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ARTICLE INFO ABSTRACT

Keywords: Emotion regulation strategies have been shown to modify the physiological response to stress, yet whether these
Em"ﬁon_ regulation strategies can modulate also cognitive responses to stress is largely unknown. A prominent cognitive response to
Reappraisal stress is the enhanced memory formation for the stressful event, which is an adaptive mechanism to prepare for
1(\:/[2;222; similar events in the future. Thus, the present study aimed to investigate whether emotion regulation strategies

impact the memory formation for a stressful episode. In a two-day study, participants (n = 124) underwent an
enriched stressful episode or a control episode. Critically, before the exposure to the stressor, they were
instructed to use a suppression or reappraisal strategy during the stressful episode. One week later, participants
completed a memory test for central and peripheral details of this episode. Our results show that reappraisal
enhanced not only the cortisol response to the stressor but also the memory formation for central features of the
stressful episode. This reappraisal-related boost of memory for the stressor was particularly pronounced in
participants’ with high working memory capacity. These findings show that reappraisal may not only impact the

Working memory

physiological response to a stressful event but also the cognitive representation of this event in memory.

1. Introduction

Stress is ubiquitous in modern societies and may have a major impact
on our health and wellbeing. Exposure to stressors triggers a number of
physiological response systems that stimulate the release of numerous
hormones, peptides and neurotransmitters, including catecholamines
and glucocorticoids (Joéls and Baram, 2009; Ulrich-Lai and Herman,
2009). These stress mediators act on the brain, alter affective and
cognitive processes and may ultimately contribute to stress-related
mental disorders (de Kloet et al., 2005; McEwen, 1998; O’Connor
etal., 2021). However, individuals differ substantially in their responses
to stressors (Kudielka et al., 2009), and some individuals are more
vulnerable to harmful influences of stressful events than others. One
relevant source of these individual differences in stress responses may be
the individual emotion regulation capacity, i.e., individuals’ capacity to
exert control over their emotional state (Gross, 1998b). Two major
emotion regulation strategies have been in the spotlight of the literature:
reappraisal and suppression (Gross and John, 2003; John and Gross,
2004). While reappraisal is an antecedent-focused strategy that aims to
change the meaning and impact of the situation that elicits the emotion,
suppression is a response-focused strategy directed at the modification

of the facial expression of the emotion (Gross, 1998a). Several studies
suggested that these emotion regulation strategies have different con-
sequences on positive affect, social functioning, and mental health
(Chervonsky and Hunt, 2017; Gross and John, 2003; John and Gross,
2004). Most importantly, there is also evidence linking emotion regu-
lation strategies to the endocrine stress response (Carlson et al., 2012; de
Veld et al., 2012; Krkovic et al., 2018; Lam et al., 2009; Lin et al., 2021).

While many studies on emotion regulation and stress reactivity have
been correlational in nature, there are also a few studies that manipu-
lated the emotion regulation strategy that individuals employed under
stress. These experimental studies suggest that reappraisal enhances the
physiological response to stress, including the cortisol response to the
stressor (Denson et al., 2014; Jamieson et al., 2013, 2012; Jentsch and
Wolf, 2020). Although one might assume that reappraisal as an adaptive
emotion regulation strategy should attenuate the stress response (Gross
and John, 2003), it has been argued that while long-term reappraisal
training reduces the neuroendocrine reactivity to stress (Gaab et al.,
2003), a short-term reappraisal manipulation may increase the
Hypothalamus-pituitary-adrenal (HPA) axis activation due to increased
task effort (Denson et al., 2014). Importantly, previous research on the
impact of emotion regulation strategies on stress responses focused
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mainly on the physiological stress response. Few studies reported a
beneficial effect of stress reappraisal on academic performance and
attentional bias (Jamieson et al., 2010, 2012, 2016). Further, a recent
study tested whether reappraisal might attenuate stress effects on
memory retrieval but yielded inconclusive results, as this study did not
obtain an influence of stress per se on retrieval (Marr et al., 2021).
Therefore, whether emotion regulation strategies may also modulate the
effects of stress on memory processes remains largely unknown. How-
ever, modulatory effects of emotion regulation on stress-induced
changes in memory would be of utmost importance because these
changes are thought to be an integral part of the adaptation to stressors
but may also be a driving force for stress-related psychopathologies (de
Kloet et al., 2005; Vogel et al., 2016).

One of the most prominent cognitive responses to stress is the
enhanced memory formation for the stressful episode (Joéls et al., 2006;
Kalbe et al., 2020; McGaugh, 2015; Sandi and Rose, 1994; Schwabe
et al., 2022; Vogel and Schwabe, 2016; Wiemers et al., 2013). This
memory enhancement is attributed to the action of catecholamines and
glucocorticoids on prefrontal and medial-temporal lobe areas, including
the amygdala and hippocampus (Joéls et al., 2006; Roozendaal et al.,
2006; Schwabe et al., 2022; Schwabe et al., 2012). The superior memory
for stressful events is generally an adaptive mechanism to prepare the
organism for similar threatening situations in the future Joéls et al.,
2011, 2006; Schwabe et al., 2022; Vogel et al., 2016). However, overly
strong memory of a stressful event can be maladaptive and contribute to
the aberrant memory in anxiety disorders or post-traumatic stress dis-
order (PTSD; de Quervain et al., 2017; Pitman et al., 2012). Importantly,
stress does not strengthen memory for all aspects of an episode, but it
appears to promote in particular the storage of central elements of the
stressful episode, whereas the memory for peripheral details may be
even reduced (Kalbe et al., 2020; Kensinger et al., 2007; Wiemers et al.,
2013). This finding is consistent with a recent meta-analysis suggesting
that stress enhances memory encoding only if the encoded information
is directly related to the stressor (Shields et al., 2017). Despite the
critical relevance of memory formation under stress for both adaptation
to stressful events and the development of stress-related mental disor-
ders such as PTSD, it remains completely unknown whether emotion
regulation strategies can modify the memory formation for a stressful
episode.

