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Aversive-Bias and Stage-Selectivity in Neurons of the
Primate Amygdala during Acquisition, Extinction, and
Overnight Retention
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Department of Neurobiology, Weizmann Institute of Science, Rehovot, Israel 76100

Extensive evidence implicates the amygdala as a major station for acquisition, extinction, and consolidation of emotional memories.
Most of this work relies on fear-conditioning in rodents and imaging in humans. Few studies have explored coding of value in the primate
amygdala, but the circuitry that underlies extinction and overnight retention remains largely unexplored. We developed a learning
paradigm for nonhuman primates (macaca fascicularis) and recorded the activity of single neurons during the different stages of
acquisition, extinction, and overnight consolidation of pleasant and aversive tone-odor associations. We find that many neurons become
phase-locked to respiratory cycles in a stage-dependent manner, emphasizing the flexibility of amygdala neurons to represent the current
state and change their spontaneous activity accordingly. We suggest that these changes can serve to increase neuronal sensitivity to an
upcoming event and facilitate learning mechanisms. We further show formation of aversive-bias during the acquisition of associations
and during overnight retention, in the sense that neurons preferentially code for the aversive conditioned stimuli, even if they initially
homogenously represent value of the reinforcer. Our findings show flexible representations in the primate amygdala during the different
cycles of learning and memory, and suggest selective potentiation of aversive information.

Introduction
The amygdala is a key structure mediating acquisition and regula-
tion of emotional memories, and has been implicated in learning,
retrieval, extinction and consolidation (LeDoux, 2000; Davis and
Whalen, 2001; McGaugh, 2004). It receives parallel complex sensory
inputs (McDonald, 1998), and its projections allow enhancement of
emotional memories (McGaugh, 2004; Paz et al., 2006; Tsoory et al.,
2008). Studies in rodents use fear-conditioning paradigms as a
model (Fanselow and Poulos, 2005), with a wealth of physiological
methods to delineate the underlying circuitry for acquisition and
expression of memories in the amygdala (Maren and Quirk, 2004;
Ciocchi et al., 2010; Haubensak et al., 2010; Pape and Paré, 2010).
The modulation of fear by extinction is also mediated by circuits
within the amygdala (Myers and Davis, 2007; Sotres-Bayon et al.,
2007; Herry et al., 2008; Likhtik et al., 2008; Amano et al., 2010; Duvarci
et al., 2011) which are activated from the ventral/medial-prefrontal-
cortices (v/mPFC; Milad and Quirk, 2002; Paré et al., 2004).

Accordingly, in humans, imaging studies have shown the
importance of the amygdala in acquisition and maintenance

of emotional memories and found an interplay with the
vmPFC during extinction (Phelps et al., 2004), hence suggest-
ing a role for these structures in anxiety disorders and post-
traumatic stress disorder (PTSD; Delgado et al., 2006; Milad et
al., 2006; Shin et al., 2006). Compared with rodents, primates
exhibit a highly flexible control of emotions that is mediated
by interactions between the amygdala and prefrontal cortices
(PFC; Ochsner and Gross, 2005; Quirk and Beer, 2006), and
this is achieved by rich and complex anatomical projections
(Amaral and Price, 1984; McDonald, 1998; Ghashghaei et al.,
2007). Few lesion studies have explored retention and extinc-
tion (Izquierdo and Murray, 2005; Antoniadis et al., 2009),
and early electrophysiological work has addressed changes in
affective significance of stimuli (Sanghera et al., 1979; Nishijo
et al., 1988). However, recent studies have mainly focused on
momentary representations of value: single neurons were
shown to code contextual information regarding reward
schedules (Sugase-Miyamoto and Richmond, 2005; Bermudez
and Schultz, 2010), expectation and state value (Belova et al.,
2007), dynamically switch responses with emotional valence
(Paton et al., 2006), process facial expressions and identity
(Gothard et al., 2007; Kuraoka and Nakamura, 2007), and
track the skin-conductance-response (SCR) that reflects emo-
tional state (Laine et al., 2009).

Hence, in contrast to the rich body of work that delineates the
circuitry in the rodent amygdala, only few electrophysiological
studies of the primate amygdala have addressed extinction and
consolidation. Moreover, few have addressed directly the differ-
ences between positive and negative valence. To address this, we
developed a paradigm of tone-odor conditioning (Livneh and
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Paz, 2010). Odorants allow comparison between aversive and
pleasant reinforcers within the same modality, gain direct ana-
tomical access into the amygdala (Carmichael et al., 1994), and
were shown to activate the human amygdala in learning tasks
(Gottfried et al., 2002; Anderson et al., 2003). Here, we tested
acquisition, extinction, and 24 h retention of aversive versus
pleasant associations, and the dynamics of representation in
single-neurons of the primate amygdala.

Materials and Methods
Animals. Three male macaca fascicularis (4 –7 kg) were implanted with a
recording chamber (27 � 27 mm) above the right amygdala under deep
anesthesia and aseptic conditions. All surgical and experimental proce-
dures were approved and conducted in accordance with the regulations
of the Weizmann Institute Animal Care and Use Committee (IACUC),
following NIH regulations and with AAALAC accreditation. Food, wa-
ter, and enrichments (e.g., fruits and play instruments) were available ad
libitum during the whole period, except before medical procedures that
require deep anesthesia.

