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conditioned association in Pavlovian

fear conditioning

Ludovic Calandreau,’ Aline Desmedt,'? Laurence Decorte, and Robert Jaffard

Laboratoire de Neurosciences Cognitives, Centre National de la Recherche Scientifique UMR 5106, Université de Bordeaux |,

33405 Talence, France

Convergent data suggest dissociated roles for the lateral (LA) and basolateral (BLA) amygdaloid nuclei in fear
conditioning, depending on whether a discrete conditioned stimulus (CS)-unconditional stimulus (US) or context-US
association is considered. Here, we show that pretraining inactivation of the BLA selectively impaired conditioning to
context. In contrast, inactivation of the LA disrupted conditioning to the discrete tone CS, but also either impaired
or enhanced contextual conditioning, depending on whether the context was in the foreground or in the
background. Hence, these findings refine the current model of the amygdala function in emotional learning by
showing that the BLA and the LA not only differentially contribute to elemental and context-US association, but
also promote, through their interaction, the most relevant of these two associations.

Consensus has emerged concerning the involvement of the
amygdala in mediating appropriate emotional behavior (Bechara
et al. 1995; LaBar et al. 1995; LeDoux and Muller 1997; LeDoux
2000). For instance, lesions to the amygdala have been shown to
disrupt conditioned fear responses (LeDoux et al. 1990; Maren et
al. 1996; Cousens and Otto 1998; Maren 1999) that typically
constitute a defense reaction elicited by a discrete conditioned
stimulus (CS, e.g., a tone) previously paired with an aversive un-
conditional stimulus (US, e.g., foot-shock). It is also well estab-
lished that the amygdala has an indispensable role in contextual
fear conditioning, a situation in which conditioned fear re-
sponses are elicited by various static contextual stimuli present in
the training environment. However, the amygdala is anatomi-
cally heterogeneous and the contribution of different amygda-
loid nuclei to these different types of fear conditioning remains
elusive. In a current theoretical model developed by LeDoux
(2000), the basolateral amygdala complex (BLC), defined as the
set of lateral (LA), basolateral (BLA), and basomedial (BM) nuclei,
is known to play a critical role in both elemental (discrete audi-
tory-cue CS-US association) and contextual fear conditioning. In
particular, several lines of investigation have highlighted the cru-
cial role of the LA in elemental fear conditioning. Two circuits,
including either the direct projections from the thalamus or the
projections from the auditory cortex to the LA are thought to be
critical for auditory-cue CS-US associations (Romanski and
LeDoux 1992; Li et al. 1996; LeDoux and Muller 1997). More-
over, lesions of the LA, but not of the BLA, accessory basal, or
medial nucleus of the amygdala block auditory-cue conditioning
(Nader et al. 2001).

In contrast, amygdaloid involvement in contextual condi-
tioning is poorly understood. According to a current view, the
hippocampus would be required for forming an integrated rep-
resentation of the context (Fanselow 2000), which then comes
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into association with the US in the amygdala (Maren 2001). This
implies that projections from the hippocampal formation (HF)
are required for processing context-US associations (Selden et al.
1991; Phillips and LeDoux 1992). The BLC, and the BLA nucleus
in particular, constitutes one of the major efferent loci for these
projections (Canteras and Swanson 1992; Maren 1996). In this
respect, it has been shown that HF-BLC (among which, presum-
ably, HF-BLA) synapses sustained long-term potentiation (LTP)
(Maren and Fanselow 19935) in a similar manner as thalamo-LA
synapses (Rogan et al. 1997). However, the respective roles of the
LA and the BLA in contextual conditioning have not yet been
specified.

In order to address this issue, we have compared, in mice,
the effects of reversible neural inactivation of either the LA or the
BLA on two types of fear conditioning known to result in differ-
ent contextual processing (i.e., background versus foreground
contextual conditioning) (Phillips and LeDoux 1994). Since these
two conditioning procedures (i.e., CS-US paired versus CS-US
unpaired) are supposed to result in either a predominant discrete
CS-US or context-US association (Desmedt et al. 1998, 1999),
such an experimental design further enables us to directly assess
the relative contribution of these two amygdaloid nuclei to el-
emental and contextual conditioning.

