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Recent data obtained using a classic fear conditioning para-
digm showed a dissociation between the retention of asso-
ciations relative to contextual information (dependent on the
hippocampal formation) and the retention of elemental associ-
ations (dependent on the amygdala). Furthermore, it was re-
ported that conditioned emotional responses (CERs) could be
dissociated from the recollection of the learning experience
(declarative memory) in humans and from modifications of the
hippocampal-septal excitability in animals. Our aim was to
determine whether these two systems (“behavioral expression”
system and “factual memory” system) interact by examining
the consequences of amygdalar lesions (1) on the modifications
of hippocampal-septal excitability and (2) on the behavioral
expression of fear (freezing) resulting from an aversive condi-
tioning during reexposure to conditional stimuli (CSs). During
conditioning, to modulate the predictive nature of the context
and of a discrete stimulus (tone) on the unconditional stimulus
(US) occurrence, the phasic discrete CS was paired with the US

or randomly distributed with regard to the US. After the lesion,
the CER was dramatically reduced during reexposure to the
CSs, whatever the type of acquisition. However, the changes in
hippocampal-septal excitability persisted but were altered. For
controls, a decrease in septal excitability was observed during
reexposure to the conditioning context only for the “unpaired
group” (predictive context case). Conversely, among lesioned
subjects this decrease was observed in the “paired group”
(predictive discrete CS case), whereas this decrease was sig-
nificantly reduced in the unpaired group with respect to the
matched control group. The amplitude and the direction
of these modifications suggest a differential modulation of
hippocampal-septal excitability by the amygdala to amplify the
contribution of the more predictive association signaling the
occurrence of the aversive event.

Key words: amygdala central nucleus; lateral septum; hip-
pocampal-septal excitability; elemental versus contextual con-
ditioning; fear conditioning; mice

Two basic forms of mnesic retention can be distinguished in
humans: an explicit form (declarative memory), which generally
implies conscious and sophisticated information processing, and
an implicit form, which is apparent through behavioral or auton-
omous responses that are often expressed without the explicit
consciousness of the subject (Schacter, 1992; Eichenbaum, 1994).
It appears that the explicit or “factual memory” form mainly
involves the hippocampal formation and related structures,
whereas implicit memory, and particularly certain forms of pro-
cedural learning involving an emotional component, rather in-
volves the amygdaloid complex (Bechara et al., 1995). Several
studies have attempted to elaborate an animal model of this
functional dissociation. Thus, data collected in monkeys reveal a
specific alteration of emotional reactivity to various stimuli with-
out any memory impairment after amygdalar lesions, whereas a
deficit in memory performance for object discriminations,
associated with a normal emotional reactivity, is observed after
lesions of the hippocampus and associated cortical areas (Zola-
Morgan et al., 1991). Therefore, these results provide further
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evidence for a double dissociation between a “factual memory
system,” which would involve the hippocampus (HPC), and a
“behavioral memory system,” which would mainly involve the
amygdaloid complex.

Concurrent to this dissociation, the HPC may also be involved
in the contextual indexation of information (Honey and Good,
1993; Kubie and Ranck, 1984; Phillips and Ledoux, 1994, 1995;
McDonald and White, 1995) (a deficit in which would be closely
related to the episodic explicit memory deficit), whereas the
amygdala seems to play a fundamental role in the acquisition of
elemental conditioned associations and in the emotional expres-
sion of the whole set of these associations (i.e., both unimodal
and, via the hippocampus, polymodal associations) (Phillips and
Ledoux, 1992; Ledoux, 1993, 1994; Cahill et al., 1995).

In addition to these data, previous electrophysiological studies
have provided evidence for the development of time-locked lat-
eral septum (LS) unit responses to the conditioned stimuli (CSs)
as classic conditioning of the eye-blink responses developed
(Berger and Thompson, 1978). More recently, it was reported
that changes in hippocampal—septal synaptic excitability occur in
a test of fear conditioning but with a relative independence
between the magnitude and/or the occurrence of these changes
and the behavioral expression (freezing) of conditioned fear
(Garcia and Jaffard, 1996). Specifically, using measures of field
potentials monosynaptically evoked in the LS by fimbrial stimu-
lation (DeFrance et al., 1973, 1976; Garcia and Jaffard, 1992), it
was found that reexposure to the conditioning context was asso-
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ciated with a decrease in the amplitude of the N3 component
(generated by firing cells in the dorsal aspect of the LS) (Garcia
et al., 1997) only when the conditioning context was the sole
predictor of foot-shock occurrence.