Thus, the present study aimed to test whether emotion regulation
strategies can alter, in addition to the physiological stress response, the
memory formation for the stressful event. To this end, we exposed
participants to a stress or control manipulation that was embedded in an
enriched episode including several sub-events and contextual details.
Critically, before the stress manipulation, participants were instructed to
use a reappraisal or suppression strategy during the stressful encounter.
One week later, memory for the stressful (or control) episode was tested.
In addition, we included a working memory assessment on Day 1
because working memory has been shown to modulate both cortisol
reactivity to stress (Lin et al., 2020) and cognitive functions under stress
(Otto et al., 2013; Quaedflieg et al., 2019). Since previous research
suggested that reappraisal enhances physiological stress responses
(Denson et al., 2014; Jamieson et al., 2013, 2012), we hypothesized that
reappraisal (but not suppression) would increase sympathetic and
neuroendocrine responses to stress, which would then contribute to
enhanced memory for (central elements of) the stressful episode
(McGaugh, 2015; Schwabe et al., 2022). Moreover, in light of the pre-
viously reported association between working memory capacity and
stress responses (Lin et al., 2020; Otto et al., 2013), we further hy-
pothesized that baseline working memory would modulate memory
formation under stress.
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2. Methods
2.1. Participants

We recruited 124 healthy volunteers (58 males and 66 females; Mean
age + SD: 24.60 + 4.45 years; Age range: 18 ~ 36 years; Mean BMI +
SD: 22.67 + 2.77 kg/m?) through online advertisements on a local job
portal and flyers on campus and in student dormitories. This sample size
was based on an a priori power analysis using the software G*power 3
(Faul et al., 2007), which suggested that a total of 112 participants
would be sufficient to detect a medium-sized group x item type inter-
action effect of f = 0.2 in a mixed-design ANOVA with a power of 0.95.
We recruited 124 participants to ensure sufficient statistical power after
a drop-out rate of up to 10 %. The following inclusion criteria were
checked through a standardized screening interview: (1) Command of
German on a native speaker level; (2) Women should neither be preg-
nant nor taking hormonal contraceptives; (3) No history of any neuro-
logical or mental disorders; (4) No consumption of nicotine or any illicit
drugs; (5) No intake of any prescribed medication. Three participants
did not show up for the memory assessment on day 2, thus leaving a final
sample of 121 participants for memory analysis. All participants gave
their informed consent before participation and received a monetary
compensation of 40 €. The study was approved by the ethics committee
of the University of Hamburg.

2.2. Experimental procedure

In this two-day study, participants came to the laboratory on two
afternoons exactly one week apart (Fig. 1). Participants were randomly
assigned to one of four groups: non-stress control group (C; 15 female,
16 male), standard stress group (S; 19 female, 12 male), stress-
reappraisal group (S-Re; 15 female, 16 male), and stress-suppression
group (S-Su; 17 female, 14 male). We did not include control groups
with different emotion regulation strategies because the present study
focused on how emotion regulation may alter memory formation for a
stressful episode and not an effect of emotion regulation per se.
Furthermore, in the control condition there was no emotionally relevant
situation the emotion regulation could be directed at.

Day 1. After participants had provided written informed consent, we
measured participants’ baseline working memory performance with an
n-back task (see Section 2.5.). Thereafter, participants were led to
another room and received instructions for the TSST/Control task.
Importantly, before the TSST, the two emotion regulation (ER) groups
(S-Re and S-Su) also received the instruction to use a reappraisal or
suppression strategy (see Section 2.3.). After participants had indicated
that they understood the above instructions and had correctly retold the
ER strategy they were supposed to use, they entered the TSST room to
undergo the TSST/control manipulation (see Section 2.4.). Subjective,
autonomic and cortisol stress measures were assessed at several time
points before and after the TSST/control manipulation.

Day 2 (one week after Dayl). Participants first reported on their
sleep quality and duration as well as the amount of rehearsal of exper-
imental Day 1, as sleep (Diekelmann and Born, 2010) and rehearsal
(Karpicke and Roediger, 2008) have been shown to influence memory
formation. We then collected another saliva sample for later cortisol
analysis, recorded their blood pressure and pulse, and assessed their
subjective mood. Next, participants performed a free recall task and then
a recognition task to assess the memory of the Day 1 experience (see
Section 2.6). Finally, participants were debriefed at the end of the
experiment.

2.3. Working memory measurement
Working memory was assessed with a two-level numerical n-back

task (Kirchner, 1958). In this task (see Fig. 1), a series of black digits
(0—9) appeared one after another on the center of a gray screen.
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Participants were instructed to indicate whether each number was
identical to the one that appeared n (n = 3 or 4) trials before or not by
pressing the left or right arrow key on a keyboard (left = “no”, right =
“yes”). To give participants feedback and remind them of the
key-response association, a white rectangle appeared around the
selected answer if the response was within the response window. In each
trial, the stimulus was presented for 500 ms, with a max of 1500 ms
response window (including the stimulus presentation time), followed
by a 1500 ms inter-trial interval. At the beginning of the baseline ses-
sion, participants practiced the n-back task until they reached 60% ac-
curacy of both 3-back and 4-back. The formal task consisted of 4 blocks
of 30 trials, and the sequence was either 3-4-3-4 or 4-3-4-3, which was
counterbalanced across participants. After each block, there was a 13-s
break with a “+ ” on the screen, followed by a 5-s prompt of the n-back
level of the upcoming block. Fifteen minutes after the stress/control
manipulation, participants completed a post-stress session of the n-back
task, which was identical to the baseline session (without practice
phase) and served to test for a potential modulation of the previously
reported working memory impairment after stress (Bogdanov and
Schwabe, 2016; Schoofs et al., 2009) by reappraisal.