MRI-based electrode positioning. Anatomical MRI scans were acquired
before, during, and after the recording period. Anatomical images were
acquired on a 3-tesla MRI scanner: (MAGNETOM Trio, Siemens) with a
CP knee coil (Siemens). T1 weighted and 3D gradient-echo (MPRAGE)
pulse sequence was acquired with TR of 2500 ms, TI of 1100 ms, TE of
3.36 ms, 8° flip angle, and 2 averages. Images were acquired in the sagittal
plane, 192 � 192 matrix and 0.8 3 mm or 0.6 3 mm resolution. A first scan
was performed before surgery and used to align and refine anatomical
maps for each individual animal (relative location of the amygdala and
anatomical markers such as the interaural line and the anterior commis-
sure). We used this scan to guide the positioning of the chamber on the
skull at the surgery. After surgery we performed another scan with two
electrodes directed toward the amygdala, and 2–3 observers separately
inspected the images and calculated the amygdala anterior–posterior and
lateral-medial borders relative to each of the electrode penetrations. The
depth of the amygdala was calculated from the dura surface based on the
MRI at all penetration points. We used clear anatomical markers and
visual similarity to identify the amygdala based on MRI images from
primate atlas.

Recordings. The monkeys were seated in a dark room and each day, 3– 4
microelectrodes (0.6 –1.2 M� glass/narylene-coated tungsten, Alpha
Omega or We-sense) were lowered inside a metal guide (Gauge 25xxtw,
OD:0.51 mm, ID:0.41 mm, Cadence) into the brain using a head-tower
and electrode-positioning-system (Alpha Omega). The guide was low-
ered to penetrate and cross the dura and stopped �0.5–1 cm in the
cortex. The electrodes were then moved independently further into the
amygdala (we performed 4 –7 mapping sessions in each animal by mov-
ing slowly and identifying electro-physiological markers of firing prop-
erties tracking the known anatomical pathway into the amygdala).
Electrode signals were preamplified, 0.3 Hz-6 KHz bandpass filtered and
sampled at 25Khz; and on-line spike sorting was performed using a
template-based algorithm (Alpha Lab Pro, Alpha Omega). We allowed
30 min for the tissue and signal to stabilize before starting acquisition and
behavioral protocol. At the end of the recording period, off-line spike

sorting was further performed for all sessions to improve unit isolation
(offline sorter, Plexon Inc).

Stimuli. Detailed descriptions of the odor delivery system (olfactome-
ter) have been previously reported (Livneh and Paz, 2010). In brief, three
hoses were attached to silicon made nasal mask held on the monkey’s
nose. The first hose deliver air into the mask at a constant flow. When
stimuli is commanded, silent vacuum solenoids divert away the clean air
and allow odorized air to be delivered into the mask. Importantly, the
odorized air was delivered at the same pressure and flow as the clean air,
and was commanded from outside the room to guarantee that the mon-
key would receive no cues regarding odor delivery. The second hose
evacuate air from the mask at an equal flow to that delivered into the
mask, and is responsible to the fast evacuation of the odors right after
their release and maintenance of pressure within the mask. The third
hose is connected to two pressure sensors with different sensitivity range
(1⁄4” and 1” H2O pressure range, AllSensors), that allowed measurement
of respiratory behavior with minimal time lag. To load air with odor,
filtered air flowed through Teflon made odor canister that contained
either 1:20 solution of propionic-acid (Sigma-Aldrich) or 1:2 solution of
banana-melon organic extract (Tevaoz). Both odors were diluted in min-
eral oil. Notice that propionic-acid has a high trigeminal component, and
we previously tested our paradigm with hexanoic-acid as well with sim-
ilar results (Livneh and Paz, 2010). Odors’ concentration was tuned in
preliminary experiments to obtain similar intensity by ratings of human
subjects (as custom in olfaction studies, p � 0.1, t test).

Tones were 1000 –2400 Hz pure sinus waves of 250 ms with 5 ms onset
and offset ramps, generated with standard computer and delivered
through a speaker (Adam 5 studio monitor, ADAM Audio) located 40
cm behind and to the center of the animal. All behavior was monitored
and controlled by custom software written in LabView (National
Instruments).

Behavior. Inhale onsets are detected in real-time using a double thresh-
old algorithm implemented in LabView. Every 24 � 3 breathing cycles a
new trial was initiated by tone-emission. Pleasant and Aversive trials were
pseudorandomly chosen but equalized in total number of presentations.
Because odor release induces breath modulation that last up to 6 cycles
(Livneh and Paz, 2010), we omitted all data acquired up to 10 cycles after
any experimental stimuli for the evaluation of baseline volumes and
spontaneous neuronal activity. Condition response (CR) was analyzed
on modulations occurring 0 –300 ms postinhale and unconditioned re-
sponse (UR) was analyzed on modulations occurring 500 –1000 ms
postinhale onset.

Data analysis. Neurons with average firing rate (FR) of � 0.3 Hz were
discarded from further analysis (28/327; Table 1). Phase locking of neu-
rons to respiratory cycles was performed by constructing peristimulus-
time-histograms (PSTH) around onsets of baseline inhales. Warping was
performed by normalizing spike times to the relative phase within the
specific respiratory cycle in 24-bins. Rayleigh’s test for circular unifor-
mity ( p � 0.05) determined for each neuron at each learning stages
whether its activity is homogeneously distributed or not.

