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Abstract

Extinction training is a form of inhibitory learning that allows an organism to associate a
previously aversive cue with a new, safe outcome. Extinction does not erase a fear association, but
instead creates a competing association that may or may not be retrieved when a cue is
subsequently encountered. Characterizing the conditions under which extinction learning is
expressed is important to enhancing the treatment of anxiety disorders that rely on extinction-
based exposure therapy as a primary treatment technique. The ventromedial prefrontal cortex,
which plays an important role in the expression of extinction memory, has been shown to be
functionally impaired after stress exposure. Further, recent research in rodents found that exposure
to stress led to deficits in extinction retrieval, although this has yet to be tested in humans. To
explore how stress might influence extinction retrieval in humans, participants underwent a
differential aversive learning paradigm, in which one image was probabilistically paired with an
aversive shock while the other image denoted safety. Extinction training directly followed, at
which point reinforcement was omitted. A day later, participants returned to the lab and either
completed an acute stress manipulation (i.e., cold pressor), or a control task, before undergoing an
extinction retrieval test. Skin conductance responses and salivary cortisol concentrations were
measured throughout each session as indices of fear arousal and neuroendocrine stress responses,
respectively. The efficacy of our stress induction was established by observing significant
increases in cortisol for the stress condition only. We examined extinction retrieval by comparing
conditioned responses during the last trial of extinction (day 1) with that of the first trial of re-
extinction (day 2). Groups did not differ on initial fear acquisition or extinction, however, one day
later participants in the stress group (n = 27) demonstrated significantly less extinction retrieval
(i.e., greater fear recovery) than those in the control group (n = 25). Our results suggest that acute
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stress impairs extinction memory retrieval and offers insight into why treatment strategies used in
the clinic may be challenging to recruit in daily life where stress is pervasive.
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1. Introduction

The capacity to regulate fear responses to cues as they change from predicting danger to
safety is critical to shaping healthy, adaptive behavior. Extinction learning refers to the
process by which conditioned fear responses to a cue (conditioned stimulus, or CS) that has
acquired affective properties after being paired with an aversive outcome (unconditioned
stimulus, or US) gradually diminish as the cue is repeatedly presented without reinforcement
(Pavlov, 1927; Bouton, 2004). Since extinction training leads to the suppression of fear
responses by creating a new, safe CS-association, it does not eliminate the original CS-US
association, leaving extinction learning vulnerable to retrieval deficits that enable the
recovery of conditioned fear responses (Quirk & Mueller, 2008). Characterizing the
conditions under which extinction learning is susceptible to retrieval impairments is critical
because this learning comprises the foundation of exposure therapy, a therapeutic technique
used by clinicians to treat anxiety disorders such as phobias and posttraumatic stress
disorder (PTSD) (Rothbaum & Schwartz, 2002; Vervliet, Craske & Hermans, 2013).
Importantly, deficits in retrieving extinction learning are thought to underlie the re-
emergence of anxiety symptoms in these populations after treatment (Shin & Liberzon,
2010; Vervliet et al, 2013).

Research across species has shown that the failure to retrieve extinction training can occur
over time (spontaneous recovery), after a change in context (renewal), or after exposure to
the US (reinstatement) (Bouton, 2004). Another important, but relatively unexplored, factor
that may promote impaired extinction retrieval is exposure to stress. Stressful life events and
experiences often precede the onset of anxiety disorders and can trigger the return of clinical
symptoms after successful treatment (Cisler et al, 2009; Shin & Liberzon, 2010; Vervliet et
al, 2013). Importantly, the brain regions that support extinction learning and retrieval
overlap extensively with those that modulate neuroendocrine responses to stress, rendering
these processes especially sensitive to the influence of stress. Nonetheless, the relationship
between acute stress and the expression of extinction memory has not been directly
examined in humans.

Stress and stress hormones (i.e., glucocorticoids) have long been implicated in modulating
learning and memory processes, but these effects differ considerably depending on the stage
at which stress is assessed (i.e., acquisition, consolidation, retrieval) (McGaugh, 2004;
Roozendaal, McEwen, & Chattarji, 2009). For example, across a wide range of declarative
and episodic learning and memory tasks, stress and stress hormones (i.e., glucocorticoids)
have been shown to enhance the consolidation of memory but lead to memory deficits when
administered directly before retrieval (for review, see: Roozendaal, 2002; Wolf, 2009).
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These divergent effects are thought to be due to interactions between the brain regions that
support different learning and memory phases and the influence of glucocorticoids during
stress exposure (McGaugh, 2004; Wolf, 2009; Roozendaal, McEwen, & Chattarji, 2009;
Roozendaal & McGaugh, 2011). However, little work has assessed stress-related retrieval
effects in the context of associative learning and memory processes (Rodrigues, LeDoux &
Sapolsky, 2009). Neurobiological research in non-human animals has provided a detailed
understanding of how stress interacts with the neural circuitry that supports each phase of
cued-based fear conditioning and extinction, offering insight into how stress can
differentially affect the way in which aversive associations are learned, extinguished and
later retrieved.

