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Long-Term Neural Correlates of Reversible Fear Learning in
the Lateral Amygdala

Bobae An,* Ingie Hong,* and Sukwoo Choi

School of Biological Sciences, College of Natural Sciences, Seoul National University, Seoul 151-742, Republic of Korea

Fear conditioning and extinction are behavioral models that reflect the association and dissociation of environmental cues to aversive
outcomes, both known to involve the lateral amygdala (LA). Accordingly, responses of LA neurons to conditioned stimuli (CS) increase
after fear conditioning and decrease partially during extinction. However, the long-term effects of repeated fear conditioning and
extinction on LA neuronal firing have not been explored. Here we show, using stable, high signal-to-noise ratio single-unit recordings,
that the ensemble activity of all recorded LA neurons correlates tightly with conditioned fear responses of rats in a conditioning/
extinction/reconditioning paradigm spanning 3 d. This CS-evoked ensemble activity increased after conditioning, decreased after ex-
tinction, and was repotentiated after reconditioning. Cell-by-cell analysis revealed that among the LA neurons that displayed potentiated
responses after initial fear conditioning, some exhibited weakened CS responses after extinction (extinction-susceptible), whereas others
remained potentiated (extinction-resistant). The majority of extinction-susceptible neurons exhibited strong potentiation after recon-
ditioning, suggesting that this distinct subpopulation (reversible fear neurons) encodes updated CS-unconditioned stimulus (US)
association strength. Interestingly, these reversible fear neurons displayed larger, more rapid potentiation during reconditioning com-
pared with the initial conditioning, providing a neural correlate of savings after extinction. In contrast, the extinction-resistant fear
neurons did not show further increases after reconditioning, suggesting that this subpopulation encodes persistent fear memory repre-
senting the original CS-US association. This longitudinal report on LA neuronal activity during reversible fear learning suggests the
existence of distinct populations encoding various facets of fear memory and provides insight into the neuronal mechanisms of fear

memory modulation.

Introduction

Fear conditioning is the association of a neutral conditioned stimuli
(CS) to an aversive unconditioned stimulus (US), leading to fearful
responses to CS-alone presentations (LeDoux, 2000). After fear
memory consolidation, which requires >4—6 h (McGaugh, 20005
Schafe et al., 2000), fear memory becomes remarkably resistant to
perturbation, giving way only to numerous unreinforced CS presen-
tations, which leads to the extinction of learned fear responses. How-
ever, substantial remnants of the originally learned fear survive even
after extensive extinction and causes the reappearance of fear-related
behavior in a variety of circumstances, such as fear renewal and
facilitated reacquisition (Bouton, 2002). These observations suggest
that extinction does not lead to complete reversal of learning, but
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rather a unique state in which original fear traces are inhibited tem-
porarily. The mechanisms of subsequent relearning are largely un-
known, although it is well known that such relearning occurs both
more rapidly and with a lower threshold (i.e., savings; Napier et al.,
1992; Macrae and Kehoe, 1999).

The lateral amygdala (LA) is essential in the acquisition and
consolidation of auditory cued-fear conditioning (Davis, 1992;
Blairetal., 2001). Thalamic and cortical auditory inputs to the LA
are potentiated after fear conditioning (McKernan and Shinnick-
Gallagher, 1997; Quirk et al., 1997; Tsvetkov et al., 2002), which
are relayed to the basal and central amygdala so as to evoke aver-
sive behavior (LeDoux, 2000; Davis and Whalen, 2001). Fear
extinction recruits the infralimbic cortex to exert inhibitory in-
fluence on the medial subnuclei of the central amygdala (CeM)
via the basal amygdala (BA) and amygdala-intercalated neurons
(Maren and Quirk, 2004; Haubensak et al., 2010; Pape and Pare,
2010; Amir etal., 2011). Extinction also induces depotentiation at
LA input synapses (Kim et al., 2007; Dalton et al., 2008; Hong et
al., 2009) and enhances local inhibition (Chhatwal et al., 2005;
Lin etal., 2009), all leading to decreased fear expression. Interest-
ingly, NMDA receptor blockers infused into the LA impair both
fear conditioning and extinction, suggesting that neuronal plas-
ticity in the LA is crucial for both events (Miserendino et al., 1990;
Falls et al., 1992; Sotres-Bayon et al., 2007). Reconditioning has
been less well explored, and although savings has been regarded
as proof of the persistence of memory after extinction, the neural
substrates that support this rapid relearning are largely unknown.



16846 - ). Neurosci., November 21,2012 - 32(47):16845-16856

Previous LA unit recording studies A
have demonstrated that amygdala neu-
rons increase their response to condi-
tioned stimuli and decrease partially when
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term modulation of fear memory involv-
ing extensive extinction and subsequent
relearning. We thereby used high signal-
to-noise ratio (SNR) fixed-microwire re-
cordings to track longitudinal changes in
neuronal firing during a 3 d procedure en-
compassing fear conditioning, extinction,
and reconditioning. Our results reveal
distinct subpopulations in the LA that
persistently represent the original CS-US
association or dynamically encode up-
dated CS-US association throughout the
course of reversible fear learning.

Materials and Methods

Animals. Male Sprague Dawley rats (n = 45, 8
weeks old) were individually housed for 4-5 d
before all experiments under an inverted 12 h
light/dark cycle (lights off at 9:00 A.M.) and
provided with food and water ad libitum. Be-
havioral training was done in the dark portion of the cycle. All procedures
were approved by the Institute of Laboratory Animal Resources of Seoul
National University.