PSTH were computed for 2000 ms around events at each learning stage
by using a 300 ms Gaussian window advanced at 25 ms, and normalized
by subtracting the mean and dividing by the SD of baseline activity from

Table 1. Summary of recorded neurons

Animal Z Animal B Animal L Total

Responsive neurons
Available neurons (at retention)/FR � 0.3 85 (81)/7 145 (131)/14 69 (62)/7 288 (274)/28
Responsive neurons (at retention) 69 (58) 113 (89) 63 (47) 245 (194)
Breath-locked at Habituation/Acquisition/Extinction 39/50/41 47/66/53 25/39/29 111/155/123

Aversive Pleasant Generalizing Total

Stage and valence selectivity
Acquisition neurons (FR Increase/Suppress) 54 (25/29) 21 (8/13) 34 (9/25) 109 (42/67)
Extinction neurons 34 (17/17) 34 (14/20) 32 (12/20) 100 (43/57)
Retention neurons 23 (14/9) 21 (9/12) – 44 (23/21)
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1000 ms before the event. To compute overall spontaneous population
activity (see Fig. 4), we inverted FR traces of cells that suppressed firing
rate. Cells were defined as suppressing if the maximum deviation from
preinhalation FR was negative. Finally, stimuli-evoked PSTH were nor-
malized to baseline-inhale-response by subtracting the mean of the
inhale-evoked response (taken from baseline inhales that were not pre-
ceded by an external event in 10 cycles) from the stimuli-evoked re-
sponse. Notice this does not affect neurons without inhale related activity
because the mean baseline trace of these neurons is zero.

Nonparametric Wilcoxon signed rank test was used to identify differ-
ences in activity taken from 100 to 800 ms poststimulus. Valence-
selectivity was determined by taking the maximum absolute value of the
mean corrected firing rate following aversive and pleasant CS. This ap-
proach selects differences from spontaneous (baseline) activity whether
the neurons suppress or increase their response. Previous findings have
shown that the primate and the rodent amygdala exhibit robust excit-
atory as well as inhibitory responses (Belova et al., 2007; Herry et al.,
2008; Mosher et al., 2010) hence our approach identifies both types. The
sign of the maximum deviation was used to determine whether a neuron
suppressed or increased firing rate. We repeated all analyses using win-
dows spanning from 100 –500 to 100 –1000 ms poststimulus and selected
the 100 – 800 window based on the accumulating statistical strength of
the effects reported. However, the main effects reported here were all
replicated using the different windows sizes. Functional neurons were
computed from the total number of responsive neurons i.e., that change
their FR to any of the stimuli (CS/US) at any of the behavioral stages
(Wilcoxon signed rank test, p � 0.05).

Trial-by-trial analysis. For each individual inhale during the acqui-
sition stage we sought the 10 most similar baseline inhales, by finding
those with the minimal Euclidean distance at 0 –300 ms postinhale
onset. We subtracted the mean response of the neurons from these 10
baseline inhales from the corresponding acquisition inhale. This pro-
vided us with a measure of the strength of the neural response that is
not due to the breathing per se (e.g., the motor response). We then
computed pairwise Spearman rank correlations between the strength
of the neural response and the strength of the behavioral response
measured as the volume of the tone-inhale. The neural responses of
each individual neuron were binned into five groups according to the
size of the corresponding behavioral response (i.e., 6 trials at bin � 5
bins � 30 trials). The neural response was z-scored and pooled to-
gether for population analysis.

Results
We designed a learning paradigm of tone-odor conditioning
(Fig. 1 A, B). Real-time detection of spontaneous inhalation
onsets was used to trigger tones (tone-inhale) or odors (odor-
inhale). Two new tones were introduced every day [aversive/
pleasant conditioned stimulus (ACS/PCS)] and predicted
delivery of either aversive or pleasant odor at the next inhale
[aversive/pleasant unconditioned stimulus (AUS/PUS)]. Ex-
perimental sessions consisted of habituation to tones; acqui-
sition of tone-odor associations; and extinction of these
associations. Each session started with a retention test for the
previous day tones. Overall, we recorded 316 single neurons
from the right Basolateral amygdala (BLA) of three monkeys
for which recording locations were confirmed according to
MRI scans with a calibrating electrode performed before, dur-
ing, and after recordings (Fig. 2, Table 1).

Acquisition and extinction of pleasant and aversive
tone-odor associations
To validate implicit valence, we analyzed volume modulations of
the odor-inhale (Fig. 3A). We observed a marked inhibition for
the aversive odor (defensive behavior) and an augmentation
for the pleasant odor (approach behavior, Fig. 3B; ANOVA, p �
0.01 for both), and this was the case in 83% of the sessions (63/76,
Fig. 2B, inset, p � 0.01, � 2).

Next, to examine learning of associations, we analyzed
tone-inhale modulations and found them to be significantly
augmented during acquisition (Fig. 3C), reflecting a condi-
tioned preparatory response. Paired tones resulted in differ-
ential inhales across the different stages— elevated during
acquisition when compared with habituation, and then re-
turned to baseline during extinction learning (Fig. 3D; p �
0.01, 2-way ANOVA)—and this was also the case when con-
sidering each valence/tone separately ( p � 0.05). Importantly,
they were different between aversive and pleasant associa-
tions, an effect that occurred gradually during the acquisition
stage (Fig. 3 D, E; p � 0.01, 2-way ANOVA). Further analysis
indicated that valence differences developed by trials 12–30 of
the acquisition (Fig. 3E; p � 0.01, post hoc tests), and reflect
the difference between mimetic responses to positive valence
and compensatory responses to negative valence.