Results

Histology

An illustration of injection sites and approximate diffusional area
of the injectate, which was found to overlap the targeted nucleus
(BLA or LA), are shown in Figure 1. Only data from subjects that
exhibited correctly placed injection sites were used in the analy-
sis. Among a total of 110 animals, 14 mice exhibited either dis-
located cannulae placements relative to the targeted nucleus or
injection sites that reached the central nucleus. All of those sub-
jects that exhibited injection sites involving possible drug diffu-
sion to a nucleus other than the one of interest were excluded
from the analysis.
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Figure 1. Histological controls. (A) lllustration of the injectors’ tip lo-
cation within the LA (left) and the BLA (right). Numbers indicate relative
position of the coronal sections in millimeters posterior to bregma
(adapted with permission from Elsevier © 1997, Franklin and Paxinos
1997). (BLA) Basolateral nucleus; (BMA) basomedial nucleus, anterior;
(BMP) basomedial nucleus, posterior; (LA) lateral nucleus; (CE) central
nucleus. (B) Representative photomicrograph depicting the cannulae
placement into the LA (left) and the BLA (right). (C) Schematic drawing of
coronal sections of a mouse brain hemisphere (—1.94 [left] and —1.58
[right] posterior to bregma), showing the sphere of diffusion of a 0.15-uL
solution of India ink into the LA (left) or the BLA (right) under the condi-
tions as detailed in Materials and Methods. For each coronal section, the
gray area (right part of the section) represents the superimposed sphere
of diffusion in a sample of four animals that were either LA- (left) or BLA-
(right) infused mice.

Behavioral results

Mice were bilaterally infused with either lidocaine or NaCl (or
pseudo-infused) into the BLA or into the LA just prior to training
for fear conditioning. During training, they received either
paired tone CS-US presentations (i.e., with the conditioning con-
text in the background) or unpaired tone CS-US presentations
(i.e., context in the foreground). Twenty-four hours later, all ani-
mals were tested for conditioned freezing to the tone CS (audi-
tory-cue test), and 2 h later for conditioned freezing to the con-
ditioning context (context test) (Fig. 2).

Auditory-cue conditioning

Overall conditioned freezing to the tone CS (Fig. 3) was specific
both to the paired (versus unpaired) conditioning procedure and
to tone presentation (2" versus 1°' block) [block X conditioning
interaction: F(; g4) = 39.85, P <0.001]. As compared with their
matched controls (pseudo- and NaCl-infused groups), mice in-
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fused with lidocaine into the LA prior to training with the paired
procedure were impaired in conditioned freezing to the tone CS
(Fig. 3B), whereas those infused into the BLA were not (Fig. 3A)
[block X treatment X nucleus triple interaction: F(, 45) = 3.99,
P =0.025]. Namely, the specific increase in freezing observed be-
tween the 1% and 2" blocks in control mice trained with the
paired (versus unpaired) procedure [block X conditioning inter-
action: F(; s¢) = 28.73, P < 0.001] was totally abolished by inacti-
vation of the LA [interaction: F(; 4) = 1.03, ns], but fully pre-
served when inactivation was targeted to the BLA [interaction:
F(; 14) = 12.08, P = 0.003]. Otherwise, inactivating either the LA
or the BLA prior to training with the unpaired procedure did not
affect the subsequent amount of freezing recorded during the
auditory-cue test (all F values <1). These results demonstrate that
the LA, but not the BLA, is necessary for the acquisition of audi-
tory-cue conditioning.

Contextual conditioning

Control mice (pseudo- and NaCl-infused mice) displayed signifi-
cantly more conditioned freezing to the context when trained
with the unpaired (context in the foreground) than with the
paired procedure (context in the background) [effect of condi-
tioning: F(; 5¢) = 42.61, P < 0.0001]. Changes in contextual freez-
ing produced by lidocaine infusions were both dependent on the
targeted nucleus (LA versus BLA) and on the conditioning pro-
cedure used [conditioning X treatment X nucleus triple interac-
tion: F( 54) = 4.59, P = 0.012; see Fig. 4].

