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Abstract

Research in humans has highlighted the importance of the amygdala for transient modulation of
cortical areas for enhanced processing of emotional stimuli. However, non-human animal data has
shown that amygdala dependent threat (fear) learning can also lead to long lasting changes in
cortical sensitivity, persisting even after extinction of fear responses. The neural mechanisms of
long-lasting traces of such conditioning in humans have not yet been explored. We used functional
magnetic resonance imaging (fMRI) and assessed skin conductance responses (SCR) during threat
acquisition, extinction learning and extinction retrieval. We provide evidence of lasting cortical
plasticity in the human brain following threat extinction and show that enhanced blood oxygen
level-dependent (BOLD) signal to the learned threat stimulus in the auditory association cortex is
resistant to extinction. These findings point to a parallel avenue by which cortical processing of
potentially dangerous stimuli can be long lasting, even when immediate threat and the associated
amygdala modulation have subsided.
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1. Introduction

It is well known that emotion can influence perception through amplified processing of
emotionally relevant stimuli, especially when danger is involved (Vuilleumier & Driver,
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2007). We are just beginning to understand the brain mechanisms underlying such emotional
modulation of perceptual processing. Recent investigations into the effects of emotion on
perception have focused on a neural model by which the amygdala can alter perception
through transient modulatory effects of emotional arousal on sensory processing regions in
the cerebral cortex (Rotshtein, Malach, Hadar, Graif & Hendler, 2001; Sabatinelli, Bradley,
Fitzsimmon, & Lang, 2005; Vuilleumier, Richardson, Armony, Driver, & Dolan, 2004),
however studies in non-human animals have shown that sensory cortical reactivity following
threat learning can also be long lasting (e.g., Weinberger, 1998).

In Pavlovian threat (fear) conditioning, a conditioned stimulus (CS), such as a tone, is paired
with an electric shock unconditioned stimulus (US). The CS then elicits a conditioned
behavioral response, and increased neural activity in the amygdala (e.g. LaBar, Gatenby,
Gore, LeDoux, & Phelps, 1998). Subsequently, repeated presentation of the CS without the
US then results in extinction of the conditioned behavioral responses and diminished
amygdala reactivity to the conditioned stimulus (Phelps, Delgado, Nearing, & LeDoux,
2004). Animal models have shown enhanced sensory cortex reactivity to the CS that, in
some circumstances, persists through extinction (Armony, Quirk, & LeDoux, 1998; Quirk,
Armony, & LeDoux, 1997; Weinberger, 1998). The possible capacity of threat conditioning
to influence perceptual representation of predictive cues in human cortex has recently been
demonstrated using an odor discrimination task, showing that Pavlovian aversive
conditioning has the capacity to induce plastic changes in the piriform cortex, resulting in an
updated perceptual representation (Li, Howard, Parrish, & Gottfried, 2008). In parallel, it
has been shown that threat learning can lead to experience-dependent cholinergically
modulated plasticity in the human auditory cortex (Thiel, Friston, & Dolan, 2002). However,
it is not known if after successful extinction learning in humans, cortical plasticity is
maintained as has been shown in non-human animals (Armony et al., 1998; Quirk et al.,
1997; Weinberger, 1998). The spontaneous recurrence or relapse of anxiety disorders and
the chronic course of Post Traumatic Stress Disorder (PTSD) could be clinical correlates of
extinction resistant plastic neural changes.