The acquisition, consolidation and retrieval of cued fear conditioning rely on the amygdala,
which serves as the site of CS-US convergence (LeDoux 2000; Maren 2001). During stress
exposure, noradrenaline release in the brain enhances amygdala function and interacts with
circulating glucocorticoids to modulate fear learning and consolidation (Roozendaal,
McEwen, & Chattarji, 2009). Consistent with this, work in rodents has shown stress
exposure or administration of glucocorticoids facilitates both the acquisition (Wilson et al,
1975; Shors et al, 1992; Shors, 2001) and consolidation (Hui et al. 2004; Rau & Fanselow,
2009) of cued fear learning.

Extinction learning and consolidation involve both the amygdala and ventromedial
prefrontal cortex (vmPFC) (Myers & Davis, 2007; Quirk & Mueller, 2008; Sierra-Mercado
et al, 2011). Brief exposure to stress can produce morphological changes to neurons in the
infralimbic (IL) cortex (homologous to the vmPFC in humans) (Izquierdo et al, 2006) and
impaired plasticity between the vmPFC and amygdala (Maroun & Richter-Levin, 2003).
Empirical work examining how stress affects extinction learning has been inconsistent,
however, with some finding no effect of stress on learning (Miracle et al, 2006; Garcia et al,
2008; Knox et al, 2012) and others reporting impairments (1zquierdo et al 2006; Akirav &
Maroun, 2007; Maroun et al 2013). The consolidation of extinction learning, however, is
enhanced with glucocorticoid administration, suggesting that despite the variable effects of
stress on extinction learning, stress hormones facilitate the long-term storage of such
training (Cai et al 2006; Yang et al, 2006). The vmPFC also plays a key role in the retention
and later retrieval of extinction learning (see Milad & Quirk, 2012, for review). Chronic
stress (Miracle et al, 2006; Garcia et al, 2008; Wilber et al, 2011) and single, prolonged
stress exposure (Knox et al, 2012) has been shown to impair extinction retention after intact
training. Additionally, recent work has shown that a single episode of acute stress induced
directly before an extinction retention test leads to extinction retrieval deficits and the re-
emergence of extinguished fear (Deschaux et al, 2013).

An emerging body of research examining the effects of stress and glucocorticoids on human
fear conditioning and extinction has been largely consistent with these findings. Stress
exposure (Jackson et al., 2006), high levels of endogenous cortisol (Zorawski et al., 2005;
Zorawski et al., 2006; Grillon et al., 2006) or exogenous administration of cortisol (Kuehl et
al., 2010) have all been shown to facilitate fear learning and consolidation, although gender
specific effects have been reported (Jackson et al., 2006; Zorawski et al., 2005; Kuehl et al.,
2010). Few studies in humans have examined the effect of stress on extinction learning and

Neurobiol Learn Mem. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Raio et al.

Page 4

consolidation, however work in phobic patients has shown that glucocorticoid
administration prior to exposure therapy leads to reduced cued-related fear responses that
persists after treatment at follow up, suggesting that glucocorticoids enhance extinction
learning and consolidation (Soravia et al., 2006; de Quervain et al., 2011). The effects of
stress on fear memory retrieval and extinction processes were recently examined in healthy
humans (Bentz et al., 2013). In this study, participants underwent a fear-conditioning task
and returned a day later for a retrieval test and extinction training. Stress induced directly
before extinction training led to lower US-expectancy ratings at the start of extinction in
males who showed robust cortisol responses to stress, suggesting that stress impaired fear
memory retrieval compared to controls. In contrast, female stress participants showed little
cortisol response and intact fear memory retrieval. Perhaps due to the limited number of
extinction trials, extinction learning was not demonstrated in either group, so prolonged
effects of stress on fear memory retrieval were instead examined the following day. Men in
the stress condition again showed reduced US-expectancy ratings the following day as
compared to controls, whereas women showed intact expectancy ratings across conditions.
However, since participants did not extinguish fear expectancy responses, stress-related
effects on extinction learning and extinction retrieval could not be assessed.

The objective of the current study was to assess the influence of acute stress on the retrieval
of extinction memory. Although research in humans has shown that patients diagnosed with
PTSD are subject to deficits in extinction retrieval (Milad et al 2009), it remains unclear
how explicitly manipulating stress levels directly before extinction retrieval might alter the
expression of this safety learning in healthy humans. We addressed this question using a
two-day classical fear-conditioning paradigm. Participants first acquired and extinguished
conditioned fear as assessed with skin conductance response (SCR), an index of sympathetic
nervous system arousal. A day later, participants underwent a stress (or control)
manipulation shortly before an extinction retrieval test. Salivary cortisol concentrations were
assayed across sessions to probe neuroendocrine responses to stress. Since acute stress
exposure has been shown to enhance amygdala activity (Rodrigues, LeDoux & Sapolsky,
2009), impair the functional integrity of the prefrontal cortex (Arsten, 2009), and disrupt
connectivity between the amygdala and vmPFC (Clewett, Schoeke, & Mather, 2013), we
hypothesized that inducing stress before an extinction retrieval test would lead to poorer
extinction retrieval in stressed participants than controls, leading to the re-emergence of fear
responses that had been extinguished the previous day.

