus,
cingulothalamic neurons exhibited task-appropriate discriminative responses which were
unaffected by CE nuclear lesions.

DISCUSSION

Lesions centered in the CE nucleus of the amygdala impaired discriminative avoidance
learning but had no effect on approach learning in the same subjects. Remarkably, rabbits
with lesions failed to exhibit discriminative avoidance behavior even though they were
able to use the same discriminative cues for approach behavior on alternating days. These
results effectively ruled out interpretations of the deficit in avoidance learning as having
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been due to any global inability to process the cues or to form associations between the
cues and reinforcing events. The unimpaired responses to the foot shock US exhibited
by rabbits with lesions further eliminated interpretations involving disruption of basic
motoric, motivational, and pain processes.

The selective effects of CE nuclear lesions on avoidance learning may have been related
to the aversive nature of the reinforcer. However, a growing body of data has indicated
a CE nuclear role in various phenomena of appetitive learning (Hatfield et al., 1996;
Holland & Gallgher, 1993; McIntyre, Ragozzino, & Gold, 1998; Gaffan & Murray, 1990).

A number of observations suggest that the critical determinant of CE nuclear involve-
ment may be the level of emotional arousal induced by the learning situation. Note that
arousal is engendered both by aversive and appetitive learning situations and is thus
dissociable from hedonic value per se. Avoidance learning proceeds rapidly with little
variation in subjects’ performance. In contrast, approach learning proceeds slowly, perfor-
mance is quite variable, and the behavioral discrimination is not as large at asypmtote.
These observations suggest that discriminative avoidance learning engenders more arousal
than discriminative approach learning. Thus, it may be that the CE nuclear lesions impaired
the subjects’ ability to use highly arousing reinforcers to accelerate learning. This interpre-
tation is consistent with the notion that the amygdala facilitates memory storage in other
brain regions in situations that are highly arousing or emotional (McGaugh, Cahill, &
Roozendaal, 1996). Recent findings indicate that the amygdala is critically involved in
learning when large rewards are employed, but not when small rewards are used (McIntyre
et al., 1998). Indeed, it has been proposed that the CE nucleus is involved in regulating
arousal during learning (Kapp, Whalen, Supple, & Pascoe, 1992).

Although avoidance learning was markedly retarded in subjects with lesions, significant
learning did occur. Half of the subjects attained the criterion. Even among the subjects
that did not attain the criterion, four of six did attain significant discrimination (25% more
frequent responding to the CS+ than to the CS2) during the allotted 15-session training
period. Comparison of approach and avoidance learning rates is instructive with regard
to the role of the CE nucleus. Both control rabbits and rabbits with lesions exhibited
slowly developing behavioral discrimination in the approach task. In the avoidance task,
control rabbits exhibited very rapid learning. In contrast, rabbits with lesions learned
slowly, as during approach learning. These observations suggest that the rabbits with
lesions failed to modulate their learning rate in response to the urgency of the learning
situation. This finding suggests that the CE nucleus of the amygdala functions to accelerate
learning in emergency situations, which engender high arousal (Gabriel, 1992; Kapp et
al., 1992). Consistent with this idea, disruption of training-induced neuronal activity during
avoidance learning was observed in the MD nucleus, a region known to participate in the
circuitry that promotes the rapid acquisition of avoidance learning (Gabriel, Sparenborg, &
Kubota, 1989).

The lesions had no effect on approach learning, although they did attenuate AV thalamic
and posterior cingulate cortical training-induced neuronal activity. Previous studies have
shown that attenuation of training-induced neuronal activity in the AV thalamic nucleus
does not impair avoidance learning as long as discriminative neuronal responses remain
intact (Gabriel, Cuppernell, Shenker, Kubota, Henzi, & Swanson, 1995; Taylor, Freeman,
Holt, & Gabriel, 1999). In the present study, clear evidence of discriminative training-
induced activity was found in all of the monitored areas in rabbits with lesions. Thus, it
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is perhaps not surprising that the attenuation of training-induced activity did not block
approach learning. Nevertheless, the question still remains as to why the attenuation of
training-induced neuronal activity was more prevalent during approach learning than
during avoidance learning. During approach learning, a lesion-induced attenuation of
training-induced neuronal activity was found in all three of the monitored regions. In
contrast, a lesion-induced attenuation was found only in the MD thalamic nucleus during
avoidance learning. In keeping with the above discussion of arousal processes, it is possible
that the avoidance task was sufficiently arousing that any spared tissue in the amygdala
was sufficient to transmit excitation to other brain regions, including the cingulothalamic
circuitry. However, the less arousing approach task may have been insufficient to excite
the damaged pathway, rendering the circuitry more susceptible to partial disruption by
the lesions.

In previous studies, lesions involving extensive damage to the CE, BL, and LA nuclei
were associated with a complete loss of both excitatory and discriminative training-
induced neuronal activity in the cingulothalamic circuitry (Poremba & Gabriel, 1997).
Discriminative neuronal activity effectively encodes stimulus significance by virtue of
the greater responses to the CS+ than to the CS2. The importance of cingulothalamic
significance coding is indicated by numerous studies showing that lesion-induced disrup-
tion of significance coding blocks learning (Gabriel et al., 1991a, 1983, 1989; Smith,
Freeman, Boule, Kang, & Gabriel, 1997). In the present study, the damage to the BL and
LA nuclei was much less extensive than that in previous studies and the disruption of
discriminative training-induced activity was minimal. Thus, the current findings reinforce
our view that cingulothalamic significance coding is one of multiple processes involved
in the mediation of discriminative avoidance learning (Gabriel, 1993). In fact, the cingulo-
thalamic neurons of rabbits with CE nuclear lesions correctly encoded stimulus signifi-
cance, even under the seemingly demanding circumstances of alternating approach and
avoidance training. Since the predictive value of the cues was reversed between the two
tasks, cingulothalamic neurons could only correctly encode stimulus significance if their
discriminative responses were also reversed on alternating days. The fact that CE nuclear
lesions impaired avoidance learning while leaving cingulothalamic significance coding
essentially intact suggests that the BL and LA amygdalar nuclei promote significance
coding, as indexed by discriminative neuronal activity in the cingulothalamic circuitry,
whereas CE nuclear projections to other brain regions are involved in mediating the effects
of emotional arousal on learning.