Fear conditioning and subsequent extinction learning has been used as a model for the
treatment of anxiety disorders, implicating the amygdala and ventromedial prefrontal cortex
(vmPFC) as critical components of the underlying neural circuitry (Milad & Quirk, 2012).
Morgan, Romanski, and LeDoux (1993) were the first to show that pretraining vmPFC
lesions had no effect on threat conditioning but impaired extinction. Since then a large body
of non-human animal work demonstrated that the infralimbic prefrontal cortex (IL) plays a
critical role in the acquisition and retrieval of extinction (Bouton, 1993; Bush, Sotres-Bayon,
and LeDoux, 2007; Milad & Quirk, 2002, 2012; Rescorla, 2004; Sotres-Bayon & Quirk,
2010). Building on this animal model, Phelps et al. (2004) showed that activation in the
vmPFC during acquisition and retention of extinction, providing an analogue of the IL in
humans and suggesting that the mechanism for extinction learning may be preserved across
species. Furthermore it has been shown in humans that the magnitude of vmPFC activation
to the extinguished stimulus is positively correlated with the magnitude of extinction
retention (Milad, Wight et al., 2007a, Milad, Quirk, et al. 2007b) and that the thickness of
the vmPFC is correlated with extinction retrieval (Hartley, Fischl, & Phelps, 2011; Milad,
Orr, Pitman, & Rauch, 2005). Although it is known that conditioned responses to the CS can
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recover after extinction through passage of time (spontaneous recovery), changing contexts
(renewal) or by presenting the US alone (reinstatement) (Bouton, 2004; Rescorla, 2004;
Rescorla & Heth, 1975), possible cortical extinction-resistant changes in the human brain
have received little attention.

The goal of the present study was to determine whether long lasting effects of emotional
learning, reflected in persistent sensitivity changes in sensory cortex, can be observed in the
human brain. This would offer a secondary mechanism alongside temporary online
modulation of emotional processing, in which lasting cortical changes allow enhanced
processing of relevant emotional stimuli.

We developed an auditory threat conditioning paradigm adapted for use during functional
magnetic resonance imaging (fMRI) to examine long lasting CS elicited changes in the
human auditory cortex during threat learning and extinction. We used fMRI to measure
blood-oxygenation-dependent (BOLD) responses as an index of differential brain activation.
Our physiological measure of conditioning was skin conductance responses (SCR).

2. Materials and methods

2.1. Participants

Twenty-four healthy right-handed subjects, between 18 and 40 years of age, were recruited
through posted advertisements. Eight of these subjects were eliminated after day 1 due to a
lack of SCR (nonresponders, N = 3) or a failure to show acquisition of the conditioned
response (n = 5). The remaining sixteen subjects (8 male, 8 female, mean age of 27 years)
completed the study. All subjects gave informed consent and were paid for their
participation.

2.2. Design and procedure

Sixteen subjects were scanned during our auditory conditioning and extinction paradigm.
The CSs were two easily distinguishable pure tones (800 and 170 Hz) that were outside the
range of the scanner noise. The unconditioned stimulus (US) was a mild electric shock to the
wrist. All CSs were presented for 4 s, with a 12 s fixed inter-trial-interval (ITI). One of the
tones was designated as the CS+ (paired with the shock on 42% of the trials) and the other
as the CS— (never paired with the shock). Subjects were instructed of these contingencies
prior to the start of the conditioning paradigm. There were three phases to the study. The
first phase was acquisition, consisting of randomized unreinforced presentations of the CS+
and CS— (15 repetitions each), intermixed with an additional 8 reinforced presentations of
the CS+ that coterminated with the US. The extinction phase immediately followed
acquisition and consisted of randomized unreinforced presentations of the CS+ and CS- (19
repetitions each). Approximately 24 h after the first session, subjects participated in the third
phase, re-extinction, which was similar to extinction and consisted of 19 randomized
unreinforced presentations of the CS+ and CS- each. Prior to reextinction, subjects were
told that the procedure would be similar to day 1, but shorter. The order of the trials and the
designation of tones to CS+ and CS- were counterbalanced across subjects using two
pseudorandom orders.
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Mild electric shocks were delivered through a stimulating bar electrode attached with a
Velcro strap to the right wrist. A Grass Instruments stimulator was used with cable leads that
were magnetically shielded and grounded through an RF filter. The subjects were asked to
set the level of shock for themselves using a work up procedure prior to scanning on day 1.
In this procedure, the subject was first given a mild shock (200 ms duration, 50 pulses/s)
which was gradually increased to the maximum level the subject indicated was
“uncomfortable, but not painful” (the maximum shock possibly given will be 50 V). Skin
conductance was assessed with shielded Ag—AgCl electrodes attached to the middle
phalanges of the second and third fingers of the left hand using BIOPAC systems skin
conductance module. The electrode cables were grounded through an RF filter panel.
Offline data analysis of SCR waveforms was conducted using AcqKnowledge software. The
level of SCR was assessed as the base to peak difference for the largest deflection in the
0.5-4.5 s window following stimulus onset (see LaBar, LeDoux, Spencer & Phelps, 1995).
The SCR analysis included only trials that did not coterminate with a presentation of the US.