This demonstrates that the monkeys learned to associate tones
with odors and their respective valence, and then learned to ex-
tinguish these associations.

Figure 1. Behavioral paradigm. A, Spontaneous breathing was continuously monitored
(blue line) and inhalation onsets were detected online (dashed vertical lines). Tone initiation
was triggered by onset of spontaneous inhalation and predicted odor release at the onset of the
next spontaneous inhalation. Each daily session, an ACS was paired with AUS, and a PCS was
paired with a pleasant odor PUS. Also shown is a typical UR which was an elevated inhale-
volume for pleasant odor (green) and reduced volume for aversive odor (red); and a typical
conditioned preparatory response (magenta, CR; a mimetic-response for the pleasant and
compensatory-response for the aversive odor). B, Each session started with a habituation
stage where the two new tones were presented without odors (10 trials of each, randomly
interleaved); followed by the acquisition stage described above (30 � 30 trials); and an
extinction stage, where the two tones were presented again without reinforcers (20 � 20
trials). At the beginning of each session, we first tested for overnight retention of associ-
ations by presenting the tones from the previous day (10 � 10 trials).
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Figure 2. Reconstructed recording locations. A, Recording sites in the three monkeys are projected on the nearest of three coronal slices of the amygdala (from Martin and Bowden, 2000). B,
Sample raw extracellular signal (upper trace) and the bandpass filtered signal (bottom trace), with two representative spike waveforms (green and red). C, MRI images (first and third column), their
magnification (second and forth columns) and the traces of calibrating electrode (white dashed line) in two monkeys. Amygdala borders (white line) are plotted on three perpendicular MRI planes
with recording sites overlaid (red dots). MRI was performed before, during, and after the recording period with 2–3 localization electrodes for alignment.
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Stage-dependent neuronal responses are evident in
spontaneous breath-locking
To quantify neural responses that relate to a learning stage and
that are not locked to specific stimuli, we used spontaneous inha-
lations that were not preceded by any stimuli (tone or odor) in
the last 10 respiratory cycles as a baseline. This revealed neurons
with periodic pattern of activity coupled to respiratory cycles
(Fig. 4A). To align neural activity across breathing cycles, spike
times were “warped” according to the duration of each individual
cycle (Fig. 4B). Then, we tested separately whether spontaneous
activity at habituation, acquisition or extinction is locked to re-
spiratory cycles (p � 0.05, Rayleigh’s test), and found that neu-
rons are either locked or not, depending on the specific stage (Fig.

4C). Overall, a significant number of neurons exhibited sponta-
neous locking activity during all stages (Fig. 4D, habituation:
35% acquisition: 49%; extinction: 38%; 111/159/123 cells respec-
tively, p � 0.01 for all, � 2), but many more did so during the
acquisition (p � 0.01, ANOVA). Moreover, during the acquisition
and extinction stages, but not in the habituation stage, most of the neu-
ronshadtheirpeakfiringrateat the firsthalfof therespiratorycycle (i.e.,
during the inhalation phase; p � 0.01, ANOVA).

In addition to the temporal locking, spontaneous inhalation
onsets evoked stronger responses at the acquisition stage com-
pared with habituation and extinction stages (Fig. 4E,F; p � 0.01,
ANOVA, p � 0.01, post hoc t tests contrasting acquisition). We
then compared tone-evoked to spontaneous-breathing-evoked
responses (notice that in our paradigm, all stimuli are locked to
breathing) and identified subpopulations of neurons that had a
reduced or increased response to the stimuli when compared
with breathing responses. Other subpopulations had tone-
evoked responses that can be fully accounted for by the sponta-
neous breathing activity (Fig. 4G). Hence, stimulus-evoked
responses can be correctly identified only when compared
with breathing-evoked responses, but not when compared
with standard baseline (i.e., averaging prestimulus responses without
taking breathing into account). We therefore normalize each stimuli-
response by the mean spontaneous inhalation response hereafter.

Together, these findings show that breathing-locked re-
sponses in the amygdala are abundant, but can be stage-de-
pendent in individual neurons. This could be a consequence of
the specific paradigm we use, emphasizing the flexibility of
amygdala neurons to represent the current state and change their
spontaneous activity accordingly (becoming locked to respira-
tory cycle in this case). These changes can serve to increase neu-
ronal sensitivity to an upcoming event, and in parallel, facilitate
cellular learning mechanisms.

Different subpopulations selectively signal acquisition
and extinction
We next explored how neurons acquire discriminative responses
for aversive and pleasant conditioned tones. To do so, we tested
for neurons that discriminate between ACS-PCS responses dur-
ing acquisition or extinction, but not during the habituation (p �
0.05, Wilcoxon-rank-sum test). Neurons were further classified
according to the magnitude of their response compared with
baseline as having aversive or pleasant selectivity (Fig. 5A,B). A
third group of neurons exhibited CS response that was different
in the acquisition or extinction when compared with the habitu-
ation, but did not discriminate between valence (PCS-ACS), and
we refer to them as “generalizing” cells (Fig. 5A,B, bottom row).
A total of 109 neurons were responsive during acquisition (44%
of responsive cells; acquisition-cells, p � 0.01, binomial test) and
100 neurons were involved in extinction (40% of responsive cells;
extinction-cells, p � 0.01, binomial test). We found that the pro-
portions of responding cells in the three different types of
valence-selectivity during both acquisition and extinction were
all above chance-level (Fig. 5C,D; p � 0.05, binomial test). How-
ever, there were significantly more aversive-selective cells during
the acquisition stage (Fig. 5C; p � 0.01, ANOVA), but a homog-
enous distribution for valence-selectivity during the extinction
stage (Fig. 5D; p � 0.1, ANOVA).