2.4. Emotion regulation manipulation

Participants in S-Re and S-Su groups were given the following
additional instructions before the TSST, which were designed to be as
close as possible to standard reappraisal and suppression instructions
(Gross, 1998a):

Reappraisal: “For the upcoming task, please try to keep in mind that
this is only an experiment. The scenario is just a temporary situation and
has no influence on the rest of your life. Try to think about the upcoming
event objectively, by always keeping in mind that it is just an
experiment.”

Suppression: “For the upcoming task, please try to not show any
expression of emotion, but keep a neutral expression on your face. No
one should be able to read your emotions from your face. Try to not
trigger a strong reaction to the upcoming event, but to react neutrally to
it, by always suppressing your emotions and maintaining a neutral facial
expression.”

Participants were required to correctly summarize the respective
emotion regulation strategy in their own words before they proceeded
into the TSST room.

i N-back (S2) b
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Fig. 1. Overview of the experimental procedure. In a two-
day study, participants were exposed to the Trier Social
Stress Test (TSST) or a control manipulation on Day 1. Both
tasks were embedded in an enriched episode. Importantly,
some of the participants received additional emotion
regulation (ER) instructions related to reappraisal or sup-
pression strategies before they underwent the TSST. Base-
line (S1) and post-treatment (S2) working memory were
assessed with an n-back task (n = 3 or 4). One week after
Day 1, participants completed a free recall task and a
recognition task to assess their memory of central and pe-
ripheral items experienced during the treatment episode on
Day 1. Central items were items that the panel members
interacted with during the stress/control procedure,
whereas peripheral items were items that were not touched
by the panel members and therefore were not part of the
stress/control procedure.

Post 25

2.5. Trier social stress test and control manipulation

Participants in the three stress groups (S, S-Re, and S-Su) underwent
the Trier Social Stress Test (TSST; Kirschbaum et al., 1993), which is an
established protocol to induce psychosocial stress. The TSST included
three phases: preparation, free speech, and mental arithmetic. In the
preparation phase, participants were asked to prepare for a presentation
on why they are the ideal candidate for a job tailored to their interest.
Participants were then requested to give this presentation as 5-min free
speech without notes. In the subsequent mental arithmetic task (5 min),
participants were asked to count backwards in steps of 17 from 2043,
and they were asked to restart from 2043 if they made a mistake. During
the speech and mental arithmetic tasks, participants stood in front of a
TSST panel of two serious and cold experimenters in white lab coats who
were introduced as experts in behavioral analysis. Moreover, partici-
pants were videotaped and could see their own performance on a big
screen placed behind the panel.

Participants in the non-stress control group (C) interacted with a
panel of two friendly experimenters. Instead of a stressful mock job
interview, participants had a 5-min casual talk about topics of their in-
terest such as hobbies or journeys. Next, they did an easy 5-min counting
game together with the two experimenters, skipping numbers including
“7” or multiples of “7”. Other than in the TSST, experimenters in the
control task did not wear white coats and acted friendly, and the par-
ticipants were not videotaped.

The TSST and control procedure were carried out in the same
experimental room that was decorated for the purpose of the Day 2
memory test (see Section 2.6.). We placed 12 central items and 12 pe-
ripheral items in the room. The central items were items that the panel
interacted with according to a predefined script including specific ac-
tions at a specific time, such as sharpening a pencil or binding paper with
a stapler (Kalbe et al., 2020). In contrast, peripheral items were items that
were not touched by the panel, such as a bag and an umbrella.

To assess the effectiveness of the stress manipulation and evaluate
group differences in stress responses, we recorded both subjective and
physiological measures before and after the TSST/control manipulation.
Subjective measures were assessed with a German mood questionnaire
(Steyer et al., 1994) before, immediately and 25 min after the
TSST/control manipulation. Saliva samples were collected using Saliv-
ette collection devices (Sarstedt) before, immediately after, 10 min, and
25 min after the TSST/control task to measure cortisol concentrations.
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The samples were stored at — 18 °C before cortisol analysis using a
luminescence assay (IBL International, Hamburg, Germany). Blood
pressure and pulse were measured using a Dinamap system (Critikon
Inc.) before, during, immediately after, 10 min, and 25 min after the
TSST/control manipulation.

2.6. Memory assessment on day 2

Memory was assessed with a free recall and a recognition task. In the
free recall task, participants were instructed to recall (and write down)
as many items as possible that they saw during the treatment episode on
Day 1. Two independent raters counted the number of correctly listed
items at the end of data collection. The interrater agreement was high
(about 85 %) and discrepant ratings were discussed until an agreement
was reached. In the recognition task (see Fig. 1), 24 old items (12 central
and 12 peripheral) from the Day 1 episode and 24 similar new items (12
central and 12 peripheral) were randomly presented on a computer
screen. Each trial began with a fixation cross presented for 1-2 s at the
center of the screen, followed by a picture of an old or new item. Par-
ticipants were instructed to indicate for each item whether they saw the
exact same item during the treatment episode on Day 1, by selecting
either “very certain old,” “certain old,” “rather old”, “rather new”,
“certain new”, or “very certain new” (Kalbe et al., 2020). The recogni-
tion test was self-paced.

