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Lasting increases in basolateral amygdala activity
after emotional arousal: Implications for facilitated
consolidation of emotional memories
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Manipulations that reduce or enhance the activity of basolateral amygdala (BLA) neurons in the minutes to hours
after training have been shown to respectively impair or facilitate retention on the inhibitory avoidance task.
Although this suggests that BLA activity is altered after emotional arousal, such changes have not been directly
demonstrated. To test this, we devised a feline analog of the inhibitory avoidance task and recorded BLA unit
activity before and after a single inescapable footshock. Single-unit recordings revealed that the firing rate of many
BLA neurons gradually increased after the footshock, peaking 30-50 min post-shock and then subsiding to baseline
levels 2 h later. During this period of increased activity, the discharges of simultaneously recorded BLA cells were
more synchronized than before the shock. Although it was known that pairing innocuous (conditioned stimulus, CS)
and noxious stimuli modifies the responsiveness of BLA neurons to the CS, our results constitute the first
demonstration that emotional arousal produces lasting increases in the spontaneous firing rates of BLA neurons. We
propose that these changes in BLA activity may promote Hebbian interactions between coincident but spatially

distributed activity patterns in BLA targets, facilitating the consolidation of emotional memories.

Much evidence indicates that emotional arousal generally im-
proves memory consolidation (Christianson 1992) and that the
basolateral amygdala (BLA) is responsible for this effect (Mc-
Gaugh 2004). It was first shown that systemic administration of
adrenal stress hormones after learning could facilitate retention
(Gold et al. 1975) in appetitively or aversively motivated tasks
(for review, see Cahill and McGaugh 1998). The effects of stress
hormones and their pharmacological analogs were time-
dependent, their impact on retention decreasing as the interval
between the training and hormone treatment increased. These
results suggested that the extent of memory consolidation de-
pended on the motivational or arousing consequences of an ex-
perience, as expressed by the release of stress hormones (Gold
and McGaugh 1975).

Subsequently, it was reported that the memory modulation
produced by manipulations of stress hormone levels could be
blocked by lesioning or inactivating the BLA or stria terminalis,
but not the central amygdaloid nucleus (Liang and McGaugh
1983; Liang et al. 1990; Introini-Collison et al. 1991; Roozendaal
and McGaugh 1996; Roozendaal et al. 1996). Consistent with
these findings, post-training injections of drugs that presumably
enhanced or reduced BLA activity facilitated or impaired reten-
tion, respectively. In particular, reduced retention was seen with
local intra-amygdala injections of GABA agonists (Castellano et
al. 1989), B-adrenergic antagonists (Gallagher et al. 1977), and
glutamate receptor antagonists (Izquierdo and Medina 1993). En-
hanced retention was seen with intra-amygdaloid injections of
bicuculline (Dickinson et al. 1993), and agonists of B-adrenergic
(Ferry and McGaugh 1999; Hatfield and McGaugh 1999) and
muscarinic (Salinas et al. 1997) receptors. Similarly, post-training
intra-amygdaloid injections of glucocorticoids were also reported
to enhance memory consolidation (for review, see Roozendaal
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1999). Importantly, as was found in the stress hormone studies,
the effects of these post-learning treatments decreased as the in-
terval between the training and the treatment increased, gener-
ally vanishing after 2-3 h (however see Sacchetti et al. 1999).

Taken together, these results suggest that stress hormones
released in emotionally arousing conditions increase the activity
of BLA neurons. In turn, the enhanced activity of BLA cells would
facilitate memory consolidation in other brain areas via their
widespread cortical and subcortical projections. However, other
interpretations are possible. For instance, it is conceivable that
the activity of BLA cells is unchanged during emotional arousal
but that widespread increases in the concentration of key neu-
romodulators modify the impact of BLA inputs on target neu-
rons.