We further identified two types of responses in all groups:
increase in firing rates and decrease in firing rates in response to
the tones (Fig. 6A–D), and compared response types during ac-
quisition and extinction. Figure 6E shows that there was little
overlap between acquisition and extinction neurons for the three

Figure 3. Valence is evident in UR; acquisition and extinction of valence is evident in CR. A, UR:
release of aversive odor induced a defensive behavior: inhibition of inhale-volume (red) compared
with baseline spontaneous inhales (black); and conversely, release of pleasant odor induced an ap-
proach behavior: augmentation of inhale-volume (green). Shown are averages from two daily ses-
sions(topandbottomgraphs)withcorrespondinghistogramsofallsingleinhalations’volume(insets,
p � 0.01 for both, t tests). B, Mean modulation of inhale-volumes following aversive/pleasant odor
release. Rectangles at the bottom indicate Mean�SEM ( p�0.01, t test). Inset shows d	comparing
aversive and pleasant within each session, showing the effect is pronounced in most experimental
days (87%, p � 0.01, � 2). Histograms smoothed with a 3-bin kernel for presentation only. C, CR:
following acquisition, CS tones induced augmented preparatory inhale-volume, and this was signifi-
cantly higher for ACS (a compensatory-response) than for PCS (a mimetic-response, p�0.05, t tests).
Shown are averages from two daily sessions. D, Learning (CRs) developed during the acquisition and
then extinguished ( p � 0.01 for both learning-effect and valence-effect, two-way ANOVA). Extinc-
tion was not different from baseline ( p � 0.1, t test). E, Differential valence effect evolved more
gradually and was evident by trials 12–30 of the acquisition ( p�0.01, post hoc t tests), and returned
to baseline during extinction.
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Figure 4. Amygdala neurons are locked and synchronized to respiration in a stage-dependent manner. A, Raster plots of three single cells (rows) around onset of inhale (black line). B,
Phase-locking of these neurons revealed by computing PSTH after warping spike times in each individual respiratory cycle to 2�. C, Phase locking of four cells (rows) during (Figure legend continues.)

Livneh and Paz • Valence-Based Learning in Primate Amygdala Neurons J. Neurosci., June 20, 2012 • 32(25):8598 – 8610 • 8603



types of valence-selectivity (aversive, pleasant, and generalizing).
In fact, the proportion of neurons that responded during both
learning stages was not different from chance level (� 2, p � 0.1).
This suggests that populations of aversive, pleasant and general-
izing cells are largely independent for acquisition and extinction.

Further validating this finding, plotting the response of acquisition neu-
rons during extinction and vice versa indicates that neurons carry little
information for the other learning stage (Fig. 6B,C,E).

Neural responses are correlated with trial-by-trial behavioral
learned responses
We tested whether the acquired changes in neural activity to the
CS correspond to the instantaneous magnitude of the trial-by-
trial behavioral learned response (CR). Importantly, we made
sure that the acquired neural responses do not reflect the inhala-
tion, but reflect learning. To do so, we sorted tone-inhales during
the acquisition stage (CRs) according to their size, and then lo-
cated and matched for each tone inhale the 10 most similar base-
line spontaneous inhalations (Fig. 7A). Neural responses during
the acquisition were then corrected to the baseline responses,
resulting in a neural measure that is not due to respiration per se.
The corrected neural response of 64 cells significantly differed
from zero for the aversive CS (24% of responsive cells, t test, p �
0.05), indicating that these cells reliably modified their response
to the CS, even when breath related activity is taken into consid-

4

(Figure legend continued.) the different behavioral stages (columns). Black shows stages
where the neuron was significantly locked (p � 0.05, Rayleigh test), and gray when it was not.
D, Proportions of phase-locked neurons were significantly higher than chance level in all stages
(35%, 49%, 38% correspondingly; p � 0.01 for all, � 2), and the proportion during acquisition
increased significantly and then returned to baseline during extinction ( p � 0.01, � 2). E, In
addition to the phase-locking, cells exhibited a higher firing rate during the inhalation phase of
the cycle at the acquisition stage (notice that phase-locking potentially contributes, but not
necessarily). F, This was stronger in acquisition than in habituation or extinction. Shown is the
difference in firing rate between the three possible combinations of behavioral stages, aver-
aged over all neurons (lines represent significant bins, p � 0.05, t tests). G, Stimulus presenta-
tion could result in suppression of evoked activity that can be revealed only when compared
with baseline activity for spontaneous inhales. Shown are four representative neurons: left
column, a decrease relative to spontaneous cycles; right column, an increase; upper row, US
responses; lower row, CS responses.

Figure 5. Neurons acquire differential responses to valence during both acquisition and extinction. A, Acquisition neurons had selective tone responses (each row is one neuron, average response
over trials �SEM in shaded color) in the acquisition when compared with habituation (columns), and had either aversive-selectivity (top row), pleasant- selectivity (middle row), or generalizing
across valence (bottom row). B, Similarly for extinction neurons. See Results, Different subpopulations selectively signal acquisition and extinction, for definition and statistics used to identify and
categorize neurons. C, D, Proportions of acquisition (C) and extinction (D) cells for the three types of responses (�95% binomial confidence intervals). There were significantly more neurons than
chance level in all groups ( p � 0.05, binomial tests). There were significantly more aversive-selective neurons during acquisition, compared with all other groups ( p � 0.01, ANOVA).
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eration. This shows that CS related activity is not driven by the
conditioned response alone.