It emerges from these different results that because the hip-
pocampal-septal axis seems to be particularly involved in the
processing of contextual information, the amygdala [especially
the central amygdaloid nucleus (CEA)] may be essential for the
expression of conditioned emotional response (CER) to both
discrete and contextual stimuli, a hypothesis that is reminiscent,
in part, of that which dissociates the role of the hippocampus and
cerebellum in Pavlovian eye-blink conditioning (Kim et al., 1995).
Thus, to confirm a functional dissociation between these two
structures and to describe an eventual interaction between them,
we measured retention testing-induced changes in hippocampal -
septal excitability in a classic conditioning after lesions to the
amygdala.

On the basis of the above-mentioned findings, our working
hypothesis was that on the one hand amygdalar lesions would
induce a suppression of the CER without abolishing the modifi-
cations of hippocampal-septal synaptic excitability (which would
be more particularly specific to the encoding of complex contex-
tual associations); on the other hand, amygdalar lesions would
differentially alter the modifications of hippocampal —septal excit-
ability as a function of the type of association (elemental or
contextual association) established during acquisition. More pre-
cisely, because pairing of a phasic (tone) CS with an (shock)
unconditioned stimulus (US) during acquisition was reported
previously to prevent the decrease in hippocampal-septal excit-
ability induced by reexposure to the context (Garcia and Jaffard,
1996), lesioning the amygdala, which is thought to subserve this
elemental CS-US association, would reinstate such a decrease.
Conversely, when a CS-US unpairing is provided during acqui-
sition, thus producing in normal mice a decrease in hippocampal—
septal excitability during reexposure to the context (i.e., the major
predictor to the US), one cannot exclude the possibility that such
a decrease would be reduced in amygdala-lesioned mice. In other
words, our hypothesis was that in addition to the above-
mentioned functions, the amygdala would be involved in
processes aimed at amplifying, through a modulation of
hippocampal-septal excitability, the contribution of the more
predictive association (i.e., elemental or contextual) signaling the
occurrence of the US.

MATERIALS AND METHODS
Subjects and surgery

The experiment was performed using 35 young (4—6 months) male mice
(C57Bl/6 JI Co, IFFA Credo, Arbresle, France) weighing between 27
and 32 gm. They were housed individually 7 d before the experiment and
maintained in an animal room (23°C) with a 12 hr artificial light/dark
cycle and with ad libitum access to food and water. Three days before the
experiment, they were handled individually for 5 min every morning. All
experimental procedures took place during the light portion of the cycle.
One group (n = 18) was subjected to a bilateral ibotenic lesion of the
CEA: once anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and
treated with atropine (0.04 ml of a 1 mg/ml solution), animals were
placed in a Kopf stereotaxic apparatus, the cranium was exposed, and
two fine burr holes were drilled at the following coordinates: 900 um
posterior to bregma, 2700 wm lateral from midline, and 4600 wm ventral
from skull surface. The CEA lesion was made by bilateral ibotenic acid
(Sigma, St. Louis, MO) injection (2 ng/0.1 ul phosphate buffer) divided
into four successive injections (20 nl followed by 3 X 10 nl) spaced 10 min
apart. Injection was performed using a micropipette attached by flexible
tubing to a Hamilton microsyringe (1 ul, Poly Labo). For sham animals
the same surgery was performed, but the micropipette was inserted just
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dorsal to the CEA and no injection was performed. All animals were then
placed in a Narishige (Tokyo, Japan) stereotaxic apparatus for implan-
tation of electrodes. The stimulating and recording electrodes were each
made of two intertwined platinium—iridium wires (90 wm in diameter)
that were insulated (except at the tip) and positioned in the fimbria (600
wm posterior to bregma and 600 wm from midline) and LS (900 wm
anterior to bregma and 400 wm lateral from midline), respectively, at a
location generating a maximum amplitude of the N3 component of the
field potential negative complex. The entire miniature (stimulating—
recording electrode) system was fixed in place with dental cement. Mice
were then allowed to recover in their home cages in the animal room for
at least 8 d before recording sessions.

