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A large body of literature implicates the amygdala in Pavlovian fear conditioning. In this study, we examined
the contribution of individual amygdaloid nuclei to contextual and auditory fear conditioning in rats. Prior to
fear conditioning, rats received a large electrolytic lesion of the amygdala in one hemisphere, and a
nucleus-specific neurotoxic lesion in the contralateral hemisphere. Neurotoxic lesions targeted either the
lateral nucleus (LA), basolateral and basomedial nuclei (basal nuclei), or central nucleus (CE) of the amygdala.
LA and CE lesions attenuated freezing to both contextual and auditory conditional stimuli (CSs). Lesions of the
basal nuclei produced deficits in contextual and auditory fear conditioning only when the damage extended
into the anterior divisions of the basal nuclei; damage limited to the posterior divisions of the basal nuclei did
not significantly impair conditioning to either auditory or contextual CS. These effects were typically not
lateralized, although neurotoxic lesions of the posterior divisions of the basal nuclei had greater effects on
contextual fear conditioning when the contralateral electrolytic lesion was placed in the right hemisphere.
These results indicate that there is significant overlap within the amygdala in the neural pathways mediating
fear conditioning to contextual and acoustic CS, and that these forms of learning are not anatomically
dissociable at the level of amygdaloid nuclei.

Many studies have attempted to delineate the neural cir-
cuitry that underlies Pavlovian fear conditioning (Davis
1992; Fanselow 1994; LeDoux 2000; Maren 2001). Consen-
sus has emerged from these studies that the amygdala plays
an essential role in this form of learning. For example, le-
sions of the amygdala have been shown to disrupt both the
acquisition and expression of conditional fear (Kapp et al.
1979; LeDoux et al. 1990a; Sananes and Davis 1992; Falls
and Davis 1995; Lee et al. 1996; Maren et al. 1996a; Maren
1999b). Furthermore, information concerning conditional
and unconditional stimuli (CSs and USs) converges upon
amygdaloid neurons (Romanski and LeDoux 1992; Roman-
ski et al. 1993; LeDoux 1995; Shi and Davis 1999), and
amygdala neurons exhibit associative plasticity during aver-
sive conditioning (Maren et al. 1991; Quirk et al. 1995;
Maren 2000).

The amygdala, however, is anatomically heterog-
eneous. It is composed of several nuclei that receive distinct
sensory inputs (Pitkänen et al. 1997; Swanson and Petrovich
1998). Afferents relaying auditory information from the me-
dial geniculate nucleus of the thalamus (MGN), thought to
be the primary relay of auditory information to the amyg-
dala (Quirk et al. 1997), terminate on the neurons of the
lateral amygdaloid nucleus (LA; LeDoux et al. 1990b, 1991;

Doron and LeDoux 1999), but not the central (CE; LeDoux
et al. 1990b, 1991), basomedial (BM; LeDoux et al. 1990b,
1991), or basolateral (BL; LeDoux et al. 1991) amygdaloid
nuclei. Neurons in the auditory cortex, which also transmit
sensory information to the amygdala (Romanski and
LeDoux 1992), project to the same amygdaloid nuclei as do
MGN neurons (LeDoux et al. 1991). In contrast, contextual
stimuli are processed in the hippocampus (Kim and
Fanselow 1992; Phillips and LeDoux 1992; Maren et al.
1997, 1998), and hippocampal afferents to the amygdala
synapse primarily on BL and BM neurons (Canteras and
Swanson 1992; Maren and Fanselow 1995). The medial di-
vision of the CE (CEm) receives direct inputs from the LA
(Smith and Paré 1994) and then projects to the lateral divi-
sion of the CE (CEl; Jolkkonen and Pitkänen 1998). The CEl
also receives direct projections from the basal nuclei (BA,
both basolateral and basomedial nuclei; Paré et al. 1995),
and projects to the brainstem areas controlling the expres-
sion of fear responses (LeDoux et al. 1988). This segrega-
tion of sensory input raises the possibility that different
intra-amygdala circuitry may be used in conditioning to dif-
ferent CS modalities, yet very few studies have directly ad-
dressed this issue (Majidishad et al. 1996). One study indi-
cates that both the basolateral complex (BLA; consisting of
the LA, the BL, and the BM) and the CE are necessary for
conditioning to visual and auditory CSs in a fear-potentiated
startle paradigm (Campeau and Davis 1995), but dissocia-
tions in auditory versus context conditioning have not been
reported.
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The present experiment examines the contribution of
the LA, CE, and basal nuclei to contextual and auditory fear
conditioning. Because of the difficulty in obtaining bilater-
ally symmetric lesions of specific amygdaloid nuclei, we
generated a large electrolytic lesion of the amygdala in one
hemisphere, and placed discrete neurotoxic lesions of a
target amygdaloid nucleus in the contralateral hemisphere
of each rat. This procedure ensured that the target amyg-
daloid nucleus would be damaged bilaterally. We then as-
sessed the influence of these lesions on fear conditioning to
contextual and auditory CSs. Our results indicate that the
LA, CE, and anterior divisions of the basal nuclei are neces-
sary for both auditory and contextual fear conditioning, and
the posterior divisions of the basal nuclei do not play a
critical role in fear conditioning.