2. Materials and Methods

2.1 Participants

One hundred and twenty-seven healthy participants were recruited using flyers posted
around the NYU campus or postings on NYU’s psychology department study website. Due
to the involvement of electric shock as well as the stress induction technique, participants
were ineligible for the study is they were pregnant, had heart or blood pressure problems in
the past or were currently being treated for such conditions. Participants were also ineligible
if they were being treated with any form of psychotropic medication. Consistent with
previous research on aversive learning in both animals (Yang et al, 2006; Parnas, Weber &
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Richardson, 2005) and humans (LaBar & Phelps, 2005; Kalisch et al, 2006; Dunsmoor et al,
2009), participants were excluded before day 2 if they failed to show measurable levels of
skin conductance response (non-responders; n = 23), or if they failed to acquire (mean CS+
> CS- by at least 0.1uS) or extinguish (mean CS+ = CS- by less than 0.1uS) differential
fear responses (non-acquirers: n = 24; non-extinguishers: n = 13). These criteria were
necessary because we were unable to assess extinction learning if conditioned fear was
never acquired, nor could we assess extinction retrieval if extinction learning had not
occurred. On day 2, participants were eliminated if they were unable to complete the stress
manipulation (n = 4; see section 2.4 Stress manipulation). Six participants were excluded
due to experimenter or technical error, and four did not return on day 2 for the follow up
session. One final participant was eliminated prior to analysis because their baseline cortisol
level on day 2 was greater than 3 standard deviations from the mean. Our final sample
included a total of 52 healthy participants (20 males) with a mean age of 24.44 (SD = 7.45;
range=18-50). All participants gave informed consent by signing a form approved by New
York University’s Committee on Activities Involving Human Subjects and were
compensated for their time.

2.2 Fear acquisition and extinction

To create a novel fear association, we used a simple discrimination fear-conditioning task
with delay conditioning and partial reinforcement (see Figure 1 for experimental protocol
and timing). Conditioned stimuli (CSs) were two square images depicting abstract, fractal
geometry (Figure 1). A mild electric wrist-shock served as the unconditioned stimulus (US).
Our index of fear arousal was skin conductance response (SCR), an assay of sympathetic
nervous system arousal that reflects changes over discrete intervals consistent with the
autonomic arousal characteristic of fear (Critchley, 2002).

During acquisition, one image (hereafter referred to as the CS+) co-terminated with the US
on a subset of trials, while the other image (CS-) was designated as a safety signal and never
paired with shock. Participants were instructed to pay attention to the computer screen and
monitor the relationship between what they were viewing on the screen and when/if they
received a shock. The acquisition session comprised a total of 26 trials: 10 CS- trials, 10
unreinforced CS+ trials, and 6 reinforced CS+ trials. Partial reinforcement enabled
unreinforced CS+ trials be analyzed for conditioned responses, without contamination by the
distinct physiological response induced by the US. The acquisition session was followed
immediately and without warning (i.e., no break or signal) by extinction training, during
which 10 unreinforced CS+ trials and 10 CS- trials were presented.

On each trial, the CS was presented for 4 seconds, followed by a variable 8-12s inter-trial
interval, during which a white fixation cross was presented at the center of a black screen.
Two distinct, pseudo-randomized trial orders were used such that no trial of the same kind
occurred more than two times consecutively. CS assignment and trial orders were
counterbalanced across participants.
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2.3 Physiological stimulation and recording

Mild electric shocks (200ms) were delivered through a bar electrode (Biopac Systems)
attached with a Velcro strap to participants’ wrist. Bar electrode wells were manually filled
with NaCl electrolyte gel to enhance conductance and attached to a SD9 Square Pulse
Stimulator (Grass Technologies). To identify each individual’s shock level, mild shocks
were manually triggered and increased in increments of 5V until the participant reported the
shock to be uncomfortable, but not painful, or 60V were reached. To record SCR, shielded
Ag-AgCl electrodes filled with standard NaCl electrolyte gel were applied to participant’s
left index and middle fingers. SCR was sampled at a rate of 200Hz and recorded using an
MP100 Data Acquisition module (BIOPAC Systems) connected to an Apple computer.

2.4 Stress Manipulation

Participants were randomly assigned to the stress (n = 27; 15 females) or control (n = 25; 19
females) condition on day 1, prior to the initial learning session. On day 2, participants in the
stress condition completed the cold pressor task (CPT), which entailed submerging their
right hand to elbow in ice-cold water (0-4°C) for three minutes. The CPT is widely used to
model the effects of mild to moderate stress and reliably induces sympathetic nervous
system and HPA-axis arousal as measured by increased physiological, endocrine (i.e.,
cortisol), and subjective levels of stress (Lovallo, 1975; Velasco, Gomez, Blanco, and
Rodriguez, 1997; Lupien, Maheu, Fiocco, & Schramek, 2007; McRae et al., 2006). If a
participant was unable to complete the CPT, the experiment was terminated. Participants in
the control condition submerged their right hand to elbow in room-temperature water (30—
35°C) for three minutes. To assess subjective levels of stress, all participants rated how
unpleasant they felt during the CPT or control task on a scale from 1 (not unpleasant) to 10
(highly unpleasant).