General impairment after BLA inactivation

Mice infused with lidocaine into the BLA (Fig. 4A) were impaired
in contextual freezing [effect of treatment: F(,,,) = 14.78,
P < 0.001] irrespective of the conditioning procedure used [con-
ditioning X treatment interaction: F(,4,) = 1.79, ns]. These re-
sults demonstrate that the BLA is necessary for both background
and foreground contextual conditioning.
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Figure 2. Behavioral procedure. For acquisition of fear conditioning,
animals were either submitted to an auditory-cue conditioning, which
consists in tone CS-footshock-US pairing (background contextual condi-
tioning) (A), or to a CS-US unpairing (foreground contextual condition-
ing) (B). Then, animals were replaced in their home cages. Twenty-four
hours later, each animal was first submitted to the auditory-cue test while
maintained in its home cage, then (2 h later) was re-exposed to the
conditioning context for the context test. During each of these tests, the
amounts of freezing were assessed by 2-min blocks.
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Figure 3. Auditory-cue test. Mean percentage freezing (+SEM) on
successive 2-min blocks before and during tone presentation in animals
that were submitted to lidocaine infusion (n=32), NaCl (n=31), or
pseudo-infusion (n = 33) into the BLA (A) or into the LA (B), before either
CS-US pairing or CS-US unpairing.

Contrasted effects of LA inactivation
In mice infused with lidocaine into the LA (Fig. 4B), contextual
freezing was either impaired or enhanced, depending on whether
animals were trained with the unpaired or with the paired pro-
cedure [conditioning X treatment interaction F(, 43) = 17.37,
P < 0.0001]. Namely, mice infused with lidocaine into the LA and
trained with the unpaired procedure displayed a significant im-
pairment of contextual freezing with respect to each control
group [pseudo infusions: F(; ;4) = 41.63, P < 0.0001; NaCl infu-
sions: F(; ;3) = 5.46, P =0.036]. In contrast, the same lidocaine
infusion, but in animals trained with the paired procedure re-
sulted in a significant enhancement of freezing with respect to
controls [F(; ,7) =9.45, P<0.01 and F(; ;3) = 5.99, P = 0.029, re-
spectively]. These results demonstrate that the LA is involved in
contextual conditioning, but that the direction of this involve-
ment (i.e., facilitation versus inhibition of conditioned freezing)
may change according to the conditioning procedure used.
Hence, in foreground contextual conditioning (unpaired
procedure), lidocaine-infused mice displayed an impaired freez-
ing to contextual cues whatever the targeted nucleus [nucleus X
treatment interaction: F(; 39) = 1.75, ns], whereas in background
contextual conditioning (paired procedure), freezing to the con-
text was either impaired or enhanced, depending on whether the
inactivated nucleus was the BLA or the
LA, respectively [nucleus X treatment A

either cued or contextual conditioning. However, one study
showed that lesions restricted to the LA, but not those restricted
to the BLA, impaired auditory-cue fear conditioning (Nader et al.
2001). While confirming this functional dissociation, the present
study showed that, irrespective of the conditioning procedure
used (i.e., tone CS-US paired or unpaired), inactivation of the
BLA selectively impaired contextual fear conditioning. Moreover,
inactivating the LA was found not only to disrupt auditory-cue
conditioning, but also to either impair or enhance contextual
conditioning, depending on whether the context was in the fore-
ground (unpaired procedure) or in the background (paired pro-
cedure). Thus, in contrast to the BLA, the role of which would be
restricted to contextual conditioning, the LA (1) is involved in
both types of conditioning (auditory-cued and contextual), and
(2) its contribution to contextual conditioning would change
depending on the relative predictability of static contextual cues
(with respect to the phasic-tone CS) for signaling the occurrence
of the US.

From a pharmacological point of view, several observations
indicate that the active site of the injected volume of lidocaine
was limited either to the LA or the BLA. First, previous technical
(Peterson 1998) and functional (Malpeli and Schiller 1979) stud-
ies examining the diffusion of microinjected drugs into discrete
brain areas, allowed us to estimate that a 0.15-pL volume admin-
istered over 3 min resulted in a sphere of functional inactivation
of ~200-400 um? in the brain. In our experiment, this implies
that the drug spread was mostly limited to the targeted region.
Second and more importantly, the observed dissociation of the
behavioral effects of the injections depending on the targeted
nucleus indicates that there exists only minimal overlap, if in-
deed there was any overlap at all between the two spheres of drug
diffusion.

