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Abstract
Background—The lateral (LA) and central (CE), but not basal (B), amygdala nuclei are
necessary for reactive Pavlovian fear responses such as freezing. The amygdala also plays a key
role in the acquisition and expression of active instrumental defensive behaviors, but little is
known about the specific roles of amygdala nuclei. Using a Sidman active avoidance (AA) task,
we examined the necessity of LA, B, and CE for learning and performance. Pavlovian freezing
was simultaneously assessed to examine the contributions of amygdala nuclei to the transition
from reactive to active defensive responding.

Methods—Rats received electrolytic lesions of LA, CE or B before AA training, or following
overtraining. Rats that expressed low levels of AA performance during training received bilateral
electrolytic lesions to CE to eliminate competing freezing reactions and rescue AA. AA
performance and freezing were assessed.

Results—Damage to LA and B, but not CE, impaired the acquisition of AA. Performance of AA
became amygdala-independent following overtraining. CE lesions abolished Pavlovian freezing
and rescued instrumental AA performance in rats that expressed low levels of avoidance responses
and high levels of freezing during training.

Conclusions—While the acquisition of Pavlovian fear depends on LA and CE, but not B,
acquisition of instrumental AA is dependent on LA and B, but not CE. CE-dependent Pavlovian
processes that control freezing can constrain avoidance behavior. Performance of well-trained AA
becomes independent of all three amygdala nuclei. Thus, it appears that different output pathways
of LA mediate reactive and active conditioned defensive responding.
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Introduction
When faced with a threat, an animal's ability to regulate defensive behaviors is crucial for
survival. Reactive defensive behaviors, such as freezing, increase the chance of survival by
decreasing the odds of being detected by a predator (1,2,3). Nevertheless, when possible,
active instrumental responses, such as running or hiding to avoid an aversive event, can be
more effective defensive behaviors (4,5). Exerting control over environmental threats by
engaging in active instrumental responding also prevents the arousal of fear responses (6,7).
Reactive coping responses, while reducing the likelihood of being harmed, do not allow for
control over exposure to threatening stimuli and do not eliminate fear arousal.

Excessive or prolonged fear is damaging to emotional well-being and physiological
processes (8–10), and can be thought of as the primary problem for those suffering from
anxiety disorders. Transitioning to active instrumental behaviors may be a more effective
coping strategy, because this strategy prevents fear arousal. However, not all active coping
strategies are beneficial. Avoidance responses that interfere with daily living are another
defining characteristic of pathological anxiety (11,12). Thus, a major goal of anxiety therapy
is to reduce unpleasant and harmful fear reactions, often by instilling an active coping
strategy that is not itself, disruptive (13–16). Understanding how the brain mediates the
transition from reactive to active defensive responding may therefore facilitate the
development of innovative treatment options for anxiety disorders.

The amygdala is known to be crucially involved in aversive conditioning, in which reactive
and active defensive behaviors are expressed as conditioned responses (17). However,
research on the intra-amygdala circuits that mediate conditioning has focused on reactive
defensive behaviors and the intra-amygdala circuits that mediate active defensive behaviors
are poorly understood.

The principal behavioral approach to studying intra-amygdala circuits involved in reactive
defensive behaviors is Pavlovian fear conditioning (18–21). Fear conditioning research
suggests that the amygdala is composed of multiple functionally heterogeneous nuclei (22).
The lateral (LA) and central (CE) nuclei of the amygdala mediate the acquisition and
expression of reactive defensive behaviors (18,19,23–26; but see 27). LA is the main
gateway for sensory inputs into the amygdala and appears to learn and store conditioned
stimulus-unconditioned stimulus (CS-US) associations whereas CE is the principal output
region and mainly participates by generating Pavlovian responses (28–30). On the other
hand, the basal nucleus (B) is not required for fear conditioning but may play a key role in
fear expression and extinction (31–33).