Stimulating and recording general procedures

LS field potentials evoked by single-pulse fimbria stimulation (0.1 msec
rectangular biphasic pulses) were recorded through JFET operational
amplifiers placed on the head of the mouse. Signals were amplified (gain,
1000), filtered (bandpass, 1-1000 Hz), displayed on an oscilloscope and
recorded by a microcomputer for on-line averaging, and stored on disks
for off-line analysis. The amplitudes of the N3 field potential were
averaged over 20 trials (n = 20 test pulses at 0.2 Hz). Stimulation
intensity (50-600 wA) was chosen according to that which produced a
response representing ~80% of the maximal level obtained from the
baseline input—output curves.

Apparatus

The behavioral test that was used is a classic aversive conditioning that
took place in a Plexiglass box (30 X 24 X 22 cm high). The floor of the
conditioning chamber consisted of 60 stainless steel rods (2 mm diame-
ter) spaced 5 mm apart and connected to a shock generator. The four
sides of the chamber and the rods of the floor were cleaned with 90%
ethanol after each trial. A second chamber with gray plastic walls and
with the same dimensions as the first was used for habituation to the
electrophysiological recording system and for the auditory cue test.

Procedure

Baseline recording. Baseline recording of LS field potential was estab-
lished over a 4 d period (one recording session per day). On each session,
animals were maintained in their home cages, which were transferred
from the animal room to the testing room. Each home cage was placed
into the gray plastic chamber to prevent access to visuospatial cues in the
room. Each animal was connected to the stimulating-recording system
for 10 min.

Preliminary test: elevated plus-maze test. At the end of the adaptation to
the laboratory period, animals were subjected to the elevated plus-maze
test as an initial anxiety test. The maze is constructed of four arms, two
of which are closed by side walls; the other two open arms classically
represent an anxiogenic situation for the animals. Each animal was first
placed on the central platform and then allowed to explore the maze for
6 min: the greater the percentage of time spent in the closed arms, the
higher the anxiety level.

Aversive conditioning. Twenty-four hours after the last baseline record-
ing, mice were randomly divided into four groups: two (CS-US) paired
groups (control and lesioned subjects) and two unpaired groups (control
and lesioned subjects). Each animal was placed in the conditioning
chamber for 4 min. For the paired groups (elemental conditioning), 60
sec after the animals were placed into the chamber a tone (63 dB, 1 kHz)
was presented for 15 sec. This tone was presented again 100 sec later.
Each tone was terminated with the occurrence of the foot-shock (0.9 mA,
50 Hz, 3 sec). After a final delay of 40 sec, each animal was placed into
its home cage. For animals of the unpaired groups (contextual condi-
tioning), two tones and two shocks with the same parameters as those
used previously were presented during the acquisition phase but were
randomly distributed.

Twenty-four hours later, mice were tested for freezing behavior, used
as an index of conditioned fear and defined as the absence of all
movement except respiratory-related movements while the animal was in
a stereotypical crouching posture (Blanchard and Blanchard, 1969).
First, animals in the paired condition were submitted to a verification test
of the tone conditioning: they were maintained in their home cage and
exposed for 6 min in the gray plastic chamber for the auditory cue test.
Three successive recording sessions of behavioral and electrophysiolog-
ical responses were performed: before (first 2 min), during (next 2 min)
and after (last 2 min) tone presentation. Previous results (Garcia and
Jaffard, 1996) using the same protocol showed that the amplitude of the
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Figure 1. Photomicrographs showing the region of central amygdaloid
nucleus (CEA) in a sham brain (top) and in a CEA ibotenic-lesioned brain
(bottom). Note neuronal loss at the CEA lesion site and sparing of
neurons in control brain.

N3 component displayed by the “unpaired group” remained stable and
without any change during this auditory cue test. Then the animals were
returned to the animal room for 1 hr. After this delay, all of the animals
(paired and unpaired groups) were reexposed to the conditioning cham-
ber alone (context test), also for 6 min, and three successive 2 min
recordings of behavioral and electrophysiological responses were per-
formed. The behavior of the subjects was recorded continuously on video
tape for off-line scoring of freezing.

