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Considerable evidence suggests that the lateral (LA) and basal
(BA) nuclei of the amygdala are sites of plasticity and storage of
emotional memory. Recent arguments, however, have seriously
challenged this view, suggesting that the effects of amygdala
lesions are attributable to interference with performance of fear
behavior and not learning and memory. One way to address this
controversy is to measure the same behavioral response during
both conditioned and unconditioned fear. This is done in the
present study by measuring fear-related freezing behavior after
electrolytic and neurotoxic lesions of the LA or LA/BA nuclei in
rats in a contextual fear conditioning paradigm and uncondi-
tioned fear to a predator odor. Electrolytic LA lesions attenuated
post-shock freezing, retention test freezing, and freezing to the
predator odor trimethylthiazoline (TMT). In contrast, excitotoxic
NMDA lesions of the LA had no effect on post-shock freezing

but significantly attenuated retention test freezing. Furthermore,
excitotoxic LA lesions did not diminish freezing to TMT. Larger
excitotoxic lesions that included the BA significantly reduced
freezing in both the post-shock and retention tests but did not
appreciably decrease freezing to TMT. The results suggest that
the LA is important for memory of learned fear but not for
generation of freezing behavior. In addition, the BA plays a role
in freezing in conditioned fear situations but not in uncondi-
tioned fear. The studies suggest that the LA and BA play
different roles in fear conditioning, but neither of them has a
significant role in unconditioned freezing to a predator odor.
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Much progress in understanding the neuroanatomy of fear has
resulted from using simple well defined paradigms that measure
species-typical defense responses primarily in rodents (e.g., freez-
ing, fear-potentiated startle, and autonomic changes) during both
cue-specific (e.g., light and tone) and contextual classical fear
conditioning (i.e., environment without specific cue). It is gener-
ally accepted that the basolateral complex of the amygdala (BLC),
consisting primarily of the lateral (LA) and basal (BA) amygda-
loid nuclei, plays a major role in receiving and integrating con-
ditioned and unconditioned stimuli for fear conditioning (Davis,
1997; Fanselow and LeDoux, 1999; Maren, 1999a; LeDoux, 2000).
Indeed, electrolytic or neurotoxic damage to the LA or BLC
block the learning of conditioned fear (LeDoux et al., 1990a; Kim
et al., 1993; Campeau and Davis, 1995; Maren et al., 1996a;
Cousens and Otto, 1998). This evidence, together with electro-
physiological data demonstrating neural activity changes during
fear conditioning (Quirk et al., 1995; Rogan et al., 1997; Collins
and Pare, 2000; Maren, 2000; Pare and Collins, 2000) and block-
ade of fear learning after pharmacological manipulation in the
amygdala (Miserendino et al., 1990; Campeau et al., 1992; Maren
et al., 1996b; Muller et al., 1997; Wilensky et al., 2000), suggest
that the BLC is a site of plasticity and storage of emotional
information (Fanselow and LeDoux, 1999).

Recently, serious challenge to the view that the BLC is a locus
of conditioned fear has emerged (Cahill et al., 1999; Vazdar-
janova, 2000). One major argument for this challenge is that there
is little direct evidence that distinguishes between the effects of
BLC lesions on memory versus performance. Thus, reduction in
behavioral measures of conditioned fear (primarily freezing and
fear-potentiated startle) in BLC-lesioned animals may be attrib-
utable to a reduction of learning or may simply be a consequence
of an inability of the lesioned animal to perform the necessary
behavior. Cahill et al. (1999) suggest that, until it is shown that
BLC lesions block conditioned but not unconditioned fear behav-
ior, it is premature to conclude that the BLC is necessary for
learning and memory of conditioned fear.

The present study directly addresses this issue. Presentation of
a predator odor, trimethylthiazoline [(TMT) originally isolated
from fox feces] has been shown to elicit a number of fear-
associated responses in rats (Cattarelli and Chanel, 1979; Vernet-
Maury et al., 1984, 1992; Heale et al., 1994; Hotsenpillar and
Williams, 1997; Morrow et al., 2000a,b; Wallace and Rosen,
2000). Most relevant to our application is the demonstration that
rats reliably display robust unconditioned freezing behavior to
TMT (Wallace and Rosen, 2000). Thus, it is possible to measure
the same fear-related behavior, freezing, during acquisition and
retrieval of conditioned fear and during the presence of an eco-
logically relevant unconditioned fear stimulus in the same
amygdala-lesioned rats. To determine whether both types of fear
are disrupted by specific amygdala damage, the effects of both
electrolytic and neurotoxic lesions of the LA or combined LA
and BA lesions on conditioned and unconditioned fear-related
freezing were analyzed.
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MATERIALS AND METHODS
Subjects
Male Sprague Dawley rats (Harlan Sprague Dawley, Indianapolis, IN)
weighing 250–300 gm at surgery were used in these experiments. They
were maintained on a 12 hr light /dark cycle, and food and water were
available ad libitum. All experiments were approved by the University of
Delaware Institutional Animal Care and Use Committee.

