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ABSTRACT

Stressful or traumatic events can be risk factors for anxiety or trauma- and stressor-related disorders. In this
regard, it has been shown that stress affects aversive learning and memory processes. In rodents, stress exposure
10 days prior to fear acquisition impairs fear extinction. However, in humans the effect of distal stress on fear
conditioning is sparse. Therefore, we examined the influence of distal stress on fear memory in humans in two
studies. In Study 1, participants underwent either socially evaluated cold-pressor test (SECPT) or sham procedure
10 days or 40 min before a fear conditioning paradigm (four groups, N = 78). In Study 2, context effects were
examined by conducting SECPT and sham procedures 10 days prior conditioning either in the later fear con-
ditioning context or in another context (three groups, N = 69). During acquisition phase, one geometrical shape
(conditioned stimulus, CS+) was paired with painful electric shocks (unconditioned stimulus, US), but never a
second shape (CS—). Extinction phase was identical to acquisition, but without US delivery. Importantly, for
Study 1 these phases were conducted on one day, while for Study 2 on two separated days. Successful fear
acquisition was indicated by aversive ratings and startle potentiation to CS+ versus CS— in both studies.
Interestingly, participants stressed 10 days earlier showed impaired extinction on the implicit level (startle
potentiation to CS+ vs. CS—) in Study 1 and only in the acquisition context on the explicit level (aversive ratings
for CS+ vs. CS—) in Study 2. In sum, distal stress may strengthen later acquired fear memories and thereby
impair fear extinction. This finding could have clinical implications, showing that prior stress exposure sensitizes
later aversive processing and impairs therapy.

1. Introduction

the CS develops a predictive value for the US and as a result elicits
defensive behavioral and physiological responses (conditioned re-

Aversive or traumatic events can lead to the development of anxiety
or post-traumatic stress disorders (PTSD, Arborelius, Owens, Plotsky, &
Nemeroff, 1999; Mineka & Zinbarg, 2006). Current therapeutic ap-
proaches are not as successful as hoped for (Cusack et al., 2016;
Sijbrandij, Kleiboer, Bisson, Barbui, & Cuijpers, 2015). Therefore, a
better understanding of underlying mechanisms and vulnerability fac-
tors is crucial.

Fear conditioning and its extinction has been extensively in-
vestigated as an experimental model for the etiology (Craske, Hermans,
& Vervliet, 2018; Mineka & Zinbarg, 2006; Pittig, Treanor, LeBeau, &
Craske, 2018) and therapy (Norton & Price, 2007) of anxiety and
trauma- and stressor-related disorders. During fear acquisition, an in-
itially neutral stimulus (conditioned stimulus; CS) is repeatedly paired
with an aversive stimulus (unconditioned stimulus; US). Consequently,

sponse; CR) such as freezing, startle potentiation or avoidance behavior
(Andreatta & Pauli, 2015; Duits et al., 2017; Fendt & Fanselow, 1999;
Golkar & Ohman, 2012; LeDoux & Pine, 2016; Pavlov, 1927; Rescorla,
1988). In human studies, a differential paradigm is often used (Lonsdorf
et al., 2017) in which one CS (CS+) has predictive value towards the
US, while a different CS (CS—) predicts the absence of the US, thus
safety (Lissek et al., 2005; Seligman, 1971). After acquisition, repeated
CS+ presentations in absence of the US leads to new inhibitory asso-
ciation between CS and (no)US and adaptively diminish the CR
(Andreatta & Pauli, 2015; Duits et al., 2017; Golkar & Ohman, 2012;
Milad & Quirk, 2012; Myers & Davis, 2007; Quirk & Mueller, 2008).
This new learning is called extinction which, importantly, does not
erase the established fear memory, but simply adds a new (safety)
memory trace to the CS+ (Bouton, 2004). Studies in both animals
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(Myers, Ressler, & Davis, 2006) and humans (Golkar & Ohman, 2012;
Norrholm et al., 2008) pointed out the crucial role of the temporal
relation between acquisition and extinction of conditioned fear (for
review see Maren, 2014). Here, an immediate extinction deficit is dis-
cussed and refers to the phenomena that placing extinction learning
shortly after fear acquisition can reduce the suppression of CRs to the
CS and thereby impairs extinction learning. A possible explanation is
that the fear arousing state after acquisition dampens prefrontal activity
during extinction learning, which is necessary for successful fear ex-
tinction (Maren, 2014).

During stressful situations, a cascade of neuroendocrinological and
physiological changes are initiated in a time-dependent manner (Joéls
& Baram, 2009; McEwen, 1998; Sapolsky, Romero, & Munck, 2000;
Wolf, 2017). In the immediate aftermath of a stressful event, the
adrenal medulla releases adrenaline and noradrenaline (NA, Joéls &
Baram, 2009; Ulrich-Lai & Herman, 2009), while a slower cascade of
hormones is initiated by the hypothalamic-pituitary-adrenocortical
(HPA) axis (de Quervain, Schwabe, & Roozendaal, 2017; Joéls & Baram,
2009; McEwen, 1998). It has been shown that stress (especially chronic
or severe stress) has structural and functional effects on various brain
regions of the fear circuitry (Joéls & Baram, 2009; Joéls, Fernandez, &
Roozendaal, 2011), including the hippocampus (Leuner & Shors, 2013)
and the amygdala (Vyas, Mitra, Rao, & Chattarji, 2002). This leads to
the assumption, that stressful life events may sensitize the brain for
subsequent aversive events (Arborelius et al., 1999).