Surgery and recording. Rats were anesthetized with sodium pentobar-
bital (50 mg/kg, i.p.) and maintained with isoflurane (1-1.5%) in O,.
Rats were secured in a stereotaxic frame and bilaterally implanted with
fixed-wire electrodes targeted to the LA: 2.8 mm posterior to bregma, 5.2
mm lateral to midline, and 6.3—6.9 mm deep from the cortical surface.
The electrodes consisted of eight individually insulated nichrome mi-
crowires (50 wm outer diameter, impedance 0.5-1 M) at 1 kHz; Cali-
fornia Fine Wire) contained in a 21 gauge stainless steel guide cannula.
The implant was secured using dental cement (Vertex). After surgery,
analgesia (Metacam; Boehringer) and antibiotics were applied and rats
were allowed to recover for 6—7 d. Neural activity was acquired and
analyzed using a Plexon MAP system, as previously described (Herry et
al., 2008).

Behavioral procedures. Fear conditioning and extinction took place in
two different contexts (context A and B) (Fig. 1A) to minimize the influ-
ence of contextual associations. Reconditioning was conducted in the
same context as extinction to avoid renewal and to observe savings. Con-
text A was a rectangular Plexiglas box with a metal grid floor connected to
an electrical current source (Coulbourn Instruments), which was set in a
sound-attenuating chamber. The chamber was illuminated with white
light and was cleaned with a 70% ethanol solution. Context B was a
cylindrical Plexiglas chamber with a metal grid floor, which was illumi-
nated with a red light and was cleaned with 1% acetic acid. In the reten-
tion test for the second unpairing (Post-UP2), a different context
(context C) was used to avoid contextual fear. Context C was a trapezoid
black opaque box with a flat black Formica floor illuminated with a red
light that was cleaned with scented soap. All of the training sessions were
videotaped and conditioned freezing was quantified by trained observ-
ers. The animals were considered to be freezing when there was no move-
ment except for respiratory activity for 2 s during the 30 s CS
presentation. The total freezing time was normalized to the duration of
the CS presentation (Kim et al., 2010). On day 1, rats were habituated to
the context and the CS in context A, in which they were placed in the
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Reversible fear learning dynamically requlates defensive behavior. A, The behavioral procedure used in the experi-
ment. Conditioned fear was tested 8 h after conditioning or reconditioning. Single-unit recordings of LA neurons were performed
throughoutall of the sessions on days 2— 4. The white and gray shades represent different contexts. B, Averaged freezing responses
during the first four S presentations of the retention test sessions (bold characters in A) in each group (paired group, n = 32 rats;
unpaired controls, n = 13rats). C, The learning curves of the entire behavioral session (paired group, filled circle; unpaired controls,
open circle). Error bars indicate SEM. ***p << 0.0001.

recording chamber twice for 10 min, first without any cue and later with
four presentations of the CS. The CS was a 29.089 s series of 27 2.8 kHz
pure tone pips (200 ms duration repeated at 0.9 Hz, 85 dB sound pressure
level), which has been used previously to enhance the SNR for neural
recordings (Rogan et al., 1997; Repa et al., 2001; Herry et al., 2008). On
day 2, rats were given four presentations of the CS to determine basal LA
neural responses to the CS (HAB). An hour later, fear conditioning was
conducted by pairing the CS with a mild electric foot shock (0.5 mA, 1,
7 CS/US pairings; intertrial interval: 80—120 s) coinitiating with the onset
of the last tone pip. Extinction training took place 8 h after fear condi-
tioning in context B, in which rats were presented with 20 nonreinforced
CS presentations (Post-FC). Two additional extinction sessions were
conducted on the next day. On day 4, the behavioral and neuronal out-
come of three extinction sessions was observed in a short four CS test
session (Post-EX), followed 1 h later by the reconditioning session in a
manner similar to the initial fear learning. Eight hours after recondition-
ing, a retention test session was conducted (Post-REFC). To control for
nonassociative effects of conditioning, a separate group of rats (unpaired
group, n = 13) was exposed to explicitly unpaired CS and US presenta-
tions during the conditioning and reconditioning sessions, with all the
other procedures applied identically.

Single-unit spike sorting and analysis. Unit discrimination was per-
formed using Offline Sorter (Plexon). All waveforms were plotted in a
principal component space and clusters consisting of similar waveforms
were first defined automatically and then verified manually. A cluster of
waveforms distinct from other clusters in principal component space and
showing a clear refractory period (>1 ms) was considered to be gener-
ated from a single neuron. At most, two distinct units were identified per
channel, and single-channel recordings proved sufficient to discern
single-unit responses, due to the low neuronal density of the LA (Quirk et
al., 1997; Paré et al., 2004). Single-unit isolation was graded using two
statistic parameters, J3 and the Davies-Bouldin validity metric (DB), and
neurons with a low grade were discarded. J3 reflects the ratio of between-
cluster separation to within-cluster density calculated in a principal com-
ponent space, and the DB is the ratio between the sum of within-cluster
density to the degree of separation between clusters, and thus a high J3
and low DB value indicates a compact, well separated unit cluster
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(Nicolelis et al., 2003). The long-term stability of a single-unit isolation
was first determined using Wavetracker (Plexon), in which the principal
component space cylinders of a unit recorded from different sessions
were plotted (Herry et al., 2008; Tseng et al., 2011). A straight cylinder
suggests that the clusters of a unit have a similar principal component
composition, and that the same set of single units was recorded during
the entire training session. Next we calculated the linear correlation val-
ues (r) between the template waveforms obtained over the entire set of
behavioral sessions (Jackson and Fetz, 2007) to evaluate the similarity of
waveform shape. Only stable units (r > 0.93) were considered for further
analysis.