The amygdala also appears to contribute to the acquisition and performance of aversive
instrumental behaviors such as active avoidance (AA) and punishment (17,34–41).
However, most studies have not directly examined the roles of different amygdala nuclei.
For example, some studies have made lesions or recorded from cells in the amygdala
without distinguishing between LA and B. Given that Pavlovian conditioning is the first
phase of AA, it is perhaps not surprising that the amygdala is involved (15). However, it is
unlikely that the amygdala only contributes to avoidance by mediating Pavlovian
conditioning since other studies have found that LA and B, but not CE, contribute to
instrumental escape and punishment (31,37). Thus, one goal of the present study was to
examine the roles of the LA, B and CE separately in AA.

It has often been noted that a substantial number of animals (~20%) fail to acquire AA
responses (e.g. 42–44). Bolles and Popp (44) observed that “animals that flinch, freeze or
develop stereotyped running reactions to the shock generally do not learn the avoidance
response; those that explore, rear and attempt to climb the walls do learn”. Similarly, we
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have observed that animals that perform poorly in AA tasks tend to express persistent
freezing responses even though freezing fails to avoid the aversive US (45). This suggests
that the freezing reaction is a competing defensive behavior that can interfere with the
performance of AA responses (46–51). Animals have also been bred and behaviorally
characterized on the basis of good and poor performance in AA tasks, suggesting that the
ability to acquire and perform AA responses is a heritable, trait-like characteristic (52–56).
Because CE is critical for conditioned freezing, it is possible that dysregulation of this
nucleus is responsible for the persistent freezing observed in the subset of animals that fail to
acquire AA. If so, it might also be the case that CE dysregulation accounts for failure to
acquire successful active coping skills in anxiety disorders.

In this set of experiments, we used a two-way Sidman AA shuttling task for two reasons.
Sidman AA is behaviorally well-characterized and has been used for more than 50 years
(57,58). Furthermore, because there is no explicit signal to predict the aversive US, this AA
task yields a higher percentage of poor performers than signaled AA tasks. This allowed us
to obtain a sufficient number of animals to study poor AA performance. We first tested the
effect of damage to specific amygdala nuclei (LA, B or CE) on instrumental AA learning.
Then, we examined the role of these nuclei in the performance of well-trained AA
responses. Finally, we examined the role that CE-dependent freezing may play in
constraining AA in poor performers.

Methods and Materials
Subjects

Male Sprague Dawley rats (Hilltop Labs, Scottdale, PA) initially weighing 250–300g were
individually housed in plastic Nalgene cages on a 12h light-dark cycle in a temperature
controlled room (22°C). Ad libitum food and water were available throughout the
experiment. All procedures were performed in accordance with NIH's guidelines and were
approved by the New York University Animal Care and Use Committee.

Surgery
Rats were anesthetized with ketamine and xylazine (i.p., 100 mg/kg; 6.0 mg/kg, Phoenix
Pharmaceutical, Burlingame, CA), and placed in a stereotaxic apparatus (David Kopf
Instruments, Tujunga, CA). Small burr holes were drilled above the targeted brain area. A
stainless steel monopolar electrode covered with epoxy (exposed tip of 500μm for CE and
250μm for LA and B lesions; model NE-300X and SNEX-300X, David Kopf Instruments)
was lowered through an incision in the dura into the target site. Brain coordinates were
measured from bregma (59). Lesions were created by passing current (+0.5mA) of different
durations (Table 1). Sham animals underwent the same procedure, but no current was passed
through the electrode. Animals recovered for 14 days following surgeries. Although
neurotoxic lesions spare fibers of passage, they typically lack spatial specificity and often
damage multiple nuclei. We used electrolytic lesions in this study because these are the most
effective way to produce damage restricted from adjacent amygdala nuclei (15).
Importantly, a recent study from our laboratory showed that combined damage to LA and B
using excitotoxic lesions impairs signaled AA, suggesting that cells in LA and B, and not
fibers passing through, mediate AA (45).