Role of the BLA

While being totally inefficient in altering auditory-cue fear con-
ditioning, inactivation of the BLA selectively impaired fear con-
ditioning to context. This impairing effect was more pronounced
when the context was in the foreground than in the background.
However, this difference might well be accounted for by a floor
effect (Fig. 4A), due to the overshadowing of contextual cues by
the predictive-tone CS (see Marlin 1981). The selective involve-
ment of the BLA in contextual conditioning is congruent with
findings from anatomical and electrophysiological studies.
Namely, a prominent source of BLA afferents is the hippocampal
formation with projections arising from the hippocampal
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Figure 4. Context test. Mean percentage freezing (= SEM) on successive 2-min blocks during re-
exposure to the conditioning context in animals that were submitted to lidocaine, NaCl, or pseudo-
infusion into the BLA (A) or into the LA (B), before either CS-US pairing or CS-US unpairing.
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CA1, the ventral subiculum, and the lateral entorhinal cortex,
and coursing through the ventral angular bundle (Ottersen 1982;
Canteras and Swanson 1992). Such projections are thought to be
required for contextual, but not elemental conditioning (e.g.,
Phillips and LeDoux 1992). In contrast, the pathways through
which auditory CS inputs arising from the medial geniculate and
temporal neocortical areas reach the amygdala points to the LA
as the main, if not exclusive, target (Romanski et al. 1993; Maren
1996; LeDoux and Muller 1997). In addition, it has been shown
that electrical stimulation of the ventral perirhinal cortex was
able to induce long-term potentiation in the
BLA, but not in the LA, whereas electrical stimulation of the
medial geniculate nucleus produced just the opposite pattern of
effect (Yaniv et al. 2001). Altogether, these findings suggest
that, within the BLC, there would be a segregation between
synapses involved in the processing of context-US association
(i.e., within the BLA) and those involved in the processing of
tone CS-US association (i.e., within the LA). Hence, the disso-
ciation presently observed is in agreement with the theoreti-
cal model proposed by LeDoux (1993, 2000), which suggests
dissociated roles for the LA and the BLA in elemental and con-
textual fear conditioning, respectively. However, the pattern of
effects produced by LA inactivation on both elemental and con-
textual conditioning points toward a more complex functional
scheme.

Role of the LA in contextual conditioning

Although LA-inactivated mice did not exhibit conditioned freez-
ing to the tone CS, these mice still displayed different amounts of
conditioned freezing to the context as a function of the training
(i.e., CS-US paired versus unpaired) procedure. However, in con-
trast to controls that exhibited higher levels of foreground than
background contextual freezing, LA-inactivated mice displayed
an opposite pattern of responding (Fig. 4B). Two important con-
clusions follow from these observations. First, the LA cannot be
the only brain site where tone CS-US contingencies are pro-
cessed. Indeed, LA-inactivated mice did discriminate between the
two training conditions as assessed by their levels of contextual
freezing. This finding is in line with previous data showing that
despite amygdalar damage, animals still displayed neural activi-
ties or conditioned responses dependent on the CS-US contin-
gency (Killcross et al. 1997; Desmedt et al. 1998). Second, the LA
is nevertheless necessary for adapting the magnitude of contex-
tual freezing at the appropriate level, that is, in relation to the
contingency between the tone CS and the US. Finally, it must be
re-emphasized that, in contrast to the BLA, the inactivation of
which impaired contextual conditioning in both training condi-
tions, inactivation of the LA either enhanced or impaired such
conditioning, depending on whether the context was in the
background or in the foreground, respectively. This indicates
that, depending on whether the occurrence of the US is (or is not)
predicted in a precise (explicit) time-dependent manner by the
tone CS, the processing of contextual information is subserved
by a differential recruitment of the LA and the BLA.

LA and background contextual conditioning

With the context in the background, inactivation of the LA prior
to training resulted in an enhancement of contextual condi-
tioned freezing. The question then arises as to how such facilita-
tion may occur. Multiple-systems theories of brain function gen-
erally consider that facilitation of performance in a learning task
following brain damage occurs because of the weakening (or sup-
pression) of a process (or a “solution”), which competes with
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another one to solve the problem at hand (Jaffard and Meunier
1993; Kim and Baxter 2001). Thus, increased conditioning to
background contextual cues would thus occur, because prevent-
ing the phasic-tone CS to enter into association with the US
within the LA would unmask (facilitate) the BLA-mediated con-
text-US association. Hence, we suggest that in this learning situ-
ation (i.e., CS-US paired), the LA would not only process the tone
CS-US association, but would also inhibit (or compete with) the
processing of context-US association by the BLA.