Apparatus
During fear conditioning, rats were placed in a Plexiglas cylindrical
chamber (8.6 cm diameter, 20 cm long; SR-Lab animal enclosure; San
Diego Instruments, San Diego, CA). Plexiglas doors dropped into slots at
each end of the cylinder kept the rat in the chamber. The rat was confined
but not restrained and could move and turn around in the chamber, but
when not turning faced one of the two doors. The cylinder was mounted
on a Plexiglas platform inside a cabinet of particleboard covered with
Formica (30 3 30 3 60 cm; S-R chambers; San Diego Instruments). A
grid floor (San Diego Instruments) consisting of seven parallel stainless
steel rods, each measuring 4 mm in diameter and spaced 1.3 cm apart
(center to center), was placed on the floor of the cylinder and was
attached to a scrambled shocker. A 25 W light bulb located in the roof of
the cabinet was on at all times, and a fan in the cabinet provided a
background noise of 70 dB.

The same Plexiglas cylinders without the grid floors were used in the
predator odor experiment but were placed in a fume hood rather than
the Formica–particleboard chambers. The fume hood was used to pre-
vent the volatile odorant TMT from spreading into the experimental
room. TMT was presented to the animal by pipetting it onto a piece of
Kimwipe that was taped to the inside of each door. In both fear condi-
tioning and presentation of the predator odor, the chamber was cleaned
with 5% ammonium hydroxide after running each animal. In the TMT
experiments, residual odor was also allowed to dissipate in the fume
hood before another animal was brought into the experimental room and
placed in the chamber.

Procedure
Electrolytic lesions. Rats were anesthetized with a ketamine (100 mg/kg,
i.p.) and xylazine (6.7 mg/kg, i.p.) solution for surgery. Bilateral lesions
of the LA were made in three locations along the rostrocaudal extent of
the nucleus ;0.6 mm apart. Lesions were made in four squads of rats with
slightly different coordinates and duration of current (Table 1). Stainless
steel electrodes of 250 mm diameter, insulated except for 500 mm at the
tip, were used (model NE-300; Rhodes Medical Instruments, Woodland
Hills, CA). Lesions were generated by passing a 0.1 mA anodal current
through the electrode tip. The cathode was attached to the rat’s foot with
an alligator clip. Rats were allowed 7–10 d to recover, during which time
they were also handled.

NMDA lesions. Rats were anesthetized as described for electrolytic
lesions. Bilateral lesions of the LA were made by a single injection of

NMDA (Sigma, St. Louis, MO) in each amygdala. Lesions were made in
three squads of animals using different amounts of NMDA to obtain
different sizes of damage. The needle of a 1.0 ml Hamilton syringe
(Hamilton Company, Reno, NV) was lowered to the target site (from
bregma: posterior, 3.3 mm; lateral, 64.9 mm; and ventral, 7.8 mm) and
left in place for 2 min before injection. NMDA (20 mg/ml) was then
infused at 0.05 ml /min, for a total injection of 0.1, 0.15, or 0.2 ml. After
infusion, the Hamilton syringe was left in place for an additional 5 min
before removal, and the same procedure was followed for the other
amygdala. Rats were allowed 7–10 d to recover, during which time they
were also handled.

Behavior
Contextual fear conditioning. The simplest version of contextual fear
conditioning was used in these experiments in which a rat receives a foot
shock after being placed in a novel environment (Fanselow, 2000). Rats
were placed in the chamber for 3 min before a 1.5 mA, 1 sec foot shock.
Freezing was measured for 4 min immediately after the foot shock
(post-shock period). Freezing was defined as a characteristic crouch
position with cessation of all movement except that associated with
breathing (Blanchard and Blanchard, 1969). Freezing was measured as a
sample of freezing or not freezing every 10 sec, for a total of 25
observations. The number of observations of freezing was divided by 25
and then multiplied by 100 to obtain a percent of time spent freezing.

A retention test of fear conditioning was conducted 24 hr after the foot
shock by placing the animals back into the same chamber and recording
freezing for 4 min as described above. In both the post-shock and the
retention tests, the observer was blind to the condition (lesion group of
each rat). Freezing data were statistically analyzed with a mixed-model
ANOVA (lesion group as a between-subjects measure and freezing tests
as a within-subjects measure), followed by a Scheffe’s S post hoc test. a
values were set at p , 0.05.

Presentation of predator odor. After contextual fear conditioning, rats
freezing behavior in the cylinders was extinguished in the fume hood
before presentation of TMT until they froze ,20% of the time (no odor,
but a Kimwipe on the door). This required four to six 10 min sessions in
the chamber once or twice per day, before being tested for freezing to
TMT. On the testing day, rats were placed in the chamber for a 3 min
acclimation period, after which the odorless doors were exchanged with
doors containing 150 nmol of TMT (19.4 ml) on each door. Freezing was
recorded for the following 11 min and was scored as a percent of time
spent freezing as described for context conditioning. This amount of
TMT was reported previously to elicit freezing ;75–80% of the time
(Wallace and Rosen, 2000) and at similar levels as found after a 1 sec, 1.5
mA foot shock in normal rats (Malkani and Rosen, 2000; Thompson and
Rosen, 2000).

