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The role of amygdala nuclei in the expression of
auditory signaled two-way active avoidance in rats
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Using a two-way signaled active avoidance (2-AA) learning procedure, where rats were trained in a shuttle box to avoid a
footshock signaled by an auditory stimulus, we tested the contributions of the lateral (LA), basal (B), and central (CE) nuclei
of the amygdala to the expression of instrumental active avoidance conditioned responses (CRs). Discrete or combined
lesions of the LA and B, performed after the rats had reached an asymptotic level of avoidance performance, produced
deficits in the CR, whereas CE lesions had minimal effect. Fiber-sparing excitotoxic lesions of the LA /B produced by infu-
sions of N-methyl-p-aspartate (NMDA) also impaired avoidance performance, confirming that neurons in the LA/B are
involved in mediating avoidance CRs. In a final series of experiments, bilateral electrolytic lesions of the CE were performed
on a subgroup of animals that failed to acquire the avoidance CR after 3 d of training. CE lesions led to an immediate rescue
of avoidance learning, suggesting that activity in CE was inhibiting the instrumental CR. Taken together, these results indi-
cate that the LA and B are essential for the performance of a 2-AA response. The CE is not required, and may in fact con-
strain the instrumental avoidance response by mediating the generation of competing Pavlovian responses, such as freezing.

Early studies of the neural basis of fear often employed avoidance
conditioning procedures where fear was assessed by measuring
instrumental responses that reduced exposure to aversive
stimuli (e.g., Weiskrantz 1956; Goddard 1964; Sarter and
Markowitsch 1985; Gabriel and Sparenborg 1986). Despite
much research, studies of avoidance failed to yield a coherent
view of the brain mechanisms of fear. In some studies, a region
such as the amygdala would be found to be essential and in
other studies would not. In contrast, rapid progress in understand-
ing the neural basis of fear and fear learning was made when
researchers turned to the use of Pavlovian fear conditioning
(Kapp et al. 1984, 1992; LeDoux et al. 1984; Davis 1992; LeDoux
1992; Cain and Ledoux 2008a). It is now well established from
such studies that specific nuclei and subnuclei of the amygdala
are essential for the acquisition and storage of Pavlovian associat-
ive memories about threatening situations (LeDoux 2000;
Fanselow and Gale 2003; Maren 2003; Maren and Quirk 2004;
Schafe et al. 2005; Davis 2006).

Several factors probably contributed to the fact that
Pavlovian conditioning succeeded where avoidance conditioning
struggled. First, avoidance conditioning has long been viewed as a
two-stage learning process (Mowrer and Lamoreaux 1946; Miller
1948b; McAllister and McAllister 1971; Levis 1989; Cain and
LeDoux 2008b). In avoidance learning, the subject initially under-
goes Pavlovian conditioning and forms an association between
the shock and cues in the apparatus. The shock is an uncondi-
tioned stimulus (US) and the cues are conditioned stimuli (CS).
Subsequently, the subject learns the instrumental response to
avoid the shock. Further, the “fear” aroused by the presence of
the CS motivates learning of the instrumental response. Fear
reduction associated with successful avoidance has even been
proposed to be the event that reinforces avoidance learning
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(e.g., Miller 1948b; McAllister and McAllister 1971; Cain and
LeDoux 2007). Given that Pavlovian conditioning is the initial
stage of avoidance conditioning, as well as the source of the
“fear” in this paradigm, it would be more constructive to study
the brain mechanisms of fear through studies of Pavlovian con-
ditioning rather than through paradigms where Pavlovian and
instrumental conditioning are intermixed. Second, avoidance
conditioning was studied in a variety of ways, but it was not as
well appreciated at the time as it is today; that subtle differences
in the way tasks are structured can have dramatic effects on the
brain mechanisms required to perform the task. There was also
less of an appreciation for the detailed organization of circuits in
areas such as the amygdala. Thus, some avoidance studies exam-
ined the effects of removal of the entire amygdala or multiple sub-
divisions (for review, see Sarter and Markowitsch 1985). Finally,
fear conditioning studies typically involved a discrete CS, usually
a tone, which could be tracked from sensory processing areas
of the auditory system to specific amygdala nuclei that process
the CS, form the CS-US association, and control the expression
of defense responses mediated by specific motor outputs. In con-
trast, studies of avoidance conditioning often involved diffuse
cues, and the instrumental responses used to indirectly measure
fear were complex and not easily mapped onto neural circuits.