To investigate the effects of training on the LA cells, CS-evoked neural
activities were normalized using a standard z-score transformation (bin
size, 10 ms). We adopted a moving average baseline (Paré and Gaudreau,
1996; Oyama et al., 2010) to exclude possible errors arising from ex-
tremely low spontaneous firing rates of the LA, and to reflect the in-
session changes of basal firing rate. Unit responses were normalized to
the firing rates of 500 ms preceding tone pip onset for three consecutive
CS (81 individual tone pips in total), except for units that did not exhibit
any firing within this interval, which were normalized to the basal firing
rates calculated from all pre-pip intervals of the session. Z-score
perievent time histograms (PETHs) of averaged CS responses were con-
structed for each neuron and each pip and then averaged for every CS (27
tone pips). A unit was regarded as being CS-onset or CS-offset responsive
if the firing in two consecutive bins within 100 ms following CS-onset or
CS-offset was significantly different from the baseline (500 ms preceding
the CS) in an averaged PETH of all training sessions (p < 0.05, one-tailed
ttest) (Quirk et al., 1995). The onset latency of the CS-evoked responses
was defined as the first bin to become significantly different from the
baseline, and the bin that displayed the greatest firing within the 100 ms
interval provided the peak response latency. To investigate the effects of
behavioral training on the entire LA neuronal population, the population
z-score PETH of all recorded neurons was calculated for each CS consist-
ing of 27 tone pips and the mean z-values of 0—100 ms following CS-
onset and CS-offset from the first four CSs of each session were compared
throughout the course of behavioral training. The mean z-values in the
two conditioning sessions were calculated using the first 25 tone pips of
the CS to avoid foot shock-induced artifacts in the last pips.

Cell-by-cell analysis was further conducted to explore the effects of
reversible fear learning on individual LA neurons. Analysis was restricted
to neurons that were responsive to CS onset. To determine responsive-
ness in each session, the CS-response PETHs of four CS (108 individual
tone pips in total) were averaged and the maximum z-score of the 0-100
ms interval after CS onset was calculated for each neuron and compared
with the significant z-score, 1.65 ( p < 0.05, one-tailed ¢ test) (Herry et al.,
2008). A neuron was determined to be a fear neuron if it exhibited sig-
nificant CS-evoked responses in fear memory recall sessions (Post-FC or
Post-REFC) and increased responses relative to the preceding sessions
(HAB or Post-EX). We also sought extinction neurons, defined as neu-
rons displaying strong CS responses only after the extinction session
(Post-EX), but found only one, and thus the characteristics of the fear
neurons were compared with all of the other CS-responsive neurons.

Histology. At the end of each experiment, rats were anesthetized with
urethane (1 g/kg, i.p.) and electrolytic lesions were made by passing a
current (10 pA, 5-20 s) through recording microwires from which dis-
crete units were identified. The duration of current injection was varied
among recording microwires to identify the exact region where each unit
was located. Longer current injections produced larger and more visible
lesions. Animals were then transcardially perfused with 0.9% saline so-
lution and 10% buffered formalin. Brains were removed and postfixated
overnight. Coronal sections (90 wm thick) were obtained using a vibro-
slicer (NVSL; World Precision Instruments) and stained with cresyl vio-
let. The placement of the recording microwires was examined under a
light microscope.

Statistical analysis. To compare the behavioral results among training ses-
sions, averaged data points were analyzed using repeated-measures ANOVA
with subsequent Newman—Keuls post hoc comparison. The CS responsive-
ness of LA units was determined using unpaired t tests. For the analysis of
CS responses of LA subpopulations, the Friedman test (nonparametric
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one-way ANOVA for repeated measurements) and subsequent Dunn’s
post hoc tests were used (Duclos et al., 2008). To detect changes in the CS
responses of the entire LA ensemble average activity (including both
CS-responsive and nonresponsive units), the linear sum of all CS-evoked
activity was computed and the tone-to-tone variation was used for sta-
tistical deduction with parametric one-way ANOVA and Newman—
Keuls post hoc tests. Correlation between neuronal firings and behavioral
responses were calculated using Pearson’s correlation test. A probability
value of p < 0.05 was considered indicative of statistical significance.

Results

Reversible fear learning dynamically regulates

defensive behavior

A total of 32 rats underwent a reconditioning paradigm as de-
scribed previously (see Materials and Methods) (Fig. 1A) and
their fear levels to the CS were examined. The CS was a series of 27
2.8 kHz pure tone pips (200 ms duration repeated at 0.9 Hz).
Eight hours after the initial fear learning, rats displayed robust
freezing when they were exposed to the CS in a different context
(F3,03) = 781.70, p < 0.0001, repeated-measures ANOVA; HAB
vs Post-FC, p < 0.05, Newman—Keuls post-test; Fig. 1B) and the
conditioned fear diminished progressively over three extinction
sessions (Fig. 1C). Reconditioning was conducted after CS-
evoked fear returned to preconditioning levels with three extinc-
tion sessions (HAB vs Post-EX, p > 0.05) and resulted in stronger
fear responses compared with the initial fear learning (Post-FC vs
Post-REFC, p < 0.05). In contrast, the 13 rats receiving unpaired
CS-US presentations showed no evidence of CS-induced fear,
except immediately after shock delivery (F; 56 = 0.83, p > 0.5,
repeated-measures ANOVA; p > 0.05 for all pairs, Newman—
Keuls post-test) (Fig. 1B).

Electrophysiological characteristics of the LA neurons
Only stable, high SNR LA neurons verified by principal compo-
nent and correlation analysis were included in the data analysis
(Fig. 2B-D). In total 188 LA neurons were analyzed, 114 from the
conditioned group and 74 from the unpaired controls. Histolog-
ical analysis revealed that recorded cells were located within the
dorsal and ventral LA (Fig. 2A). Consistent with previous reports,
the LA neurons displayed low spontaneous firing rates (Quirk et
al., 1995; Paré and Collins, 2000; Repa et al., 2001). The average
firing rate was 0.68 Hz, ranging from 0.01 to 13 Hz, and the
averaged spike width (the time between the maximum and min-
imum peak) was 0.43 ms, ranging from 0.12 to 0.75 ms. In accor-
dance with previous results (Quirk et al., 1995), the waveform
width and firing rate were inversely correlated (r = —0.48, p <
0.0001, Pearson’s correlation test) and most cells showed wide
spike widths and low firing rates, consistent with the pyramidal-
type projection neurons, which are prevalent in the LA (McDon-
ald, 1982; Davis et al., 1994; Medina et al., 2002). The average
basal firing rates were not different among the behavioral sessions
(F(s565) = 1.64, p > 0.1, repeated-measures ANOVA) (data not
shown).