2.5 Extinction retrieval test

Ten minutes after the CPT or control task, when cortisol levels began to rise, participants
were set up for an extinction retrieval test. SCR and shock electrodes were prepared and
attached, and participants’ shock amplitude was set to the same level as that of the previous
day. On day 2, no additional workup procedure was conducted to avoid reinstating fear
responses and no further instructions were given. A second extinction session commenced,
in which participants were presented with 10 unreinforced trials of each CS while SCRs
were recorded. The first trial of the re-extinction session was designated as a CS- to absorb
the initial orienting response that commonly occurs at the start of the session, and was
therefore disregarded before all day 2 analyses. The second trial was counterbalanced
between CS+ and CS- across participants.

2.6 Neuroendocrine assessment

Saliva samples were collected throughout the experiment in order to assay neuroendocrine
levels indicative of stress response. To control for diurnal rhythms in cortisol levels, all
participants were invited to participate between 12:00 and 5:00 pm, at the same time on each
day. Saliva was collected using an absorbent oral swab that participants placed under their
tongues for two minutes. Before arriving to the laboratory, participants were instructed to
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abstain from eating or drinking for one hour. When participants arrived to the laboratory
each day, they were placed in a sound-attenuated, temperature-controlled experiment room
for 10 minutes to acclimate to the laboratory setting. During this time, they were given a 6-
ounce glass of water to drink in order to clear out residual saliva before baseline samples
were taken.

On day 1, saliva samples were collected at baseline and again after the fear-conditioning/
extinction task to ensure that stress hormones, widely known to influence the consolidation
of such learning, did not differ between groups. On day 2, saliva samples were collected at
baseline, again 10 minutes after the stress/control manipulation when cortisol elevations
were expected to rise, and finally, 20 minutes after the stress/control manipulation to
confirm that cortisol concentrations remained stable until the end of the session.

All samples were preserved immediately after collection in a sterile tube that was stored in a
freezer set to —20°C. Samples were shipped frozen to Salimetrics Testing Services (State
College, PA), a CLIA-certified analytical laboratory where samples were analyzed using
high-sensitivity enzyme immunoassay kits. Samples were brought to room temperature and
centrifuged at approximately 3,000RPM for 15 minutes before testing. To ensure our
neuroendocrine measures were accurate, samples underwent duplicate assay and the average
of these two values was used in our analyses.

2.7 Physiological analysis

Conditioned fear responses were assessed offline using Acgknowledge software (BIOPAC
System). Each individual’s SCR data was preprocessed using AcgKnowledge software
(BIOPAC systems) prior to analysis by low-pass filtering (cutoff frequency 25Hz) and
mean-value smoothing using a 3-sample window. Fear responses were measured by taking
the largest base-to-peak waveform amplitude response (in microsiemens, uS) within the 0.5
to 4.5s interval after CS onset. Responses lower than a pre-determined criterion of 0.02 uS
were recorded as zero. Raw SCR amplitudes were square root transformed to reduce skew
and were subsequently divided by individuals’ mean US response in order to account for
individual differences in shock reactivity (Lykken, & Venables, 1971). To assess how day 1
learning developed over time, both acquisition and extinction phases were divided into an
early (first half of trials) and late (latter half of trials) phase. We calculated conditioned fear
responses by subtracting mean SCR to the baseline stimulus from that of the threat-related
stimulus (CS+ minus CS-).

2.8 Statistical Analysis

Analysis of variance (ANOVA) with repeated measures was used to analyze all SCR and
cortisol data. Separate analyses were conducted to assess differential SCR across each
conditioning phase (acquisition, extinction, retrieval) and mean cortisol concentrations
across each day. Further, since gender has been shown to modulate emotional learning and
stress response, all analyses included gender as a between-subjects factor. Post hoc
comparisons were conducted using Student t -tests when appropriate. All tests were two-
tailed and considered statistically significant when p < .05. All analyses were conducted
using SPSS (version 20.0, 2011; IBM Corp., Armonk, NY).
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3.1 Day 1 Analyses

3.1.1 Neuroendocrine responsesl—Cortisol concentrations across the day 1 session
did not differ as a function of condition or gender. A repeated-measures ANOVA using a
within-subject factor of time of cortisol measurement (baseline, post-conditioning) and
between-subject factors of gender (male, female) and condition (control, stress) revealed no
main effect of time (F(y,44) = 0.32, p = .57), condition (F (1 44) = 0.57, p = .45), or gender
(F(1,44) = 0.58, p = .45), nor any interactions (all ps >.23). Importantly, this confirms that
groups did not differ in cortisol concentrations throughout the day 1 learning session,
suggesting that any differences in extinction retrieval on day 2 cannot accounted for by
differences in glucocorticoid levels that might affect the consolidation of learning on day 1.
Further, cortisol did not increase across day 1, suggesting that while the fear conditioning
and extinction task elicited emotional arousal, it did not lead to enhanced HPA-axis activity.

3.1.2 Fear acquisition—To confirm that initial fear conditioning did not differ between
condition or gender, we assessed skin conductance responses during the early phase (first
half of trials) and late phase (latter half of trials) of the acquisition session. Across groups,
differential SCRs were significantly greater during late acquisition than those during early
acquisition (F 1 48) = 10.99, p = .002) with no effect of gender (F(1 48) = 0.16, p = .69) or
group (F(1,48) = 2.38, p = .13), nor any interactions (all ps > .63). Planned comparisons
confirmed that both groups showed significantly greater mean SCR to the CS+ relative to
the CS- across late acquisition trials (control: to4) = 5.59, p <.0001; stress: tp6) = 7.32, p
<.0001). Further, across acquisition, this differential responding did not differ between
groups (t(sg) = 0.79, p = .43) or gender (ts0) = 0.28, p =.77), suggesting that all participants
initially acquired comparable levels of differential fear responses.