2.7. Data analysis

For subjective mood measures, seven participants (3C, 1S-Re, 35-Su)
had missing values. For salivary cortisol, there were two missing values
at baseline (1 C, 1 S), four missing values at post 0 (1S, 1S-Re, 2S-Su),
three missing values at post 10 (1C, 1S, 1S-Su), and three missing values
at post 25 (1 S, 2S-Su) due to little saliva. For blood pressure and pulse,
one participant (C) had one time point missing during the non-stress
control task due to technical errors. In the analysis of baseline work-
ing memory, we excluded participants with accuracy below 2.5 SD or
reaction time above 2.5 SD across groups, which left 116 participants for
the following analysis relevant to baseline working memory.

Subjective and physiological parameters were analyzed with mixed-
design ANOVAs with group (C vs. S vs. S-Re vs S-Su) as between-subjects
factor and time point of measurement as within-subject factor. For
working memory, we focused on accuracy and reaction time data and
performed mixed-design ANOVAs with group (C vs. S vs. S-Re vs. S-Su)
as a between-subjects factor, and measurement session (baseline vs.
post-stress) and task load (n = 3 vs. n = 4) as within-subject factors. For
free recall performance, we analyzed the percentage of central and pe-
ripheral items that participants correctly recalled. For recognition per-
formance, we included only the high-confidence responses (“very
certain”, “certain”) when we calculated hits and false alarm rates, in line
with a previous study on memory formation under stress from our lab
(Kalbe et al., 2020), as high-confidence responses are assumed to be a
better indicator of actual memory (Yonelinas, 1994). Recognition ac-
curacy was calculated as difference between hits and false alarm rates
(Kalbe et al., 2020). These memory parameters were subjected to a
mixed-design ANOVAs with group (C vs. S vs. S-Re vs. S-Su) as
between-subjects factor and item type (central vs. peripheral) as a
within-subjects factor. Because cortisol is known play a key role in
memory formation for stressful episodes (Joéls et al., 2011; Roozendaal
et al., 2006; Schwabe et al., 2022; Sandi et al., 1997), we ran also an
explorative analysis testing whether the cortisol response (high--
responders vs low-responders, based on a median split on the
baseline-to-peak difference) would modulate participants’ memory for
central elements of the treatment episode.

Furthermore, as previous studies suggested that baseline working
memory also affects stress responses (Lin et al., 2020) and cognition
under stress (Otto et al., 2013; Quaedflieg et al., 2019), we were inter-
ested in whether baseline working memory would interact with our
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treatment on cortisol responses and memory formation. Therefore, we
entered baseline working memory (calculated by the average reaction
time across 3-back and 4-back loads) as a covariate in mixed-design
ANCOVAs with group (C vs. S vs. S-Re vs. S-Su) as between-subjects
factor, and time point of measurement as a within-subject factor in the
analysis of the cortisol responses and item type (central vs. peripheral)
as a within-subjects factor in the analysis of memory performance. High
vs. low baseline working memory performance comparison was based
on a median split for the average reaction time of the 3-back and 4-back
tasks. The number of participants in each subgroup was as follows: C (21
high vs. 10 low); S (14 high vs. 12 low); S-Re (12 high vs. 17 low); S-Su
(11 high vs. 20 low).

Data analysis was performed using R (version 4.1.2) with packages
afex (1.0-1) and emmeans (1.7.1-1). All reported p-values are two-
tailed. The significance level was set at 0.05. Greenhouse-Geisser
correction was applied in the case of violation of the sphericity
assumption. In the post hoc analysis of main significant main or inter-
action effects, p-values were Bonferroni-corrected when indicated

(pcorr)~
3. Results
3.1. Reappraisal is associated with increased cortisol response to stress

As expected, the TSST led to significant increases in subjective and
physiological stress parameters (see Table 1). For subjective mood, the
mixed-design ANOVA revealed a significant group x time interaction
for negative mood (F(5.55, 208.89) = 9.992, p < 0.001, ;13 =0.210),
restlessness (F(5.23, 197.08) = 7.347, p < 0.001, '7% =0.163), and
tiredness (F(5.85, 220.31) = 5.158, p < 0.001, r]g = 0.121). Post-hoc
comparisons revealed that all three stress groups (S, S-Re, S-Su)
showed elevated stress levels immediately after the treatment [bad
mood: t; > 4.500, ps < 0.001; restlessness: t; > 4.173, ps < 0.001;
tiredness: t; > 3.104, ps < 0.01], without any differences between the
three stress groups (ps > 0.317). For sympathetic arousal measures, the
mixed-design ANOVA revealed a significant group x time interaction
for pulse (F(5.63, 223.51) = 5.270, p < 0.001, ng = 0.117). Post-hoc
comparisons revealed that the pulse of the three stress groups was
elevated during the TSST compared with non-stress control group (t; >
2.227, ps < 0.028), without differences between the three stress groups
(ps > 0.230). For diastolic blood pressure (F(9.06, 359.30) = 1.94,
p =0.045, r]g = 0.047), the S-Re and S-Su showed higher scores than the
control group during the TSST (t; > 2.550, ps < 0.012), while the S group
was not different from the control group (t = 2.550, p = 0.129). For
systolic blood pressure, there were no significant group differences (F
(8.04, 319.04) = 0.090, p = 0.544, ’75 = 0.022). The relative lack of
significant group differences in blood pressure is most likely due to the
fact that participants of all groups were interacting with other people
during the manipulation and in line with previous findings using a
similar task version (Wiemers et al., 2013). Moreover, the TSST led also
to a significant increase in cortisol, which was not see in response to the
control manipulation (group x time interaction: F(5.19, 197.73)
=7.636,p < 0.001, ng = 0.166). Post-hoc comparisons revealed that the
TSST significantly elevated cortisol immediately after [S vs. C: t(115 =
2.500, p =0.014, d = 0.777; S-Re vs. C: t(115) = 2.759, p = 0.007,
d = 0.857], 10 min after [S vs. C: t(115) = 2.587,p = 0.011, d = 1.109;
S-Re vs. C: t(115) = 4.559, p < 0.001, d = 1.954; S-Su vs. C: t(115) =
1.887, p =0.062, d = 0.816] and 25 min after the TSST [S vs. C: t
(115) =1.989, p=0.049, d =0.695; S-Re vs. C: t(115) = 4.228,
p <0.001, d =1.478; S-Su vs. C: t(115) = 2.021, p = 0.046, d = 0.713]
compared to the control condition, whereas stress groups did not differ
from the control group at baseline [S vs. C: t(115) = 1.647, p = 0.102,
d=0.323; S-Re vs. C: t(115) = 0.002, p = 0.999, d = 0.000; S-Su vs. C: t
(115) =0.369, p=0.713, d = 0.073]. Critically, the results also
revealed that in particular reappraisal enhanced the cortisol response
(see Fig. 2.), compared to other two stress groups at 10 min after [S-Re
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Table 1
Physiological and subjective responses to the stress and control manipulations.
control stress- standard stress- reappraisal stress- suppression