Histology
After the conclusion of each experiment, rats were overdosed with
sodium pentobarbital and perfused transcardially with 0.1 M PBS, fol-

Table 1. Electrolytic lesion parameters

Squad
Location
of lesion Current Time

Posterior
coordinate

Lateral
coordinate

Ventral
coordinate

Animals per
group

1

Anterior 0.1 mA 90 sec 2.6 5.0 7.8
LA, 1
LA/ASTR, 2

Mid 0.1 mA 90 sec 3.2 5.0 7.8
Posterior 0.1 mA 90 sec 3.7 5.1 7.7

2

Anterior 0.1 mA 30 sec 2.6 5.0 7.8
LA, 5
LA/ASTR, 0

Mid 0.1 mA 30 sec 3.2 5.0 7.8
Posterior 0.1 mA 30 sec 3.7 5.1 7.7

3

Anterior 0.1 mA 30 sec 2.6 4.9 7.8
LA, 0
LA/ASTR, 6

Mid 0.1 mA 45 sec 3.2 4.9 7.8
Posterior 0.1 mA 45 sec 3.9 5.1 7.8

4

Anterior 0.1 mA 30 sec 2.6 4.9 7.8
LA, 8
LA/ASTR, 1

Mid 0.1 mA 45 sec 3.2 4.9 7.8
Posterior 0.1 mA 45 sec 3.7 5.1 7.8

Location of lesion refers to lesion sites at three rostrocaudal levels of the amygdala. Time is the duration of current given
at each lesion site. All coordinates are millimeters from bregma. The number of animals per squad included in the LA or
LA/ASTR groups are given in the Animals per group column.
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lowed by 4% formaldehyde in 0.1 M PBS. Brains were removed, post-
fixed, and cryoprotected (4% formaldehyde, 30% sucrose, and 0.1 M PBS)
for 4–10 d. Brains were frozen and sliced (Jung CM3000 cryostat; Leica,
Deerfield, IL) at 40 mm, mounted onto microscope slides (Micro Slides,
Selected, Precleaned Superfrost Plus; VWR Scientific, West Chester,
PA), and stained with cresyl violet to determine lesion locations.

Lesions were located using a light microscope and mapped onto
computerized coronal brain drawings from the Paxinos and Watson rat
brain atlas (1998) using NIH Image 1.59 on a 7600/132 Power Macintosh
(Apple Computers, Cupertino, CA). This was done for six brain sections
in each animal, covering the anteroposterior extent of the amygdala.
Analysis of lesion size in four nuclei [LA, BA, amygdalostriatal transi-
tion region (ASTR), and caudate putamen (CPu)] was conducted. For
analysis of each lesion, the area of each nucleus and the area of the lesion
in the nucleus were measured. Only the ventral half of the CPu was used
as the area of the nucleus measured because damage was confined to the
ventral CPu. A percent of each nucleus lesioned was calculated by
dividing the area of the lesion in the nucleus by the total area of the
nucleus and multiplying by 100. These scores from the six drawings were
then averaged to get a total percent of the nucleus damaged.

RESULTS
Electrolytic lesions
Histology
Subjects were divided into three groups based on histology (LA,
LA/ASTR, and no lesion). Most of the LA rats were from squads
2 and 4, whereas ASTR rats were mostly from squad 3 (Table 1).
Rats were included in the LA group if the lesion was centered in
the LA with only minor damage to the surrounding nuclei. LA
lesions were bilateral and always included the dorsolateral divi-
sion of the LA. Rats with lesions of the LA that included
extensive lesions of surrounding areas were excluded. Based on
these criteria, 14 rats were included in the LA lesion group (Figs.
1A, 2). The mean 6 SEM percentage of the LA destroyed was
56 6 4%. In some rats, there was also slight damage to the dorsal
endopiriform nucleus (11 6 2% of the nucleus), the BA (7 6 2%
of the nucleus), the ASTR (9 6 1% of the region), and/or the
CPu (9 6 2% of the ventral half of the nucleus). The LA/ASTR
group (n 5 9) included animals with lesions of both the LA and
the adjacent ASTR (Fig. 2). This group generally had smaller
lesions of the LA (41 6 7.5% of the nucleus) but larger lesions of
the ASTR (32 6 4% of the region) compared with the LA group.
One animal included in this group had very minor damage to the
LA but significant damage to the ASTR (Fig. 1B). All rats in the
LA/ASTR group also had some damage to the CPu (29 6 3% of
the ventral half of the nucleus). Damage to the LA was primarily
concentrated in the dorsolateral portion, and damage to the ASTR
tended to be located laterally and close to the LA. The final
no-lesion group consisted of animals with sham lesions of the
amygdala (n 5 4) and no surgery (n 5 11). The behavior of these
two subgroups did not differ and so were combined for analysis.
Fifteen rats were not included in the analysis because their lesions
were asymmetrical, unilateral, or not in the LA and could not be
placed in a group. One of these rats was excluded from analysis
because the lesion of the LA was small (24%), although it did have
attenuated freezing.