2.3. Neuroimaging acquisition and analysis

The study was conducted at the NYU Center for Brain Imaging using a 3T Siemens Allegra
scanner and a Siemens head coil. The scanning session began with MPRAGE anatomical
scans to obtain a 3D volume for slice selection. This scan was followed by acquisition of 3
mm thick axial slices to obtain anatomical slices in the same plane as the functional data
acquisition. Functional scans used a gradient echo sequence, TR =2 s, TE = 20, flip
ANGLE =90, FOV =192, 3 mm slice thickness. A total of 39 axial slices were sampled for
whole brain coverage. The in-plane resolution was 3mm x 3 mm. Functional image
acquisition was divided into three runs on day 1, such that the second break between
sessions occurred 8 trials into the Extinction phase, and could not indicate a transition
between the phases. There were two runs on day 2, both for extinction. Between runs there
was a break of approximately 15-30 s.

Imaging data were analyzed using Brain VVoyager software (version QX). The data were
temporally and spatially smoothed (4 mm FWHM) and motion corrected. We set a threshold
of 2 mm of movement in any direction to eliminate subjects with excessive head movement.
None of the subjects exceeded this threshold. Structural and functional data of each
participant were transformed to standard Talairach stereotaxic space (Talairach & Tournoux,
1998).

Based on the models of the auditory threat learning circuitry in animals, we selected
anatomical regions of interest (ROIs) in the bilateral amygdala, auditory thalamus, auditory
cortex and ventral medial prefrontal cortex (vmPFC), which was selected as an analog to the
infralimbic region known to play a role in extinction learning in non-human animals. Within
these anatomical ROIs we then identified functional clusters using a contrast of both CS+
and CS- tones vs. background noise during ITI (defined as voxels within 10 mm diameter
sphere of the peak coordinates that showed significance of p < 0.01 in the statistical group
map, Bonferroni corrected).

Consistent with previous studies, a lower threshold was used for the amygdala due to the a
priori hypotheses for response (P < 0.005, uncorrected) and was selected using a contrast of
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CS+ > CS- during early acquisition. For all ROIs we performed paired two-way t-tests on
the percent BOLD signal change evoked by the CS+ compared to the CS— during each stage
(early and late phases of acquisition, day 1 extinction, day 2 extinction) of the experiment.

3. Results

3.1. Psychophysiological measures of threat learning and extinction

During acquisition, the participants showed increased conditioned responses, as indicated by
a greater SCR to the CS+ as compared to the CS— in early and late acquisition (paired two-
way t tests, t(15) = 3.02; t(15) = 3.44, respectively, both P < 0.01). This increase of SCR to
the CS+ persisted during early extinction on both days (15) = 3.21; t(15) = 2.93,
respectively, both P < 0.01), which diminished, as compared to the CS— in late phases of the
extinction sessions (t(15) = 1.04; t(15) = 0.83, respectively, both NS) (see Fig. 1).