Forty five of 114 (39%) neurons in the paired group and 22 of
74 (30%) neurons in the unpaired controls were determined as
CS responsive based on the averaged CS-evoked neural activities
in all of the training sessions. These neurons displayed phasic
responses to tone within 100 ms following pip onset (Fig. 2E),
with an average onset response latency of 26.3 = 1.9 ms (paired
group, 25.3 = 2.5 ms; unpaired group, 29.1 * 2.7 ms; p > 0.1,
unpaired t test). The pip-evoked excitation appeared reliably
throughout the individual CS presentations of 27 individual pips,
thus the responses were averaged to enhance SNR of CS responses
as in previous studies (Rogan et al., 1997; Repa et al., 2001; Herry
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Figure 2.  Long-term single-unit recordings in the LA. A, Histological verification of the electrode placements in the paired group (filled circle) and the unpaired controls (open circle). B,
Representative waveforms of two neurons recorded from a single electrode and stably observed throughout the behavioral training period. Grid: 55 .V, 100 ws. €, Verification of long-term stable
single-unit recordings using principal component space cylinders. A straight cylinder suggests that the same set of single units was recorded in different behavioral sessions. D, Quantitative
evaluation of waveform similarity from units recorded on different days. Randomly selected waveforms were used as a control. E, A representative unit showing phasic responses to S onset. F, Both
(Sonsetand CS offsetinduced strong excitation in a representative LA neuron. G, The amplitude of the pip-onset responses in the (S-onset responsive neurons (n = 45 of paired group) throughout
27 tone pips composing the CS. H, The amplitude of pip-onset (gray) and pip-offset (white) responses in (S-onset and CS-offset responsive neurons (n = 31 of paired group). /, Onset latencies of
pip-onset responses in the (S-onset responsive neurons. J, Onset latencies of pip-onset and pip-offset responses in (S-onset and (S-offset responsive neurons.

Table 1. Basal firing rates and (S-response properties of the recorded LA neurons in the paired group (n = 114) and the unpaired controls (n = 74) throughout the
reversible fear learning

All sessions averaged HAB Post-FC Post-EX Post-REFC
% of responsive % of responsive % of responsive cells (newly % of responsive cells (newly % of responsive cells (newly
cells cells emerged) emerged) emerged)
Firingrates (Hz) Onset Offset Firing rates (Hz) Onset Offset ~Firing rates (Hz) Onset Offset Firing rates (Hz) Onset Offset Firing rates (Hz) Onset Offset
Paired 079019 3947 2719 089 =0.21 2895 2018 0.82=024  34.21(1579) 28.95 (18.42) 085022  2544(10.53) 14.04 (10.53) 0.68 =0.18  29.83(13.16) 21.05(15.79)
Unpaired 052 = 0.21 2973 2432 055022 2568 1216 055+0.22 2297 (6.76) 25.68(20.27) 042016  18.92(8.11) 6.76 (4.05) 0.50 £022  12.16(6.76) 8.11(8.11)

et al., 2008). Interestingly, the amplitude of pip-onset responses
was relatively large at the first pip and remained stable for the
remaining pips (Fig. 2G), and the response latencies were stable
across the individual pips (Fig. 2I). The number of CS-responsive
neurons in each separate session was not significantly changed
throughout the course of reversible fear learning, while repeated

unpairing resulted in fewer neurons being responsive (Table 1).
Histological analysis revealed that LA dorsal (LAd) neurons re-
sponded to the CS with shorter response latencies than LA ventral
(LAv) neurons (LAd, 24.3 = 2.1 ms; LAv, 31.6 = 3.8 ms; p < 0.05,
unpaired ¢ test) (Bordi et al., 1993). Interestingly, 43% of the
CS-onset responsive neurons (n = 29) also exhibited CS-offset
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responses (Fig. 2F), while 20 neurons were only responsive to CS
offset with an average latency of 26.5 = 3.2 ms. The amplitude of the
pip-offset responses fluctuated within the CS presentation consist-
ing of 27 tone pips (Fig. 2H) and the response latencies were rela-
tively stable across the individual pips (Fig. 2]).

LA ensemble activity represents updated CS—US association
strength in reversible fear learning

It has been reported that fear conditioning increases the CS-
evoked responses of LA neurons, and that closely following ex-
tinction results in decreased tone responses in vivo (Quirk et al.,
1995; Collins and Paré, 2000; Repa et al., 2001; Goosens et al.,
2003). However, neural representations of fear memory involv-
ing extensive extinction and subsequent reconditioning have
remained elusive, because most previous studies have used rela-
tively short behavioral procedures spanning a day or two. There-
fore, we investigated LA responses to the CS in reversible fear
learning comprising extensive extinction and reconditioning.
Conditioning-induced changes in tone-evoked firings were ex-
amined 8 h after the initial fear conditioning, a time at which fear
memory is fully consolidated (Schafe and LeDoux, 2000; Schafe
et al., 2000).

We constructed a population z-score PETH throughout re-
versible fear learning and found that LA neurons displayed po-
tent excitation in response to CS-onset and their activity was
dynamically modulated in reversible fear learning, correspond-
ing to the CS-US association strength. Conditioning resulted in a
strong CS-evoked excitation of LA neurons, while this excitation
was weakened during extensive extinction, and reconditioning
reinstated a strong CS response (Fig. 3A). In the unpaired con-
trols, however, CS-evoked responses were largely unchanged by
initial unpairing, and were weakened by the second unpairing.