Despite the lack of progress in understanding the neural basis
of avoidance responses, this behavioral paradigm has clinical rel-
evance. For example, avoidance behaviors provide an effective
means of dealing with fear in anticipation of a harmful event.
When information is successfully used to avoid harm, not only
is the harmful event prevented, but also the fear arousal,
anxiety, and stress associated with such events; (Solomon and
Wynne 1954; Kamin et al. 1963). Because avoidance is such a suc-
cessful strategy to cope with danger, it is used extensively by
patients with fear-related disorders to reduce their exposure to
fear- or anxiety-provoking situations. Pathological avoidance is,
in fact, a hallmark of anxiety disorders: In avoiding fear and
anxiety, patients often fail to perform normal daily activities
(Mineka and Zinbarg 2006).
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We are revisiting the circuits of avoidance conditioning from
the perspective of having detailed knowledge of the circuit of the
first stage of avoidance, Pavlovian conditioning. To most effec-
tively take advantage of Pavlovian conditioning findings, we
have designed an avoidance task that uses a tone and a shock.
Rats were trained to shuttle back and forth in a runway in
order to avoid shock under the direction of a tone. That is, the sub-
jects could avoid a shock if they performed a shuttle response
when the tone was on, but received a shock if they stayed in the
same place (two-way signaled active avoidance, 2-AA). While
the amygdala has been implicated in 2-AA (for review, see Sarter
and Markowitsch 1985), the exact amygdala nuclei and their
interrelation in a circuit are poorly understood.

We focused on the role of amygdala areas that have been
studied extensively in fear conditioning: the lateral (LA), basal
(B), and central (CE) nuclei. The LA is widely thought to be the
locus of plasticity and storage of the CS-US association, and is
an essential part of the fear conditioning circuitry. The basal
amygdala, which receives inputs from the LA (Pitkdnen 2000),
is not normally required for the acquisition and expression of
fear conditioning (Amorapanth et al. 2000; Nader et al. 2001),
although it may contribute under some circumstances (Goosens
and Maren 2001; Anglada-Figueroa and Quirk 2005). The B is
also required for the use of the CS in the motivation and reinforce-
ment of responses in other aversive instrumental tasks (Killcross
et al. 1997; Amorapanth et al. 2000). The CE, through connec-
tions to hypothalamic and brainstem areas (Pitkdnen 2000), is
required for the expression of Pavlovian fear responses (Kapp
et al. 1979, 1992; LeDoux et al. 1988; Hitchcock and Davis
1991) but not for the motivation or reinforcement of aversive
instrumental responses (Amorapanth et al. 2000; LeDoux et al.
2009). We thus hypothesized that damage to the LA or B, but
not to the CE, would interfere with the performance of signaled
active avoidance.

Results
Electrolytic lesions of the subnuclei

Acquisition of avoidance conditioned response (CR)

Of the 117 rats that were initially trained, 87 (~74%) reached the
criterion of 80% correct (24 out of 30 trials) or a higher CR rate by
the seventh day of training. The average number of training days
to reach the criterion was 5.23 (+0.42). The rats that reached the
criterion were randomly assigned to different treatment groups
(six groups) for electrolytic lesions of designated amygdala
nuclei or to a sham lesion group (SHAM). To demonstrate that
the acquisition of avoidance CR was paralleled by the diminution
of Pavlovian-type CRs, three response measures obtained from 16
rats that reached the criterion in exactly 5 d were plotted. Figure 1
shows the acquisition of the avoidance CR, as well as freezing and
ultrasonic vocalizations (USVs) during the 15-sec period prior
to the CS. An increase in the avoidance CR rate is evident,
as one-way ANOVA shows a statistically significant session effect
(Fa,75)=19.22, P <0.01) (Fig. 1A). The session effect was also
statistically significant for the freezing rate (F4 75, = 175.98, P <
0.01) and for the number of vocalizations (F4 ;s = 5.88, P <
0.01) (Fig. 1B). There was a statistically significant negative corre-
lation between freezing and the avoidance CR (r= — 0.78, P <
0.01). The data were averaged from a subgroup of 16 rats that
reached the avoidance CR rate of 80% or higher in exactly 5 d.

Histology

Of the 87 rats that were initially assigned to the six lesion groups,
54 were included in the final analysis after histological
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Figure 1. Acquisition of the avoidance response. Data were averaged
from animals that had reached the learning criterion on day 5 (<80%
avoidance CR, n=16). (A) Day-to-day changes in avoidance CR rate.
(B) Corresponding freezing and ultrasonic vocalizations (USVs) measured
from the 15-sec pre-CS period on every trial.

examination of the lesion sites. Only the animals with substantial
damage to the target area and minimal infringement in the sur-
rounding regions were included in the final analysis. Figure 2
shows the reconstruction of the electrolytic lesions.