3.2. fMRI results

As expected, the left amygdala (x, y, z= -22, -3, -9; Fig. 2a), ROI defined as CS+ > CS-
during early acquisition, showed a pattern of activation that mimicked the SCR, showing
increased responses to the CS+ compared to the CS— during late acquisition and early
extinction on both days (t(15) = 2.15; t(15) = 1.61; t(15) = 1.54, respectively, all P < 0.01) and
no significant difference between CS+ and CS- activation during late extinction on both
days (t(15) = 1.17; t(15) = 0.98, respectively, both NS; Fig. 2b).

The vmPFC (x, y, z= -1, 41, -2; Fig. 2c), ROI defined as all tones (CS+ and CS- >
background noise), showed a similar pattern of differential responding but in the opposite
direction prior to full extinction on day 2. That is, there was a significant decrease in CS+
evoked BOLD response in relation to the CS— during early and late acquisition and
extinction on day 1 (t(15) = —2.74; t(15) = —=2.98; t(15) = =4.02, t(15) = 2.15; respectively, all P
< 0.01; Fig. 2d). On day 2 BOLD vmPFC responses to the CS+ t(;5) started increasing with
still a significant difference CS+ vs. CS— difference during early extinction (t(15) = =2.34; P
< 0.01) but no difference during late extinction (t(15) = —1.30; NS).

We also conducted a post hoc, exploratory ROI analysis on the dorsal anterior cingulate
(dACC x,y, z= -3, 24, 22) using a contrast of all tones vs. background. The dACC has been
implicated in human threat learning analogous to conditioned threat responses found in the
rodent prelimbic cortex (PL) (Knight, Smith, Cheng, Stein, & Helmstetter, 2004; Phelps et
al., 2004; Milad, Wight et al., 2007a, Milad,. Quirk, et al. 2007b). It has been suggested that
the rodent PL is critical for maintaining conditioned freezing and preventing the course of
extinction learning (Milad & Quirk, 2012). Replicating previous findings, we found
significantly greater dJACC activation for CS+ vs. CS— during all of acquisition (t(15) = 2.42;
t(15) = 2.74; respectively, both P < 0.01) and extinction on day 1 (t(15) = 2.27; t(15) = 2.32;
respectively, both P < 0.01), including early extinction on day 2 (t(15) = 2.09, P < 0.01), but
no difference by the end of extinction training for CS+ vs. CS— (t(15) = 0.92; NS). These
results further support the idea that the dACC is involved in maintaining the expression of
fear, but that its activity subsides when the conditioned responses have successfully been
extinguished.
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To explore the effects of threat learning on sensory processing regions, we examined BOLD
responses in the auditory thalamus (x, y, z, = 4, -2, —12; Fig. 3a), as well as the primary (X,
y, z=-46, -21, 9; Fig. 3c) and auditory association cortices (X, y, z= —60, —21, 13; Fig. 3c),
all a priori ROIs defined as regions responsive to all tones (all CS+ and CS- > background
noise). Thalamic BOLD signals increased in response to the CS+ in relation to the CS—
during early and late acquisition (t(15) = 2.33; t(15) = 2.15; respectively, both P < 0.01) and
decreased gradually during subsequent extinction phases (t(15) = 2.11; t(15) = 1.90; t(15) =
1.73; respectively, all P < 0.01; Fig. 3b), such that the CS+ was not significantly different
from the CS- during the final extinction phase on day 2 (t(15) = 0.96; NS).

The primary auditory cortex also showed a significant increase in BOLD response to the CS
+ during early and late acquisition and extinction on day 1 (t(15) = 2.23; t(15) = 2.45; t(15) =
3.04; t(15) = 2.14; respectively, all P < 0.01; Fig. 3d), after which the CS+ no longer
statistically differed from the CS—on day 2 (t(15) = 1.67; t(15) = 0.97; NS). We observed a
different pattern in the auditory association cortex. During early and late acquisition, CS+
evoked BOLD responses significantly increased compared to the CS- (t(15) = 3.15; t(15) =
4.10; respectively, both P < 0.001,), consistent with the pattern observed in the amygdala,
auditory thalamus and primary auditory cortex. However, in contrast to these regions, the
pattern in the auditory association cortex was maintained throughout both extinction
sessions (t(15) = 3.58; t(15) = 3.82; t(15) = 4.10; t(15) = 4.38; respectively, all P < 0.001; Fig.
3e) including the last phase of extinction on day 2 (Fig. 4).