For fear conditioning, stress prior to fear learning seems to facilitate
acquisition and consolidation of the fear memory trace (Aubry, Serrano,
& Burghardt, 2016; Rodrigues, LeDoux, & Sapolsky, 2009). In animal
models, the effect of early life stress (Wilber, Southwood, & Wellman,
2009), chronic stress (Baran, Armstrong, Niren, Hanna, & Conrad,
2009; Miracle, Brace, Huyck, Singler, & Wellman, 2006; Wilber et al.,
2011), or traumatic stress exposures (Knox et al., 2012; Lin, Tung, Lin,
Huang, & Liu, 2016; Yamamoto et al., 2008) on fear conditioning can
be easily investigated and leads to the conclusion that prior stress ex-
posure strengthens the consolidation of the fear memory trace and
consequently impairs extinction learning. For instance, Chauveau et al.
(2012) found that 2 h of acute immobilization stress 10 days before fear
acquisition had no effect on fear acquisition but delayed later extinction
learning. Specifically, mice showed discriminative freezing responses to
CS+ versus CS — during acquisition, but such discriminative responses
gradually and adaptively decreased during extinction in non-stressed
mice only, and not in stressed mice. These animal studies all in-
vestigated the effect of distal stress exposure on subsequent fear con-
ditioning (Maren & Holmes, 2016). In humans, the effect of acute stress
directly prior or after fear acquisition has been examined. For example,
stressed versus non-stressed men showed significant discriminative skin
conductance responses (SCR) to CS+ versus CS— already during the
first half of the subsequent acquisition and maintained these responses
through extinction (Jackson, Payne, Nadel, & Jacobs, 2006). Suppor-
tively, Zorawski et al. (2006) found a negative correlation between
cortisol levels of male participants and the ability to extinguish condi-
tioned SCR to CS+. Moreover, placing the cold pressor test (CPT) im-
mediately before fear acquisition had no effect on fear acquisition,
whereas the discriminative SCRs to CS+ vs. CS— during extinction
were maintained in the stress group, but not in the control group
(Antov, Wolk, & Stockhorst, 2013).

To our best knowledge, studies on the effects of distal stress (e.g.
several days prior) on fear acquisition and extinction in humans do not
exist, despite the high clinical relevance. Therefore, we conducted two
studies: In Study 1, we piloted whether acute stress induction 30 min
prior to fear acquisition had differential effects on immediate extinction
versus acute stress induction 10 days earlier in accordance with
Chauveau et al. (2012). Since stress has an effect on the hippocampus
(Leuner & Shors, 2013), which is crucially involved in memory pro-
cesses and context-dependent learning (Andreatta, Leombruni,
Glotzbach-Schoon, Pauli, & Muhlberger, 2015; Bouton, 2004; Bulkin,
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Law, & Smith, 2016; Fanselow, 2010; Rudy, 2009; Smith & Bulkin,
2014), we extended the findings of Study 1 by better controlling for the
role of the context in distal-stress effects in Study 2. While in Study 1,
the stress induction and the fear conditioning paradigm were both
conducted in one context, we divided the two parts into different
contexts for Study 2. Alternatively to Study 1, we applied a delayed
extinction (i.e., 24 h after acquisition) in Study 2 to allow for better fear
memory consolidation and circumvent the possibility of the immediate
extinction deficit (Maren, 2014). We hypothesized in parallel to the
animal study that extinction learning is impaired in the distal stress
groups in comparison to the control groups as indicated by startle po-
tentiation and aversive ratings to CS+ vs. CS—.

2. Material and methods

Alterations between Study 1 and Study 2 are highlighted in the
following sections. If not further specified, the protocol for both studies
were identical.

2.1. Participants

All participants were recruited by means of advertisement and an
internet platform. Exclusion criteria were history of psychiatric or
neurological disorders, physical illnesses (including amongst others
cardiovascular, autoimmune, and endocrinological diseases), current
use of prescription or psychoactive drugs, chronic pain, pregnancy,
color blindness, more than 10 h of sport a week. Students of psychology
were only included if they were in their second semester or earlier
because of possible confounding factors due to knowledge from their
studies. Both studies were approved by the Ethics Committee of the
Medical Faculty of the University of Wiirzburg, and all participants
gave written informed consent. Participants received course credits, or
16 € for Study 1 or 40 € for Study 2.

2.1.1. Study 1

From a total of 97 healthy participants, 19 had to be excluded: two
because of technical problems, three of thyroidal problems, one of acute
asthma, one of cerebral palsy, eight of missing cortisol levels, and four
as non-responders (mean startle amplitude averaged over acquisition
and extinction phase below 5 nV; for startle response characteristics see
Supplementary Table 1). The final sample consisted of 78 participants
(37 females; 23.81 years, SD = 4.59). Participants were randomly di-
vided into four groups (Table 1).

2.1.2. Study 2

In total 87 participants were recruited. Eighteen participants were
excluded due to drop out (n = 14), missing cortisol levels (n = 1), non-
responder regarding the startle response (n = 2; see Supplementary
Table 1), and less than two startle responses in either acquisition or
extinction phase (n = 1). The final sample comprised 69 healthy male
participants (M = 24.88 years, SD = 4.39), who were randomly allo-
cated to the three groups (Table 1). To further minimize the complexity
of the design, only male participants were included in Study 2 to
eliminate possible gender differences.

2.2. Material

Unconditioned stimulus (US). A constant current stimulator
(Digitimer DS7A, Digitimer Ltd., Welwyn Garden City, UK) generated
mildly painful electric stimuli (50 Hz, 200 ms) delivered through two
electrodes to the dominant inner forearm triggered by the software
Presentation (Version 1.20.0601, Neurobehavioral Systems). The in-
tensity was individually adjusted. Specifically, the initial intensity was
set at 0 mA and gradually increased (twice) or decreased (twice) in
0.5 mA steps. Participants rated each electric stimulation on a scale
from zero (“no sensation at all”) to 10 (“very strong pain”) with 4
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Table 1
Descriptive statistics of sample characteristics for Study 1 and Study 2.
1-day-stress 1-day-sham 10-days-stress 10-days-sham Comparisons