Behavioral data

All six groups of animals showed equally high levels of avoidance
responses on the last day of acquisition (Fs 48 = 0.70, P = 0.63).
However, this pattern changed dramatically after the lesion-
producing surgery. One-way ANOVA revealed that there was a

Figure 2. Histological reconstruction of amygdala subnuclei lesions.
The black regions indicate the least extensive lesion, and the gray
regions indicate the most extensive lesion. In the leftmost column, the
numbers indicate the distance in millimeters from the bregma. AMG,
entire amygdala; L, LA, lateral nucleus; B, basal nucleus; C, CE, central
nucleus; Bm, basomedial nucleus. Brain images were adapted from
Paxinos and Watson (1998) and reprinted here with permission from
Elsevier © 1998.
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statistically significant difference between lesion groups post-
surgery (F(s4s) = 20.41, P <0.001). Planned post-hoc tests
(Tukey’s) revealed that all lesion groups, except for CE (P>
0.05), were significantly different from SHAM (P < 0.05)
(Fig. 3A). Only the CE group showed avoidance CRs at a level com-
parable to SHAM during the post-lesion test period. The lesions
also had a profound effect on avoidance latency (Fig. 3B).
Similar to the CR rate, there was no significant group difference
in avoidance latency before the surgery (Fs 4s) = 0.74, P = 0.60).
After the lesion-producing surgery, however, there was a signifi-
cant group difference (Fs 48 = 6.16, P <0.001). Post-hoc tests
(Tukey’s) revealed that all lesion groups except for the CE and
the entire amygdale (AMG), were significantly different from
SHAM. The difference between AMG and SHAM was marginally
significant (P = 0.052).

Excitotoxic lesions

Histology

Intracranial infusions of N-methyl-p-aspartic acid (NMDA)
destroyed most of the LA and B, with substantial damage in the
dorsal endopiriform nucleus and minimal spreading damage in
the perirhinal and piriform cortex and capsular division of the
CE. The extent of the LA/B lesions from all animals included in
the analysis is depicted in Figure 4. Neuronal cell loss was
evident from the smaller cell body sizes that occurred as a result
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Figure 3. Effects of amygdala subnuclei lesions on avoidance response.
(A) Comparison of avoidance CR rates on the last day of training (Before
Surgery) and on the first and second day of postsurgical training (Day 1
and Day 2). (B) Comparison of avoidance CR latencies on the last day of
training and on the first and second day of postsurgical training.
Numbers of subjects included in the analysis were: SHAM = 10; AMG =
9; LA/B=9; LA=9; B=8; CE=9. An asterisk (*) indicates statistically
significant difference from the SHAM group.
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Figure 4. Histological lesion reconstruction for NMDA-lesioned animals.
The dark gray areas indicate the lesion size in the least extensive lesioned
animal, and the lighter gray areas are from the most extensive lesioned
animal. In the leftmost column, numbers indicate the distance in
millimeters from the bregma. See Figure 1 for anatomical notations of
the amygdala subnuclei. Brain images were adapted from Paxinos and
Watson (1998) and reprinted here with permission from Elsevier © 1998.

of cell shrinkage and gliosis. Figure 5 shows representative photo-
micrographs of a chemical and a sham lesion.

Behavioral data

Of the 45 rats initially used in the experiment, data were analyzed
from 19 animals (10 for the Lesion group and 9 for the SHAM
group) after behavioral training and histological verification of
the lesion sites. A two-way ANOVA with the session as a within-
subject variable revealed that there was a significant session x sur-
gical treatment interaction (F(1,17) = 16.22, P < 0.01), as well as
the main effects of session (F(;,17, = 22.91, P < 0.01) and surgical
group (F1,17)=20.67, P<0.01), indicating that neurotoxic
lesions of the LA/B significantly reduced the rate of avoidance
CR, compared with the level of presurgical avoidance response.
These changes in CR rates were paralleled by the CR latency
change. There was a significant session x surgical treatment inter-
action (Fq,17)=6.97, P<0.05), as well as the main effect of
session (F(1,17) = 5.14, P < 0.05). These results are summarized in
Figure 6.

Electrolytic CE lesions in “poor performers”

Given our results in Figure 1, and our observation that poor avoid-
ance performers showed high freezing, we hypothesized that
CE-mediated Pavlovian freezing was interfering with avoidance
acquisition. To further examine the role of CE in the acquisition
of avoidance responses, rats with low initial avoidance perform-
ance were selected for electrolytic lesions of the CE (20% or
lower CR rate for the first three sessions of avoidance training).
Due to their low rate of avoidance response, these rats received a
significant number of shocks (25.4 + 1.3 trials/session) through-
out the training. The animals did show escape responses,
however, by crossing to the nonshock compartment to terminate
the shock on a number of trials (16.2 + 4.5 trials/session). After 3 d
of training, the poor performers were divided into two groups: CE
Lesion and SHAM. The CE Lesion group received discrete electro-
lytic lesions of the CE as described above. The SHAM group
received the identical surgery, but the electrode was lowered to
1mm above the CE and no current was passed. All other training
procedures were identical to the experiments described above.

Learning & Memory



Amygdala and two-way active avoidance

Figure 5. Photomicrographs of representative SHAM and chemical
lesions in the LA and B. (A) SHAM-lesion, (B) NMDA lesion.

Histology

Only the animals with substantial bilateral damage to all subdivi-
sions of the CE were included in the final analysis. The extent of
the lesion was similar to that observed in the first series of exper-
iments (Fig. 2, CE lesion reconstruction), and no separate lesion
reconstruction is presented here. Although some of the bigger
lesions included neurons in the medial border of the B, the LA
and B were spared almost completely in most subjects.