Next, we tested whether this corrected response holds more de-
tailed information about the strength of the memory. The neural
activity of 15% of the responsive cells significantly correlated with
the strength of the preparatory response on a trial-by-trial basis (p �
0.05, �2), with most of them having positive correlations (30/38;
79%, Fig. 7B). This was also true at the population level, as corrected
firing rate was significantly correlated with the magnitude of the
preparatory response when pooling all neurons with positive and
significant correlation (Fig. 7C, r � 0.8, p � 0.001) but also when
pooling responses of all available neurons (Inset in Fig. 7C, r � 0.19,
p � 0.01). Similarly, when we repeated the same analysis for the
pleasant trials we identified that the corrected activity of 11% (27) of
the cells was correlated with the strength of the behavioral response

at these trials. There was little overlap between the pleasant and the
aversive related neurons (11 neurons had significant correlation for
both).

Similar proportions were found for the extinction stage with
34 (14%) neurons having significant correlation with the behav-
ioral response, and only 8 of these cells were correlated during
acquisition as well. These results strengthen the findings that
functionally distinctive subpopulations of neurons exist in the
amygdala, and that these neurons represent the acquired re-
sponse on top of the transient behavioral response.

Independent representation of valence for CS and US reveals
an aversive bias
We identified aversive-selective, pleasant-selective and generaliz-
ing cells in a similar way as described above for the CS, but this

Figure 6. Distinct populations are recruited during acquisition and extinction. A–D, Population means (�SEM in shaded color) of all neurons after categorization based on whether they are
aversive-selective, pleasant-selective (middle column) or generalizing (last column), and whether they respond during acquisition (A) and/or extinction (D) compared with habituation. To
emphasize the richness of responses, we further separate neurons that increased their rate (top row) from neurons that decreased their rate (bottom row). Population means (�SEM) for the
acquisition neurons during extinction (B) and for the extinction neurons during the acquisition (C), suggest that the response of both group is limited to either the acquisition or the extinction. Notice
that selection of neurons for A, B was done without criteria for extinction, and for neurons in C, D without criteria for acquisition; hence the lack of responses suggest that neurons carry very little
information for the other stage. E, Few neurons had significant tone responses during both acquisition and extinction. The area of each circle and the intersection correspond to the number of neurons
in each group (exact numbers are mentioned). All three intersections were not significantly different from expected ( p � 0.1, � 2), indicating that distinct subgroups participate in acquisition and
extinction.
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time for the US (odor release, Fig. 8A). Overall, 57% of respon-
sive neurons had odor-driven responses (p � 0.01, binomial
test). In these neurons, we found that 54% of the US aversive-
selective neurons (32/59, p � 0.01, � 2), 42% of the US pleasant-
selective neurons (20/48, p � 0.01, � 2), and 38% generalizing US
neurons (14/37, p � 0.01, � 2) became CS-responsive during the
acquisition stage. These ratios were much higher than chance-
level, as indicated, but similar to the ratios of responding
acquisition-cells, i.e., CS-responses (p � 0.1, � 2). However,
whereas most of the acquisition responses of the US generalizing
neurons were of the generalizing type, i.e., responding to both
aversive and pleasant valence (Fig. 8B; p � 0.05, ANOVA); most
of the CS responses of the US valence-selective cells (i.e., pleasant
or aversive) were of the aversive type (Fig. 8B; ANOVA p � 0.01
for both). To validate this at the population level, we computed a
valence-selectivity index for the US response and compared it to
the CS valence-selectivity index. This revealed a mild, yet signif-
icant, overall tendency for aversive CS coding (Fig. 8C; p � 0.05,
t test). To account for intensity, we identified sessions in which
the absolute magnitude of breath modulation was similar for the
aversive and the pleasant odors (t test, p � 0.05; 35/76 sessions).
A total of 125 cells were recorded in these days, and when in-
spected separately, the aversive bias reported above was still pres-

ent (p � 0.05, �2 for both), suggesting that intensity is not the
only factor contributing to the valence-bias.

These results suggest that the amygdala slightly favors aversive
coding during learning, even when it receives equivalent input
regarding a pleasant reinforcer. It also shows the flexibility of
coding and plasticity, as neurons can respond to a reinforcer yet
acquire responses to a stimulus that predicts a reinforcer with the
“opposite” valence.

Overnight formation of aversive-bias
At the beginning of each daily session we performed a reten-
tion test for the two tones that were conditioned and extin-
guished on the previous day. Hence, this was a 24 h overnight
retention test. We compared the CR of aversive tone (volume
of tone-inhale, as described above) to that of pleasant CR and
found them to be significantly bigger (Fig. 9 A, B; p � 0.01, t
test). We verified that this is due to an increase response to the
aversive tone rather than decrease to the pleasant, by normal-
izing the CRs by the tone-evoked inhale-volume of the habit-
uation session that followed ( p � 0.01, t tests).