Histology

After completion of the behavioral study, animals were given an overdose
of sodium pentobarbital (120 mg/kg) and transcardially perfused with
physiological saline, followed by 10% buffered formalin. Brains were
post-fixed in formalin—saccharose 30% solution for 1 week, frozen, cut
coronally on a sliding microtome into 60 wm sections that were mounted
on a gelatin-coated slide, and stained with thionine.

Data analysis

Freezing was calculated as the percentage (=SEM) of the total time
spent freezing during every 2 min retention test. The amplitudes of the
N3 wave were expressed as the mean percentage (+xSEM) of the indi-
vidual basal values of animals for each group. Statistical analysis of the
data was performed using ANOVA (Systat, Evanston, IL).

RESULTS

Histology

A representative CEA lesion is shown in Figure 1. Histological
analysis revealed that 11 of the 18 lesioned mice had neuronal loss
that was confined bilaterally to the CEA. Two animals presented
a bilateral lesion that extended to the medial, basolateral, and
cortical nuclei of the amygdala, four animals presented only
unilateral CEA lesion, and one animal did not present any clear
lesion; these seven animals were excluded from the analysis. Only
data from subjects that presented a clear bilateral lesion (n = 11)
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CER during context test
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Figure 2. Mean percentage freezing (xSEM) scored in control mice
[paired CTL (n = 6); unpaired CTL (n = 6)] and lesioned mice [ paired
CEA (n = 6); unpaired CEA (n = 5)] on successive 2 min block during
reexposure to the context; *** statistically significant (effect of lesion, p =
0.001).

restricted to the CEA were used in the analysis. Among the
control animals, five of them were excluded because of dislodg-
ment of an electrode from its implantation site; thus data from 12
CEA-control mice were analyzed.

Context test: behavior

As shown in Figure 2, the magnitude of the freezing response
produced by reexposure to the conditioning chamber across the
three 2 min blocks differed among the four groups. The more
intense freezing was observed in the unpaired control group,
whereas virtually no freezing was observed in the two amygdala-
lesioned groups. A three-way ANOVA performed on these data
with blocks (three levels) as the within-subjects factor and both
conditioning condition (paired vs unpaired) and lesion as
between-groups factors indicated a significant effect of lesion
(F1,10y = 18.3; p < 0.001) but with a significant lesion X condition
interaction (F(; 19, = 4.56; p < 0.05). This is attributable to the
fact that in control groups, training using the paired as compared
with the unpaired procedure resulted in less, although nonsignif-
icant (Fy 19y = 3.79; p = 0.08), freezing during reexposure to the
context, whereas a weak opposite tendency (p = 0.18) was ob-
served in the lesioned groups.

Context test: electrophysiology

As shown in Figure 3, reexposure to the conditioning chamber
was associated, on the whole, with a decrease in the amplitude
of N3 with respect to baseline. The magnitude of this decrease
was different, however, among the four groups (i.e., control—
unpaired > lesioned—paired > lesioned-unpaired > control-
paired). As shown in Figure 4, in controls the N3 component
displayed a significant decrease in amplitude solely for the un-
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N3 wave amplitude during context test
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Figure 3. Mean changes in the N3 wave amplitude (xSEM) on successive 2 min blocks during baseline establishment (Ib1 — 1b4) and during reexposure
to the context in control groups (A) and lesioned groups (B); *** statistically significant ( paired CTL vs unpaired CTL; p = 0.002); * significantly different

from baseline; p < 0.05.

paired group during reexposure to the conditioning context. A
three-way ANOVA performed on these data with recording pe-
riods (seven levels) as within-subjects factors and both condition-
ing condition (paired vs unpaired) and lesion as between-groups
factors indicated a significant effect of period (Fg 114y = 26.5;p <
0.001), with a significant period X conditioning X lesion interac-
tion (F (6 114y = 8.17; p < 0.001). Thus, in the control group (Fig.
3A4), the amplitude of N3 in the unpaired conditioning condition
remained significantly below that of the paired condition across
the three recording sessions performed during reexposure to the
conditioning chamber (F(, ;q, = 17.6; p = 0.002), whereas an
inverse although nonsignificant tendency was observed in the
amygdala-lesioned group (F ¢y = 2.0; p = 0.19). Specifically,
whereas amygdala lesioned animals displayed a significantly
greater decrease in the amplitude of N3 than controls in the
paired conditioning condition (F(; ;o) = 6.7; p = 0.03), a signifi-
cant attenuation of this decrease was actually observed in the
unpaired condition (F(, o, = 8.4; p = 0.02) [lesion X condition
interaction (F(; 9y = 14.4; p < 0.001)].