Variables Mean SD Mean SD Mean SD Mean SD
Pulse
Baseline 68.23 12.14 69.13 11.56 69.32 11.30 71.89 11.00
During TSST 84.45 21.82 96.26* 20.60 102.60"" 17.92 101.60"" 22.24
Post 0 min 70.18 17.50 70.86 11.36 72.76 11.60 75.02 14.02
Post 10 min 70.98 18.08 70.76 12.06 72.10 11.25 72.89 11.02
Post 25 min 68.05 10.21 69.90 11.01 71.42 10.86 73.03 10.08
Systolic blood pressure
Baseline 130.33 20.06 134.52 21.79 130.29 13.46 131.92 20.06
During TSST 147.77 21.76 152.92 21.76 157.53 20.34 151.16 28.09
Post 0 min 129.93 21.47 136.50 19.96 138.81 15.98 136.02 20.05
Post 10 min 127.93 19.59 132.92 20.05 134.50 15.28 132.48 17.37
Post 25 min 128.20 17.17 132.69 20.57 131.61 12.69 129.24 18.48
Diastolic blood pressure
Baseline 69.33 11.00 70.61 9.10 71.44 7.32 69.82 8.76
During TSST 87.12 11.12 91.92 10.44 95.13 9.12 96.34 16.90
Post 0 min 72.90 10.41 76.24 9.63 79.18 8.07 76.63 8.18
Post 10 min 70.20 9.08 73.58 10.81 75.32 8.52 76.55 9.09
Post 25 min 70.97 10.72 71.94 8.07 73.37 8.55 72.60 8.01
Salivary cortisol (nmol/1)
Baseline 4.43 2.88 5.60 3.15 4.43 2.89 4.16 1.87
Post 0 min 5.01 2.98 7.82% 4.78 8.117" 5.76 5.76 3.25
Post 10 min 5.05 2.95 9.06* 5.60 12,12 9.02 8.00 4.71
Post 25 min 3.98 2.11 6.49% 3.73 9.32"" 7.86 6.56* 3.93
Good vs. bad mood
Baseline 32.81 6.17 33.29 5.39 32.30 4.91 32.46 5.34
Post 0 min 34.61 4.43 26.50""" 8.80 25.90"" 6.70 24.64""" 7.26
Post 25 min 34.07 5.07 31.11 6.01 28.27"" 6.87 28.68"" 6.35
Calmness vs. restlessness
Baseline 30.61 6.15 30.71 5.95 30.20 6.00 30.04 5.24
Post 0 min 31.55 5.26 24.04™" 8.68 24.20"" 6.91 23.29" 6.37
Post 25 min 33.45 5.03 29.96* 5.62 29.23" 6.63 27.96"" 6.33
Alertness vs. tiredness
Baseline 30.13 5.77 28.61 6.00 28.60 6.95 28.21 6.17
Post 0 min 32.48 4.64 26.36""" 6.62 27.87"" 5.76 26.36""" 6.15
Post 25 min 30.97 5.17 26.43" 7.06 24.93"" 7.21 24117 6.70

Note: *p < 0.05, "p < 0.01, ""p < 0.001 (vs. the control group).
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Fig. 2. Cortisol responses among four groups. Left panel shows the original salivary cortisol values. Right panel shows the baseline-peak cortisol increases. Data bars
show means, and error bars show standard errors. *p < 0.05 (vs. S-Re group). [C: control group; S: stress-standard group; S-Re: stress-reappraisal group; S-Su: stress-
suppression group].

vs. St t(115) = 1.972, p = 0.051, d = 0.845; S-Re vs. S-Su: t(115) = S-Re group showed a higher cortisol increase than both the S group [t
2.632, p =0.010, d = 1.138] and 25 min [S-Re vs. S: t(115) = 1.972, (117) = 3.075, Peorr = 0.016, d = 0.788] and S-Su group [t(117) =
p=0.051, d =0.845; S-Re vs. S-Su: t(115) =2.632, p = 0.010, 3.059, peorr = 0.017, d = 0.783], see Fig. 2 (right panel).

d = 1.138] after TSST. Further analysis found that the baseline-to-peak

increase was significantly different between the four groups: F(3, 117)