Thus, the present study was undertaken to determine
whether emotional arousal modifies the firing rates of BLA neu-
rons in a sustained manner, as predicted by the pharmaco-
behavioral evidence reviewed above. To this end, we developed
an analog of the inhibitory avoidance task that could be con-
ducted in head-restrained animals, thus maximizing recording
stability.

Results

Behavioral observations
All tested cats (n = 3) behaved similarly in this paradigm (Fig. 1;
see Materials and Methods). During the initial learning (Phase 1),
they quickly learned to refrain from lever-pressing during the
lights-off periods. All cats reached criterion by day 7. Figure 2A
shows the behavior of a representative animal on the first and
last days of training. In this and following panels, the top trace
indicates lever-presses and the second trace shows when the light
was turned on and off. As illustrated in Figure 2B, performance
leveled off on day 7.

After electrode implantation and retraining to criterion (Fig.
2B, dashed line), the animals continued to lever-press at the same
rate when an unpaired auditory conditioned stimulus (CS) was
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Figure 1. Behavioral paradigm. (4) Time-line of the behavioral study.
(B,C) Timing of data acquisition during the electrophysiological experi-
ments of Phases 4 (B) and 5 (C).

presented for the first time during a lights-on period (21.6 = 2.3
vs. 20.4 = 3.7 times/min before vs. during the auditory CS). On
the one-trial learning day (Phase 5), the first lever-press after tone
onset (Fig. 2C, third trace) triggered a footshock. As expected, all
cats immediately stopped lever-pressing when the shock was de-
livered (Fig. 2C, arrowhead). Two days later, during the retention
test (Phase 6, Fig. 2D), they exhibited normal lever-pressing at
first, but refrained from pressing the lever for >4 min after tone
onset (average duration of lever-press cessation: 5.4 + 0.8 min),
demonstrating that they had learned the tone-shock association.

Activity of BLA neurons during the control phase

and one-trial learning task

The spontaneous activity of BLA neurons was recorded extracel-
lularly by means of two arrays of eight microelectrodes (Fig. 3A)
implanted bilaterally. In order to be included in the analysis,
recorded cells had to meet the following criteria. First, they had
to be located within the confines of the BLA, as determined in
histological controls (Fig. 3B). Second, the spikes they generated
had to be clearly distinct from the noise and remain stable for the
entire duration of the recording session (Fig. 3C). Third, their
baseline firing rate in waking (W) had to be =5 Hz, as previous
work suggests that BLA neurons with high firing rates are inter-
neurons (see Discussion). A total of 42 neurons met these criteria
in the control recording session (Phase 4), and 54 during the
one-trial learning (Phase 5). Note that Phase 4 and 5 neurons
were recorded within 300 pm of each other, along the same elec-
trode tracks.

Because the firing rates of BLA neurons are known to vary
depending on the state of vigilance (Jacobs and McGinty 1971;
White and Jacobs 1975; Paré and Gaudreau 1996), data obtained
in W and slow-wave sleep (SWS) were processed separately. Data
obtained in paradoxical sleep was excluded because the animals
spent too little time in this state. Stable epochs of quiet W or SWS
(>30 sec) were identified using spontaneous EEG fluctuations in
the power of the 1-4 Hz band, as detailed in Materials and Meth-
ods. The firing rate of BLA neurons was then calculated in 10-sec
bins and the data plotted using different colors for W (Fig. 4,
black) and SWS (Fig. 4, red).

Note that in the two following sections, we compare the

firing rates of BLA neurons before versus after the tone (Phase 4)
or after the tone plus shock (Phase 5).

Control recording day (Phase 4)

Other than state-related fluctuations in activity, the firing rate of
BLA cells varied little during the control recording sessions. Pre-
sentation of the tone alone did not produce lasting modifications
in firing rate. An example of this is shown in Figure 4A1 for a BLA
neuron that was generally more active in SWS (red dots) than W
(black dots), as was typically the case in our sample. The impres-
sion of stability gained by visual inspection of the rate meter (Fig.
4A1) was confirmed when separate averages of all the data points
were computed in W (Fig. 4A2, black bars) and SWS (Fig. 4A2, red
bars), before versus 70 min after the tone (left and right bars of
Fig. 4A2, respectively). Only between-states differences in firing
rates reached significance (t-test, P < 0.05); within-states differ-
ences did not (P > 0.05, Fig. 4A2).