LA and foreground contextual conditioning

With the context in the foreground, inactivation of the LA pro-
duced the same degree of impairment of contextual conditioning
as the inactivation of the BLA. This indicates that both nuclei are
required for an optimal level of fear conditioning to context,
suggesting thereby a synergistic contribution of LA- and BLA-
mediated processes to contextual conditioning. The observation
that LA inactivation impairs both elemental and foreground con-
textual conditioning could indicate that the LA contributes to
the association based on the more predictive information for
the occurrence of the US (i.e., the tone CS in the CS-US paired
condition and the context in the unpaired condition, respec-
tively). More parsimoniously, the LA may contribute to contex-
tual conditioning by promoting elemental associations between
individual static contextual cues and the US. This is congruent
with data suggesting that the context could be processed as
individual elements or as a unified representation of environ-
mental cues (Frankland et al. 1998; Gerlai 1998; Cho et al. 1999;
Anagnostaras et al. 2001). Thus, the impairing effect of LA inac-
tivation on fear conditioning to both the foreground context
and the explicit-tone CS could result from the same basic im-
pairment in forming elemental CS (either phasic or static)-US
associations.

Whatever be the case, the contrasted pattern of effects of LA
and BLA inactivation on contextual conditioning (i.e., similar
impairing effect on foreground versus opposite effect on back-
ground contextual conditioning) suggests that decreasing the
predictive value of the discrete-tone CS (i.e., from CS-US pairing
to CS-US unpairing) changes the way the BLA- and LA-mediated
processes interact, that is, from competition (high-predictive
value) to synergy (low-predictive value).

In conclusion, selective neural inactivation of either the BLA
or the LA has revealed dissociated roles for these amygdaloid
nuclei in contextual and elemental fear conditioning. These find-
ings are congruent with anatomical and electrophysiological
data suggesting that heaviest projections to LA are thought to
convey signals subserving simple/unimodal stimuli and would be
gradually replaced by more complex polymodal projections
when moving toward BLA (Gloor 1997; Yaniv et al. 2001, 2004).
However, the present study further demonstrates that the LA is
also involved in contextual conditioning, and that this involve-
ment is dependent on the training procedure (i.e., foreground
versus background contextual conditioning). This led us to refine
the standard model (LeDoux 1993, 2000) describing LA/BLA re-
cruitment as subserving Pavlovian fear conditioning. We propose
that, depending on the predictive value of the discrete-tone CS
for the occurrence of the US, LA-mediated processes would either
compete (tone CS-US paired) or cooperate (tone CS-US un-
paired) with BLA-mediated processes, thereby promoting, in
both cases, the most relevant association (tone CS-US or con-
text-US). Although further experiments are needed to unveil the
mechanisms subserving such a differential interaction, the pres-
ent findings highlight the BLA and LA contributions to appro-
priate emotional responses as a function of the particular learn-
ing situation considered.
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Materials and Methods

Subjects and surgery

The experiments were conducted on naive adult (4-6 mo) male
mice (C57B1/6 JI Co, IFFA Credo) weighing 27-32 g. They were
housed individually 7 d before the experiment and maintained
in an animal room (23°C) with a 12-h artificial light/dark cycle
and with ad libitum access to food and water.

Mice were anesthetized with avertin (tribromoethanol; 10
mL/kg, i.p.) and secured in a Narishige stereotaxic apparatus.
Stainless-steel guide cannulae (26 gauge, 8-mm length) were im-
planted bilaterally either 1 mm above the BLA (3900 um below
the skull surface, 1400 pym posterior to bregma, and 2900 pm
lateral from midline), or 1 mm above the LA (3250 pm below the
skull surface, 2000 pm posterior to bregma, and 3250 pm lateral
from midline) (Franklin and Paxinos 1997), then fixed in place
with dental cement and two jewel screws attached to the skull.
Mice were then allowed to recover in their home cages in the
animal room for at least 8 d before behavioral experiment.