Behavioral data

Of the 18 rats initially used for the CE lesion study, data were ana-
lyzed from 13 rats after histological verification (six SHAM and
seven CE lesion). ANOVA was conducted on the CR rate using
the training day as a within-subject variable, and lesion type as
a between-subject variable. There was a significant main effect
of both lesion type (F(;,11) = 68.61, P <0.01) and training day
(F7,77=14.43, P < 0.01). In addition, the interaction of these
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Figure 6. Effect of NMDA lesions on the avoidance response. (A)
Comparison of avoidance CR rates. (B) Comparison of avoidance
latencies. An asterisk (*) indicates statistically significant difference from
the SHAM group. Numbers of subjects included in the analysis were:
SHAM = 9; Lesion = 9.
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variables was significant (F(777)=12.22, P<0.01). To further
analyze the source of the interaction, simple main effect tests
were performed. There was a significant difference between
groups on postsurgical days 1, 2, 3, 4, and 5 (F3,7) > 12.19, P <
0.01), but not on any of the presurgical training days (F,77) >
0.09, P > 0.77) (Fig. 7). These data indicate that the CE-lesioned
rats began to show improved performance on the first postsurgical
training session and continued to outperform SHAM-lesioned rats
throughout the remaining sessions. In addition to the change in
avoidance response, CE lesions also altered locomotor activity
levels. A repeated-measures ANOVA was performed on baseline
intercrossing intervals (ICIs) before and after the surgery. There
was a significant group x session interaction (F(;,11)=6.21, P <
0.05), indicating that both groups showed equally low levels
of locomotor activity, suggestive of freezing, in the shuttle box
during the presurgical session, but locomotor activity differed
after the surgery. ICIs of the CE Lesion group were significantly
shorter than those of the SHAM, even on the first postsurgical
session, likely reflecting a reduction of freezing (22.3 + 7.3 vs.
38.4 4+ 14.9 sec).

Discussion

Given the importance of amygdala nuclei to Pavlovian fear con-
ditioning, and the relationship of Pavlovian fear processes to sig-
naled active avoidance (Mowrer and Lamoreaux 1946; Rescorla
and Solomon 1967; Overmier and Lawer 1979), we examined
the effect of LA, B, and CE lesions on signaled 2-AA. Other
studies have implicated the amygdala in avoidance learning and
expression. However, the vast majority of these studies used
either lesions of the whole amygdala or combined lesions of two
or more amygdala nuclei, often yielding mixed results. For
example, although most studies in which the whole amygdala
was lesioned in rats have shown impairments in active avoidance
(Thatcher and Kimble 1966; Molino 1975; Schutz and Izquierdo
1979; Eclancher and Karli 1980), lesions of the LA and B nuclei
together (the basolateral complex) either impaired (Coover et al.
1973a) or facilitated (Campenot 1969) performance. Further,
many studies failed to differentiate between avoidance learning
and avoidance performance processes. We therefore focused our
initial study on amygdala involvement on performance of
signaled active avoidance—using animals that were trained
to an asymptotic criterion before lesioning. Care was taken to
stop training just as the rats reached asymptotic performance, as
other studies suggest that training beyond asymptote (overtrain-
ing) renders avoidance performance amygdala-independent
(Poremba and Gabriel 1999); after extended training, avoidance
can become habitual and depend on other regions, possibly the
striatum (Yin and Knowlton 2006; LeDoux et al. 2009).

We found that discrete electrolytic lesions of the LA or B, as
well as the entire amygdala, severely impaired 2-AA performance
signaled by an auditory cue. Rats with LA or B lesions had a lower
percentage of successful avoidance responses, and also displayed
longer avoidance latencies. For comparison to previous studies,
we also included groups with combined lesions of the LA/B or
lesions of the entire amygdala. Both of these groups were impaired
in post-lesion active avoidance performance. Further, we obtained
identical results with excitotoxic NMDA-induced lesions, impli-
cating LA/B cell bodies in active avoidance performance. These
results are consistent with several other lines of research. A
number of studies have shown impaired active avoidance result-
ing from permanent lesions (for review, see Goddard 1964;
Sarter and Markowitsch 1985) or temporary pharmacological
manipulations that target the LA and B together (Poremba and
Gabriel 1999). Other studies have shown that training-induced
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Figure 7. Effect of CE lesions on retarded avoidance learning. Rats with
an avoidance CR rate of 20% or below for 3 consecutive days from the
beginning of training were subjected to either a SHAM operation or an
electrolytic CE lesion. The graph shows performance in avoidance learn-
ing for 3 d before and 5 d after the surgery. Numbers of subjects included
in the final analysis were: Sham = 6; CE Lesion = 7.

neuronal activity changes related to active avoidance acquisition
depend on the LA/B, and especially the LA (Poremba and Gabriel
2001). The LA/B complex has also been implicated in other aver-
sive instrumental tasks (Killcross et al. 1997), as well as appetitive
instrumental tasks that involve an affectively charged Pavlovian
signal (Hatfield et al. 1996). However, to our knowledge, our
results are the first to demonstrate impairment of signaled 2-AA
performance with discrete and selective lesions of the LA or B
alone.