Study 1
N 19 21 16 22
Gender 103,99 10 5,11 Q 8,809 13,9 Q X%(3) = 0.51,p = .916
Age (SD)’ 24.63 (4.32) 22.05 (4.57) 26.13 (4.22) 23.09 (4.50) F(3,74) = 2:99,p = .037*
Aware participants 13 12 13 8 X3(3) = 1.48,p = .687
US intensity (SD) stress day 1.84 (1.05) 1.72 (0.76) 2.19 (1.19) 1.66 (1.04) F(3,74) = 0.96,p = .418
US ratings (SD) stress day 6.21 (1.58) 6.67 (1.49) 5.81 (1.42) 7.05 (1.46) F(3,74) = 2.43,p = .072
BDI (SD) 7.11 (4.28) 6.76 (4.52) 5.25 (5.67) 7.73 (7.28) F(3,74) = 0.63,p = .601
Trait anxiety (SD) 38.84 (8.23) 33.48 (7.37) 34.25 (9.92) 36.05 (10.08) F(3,74) = 1.37,p = .260
sec in water (SD)" 156.89 (46.35) 180.00 (0.00) 170.69 (26.61) 180.00 (0.00) F(3,73) = 3.54,p = .019*
h sport per week (SD)' 2.94 (1.98) 2.88 (2.21) 4.43 (2.31) 4.83 (2.22) F(3,69) = 4.06,p = .010*

10-days-A-stress 10-days-A-sham

10-days-B-stress Comparisons

Study 2

N 23 23

Age (SD) 24.96 (5.10) 25.13 (4.56)
Aware participants 17 14

US intensity (SD) stress day 1.83 (1.07) 1.38 (0.81)
US ratings (SD) stress day 6.13 (1.49) 6.65 (1.23)
BDI II (SD) 9.39 (8.26) 5.70 (4.80)
Trait anxiety (SD) 39.91 (8.55) 36.78 (5.88)
sec in water (SD) 164.17 (40.54) 180.00 (0.00)
h sport/week (SD)* 3.28 (2.15) 5.30 (2.79)

23
24.57 (3.57) F(2,66) = 0.10, p = .908
14 X3(2) = 1.15,p = .563

1.27 (0.49) F(2,66) = 3.01, p = .056
6.09 (1.44) F(2,66) = 1.18,p = .315
7.30 (4.57) F(2,66) = 2.11,p = .129
38.48 (5.01) F(2,66) = 1.28,p = .286
171.22 (31.62) F(2,66) = 1.64,p = .202
4.30 (2.47) F(2,66) = 3.81,p = .027*

! Because of significant group differences in age and hours of sport per week, and duration of hand immersion during stress procedure, we separately included the
factor as covariate into analyses for Study 1. ANCOVA with age as covariate returned a significant main effect of age for arousal analysis (F(1,73) = 4.44,p = .039,
np2 = 0.06) and a significant interaction Phase x Age for contingency ratings (F(1,73) = 4.78,p = .032, npz = 0.06), while for hours of sport per week no effect
involving the covariate turned out significant. Since the covariates did not interaction with the CS+ /CS — differentiation (factor stimulus) or the factor group, they
were not further included in the analyses. Including the covariate duration of hand immersion during stress procedure had no effect on cortisol levels after stress

induction and was therefore omitted in the analyses
2

ncluding hours of sport per week as covariate into analyses for Study 2 returned only for cortisol levels on the stress day a significant interaction Phase x Sport (F

(1,55) = 4.05,p = .049, n,> = 0.07). As in Study 1, the covariate did not interaction with the main effect stimulus or group and was therefore not further included

into analyses.

meaning “just noticeable pain”. The pain threshold was calculated as the
average of four intensities, one of each series, rated = 4. In line with
other fear conditioning studies (Andreatta et al., 2015; Ewald et al.,
2014; Genheimer, Andreatta, Asan, & Pauli, 2017), the US-intensity was
increased by 50% in order to avoid habituation. The resulting US over
all groups for Study 1 and 2 had a mean intensity of 1.82 mA
(SD = 0.98) and 1.49 mA (SD = 0.85) and was rated as painful (i.e.,
Study 1: M = 6.44, SD = 1.52; Study 2: M = 6.29, SD = 1.39), re-
spectively. For group comparison of US intensity and ratings see
Table 1.

Conditioned stimuli (CS). A blue square, a yellow circle, a red
hexagon and a green triangle worked as CSs. Shapes (7.8 cm in size and
height) were presented for 8 s on a black computer screen localized
approximately 60 cm in front of the participants. For each participant,
only two of the four shapes were selected and served as CS+ and CS—
respectively. Shapes were counterbalanced across all participants.

Startle probes. The acoustic startle stimulus was a 103 dB burst of
white noise presented for 50 ms binaurally via headphones.

Subjective ratings. Participants had to rate the visual stimuli after
each experimental phase. The shapes were presented for 1 s and par-
ticipants gave their ratings by pressing the corresponding buttons on
the keyboard based on visual analogue scales (VAS) ranging from one to

” o«

nine. One meant “negative”, “calm” or “no fear” for the valence, arousal
and fear ratings, respectively; while nine meant “positive”, “intense” and
“strong fear”, respectively. Analysis and results for the arousal and fear
ratings are indicated in the Supplementary Material. Moreover, after
the acquisition and extinction phases participants had to indicate the
contingency between the CSs and the US on a VAS ranging from 0 (“no
association”) to 100 (“perfect association”). To check if participants were
aware of CS+-US contingency, we calculated an contingency aware-
ness score: Contingency awareness was defined as the difference in
contingency ratings after acquisition phase towards US between CS+

and CS— of 70 or higher (see Table 1).

Questionnaires. Participants completed the German versions of the
Beck Depression Inventory (BDI-II, Hautzinger, Keller, & Kiihner, 2006)
and the State-Trait Anxiety Inventory (STAI, Laux, Glanzmann,
Schaffner, & Spielberger, 1981). For Study 2, the STAI state (Laux et al.,
1981) and the Positive and Negative Affect Schedule (PANAS, Krohne,
Egloff, Kohmann, & Tausch, 1996) were additionally filled out 30 min
after stress induction and the end of the first Day of the experiment and
at the beginning and end of each further day of the study (see
Supplementary Material for questionnaires).

2.3. Procedure

All participants were tested during the afternoon and all appoint-
ments of one participant were conducted at the same time point of the
day.