Intra-cerebral injections

For injection, the dummy stylets that obturated the free end of
the guide cannulae were removed, and 32-gauge stainless-steel
cannulae (9 mm) attached to 1-pL Hamilton syringes (PolyLabo)
with polyethylene catheter tubing were inserted through the
guides. The syringes were fixed in a constant rate infusion pump
(Roucaire), and 2% lidocaine (2-diethylamino-N-[2,6-dimeth-
ylphenyl]-acetamide hydrochloride, Sigma) was bilaterally in-
fused (0.15 pL per side) either into the BLA or the LA over a 3-min
period, during which the mouse was maintained in its home
cage. Infusion flow rates were checked visually. The cannulae
were left in place for a further 3 min before removal to allow
diffusion of the drug away from the cannulae tip (Desmedt et al.
1999).

The injection volume was chosen on the basis of previous
findings reporting that this resulted in selective functional inac-
tivation of 200-400 pm?® brain regions (Malpeli and Schiller
1979), that is, in our experiment, a drug spread limited to the
targeted region. By inducing a peak of inactivation within the
targeted brain site lasting from 3 to 10 min, this pre-training
infusion was supposed to induce a functional inactivation of ei-
ther the BLA or the LA that was limited mostly to the acquisition
phase of conditioning. Two control groups were submitted to the
same procedure, except that animals either received NaCl infu-
sion, or no infusion (pseudo-infusion). The sphere of diffusion of
the injection volume was estimated in a set of animals microin-
jected with 0.15 pL of India ink either into the LA or the BLA.

Behavioral procedure

Once transferred to the experimental room, mice were submitted
either to lidocaine, NaCl infusions, or pseudo-infusions 5 min
before acquisition of conditioning. Classical fear conditioning
took place in a Plexiglas box (30 X 24 X 22 cm high) affording
access to the visuo-spatial cues in the experimental room. The
floor of this conditioning chamber consisted of stainless steel
rods (2 mm diameter), spaced 5 mm apart and connected to a
shock generator (Imetronic). The four sides of the chamber and
the rods of the floor were cleaned with 90% ethanol before each
trial. For acquisition, half of the animals were submitted to two
tone CS (63 dB, 1kHz, 15 sec)-footshock US (0.9 mA, 50 Hz, 3 sec)
pairings (Fig. 2A). In this training condition, the prevalent asso-
ciation is the elemental CS-US association, which consigns the
conditioning context to the background. The other half was sub-
mitted to tone-shock unpairing; the only difference with the pre-
vious training condition was that the two shocks and the two
tones were pseudo-randomly distributed (Fig. 2B). This explicit
unpairing of CS and US is known to make the contextual cues the
primary stimuli that enter into association with the US (i.e., con-
text in the foreground) (Phillips and LeDoux 1994; Desmedt et al.
1999).

Twenty-four hours later, while mice were drug free, they
were tested for freezing behavior (measured second-by-second),
used as an index of conditioned fear, and defined as a lack of all
movement except for respiratory-related movements (Blanchard
and Blanchard 1969). First, mice were submitted to the auditory-
cue test; they were maintained in their home cage, and two suc-
cessive recording sessions of behavioral responses were per-
formed prior to (first 2 min) and during (next 2 min) tone pre-
sentation. Two hours later, mice were submitted to the context
test; they were re-exposed to the conditioning chamber and two
successive 2-min recordings of behavioral responses were per-
formed. Animals were continuously videotaped for off-line scor-
ing of freezing.

Histology

After completion of the behavioral study, animals were given an
overdose of sodium thiopental (120 mg/kg) and transcardially
perfused with physiological saline, followed by 10% buffered for-
malin. Brains were post-fixed in formalin-saccharose 30% solu-
tion for 1 wk, frozen, cut coronally on a sliding microtome into
60-um sections that were mounted on a gelatin-coated slide, and
stained with thionine in order to evaluate the cannulae place-
ments.

Data analysis

Freezing was calculated as the percentage (+SEM) of the total
time spent freezing during every 2-min recording session. Statis-
tical analysis of the data was performed using analysis of variance
(ANOVA) (Systat).
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