3.1.3 Fear extinction—All participants extinguished fear responses by the latter half of
the session (F(1 48) = 23.30, p <.0001). Importantly, the extent of this learning did not differ
between condition (F( 48) = 0.48, p = .49), or gender (F(1 48) = 0.54, p = .47), nor did it
result in any interactions (all ps > .35). Planned comparisons verified that conditioned fear
responses significantly decreased in both groups during late as compared to early extinction
(control: t(24) = 3.15, p = .004; stress: t(26) = 3.82, p = .0007) and that differential responding
across the extinction phase did not differ between condition (tso) = 1.30, p = .20) or gender
(t(50) =0.81p = .42).

3.2 Day 2 Analyses

3.2.1 Neuroendocrine response?2—Mean cortisol concentrations for the three samples
collected on Day 2 (i.e., baseline, +10min, +20min) are plotted in Figure 2. Critically, we
found a main effect of time of cortisol measurement (F(2,gg) = 7.97, p = .001) as well as a
time X condition interaction (F 2 gg) = 5.65, p = .005). There was no main effect of group

1At least one of the Day 1 samples from three (2 female) participants in the control condition and one male participant from the stress
condition contained insufficient saliva and could not be analyzed, therefore these samples were excluded from this analysis.

At least one the Day 2 samples from two female participants in the control condition contained insufficient saliva and could not be
analyzed, therefore these samples were excluded from this analysis.
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(F(1,44) = 0.74, p = .39) or gender (F(1 44y = 1.21, p = .28), nor any interactions with gender
(time X gender: F(2 gg) = 0.90, p = .41; time X gender X group: F(; gg) = 0.42, p = .66).
Mean cortisol did not differ between conditions at baseline (t (47) = —0.002 p = .99),
however, 10 minutes after the CPT, participants in the stress condition demonstrated a trend
toward higher cortisol concentrations (t (47) = —=1.56, p = .12), which reached significance 20
minutes after the CPT (t (48) = —2.33, p = .02). Paired samples t -tests confirmed that
participants in the stress group showed significant elevations in cortisol relative to baseline
levels both 10 minutes (t25) = —4.26, p = .0002) and 20 minutes (t(25) = =3.90, p = .001)
after the stress induction. No elevations from baseline were demonstrated in the control
group (+10min; o1y = =0.22, p = .82; +20min: t(p7) = 0.53, p = .60).

3.2.2 Subjective stress responses—Consistent with previous research (Lovallo, 1975;
Velasco, Gomez, Blanco, and Rodriguez, 1997; McRae et al., 2006), participants in the
stress condition rated the CPT as more unpleasant (M = 7.47, SD = 2.03) than did
participants in the control condition (M = 1.80, SD = 1.26) indicating that the task elicited a
subjective stress response.

3.2.3 Extinction retrieval—We examined the extent to which extinction memory was
retrieved a day later by comparing participants’ conditioned responses on the last trial on
day 1, when fear responses were extinguished, with those on the first trial of day 2 when
participants were initially presented with each CS (Figure 3). Since trial order was
counterbalanced across participants after the initial orienting trial, such that half the
participants were then presented with a CS+ and half with a CS-, trial order was included as
a covariate to account for any differences that this presentation order may have had on initial
fear responses. We note that conditions did not differ in regards to their initial orienting
response to this trial (t50)=1.18; p=.24).

An ANOVA with repeated measures of trial (last trial of extinction, first trial retrieval) and
between subject factors of gender and condition revealed no effect of trial (F(1 47) = 0.15, p
=.70), gender (F(1,47) = 0.003, p = .96), or trial order (F (1 47) = 0.009, p = .92), and no
interactions with gender or order (all ps > .24). However, we did find a marginal effect of
condition (F(1 47y = 331, p = .07) and, critically, a condition X trial interaction (F (1 47) =
7.21, p = .01), suggesting that extinction retention differed as a function of condition. Follow
up t-tests demonstrated that while fear responses did not differ between conditions on the
last trial of extinction (t(sg) = 1.27, p = .21), they differed between conditions at the start of
day 2 (ts0) = —2.34, p = .02), such that stressed participants showed significantly lower
extinction retrieval (i.e., higher fear recovery) relative to controls. Further, within the stress
condition, differential fear responses on the first extinction retrieval trial were significantly
higher relative to the last extinction trial on day 1 (t26) = -5.21, p = .00002), while
responses in the control condition did not differ across trials (t24) = =1.52, p = .14),
indicating that participants in the control condition showed better retrieval of extinction
memory across sessions, while stressed participants showed marked impairments. An
exploratory analysis revealed that this first retrieval trial did not differ from that of late
acquisition in the control condition, indicating that although control participants did not
show evidence for significant fear recovery relative to the final extinction trial, they did
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show some preservation of initial fear responses prior to extinction training. In contrast,
participants in the stress condition showed a trend toward significantly higher fear responses
at extinction retrieval compared to late acquisition (t26) = 1.84, p = .07), indicating that fear
arousal at retrieval exceeded that demonstrated during late acquisition.