In contrast to the LA and B findings, rats with post-training
lesions of CE showed no impairment in 2-AA performance with
an auditory cue, which is also consistent with a study that
employed the Sidman avoidance paradigm (Lazaro-Mufioz et al.
2009). CE-lesioned rats avoided the shocks as often, and with
latencies similar to, the sham-operated rats. This finding sup-
ported our hypothesis, which was largely based on the finding
that escape from fear (EFF) performance was unimpaired follow-
ing CE lesions (Amorapanth et al. 2000; see below for further
discussion). However, others have reported that CE lesions
severely impaired active avoidance (Werka et al. 1978; Sanchez
Riolobos 1986; Jain et al. 2000). One study in particular found
that CE lesions produced prior to discriminative avoidance
training in rabbits greatly slowed avoidance learning (Smith
et al. 2001). Several factors may have contributed to this apparent
discrepancy. Smith et al. (2001) used pretraining lesions to
examine active avoidance acquisition rather than post-training
lesions to investigate performance. Thus, the CE may be necessary
for an instrumental acquisition process, such as CS-mediated
fear reduction important for reinforcement, but not for the
CS-mediated motivation to perform avoidance. Alternatively,
some theories suggest that cues negatively correlated with shock
during training become safety signals that the animals learn to
approach (Gray 1975; Ikemoto and Panksepp 1999; Dinsmoor
2001; Brennan et al. 2003). Very little is known about the brain
mechanisms of such conditioned inhibition learning, but it
remains possible that the CE participates in this process as well.
It should also be noted that although the CE was targeted for
selective lesions in the Smith et al. (2001) study (and sustained
the bulk of the damage), the authors did a thorough job of quan-
tifying damage to surrounding regions, and in each case, there
was at least 25% damage to the LA or B—which may account for
the deficit produced. Finally, Smith et al. (2001) used a discrimi-
nated avoidance task with CS+ and CS— stimulus presentations
during training. This may have, for reasons that are not obvious,
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engaged CE-mediated processes that are not required for our
single-signaled avoidance task. Note that our CE findings appear
to agree with the electrophysiological data from the same labora-
tory that training-induced neural activities in extra-amygdala
brain regions are intact regardless of the integrity of the CE (for
discussion, see Gabriel et al. 2003).

The results from our final series of experiments argue against
a necessary role for the CE in signaled 2-AA, and instead suggests
that CE-mediated processes can actually prevent the expression of
avoidance. In a typical avoidance study, a subset of trained rats
fails to learn the avoidance CR (<20% CR rate). Because these
rats appeared to show unusually high levels of Pavlovian freezing,
we hypothesized that CE lesions may rescue the avoidance deficit,
since Pavlovian freezing depends critically on the CE. More
specifically, we predicted that CE lesions would enable the poor
performers to acquire the task as this would remove the interfer-
ing influence of Pavlovian freezing. However, the results were
more dramatic than expected, and CE lesions led to a statistically
significant improvement in avoidance during the first post-lesion
training session, suggesting that these animals had acquired the
response but had been impaired in their ability to express this
instrumental response due to powerful interfering effects of the
CE. The most likely CE-mediated effect that interferes with avoid-
ance is freezing—rats cannot actively avoid if they are frozen.
Indeed, we showed above that acquisition of the instrumental
avoidance response is correlated with the cessation of freezing.
Although CS-elicited freezing was not assessed in this study, CE
lesions did significantly reduce pre-CS ICIs compared with
SHAM lesions, consistent with disruption of Pavlovian freezing.

One alternative interpretation of these data is that the con-
nections between the B and the bed nucleus of the stria terminalis
(BNST), a component of the extended amygdala, might have been
damaged by the indiscriminative electrolytic lesion. The BNST has
been implicated in the expression of contextual fear (Sullivan
et al. 2004) and in animal models of anxiety (Davis and Shi
1999). It is possible that reduced fear to the context due to
damaged projections to the BNST may have alleviated the per-
formance deficit, since a successful 2-AA CR requires overcoming
fear of one area. The nature of the competing processes under-
lying the blockade of instrumental learning in the poor perfor-
mers and the relative contributions of the CE versus fibers of
passage will require further investigation using different lesion
and inactivation techniques.