The average CS-evoked responses of LA population were
quantified as a mean z-value of 0—100 ms following CS-onset and
compared across retention test sessions of reversible fear learn-
ing. Fear conditioning significantly increased the average CS re-
sponse compared with habituation (F; ,,, = 14.03, p < 0.001,
one-way ANOVA; HAB vs Post-FC, p < 0.05, Newman—Keuls
post-test), whereas unpairing did not alter LA neuronal re-
sponses (F(; 5y = 3.52, p < 0.05, one-way ANOVA; HAB vs
Post-UP, p > 0.05, Newman—Keuls post-test) (Fig. 3B). Three
tone-alone extinction sessions resulted in decreased LA responses
indiscernible with habituation (HAB vs Post-EX, p > 0.05).
These results are consistent with previous reports, which demon-
strated the short-term effects of fear conditioning and extinction
on LA neurons (Quirk et al., 1995; Repa et al., 2001) and further
suggest that the updating of CS-US association strength that
takes place during reversible fear learning is represented in the LA
even after consolidation. Consistently, reconditioning again in-
creased CS-evoked responses of the LA compared with both the
Post-EX and the habituation session (Post-EX vs Post-REFC, p <
0.05; HAB vs Post-REFC, p < 0.05). In the unpaired controls, LA
neuronal responses to CS-onset slightly decreased after the sec-
ond unpairing, possibly due to safety learning (Lolordo, 1969;
Rogan et al., 2005), but not to statistical significance (Post-EX vs
Post-UP2, p > 0.05) (Fig. 3B). The average LA population signal
was positively correlated with the freezing behavior in the paired
group (r = 0.55, p < 0.001, Pearson’s correlation test), but not in
the unpaired control (r = 0.08, p > 0.1, Pearson’s correlation
test) (Fig. 3C).

Importantly, CS-evoked response latencies were also revers-
ibly altered; the CS-evoked response arose and peaked more rap-
idly following both of the conditioning sessions compared with
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the preceding sessions (onset response latencies, HAB vs Post-
FC, Post-FC vs Post-EX, Post-EX vs Post-REFC, p < 0.05,
paired t test; peak response latencies, p < 0.05 for the same
pairs, paired t test) (Fig. 3D). Again, unpaired controls did not
exhibit significant changes (p > 0.1 for the same pairs, paired
t test) (data not shown). Faster response latencies are consis-
tent with strengthened influence from the short-latency tha-
lamic pathway (McKernan and Shinnick-Gallagher, 1997;
Quirk et al., 1997). These intricate, dynamic changes in the
CS-response profile further support the involvement of spe-
cific plastic mechanisms reversibly recruited in our learning
paradigm.

Additionally, we checked whether CS-offset responses were al-
tered following reversible fear learning, because a similar number of
LA neurons were responsive to CS-offset. Fear conditioning, how-
ever, did not significantly alter the CS-offset responses of the LA
neurons and the responses disappeared following extensive extinc-
tion (Fig. 3E-G). Collectively, these results suggest that the average
LA ensemble activity represents updated CS-US association
strength in reversible fear learning and maintains this representation
beyond memory consolidation, consistent with previous reports
(Maren, 2000; Goosens et al., 2003; Hong et al., 2011).

Distinct subpopulations of LA fear neurons represent the
updated and original CS—US association strength in reversible
fear learning

It has been demonstrated that fear conditioning results in a
strong elevation of CS-evoked LA field potentials (Rogan et al.,
1997), while only 10-30% of LA neurons display increased CS-
evoked responses after fear conditioning and this subset of neu-
rons exhibit various types of learning-induced plasticity, such as
transient or persistent potentiation by fear conditioning (Quirk
etal., 1995; Repa et al., 2001). We thus further analyzed our data
on a cell-by-cell basis to identify distinct LA neuronal subpopu-
lations that encode the various facets of reversible fear learning.
We focused on CS-onset responsive neurons, since the LA pop-
ulation displayed stronger excitation in response to CS onset and
this response was dynamically modulated during reversible fear
learning.

We first identified neurons displaying significant and in-
creased responses to CS onset after either of the two conditioning
sessions (Post-FC or Post-REFC) compared with the preceding
sessions (HAB or Post-EX), and these neurons were defined as
fear neurons (n = 25, 56% of CS-onset responsive units) (Fig.
4A). We also sought extinction neurons displaying increased CS
responses only after extinction and found only one, consistent
with previous results showing that they reside mostly in the BA
(Herry et al., 2008). Sixty-eight percent of the fear neurons in-
creased their responses to CS after the initial fear learning
(conditioning-potentiated fear neurons, n = 17) (Fig. 4B) and a
larger number of neurons exhibited elevated responses following
reconditioning (reconditioning-potentiated fear neurons, n =
21, 84% of fear neurons) (Fig. 4C). Both conditioning- and
reconditioning-potentiated fear neurons displayed reversible
changes of CS-evoked firing patterns throughout the course of re-
versible fear learning, while small and relatively constant responses
were observed in the other CS-responsive neurons that were catego-
rized as nonfear-encoding neurons (other neurons, n = 20, 44% of
CS-onset responsive units) (Fig. 4D). The basal firing rates and spike
duration of fear neurons were not different from the other CS-
responsive neurons (p > 0.1, unpaired t test) (Fig. 4E). However,
fear neurons responded to the CS with a shorter response latency
compared with the other neurons (fear neurons, 24.0 = 1.6 ms;
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other neurons, 32.5 * 5.2 ms; p < 0.05, unpaired t test) (Fig. 4F ) and
were frequently found in the dorsal part of the LA, with a few in the
ventral LA (Fig. 4G), suggesting potent innervation by short-latency
sensory inputs. Interestingly, we found that there was a significant
overlap between neurons that were potentiated after the original fear
conditioning and reconditioning; reconditioning repotentiated 76%
of the conditioning-potentiated fear neurons (n = 13) (Fig. 4A),
suggesting that traces of the initial fear learning remained even after
extensive extinction, which allowed neurons to be readily recruited
by the subsequent reconditioning.