Effects of electrolytic lesions on contextually
conditioned freezing
Once three groups were formed based on the lesions, context
conditioning was analyzed using a 3 (groups LA, LA/ASTR, and
no lesion; between measure) 3 2 (post-shock vs retention; within
measure) mixed-model ANOVA. The data are presented in
graphic form in Figure 3. There was an overall difference between
the groups during context conditioning (F(2,31) 5 53.1; p ,

0.0001). Scheffe’s S post hoc test demonstrated that rats with
lesions of the LA and LA/ASTR froze significantly less than rats
in the no-lesion group. A difference in freezing between the
LA/ASTR and the LA-lesioned rats failed to reach statistical
significance ( p , 0.063). There was also an overall difference
between the post-shock and the retention tests (F(1,31) 5 15.2; p ,
0.0005). However, there was no interaction effect between the
groups and their levels of freezing during the post-shock and
retention tests (F(2,31) 5 0.23), indicating that the effects of LA
and LA/STR lesions were an overall effect on a reduction in
freezing in both the post-shock and retention tests compared with
the no-lesion group.

These results of a significant attenuation of freezing comple-
ments a previous study of electrolytic lesions of the LA demon-
strating deficits in cue-specific conditioned freezing during a
retention test (LeDoux et al., 1990a). Post-shock freezing was not
analyzed. Together, the results of the two studies indicate that the
LA plays a role in both cue-specific and contextual fear condi-
tioning paradigms. In addition, our study indicates that larger

Figure 1. Coronal brain sections of electrolytic lesions from the LA
group (A) and LA/ASTR group ( B). The lesions are outlined in black. In
A, the LA lesions had only slight damage of the ASTR, basal nucleus of
the amygdala, and central nucleus of the amygdala. The lesions of the rat
shown in B were primarily located in the ASTR, sparing much of the LA.
This rat was unique because other rats in the LA/ASTR group had
lesions of both the LA and ASTR. Behaviorally, attentuation of freezing
in this rat was similar to the rest of the group. Ba, Basal nucleus of the
amygdala; Ce, central nucleus of the amygdala; La, lateral nucleus of the
amygdala.
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lesions that contain both the LA and ASTR, or even lesions of the
ASTR alone (Fig. 1B), contribute only a slight nonsignificant
additive effect to lesions confined to the LA. Although the
present results and those of LeDoux et al. (1990a) seem to
support a role of the LA in fear conditioning, a decrease of
freezing in both the post-shock and retention test without a
differential effect on these tests compared with the no-lesion
group confounds this interpretation. An alternative interpreta-

tion is that the LA simply reduced the ability of the animals to
freeze without affecting learning (for a detailed argument of this
interpretation, see Cahill et al., 1999). This problem is addressed
in the section on the effects of NMDA lesions on fear condition-
ing. Those data are presented after presentation of the effects of
electrolytic lesions of the LA and LA/ASTR on unconditioned
freezing to a predator odor.

Effects of electrolytic lesions on unconditioned freezing to TMT
On the day of TMT testing, rats froze on average ,10% of the 3
min period before TMT was introduced into the chamber, and
there was no difference between the groups (mean 6 SEM; LA,
6.8 6 1.6%; LA/ASTR, 9.1 6 1.8%; no lesion, 9.2 6 2.5%).
Differences in freezing behavior before and during TMT presen-
tation between the groups were analyzed using a 3 (groups LA,
LA/ASTR, and no lesion; between measure) 3 2 (pre-TMT vs
during TMT; within measure) mixed-model ANOVA. The data
are presented in graphic form in Figure 4. There was less freezing
before TMT than during TMT presentation (F(1,2) 5 149.4; p ,
0.0001) and an overall difference in freezing between the LA,
LA/ASTR, and no-lesion groups (F(2,32) 5 27.2; p , 0.0001). A
Scheffe’s S post hoc test showed that all groups were significantly
different from each other, in which the no-lesion group had the
highest and the LA/ASTR group had the lowest levels of freez-
ing. In addition, there was an interaction between the groups
freezing in the pre-TMT and during TMT periods (F(2,32) 5 33.0;
p , 0.0001). This is attributable to a difference in freezing
between pre-TMT and during TMT for the LA lesion and the
no-lesion groups but not the LA/ASTR group. A paired t test on
the pre-TMT and during TMT freezing data in the LA/ASTR
group was not significant (t(10) 5 1.81; p . 0.1).