Stress/sham protocols. For the stress/sham protocol, we used the
socially evaluated cold-pressor test (SECPT, Schwabe, Haddad, &
Schachinger, 2008). Briefly, for the stress protocol participants had to
immerse their dominant hand into ice cold water (ca. 2 °C) for a
maximum of 3 min. Contemporaneously, the experimenter stared at the
participant with a stern look and took notes but did not interacted with
the participant. Next to the experimenter, a video camera was turned on
(no data was recorded) and the participant was told that emotional
expressions during hand immersion would be analyzed. For the sham
protocol, participants immersed their dominant hand in lukewarm
water (ca. 27 °C) for a maximum of 3 min. The experimenter was in
front of the participants without looking at or talking to him or her. The
camera was clearly turned off. During the whole experiment, the ex-
perimenter was wearing a white lab coat.
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A. Procedure of Study 1
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Fig. 1. Overview of the procedures for Study 1 (A) and Study 2 (B). All participants underwent a conditioning protocol consisting of two phases. During acquisition
phase of both studies, a geometrical shape (CS+) was associated with a painful electric shock (US) 16 times (100% CS-US contingency), but never a second
geometrical shape (CS—). During extinction, which followed the acquisition phase either immediately (Study 1) or 24 h later (Study 2), the two visual stimuli were
presented again, but never the US. Before learning, participants underwent either a stress or a sham protocol. The stress protocol consisted of the socially evaluated
cold-pressor test (SECPT, for details see Schwabe et al., 2008) Importantly, the intensity of the US was individually determined through a pain threshold protocol (for
details see Andreatta et al., 2010) 30 min after stress or sham protocols. Specifically, in Study 1 two groups of participants underwent the stress protocol, whereas two
groups underwent the sham protocol. One stress group (10-days-stress) and one sham group (10-days-sham) received the stress and the sham protocol 10 days before
learning, whereas one stress (1-day-stress) and one sham (1-day-sham) group underwent the protocols 40 min before the learning, respectively. In Study 2, parti-
cipant underwent the stress (10-days-A-stress) or the sham (10-days-A-sham) protocol 10 days before the learning (as in Study 1) and a third group (10-days-B-stress)
underwent the stress protocol also 10 days before learning, but in a different context.

2.3.1. Study 1

Half of the participants (i.e., 10-days-stress group and 10-days-sham
group) came in the laboratory on two different days separated by
10 days; while the other half (i.e., 1-day-stress group and 1-day-sham
group) had one appointment (Fig. 1A).

DAY 1. After arrival, participants signed the informed consent, fol-
lowed by the first cortisol sample. Subsequently, the stress or sham
protocol took place according to the group allocation. Afterwards,
participants filled out the questionnaires and 30 min later the second
cortisol sample was collected (see Supplementary Material for cortisol
effects) followed by the US-calibration.

DAY 11. After 10 days, the third cortisol sample was collected for
participants of the 10-days-stress group and the 10-days-sham group when
returned in the laboratory. After electrode placements, it was verified
whether the intensity of the electrical stimulus was still rated as mildly
painful (i.e., rated = 4) as on Day 1. If not, the intensity was increased
in steps of 0.5 mA until the corresponding stimulus was rated with at
least a 4. The first cortisol sample for participants of the 1-day-stress
group and the 1-day-sham group was collected after arrival. Then stress
or sham protocol and the completion of the questionnaires took place in
the same manner as for the other two groups on Day 1. Thirty minutes
later, we collected their second cortisol sample and proceeded with the
attachment of the electrodes as well as the US-calibration.

During the habituation phase, two out of four geometrical shapes
were presented on the screen twice with an inter-trial interval (ITI). No
electric shock or startle probe were delivered. Then, seven startle
probes were delivered every 7-14 s in order to habituate the initial
startle reactivity.

The acquisition phase started with the instruction that participants
could receive electric stimulations, but without revealing the CS-US
contingency. Participants saw the two visual stimuli for 16 times each.
At the offset of one shape (CS+) the US was delivered (100% con-
tingency), but never at the offset of the other shape (CS-).

Additionally, during half of CS+ and CS— presentations startle probes
were randomly presented after 4-6 s of CS onset. Eight additional
startle probes were delivered during the ITIs.

During the extinction phase, participants saw both CS+ and CS—
again 16 times each. Furthermore, during half of the CSs’ presentations
startle probes were randomly delivered after 4-6 s after CS onset.
Again, eight additional startle probes were presented during the ITIs.
No painful electric stimulation was delivered during this phase.

Importantly, the sequence of the visual stimuli in all three phases
was pseudo-randomized with the restriction that the same stimulus
would not be presented more than twice in a row, and in all phases the
ITI lasted between 18 and 22 s. Additionally, the startle probes were
pseudo-randomized with the same restriction as for the stimuli: Not
more than two startle probes (regardless of presentation during sti-
mulus onset or ITI) were presented in a row.

After each phase, participants rated valence, arousal and fear of the
stimuli as described earlier. Additionally, after both acquisition and
extinction phase participants had to indicate the probability of CS-US
association (i.e., contingency ratings). At the end of the experiment, the
last cortisol sample was collected.

2.3.2. Study 2

All participants came in the laboratory for three days. The first two
appointments were separated by 10 days. Participants were randomly
divided into three groups: A stress group (10-days-A-stress) or sham
group (10-days-A-sham), where the stress protocol took place in the
same laboratory as the conditioning protocol, or a stress group (10-
days-B-stress), where the stress protocol took place in a different la-
boratory. The two laboratories were in the same building. Importantly,
the access to the laboratory were on two different sites of the building
and furniture within each laboratory differed. Furthermore, the parti-
cipant was sitting in front of a computer screen also localized ap-
proximately 60 cm in front of the participant.
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B. Contingency rating
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Fig. 2. Lines (with standard errors) depict valence (A, D) and contingency (B, E) ratings, while boxplots (with means and standard deviations) depict startle responses
(C, F) to CS+ (black) and CS— (grey) for Study 1 and Study 2, respectively. Successful acquisition of conditioned fear was found on all variables in both studies as
indicated by negative valence, greater associations to US and startle potentiation to CS+ as compared to CS—. Extinction learning was partially successful as no
differences between CS+ and CS— were observed after or during extinction for valence ratings and startle responses, but not for contingency ratings. Bonferroni-
corrected. *p < .05; **p < .01; ***p < .001; Main effect stimulus: * p < .05; + +p < .01; ++ +p < .001.