To identify distinct LA neuronal subpopulations that encode
various facets of reversible fear learning, we tracked the changes
in CS-evoked firing of neurons that were potentiated following

the initial fear learning (conditioning-potentiated fear neurons)
in subsequent extinction and reconditioning. Although the aver-
aged CS-evoked responses of conditioning-potentiated fear neu-
rons appeared to exhibit reversible modulation (Fig. 4B), a
cell-by-cell analysis revealed that this population was not homo-
geneous; two distinct classes of neurons were identified based on
their responses to extinction (Fig. 5A). Half of the conditioning-
potentiated neurons exhibited a significant loss of CS-evoked
responses after extinction (extinction-susceptible fear neurons,
n =9, 53% of conditioning-potentiated fear neurons) (Fig. 5B),
while the other half was extinction-resistant (extinction-resistant
fear neurons, n = 8, 47% of conditioning-potentiated fear neu-
rons) (Fig. 5C), retaining increased CS responses even after ex-
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tensive extinction. These results are consistent with a previous
study, which reported similar neuronal populations within a
single extinction session conducted 1 h after fear conditioning
(Repa et al., 2001). Interestingly, the extinction-susceptible
fear neurons exhibited typical phasic and strong responses to
CS onset corresponding to short-latency sensory inputs,
whereas extinction-resistant fear neurons exhibited smaller
but more sustained responses to the tone (>100 ms). The

onset latencies were not different between these two popula-
tions (extinction-susceptible fear neurons, 20.0 * 2.9 ms;
extinction-resistant fear neurons, 22.5 * 3.1 ms; p > 0.1,
unpaired t test) (Fig. 5E) and histological analysis confirmed
that both neuronal populations were located in the dorsal part
of the LA (Fig. 5G). However the CS-evoked responses of
extinction-resistant fear neurons lasted much longer (extinction-
susceptible fear neurons, 45.6 * 16.1 ms; extinction-resistant fear
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neurons, 111.3 = 21.9 ms; p < 0.05, unpaired t test) (Fig. 5E), and
were weaker (mean z-value, extinction-susceptible fear neurons,
9.9 * 2.1; extinction-resistant fear neurons, 3.5 * 0.4; p < 0.005,
unpaired ¢ test; data not shown), suggesting distinct connectivity. The
longer, persistent responses in the extinction-resistant fear neurons may

involve multisynaptic local sensory inputs and/or innervations from
cortical regions (Repa et al., 2001), and may represent the persistence of
memory after extinction.

Importantly, extinction-susceptible and extinction-resistant
neurons were also distinguished by CS-evoked activity after
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The neural correlates of savings after extinction. 4, Behavioral evidence of savings. Reconditioning occurred faster than the initial fear learning. B, The mean z-values of reversible fear

neurons. (S-evoked responses were larger and rapidly increased during reconditioning (conditioning, pink circle; reconditioning, red circle). C, Comparison of the slope of (S-response increase

between the first and second pairings. Error bars indicate SEM. *p << 0.05, ***p < 0.0001.

reconditioning. The average CS-evoked responses of extinction-
susceptible fear neurons were strongly potentiated after recondi-
tioning, resembling LA ensemble activity (Fig. 5B), whereas
extinction-resistant fear neurons did not exhibit further increases
after reconditioning (Fig. 5C). Intriguingly, a cell-by-cell analysis
revealed that all of the extinction-susceptible fear neurons but for
a single exception showed increased and significant responses
after reconditioning, and thus comprise a subpopulation encod-
ing reversible changes in CS-US association strength during dy-
namic fear learning (reversible fear neurons, n = 8, 89% of
extinction-susceptible fear neurons, and 47% of conditioning-
potentiated fear neurons) (Fig. 5A). In contrast, all of the other
CS-responsive neurons (other CS-responsive neurons, n = 37)
(Fig. 5E) displayed weak, constant CS-evoked responses. We
compared the mean z-values of the reversible fear neurons across
sessions and found that their responses were reversibly altered in
a manner similar to LA population ensemble activity, but to a
greater extent (p < 0.001, Friedman test; HAB vs Post-FC,
Post-FC vs Post-EX, Post-EX vs Post-REFC, p < 0.05, Dunn’s
post-test). In contrast, the mean z-values of the other CS-
responsive neurons remained constant (p > 0.05, Friedman
test; p > 0.05 for the same pairs, Dunn’s post-test; Fig. 5F),
suggesting the reversible fear neurons lead the LA ensemble
activity in the process of reversible fear learning. Reversible
fear neurons displayed a shorter response latency compared
with the other CS-responsive neurons (reversible fear neu-
rons, 18.8 = 3.0 ms; other CS-responsive neurons, 30.3 = 3.1
ms; p < 0.05, unpaired ¢ test), but with a similar response
duration (reversible fear neurons, 47.5 *= 18.1 ms; other CS-
responsive neurons, 71.9 = 10.0 ms; p > 0.1, unpaired ¢ test)
(Fig. 5E). Consistent with these electrophysiological charac-
teristics, histological analysis revealed that reversible fear neu-
rons were preferentially located in the dorsal part of the LAd
(Fig. 5G), which is known to receive dense thalamic short-
latency innervations (LeDoux et al., 1990; Quirk et al., 1997).
Together, these results suggest there are two distinct subpopu-
lations of fear-encoding neurons in the LA; one is dynamically
regulated by fear conditioning and extinction while the other
represents persistent fear memory.

Reversible fear neurons represent savings effect

after extinction

The relearning of fear occurs much faster than original fear learn-
ing, even after extensive extinction, and this phenomenon is
known as the savings effect (Kehoe, 1988; Macrae and Kehoe,
1999; Rescorla, 2001). Although savings has been widely sug-

gested as empirical evidence of memory persistence after extinc-
tion (Macrae and Kehoe, 1999; Bouton, 2002), the neural
correlates of savings have yet to be identified.