Apparatus
Behavioral assessments occurred in two-way avoidance shuttle boxes (model H10-11RSC,
Courlbourn Instruments, Whitehall, PA) within sound-attenuating chambers (model
H10-24A). Shock was distributed through a metal grid floor. A houselight in each
compartment illuminated the shuttle-boxes. Video-cameras located on the ceiling of each
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compartment were used to record sessions 1, 5, 10 & 15, as well as all test sessions.
Shuttling was automatically registered by infrared beams and recorded throughout the
sessions (Graphic State software, Coulbourn Instruments).

Sidman Avoidance
Rats received daily 25-minute sessions, usually 5 per week, where shuttling delayed the
delivery of a scrambled footshock US (1mA; 0.5s) by 30s (“R-S” or response-shock
interval). In the absence of shuttling, the US was delivered every 5s (“S-S” or shock-shock
interval). Avoidance responses were defined as shuttles during the R-S interval only. All
shuttles were marked by a brief feedback stimulus (houselights blink off for 0.3s). Freezing
was defined as the absence of movement except that required for breathing (60) and was
measured during the first 120s of the AA session (or 120s following the first footshock for
session 1). For Experiment 1, rats received eight AA sessions following recovery from
surgery. Pilot work determined that rats approach asymptotic performance in eight sessions
with our protocol. For Experiment 2, rats received 15 AA sessions followed by surgery.
After recovery, rats received another assessment of AA performance with 2 AA sessions.
Note that only `good performers' (see Materials and Methods) were used to assess the role of
amygdala lesions on post-overtraining performance. The other `poor performing' rats were
used for the final rescue experiment. Good performers were defined as rats that had at least
two consecutive sessions of 20 or more AA responses by session 10; all rats not meeting this
criterion were considered poor performers. These rats were given CE or sham lesions
following the 10th AA training session. After recovery, rats received two AA sessions to
assess performance. Note that all lesion effects on AA responding were confirmed by
analyses of shocks delivered during testing (supplementary Figure 1).

Histology
Animals were given an overdose of pentobarbital (100 mg/kg, i.p.) and perfused
transcardially with 10% phosphate buffered formalin. Brains were stored in 10% phosphate-
buffered formalin and 30% sucrose for at least 3 days and were then cut in 50 μm sections
using a freezing microtome (every other section was collected). Nissl stains were then
performed and tissue images were collected (Nikon Microphot-FXA, Melville, NY) and
imported to ImageJ. Brain regions and damage were traced using a rat brain atlas (59) to
quantify percent damage to regions of interest (ROIs) and adjacent areas.

Statistical Analysis
Data represent group means (± SEM) and were analyzed using GraphPad Prism (v5.0,
GraphPad Software Inc., La Jolla, CA). Effects of amygdala lesions on AA training, AA
performance after overtraining, and freezing comparisons between good and poor
performers across AA training, were analyzed using two-way analyses of variance
(ANOVAs) with repeated measures. Planned post-hoc comparisons of group means at
different time points were analyzed using Bonferroni tests. Effects of amygdala lesions on
AA performance following overtraining were analyzed using two-tailed paired t-tests.
Finally, two-tailed unpaired t-tests were used to compare freezing and AA in CE-lesioned
and Sham poor performers. Differences were considered significant if p values were less
than 0.05.

Results
Histology

The percentage of combined bilateral damage for each amygdala nuclei in the experiments
are shown in Table 2. A total of 111 rats were used in this study and 35 of these were part of
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the sham groups. The remaining 78 rats received bilateral electrolytic lesions aimed at the
LA, B, or CE. Of these animals, 33 were excluded due to minimal damage to the target
structure or excessive damage to adjacent amygdala nuclei. Animals were excluded from the
study if they did not have at least 40% combined bilateral damage to the region of interest
(ROI) or if they had more than 15% damage to the adjacent amygdala nuclei that were not
targeted in the experiment. Given that damage to LA had no effect on AA performance
following overtraining, we did not exclude animals from the Basal lesion group in the post-
overtraining lesion experiment due to damage to LA. For the pre-training lesion experiments
we used 20 sham animals, 10 for the overtraining and 5 for the poor performers experiment.