DAY 1. Participants underwent the stress or sham protocol, filled in
the questionnaires and the cortisol was collected as described for Study
1.

DAY 11. After ten days, all participants returned to the laboratory
and the learning context was the same for all of them. The appointment
started with cortisol sampling and filling out the STAI state and PANAS.
Again, the electrodes for the physiological measurements were attached
and it was verified how aversive the US was. Afterwards the habituation
phase followed by the acquisition phase took place, exactly as described
for Study 1.

DAY 12. The extinction phase was identical to the extinction phase of
Study 1, only 24 h after the acquisition phase (see Fig. 1B). The session
started and terminated with a cortisol sampling and completion of the
STAI state and PANAS.

As in Study 1, after each learning phase participants rated the
geometrical shapes regarding the valence, arousal, fear, and con-
tingency. Additionally, before the extinction learning further ratings
(except contingency) were assessed.

2.4. Data reduction

Physiological responses (see Supplementary Material for analysis
and results of SCRs) were continuously recorded with a V-Amp 16
amplifier and Vision Recorder Software (Version 1.03.0004, BrainPro-
ducts Inc., Munich Germany). A sampling rate of 1000 Hz and a notch-
filter at 50 Hz were applied. The offline analyses were conducted with
the Brain Vision Analyzer (Version 2.0, BrainProducts Inc., Munich,
Germany).

The startle response was measured with electromyogram (EMG)
from the M. orbicularis oculi with two 5 mm Ag/AgCl electrodes placed
below the left eye following guidelines (Blumenthal et al., 2005). The
EMG was offline filtered with a 28 Hz low-cutoff filter and a 400 Hz
high-cutoff filters. Then, it was rectified and a moving average of 50 ms
was applied. The signal was then segmented for each visual stimulus
during each phase from 50 ms before and 1 s after startle-probe onset.
After the baseline correction (50 ms before probe onset), the startle
responses were manually scored and trials with excessive baseline shifts
(=5 pV) were excluded from analysis. Startle amplitude was defined as
the maximum peak between 20 ms and 150 ms after probe onset. The
raw data were then within-subject transformed to z-scores and then to
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T-scores. For Study 2, this transformation was calculated separately for
each day. T-scores were then averaged for each condition (CS+, CS—,
ITT) during acquisition and extinction phase, respectively. Notably, for
each condition a minimum of two startle responses was required for
considering the participants in further analysis. To investigate the
conditioned fear responses, the aggregated mean of the ITI was then
subtracted of the responses of the respective CS.

2.5. Statistical analysis

The statistical analysis was performed with the software SPSS
(Version 20.0, SPSS Inc.). The significance level was setatp < .050 for
all statistical tests. The Greenhouse-Geisser correction (GG-¢) of degree
of freedom was applied when sphericity was violated and partial n* are
indicated for effect size. For post-hoc tests, we used simple contrasts,
Bonferroni corrected.

Study 1. Startle responses, valence and contingency ratings were
analyzed with repeated-measures analyses of variance (ANOVAs)
having group (10-days-stress, 10-days-sham, 1-day-stress, 1-day-sham)
as the between-subjects factor and stimulus (CS+, CS—) as well as
phase (for startle responses and the contingency ratings: acquisition,
extinction; for other ratings: habituation, acquisition, extinction) as
within-subject factors.

Study 2. Since acquisition and extinction were spread over two
days, separate ANOVAs were calculated for each phase (i.e., acquisition
and extinction). The ANOVAs comprised the between-subjects factor
group (10-days-A-stress, 10-days-A-sham, 10-days-B-stress) and the
within-subject factors stimulus (CS+, CS—). Only for valence ratings,
the within-subject factor phase was additionally considered (pre, post).

3. Results
3.1. Results study 1

Startle response. The ANOVA returned significant main effects of
stimulus (F(1,74) = 16.09, p < .001, n,> = 0.18), but not phase (F
1,74) = 1.17, p = .282, npz = 0.02) and group (F(3,74) = 0.25,
p = .858, n,> = 0.01).

The Stimulus x Phase interaction (F(1,74) = 10.41, p = .002,
np2 = 0.12; Fig. 2C) turned out to be significant. The post-hoc contrasts
(Bonferroni corrected; a < 0.025) indicated successful fear acquisition
as startle responses were potentiated to CS+ vs. CS— (F(1,74) = 20.86,
p < .001, n,> = 0.22), as well as successful extinction as such dis-
criminative responses were not visible anymore (F(1,74) = 1.08,
p = .301, n,®> = 0.01; Fig. 20).

Interestingly, the factor group significantly modulated the learning:
the interaction Phase X Group (F(3,74) = 2.81, p = .045, npz = 0.10;
Fig. 3) was significant. No other interaction effects were found (all p
values > 0.206). First, we followed the significant two-way interaction
separately for each group considering phase (acquisition, extinction) as
within-subject factor. No group showed a difference in startle responses
between acquisition and extinction phase (1-day stress: F(1,18) = 2.69,
p = .119, n,®> = 0.13; 1-day sham group: F(1,20) = 3.92, p = .062,
n,> = 0.16; 10-days stress group: F(1,15) = 2.63,p = .125,1,> = 0.15;
10-days sham group: F(1,21) = 1.27,p = .272, npz = 0.06). Second,
considering the significant two-way interaction and our hypothesis, we
exploratively calculated 2 (stimulus: CS+, CS—) X 2 (phase: acquisi-
tion, extinction) ANOVAs separately for each group:

Group 1-day-stress. The main effects for stimulus (F(1,18) = 5.31,
p = .033, n,? = 0.23) was significant, but neither the main effect phase
(F(1,18) = 2.69, p = .119, npz = 0.13) nor the interaction
Phase x Stimulus (F(1,18) = 4.33,p = .052, np2 = 0.19). In summary,
the results indicate that participants, who were stressed 30 min earlier,
did not only show successful CS+/CS— differentiation during acqui-
sition, but also persistent discrimination during extinction, hence im-
paired extinction (see Fig. 3A).
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Fig. 3. Boxplot (with means and standard deviations) of the startle responses to
CS+ (black boxes) and CS— (grey boxes) separately for (A) 1-day-stress, (B)
10-day-stress, (C) 1-day-sham and (D) 10-day-sham groups of Study 1.
Successful acquisition of conditioned fear was evident for all groups except 10-
day-sham group as startle potentiation to CS+ vs. CS— suggests. Extinction
was found in 1-day sham group, however not in the 1-day-stress or 10-day-
stress group. Thus, startle responses were still potentiated to CS+ vs. CS—
during extinction in both stress groups, while in the 1-day-sham group no
discriminative responses were observed anymore. Bonferroni-corrected con-
trasts: *p < .05; **p < .01; ***p < .001. Main effect stimulus over both
phases (i.e., acquisition and extinction): +p < .05; ++p < .01; ++
+p < .001.