=9.270, p < 0.001, ;1% = 0.192. Post-hoc tests further revealed that the
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3.2. Reappraisal enhances the memory for central features of a stressful
episode

On Day 2, the four groups did not differ in terms of salivary cortisol
concentration [F(3, 111) = 0.917, p = 0.435, ’71% = 0.024], blood pres-
sure [systolic: F(3, 110) = 1.366, p = 0.257, ’73 = 0.036; diastolic: F(3,
110) =0.889, p = 0.449, ﬂg = 0.024], pulse [F(3, 110) =1.257,
p = 0.293, 73 = 0.033], negative mood [F(3, 111) = 1.886, p = 0.136, >
= 0.048], and restlessness [F(3, 111) = 1.165, p = 0.327, r]f) = 0.031].
Participants of the S-Re and S-Su groups reported less alertness than the
control group on Day 2: F(3, 111) = 3.397, p = 0.020, ng = 0.084, but
there were no differences among the three stress groups (ps > 0.365). In
addition, groups did not differ in sleep quality or duration after the Day
1 experience (ps > 0.627). For rehearsal, they did not differ in how often
they thought or talked about the Day1 experience (ps > 0.126), but the
three stress groups all reported higher strain after the Day 1 experience
than the control group (ps < 0.01), confirming again the successful stress
manipulation through the TSST.

In order to analyze the modulatory effect of emotion regulation
strategies on memory formation for a stressful episode, the main ques-
tion of the present study, we focused on the free recall test on Day 2. A
group X item type ANOVA on the free recall data revealed a significant
main effect of item type, F(1, 117) = 151.433, p < 0.001, r]g = 0.564,
indicating overall better memory for central items than for peripheral
items. More importantly, however, this analysis revealed also a signifi-
cant group x item interaction, F(3,117) = 3.697,p = 0.014, r]ﬁ = 0.087.
Follow-up analysis showed that groups differed in the free recall per-
formance for central items, F(3, 117) = 2.693, p = 0.049, 113 = 0.065,
with only the S-Re group showing significantly better memory than
group C (Fig. 3; t(117) = 2.707, pcorr = 0.047, d = 0.680). As shown in
Fig. 3, the S and S-Su groups tended to show enhanced memory for
central features of the treatment episode as well, yet these differences
relative to the control group did not survive corrections for multiple
comparisons (both p¢orr > 0.227). For peripheral items, however, groups
did not differ in their recall performance, F(3, 117) = 1.965, p = 0.123,
1% = 0.048.

Considering the significant role of cortisol on memory formation
reported by previous studies (Joéls et al., 2011; Roozendaal et al., 2006;
Schwabe et al., 2022), we also conducted a cortisol response x item type
ANOVA on recall performance. This analysis was based on the whole
sample and the number of participants in each group was as follows: C (7
high vs. 23 low); S (16 high vs. 14 low); S-Re (22 high vs. 9 low); S-Su
(16 high vs. 14 low). The result revealed a significant interaction be-
tween cortisol change level and item type, F(1, 116) = 5.994, p = 0.016,
1112, = 0.049. Post-hoc comparisons showed that high-responders had
higher recall performance than low-responders for central items [Fig. 4;
t(116) = 2.195, p = 0.030, d = 0.388], but there were no differences in
recall performance for peripheral items [t(116) = —1.272, p = 0.206,

25 1

m Central
m Peripheral
0 -
C S S-Re S-Su

Fig. 3. Free recall performance. Data represent means, and error bars show
standard errors. *p < 0.05. [C: control group; S: stress-standard group; S-Re:
stress-reappraisal group; S-Su: stress-suppression group].
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Fig. 4. Free recall performance comparison between high-responders and low-
responders. Data represent means, and error bars show standard errors.
*p < 0.05. The number of participants in each subgroup was as follows: C (7
high vs. 23 low); S (16 high vs. 14 low); S-Re (22 high vs. 9 low); S-Su (16 high
vs. 14 low). [C: control group; S: stress-standard group; S-Re: stress-reappraisal
group; S-Su: stress-suppression group].

d = —0.065]. Notably, when we ran this analysis only in the stress
group, there was no significant difference between cortisol high- vs.
low-responders (F(1, 87) = 0.409, p = 0.402, ng = 0.004), which might
be due to a lack of statistical power.

Recognition memory performance was overall rather high (see sup-
plementary tables S1 and S2). The group x item type ANOVA on accu-
racy revealed a higher accuracy for central compared to peripheral items
[F(1, 117) =174.302, p < 0.001, '7% = 0.598], there was, however, no
interaction between group and item type [F(3, 117) = 0.205, p = 0.892,
115 = 0.005]. This pattern of results did not change when focusing not
only on high-confidence hits but including all responses, irrespective of
confidence (see supplemental material).

3.3. Baseline working memory effects on cortisol response and memory

Because previous studies suggested that baseline working memory
capacity can modulate the physiological and cognitive response to stress
(Lin et al., 2020; Otto et al., 2013; Quaedflieg et al., 2019), we further
tested whether participants’ baseline working memory capacity affected
the cortisol response to and memory formation of the stressor. A group
x time x baseline working memory (as a continuous covariate) ANOVA
on salivary cortisol revealed a significant main effect of baseline work-
ing memory, F(1, 107) = 14.349, p < 0.001, ’15 =0.118, as well as a
significant baseline working memory x time interaction, F(1.74,
186.17) = 5.309, p = 0.008, ;15 = 0.047. Further analysis revealed that
individuals with low baseline working memory (split by the median)
showed higher cortisol increases in response to the treatment, t(112) =
2.551, p = 0.012, d = 0.478.