Pre-training LA or B lesions impair AA acquisition
The mean number of AA responses per training block (2 sessions/block) for each lesion
group is shown in Figure 1. A repeated measures ANOVA comparing AA responses
throughout training showed significant effects of Group (F(3,117) = 12.39; p < 0.01), Block
(F(3,117) = 14.10; p <0.01), and a the interaction (F(9,117) = 5.13; p <0.01). Bonferonni post-
tests revealed that the LA- (blocks 2–4) and B-lesion (blocks 3–4) groups performed less
AA responses than Shams (p values < 0.05). The CE lesion and Sham groups responded
similarly throughout training, with the CE group responding slightly, but non-significantly,
higher during Block 1 (p > 0.05). Together, these results show that pre-training LA or B
lesions impaired AA responses, but CE lesions produced no impairment, and if anything, a
slight facilitation of AA learning.

Lesions of LA, B or CE have no effect on overtrained AA performance
To test the effects of amygdala damage on performance of well-trained AA responses, we
overtrained rats for 15 sessions. After overtraining, the rats were assigned to one of four
lesion groups (LA, B, CE or Sham) matched on their level of AA performance. Poor
performing rats were excluded from this study (see Materials and Methods). Mean number
of AA responses per block (3 sessions/block) shown in Figure 2a. A two-way ANOVA
revealed no main effect for Group (F(3,92) = 0.57; p = 0.64) and no significant interaction
(F(12,92) = 1.12; p = 0.35), but there was an effect for Session (F(4,92) = 80.55; p< 0.01)
given that animals were selected for having acquired the task across training. Although the
groups were perfectly matched pre-lesion, exclusion of rats following lesion verification
resulted in slight, but non-significant, differences in final pre-lesion AA performance levels.
Therefore, we compared AA performance post-lesion (2 AA sessions) to the same group's
pre-lesion performance (final 2 training sessions) with paired two-tailed t-tests (Figure 2b).
None of the lesions had an effect on AA performance, B-lesion (t(7) = 0.26; p = 0.80); LA
(t(3) = 0.55; p = 0.62); CE-lesion (t(4) = 1.99; p = 0.12); Sham (t(9) = 0.41; p = 0.69).
Therefore, if the AA response is overtrained, damage to LA, CE or B has no effect on AA
performance.

CE lesion rescues AA in poor performing rats
A comparison of the mean number of AA responses between poor and good performers is
illustrated in Figure 3a. To examine the possible interfering effect of CE-dependent freezing
on AA poor performers, we first compared the levels of freezing between poor and good
performers during sessions 1, 5, and 10 (Figure 3b). A two-way ANOVA showed that poor
performers froze more than good performers (F(1,56) = 12.93; p < 0.01). Furthermore, a
significant interaction (F(2,56) = 3.34; p < 0.05) revealed that as training progresses poor
performers freeze more; whereas good performers freeze less (session 10: p < 0.01).

Given that poor performers showed higher levels of freezing but lower levels of AA
responses, we tested if damage to CE would decrease freezing and allow for the acquisition
of AA responses across retraining. An unpaired t-test comparing poor performers with CE or
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Sham lesions during the first retraining session revealed that CE damage abolished freezing
(t(8)= 9.51; p < 0.01; Figure 4a). CE-lesioned animals also showed significantly increased
AA performance compared to Sham animals (t(8)= 2.72; p< 0.05; Figure 4b). Unexpectedly,
the CE-lesioned group showed AA responding comparable to the asymptotic performance of
good perfomers (dashed line in figure) immediately during the first retraining session, and
maintained this performance during the second session. Together, these results suggest that
damage to the CE abolishes freezing defensive behavior in this task and facilitates AA
responses in poor performers.