Group 1-day-sham. The main effects for stimulus (F(1,20) = 7.75,
p = .011, nP2 = 0.28) but not phase (F(1,20) = 3.92, p = .062,

n,> = 0.16) was significant. Furthermore, analysis returned a sig-
nificant interaction Phase X Stimulus (F(1,20) = 6.49, p = .019,
npz = 0.25). Post-hoc simple contrasts (Bonferroni corrected;

a < 0.025) revealed startle potentiation to CS+ in comparison to
CS— (F(1,20) = 10.21, p = .005, n,> = 0.34) during acquisition phase,
but not during extinction phase (F(1,20) = 0.09, p = .764,
np> < 0.01). In sum, non-stressed individuals showed acquisition and
extinction of conditioned fear responses.

Group 10-days-stress. The main effect for stimulus (F(1,15) = 7.71,
p = .014, n,> = 0.34) was significant, but neither the main effect for
phase (F(1,15) = 2.63, p = .125, n,®> = 0.15) nor their interaction (F
(1,15) = 0.32, p = .580, np2 = 0.02). Hence, when stressed 10 days
earlier, participants showed acquisition of conditioned fear, but not
extinction — evident in persistent CS+/CS— discrimination (see

Fig. 3D).

Group 10-days-sham. Results returned no significant main effects for
stimulus (F(1,21) = 0.06, p = .810, npz < 0.01), phase (F
(1,21) = 127, p = .272, npz = 0.06) and no interaction
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Phase x Stimulus (F(1,21) = 1.82,p = .192, n,> = 0.08). Thus, non-
stressed individuals showed no discriminative responses to CS+ and
CS — neither during acquisition nor extinction learning.

Ratings. ANOVAs for the valence and contingency ratings returned
significant main effects of stimulus for contingency (F(1,74) = 429.80,
p < .001, n,? = 0.85), but not valence (F(1,74) = 3.45, p = .067,
np> = 0.04). In addition, the main effect of phase was significant for
valence (F(2,148) = 29.00, p < .001, n,®> = 0.28), but not con-
tingency (F(1,74) = 1.96, p = .166, np2 = 0.03). The interaction
Stimulus x Phase turned out to be significant for both ratings (valence:
F(1.85,137.09) = 30.32, p < .001, nP2 = 0.29; contingency: F
(1,74) = 10.00, p = .002, n,2 = 0.12; Fig. 2A and B).

We followed the significant 2-way interactions with simple contrasts
applying Bonferroni correction (valence: p < .017; contingency:
p < .025). After habituation phase, participants rated the visual sti-
muli with comparable valence (F(1,74) = 3.63, p = .060, np2 = 0.05).
Successful acquisition of conditioned fear was indicated by more ne-
gative valence (F(1,74) = 29.48,p < .001, npz = 0.28) as well as by
the higher expectation of the US (F(1,74) = 485.10, p < .001,
npz = 0.87) for CS+ vs. CS— (see Fig. 2A and B). After the extinction
phase, participants successfully extinguished their conditioned fear
since CS+ had comparable valence as CS— (F(1,74) < 0.01,p = .974,
Tlp2 < 0.01). However, participants still expected the US more by CS+
than by CS— (F(1,74) = 255.52,p < .001, 1,2 = 0.78).

Neither the main effect nor the interaction effects involving the
factor group reached the significance level (valence: all p values >

0.177; contingency: all p values > 0.071) meaning that the four
groups did not differ in their learning.

In sum, after acquisition phase CS+ was reported as more aversive
than CS— and such discriminative ratings disappeared after extinction.
Importantly, stress or sham groups did not differ on the verbal level
regarding their learning.

3.2. Results study 2

Startle response. The ANOVA for the acquisition day returned a
significant main effect stimulus (F(1,66) = 29.77, p < .001,
np> = 0.31). As can be seen in Fig. 2F., startle responses were po-
tentiated for CS+ in comparison to CS—.

Moreover, the interaction Stimulus X Group resulted significant (F
(2,66) = 6.50, p = .003, n,> = 0.16), but not the main effect of group
(F(2,66) = 0.21, p = .812, n,°> < 0.01). The 2-way interaction was
followed by three one-way ANOVAs separately for each group. The
main effects of stimulus (i.e., CS+/CS— differentiation) resulted sig-
nificant for 10-days-A-sham group (F(1,22) = 22.63, p < .001,
npz = 0.51) and 10-days-B-stress group (F(1,22) = 18.63,p < .001,

Study 2 - startle response
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npz = 0.46), but not 10-days-A-stress group (F(1,22) = 0.07,p = .795,
np> < 0.01; see Fig. 4).

The ANOVA for extinction day revealed no significant main effect
stimulus (F(1,66) = 2.23, p = .140, np2 = 0.03), suggesting no dis-
crimination between CS+ and CS—, hence successful extinction
learning (see Fig. 2F). No group differences were found (all p-value >
0.135).

In sum, startle potentiation to CS+ vs. CS— indicates overall suc-
cessful acquisition learning, while diminished CS+/CS— startle dis-
crimination supports successful extinction. At the group level, the 10-
days-A-stress group did not show a differentiation between CS+ and
CS— during acquisition. To further investigate the lack of CS+/CS—
differentiation for the 10-days-A stress group, we exploratively corre-
lated the cortisol increase after stress induction with the difference of
the mean raw startle response of the conditioned stimuli (i.e., CS+,
CS—) and the mean raw response of the ITI during acquisition phase.
Analysis revealed a positive correlation between cortisol increase after
stress induction and CS— (r(14) = 0.544, p = .029), but not CS+
startle response (r(14) = 0.410, p = .114). Thus, suggesting that the
lack of differential CS+ /CS— responding is due to impaired safety
learning. However, due to small sample sizes, these results have to be
considered preliminary and explorative and need further investigation.