To compare valence relationships between retention and ac-
quisition, we compared neural selectivity of valence during the
retention test to the selectivity during the following acquisition

Figure 7. Preparatory neural responses indicate trial-by-trial learning. A, We matched 10 spontaneous inhales with the minimal Euclidian distance to each single-trial CR (preparatory behavioral
response). Shown are five different CRs (solid line of 5 different sizes for easier presentation) from one session overlaid with their matched spontaneous controls (thin line shaded color). Neural
responses from these controls were used to correct the neural response for the CS on a trial-by-trial basis, hence removing the portion of the response that belongs to the behavior per se (e.g.,
motor-inhale). B, trial-by-trial correlations of behavioral response (CR) with corrected CS-evoked neural response for 9 neurons (Spearman-correlation and p values are shown on top). C, CRs from
all trials and sessions were pooled to five bins according to relative size, and correlated with neural responses averaged across all cells with positive correlation. This revealed a significant relationship
(r � 0.8, p � 0.001, Pearson) between neuronal response and learning that is independent of the pure behavioral response. The relationship is significant also when using all available cells (inset,
r � 0.18, p � 0.01).
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session (for 2 new tones). We found that 22% of responsive cells
(44/199, p � 0.01, binomial test) discriminated between aver-
sive and pleasant tones during retention, but there was a higher
ratio for aversive-selectivity among cells that later had either

aversive- or pleasant-selectivity during ac-
quisition (Fig. 9C, 66% in both, p � 0.05
for both, binomial test). In addition, the
peak responses for aversive CS during re-
tention were significantly higher than for
pleasant CS, and this was so independent
of the valence-selectivity that the cell had
during the following acquisition session
(Fig. 9D; p � 0.05, t tests). To further con-
firm that this result is due to valence
rather than intensity (odors were matched
for intensity in preliminary experiments
with human subjects, p � 0.1, t test), we
repeated all analyses on a subset of days
(35/76, 125 neurons recorded in these ses-
sions) in which the absolute magnitude of
breath modulation was similar for aver-
sive and pleasant odors (t test, p � 0.05).
The aversive-bias effect was replicated
(p � 0.05 for all tests as in Fig. 9C,D),
suggesting that the main contributor is
valence.

The overall results suggest a mild, yet
significant, tendency for aversive repre-
sentation for long-term (overnight) asso-
ciation memories.

Discussion
Our results supply the first electrophys-
iological description of how neurons in
the primate amygdala are involved in
acquisition and extinction learning, and
in overnight retention of pleasant and
aversive memories. We developed a par-
adigm using tone-odor associations and
identified distinct neural populations
that specifically code for acquisition or
extinction and that are valence-

selective. We found that neurons fire at synchrony with respi-
ratory cycles in a stage-dependent manner that is enhanced
during acquisition. We find that different neurons signal for

Figure 8. Contingency and aversive-bias in CS-US relationships. A, Four representative neurons and their US (odor) responses (clockwise from upper-left corner: aversive-decreasing, aversive-
increasing, pleasant-decreasing, and pleasant-increasing). B, Cells were classified as aversive, pleasant, or generalizing based on their US responses and then tested for their CS selectivity.
Generalizing cells largely remained generalizing, whereas most aversive and pleasant US cells became aversive CS cells ( p�0.01, � 2). C, Plotting valence-selectivity index for US versus CS responses
of all cells reveals a mild but significant aversive-bias (inset shows mean � SEM, p � 0.05, t tests).

Figure 9. 24 h (overnight) retention reveals an aversive-bias in neural responses. A, Mean CR overlaid by individual traces (thin
lines) in the retention test of one session, i.e., the CS are the tones from the previous day acquisition. B, Mean CR from all sessions
for ACS versus PCS indicates memory for valence discrimination i.e., higher CR for ACS (red point corresponds to the session shown
in A. Insets show the difference between sessions above the identity line versus below the identity line in two ways: the number of
sessions (inset i; p � 0.05, � 2), and the mean inhale-volume relative to habituation (inset ii; p � 0.05, t tests). C, Proportion of
cells with aversive-selectivity (red) or pleasant-selectivity (green) during CS-evoked responses in retention, of cells that had
aversive-selectivity (left) or pleasant-selectivity (right) during CS-evoked responses in the acquisition stage. This reveals a clear
aversive bias in cells’ selectivity ( p � 0.05, binomial test; error bars represent �95% binomial confidence interval). D, Moreover,
both pleasant-selective and aversive-selective cells during acquisition had a significantly stronger average response for aversive CS
during retention (inset shows populations mean � SEM, p � 0.05 for both, t tests).
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positive valence, negative valence, or both (generalizing), and
we identify two types of aversive bias. One such bias occurs
during acquisition and formation of associations when neu-
rons that originally respond to pleasant US become responsive
to the aversive CS (but much less so for the opposite direc-
tion). Another type of aversive bias occurs after 24 h (over-
night), when neurons tend to respond more to the aversive CS
of the previous day, although they might later acquire
positive-selective responses (and again, much less so for the
opposite direction). Below, we discuss our findings in relation
to other rodent and primate studies.

We found that spontaneous firing in the BLA is synchro-
nized with respiratory cycles, and that there is increased tem-
poral locking and response magnitude during the acquisition
stage. Breath-locked cells were homogenously distributed
across the BLA ( p � 0.1, � 2, data not shown), suggesting that
it is not due to possible few recordings from the CeA or other
structures. Moreover, we demonstrate that stimuli-evoked
responses can be observed only when contrasted against spon-
taneous respiratory-related activity. This implies that decod-
ing occurs in downstream neurons that receive autonomic
information, as in the CeA that has reciprocal connection with
the brainstem and hypothalamus. A previous study reported
that neurons in the human BLA are locked to respiration, but
in much smaller numbers (Frysinger and Harper, 1989), and
this might indicate that the higher numbers we observed are
related to the actual paradigm we used— one that is dependent
on breathing and its cycle.