In accordance with previous reports (Rescorla, 2001), we
found that the freezing responses progressively increased during
the initial fear learning, but increased more rapidly during recon-
ditioning. CS-evoked freezing was indistinguishable between
preconditioning sessions, HAB and Post-EX (p > 0.05, paired ¢
test), and at the first pairing of the two conditioning sessions ( p >
0.1, paired ¢ test). However, the discrepancy between the learning
curves of fear conditioning and reconditioning was significant at
the second CS-US pairing (p < 0.0001, paired ¢ test), the third
pairing (p < 0.005, paired t test), and the fifth pairing (p < 0.005,
paired t test) (Fig. 6A). Although the difference in conditioned
freezing disappeared by the end of the conditioning sessions (p >
0.1, paired ¢ test), stronger freezing was also observed in the re-
tention test of reconditioning (p < 0.0001, paired ¢ test) com-
pared with the initial conditioning.

Interestingly, the CS-evoked responses of the reversible fear
neurons increased more rapidly during reconditioning, in tight
correlation with the behavioral results. The mean z-values in the
two conditioning sessions diverged at the second CS-US pairing
(p < 0.05, paired t test) (Fig. 6B), while the CS-responses in the
preconditioning sessions and at the first pairing were not signif-
icantly different. The statistical difference disappeared at the
third pairing (p > 0.1, paired t test), suggesting that the potenti-
ation of the neural responses reached a ceiling faster than the
behavioral responses. The rapid increases during the recondi-
tioning session were further confirmed by comparison of the
slope of CS-response increase between the first and second
CS-US pairings (p < 0.05, paired t test) (Fig. 6C). These results
suggest that reversible fear neurons not only integrate the revers-
ible changes in association strength, but also are primed by prior
learning-induced changes so as to detect a given CS-US associa-
tion more rapidly during subsequent relearning. The persistently
potentiated CS responses of extinction-resistant fear neurons
may also trigger/support this rapid repotentiation of the CS re-
sponses observed in reversible fear neurons. In addition to the
more rapid in-session learning upon reconditioning, stronger
freezing was also observed in the retention test of reconditioning
(p < 0.0001, paired ¢ test) compared with the initial condition-
ing, which is likely to be supported by the larger number of neu-
rons recruited by reconditioning (Fig. 4A) compared with the
initial fear learning.
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Discussion

LA neurons were found to reversibly encode updated CS-US
association strength throughout the course of sequential learn-
ing. The LA neuronal population displayed increased average
CS-evoked firing after conditioning, decreased responses after
extinction, and repotentiated responses after reconditioning, in
tight correlation with the changes in the freezing responses. Cell-
by-cell analysis revealed the two distinct subpopulations of fear-
encoding neurons in the LA; one exhibited reversible encoding of
fear learning that corresponded to the LA population firing (re-
versible fear neurons), whereas the other was resistant to change
during extinction and reconditioning (extinction-resistant fear
neurons), likely supporting the persistence of fear memory. In-
terestingly, reversible fear neurons exhibited both a stronger and
more rapid acquisition of CS-US association during recondition-
ing relative to the initial conditioning, providing a neural repre-
sentation of the savings effect during reconditioning.

The reversible fear neurons observed in the present study ex-
hibit remarkably similar characteristics to distinct BA neurons
that are responsive to fear conditioning, extinction, and renewal
in a reversible manner and also a subset of LA neurons encoding
the renewal of extinguished fear (Hobin et al., 2003; Herry et al.,
2008). Since LA excitatory neurons are known to drive the acti-
vation of the central amygdala and fear expression via BA excit-
atory neurons (LeDoux, 2000; Pape and Pare, 2010; Amir et al.,
2011), it is possible that the subset of LA neurons that responds to
renewal (Hobin et al., 2003) largely overlaps with the reversible
fear neurons identified here and that both preferentially inner-
vate fear neurons of the BA (Herry et al., 2008), thus controlling
CeM activity and contributing to reversible fear expression. Al-
ternatively, reversible LA neuronal firing may alter activity of the
amygdala-intercalated neurons and inhibitory CeL neurons that
tonically inhibit the major projection neurons in the CeM (Paré
et al.,, 2004; Amano et al., 2010; Haubensak et al., 2010). The
extraordinary plasticity of these reversible fear neurons over the
course of several days suggests that LA neural circuits can be
dynamically modified even after memory consolidation.

The extinction-resistant fear neurons found in our study pro-
vide a neural substrate for the persistent fear memory trace,
which had been predicted earlier (Pavlov, 1927; Pearce and Hall,
1980; Bouton and King, 1983). These neurons displayed CS re-
sponses of longer duration (Fig. 5), suggesting the influence of
cortical regions where traces of persistent fear have also been
identified (Corcoran and Quirk, 2007; Burgos-Robles et al., 2009;
Sacco and Sacchetti, 2010; Sotres-Bayon and Quirk, 2010). The
persistent potentiated firing of the extinction-resistant fear neu-
rons may contribute to the relapse or spontaneous recovery of
fear even after extensive extinction. Despite the persistent fear
encoding in these neurons, after extinction, the expression of
fearful responses is likely to be inhibited downstream of the LA
(Ehrlich et al., 2009; Pape and Pare, 2010; Maren, 2011). Well
known inhibitory mechanisms involving the prefrontal cortex
(Milad and Quirk, 2002; Rosenkranz et al., 2003; Likhtik et al.,
2005; Sotres-Bayon et al., 2006; Quirk and Mueller, 2008) and
amygdala intercalated neurons (Chhatwal et al., 2005; Likhtik et
al., 2008; Ehrlich et al., 2009) may provide inhibition at the BA or
CeM leading to the suppression of fear responses. The context-
dependent disinhibition of these subnuclei and the LA are be-
lieved to underlie fear memory relapse (Hobin et al., 2003;
Likhtik et al., 2008; Ehrlich et al., 2009).