4. Discussion

The present study provides novel evidence for a persisting representation of threat memories
in the human auditory association cortex following extinction learning. We found that the
representation of the threat memory persists in this region, even after physiological
conditioned reactions have disappeared in the course of extinction, and differential BOLD
responses to the CS+ are no longer present in other brain regions involved in threat learning.
These findings point to an important avenue by which processing of potentially dangerous
stimuli can be enhanced, namely through lasting rather than transient changes in human
sensory cortex following threat learning.

Subjects in this study underwent successful differential threat conditioning and extinction
learning as measured by SCR on day 1. The return of the conditioned response during early
extinction on day 2 is potentially due to spontaneous recovery, a basic phenomenon of
Pavlovian conditioning (Bouton, 1993). Nevertheless, the facilitated extinction from early to
late phases on day 2 compared to day 1, as shown by a significant difference between
differential SCR in late extinction across days, indicates that subjects recalled extinction
learning on day 2. Neural models of extinction, built on both animal work and previous
human visual conditioning studies, suggest that the vmPFC is involved in the acquisition
and long-term expression of extinction learning (Milad & Quirk, 2012). Our results are in
accordance with this notion and further indicate the involvement of the vmPFC in the recall
of extinction memory for auditory stimuli in humans.
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The pattern of amygdala activation mirrored the expression of threat learning and extinction
as measured by SCR. Similar changes in amygdala activation patterns have been found in
non-human animals in studies examining single unit responses during threat acquisition and
extinction (Repa et al., 2001), and in humans during fMRI of conditioning with visual CSs
(LaBar et al., 1998; Phelps et al., 2004; Milad, Wight et al., 2007a, Milad, Quirk, et al.
2007b; Schiller et al. (2008), Schiller, Levy, Niv, LeDoux, Phelps (2008)). In line with
studies in rodents, conditioned thalamic responses to auditory stimuli increased during
acquisition and decreased during subsequent extinction (McEchron et al., 1996).

In our study extinction resistant responses of the auditory association cortex, although not
sufficient to drive defensive behavior, are nevertheless maintained and represented. This
might be advantageous in allowing a quicker responding to a stimulus that has been
predictive of danger in the past. It has been suggested that a network of extinction resistant
neurons within the sensory cortex (Armony et al., 1998; Li et al., 2008) and lateral nucleus
of the amygdala (Repa et al., 2001) act together to reengage the amygdala when threat
reappears. This is based on evidence that, following extinction, the memory of the emotional
event is persistent in the amygdala, as evident by neurons in the lateral nucleus that remain
responsive to the CS+ even after extinction (Repa et al., 2001). In addition it has been shown
that an intact amygdala is necessary for the maintenance of extinction resistant responses in
auditory cortex (Chavez, McGaugh, & Weinberger, 2009). However, in the current study we
could not demonstrate comparable, extinction resistant, localized BOLD responses within
the human amygdala. This may be due to the relatively low spatial resolution of the
conventional fMRI technique compared to single unit recordings of subnuclei that have been
shown to mediate extinction resistant plasticity in the rat amygdala. It is possible that the
amygdala BOLD responses we observed were primarily driven by the central nucleus, a
subdivision of the amygdala known to decrease its responses during extinction (Milad &
Quirk, 2012). Another region, namely, the primary auditory cortex, has also been shown to
exhibit lasting changes following threat conditioning and other associative auditory learning
paradigms in non-human animals (Fritz, Shamma, Elhilali, & Klein, 2003; Weinberger,
1998). In our study we found significant long-lasting changes to CS+ only in the auditory
association cortex, which is the main auditory cortico-amygdala projection in rats (Doron &
LeDoux, 1999). This would suggest that in humans a long lasting association is maintained
by the auditory association cortex, rather than by the primary auditory cortex. In non-human
animals associative representational plasticity in the auditory cortex has been shown to
selectively facilitate responses to the tonal CSs with the characteristics of being highly
specific, discriminative, rapidly acquired and very long lasting (Weinberger, 2007). In
addition, it has been shown that when threat memories become long lasting they become to
rely on sensory cortices (Sacco and Sacchetti, 2010). Furthermore, tones that acquire
behavioral importance have been shown to have a larger area of representation in the
auditory cortex and can be induced by stimulating the amygdala (Chavez et al., 2009). It is
plausible that the amygdala is involved in initial “training” of the auditory cortex, to mark
the significance of a certain sound, and that the association for this learned significance
leads to a persistent memory trace in some cortical and amygdala neurons.