The data demonstrate that rats with lesions of the LA froze less
than rats without lesions, although the lesions did not completely
block freezing. In contrast, freezing was blocked with combined

Figure 2. Schematic representations of largest and smallest electrolytic
lesions in the amygdala at four rostral to caudal coronal levels (numbers
indicate millimeters posterior from bregma). The sections are of the left
ventral quadrants of coronal drawings containing the amygdala from the
atlas of Paxinos and Watson (1998). Relevant structures are labeled in the
lef t row of drawings. Lesions of the LA and LA/ASTR are in the middle
and right rows, respectively. The gray areas represent the animals with
smallest lesion and the black areas represent the largest lesion of each
group. DEn, Dorsal endopiriform nucleus.

Figure 3. Effects of electrolytic lesions on short-term and long-term
memory of conditioned fear as measured by the percent of time spent
freezing in the post-shock period and retention test, respectively. Freez-
ing in the post-shock period was significantly more than during the
retention test for all groups. Overall freezing (both post-shock and reten-
tion) in the LA and LA/ASTR groups was significantly less that the
no-lesion group. There was no interaction effect.

Figure 4. Percentage of time rats with electrolytic lesions of the amyg-
dala spent freezing to TMT. Freezing before TMT presentation (Pre
TMT ) did not differ between the groups. The three groups differed from
each other on the percentage of freezing during TMT. Only the LA/
ASTR lesions completely blocked freezing (there was no significant
difference in freezing before and during TMT).
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lesions of the LA/ASTR and in one rat with lesions of the ASTR,
suggesting that either the ASTR or some combination of the LA
and ASTR is important for contextually conditioned freezing and
freezing to TMT. The ASTR is a small poorly characterized
region between the LA ventrally and laterally, the central nucleus
medially, and the caudate putamen dorsally, but it is usually
included as part of the central nucleus of the amygdala because of
cell morphology (McDonald, 1998). However, LeDoux et
al.(1990b) have shown that thalamic areas, including the posterior
intralaminar nucleus and the medial posterior complex, which
project to the LA, also project to the ASTR. Shi and Cassell
(1999) reported recently that fibers from the perirhinal cortex, a
region that projects to the LA, also terminate in the ASTR.
Therefore, it is possible that the LA/ASTR lesions eliminated
more of the afferent sensory fields important for conditioned and
unconditioned freezing than did LA lesions alone. Nevertheless,
what remains unresolved is the question of whether the effects
produced by electrolytic lesions are attributable to cells in the LA
and ASTR or to fibers passing through these regions. The results
from excitotoxic NMDA lesions presented below address this
question.

NMDA lesions
Histology
Groups were determined by histological analysis of the area
destroyed. Of the 67 rats infused with NMDA, only 25 had
sufficient damage to assign them to a group. Rats with lesions on
only one side of the brain were excluded because the interest was
in the overall effects of LA lesions on freezing. In addition, some
animals were excluded based on lesion placement outside of the
amygdala. The remaining animals were divided into two lesion
groups (Figs. 5, 6) and one no-lesion group based on location and
extent of the lesions. One lesion group was formed with lesions in
the LA (n 5 8). Rats in this group had 48.1 6 6.2% (mean 6
SEM) of the LA destroyed bilaterally, with the entire dorsolateral
division of the LA destroyed in all animals except for two, in
which the most dorsal tip of the nucleus was left undamaged.

Animals with significant damage to the basal nucleus were not
included in the LA group [only 3.9 6 1.1% (mean 6 SEM) of BA
was lesioned]. Lesions frequently extended somewhat beyond the
LA laterally and dorsally and included parts of the dorsal en-
dopiriform nucleus [32.1 6 5.8% (mean 6 SEM) of the nucleus

Figure 6. Schematic representations of largest and smallest NMDA
lesions in the amygdala at four rostral to caudal coronal levels (numbers
indicate millimeters posterior from bregma). The sections are of the left
ventral quadrants of coronal drawings containing the amygdala from the
atlas of Paxinos and Watson (1998). Relevant structures are labeled in the
lef t row. Lesions of the LA and LA1 groups are in the middle and right
rows, respectively. The gray areas represent the animals with smallest
lesion and the black areas represent the largest lesion of each group. DEn,
Dorsal endopiriform nucleus.

Figure 5. Representative NMDA lesions in the amygdala. On the lef t is a low-magnification cresyl violet-stained coronal section of the amygdala. On
the right are magnified regions (503) of the lateral and basal nuclei of a single coronal section from each of the three experimental groups. The No Lesion
specimen demonstrates normal cell morphology in lateral and basal nuclei. In the LA Lesion samples, gliosis dominates the lateral nucleus, but normal
neuronal cell morphology is found the basal nucleus. The LA1 Lesion samples have only gliosis in both the lateral and basal nuclei.
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was damaged], the CPu (19.4 6 5.4% was damaged), and/or the
ASTR (17.0 6 4.1% was damaged). The central nucleus of the
amygdala was not damaged. Another group [LA lesion plus
damage to surrounding areas (LA1); n 5 17] (Figs. 5, 6) con-
sisted of larger lesions of the LA (78.1 6 4.9% was damaged), as
well as more damage to other nuclei: the BA (34.4 6 6.1% was
damaged), ASTR (63.2 6 4.0% was damaged), caudate putamen
(37 6 2.4% was damaged), and piriform cortex (specific amount
of damage was not determined). Again, the central nucleus of the
amygdala was not damaged. A final group did not have a visible
lesion on either side of the brain (no lesion; n 5 8). Some of the
cases in the no-lesion group had cannula tracks that were discern-
able near the caudal end of the amygdala but did not appear to
have a lesion surrounding the track. An additional group was
added to the analysis for behavioral comparison that did not have
surgery (n 5 9). Because their amount of conditioned freezing
was no different from the no-lesion group they were included in
the no-lesion group, which increased the total number of subjects
to 17. Unfortunately, a separate group with NMDA lesions con-
fined to the ASTR could not be formed.