Extinction is thought to involve both inhibition and unlearn-
ing of original associations (Rescorla and Wagner, 1972; Bouton,
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2002). The relative contribution of new learning and unlearning
in the behavioral extinction of many forms of associative memory
has been a key issue in memory research (Medina et al., 2002;
Barad, 2006). In previous studies involving different learning
paradigms, the immediate reversal of CS-US contingencies re-
sulted in the reversal of neuronal responses in a subset of
amygdala neurons (Schoenbaum et al., 1999; Paton et al., 2006).
Consistent with these findings, our results in auditory cued-fear
conditioning demonstrate that the CS responses of some LA neu-
rons are suppressed after extinction and exhibit savings during
relearning, but there are other neurons that exhibit persistent
potentiation after extinction, suggesting that unlearning and new
learning are both integrated at the level of the LA neurons. Con-
sistent with previous reports (Repa et al., 2001), extinction-
resistant fear neurons retained potentiated CS responses even
after extensive extinction, while extinction-susceptible fear neu-
rons showed a clear decrease in CS responses (Fig. 5). Together,
this resulted in a net reduction of the LA ensemble activity after
extensive extinction. Although the net CS response after extinc-
tion was indiscernible from baseline habituation responses, indi-
vidual neurons displayed different responses, suggesting that
network changes in LA connectivity upon fear conditioning per-
sist after extinction. Because early and late extinction (within and
beyond 6 h postconditioning, respectively) involve different
mechanisms and lead to different neural changes (Maren and
Chang, 2006; Myers et al., 2006; Chang et al., 2009), and most
earlier recordings were limited to early extinction paradigms, our
results constitute important evidence for the mechanisms re-
cruited by late extinction.

Reconditioning after extinction has been less well explored,
although the rapid reacquisition of fear has been regarded as
proof of the persistence of memory after extinction (Bouton,
2002). Our findings show that whereas extinction does not return
the network changes in LA connectivity to the preconditioning
state, reconditioning appears to return the system to the pre-
extinction state. Reconditioning resulted in an increase of the LA
ensemble activity, which had decreased to baseline levels after
extinction (Fig. 3), suggesting that LA neurons are able to adap-
tively represent updated CS-US association strength throughout
the course of reversible fear learning. This repotentiation was
supported by a majority of the conditioning-potentiated fear
neurons, demonstrating a significant overlap of fear-encoding
neurons. This overlap is accounted for the extinction-induced
inhibitory mechanisms that temporarily suppress CS responses.
Interestingly, the CS responses of reversible fear neurons ap-
peared to be more readily potentiated upon reconditioning com-
pared with the initial fear learning (Fig. 6), supporting the
hypothesis that reconditioning reverses extinction-induced net-
work changes. Together, these results suggest the conditioning-
induced plasticity was temporarily inhibited by extinction and
reconditioning eliminated this inhibition (Bouton and King,
1983; Quirk et al., 2006; Myers and Davis, 2007).

The strong reversible encoding of CS-US association strength
in reversible fear neurons (Fig. 5) dominates the LA population
coding (Fig. 3), suggesting that it is the plasticity of these neurons
that is detected using field potential (Rogan et al., 1997) or
immediate-early gene methods (Hall et al., 2001; Han et al., 2007;
Reijmers et al., 2007). These fear neurons amount to only
10~30% of all the LA neurons, suggesting a rather sparse and
restricted encoding of CS-US associations (Quirk et al., 1995;
Repa et al., 2001; Han et al., 2007). In contrast, fear learning-
induced synaptic potentiation has been observed in the general
population of LA neurons (McKernan and Shinnick-Gallagher,



An, Hong et al. @ Amygdala Neurons in Reversible Fear Conditioning

1997; Kim et al., 2007; Zhou et al., 2009), leading to the previously
suggested possibility that the majority of LA neurons are strongly
inhibited by GABAergic interneurons (Paré and Gaudreau, 1996)
and are thus virtually undetectable by either in vivo recordings or
immediate-early gene staining methods. Interestingly, a previous
report demonstrated that targeted ablation of the ~15% of LA
neurons that preferentially participated in learning can signifi-
cantly impair auditory fear memory, whereas ablating a similarly
sized random population had no effect (Han et al., 2009). It is
tempting to hypothesize the similarly sized reversible fear neuron
population in our recordings largely overlaps with the population
targeted in these studies.

Traces of persistent fear memory have been suggested to re-
side in cortical regions (Corcoran and Quirk, 2007; Burgos-
Robles et al., 2009; Sacco and Sacchetti, 2010; Sotres-Bayon and
Quirk, 2010), but how they may interact with the LA and support
later savings or memory relapse has been largely unknown. Our
findings show a strong neural correlate of savings in fear-
encoding LA neurons, which may be innervated and influenced
by memory-preserving cortical regions to allow the more rapid
detection of changes in CS-US association. Metaplastic mecha-
nisms that enable more rapid synaptic plasticity at input synapses
may also support the enhanced potentiation of CS responses in
these neurons (Abraham, 2008). Extinction-resistant fear neu-
rons, which were potentiated after the initial fear conditioning
and retained the potentiation even after extensive extinction,
may also play an important role in the persistence of fear memory
and relapse after extinction.

Fear conditioning and extinction have served as primary
models for the treatment of post-traumatic stress disorder
(PTSD) and other anxiety disorders. Although most PTSD re-
search aimed at thwarting the relapse of fear memory has focused
on the dysfunctions or manipulations of the prefrontal cortex
(Quirk et al., 2006; Sotres-Bayon et al., 2006), our research sug-
gests that a component of persistent fear memory lies in the LA,
thus providing an alternative target for clinical treatment.
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