It is also possible that the behavior of the poor-performing
rats, because they received greater shock exposure, may resemble
learned helplessness (Maier and Seligman 1976), which is also
associated with learning deficits. We do not think 2-AA poor per-
formance is related to learned helplessness for several reasons.
First, learned helplessness typically involves several hundreds of
shocks of very high intensity (up to 1.6 mA or higher) often com-
bined with restraint. Our poor performers received far fewer
shocks of a lower intensity spaced across 3 d, a much less stressful
experience. Second, in learned helplessness it is typically the
animals that lack any control over the US that demonstrate a sub-
sequent learning deficit. Those that have control show no deficit,
in spite of a great deal of shock exposure. In our studies, rats could
always escape the shock and did successfully escape the shock on
~50% of trials. Finally, amygdala lesions that include damage to
the CE do not rescue the learning deficit seen with learned help-
lessness (Maier et al. 1993), whereas 2-AA poor performance was
rescued by CE lesions in our studies.

Our data are consistent with a previous report from our
laboratory that implicated the LA and B, but not the CE, in the ac-
quisition and/or performance of another aversively based instru-
mental response, EFF (Amorapanth et al. 2000). As noted above,
one prominent hypothesis regarding avoidance conditioning
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is the two-process theory (Mowrer and Lamoreaux 1946). In this
model, subjects first learn a Pavlovian association between
the CS and the US on trials where the US is not avoided (early
trials). Later in training, the CS participates in motivating and
reinforcing avoidance responses. Avoidance responses are said to
be reinforced by fear reduction associated with CS termination
in trials in which the subject successfully avoids the shock.
EFF protocols are very similar to avoidance protocols except that
the Pavlovian and instrumental conditioning phases are con-
ducted at separate times and in separate chambers. EFF protocols
attempt to isolate CS fear as the important variable in the aversive
instrumental learning. During EFF training, subjects are presented
with a fear-eliciting CS. Performing the target response leads to
the immediate termination of the CS. Note that no shocks are
present in EFF sessions. Amorapanth et al. (2000) found that
pretraining lesions of the LA or B, but not the CE, impaired the
acquisition/performance of EFF, whereas lesions of the LA or
CE, but not the B, impaired Pavlovian freezing.

Taken together, our data and earlier EFF results suggest a
model in which the LA acquires and stores the Pavlovian fear
(CS-US) association, and the CE and B use this association to gen-
erate Pavlovian conditioned responses or to motivate active
instrumental responses, respectively. Interestingly, it appears
that the default response to an aversive CS is the performance of
Pavlovian reactions that compete or interfere with instrumental
action learning. Most rats respond to the CS with strong
CE-mediated Pavlovian fear reactions early in training, but
somehow overcome this tendency on their own in the course of
avoidance conditioning (see Fig. 1). However, removing the con-
straining function of the CE through lesions also enables instru-
mental action in poor performers. Further studies will be needed
to pinpoint where in the defensive behavior circuit this critical
inhibition of Pavlovian reactions occurs during the normal
transition from passive to active responding.

Our findings may appear to contradict learning theories in
which fear is assigned a role in avoidance learning and perform-
ance, a hypothesis that has been debated for nearly 70 years.
However, we adhere to an alternative view of fear that allows for
a role in avoidance. Early theories, such as the Miller-Mowrer
2-factor theory, suggested that fear reduction with aversive CS
termination reinforces avoidance responses (conditioned nega-
tive reinforcement), and, later in training, fear of the CS motivates
avoidance responding (Mowrer 1947; Miller 1948a). Other the-
ories, while not invoking a motivational concept of fear, relied
on aversive properties of shock-paired cues to explain avoidance
(Schoenfeld et al. 1950; Sidman 1953; Dinsmoor 1954).
However, these concepts have become quite controversial,
mainly because many have reported a lack of parallelism
between the magnitude of Pavlovian fear and the strength of
avoidance learning (for reviews, see McAllister and McAllister
1971; Mineka 1979) and because of inconsistent learning in EFF
paradigms (for discussion, see Cain and LeDoux 2007). Indeed,
it is now widely accepted that Pavlovian defensive responses,
often used as fear indicators, diminish as avoidance is acquired
(Fig. 1; Kamin et al. 1963; Coover et al. 1973b; Starr and Mineka
1977) and return when avoidance responses are prevented
(Solomon and Wynne 1954; Lapointe and Baum 1987). Our
finding that CE lesions rescue avoidance performance when
Pavlovian freezing is high may also suggest a disconnect
between Pavlovian fear and instrumental avoidance. This discon-
nect was, however, a negative correlation, suggesting that
Pavlovian responses may constrain avoidance. Much of this
debate hinges on the definition of fear and may result from a
failure to distinguish between learning and performance
(McAllister and McAllister 1991). If one defines fear as the pres-
ence of Pavlovian defensive responses, then there appears to be
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clear evidence from this and other studies that fear and avoidance
are unrelated, or inversely related. However, defining fear in
terms of Pavlovian responses is somewhat narrow. On the other
hand, the broader colloquial meaning of fear commonly used
by humans (a subjectively experienced feeling) is probably
inappropriate in animal studies (LeDoux et al. 2009). An alterna-
tive is to view fear as a central state (Rescorla and Solomon 1967)
that can result from exposure to innate or learned stimuli
(McAllister and McAllister 1971), making no assumption about
Pavlovian defensive responses or conscious feelings. In this
view, fear could be indicated in animals by either Pavlovian or
instrumental defensive responses. Viewed this way, the current
data do not argue against a role for fear in avoidance learning
and maintenance.