Discussion
The present experiments expand our understanding of amygdala function by identifying
roles for specific amygdala nuclei in different aspects of instrumental AA. The main
conclusions that we draw are: 1) LA and B are critical for the acquisition of instrumental
AA, but CE is not. 2) Well-trained AA responses become LA- and B-independent, and
continue to be CE-independent. 3) The CE can constrain AA, possibly by inducing
Pavlovian responses such as freezing that compete with AA performance. In the following,
we will discuss each of these points in more detail.

LA and B are necessary for AA acquisition
Early studies employing varying degrees of amygdala damage produced inconclusive
results; some studies reported impaired AA with amygdala lesions, some reported no effect,
and still others reported facilitation (61–63; reviewed in: 34,35). Other studies though, found
that the amygdala is critical for AA learning (17,36,38,39,41,45). Some of the discrepancy
may be related to the differential involvement of various amygdala nuclei. Indeed, our
results highlight the importance of studying the LA, B and CE as functionally heterogeneous
nuclei. Thus, we found that damage to LA and B, but not CE, disrupted AA acquisition
(Figure 1). This agrees with our previous finding on instrumental escape behavior and
contrasts with Pavlovian fear conditioning findings (24,31,32). Selective damage to the CE,
rather than disrupting learning, actually tended to facilitate acquisition of AA responses in
the early stages of training when freezing normally dominates. Similar facilitation has been
observed with damage to the septum or hippocampus, and has been hypothesized to occur
due to a decrease in competing freezing reactions (61,64).

Our findings are consistent with the hypothesis that different intra-amygdala circuits that
originate in the LA underlie emotional reactions and actions (15,31,45). According to this
hypothesis, LA is critical for learning and storing Pavlovian CS-US associations and
different outputs of LA (CE and B) use this association to generate defensive reactions and
actions. Specifically, connections from LA to CE are required for Pavlovian reactions like
freezing, while connections from LA to B mediate fear-motivated instrumental actions (e.g.
avoidance, conditioned punishment, and escape from fear; 13,15,31,65; but see 37,66).

Amygdala involvement in AA is temporary if training is continued
Although the amygdala is critical for the learning (Figure 1) and early expression of AA
responses (45), its involvement is transient when training continues beyond the point of
asymptotic performance. Specifically, AA responses become independent of the LA and B
following overtraining (Figure 2). These results are consistent with a study showing that
muscimol inactivation aimed at B has no effect on AA performance following overtraining
(39). Furthermore, training-induced neural activity decreases during overtraining, suggesting
a disengagement of B as responses become habitual (36). One limitation of the inactivation
study is that it is not possible to determine to what degree muscimol may have spread to the
LA; thus, because we selectively damaged the LA following overtraining, our study
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conclusively shows that AA performance following overtraining also becomes independent
of the LA. This disengagement of LA and B during overtraining represents another marked
difference in how the amygdala processes information about Pavlovian versus instrumental
tasks: combined damage to LA and B impairs the expression of fear conditioned responses
even after overtraining (25,67)*. This is consistent with the notion that aversive Pavlovian
CS-US associations are normally stored in LA, whereas aversive instrumental responses
initially use this information for learning (conditioned negative reinforcement) but the
memory is ultimately stored outside the amygdala.

CE-mediated Pavlovian processes constrain AA
Bilateral damage to CE significantly facilitated AA performance in poor performers.
Following overtraining, CE lesions did not facilitate AA performance in good performers,
although it showed this trend in the early stages of the pre-training experiment. This raises
the interesting possibility that CE damage only facilitates AA performance when freezing
would otherwise interfere with performance. Note that good performing rats showed
minimal levels of freezing at the end of overtraining (Figure 3). An alternative interpretation
is that with overtraining, AA performance is maximal and CE damage can produce no
further facilitation. However, the rescue effect on AA responses, along with the dramatic
decrease in freezing levels observed in CE-lesioned poor performers, provides strong
support for the hypothesis that CE constrains AA performance when freezing and avoidance
compete as defensive behaviors. Finally, the lack of a role for CE in instrumental AA at any
stage marks an interesting contrast with the role of CE in Pavlovian fear reactions, where it
is required both for acquisition and expression of freezing following overtraining (26,67).