Trial-by-trial differential SCRs for each condition are depicted in Figure 4. The only trial on
which conditions differed is that of the first retrieval trial at the start of day 2. To assess
whether group differences in the recovery of conditioned responses emerged from CS+ or
CS- responses, we compared the extent of fear recovery between conditions for each
individual CS. Fear recovery between the last trial of extinction and the first retrieval trial
trended toward significantly higher in the stress condition as compared to controls for the
CS+ only (t(s0) = —1.84 p = .07), while CS- responses did not differ (t(50) = 0.84 p = .40),
suggesting that stress selectively increased responses to the cue previously paired with threat
and not that which signaled safety (Figure 5).

3.2.4 Correlational analyses—To assess whether day 2 cortisol concentrations were
related to extinction retrieval or conditioned responses during extinction retrieval, we
conducted a correlation analysis between cortisol levels at both time-points after the CP/
control task and our extinction retrieval index on day 2. Cortisol levels were not associated
with the first extinction retrieval trial on day 2 in either condition. However, cortisol levels
measured at both time points after the CP/control manipulation were associated with
conditioned responses (control: 10min: r=.64, p=.002; +20min: r=.51, p=.01; stress:
+10min: r=.46, p=.02; +20min: r=.50, p=.01) and mean CS+ responses (control: +10min:
r=.58, p=.005; +20min: r=.33, p=.12; stress: +10min: r =.54, p=.005; +20min: r=.63, p=.
001) across the extinction retrieval session.

4. Discussion

The current study investigated the influence of an acute stress induction on the retrieval of
extinction training in a cued aversive conditioning paradigm. We found that while initial
fear acquisition and extinction training did not differ between conditions, extinction retrieval
was impaired a day later in those participants who underwent an acute stress manipulation.

Participants in the control condition demonstrated stronger extinction retrieval as evidenced
by only a moderate increase in differential fear arousal that did not differ significantly from
that of the extinction session. Stressed participants, however, showed marked impairments
in extinction expression as manifested by greater fear recovery relative to the end of the
extinction phase the previous day. Notably, fear arousal at the start of this retrieval session
did not differ from the late stage of acquisition in either group, suggesting all participants
showed some degree of fear arousal that was comparable to initial acquisition, however, this
was significantly higher in stressed participants relative to controls. Cortisol concentrations
extracted from participants’ saliva samples confirmed that the stress induction successfully
evoked enhanced HPA-axis activity throughout the extinction retrieval session in the stress
condition only. These findings are consistent with recent work in rodents (Deschaux et al,
2013) showing that acute stress leads to extinction memory deficits when induced directly
before retrieval. Our results are unique in that they investigate the effect of stress on
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extinction retrieval in healthy humans within the context of cued classical fear conditioning,
providing a viable model for the return of fear in clinical populations suffering from
affective psychopathology.

These data are consistent with a substantial body of research across species showing that
stress or glucocorticoid exposure leads to memory retrieval impairments (Kirschbaum et al.,
1996; Diamond et al., 1999; de Quervain et al., 1998, 2000; Kuhlman et al., 2005a, 2005b;
Schilling et al., 2013; see: Roozendaal, 2002; Het et al., 2005; Wolf, 2009, for review).
These retrieval impairments, however, have typically been demonstrated in the context of
declarative or episodic memory retrieval, which critically rely on the hippocampus.
Consistent with this, the prominent neural substrate thought to underlying these retrieval
impairments is supraoptimal levels of glucocorticoid receptor activation in the hippocampus,
which can impair hippocampal function (see Roozendaal, 2002 or Wolf, 2009, for review).
Like Bentz and colleagues (2013), our results extend these retrieval deficits to that of cued-
based fear and extinction learning, a form of associative learning that has been shown to rely
critically on the amygdala and its functional interaction with the vmPFC (Quirk & Mueller,
2008), rather than the hippocampus, which instead plays a larger role in the contextual
modulation of fear and extinction learning and retrieval. Our results are novel in that we
demonstrate this effect in the context of extinction memory retrieval using an implicit
measure of fear expression that enables the assessment of phasic cue-evoked physiological
responses driven by autonomic nervous system arousal rather than measures that assess
participant explicit predictions of an aversive outcome.