This, and our finding that locking is modulated by stage,
implies that the BLA is dynamically modulated by emotional
state. An alternative interpretation, which is not mutually ex-
clusive, is that it reflects increased attention during acquisi-
tion (Gallagher and Holland, 1994; Davis and Whalen, 2001;
Roesch et al., 2010). Nevertheless, our results show that this
modulation is not exhibited by a general tonic increase, but is
specific to the respiratory nature of the task, which might
suggest involvement of inputs from regions that participate in
active sniffing (Sobel et al., 1998; Shusterman et al., 2011), or
by noradrenergic innervations from the nucleus of the solitary
tract (NTS; Clayton and Williams, 2000), either directly or
indirectly via the thalamus or the insula. A recent study in
monkeys demonstrated locking to skin conductance responses
(SCR)—another autonomic response—in BLA neurons, even
in the absence of external stimuli (Laine et al., 2009). The
combined findings suggest that neurons in the BLA are en-
gaged in coding the current emotional or attentional state of
the animal as it changes along the different learning stages
(Murray, 2007; Morrison and Salzman, 2010).

These stage-dependent changes in spontaneous firing rates
can serve a double purpose. They can regulate signal-to-noise
ratio and dynamic sensitivity by providing different offsets for
CS-evoked phasic responses, either in BLA neurons themselves
or in their targets CeA neurons, as was recently found in the
rodent amygdala (Ciocchi et al., 2010). This was specifically dem-
onstrated here by neurons that reduced their activity when com-
pared with their elevated baseline breathing response. In parallel,
they can facilitate learning-dependent plasticity (e.g., LTP) and
population synchrony by providing focused elevated activity in
crucial times of behavior (Shusterman et al., 2011), i.e., when
expecting an event with emotional significance. In our paradigm,
odor-release was always synchronized with inhale onset, and we
indeed found higher activations and more neurons with peak

firing rates at the first half of the respiratory cycle—the inhale
stage.

We found that different subgroups of neurons code for
acquisition and for extinction, and reconstruction of electrode
locations suggests that these two groups are homogenously inter-
mingled within the BLA (p � 0.1, � 2). This is similar to recent
findings in the rodent amygdala (Herry et al., 2008), and we
extend this here to show that this is the case also for acquisition
and extinction of positive stimuli (Tye et al., 2010). We also
found that neurons that selectively respond to either valence of
the reinforcers (odors) and to acquired valence (i.e., the CS), are
also homogenously intermingled in the BLA (data not shown).
All in all, it seems the primate amygdala is equally important for
coding of both positive and negative associated cues (Paton et al.,
2006), and this view receives further support from studies that
show coding for relative complex facets of positive stimuli as its
magnitude (Bermudez and Schultz, 2010), and expectancy (Fus-
ter and Uyeda, 1971; Schoenbaum et al., 1998; Sugase-Miyamoto
and Richmond, 2005; Belova et al., 2007). Our observation of
significant number of generalizing neurons that code for both
types of valence is consistent with literature linking the amygdala
with evaluation of intensity (Anderson et al., 2003; Winston et al.,
2005) or absolute value (Morrison and Salzman, 2010; Roesch et
al., 2010).

In addition to homogenous coding of value, we show that
there are two types of aversive-bias. The first, learning-related
bias was observed when comparing unconditioned responses
for the US and acquired responses for the CS. This revealed
that there is a higher tendency for neurons that code for pos-
itive reinforcer to acquire responses for the aversive CS than
vice versa. The second bias was revealed when comparing re-
sponses for the previous day associations to responses for the
new associations formed in the session. These two types of
bias suggest that although the amygdala might equally evalu-
ate aversive and pleasant cues, it selectively potentiates
aversive-related information for the longer-term. Such over-
night plasticity can induce downstream changes, as was re-
cently observed in Ce neurons (Duvarci et al., 2011). Our
results can therefore reconcile previous notions that regarded
the amygdala as the “fear center” of the brain, mainly due to
the influential work on aversive classical conditioning (Le-
Doux, 2000), with the wealth of aforementioned findings that
associated the amygdala with processing of positive stimuli,
and the recently emerging view that the amygdala is equally
important in evaluating both types of valence (Baxter and
Murray, 2002; Murray, 2007; Tye et al., 2008; Morrison and
Salzman, 2010). Our study uses the same modality to confirm
that the amygdala is important for the processing of negative
and positive contingencies, yet to show that negative valence
can induce further plasticity for longer-term memory. This
provides further insight to why the amygdala is implicated in
traumatic memories (Milad et al., 2006; Shin et al., 2006).

Several studies have recently shown that immediate ex-
tinction-training results in less extinction consolidation and
higher levels of the original memory in the following day
(Maren and Chang, 2006; Schiller et al., 2008; Woods and
Bouton, 2008). We replicated and used this here. Because we
did not introduce sessions without extinction and because
comparing breathing across days is variable and very context-
dependent, it is hard to conclude whether the memory has
recovered completely or whether it is still somewhat dimin-
ished. However, our behavior clearly shows that extinction
was complete in the same day and that there was clear memory
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(spontaneous recovery) of the associations in the following
day. This allowed us to investigate the activity of single neu-
rons in the primate amygdala in relation to both effects, and
provide first evidence to the dynamics of coding during ex-
tinction and long-term (overnight) retention of pleasant and
aversive memories.
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