At first glance, the deficit of AA in poor performers may seem like a learning impairment
(Figure 3a), but our data are more consistent with a performance deficit. First, if these
animals had not acquired the AA response during training, then their performance should
have progressively improved during retraining, similar to the CE pre-training lesion group
(Figure 1). However, damage to CE enhanced AA performance to asymptotic levels on the
first day of retraining, and severely impaired Pavlovian freezing. This suggests that these
animals had acquired the AA response but were unable to perform, possibly due to
interference from freezing. Importantly, although poor performers showed drastically
reduced responding across the 10 training sessions compared to good performers, they did
successfully avoid approximately 10 times per session for the last 5 sessions. So these
animals apparently had enough learning trials (where they performed the AA response) to
acquire the instrumental association, even though they failed to show much memory
expression before the CE lesions. Second, researchers that have bred lines of rats for their
poor performance in AA tasks have shown that these animals are not impaired in learning
other aversive conditioning tasks. In fact, these animals generally show enhanced acquisition
of inhibitory avoidance (43), which can also be thought of as a reactive coping response.
Therefore, poor performers may instead be biased towards reactive defensive behaviors
which interfere with the development of AA responses. Evidence for such interference
comes from a number of studies. For example, Blanchard and Blanchard (47) showed that
immobility is negatively correlated with the level of AA responses in a circular runway AA
task. Thus, freezing interferes with the development of AA responses and manipulations that
impair freezing are expected to facilitate AA performance (46–48,69; but see 70).

*Rats with combined damage to LA and B prior to overtraining Pavlovian fear conditioning eventually acquire fear responses,
suggesting that other brain regions such as CE are capable of encoding Pavlovian fear conditioning (27,67). However, Pavlovian fear
memories encoded in animals with combined damage to LA and B are acquired more slowly and are more susceptible to the
deteriorating effects of time on fear memory (68).
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Outstanding issues
The bed nucleus of the stria terminalis (BNST) and the periaqueductal gray (PAG)
contribute to freezing expression and may play a role in the CE-lesion rescue effect (71–76).
BNST receives projections from B that are likely damaged with electrolytic CE lesions.
Future studies will evaluate excitotoxic CE lesions in poor performers to determine if
neurons in CE mediate the constraining influence on AA performance or whether fibers
passing through CE to other brain regions mediate this effect. It will be also be important to
examine the effects of direct damage to BNST or PAG on AA in poor performers.
Nevertheless, inactivation of CE using small infusions of muscimol, which should have no
effect on amygdala projections to BNST or PAG, inhibits the expression of fear-conditioned
freezing (26). This suggests that damage to CE is sufficient to decrease freezing, and
possibly allow for the AA rescue effect.. Finally, CE lesions have been reported to induce
hyperactivity (77,78). Thus, one could argue that our CE lesions did not rescue true
avoidance behavior, but rather caused the animals to run around more resulting in apparent
avoidance responses. However,. if hyperactivity alone were enough to result in apparent
avoidance, then our pre-training CE lesions should have produced much higher responding
during the first training session (Figure 1). Also, CE lesions in the poor performers resulted
in AA responding nearly identical in magnitude to the asymptotic performance of good
performers, which may be unlikely if hyperactivity alone produced the effect. Nevertheless,
hyperactivity could be a contributing factor to the improved performance observed with CE
lesions.

Summary
LA and B are required for the initial acquisition of instrumental avoidance responses but
play a transient role in the performance of AA responses. In contrast, CE is not required but
can constrain AA, most likely because of its role in mediating competing Pavlovian
responses such as freezing. These findings are in agreement with the hypothesis that the LA
and B mediate fear motivated actions while the LA and CE mediate fear reactions (31).