Substantial work has now demonstrated a pivotal role for the vmPFC in the retention and
retrieval of extinction learning (see Quirk & Mueller, 2008; Milad & Quirk, 2012, for
review). Neuroimaging work in humans has shown that vmPFC activity increases during
extinction training and correlates with the magnitude of later extinction retention (Milad et
al., 2007). The vmPFC is also active during extinction retrieval (Phelps et al., 2004; Kalisch
et al., 2006) and cortical volume in this region has been shown to correlate with the
magnitude of extinction retrieval (Milad et al., 2005; Hartley et al., 2011), confirming an
important role for this region in the successful retrieval of extinction training. Although the
precise neural mechanism underlying a stress-related retrieval deficit have not been well
characterized in humans, work in non-human animals has shown that the vmPFC contains a
high concentration of glucocorticoid receptors (Meaney & Aitken, 1985) and is acutely
sensitive to the deleterious effects of stress (Arnsten, 2009). Acute exposure to stress is
sufficient to produce neuronal alterations (i.e., dentritic retraction) in IL neurons (Izquierdo,
Wellman & Holmes, 2006), and a single dose of glucocorticoids is enough to cause
prolonged expansion of basolateral amygdala neurons that correlate with increased
anxietylike behavior (Mitra & Sapolsky, 2008). Further, IL lesion in rats produce extinction
retrieval deficits that are comparable to those seen after stress induction (Farrell et al, 2010).
Since the vmPFC exerts an inhibitory influence on the amygdala via direct projections that
activate circuits that gate fear expression, stress may influence similar circuitry in humans
by enhancing amygdala function and attenuating the inhibitory influence of the vmPFC,
resulting in greater fear expression and less retrieval of extinction memory.
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This proposal is consistent with recent work in humans that has examined the effects of
stress on amygdala-centered functional connectivity using resting-state fMRI. These studies
reported decreased connectivity between the amygdala and prefrontal regions such as the
vmPFC and OFC after stress induced by the cold-pressor task (Clewett et al., 2013) and
aversive films (Eryilmaz, et al., 2011). Another study (van Marle et al., 2010) reported
enhanced functional coupling after stress between the amygdala and locus coeruleus, as well
as the dorsal anterior cingulate cortex (dACC), brain regions implicated in promoting
vigilance and the expression of conditioned fear, respectively (Milad et al., 2007).
Collectively, these studies suggest that stress shifts amygdala-based connectivity away from
regions critical to the retrieval and expression of extinction memory, and enhances
connectivity with those that promote fear expression. Interestingly, glucocorticoids have
been shown to restore adaptive amygdala connectivity both through endogenous cortisol
release after stress (Veer et al., 2011) or exogenous administration of cortisol (Henckens et
al., 2010, 2012).

Functional neuroimaging studies assessing stress in healthy humans have shown variable
effects on the brain depending on a number of factors, including the type of stressor used.
Nonetheless, some consistencies have emerged. For example, a number of these studies have
reported increases in dACC activity and decreases in hippocampal and medial/orbitofrontal
regions during or after stress exposure (see Dedovic et al., 2009, for review). Although few
studies have examined the effects of stress and glucocorticoids on the neural circuitry
underlying fear learning and extinction, those that have generally report that stress or
cortisol administration leads to enhanced responses to conditioned stimuli in brain regions
involved in fear learning and extinction (e.g., amygdala, dACC, hippocampus, vmPFC) in
female participants and reduced activity in these regions in men (Stark et al., 2006; Tabbert
et al., 2010; Merz et al., 2012; 2013). This may be related to the propensity of male
participants to experience stronger cortisol responses to acute stress than females
(Kirschbaum et al., 1999; Merz et al., 2013; Bentz et al, 2013), leading to greater attenuation
of conditioned response related activity in these brain regions. Neuroimaging studies that
have been conducted in patients diagnosed with PTSD have reported that these populations
demonstrate impaired extinction recall, despite intact fear learning and extinction (Milad et
al., 2008, 2009). These extinction retrieval impairments were related to hypoactivation in the
vmPFC and hyperactivation in the dACC (Milad et al., 2009). These findings are consistent
with the above work assessing stress on brain function and support the provisional model of
prefrontal-amygdala interactions as underlying extinction learning and retention.

In the current investigation we assessed extinction retrieval rather than extinction learning,
however there is some suggestion that the same stress hormones we found to correlate with
conditioned responses during extinction retrieval can exert different effects on the learning
and consolidation phases of extinction. Specifically, studies that have administered
glucocorticoids to patients with anxiety disorders have shown that these hormones can
enhance extinction learning and consolidation, suggesting that the administration of
glucocorticoids may theoretically provide a way to buffer individuals from stress-induced
retrieval deficits in extinction memory by strengthening initial extinction learning and
storage. In one study, glucocorticoids administered exogenously to patients with PTSD led
to reduced traumatic memory retrieval and trauma-related symptoms (Aerni et al., 2004;
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Suris et al., 2010). In another, phobic patients who were administered glucocorticoids before
exposure to fear-inducing stimuli or experiences reported significant reductions in fear
responses throughout the exposure session that were maintained at follow-up 48-hr later
(Soravia et al., 2006). Finally, de Quervain and colleagues (2011) showed that an oral doses
of cortisol administered prior to a series of exposure therapy sessions resulted in the
persistent attenuation of phobic fear responses in patients with height phobia. Interestingly,
the therapeutic effects of cortisol in these studies were selective to anxiety patients (i.e., no
benefit was seen in healthy controls), suggesting that glucorticoids may be most effective in
patients suffering from stress-related psychopathology. This is consistent the substantial
work showing that PTSD patients have lower basal cortisol levels than healthy controls,
which is thought to arise from hypersensitivity to glucocorticoid release through
dysfunctional negative feedback inhibition (see Yehuda, 2009, for review). This suggests
that exogenously elevating cortisol levels through glucocorticoid administration in such
populations may benefit extinction processes by promoting optimal glucocorticoid levels
that facilitate more adaptive emotional responses and lead to stronger consolidation of safety
learning.