Auditory cue test: behavior and electrophysiology

As shown in Figure 5, freezing behavior was specific to tone
presentation and was impaired in the amygdala-lesioned group.
Specifically, control mice displayed much more freezing during
tone presentation (second block) than before (first block) or after
(third block) tone presentation (repeated measures: F, g, =
35.2; p < 0.001), whereas no significant change was observed in
amygdala-lesioned mice (F,, 9, = 3,38; p > 0.05). Thus, lesioned
mice displayed significantly less tone-elicited freezing than con-
trols (F(; 10, = 16.1; p < 0.01). Conversely, tone presentation did
not produce any significant change in the amplitude of N3, no
matter which group was considered (all F values < 1) (Fig. 6).

Relationships between behavioral and
electrophysiological measures and within

behavioral measures

Comparison of animals exhibiting measures of freezing behavior
that were roughly matched during electrophysiological recording
sessions provided evidence for a dissociation between the mag-
nitude of freezing and alterations of the N3 wave amplitude. In



484 J. Neurosci., January 1, 1998, 18(1):480-487

1. Unpaired groups

(1): baseline

q

2. Paired groups
Figure 4. Changes in field potentials re-
corded from a median subject in each of the
independent groups for controls (A4), un-
paired (/) and paired (2), and for lesioned
groups (B: CEA), unpaired (1) and paired
(2), during baseline establishment (7) and
24 hr after foot shocks during reexposure to
the conditioning context (2). The amplitude
of the response was measured from the
early peak of positivity (*) to the peak of
the N3 component (which displayed signif-
icant changes in our studies on fear condi-
tioning) (also see Garcia and Jaffard, 1996;
Garcia et al., 1997).

the context test, however, it may be argued that control mice that
exhibited the more intense freezing (unpaired group) also dis-
played the largest decrease in N3, thereby suggesting a direct
relationship between the magnitude of conditioned freezing be-
havior and the magnitude of the decrease in the amplitude of N3.
In fact, a regression analysis performed on these data did not
provide any evidence for such a correlation (—0.138 < ry <
0.036). Moreover, by using the whole set of data, it can be noted
that a significant decrease in N3 may be associated with virtually
no freezing (i.e., amygdala-lesioned paired group, context test)
(Figs. 2, 3) and that, conversely, intense freezing may be associ-
ated with no change in N3 (control group, auditory cue task)
(Figs. 5, 6).

Finally, no significant correlation was observed between the
level of anxiety as measured in the elevated plus-maze before
conditioning and the magnitude of conditioned freezing.

DISCUSSION

The main finding of the present experiment was that ibotenic acid
lesion of the CEA, which strongly impairs conditioned freezing
behavior to both contextual and discrete (tone) stimuli, alters but
does not prevent the concomitant decrease in excitatory hip-
pocampal-—septal transmission observed in the control group (un-
paired condition). In agreement with previous findings using the
same basic procedure in nonlesioned mice (Garcia and Jaffard,
1996), the present data provide additional evidence for a disso-
ciation between the behavioral expression (freezing behavior) of
aversive conditioning and the neurophysiological coding (changes
in hippocampal—septal synaptic transmission) involved in condi-
tioning. Specifically, in both the previous and present experi-
ments, there was no correlation between these measures, either

A: CONTROLS

(1): baseline
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when examining data for the different groups separately or for all
the data.