Pathological anxiety affects a large portion of the population and exacts significant
emotional and financial costs (12,79). Effective cures for pathological anxiety have been
elusive, with many cognitive-behavioral and pharmacological interventions providing only
temporary recovery or suppression of symptoms (80). Although avoidance is a hallmark of
many anxiety disorders, it is likely to be so prevalent precisely because it is an effective
means of coping with intense fear. Acquisition of instrumental escape and avoidance
prevents Pavlovian fear reactions associated with the subjective state of fear and gives the
subject control in dangerous environments (6,7,81). Importantly, this effective suppression
of fear is long lasting. Thus, we and others have suggested that training of active
instrumental coping responses that do not interfere with daily living, under the guidance of a
therapist, may be an ideal strategy for treating pathological anxiety (13–16,82). This training
may be enhanced pharmacologically, provided that we understand the underlying brain
mechanisms and appropriately target them. The present studies identify two small amygdala
nuclei, LA and B, as critical components of AA. They also implicate CE as a constraint on
the transition from reactive to active responding to fear-eliciting cues. Future studies will
attempt to facilitate LA and B processes important for AA acquisition while also blocking
constraining CE processes in the hopes of identifying novel strategies for treating
pathological anxiety.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mean ± SE number of active avoidance (AA) responses across training in rats that recieved
pre-training sham surgeries (n = 20) or bilateral electrolytic lesion aimed at lateral amygdala
(LA; n = 10), basal amygdala (B; n = 6) or central amygdala (CE; n = 5). Pre-training
damage to the LA or B severely impaired acquisition of AA responses. Damage to the CE
showed a trend towards facilitation of AA learning during block 1. (*) LA vs Sham = p<
0.05; (+) B vs Sham = p < 0.01.
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Figure 2.
(a) Mean ± SE number of active avoidance (AA) responses across overtraining in rats that
received post-overtraining sham surgeries (n = 10) or bilateral electrolytic lesions aimed at
lateral amygdala (LA; n = 4), basal amygdala (B; n = 8) or central amygdala (CE; n = 5).
Each block is composed of three training sessions for a total of 15 training sessions. (b)
Mean ± SE number of AA responses in the last 2 overtraining sessions compared to the first
2 post-lesion retraining sessions. Post-overtraining lesions had no effect on the number of
AA responses during retraining.
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Figure 3.
(a) Mean ± SE number of active avoidance (AA) responses in good (n = 38) and poor (n =
19) performers across training. Poor performers were animals from the overtraining
experiment that did not reach the learning criteria of at least two consecutive sessions of 20
or more AA responses. (b) Mean ± SE percentage freezing at the start of sessions 1, 5, 10
and 15. Freezing levels of good performers decrease as AA training progresses, while
freezing remains high in poor performers. (*) session 10: p < 0.01.

Lázaro-Muñoz et al. Page 15

Biol Psychiatry. Author manuscript; available in PMC 2011 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
(a) Mean ± SE percentage freezing during the first retraining session of poor performers that
received sham surgeries (n = 5) or bilateral electrolytic central amygdala (CE) lesions (n =
5). CE damage in poor performers abolished freezing reactions compared to sham. (b) Mean
± SE number of active avoidance (AA) responses for poor performers during the first two
retraining sessions. CE-lesioned poor performers showed significantly higher levels of AA
responses compared to the sham. In fact, the CE lesion increased AA responses to
asymptotic levels of performance by the first retraining session. Dashed line represents the
mean for good performers at training day 11, which corresponds to the first retraining
session in poor performers.
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Table 1

Lesion Parameters. B, basal amygdala; CE, central amygdala; LA, lateral amygdala.

Brain Site Anterior-Posterior (mm) Medial-Lateral (mm) Dorsal-Ventral (mm) Current Duration (sec)

LA −2.3 ±5.2 7.8 8

−2.8 ±5.5 7.8 10

−3.3 ±5.3 8.0 10

−3.8 ±5.5 8.2 10

CE −1.8 ±3.8 8.4 12

−2.3 ±4.0 8.4 12

−2.8 ±4.4 8.4 12

B −2.1 ±4.9 9.1 12

−2.8 ±4.9 9.3 15

−3.3 ±5.3 9.2 15

−4.2 ±5.3 9.3 15
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