When the same analyses were repeated on all control BLA
cells, 98% of them yielded the same conclusion: no within-states
differences before versus after the tone. Overall, firing rates in W
averaged 0.39 + 0.15 Hz before the tone, compared to
0.41 = 0.11 Hz in the 70 min that followed the tone (f-test,
P >0.05). In SWS, they averaged 1.61 = 0.29 Hz before the tone,
compared to 1.69 + 0.32 Hz after the tone (f-test, P > 0.05). The
higher firing rates seen in SWS compared to W (t-test, P < 0.05) is
consistent with previous reports (Jacobs and McGinty 1971;
White and Jacobs 1975; Paré and Gaudreau 1996).

One-trial learning (Phase 5)
The stable firing rates of BLA cells during the control recording
sessions (Phase 4; Fig. 4A) contrasted with the results obtained
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Figure 2. Behavior of a representative cat in Phases 1 (4), 5 (C), and 6
(D). In A, C, and D, the top trace indicates lever presses, and the second
trace shows when the lights were turned on and off. The third trace in C,D
indicates when the tone was turned on. (B) Progression of lever-pressing
rate during Phase 1. Ratio of the number of lever presses in the “lights-
on” to “lights-off” periods (y-axis) as a function of time (x-axis). Average
of three cats. Dashed lines indicate criterion. When the cats did not press
the lever during the “lights-off” period, the ratio was equal to the number
of lever presses during the “lights-on” period. Panel C begins after the
extended “lights-off” epoch during which the spontaneous activity of
BLA neurons was recorded. During the last “lights-on” period, a tone was
presented and the animal received a footshock after the first lever-press
following tone onset. Upon receiving the shock, the cat stopped pressing
the lever. Neuronal recordings resumed after the lights and tone were
turned off. (D) Two days later, the cat behaved normally before the tone
was turned on, but refrained from pressing the lever for several minutes
after presentation of the tone.
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Figure 3. Inclusion criteria in physiological experiments. (A) Microelec-
trode array positioned stereotaxically in the BLA. (B) Histological deter-
mination of recording sites. Arrows point to electrolytic lesions made after
the retention test to mark the position of the recording sites. (C) Two BLA
neurons recorded simultaneously by the same microelectrode 30 min
before (C1) and 3 h after the footshock in Phase 5 (C2).

when the footshock was introduced (Phase 5; Fig. 4B-D). Indeed,
a cursory survey of rate meters suggested that firing rates in W
increased for hours after the tone-footshock pairing, in all tested
animals. This impression was confirmed by using t-tests (P value
of 5%) to compare the firing rates of each cell in W before versus
in the 70 min after the shock, when firing rates seemed highest.
Note that although such repeated comparisons increase the like-
lihood of false positives, by chance alone no more than 5% type
IT errors are expected. Yet, significant increases in firing rates
were detected in as many as 48% of BLA cells (or 26/54) recorded
in Phase 5; nearly 10 times more than expected by chance. For
convenience, these neurons are hereafter called responsive or
“R-cells,” whereas the term nonresponsive or “NR-cells” is used
when referring to the rest of the sample.