Previous experiments using either rats (Yadin and Thomas,
1981) or mice (Garcia and Jaffard, 1996; Garcia et al., 1997) as
subjects have provided evidence that, as a general rule, unit
activity and/or synaptic excitability in the LS decreases during
exposure to a conditioned excitator of fear. Importantly, however,
results from these experiments also showed that the magnitude of
these decreases in hippocampal-septal excitability actually de-
pended on whether a discrete CS was paired with the US during
acquisition of fear conditioning. Specifically, as again shown in
the control groups of the present experiment, previous pairing of
the tone CS with the US totally prevented, with respect to the
unpaired group, the decrease in the amplitude of N3 induced by
reexposure to the context (Fig. 34). Thus, taken together, these
data are not consistent with a general role of fear in the modu-
lation of LS synaptic transmission (or unit activity), because the
magnitude of the observed decreases seemed to be dictated by
other qualitative properties of the conditioned aversive stimuli.
Accordingly, we previously proposed that in the context test, the
lack of decrease in N3 displayed by the paired group (with respect
to the unpaired group) would be part of a process indicating that
the current situation is quite safe until the occurrence of the tone
CS. In addition, we provided evidence that this lack of change in
hippocampal-septal excitability had no detectable control over
overt behavior, because with respect to the unpaired group,
animals of the paired group did not exhibit any difference in the
amount of conditioned freezing behavior (Garcia and Jaffard,
1996). However, this latter assumption must be viewed with some
caution when behavioral and electrophysiological data from the
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CER during the auditory cue test
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Figure 5. Mean percentage freezing (xSEM) in paired groups on suc-
cessive 2 min blocks during the auditory cue test; *** statistically signif-
icant [control (CTL) versus lesioned (CEA); p = 0.001].

control groups in the context test of the present experiment are
considered. Specifically, as shown in Figure 2, animals of the
paired group [which displayed no change in the amplitude of N3
(Fig. 34)] displayed somewhat less, although nonstatistically sig-

N3 wave amplitude
during the auditory cue test
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Figure 6.  Mean changes in N3 wave amplitude (+SEM) in paired groups
on successive 2 min blocks during the auditory cue test.
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nificant, freezing than animals of the unpaired group (which
displayed a decrease in the amplitude of N3). This could mean
that in this experiment, partial overshadowing of the context by
the tone CS on freezing behavior cannot be totally ruled out.
Nevertheless, the total lack of correlation between individual
values of the amount of freezing and of the decreases in N3
amplitude (both groups) again strongly suggests a large indepen-
dence between the two assessed parameters. Whatever the case
may be, this observation does not rule out our previous hypoth-
esis according to which the total lack of change in N3 would
indicate that the context alone is in no way predictive of the US.
If this hypothesis is correct, this lack of predictability should be
related to the previously acquired tone CS-US association. Re-
sults obtained in the amygdala-lesioned group trained in the
paired condition are congruent with this assumption. Indeed,
when they were reexposed to the conditioning chamber, these
lesioned mice displayed a decrease in the amplitude of N3 with
respect to their control group, the magnitude of this decrease
being similar to the one observed in the unpaired control group.
In other words, they displayed a decrease in N3 as if they had been
unable to form the CS-US association, a result that is congruent
with data showing that the amygdala is involved in unimodal (i.e.,
discrete auditory or visual) fear conditioning (Kim and Fanselow,
1992; Phillips and Ledoux, 1992; Kim et al., 1993).
Accordingly, our suggestion is that in normal mice, information
about the existence of a CS-US association would imply the
existence of an amygdala—septal transmission, which would be
either direct or indirect (see below) and the functional impact of
which would be a total overshadowing of the previously acquired
context-US association as revealed by a lack of change in the
hippocampal-septal excitability. In other words, this amygdala—
septal transmission, which is closely related to CS-US associa-
tion, would result in a total loss of predictability of occurrence of
the US by context, as if such a process would transform the
relatively more predictive CS—US association into an absolutely
predictive one. Results obtained in the context test for the un-
paired groups globally agree with this speculation. Indeed, in this
condition, the effect of amygdala lesions on LS synaptic trans-
mission was reversed with respect to the paired condition.
Specifically, in the unpaired condition, amygdala-lesioned
subjects displayed significantly less decrease in N3 than controls
did, suggesting thereby that in the absence of a consistent CS-US
pairing during acquisition, the amygdala in this case would facil-
itate the decrease in N3 produced by reexposure to the context,
thereby giving priority to the more predictive (context-US) as-
sociation. The fact that conditioned freezing both to the CS and
to the context was dramatically altered by CEA lesions does not
allow us to determine whether alterations in LS excitability might
have a behavioral counterpart. Nevertheless, there are instances
in which aversive conditioning to contextual cues has been re-
ported to be spared by amygdala lesions (Selden et al., 1991),
presumably because contextual conditioning was assessed using
an instrumental (place preference) avoidance response. In this
experiment, however, the authors did not find any evidence for
enhanced contextual conditioning in amygdala-lesioned subjects
that were subjected to simple explicit CS-US pairings on acqui-
sition, as would be expected on the basis of both competitive
models of associative learning (Marlin, 1981) and our current
hypothesis. It must be noticed, however, that in the experiment by
Selden and colleagues (1991), amygdala lesions were aimed at the
basolateral region of the amygdala and not at the CEA.
Nevertheless, the interpretation we have just proposed seems
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congruent with neuroanatomical data showing the existence of
projections from the medial amygdala to the LS (Caffé et al.,
1987). Moreover, the fact that these projections are vasopressin-
ergic, at least in part, and that vasopressin (VP) has been shown
to increase the transmission between fimbria fibers and LS neu-
rons (Van den Hooff et al., 1989; Van den Hooff and Urban,
1990), suggests that an increase in lateral septal VP transmission
could be responsible, among other possibilities, for blockade of
the decrease in N3 observed in the paired with respect to the
unpaired condition (control group) (for further arguments con-
cerning the putative role of VP, see Garcia et al., 1997). A more
likely but indirect putative pathway for such a vasopressinergic
modulation of hippocampal-septal transmission might involve
the bed nucleus of the stria terminalis, which receives fibers from
the CEA (Weller and Smith, 1982) and in turn sends vasopressin-
ergic fibers to several forebrain areas, including the LS (De Vries
and Buijs, 1983; Woodhams et al., 1983). Whatever the case, our
present findings clearly show a differential modulation of hip-
pocampal-septal glutamatergic transmission by either direct or
indirect amygdala—septal pathways according to the kind of con-
ditioned association performed (i.e., elemental or contextual).
This, in turn, could affect the way the hippocampus processes
contextual information (Giovannini et al., 1994; Marighetto et al.
1994), that is, as either the absolutely predictive (unpaired con-
dition) or the absolutely nonpredictive (paired condition) infor-
mation for the occurrence of the US.