In a next step, we asked whether baseline working memory capacity
was also involved in memory formation for the stressful episode. A
group x item type x baseline working memory (as a continuous co-
variate) ANOVA on recall performance revealed a significant baseline
working memory x group interaction, F(3, 106) = 3.442, p = 0.019, ng
=0.089, as well as a trend for a baseline working memory x group
x item type interaction, F(3, 106) = 2.623, p = 0.054, ’75 = 0.069.
Follow-up analyses revealed that the group difference was only signifi-
cant for individuals with high baseline working memory, F(3, 106)
= 2.868, p = 0.040, ’h% = 0.075, but not for individuals with low base-
line working memory, F(3, 106) = 0.166, p = 0.919, V]g = 0.005. For
individuals with high baseline working memory (see Fig. 5), the group S-
Re had better recall performance for central items (F(3, 106) = 3.820,
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Fig. 5. Modulatory effects of baseline working memory on recall performance for the stressful episode. High vs. low baseline working memory performance
distinction was based on a median split for the average reaction time of the 3-back and 4-back tasks. Data represent means and standard errors of the mean.
*p < 0.05; Mp < 0.01' The number of participants in each subgroup was as follows: C (21 high vs. 10 low); S (14 high vs. 12 low); S-Re (12 high vs. 17 low); S-Su (11
high vs. 20 low). [C: control group; S: stress-standard group; S-Re: stress-reappraisal group; S-Su: stress-suppression group].

p =0.012, 1112) = 0.098) than both group C [t(106) = 3.351, p = 0.001,
d = 1.231] and group S [t(106) = 2.100, p = 0.038, d = 0.828; vs. S-Su:
t(106) = 1.557, p = 0.122, d = 0.650].

Notably, working memory perse was not affected by stress or
emotion regulation strategy (all ps > 0.121, see supplementary table S3).

4. Discussion

Previous research linked emotion regulation strategies to the physi-
ological response to stress (Denson et al., 2014; Jamieson et al., 2012).
However, whether emotion regulation further modulates fundamental
cognitive responses to stress, such as the typically enhanced memory
formation for stressful events, remained largely unknown. Thus, the
present study aimed to investigate whether emotion regulation strate-
gies, in particular reappraisal (vs. suppression), may modulate the
memory formation for the stressful episode. Our findings show that
reappraisal not only enhanced the cortisol response to the stressor but
also boosted the subsequent recall of this stressor, in particular for its
central elements. This reappraisal-related memory enhancement for the
stressful episode was specifically observed in individuals with high
working memory performance. We further show that those individuals
that showed the highest cortisol response to the treatment showed also
the best memory for the treatment episode.

Our endocrine data indicates that reappraisal enhances the cortisol
response to stress, which is generally in line with the findings of previous
studies (Denson et al., 2014; Jamieson et al., 2012). Although an
enhanced physiological stress response after reappraisal may be coun-
terintuitive at first glance, there are several potential explanations for
this finding. First, since the reappraisal manipulation did not involve an
extensive training, reappraisal may have been challenging to partici-
pants, requiring them to exert extra task effort during the stress task
when using reappraisal. The finding that only reappraisal but not sup-
pression increased the cortisol responses suggests that the increased
physiological response reflects particularly an increased effort during
the appraisal phase and less so during the response phase. In addition, this
extra task effort could be related to the involvement of cognitive control,
which is involved in two kinds of emotion regulation, i.e., attentional
control and cognitive change (Ochsner and Gross, 2005). This idea
would be consistent with the finding that apart from reappraisal,
attentional training also increased the neuroendocrine reactivity to
stress (Pilgrim et al., 2014). Moreover, it has been suggested that
reappraisal increases self-consciousness (Denson et al., 2014) and that
reappraisal of bodily arousal increases perceptions of available re-
sources, promoting experiences of challenge instead of threat (Jamieson

et al., 2012). Together, these factors may increase both effort and
physiological activation during a stressful event, at least in the
short-term. Long-term reappraisal, in turn, has been related to attenu-
ated stress responses (Gaab et al., 2003).

Critically, while our endocrine data corroborate earlier findings that
reappraisal may increase the cortisol response to a stressor, we show
here for the first time that reappraisal may also modulate a central
cognitive response to a stress, the building of strong memories for the
stressful encounter. More specifically, the present findings show that the
adoption of a reappraisal strategy during a stressful encounter may
result in enhanced memory formation for the stressful event, particu-
larly in individuals with high working memory capacity (see below).
This result and the finding that higher cortisol responses to the treat-
ment were directly linked to a better subsequent memory thereof are
generally in line with the idea that sympathetic arousal in combination
with increased glucocorticoid activity — which was particularly high in
the stress-reappraisal group — drives the memory enhancement for
stressful events (Joéls et al., 2011; Roozendaal et al., 2006; Schwabe
et al., 2022). In addition to the increased cortisol response to the
stressor, reappraisal may have been also related to an enhanced
recruitment of prefrontal circuits that are relevant for reappraisal
(Ochsner and Gross, 2005; Wager et al., 2008) but may also promote
memory encoding (Blumenfeld and Ranganath, 2007). For instance, an
event-related fMRI study found that reappraisal enhanced memory for
negative pictures compared with suppression and passive viewing, and
this successful encoding during reappraisal was predicted by robust
prefrontal cortex activity and co-activation of the left inferior frontal
gyrus and medial temporal lobe, including the hippocampus and
amygdala (Hayes et al., 2010).