Effects of NMDA lesions on contextually conditioned freezing
For statistical analysis of the effects of NMDA lesions on contex-
tual fear conditioning, a 3 (groups LA, LA1, and no lesion;
between measure) 3 2 (post-shock vs retention; within measure)
mixed-model ANOVA was conducted. There was an overall dif-
ference between the groups (F(2,39) 5 22.8; p , 0.0001). Scheffe’s
S post hoc analysis revealed that the difference was attributable to
a lower level of freezing in rats in the LA1 group compared with
LA and no-lesion groups. This indicates that, overall, there was
not an effect of NMDA lesions of the LA on freezing, but the
larger lesions in the LA1 animals produced significant decreases
in freezing. There was also a significant overall post-shock versus
retention difference (F(1,2) 5 48.8; p , 0.0001) attributable to
lower freezing scores on the retention test compared with freez-
ing in the post-shock period. Most importantly, there was a
significant interaction effect between the groups and testing pe-
riod (F(2,39) 5 4.2; p , 0.02) (Fig. 7A).

To further analyze this significant interaction, two additional

analyses were performed. Post-shock freezing between the groups
was compared using a one-way ANOVA, followed by a Scheffe’s
S test. The significant difference in post-shock freezing (F(2,39) 5
20.0; p , 0.0001) was attributable to diminished freezing in the
LA1 groups compared with the no-lesion and LA groups. The
analysis demonstrates that NMDA lesions confined to the LA
had no detrimental effects on freezing behavior per se, whereas
larger lesions did. Because the post-shock freezing levels were
different between the groups, an analysis of differences in reten-
tion of conditioned fear had to be corrected for these differential
levels in initial freezing. To standardize freezing scores across the
groups, a percent decrease in freezing score in the retention test
and the post-shock period was derived for each subject by the
following formula: (retention test freezing/post-shock freezing 3
100 2 100. This results in a percent decrease in freezing in the
retention test compared with the post-shock period (Fig. 7B). A
one-way ANOVA (F(2,37) 5 4.80; p , 0.01) followed by a Stu-
dent–Newman–Keuls post hoc test was performed on these de-
rived scores. There was a significant difference ( p , 0.05) be-
tween the LA and no-lesion groups and between the LA1 and
no-lesion groups but not between the LA and LA1 groups. The
analysis indicates that both lesions confined to the LA and larger
lesions that destroyed the LA plus considerable portions of the
BA, endopiriform nucleus, and ASTR produced significant dec-
rements in freezing during the retention test compared with the
no-lesion group. Furthermore, when post-shock freezing in the
two lesion groups was compared with the no-lesion group (Fig.
7A), only freezing of the LA1 group, but not the LA group, was
diminished. This indicates that NMDA lesions confined to the
LA had no detrimental effects on freezing behavior per se but did
have specific effects on long-term memory of fear. In addition,
because post-shock freezing is a measure of short-term memory,
the results suggest that short-term memory for fear conditioning
occurs independent of the LA. Lesions also including the ASTR
and BA did decrease post-shock freezing, and possibly short-term
memory, but did not contribute more to the deficits in long-term
memory than lesions confined to the LA (Fig. 7B).

Effects of NMDA lesions on unconditioned freezing to TMT
A one-way ANOVA was conducted to determine differences in
freezing to TMT between the groups (LA, LA1, and no lesion).
There was a significant difference in freezing (F(2,39) 5 8.2; p ,
0.001). A Scheffe’s S post hoc analysis revealed a statistical dif-
ference between the no-lesion group and the LA1 group but no
difference between the no-lesion group and lesions of just the LA.
However, although there was a statistical difference between
these groups, the drop in the amount of freezing to TMT was
small. The LA1 group still froze ;63% of the time compared
with 79% for the no-lesion group and was not statistically differ-
ent from the LA group freezing of 67% of the time (Fig. 8).

To ensure that the lack of a reduction in freezing to TMT in the
NMDA lesion rats was not attributable to an effect of being tested
after fear conditioning, two rats were tested for freezing to TMT
before fear conditioning. These rats displayed the same reduction
of fear conditioning freezing without an effect on freezing to
TMT (73 and 67% of the time spent freezing to TMT).