As shown in our previous (Garcia and Jaffard, 1996) and
present experiments, aversive conditioning, as expressed by the
magnitude of testing-induced freezing behavior, is dissociable
from the amplitude of testing-induced alterations in hippocam-
pal-septal synaptic transmission. In addition, we showed here
that lesions of the CEA that resulted in a strong impairment of
behavioral conditioning nevertheless did not prevent the neuro-
physiological expression of the previous aversive experience in
terms of changes in hippocampal—septal excitability. Our sugges-
tion is that these neurophysiological changes might constitute a
form of knowledge about the conditioning situation encountered
by our mice the day before, and that would be dissociated from
behavioral expression (CER). In a recent experiment conducted
in humans, it was shown that patients with bilateral lesion of the
amygdala did not acquire conditioned autonomic responses to
visual or auditory stimuli but did acquire the declarative facts
about which visual or auditory stimuli were paired with the US. In
contrast, a patient with selective bilateral damage to the HPC
failed to acquire the facts but did acquire the behavioral condi-
tioning (Bechara et al., 1995). It is thus possible that the presently
observed sparing of testing-induced alterations in the amplitude
of N3 after amygdala lesion reflects a sparing of a hippocampal-
dependent equivalent of human declarative knowledge in the
mouse.

Within the framework of this rather speculative hypothesis,
however, the observation that amygdala lesions clearly interfere
with these synaptic changes [which were either enhanced (paired
group) or reduced (unpaired group) with respect to controls]
would indicate that these two forms of knowledge are not
independent but interactive. Specifically, our present data would
indicate that the content of hippocampal-dependent representa-
tions about relations among various sensory exteroceptive stimuli
(Phillips and Ledoux, 1992; Rudy and Sutherland, 1992) would
actually be altered if fear conditioning, or the coupling of extero-
ceptive sensory information with interoceptive information con-
veying the fear state, is prevented by amygdala lesions.
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