RESULTS

Histology
Rats received a unilateral electrolytic lesion, which was tar-
geted at the entire amygdala, in one hemisphere and a small
neurotoxic lesion of an individual amygdaloid nucleus in
the contralateral hemisphere. Of the 106 rats, 33 were ex-
cluded from the analysis because either the electrolytic le-
sions were incomplete or the neurotoxic lesions were not
restricted to a single amygdaloid nucleus. Some rats were
reassigned to different groups based on the actual versus
intended locus of the neurotoxic lesion. This resulted in the
following groups: SH (n = 7), UNI (n = 19), BA (n = 24), LA
(n = 16), and CE (n = 7). We then further grouped rats with
BA damage according to whether the damage from the uni-
lateral neurotoxic lesions was confined to the posterior re-

gion of the basal nuclei (BAp) or extended past the inter-
calated amygdaloid nucleus into the anterior portion of the
basal nuclei (BAa). This resulted in the following groups:
BAa (n = 10) and BAp (n = 14).

Representative neurotoxic lesions from each group
are shown in Figure 1. Neurotoxic lesions in the contralat-
eral hemisphere were generally confined to the target
nucleus of the amygdala; however, some of the lesions ex-
tended into adjacent structures. LA lesions typically in-
cluded most of the dorsolateral and ventrolateral subnuclei,
with variable damage to the ventromedial subnucleus. LA
lesions also included the most ventral portion of the cau-
date-putamen. CE lesions included most of the lateral divi-
sion of the CE and a large portion of the medial division of
the CE, but tended to spare the most rostral aspect of the
medial division. Some lesions also extended slightly into the
overlying substantia innominata. Posterior lesions of the
basal nuclei (BAp) caused extensive damage to the posterior
divisions of the BL and the BM. Anterior lesions of the basal
nuclei (BAa) caused limited damage to the posterior divi-
sions of the BL and the BM and significant damage to the
portions of the BL and the BM immediately anterior and
posterior to the intercalated amygdaloid nucleus. Some BAp
and BAa lesions extended superficially into the piriform
cortex.

The extent of the amygdala lesions for all animals in-
cluded in the analyses is depicted in Figure 2. Unilateral
electrolytic lesions of the amygdala destroyed the LA, CE,
BL, and BM. The cortical nucleus of the amygdala was
spared in all rats, whereas the medial nucleus of the amyg-
dala received minimal damage to its lateral portion in 11
rats. A typical lesion also included moderate damage to the

ventral caudate-putamen and limited damage to
the endopiriform nucleus, the stria terminalis,
and the piriform cortex.