DISCUSSION
The results of the present study demonstrate that electrolytic
lesions of the LA or the LA/ASTR substantially diminish freez-
ing in a contextually conditioned fear paradigm. These lesions
also reduced unconditioned freezing to a predator odor. The data

Figure 7. NMDA lesion of the LA and LA1 on conditioned fear. A,
Effects of NMDA lesions on short-term and long-term contextually con-
ditioned fear as measured by the percentage of time spent freezing in the
post-shock period and retention test, respectively. Freezing in the post-
shock period was significantly more than during the retention test for all
groups. The LA1 group had significantly less overall freezing than the
no-lesion and LA groups. The post-shock freezing of the no-lesion and
LA groups did not differ; however, there was significantly less freezing
during the retention test in the LA group compared with the no-lesion
group. B, The percentage of decrease in freezing in the retention test
compared with the post-shock period. Both the LA and LA1 groups had
a significantly greater percentage decrease of freezing in the retention test
from the post-shock period than the no-lesion group.
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tend to support Cahill et al.’s (1999) hypothesis that amygdala
lesions interfere with freezing instead of learning and memory. In
contrast, excitotoxic lesions of the LA had no effect on post-
shock- or predator odor-induced freezing but significantly re-
duced freezing during the retention test for contextually condi-
tioned fear. These results suggest that the cells of the LA play a
role in learning and memory of fear conditioning, whereas fibers
passing through the LA and/or ASTR play a role in the expres-
sion of freezing behavior. Larger excitotoxic lesions that also
included part of the BA and ASTR produced deficits in both
shock-induced freezing and freezing during the retention test but
had negligible effects on freezing to a predator odor. Therefore,
contrary to the suggestion of Cahill et al. (1999), our results
strongly indicate that BLC is not necessary for production of
freezing behavior. The data also suggest the following: (1) the LA
plays a specific role in long-term memory of fear, (2) the BA and
ASTR are involved in both short- and long-term memory, and (3)
the neuroanatomy of fear conditioning and unconditioned fear to
a predator odor are different.

Role of LA in fear conditioning
Auditory, visual, and somatic information from the cortex and
thalamus enters the amygdala primarily via the LA (Pitkanen et
al., 1997; McDonald, 1998; Swanson and Petrovich, 1998). During
fear conditioning, association between conditioned and uncondi-
tioned stimuli is thought to occur in the LA (Davis, 1997; Maren,
1999a; LeDoux, 2000). Electrolytic lesions confined to the LA
block auditory cue-specific fear conditioning (LeDoux et al.,
1990a), and electrophysiological recordings in the LA during
emotional learning indicate neural plasticity (Quirk et al., 1995;
Collins and Pare, 2000; Maren, 2000; Pare and Collins, 2000).
Our findings demonstrate that electrolytic and, more importantly,
excitotoxic lesions confined to the LA can also substantially
attenuate retention of contextually conditioned fear. Previous
studies have demonstrated that both post-shock freezing and
freezing in the retention test of the simple contextual fear con-
ditioning paradigm used in the present study are associatively
conditioned (Faneslow, 1990). Although some types of contextual
fear conditioning may be hippocampal-dependent (Kim and
Fanselow, 1992; Phillips and LeDoux, 1992), it appears that
learning in the simple contextual conditioning paradigm is not
(Phillips and LeDoux, 1994; Fanselow, 2000). Nonetheless, the

present study demonstrates that the LA is not just important in
cue-specific fear conditioning (LeDoux, 2000) but also for condi-
tioning in a paradigm lacking a specific cue.

The present study further indicates that LA neurons are not
necessary for post-shock freezing indicative of short-term mem-
ory but are important for long-term memory of fear conditioning.
The decrease in freezing during both the post-shock and reten-
tion test periods after electrolytic lesions confounds the interpre-
tation of the involvement of the LA in learning and memory of
fear, which could be viewed as a performance deficit (Cahill et al.,
1999). However, NMDA lesions clarify that cells of the LA are
not necessary for short-term memory or freezing behavior per se
but are important for normal levels of long-term memory of fear.
Sparing of normal levels of post-shock freezing but substantially
reducing retention test freezing with LA excitotoxic lesions indi-
cates that the LA is necessary for long-term but not short-term
memory of conditioned fear.

The effects on fear-conditioned freezing were different when
neural damage also included the BA and ASTR. Freezing was
severely attenuated in both the post-shock period and in the
retention test by larger NMDA lesions that damaged the LA,
ASTR, and BA. Several studies have now demonstrated that
post-shock freezing as well as freezing in a retention test of
contextual fear are significantly diminished in rats with large
excitotoxic lesions of the BLC (Maren, 1999b; Cahill et al., 2000).
The present study indicates there is a difference in the role of the
LA and BA in short-term and long-term memory of fear
conditioning.