It would be of interest for future work to examine the behavioral significance of extinction
resistant cortical responses. We hypothesize that when a previously conditioned stimulus is
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extinguished, and therefore does not elicit any bodily threat responses, a neural signature of
the previously conditioned stimulus can still be preserved. Maintaining elevated cortical
responding to a previously threatening stimulus could be a way to keep the possible threat of
this stimulus highlighted. Future studies could test this hypothesis by using a previously
extinguished CS+ as a CS- combined with a second CS- (novel) and novel CS+ to compare
differential BOLD responses.

In summary, our results reveal that threat-related changes in the human auditory association
cortex are long lasting and persist even when physiological conditioned responses (indicated
by SCR) are no longer expressed. This suggests that emotion not only can lead to transient
modulation of sensory regions by the amygdala, but that threat learning can leave a
persistent mark on the sensitivity of human sensory cortex, which should affect future
perception and actions. These persistent cortical changes following threat learning can have
important clinical implications relating to the return of threat-elicited conditioned responses
after initial successful extinction learning.
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Fig. 1.
Skin conductance response (SCR) during auditory threat learning. Square root transformed

mean SCR to the CS+ (black bar) and CS— (white bar) averaged for all subjects (n = 16)
across acquisition, day 1 and day 2 extinction. Data is divided into an early (19 trials of each
stimulus) and late phase (19 trials of each stimulus) for each session. Asterisks represent a
significant difference (P < 0.01) of CS+ vs. CS—, and during extinction between CS+ in
early vs. late extinction.
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Fig. 2.
Amygdala and vmPFC BOLD signal during threat acquisition and extinction. (A) Left

Amygdala activation. (B) Amygdala mean% BOLD signal changes to CS- and CS+ during
acquisition, extinction day 1, extinction day 2. (C) vmPFC activation. (D) vmPFC mean%
BOLD signal changes to CS— and CS+ during acquisition, extinction day 1 and extinction
day 2. Asterisks represent significantly greater BOLD responses to the CS+ than the CS- for
each phase, P < 0.01.
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Page 13

Auditory thalamus (MGB) and Auditory Cortex BOLD signal during threat acquisition and
extinction. (A) Auditory thalamus activation (circle). (B) Auditory thalamus mean% BOLD
signal changes to CS— and CS+ during acquisition, extinction day 1, extinction day 2. (C)

Primary auditory cortex (dashed circle) and auditory association (solid circle) cortex

activation revealed by the CS+ and CS- against background noise contrast. (D) Primary

auditory cortex mean% BOLD signal changes to CS+ and CS- during acquisition,

extinction day 1, extinction day 2. (E) Auditory association cortex mean% BOLD signal
changes to CS- and CS+ during acquisition, extinction day 1, extinction day 2. Asterisks
represent significantly greater BOLD responses to the CS+ than the CS- for each phase, P <

0.01.
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Fig. 4.
Difference scores (CS+ minus CS-) for the final stage of extinction on day 2, showing

sustained activation to the conditioned tone only in the Auditory Association Cortex, P <
0.01.
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