Behavior
Behavioral testing was conducted in three
phases. First, rats received fear conditioning,
consisting of 15 tone–footshock pairings. Rats
received a context and tone extinction test 24
h and 48 h following conditioning, respec-
tively. Conditional freezing served as the mea-
sure of fear during these extinction tests. On
the conditioning day, the groups did not differ
in motor activity prior to footshock. This was
confirmed by the absence of a significant effect
of Group (F(5,106) = 1.1) in the ANOVA per-
formed on average activity level during the
3-min pre-shock period. We found that freezing
behavior increased after fear conditioning
(main effect of Training: F(15,1005) = 9.0,
P < 0.0001). That is, rats showed an increase in
freezing behavior with successive footshock

Figure 1 Neurotoxic amygdala lesions. The photomicrographs are of thionin-
stained coronal sections from the brains of rats with representative lesions of the (A)
lateral nucleus of the amygdala (LA), (B) central nucleus of the amygdala (CE), and
(C,D) basal amygdaloid nuclei (BAp in C, BAa in D).
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presentations. However, the groups differed in the magni-
tude of immediate postshock freezing during conditioning.
For the purpose of comparing the groups, we analyzed the
postshock test minute for which freezing behavior was
maximal for each rat. As shown in Figure 3, there were
group differences in maximal postshock freezing (Group X
Period interaction: F(5,67) = 2.4, P < 0.05). Post hoc com-
parisons (P < 0.05) indicated that maximal postshock freez-
ing in SH and UNI rats differed from that in BAa, LA, and CE
rats, but not from that in BAp rats.

Twenty-four hours after fear conditioning, the rats re-
ceived an 8-min context extinction test. As shown in Figure
4A, control rats exhibited high levels of freezing to the
contextual CS, and neurotoxic lesions of LA, CE, or BAa
resulted in contextual fear deficits. This observation was
confirmed by a significant main effect of Group
(F(5,67) = 5.5; P < 0.001) in the ANOVA. Post hoc compari-
sons (P < 0.05) demonstrated that rats in the LA, CE, and
BAa groups froze significantly less than rats in the UNI or SH
groups (Fig. 4B). Post hoc comparisons also revealed that

rats in the BAp group did not differ
from the UNI control group. Rats
in the UNI group froze at lower
levels than animals in the SH
group, although this effect did not
reach statistical significance.
These results indicate that the LA,
CE, and BAa play a critical role in
contextual fear conditioning.

Twenty-four hours after the
context extinction test, the rats re-
ceived an 8-min tone extinction
test. As shown in Figure 4C, le-
sions of LA, CE, or BAa produced
deficits in conditional freezing to
the tone CS relative to UNI con-
trols. In contrast, lesions of BAp
did not impair conditional freez-
ing to the tone CS. This obser-
vation was confirmed by a sig-
nificant main effect of Group
(F(5,67) = 5.9; P < .0001) and a sig-
nificant Group X Minute interac-
tion (F(45,603) = 2.5; P < 0.0001) in
the ANOVA for the 8-min tone pe-
riod. Post hoc comparisons (Fig.
4D) revealed that rats with neuro-
toxic lesions of LA, CE, or BAa
showed an impairment in tone-
elicited freezing relative to the
UNI group. In addition, although
the UNI group appeared to exhibit
an impairment in freezing relative
to rats in the SH group, this effect

was not statistically significant. These results indicate that
LA, CE, and the BAa are necessary for auditory fear condi-
tioning.

Fear in humans is associated with unilateral increases
in neuronal activity in the right amygdala (Johnsen and Hug-
dahl 1993; Cahill et al. 1996; Furmark et al. 1997; Morris et
al. 1998), and the right amygdala also plays a greater role in
the acquisition of inhibitory avoidance learning in rats
(Coleman-Mesches and McGaugh 1995). For this reason, we
also examined the laterality of amygdala lesions in relation
to both contextual and auditory fear conditioning. As seen
in Figure 5, large electrolytic lesions of the amygdaloid nu-
clei in the left and right hemispheres did not produce dif-
ferential impairments in contextual fear conditioning per
se. However, when the contralateral basal nuclei were dam-
aged, a different pattern emerged. Specifically, damage to
the posterior divisions of the basal nuclei caused significant
deficits in conditioning to contextual cues only when the
large electrolytic lesion of the amygdaloid nuclei was placed
in the right hemisphere. These observations were con-