As shown in Figure 4B-D, accelerations in firing rate took
two forms. Most R-cells (77% or 20 of 26, Fig. 4B,C) reached their
peak firing rate after a long delay (on average 39 *= 4 min after
the footshock; range 29-67 min). These cells were encountered in
the medial part of the lateral nucleus and throughout the basal
nuclei. In a minority of R-cells (23% or 6 of 26, Fig. 4D), firing
rates peaked within seconds after the footshock. These cells were
only encountered in the basolateral nucleus. In both subsets of
R-cells, firing rates returned to control levels 100-160 min post-
shock (137 = 5 min). The origin of these different behaviors is
unclear. It is possible that they reflect distinct mechanisms of
activation (e.g., neuronal vs. hormonal).
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Surprisingly, post-shock accelerations in firing rate were
seen in both W and SWS. To address this point, separate averages
of all the data points were computed for each R-cell in W (Fig.
4B2-D2, black bars) and SWS (Fig. 4B2-D2, red bars), before ver-
sus 70 min post-shock (left and right bars of Fig. 4B2-D2, respec-
tively). This analysis revealed that on average, the firing rates of
R-cells increased by 449 + 77% in W (Fig. 4B-D, right column,
black bars). In SWS, post-shock firing rates were significantly
higher than pre-shock values in 69% of R-cells, close to 14 times
more than expected by chance. However, the post-shock in-
creases in firing rates were significantly smaller in SWS (an in-
crease of 68 = 33%) than in W (t-test, P < 0.05).

To determine whether these long-lasting increases in dis-
charge rates were accompanied by modifications in firing pat-
tern, we computed interspike interval (ISI) histograms for all R-
cells before versus after the shock. For the post-shock data, we
limited our analysis to 25-45 min post-shock, when firing rates
peaked. As expected, this analysis revealed that in both W and S,
the proportion of short ISIs increased after (Fig. 5A, thin line)
compared to before (Fig. 5A thick line) the shock (see details in
figure legend). However, the frequency distribution of ISIs re-
mained Poisson-like after the shock (Fig. 5A2), suggesting that
the arousal it produced did not cause lasting modifications in
firing pattern.

To test whether the emotional arousal caused by the shock
produced changes in the probability of synchronized firing
among BLA cells, cross-correlograms were computed for all pairs
of R-cells recorded simultaneously in Phase 5 (n = 71). Individual
cross-correlograms were computed separately for the data ac-
quired before and after the shock. The resulting correlograms
were then normalized to an average count of 1 and pooled in
separate population histograms, depending on the behavioral
state (W, Fig. 5B; SWS, Fig. 5C). In both W and SWS, the post-
shock correlograms (right) have a much higher central peak
(post- to pre-shock ratio of 153 + 0.2% in W and 174 + 0.15%
in SWS; P < 0.05). Note that since the correlograms were normal-
ized to an average bin count of 1, this effect cannot be due to
the random influence of increased firing rates. Consistent with
this, no correlation was found between the change in firing rates
and normalized cross-correlations before versus after the shock
(W, r=0.09; SWS, r = —0.16; P> 0.05).

Discussion

Although it is well known that pairing a neutral CS to a noxious
unconditioned stimulus (US) produces long-term increases in the
CS-responsiveness of BLA neurons (Quirk et al. 1995; Collins and
Paré 2000; Maren 2000; Repa et al. 2001), the effect of mild emo-
tional arousal on the spontaneous activity of BLA cells had re-
ceived little attention before. The seminal study of Quirk et al.
(19995) reported that a few LA neurons exhibited short-lived (<1
h) alterations in firing rate following fear conditioning. However,
because the authors’ focus was on the sensory responsiveness of
LA neurons, few time points were analyzed and the confounding
effect of behavioral states was not considered.

Our interest in this question stemmed from a series of phar-
maco-behavioral studies where it was shown that enhancing or
inhibiting BLA activity in the 2-3 h post-training could respec-
tively facilitate or reduce performance on an inhibitory avoid-
ance task, tested days later. Consistent with this pharmaco-
behavioral evidence, our present results suggest that emotional
arousal does produce long-lasting increases in the spontaneous
activity of BLA neurons. These results are also consistent with
functional imaging studies in humans indicating a strong corre-
lation between amygdala activation at encoding and long-term
recall of emotional material (Cahill et al. 1996, 2004; Dolcos et al.
2004).