Avoidance is a hallmark of nearly all forms of pathological
anxiety primarily because the avoidance performance tendency
is so powerful that it often interferes with normal day-to-day func-
tions. At the same time, avoidance is an extremely effective means
of coping with danger. Not only does avoidance performance
prevent the delivery of harmful stimuli, but it also inhibits the
Pavlovian fear reactions that are associated with the subjective
state of fear (Fig. 1, Solomon and Wynne 1954; Cain and
LeDoux 2007). Active instrumental coping strategies have also
been advocated over passive anxiety treatments because they
may be more effective and long lasting (LeDoux and Gorman
2001; van der Kolk 2006). Although researchers largely aban-
doned avoidance studies in favor of Pavlovian conditioning
studies to elucidate the brain mechanisms of fear, it may be
time to return to such paradigms using the successful experi-
mental strategies of Pavlovian conditioning studies as a guide.
Such work may lead to improved treatments for pathological
anxiety and a more comprehensive understanding of brain fear
processing.

Materials and Methods

Subjects

One hundred sixty-two naive Sprague—Dawley rats (Hilltop
Laboratories) weighing approximately 300 g at the time of arrival
were used for the experiments. Rats were housed individually on
a 12-h light/dark cycle (light on at 08:00) and had access to
food and water ad libitum. Rats were handled for 5min for a
minimum of 2 d before behavioral training began. All procedures
were approved by the New York University Animal Care and Use
Committee.

Apparatus

Rats were trained in a shuttle box (25 x 50 x 30 cm®; DWH) that
was divided into two identical sections by a pair of white
opaque Plexiglas dividers. The dividers were 9.5 x 9.5 cm protrud-
ing from each side of the wall, leaving a narrow passage (6.5 cm)
open between the sections. There was also a hurdle on the
bottom of the passage that rose 3 cm above the grid floor. The
grid floor had 32 stainless steel bars arranged in parallel to
the dividers (H10-11R-XX-SF, Coulbourn Instruments). Subjects
were presented with a 5-kHz, 70-dB tone CS that signaled the
upcoming footshock US (0.6 mA), which was delivered by a
scrambled shocker (H13-15, Coulbourn instruments). The CS
was delivered simultaneously by two speakers located on oppos-
ing walls of the chamber (20cm high). The conditioning
chamber was placed in a sound-attenuating cubicle (SAC:
H10-24A, Coulbourne instruments). The inside of the cubicle
was dimly illuminated with two small 0.5-W light bulbs. Animal
movement was monitored by an infrared video camera
mounted on the ceiling of the SAC. A bat detector (Mini-3,
Ultrasound Advice) was placed inside the SAC to monitor ultra-
sonic vocalization in the range of 22 kHz.
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Behavioral training

Rats were individually trained. For every training session, the
animal was placed in the shuttle box and given a minimum
5-min stimulus-free acclimation period to lower the level of con-
textual freezing. After the acclimation period, rats received 30
signaled avoidance trials with an average intertrial interval (ITI)
of 2min. Trials consisted of a tone CS presentation that lasted a
maximum of 15 sec. Shuttling during the tone led to immediate
tone termination and prevented delivery of the footshock US. If
no avoidance shuttle was performed during the 15-sec CS, the
US was presented until the rat shuttled (escape response) or for a
maximum of 15 sec. Training (one session/day) continued for 3
d or until successful avoidance responses were achieved on
>80% of the trials. However, if an animal did not reach criterion
by the seventh session, it was not used in further experiments. If
the CR rates remained <20% for the first three training sessions,
they were removed from the first series of experiments. A subset
of these rats was later used in experiments examining CE-
mediated constraint of avoidance learning/performance (see
below). Delivery of stimuli and movement detection were fully
automated using a program written with a script language
(MedPC, Med Associates Inc.) and required no intervention
from an experimenter. Post-lesion sessions were identical to the
pre-lesion training sessions.

Behavioral measurement

The position of the animal was detected by an infrared photo-
beam source/detector unit, located on the side walls in each
section of the shuttle box; 5 cm above the grid floor and 15 cm
away from the divider. Avoidance latency (the time between the
onset of the tone and a break in the photobeam in the other
section, if that occurs before the shock onset) or escape latency
(in the case of a failed avoidance response; if an escape response
is made within the 15-sec shock limit) was calculated on every
trial. To get an estimate of baseline activity, ICIs, the time
between crossings from one compartment to another, were also
recorded during the acclimation period, before the first CS was
presented. Freezing and USVs were scored off-line from the video-
tape recordings. Freezing was defined as the absence of nonre-
spiratory movement (Blanchard and Blanchard 1971), and USVs
were measured by counting the number of distinct 22-kHz calls
(Antoniadis and McDonald 1999; Choi and Brown 2003).