Figure 2 Schematic representation of the minimum (gray) and maximum (black) extent of damage
of unilateral excitotoxic lesions to the (A) posterior divisions of the basolateral and basomedial
nuclei of the amygdala (BAp), (B) anterior divisions of the basolateral and basomedial nuclei of the
amygdala (BAa), (C) lateral nucleus of the amygdala (LA), and (D) central nucleus of the amygdala
(CE). The extent of unilateral electrolytic lesions of the amygdala is depicted in the inset. Brain
images are adapted from Swanson (1999).
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firmed in the ANOVA by a significant main effect of Group
(F(3,51) = 5.2; P < 0.005), and a significant Group X Hemi-
sphere interaction (F(3,51) = 3.2; P < 0.05). Post hoc com-
parisons (P < 0.05) also revealed a significant difference in
the level of contextual fear conditioning in rats with BAp
damage. This lateralized effect of BAp lesions was masked in
the overall analysis presented above (see Fig. 4). In contrast
to contextual conditioning, laterality was not observed for
auditory fear conditioning (data not shown). Although there
was a significant effect of Group on fear conditioning to
auditory CS (F(3,51) = 3.5; P < 0.05), there was a nonsignifi-
cant effect of Hemisphere (F(1,51) = 1.3) and a nonsignifi-
cant Group X Hemisphere interaction (F(3,51) = 0.03). To-
gether, these data indicate that the right amygdala may play
a greater role in fear conditioning to contextual CS than the
left amygdala.

DISCUSSION
In the present experiment, we examined the effects of small
neurotoxic amygdala lesions on contextual and auditory
fear conditioning in rats. We observed that lesions confined
to LA, BAa, or CE caused nonselective impairments in freez-
ing to contextual and auditory CS. Lesions to the posterior
divisions of the basal nuclei spared fear conditioning; how-
ever, a closer analysis of the data revealed that BAp lesions
did impair context conditioning when the electrolytic le-
sion was located in the right hemisphere. None of the amyg-
dala lesions resulted in increased motor activity during the
preshock period on the training day. Therefore, the low
levels of conditional freezing in rats with amygdala lesions
cannot be attributed to locomotor hyperactivity. Consistent
with earlier reports (LaBar et al. 1995; LaBar and LeDoux
1996), we observed moderate (although not statistically sig-
nificant) deficits in both tone and context fear conditioning

in rats with unilateral amygdala lesions (UNI) when com-
pared to rats in the sham group. Collectively, these results
reaffirm the important role for the LA, BA, and CE in Pav-
lovian fear conditioning in rats.

Our data are in agreement with many other studies
highlighting the importance of the LA, BAa, and CE to the
acquisition and expression of Pavlovian fear conditioning.
Numerous studies have reported that lesions of the LA or CE
block conditional freezing responses (LeDoux et al. 1988,
1990a; Maren et al. 1996a; Maren 1999b; Amorapanth et al.
2000), as well as other indices of conditional fear, including
fear-potentiated startle (Hitchcock and Davis 1987; Cam-
peau and Davis 1995; Lee et al. 1996) and heart rate condi-
tioning (Kapp et al. 1979). Several studies have reported
deficits in conditional fear in animals with lesions of the
anterior divisions of the basal nuclei (Sananes and Davis
1992; Maren 1998). Also, BL neurons are sensitive to shifts
in contextual cues (Freeman et al. 1997). Our results, how-
ever, conflict with recent reports indicating that the BL is
not required for auditory fear conditioning (Killcross et al.
1997; Amorapanth et al. 2000). In one of these studies
(Amorapanth et al. 2000), electrolytic lesions confined
largely to the BL did not affect conditional freezing behavior
to an auditory CS. In the other study (Killcross et al. 1997),
neurotoxic lesions of the BLA (LA and BA) did not produce
deficits in a conditioned bar-press suppression paradigm. In
contrast, we have observed that rats with lesions of the
anterior divisions of the basal amygdaloid nuclei (or LA)
show a marked deficit in freezing to both contextual and
auditory CS. One possible explanation of these discrepan-
cies is that the BL lesions made in these reports may not
have sufficiently damaged the anterior divisions of the BA,
which we have found to be critical for auditory fear condi-
tioning. Indeed, in the present study, rats that received le-
sions of the posterior divisions of the basal nuclei did not
show deficits in conditional freezing to the auditory CS.
This emphasizes the importance of lesion placement in de-
termining the pattern of deficits observed after damaging
the basal amygdaloid nuclei.