Ratings. The ANOVA for valence ratings revealed significant main
effects of phase (F(1, 66) = 32.92,p < .001, np2 = 0.33) and stimulus
(F(1, 66) = 7.97,p = .006, npz = 0.11), as well as their interaction (F
(1, 66) = 7.96, p = .006, ﬂp2 = 0.11). Post-hoc contrasts (Bonferroni
correction: p = .025) for the two-way interaction revealed that ratings
for CS+ and CS— were equally rated after habituation (F
(1,66) = 0.110, p = .742, Tlp2 < 0.01), while after acquisition CS+
was more negative than CS— (F(1,66) = 12.36,p = .001, npz = 0.16).
For contingency ratings, the main effect of stimulus was significant (F
(1, 66) = 233.84, p < .001, npz = 0.78) indicating a higher asso-
ciation of CS+ than CS— to the US. In other words, participants suc-
cessfully acquired conditioned fear on a verbal level (Fig. 2D and E).

Interestingly, the ANOVA for valence ratings revealed a significant
Stimulus X Group interaction (F(2, 66) = 3.19,p = .048, npz = 0.09),
but no other effect involving the factor group were found (all p va-
lues > 0.429). Since habituation ratings only serve as baseline mea-
sures, we followed the significant Stimulus X Group interaction with
two 3 (group) X 2 (stimulus) ANOVA for habituation and acquisition,
separately. The ANOVA for habituation phase revealed no significant
main effects of stimulus (F(1, 66) = 0.11, p = .742, npz < 0.01) or
group (F(2,66) = 0.09,p = .911, qu < 0.01), and their interaction (F
(2,66) = 2.45,p = .094, npz = 0.07. After acquisition phase, the CS+
was rated as more unpleasant than the CS— (main effect stimulus: F
(1,66) = 12.36,p < .001, npz = 0.16), but groups did not differ (both

Fig. 4. Boxplot (with means and stan-
dard deviations) of the startle re-
sponses to CS+ (black boxes) and
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p-values > 0.193) indicating successful acquisition for all groups. For
contingency ratings, no group effect was significant (all p values >
0.403).

For extinction learning, the ANOVA returned significant main effects
stimulus for both valence (F(1, 66) = 14.01, p < .001, npz = 0.18)
and contingency ratings (F(1, 66) = 7.68, p = .007, npz = 0.11) in-
dicating persistent more negative and higher US expectancy for CS+ vs.
CS— (Fig. 2E). The interaction Phase X Stimulus (F(1, 66) = 14.15,
p < .001, n,> = 0.18), but not the main effect phase (F(1, 22) < 1,
p > .949,1,> < 0.01) was significant for valence ratings. Following
the significant two-way interaction, simple contrasts (Bonferroni cor-
rection: p = .025) revealed that prior to extinction CS+ was still rated
as more negative than CS— (F(1,66) = 20.25,p < .001, npz = 0.24),
while after extinction the discrimination between CS+ and CS— di-
minished (F(1,66) = 3.53,p = .064, np2 = 0.05; Fig. 2D).

Groups differed in extinction learning for valence ratings
(Stimulus X Group: F(2, 66) = 4.51,p = .015, npz = 0.12). No further
effect involving the factor group was significant (all p values > 0.651).
We followed the significant two-way interaction with one-way ANOVAs
with within-subject factor stimulus (CS+ and CS— averaged over pre
and post extinction) separately for each group. Main effects stimulus for
10-days-A-sham group (F(1, 22) = 0.06,p = .808, n,> < 0.01) and 10-
days-B-stress group (F(1, 22) = 3.07,p = .094, np2 = 0.12) were non-
significant. For 10-days-A-stress group, CS+ was still rated as more
negative than the CS— (F(1, 22) = 19.13, p < .001, npz = 0.47;
Fig. 5). For contingency ratings, neither the main effect groups nor the
interaction Stimulus X Group turned out significant (all p values >

0.484).

Taken together, fear acquisition was evident in more negative rat-
ings and higher association towards the US for the CS+ in comparison
to the CS—. Extinction was indicated by decreased CS+/CS— differ-
entiation for the valence but not for contingency ratings. Noteworthy,
the 10-days-A-stress group, but not 10-days-A-sham or 10-days-B-stress
groups showed impaired extinction learning by showing persistent CS
+/CS— differentiation for valence ratings during extinction learning.

4. General discussion

In these two studies, we investigated the role of distal stress on
associative learning. Specifically, the stress protocol was conducted
either 30 min (Study 1) or 10 days (both Study 1 and Study 2) before
acquisition of conditioned fear. Overall, we found successful fear ac-
quisition on both verbal (ratings) and physiological (startle response)
responses in both studies, which is in line with previous studies
(Andreatta, Muhlberger, Yarali, Gerber, & Pauli, 2010; Antov,
Melicherova, & Stockhorst, 2015; Sjouwerman, Niehaus, & Lonsdorf,
2015). We also revealed successful extinction as participants
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extinguished fear once the CS + was not associated with the aversive US
anymore (Golkar & Ohman, 2012; Milad & Quirk, 2012; Sjouwerman
et al., 2015; Steinfurth et al., 2014).

The results of both studies provide evidence that pre-exposure to
stress impairs fear extinction in humans, which is in line with animal
findings (Chauveau et al., 2012; Keller, Schreiber, Stanfield, & Knox,
2015; Knox et al., 2012). Specifically, Study 1 exploratively showed
that participants stressed either 30 min or 10 days before acquisition
phase showed startle potentiation to CS+ vs. CS— during extinction. In
Study 2, this result was conceptually replicated for valence ratings,
when stress induction took place 10 days prior to acquisition. The
current studies not only are in line with human findings, which show
extinction deficits when placing stress induction shortly prior to fear
acquisition (Antov et al., 2013; Jackson et al., 2006), but also extend
these studies by demonstrating that stress exposure 10 days prior to
acquisition has a similar effect.