To date, the effect of glucocorticoids on extinction retrieval has not been investigated. Here,
we found cortisol release to be associated both with conditioned responding and mean CS+
responses during extinction retrieval, suggesting a relationship between cortisol and
extinction memory impairments. Since we assessed extinction retrieval in healthy
populations, this result may indicate that our sample attained supraoptimal glucocorticoid
levels after stress that impaired extinction memory retrieval. However, it should be noted
that an acute stress induction, such as the one used here, engenders different physiological
and neuroendocrine responses than that of exogenous cortisol administration alone. This is
because stress engages the rapid activation of the autonomic nervous system that evokes
catecholamine release (e.g., noradrenaline) as well as the subsequent engagement of the
hypothalamic-pituitary-adrenal (HPA) axis that triggers circulating glucocorticoids, which
interact with and potentiates these rapid catecholamine responses (Ulrich-Lai & Herman,
2009). It is therefore possible that administering glucocorticoids without this noradrenergic
influence may produce different results.

Unlike many other studies that have reported gender effects on emotional learning and stress
response, we did not find such effects in this investigation. This may be due to the stressor
we used (i.e., physiological rather than psychosocial), may simply reflect a power issue in
our sample or may be related to the strict criteria we applied to participants’ acquisition and
extinction performance on day 1. It is possible that the exclusion of these participants before
day 2 eliminated some portion of the variance that might have been present between
genders. However, these criteria were essential in that we were not able to assess extinction
training without evidence of differential fear arousal during initial learning, nor could we
assess the retrieval of extinction memory if evidence for successful extinction learning was
not demonstrated.

One notable limitation of our study is that we did not collect information concerning female
participants’ menstrual cycle phase or hormonal contraceptive use. Research has
demonstrated that females with higher levels of estrogen (i.e., those typically in the luteal or
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early follicular phase of the menstrual cycle) show stronger extinction retrieval that is
comparable to that of males, as compared to women with lower levels of estrogen (i.e.,
typical of the late follicular phase) (for review, see: Lebron-Milad & Milad, 2013).
Hormonal contraceptive use has also been shown to alter stress responses and its potential
impact on emotional memory process. Specifically, females using such contraceptives show
blunted cortisol responses after stress exposure relative to men (Merz et al., 2013; Bentz et
al., 2013) and naturally cycling women (Kirschbaum et al., 1999), and diminished effects of
stress on emotional memory processes (Nielsen et al, 2013). Therefore, further investigation
into whether these factors also modulate stress-induced extinction retrieval deficits will be
critical to fully characterize how stress affects memories of safety learning. Importantly,
such work may lead to more effective and tailored interventions by highlighting ways that
endogenous or exogenous sex hormones may make women more resilient or vulnerable to
the effects of stress on extinction memories.

Extinction serves as a viable model of how associative learning can be flexibly modified and
updated to promote adaptive functioning in every day life. Understanding how extinction
training is expressed over time is of particular importance because it serves as the
foundation of behavioral-based clinical interventions that aim to reduce anxiety and fear
related to affective psychopathology. The ability of stress to induce deficits in extinction
retrieval in otherwise healthy participants demonstrates how vulnerable this safety learning
is to stressful circumstances that often arise in everyday life. Since stress is both a catalyst
and cardinal symptom of anxiety disorders, understanding and further characterizing how
stress interacts with the neural circuitry underlying extinction learning, retention and
retrieval will be critical to refining treatment options for patients suffering with anxiety-
related disorders. Persistent fear responses and impaired regulation from inhibitory regions
are the hallmark of such disorders, especially cue-specific phobias and PTSD. Since stress is
ubiquitous outside of the clinic, examining ways to enhance extinction retrieval, either by
reducing stress exposure, or strengthening the consolidation of extinction memory to
facilitate subsequent retrieval, will be critical to enhancing the efficacy of such extinction
based therapies.
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Figure 1. Experimental procedure
Timeline of experiment protocol on day 1 (learning) and day 2 (retrieval).
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Figure 2. Cortisol measurements
Mean cortisol concentrations on day 1 and day 2. On day 1, cortisol was measured at

baseline and after fear conditioning /extinction. On day 2, cortisol was measured at baseline
and again 10 and 20 minutes after the stress/control task. Across the experimental session,
groups differed only after the stress/control manipulation. *p < .05; errors bars denote
standard error of the mean.

Neurobiol Learn Mem. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Raio et al.

Mean differential SCR (CS+ minus CS-)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Page 23

Control

- Stress

Last trial extinction Extinction retrieval
(Day 1) (Day 2)

Figure 3. Retrieval of extinction memory
Extinction retrieval was indexed by comparing conditioned responses on the last extinction

trial on day 1 to the first extinction retrieval trial on day 2. *p < .01; errors bars denote
standard error.
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Figure4. Trial-by-trial data
Differential SCRs for each trial across the acquisition, extinction and extinction retrieval

session. Fear responses did not differ between conditions on any trial except the first trial of
re-extinction, after the stress/control manipulation. *p < .05; errors bars denote standard
error of the mean.
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Figure5. Retrieval Index
Extinction retrieval for each CS was indexed by comparing mean SCR on the last extinction

trial on day 1 to the first retrieval trial on day 2. The difference between these two trials
(first trial re-extinction — last trial extinction) constitutes our retrieval index and trended
toward differing significantly between conditions for the CS+ only. *p = .07; errors bars
denote standard error
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