An interesting outcome of the present study relates to
the lateralization of fear-conditioning circuitry in the brain.
In both humans and rats, there are data indicating a more
important role for the right amygdala in aversively moti-
vated learning and memory (Johnsen and Hugdah 1993;
Coleman-Mesches and McGaugh 1995; Cahill et al. 1996;
Furmark et al. 1997; Morris et al. 1998). In fact, a recent
report indicates a more important role for the right amyg-
dala in the acquisition of fear conditioning in rats (Myers et
al. 2000). Consistent with these results, we have found that
electrolytic lesions of the right amygdala (when combined
with contralateral BAp damage) produce a more severe defi-
cit in contextual freezing than lesions of the left amygdala.
Interestingly, this is not true either for auditory fear condi-
tioning or when contralateral neurotoxic lesions are made

Figure 3 Conditional freezing during training. Mean (±SEM) per-
centage of freezing in the 3 min prior to receiving tone–footshock
pairings (PRE) and mean (±SEM) percentage of freezing for the
postshock period in which freezing was maximal (POST). Asterisk
indicates that P < 0.05, in planned comparisons between the UNI
and SHAM groups and groups with discrete neurotoxic lesions of
amygdaloid nuclei.
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in the LA or CE. This implies that the LA and CE may be
more critical to fear conditioning than the BA, and that the
right amygdala plays a more important role than the left
amygdala in the acquisition of contextual fear. Nonetheless,
the lateralization of fear conditioning appears to be quite

subtle insofar as it is modality-spe-
cific and requires partial damage
to the contralateral hemisphere to
become apparent.

Because we utilized pretrain-
ing lesions, we are unable to de-
termine whether the impairments
we observed in rats with amygdala
lesions are caused by problems in
acquiring or expressing condi-
tional fear memories. Indeed, an
abundance of evidence indicates
that the BLA plays an essential role
in both acquiring and expressing
Pavlovian fear conditioning
(Fanselow and LeDoux 1999;
Maren 1999a). Reversible inactiva-
tion of the BLA prior to training
blocks the acquisition of fear con-
ditioning (Miserendino et al. 1990;
Maren et al. 1996b; Muller et al.
1997; Poremba and Gabriel 1999),
and pretesting inactivation of the
BLA prevents the expression of
fear memories (Maren et al. 1996b;
Muller et al. 1997). Nonetheless, a
recent study indicates that the
freezing deficits observed in rats

with BLA lesions are not owing to an inability to perform
the freezing response (Maren 1999b). The contribution of
the CE to the acquisition versus expression of fear condi-
tioning is less clear. Although the CE rapidly develops con-
ditional increases in neuronal activity after fear conditioning
(Pascoe and Kapp 1985), it is usually implicated in gener-
ating fear responses and is not thought to have an active
role in acquisition (LeDoux 2000). Future research should
determine whether the CE also contributes to the acquisi-
tion of conditional fear.

Together, our results suggest that fear conditioning to
contextual and auditory CSs involves several distinct amyg-
daloid nuclei. By using neurotoxic lesions, we are assured
that the pattern of deficits reported is caused by the de-
struction of neurons within the amygdaloid nuclei, rather
than by damage to fibers of passage. Our data indicate that
auditory and contextual fear conditioning are mediated by
overlapping amygdaloid circuitry. A serial model whereby
CS and US information converge in the LA and BA, are
associated via a synaptic plasticity mechanism such as long-
term potentiation (Fanselow and LeDoux 1999; Maren
1999a), and are relayed to the CE for the generation of
conditional freezing is consistent with the present results
(Fig. 6). Further studies are required to determine where
within this neural circuit the critical plasticity underlying
fear conditioning resides.

Figure 5 Hemisphere of the electrolytic amygdala lesion and con-
textual conditional freezing. These data are adapted from Figure
3B, with each group divided according to the hemisphere in which
the large electrolytic lesion of the total amygdala was placed. Each
group has a minimum of five rats. The CE group was not included
in this analysis because there were too few rats to meet the group
minimum. Asterisk indicates that P < 0.05, in planned compari-
sons.