In Study 2, context dependency of distal stress induction was ad-
ditionally found. Interestingly, the 10-days-A-stress group (i.e., stress
induction in same context as conditioning paradigm, which is equiva-
lent to the 10-days-stress group of Study 1), but not the 10-days-B-stress
group (i.e., stress induction in different context) showed extinction
impairments, suggesting that the extinction-impairing effect in this
group cannot solely be explained by the stress exposure. As already
mentioned, stress has structural and functional effects on the hippo-
campus (Leuner & Shors, 2013) For instance, acute stress can increase
the spine density in the hippocampus (Shors, Chua, & Falduto, 2001;
Shors, Falduto, & Leuner, 2004). Importantly, contextual information
modulates fear responses to cues (Huff et al., 2011; Miihlberger et al.,
2014), as well as conditioned responses after extinction learning
(Bouton, 2004). Since the hippocampus is crucial for context-dependent
learning (Andreatta et al., 2015; Bulkin et al., 2016; Fanselow, 2010;
Rudy, 2009; Smith & Bulkin, 2014), it is possible that the acute stress
induction in these studies could have enhanced the consolidation of
contextual information during the stressful experience via increased
hippocampal activity (McKenzie & Eichenbaum, 2011). Additionally,
the US in these studies might have been associated with the laboratory
as the US-calibration and this association might have been strengthen
even more when stress protocol was conducted shortly before (Maren &
Holmes, 2016; Schwabe, Joels, Roozendaal, Wolf, & Oitzl, 2012). This
would explain why the extinction-impairing effect could only be found
in the 10-days-A-stress group, but not the 10-days-B-stress group or the
10-days-A-sham group. Alternatively, showing reduced extinction of
conditioned fear after returning to a mild stressful environment could
be an adaptive response as it may prime defensive responses in order to
more promptly respond to future threats. However, experiencing trau-
matic or chronic stressful events could facilitate fear memory con-
solidation and delay fear extinction to the extent that extinction is

Fig. 5. Lines (with standard errors) depict
valence ratings of the CS+ (black line) and
CS— (grey line) separately for (A) the 10-
days-A-stress group, (B) the 10-days-A-sham
group, and (C) the 10-days-B-stress group.
Over all groups, successful acquisition was
evident in more negative valence ratings
towards CS+ (vs. CS—) after acquisition
phase. During extinction learning, CS+ did
not differ from CS — for the 10-days-A-sham
group and 10-days-B-stress group,
dicating successful extinction. Notably, the
10-days-A-stress group showed persistent CS
+/CS— differentiation during extinction
learning (i.e., impaired extinction learning).
Post-hoc main effects stimulus for each
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persistently impaired and might become pathological in the long term.

It remains unclear why the two studies found the extinction-im-
pairing effect of stress in different dependent variables. In Study 1, the
effect was found on an implicit level (startle response) and not on an
explicit level (valence ratings) and vice versa in Study 2. There are a
few possible explanations for this dissociation. First, the 10-days-A-
stress group of Study 2, which is the comparable group to the 10-days-
stress group of Study 1, did not show successful fear acquisition for the
startle response, hence, no effects on extinction can be found. Notably,
we observed a positive correlation between cortisol response and startle
responses to CS—, suggesting that such lack in discriminative startle
responses might be related to a failure in inhibiting fear responses to the
safety signal (Lissek et al., 2005). Second, there are methodological
differences in the paradigms. In Study 1, acquisition and extinction
learning were only separated by ratings (i.e., immediate extinction),
whereas in Study 2 extinction was 24 h later (i.e., delayed extinction). It
is known that sleep facilitates memory consolidation (Rasch & Born,
2013), also for conditioned fear (Pace-Schott, Germain, & Milad, 2015).
Conceivably, the delayed extinction in Study 2 could have allowed for a
better explicit consolidation of the fear memory trace overnight. Al-
ternatively, the extinction-impairing effects observed in Study 1 could
be modulated by the immediate extinction deficit (Maren, 2014). The
persistent fear-potentiated startle responses in acquisition and extinc-
tion phase in the 10-days stress group of Study 1 suggest that the return
to the stress-associated context could have heightened the state of fear
prior and during extinction and could thereby impaired it’s learning.

There are a few limitations that should be considered. First, in
comparison to the animal study (Chauveau et al., 2012) the stressor
used in our studies is relatively mild. In the animal models, severe and
traumatic stress induction protocols are used (Baran et al., 2009; Knox
et al., 2012; Lin et al., 2016; Miracle et al., 2006; Wilber et al., 2009,
2011; Yamamoto et al., 2009). These types of stressors are ethically not
applicable in humans. Thus, our results may underlie different me-
chanisms than the animal models. Second, the sample sizes are quite
small. Due to the complex statistical designs of our studies, the statis-
tical power could be insufficient to reliably detect the expected effects,
especially interactions involving between-group factors. Third, gender
distribution differs between the two studies. While in Study 1 about half
the participants were female, Study 2 only included male participants.
There is a growing body of evidence suggesting gender differences in
stress response (Merz, 2017) and in fear conditioning (Stockhorst &
Antov, 2015). Maybe the differences in gender distributions between
our studies could affected the results. Considering the small sample
sizes per gender in each group, adding the factor gender to the analyses
of Study 1 would not be advisable because of low statistical power. Last,
a 10-days-B-sham group is missing in Study 2 (i.e., a sham group where
the first day is in a different context than the fear conditioning pro-
tocol).

In summary, these two studies are to our knowledge the first to
experimentally investigate the effect of distal stress exposure on fear
conditioning in humans. Specifically, stress induction 10 days prior to
fear conditioning induced an impairment in extinction learning (i.e.,
persistent CS+ /CS — differentiation). Interestingly, this effect was only
found when the stress exposure was conducted in the same context as
the learning paradigm. Thus, the combination of stressor and stressor-
associated context seem to be implicated in the extinction-impairing
effect.
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