Neither the route nor the mechanisms whereby the CE nucleus influences discriminative
avoidance learning are known. The CE nucleus projects to several brain regions known
to be involved in learning. The CE nucleus influences dopaminergic function via projec-
tions to the ventral tegmental area (VTA) and the substantia nigra (Amaral et al., 1992;
Krettek & Price, 1978). Projections from the VTA have been implicated in an anterior
cingulate cortical attentional response that is independent of discriminative neuronal activ-
ity (Taylor et al., 1999). Anterior cingulate cortical neurons exhibit robust excitatory and
discriminative neuronal activity during the early stages of avoidance learning and lesions
of the anterior cingulate cortex selectively disrupt the initial phase of avoidance learning
(Gabriel et al., 1991a). Thus, the anterior cingulate cortex is part of an early learning
system that promotes the rapid acquisition of avoidance behavior. The BL nucleus sends
axonal projections to the anterior cingulate cortex (Krettek & Price, 1977a) and lesions
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of the BL nucleus blocked the development of discriminative neuronal activity in the
anterior cingulate cortex (Poremba & Gabriel, 1999). Thus, the rapid learning function
of the anterior cingulate cortex may be dependent on both CE nuclear modulation of
arousal, via the VTA, and BL nuclear modulation of anterior cingulate cortical significance
coding. Response-related processing in the striatum may similarly depend on separate
converging processes. The CE nucleus has been proposed to influence striatal function
via its projections to the substantia nigra (Gallagher & Holland, 1994). Cingulothalamic
neurons exhibit premotor discharges immediately preceding avoidance responses, sug-
gesting that a “go” signal generated in the cingulothalamic circuitry is sent to the striatum
to trigger the avoidance response (Kubota, Wolske, Poremba, Kang, & Gabriel, 1996).
Thus, CE nuclear processes could modulate the excitability of striatal neurons under
emergency learning conditions, thereby increasing the probability of avoidance responding
upon receipt of a cingulothalamic “go” signal.

The CE nucleus also influences cholinergic functioning via its projections to the brain-
stem and basal forebrain cholinergic nuclei (Amaral et al., 1992; Hopkins & Holstege,
1978). Central nuclear projections to the basal forebrain have been implicated in various
learning and attention functions (Gallagher & Holland, 1994; Muir, Dunnett, Robbins, &
Everitt, 1992a; Muir, Robbins, & Everitt, 1992b). In a finding similar to those of the
present study, lesions of the brainstem cholinergic nuclei impaired discriminative avoidance
learning and attenuated excitatory neuronal activity but they did not block discriminative
activity (Kubota, 1996). The present results suggest that disruption of CE nuclear inputs
to the brainstem cholinergic system can disrupt the development of cingulothalamic
excitatory activity. The magnitude of neuronal responses evoked by both the CS+ and the
CS2 increases significantly with the addition of a highly arousing stimulus, such as
noncontingent foot-shock presentations (Gabriel & Saltwick, 1977). Thus, cingolothalamic
excitatory neuronal activity may be related to the nonspecific arousal processes mediated
by the CE nucleus of the amygdala. These observations are consistent with the idea that
the CE nucleus modulates cortical attention functions through its projections to the basal
forebrain and the brainstem cholinergic nuclei (Gallagher & Holland, 1994).

The results of the present study complement recent models of amygdalar function
(Amorapanth et al., 2000; Everitt et al., 1991; Killcross et al., 1997) which suggest that the
CE nucleus is involved in the Pavlovian conditioning of fear responses (e.g., conditioned
freezing, fear-potentiated startle, autonomic responses). Two-process models of avoidance
learning suggest that subjects first develop a Pavlovian fear response to a CS paired with
an aversive reinforcer. The avoidance learning deficit observed here may have resulted
from disruption of this Pavolovian learning process.

Another model suggests that the CE nucleus is involved in attentional processing of
stimuli that predict reinforcement, whereas the BL nucleus is involved in assigning the
motivational significance of a reinforcer to a predictive CS (Gallagher & Holland, 1994;
Hatfield et al., 1996; Holland & Gallagher, 1993). Specifically, the CE nucleus is thought
to be involved in incrementing attention to predictive stimuli. The present results are
consistent with this model in that avoidance learning requires that subjects increment their
attention to the CS+. The cingulothalamic cuircuitry is involved in promoting attention
to associatively significant cues. Cingolothalamic excitatory and discriminative neuronal
activity represents an associative attentional response of the brain (Sparenborg & Gabriel,
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1990; Taylor et al., 1999). Here, the lesions attenuated the attentional response of cingulo-
thalamic neurons, but only in the low arousal conditions of approach learning. Thus, the
role of the CE nucleus in attentional processing within the cingulothalamic circuitry may
depend on the level of arousal induced by the learning situation.
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