Figure 4 Pretraining neurotoxic lesions of amygdaloid nuclei and conditional freezing. (A) Mean
(±SEM) percentage of freezing during an 8-min extinction in the conditioning context. (B) Mean
(±SEM) percentage of freezing averaged across the 8-min context extinction test. (C) Mean (±SEM)
percentage of freezing during an 8-min tone extinction test in the B context. The tone was present
during minutes 3 through 10. (D) Mean (±SEM) percentage of freezing averaged across the 8-min
tone test. Asterisk indicates that P < 0.05, in planned comparisons between the UNI group and
groups with discrete neurotoxic lesions of amygdaloid nuclei.
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MATERIALS AND METHODS

Subjects
One hundred and six adult male Long–Evans rats (200–224 g) were
obtained from a commercial supplier (Harlan Sprague-Dawley) and
individually housed in Plexiglas hanging cages with free access to
food and tap water. The room was placed on a 14 : 10-h light–dark
cycle (lights on at 7:00 a.m.). Rats were handled for 30 sec/d for 5
d to acclimate them to the experimenters.

Surgery
One week before behavioral testing, rats received either amygdala
lesions or sham surgery. Experimental groups received a large elec-
trolytic amygdala lesion in one hemisphere, and a nucleus-specific
neurotoxic amygdala lesion in the contralateral hemisphere. Con-
trol groups received either sham surgery, or an electrolytic amyg-
dala lesion in one hemisphere. Lesion placements were counter-
balanced across hemispheres. Because it was difficult to generate
lesions that were restricted to the BL without also damaging the BM
in pilot experiments, we elected to target both nuclei. This resulted
in five experimental groups: lateral nucleus (LA; n = 16); central
nucleus (CE; n = 16); basal nuclei (BA; n = 26); large, unilateral
amygdala lesions (UNI; n = 12); and sham surgery (SH; n = 8).

Rats were anaesthetized with sodium pentobarbital (65 mg/kg
i.p.) and were administered atropine methyl nitrate (0.4 mg/kg i.p.)
to prevent airway obstruction. After mounting in a stereotaxic ap-
paratus (Kopf Instruments), the scalp was incised and retracted.
The skull was leveled by placing lambda and bregma in the same
horizontal plane. Small burr holes were drilled in the skull for
placement of injection cannulas and/or electrodes. Electrolytic
amygdala lesions targeted the LA, CE, BL, and BM in one hemi-
sphere. An Epoxylite-insulated monopolar electrode with a 500-µm
exposed tip was used to deliver anodal current (1.0 mA, 23 sec) at
two ipsilateral sites: −2.3 posterior to bregma, +/−4.5 lateral to
bregma, −7.5 ventral to dura; and −2.8 posterior to bregma, +/−5.0
lateral to bregma, −7.5 ventral to dura. Neurotoxic lesions of the LA
and basal nuclei (LA: 2.6 mm posterior to bregma, 5.1 mm lateral to
bregma, 6.5 mm ventral to dura) (BA: 3.5 mm posterior to bregma,
5.0 mm lateral to bregma, 8.0 mm ventral to dura; 3.6 mm posterior
to bregma, 5.1 mm lateral to bregma, 8.1 mm ventral to dura; 2.4

mm posterior to bregma, 4.4 mm lateral to bregma, 8.1 mm ventral
to dura) were made using N-methyl-D-aspartate (NMDA; 20 mg/mL;
Sigma). Neurotoxic lesions of the CE (2.3 mm posterior to bregma,
4.2 mm lateral to bregma, 7.5 mm ventral to dura) were made with
ibotenic acid (IBO; 10 mg/mL; Sigma). The neurotoxins were di-
luted in 0.1 M PBS (pH 7.4) and infused through 28-gauge injection
cannulas (0.1 µL/min for 1 min) that were attached to an infusion
pump (Harvard Apparatus) with polyethylene tubing (PE-20; A-M
Systems). The total volume infused at each injection site was there-
fore 0.1 µL. Five minutes was allowed for diffusion of the drug
before the injector needle was removed. Sham animals received a
scalp incision and skull holes. After surgery, the incision was closed
with stainless steel wound clips, and the animals were returned to
their home cages.