Although the present study can dissociate the effects of LA
lesions on short-term memory (no effect on post-shock freezing)
from long-term memory (a reduction in freezing on the retention
test), it does not discriminate between consolidation and retrieval
processes. Other data suggest that the LA may be involved
primarily in late phases (consolidation) of learning and long-term
potentiation. Although some studies have found an initial in-
crease and then decrease in activity in LA neurons during con-
ditioning (Quirk et al., 1995, 1997), several groups have demon-
strated increased cellular activity in LA neurons commensurate
with classical fear conditioning in cats and rats (Collins and Pare,
2000; Maren, 2000; Pare and Collins, 2000). Electrophysiological
recording during discriminatory instrumental fear conditioning in
rabbits demonstrates that LA cells respond robustly during late
phases of learning but not earlier phases (Gabriel and Talk,
2001). In contrast, BA cells respond robustly during early phases
and diminish as learning proceeds (Gabriel and Talk, 2001),
possibly indicating that the BA is more important for short-term
than long-term memory. The LA also shows a late, persistent
phase of LTP that is dependent on protein kinase A and mitogen-
activated protein kinase (Huang et al., 2000). Interestingly, the
expression of one of the targets of these kinases, the immediate-
early gene egr-1, is increased specifically within the LA after
contextual fear conditioning (Rosen et al., 1998; Malkani and
Rosen, 2000), suggesting part of a molecular pathway in the LA
for long-term memory processes.

Role of the LA in unconditioned freezing to a
predatory odor
Previous research has demonstrated that rats will freeze, avoid,
and have physiological responses to predator odors (including
TMT) that are indicative of unconditioned fear (Cattarelli and
Chanel, 1979; Blanchard and Blanchard, 1989; Heale et al., 1994;
Berton et al., 1998; Burwash et al., 1998; Perrot-Sinal et al., 1999;

Figure 8. Percentage of time rats with NMDA lesions of the amygdala
spent freezing to TMT. Freezing before TMT presentation did not differ
between the groups. There was a slight but statistically significant de-
crease in freezing in the LA1 group compared with the no-lesion group.
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Morrow et al., 2000b; Wallace and Rosen, 2000). Because large
lesions of the entire amygdala blocked fear responses to the
presentation of a cat (Blanchard and Blanchard, 1972; Fox and
Sorenson, 1994), we expected that amygdala lesions would also
reduce freezing to TMT. Indeed, electrolytic lesions of the LA
significantly reduced freezing to TMT, and larger LA/ASTR
lesions almost totally abolished freezing. In contrast, NMDA
lesions of the LA had no effect on freezing to TMT, whereas
larger lesions of the LA1 group produced only a slight reduction
in freezing to TMT. The data suggest that fibers passing through
the basolateral complex and ASTR, and not the cells of the LA,
ASTR, and BA, are responsible for the large reductions in freez-
ing. Although it is possible that a larger reduction in uncondi-
tioned freezing would occur with larger NMDA lesions, the
strong effects of these lesions on contextually conditioned freez-
ing compared with the weak effects on freezing to TMT suggest
that conditioned and unconditioned freezing to TMT rely on
different amygdala circuitry.

It may not be surprising that the NMDA lesions of the LA did
not affect freezing to TMT. The main olfactory bulb or olfactory
cortex does not project directly to the LA. Nevertheless, olfactory
information can enter the amygdala via the piriform cortex and
superficial amygdaloid nuclei, which project to the insular cortex
and then through insular efferents to the central nucleus of
the amygdala (Shipley et al., 1995). TMT may also activate the
accessory olfactory bulb via the vomeronasal organ and enter
the amygdala through a direct projection to the medial nucleus of
the amygdala (Shipley et al., 1995). However, what is of interest
from the results of the present study is that excitotoxic lesions
produced profound effects on conditioned freezing but had min-
imal effects on unconditioned freezing to a predator odor, again
strongly indicating that LA and BA are not necessary for pro-
duction of freezing behavior per se. Although these findings are
exciting, more work needs to determine whether the results are
unique to TMT and unconditioned fear inducing olfactory stim-
uli. Indeed, lesions of the BLC or LA only disrupt unconditioned
fear responses to a brightly lit environment (Walker and Davis,
1997), a loud auditory stimulus (Bellgowan and Helmstetter,
1996), and a large ball of cat fur (A. Vazdarjanova, personal
communication). Furthermore, the BLC appears to be necessary
for fear conditioning when an olfactory stimulus is paired with
foot shock (Otto et al., 2000). These results suggest that the BLC
may process visual and auditory stimuli involved in unconditioned
fear responses and may be necessary for olfactory fear condition-
ing as it is with other types of fear conditioning.

In summary, the role of the LA in fear conditioning appears
unique to long-term memory processes because freezing imme-
diately after learning was unaffected by NMDA lesions, but
long-term memory was reduced. Furthermore, an interesting dis-
sociation between the effects of lesions of nuclei of the basolateral
complex on conditioned and unconditioned fear suggests that
these amygdaloid nuclei are important for learning and memory
of fear but not for expression of some types of unconditioned
fear.
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