Statistics used

To analyze the acquisition of avoidance and Pavlovian CRs,
one-way ANOVAs were performed on avoidance CR rate, freezing,
and ultrasonic vocalizations across multiple training sessions. The
analysis was performed using a representative sample of 16
animals. To examine the relationship between the two CR forms
(instrumental and Pavlovian), a Pearson correlation coefficient
was computed for avoidance CR and freezing rates using data
points pooled across S training days. To analyze the lesion
effect, avoidance CR rates were compared across different lesion
groups on the presurgical (last day of training) and postsurgical
sessions using ANOVAs. For the chemical lesion experiment,
a two-way ANOVA with the session (before and after surgery) as
a within-subject variable and surgical group (NMDA lesion
or sham lesion) as a between-subject variable was used. For the
third series of experiments, a repeated-measures ANOVA was
performed on the CR rate of the poor performers across pre- and
postsurgical training days. In addition, the baseline ICIs were
compared between the lesion and sham control group to detect
any significant change in activity level using a repeated-measures
ANOVA. All statistical analysis was computed using SPSS (SPSS
Inc.) or SAS (SAS Institute Inc.).

Electrolytic lesions

After the training criterion was reached, rats were divided into six
groups, anesthetized with Nembutal (1.0 mL/kg) and Atropine
(0.5mL/kg), and mounted on a stereotaxic frame (David Kopf
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Instruments). The skull was exposed and drill holes were made
bilaterally. The dura was carefully incised to allow electrode pen-
etration. One group received SHAM lesions (electrode lowered
to 1 mm above the amygdala but no current was applied), and
five groups received bilateral electrolytic lesions of the designated
structure: entire amygdala (AMG), the LA, the B, combined lesion
of LA and B (LA/B), CE or SHAM-operated controls (SHAM).
Coordinates were determined based on a previous study from
our laboratory (Nader et al. 2001). A stainless steel electrode
(250 pm in diameter), insulated except for the tip was inserted
into the target brain area and anodal current was passed to
produce a lesion. The size of the tip exposure varied depending
on the target site. Table 1 shows the coordinates and other
lesion parameters for the different lesion sites. After 7-10 days
of recovery, rats were tested using the same parameters as the
training session described above.

Rats that were not included in the first experiments were
those with low CR rates (poor performers); those whose CR
rates were <20% for the first 3 d of training were assigned to
SHAM-lesion (SHAM) or CE-lesion surgery groups (CE Lesion).
The surgical procedure was identical to that used for the electro-
lytic central nucleus lesions. After recovery from the surgery,
training resumed for 5 additional days.

Chemical lesion

Fiber-sparing excitotoxic lesions of the LA/B were performed on
45 rats. Rats were anesthetized as described above and mounted
on a stereotaxic frame. A pulled glass electrode (1 mm O.D.,
0.5mm I.D. with a tip diameter of 20-25 pm) connected to a
pressure injector (Picospiritzer III, Parker Hannifin) through
clear plastic tubing was loaded using NMDA (Sigma) dissolved
in PBS (20 pg/pL). Infusions were made at six sites using 0.1 pL
of the NMDA solution (Lesion) or PBS (SHAM), and the flow of
the drug inside the tubing was monitored visually (Koo et al.
2004). The coordinates used for the LA/B lesion were the same
as those used in the electrolytic lesion experiments (Table 1).
After the surgery, animals were given a minimum of 1 wk to
recover before further behavioral testing.

Histology

Upon completion of the training sessions, rats were deeply
anesthetized with chloral hydrate (400 mg/kg) and perfused trans-
cardially with physiological saline and 10% buffered formalin.

Table 1. Coordinates and parameters used to produce lesions
in the designated area

Current Tip
Medial/ duration  exposure
Posterior  lateral  Ventral (sec) (mm)

Entire 23 +4.8 8.3 20 0.7
amygdala 3 +4.8 8.5 20

LA+B 2.3 +5.0 8 10 0.2
9.1 10
3.2 +5.3 8.1 10
9.2 10
4 +5.3 8.1 10
9.3 10

LA 2.3 +5.1 8 10 0.2
3.2 +5.3 8.1 10
4 +5.5 8.1 10

B 2.1 +4.9 9.1 12 0.2
2.8 +4.9 9.3 12
3.3 +5.3 9.2 12
4.2 +5.3 9.3 12

CE 1.8 +4.4 8.2 10 0.5
2.3 +4.4 8.5 10

Lesions were made by passing DC current of 0.6 mA through an electrode
insulated with epoxy coating except for the tip at the indicated length. The
coordinates were modified from a previous study (Nader et al. 2001).
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The brains were removed and soaked in a 30% sucrose-10% for-
malin solution for a minimum of 3 d. The brains were then cut
into 50-wm sections using a microtome. Sections were stained
with cresyl violet, mounted, and examined under a microscope.
Camera lucida was used to outline the extent of the lesion.
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