Behavioral Apparatus
Eight identical observation chambers (30 × 24 × 21 cm; MED-Asso-
ciates) were used for all conditioning and extinction testing. The
chambers were constructed of aluminum (two side walls) and
Plexiglas (rear wall, ceiling, and hinged front door), and situated in
sound-attenuating cabinets in an isolated room. The floor of each
chamber consisted of 19 stainless steel rods (4 mm diameter)
spaced 1.5 cm apart (center to center). The rods were wired to a
shock source and solid-state grid scrambler (MED-Associates) for
the delivery of footshock unconditional stimuli (US). A speaker for
delivering acoustic stimuli and a small stimulus light (15 W) were
mounted to the walls of each chamber.

Each conditioning chamber rested on a load-cell platform that
recorded chamber displacement in response to each rat’s motor
activity. The output of each chamber’s load cell was amplified to a
level that was previously determined to optimize the detection of
freezing behavior (Maren 1998). The load-cell amplifier output
from each chamber was digitized at 5 Hz (yielding 300 observa-
tions/min per rat) and acquired on-line using Threshold Activity
software (MED-Associates). The raw load-cell output was averaged
on a minute-by-minute basis and used to examine locomotor activ-
ity. Freezing was quantified by calculating the number of observa-
tions below a freezing threshold. Freezing was scored only if a rat
was immobile for 1 sec or longer; freezing was thus scored only for
five or more contiguous observations.

Fear conditioning occurred in Context A. In this context, the
chambers were cleaned with a 5% ammonium hydroxide solution,
and stainless steel pans with a thin layer of the same solution were
placed under the grid floors before rats were placed in the cham-
bers. Illumination was provided by both the room lights and the
small light in each chamber, and the cabinet doors remained open.
Background noise (65 dB, A-scale) was supplied by ventilation fans
in each cabinet. Context extinction testing occurred in Context A,
whereas tone extinction testing occurred in a different context
(Context B). The same chambers described above were used for
Context B, except that 1% acetic acid was used to clean the cham-
bers and was placed in the pans under the grid floor. Illumination
was provided only by a 40-W red light in the room, and the cabinet
doors were closed. The ventilation fans were also turned off.

Procedure
One week after surgery, the rats were transported to the laboratory
in squads of eight and placed in the conditioning chambers for
training in the A context. Three minutes after placement in the
chambers, the rats received 15 tone (85 dB, 2 kHz, 10 sec)–foot-
shock (2 sec, 1.0 mA) pairings (70-sec intertrial interval). The rats

Figure 6 Anatomical model of fear conditioning circuits within
the amygdala. Contextual and auditory CS converge on LA neu-
rons, where they come into association with the footshock US.
Indirect projections from the LA to the CE via the basal nuclei
mediate expression of both tone–US and context–US associations.
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were returned to their home cages 1 min after the final shock. Fear
conditioning to the context was assessed by returning the rats to
the conditioning chambers 24 h later and assessing freezing during
an 8-min extinction test in Context A. Twenty-four hours after the
context test, fear conditioning to the tone was assessed by placing
the rats in a novel context (Context B) and assessing freezing dur-
ing an 8-min tone (85 dB, 2 kHz). Activity and freezing data were
collected during both training and testing using the automated sys-
tem described above.

Histology
Histological verification of the brain lesions was performed after
behavioral testing. Rats were perfused across the heart with 0.9%
saline followed by 10% formalin. Brains were removed from the
skull and postfixed in 10% formalin for 2 d and 10% formalin/30%
sucrose until sectioning. Coronal sections (40 µm thick, taken ev-
ery 80 µm) were cut on a cryostat (−18°C) and wet-mounted on
glass microscope slides with 70% ethanol. After drying, sections
were stained with 0.25% thionin to visualize cell bodies. Cannula
placements were reconstructed on stereotaxic atlas templates
(Swanson 1999).

Data Analysis
For each session, the freezing data were transformed to a percent-
age of the total observations, a probability estimate that is amenable
to analysis with parametric statistics. These probability estimates of
freezing were analyzed using ANOVA. Post hoc comparisons in the
form of Fisher’s PLSD tests were performed after a significant om-
nibus F-ratio. All data are represented as the mean ±SEM.
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