Importantly, the memory boost and its modulation by reappraisal
were only observed for central elements of the stressful episode. This
finding dovetails with earlier reports that memory is typically enhanced
for central but not for peripheral details of a stressful episode (Kalbe
et al., 2020; Kensinger et al., 2007; Wiemers et al., 2013). This may be
due to a shift in large-scale neural networks towards the salience
network that is thought to prioritize emotionally salient information
(Hermans et al., 2014, 2011), which may be highly adaptive during a
stressful encounter. Notably, the memory enhancement for the stressful
episode was observed in a free recall test but, other than in previous
studies (Kalbe et al., 2020; Wiemers et al., 2013), not in a recognition
test. Recall and recognition represent two distinct memory processes:
recall performance relies primarily on the episodic system, whereas
recognition replies strongly on both episodic and semantic systems.
Furthermore, recall performance is mainly supported by a search
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process of recollection, whereas recognition performance is also heavily
supported by familiarity (Yonelinas, 2002). Therefore, recognition
performance is typically better than free recall performance, as observed
in the present study. The more variable performance in the free recall
test and its more episodic nature may have rendered this test more
sensitive to stress effects than the recognition test.

Our data further show that the link between emotion regulation and
memory for the stressful episode was critically modulated by baseline
working memory. Specifically, reappraisal enhanced memory for central
items only in individuals with high baseline working memory capacity.
This result extends previous findings suggesting that high working
memory capacity buffers the stress-induced shift towards more inflex-
ible responses (Otto et al., 2013) by showing that high working memory
capacity may further be beneficial for the enhancing effects of stress on
cognitive functions. Working memory is typically associated with gen-
eral intellectual and executive capacities (McCabe et al., 2010) as well as
prefrontal cortex functioning (Braver et al., 1997; Curtis and D’Esposito,
2003), which in turn are critically involved in reappraisal (Ochsner and
Gross, 2005). Thus, it might be argued that higher baseline working
memory capacity may have generally had beneficial effects on encoding
processes and the implementation of the reappraisal strategy, resulting
in the reappraisal-related increase in memory formation for the stressor
specifically in individuals with high working memory capacity. At this
point, it is important to note that our emotion regulation included a
rather short and simple instruction. Future studies could test whether
more detailed instructions or explicit training in the emotional regula-
tion strategy reduces the modulatory influence of individual working
memory capacity on the effect of reappraisal on the response to a
stressor.

Notably, individuals with lower working memory showed a more
pronounced cortisol response to the stressor, which suggests that these
individuals experienced the performance-related stressor elements (free
speech, mental arithmetic) as more demanding and more stressful.
Moreover, this finding shows that an increased cortisol response per se is
not sufficient for the enhanced memory formation. The increase in
cortisol was delayed and only present when the stressful episode was
already over. Hence, cortisol could only affect the consolidation of the
previously encoded material. We assume that individuals with lower
working memory capacity may have encoded less information during
the stressful episode than those with higher working memory capacity,
thus leaving less material that could subsequently benefit from the
enhancing effects of cortisol on consolidation. At this point, it is also
important to note that, in contrast to other studies (Bogdanov and
Schwabe, 2016; Schoofs et al.,, 2009), we did not observe a
stress-induced impairment in working memory performance or a mod-
ulation thereof by the employed emotional regulation strategy. The
absence of such a stress-induced working memory impairment might be
due to several reasons, such as the time lag between the stress manip-
ulation and the working memory assessment, the strength of the cortisol
response to the acute stress, and the working memory load itself, as
previous studies on the impact of stress on working memory also re-
ported enhancement or no-effect outcomes (Oei et al., 2006; Qin et al.,
2009; Smeets et al., 2006).

Finally, our study included healthy young adults, many of them
being university students. This raises the question of the generalizability
of the results to the broader population. For instance, there is evidence
that working memory declines with age (Gajewski et al., 2018), which
might be relevant for the present results because we observed that the
reappraisal effect on memory was modulated by working memory ca-
pacity. Moreover, the current study excluded women taking hormonal
contraceptives due to the potential influence of hormonal contraceptives
on stress responsivity. However, given the fact that many women in the
general population are using hormonal contraceptives, this methodo-
logical choice might also affect the generalizability of the present re-
sults. Future studies are requested to test the influence of reappraisal on
physiological and cognitive responses to stress in samples that are more
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representative of the general population to assess the generalizability of
the present findings.

To conclude, we show here that reappraisal enhances not only the
cortisol response to a stressor but also the memory formation for the
stressful episode, in particular in individuals with high working memory
capacity. These findings significantly extend previous research on
emotion regulation strategies by showing that these strategies modify
not only the physiological response to a stressful event but also its
cognitive representation in memory. Recent data show that post-
encoding arousal may reverse the systems consolidation process and
hence promote the long-term vividness of emotional memories (Atucha
et al., 2017; Krenz et al., 2021). In light of these data, a key question
associated with the present findings relates to the nature of the enhanced
memory for the stressful episode. Does reappraisal during a stressful
episode result in a more detailed memory that includes also contextual
details or in a vivid but more generalized memory of the stressful event?
Understanding the nature of the reappraisal-related memory enhance-
ment for a stressful event may have relevant implications for fear- or
trauma-related disorders that are characterized by aberrant memory for
emotionally arousing events.

Conflict of interest
The authors have no conflict of interest to disclose.
Acknowledgments

The study was supported by funds from the Universitat Hamburg (to
LS) and the CAS-DAAD Joint Fellowship Program (to LL). The authors
thank Dr. Stefan Schulreich and Hendrik Heinbockel for help during
cortisol analysis, and thank Thies Riemann, Xinling Cai, Riana Baas, Luis
Valentin, Berenike Weitze, and Clara Hornung for their support during
data collection.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.psyneuen.2022.105924.

References

Atucha, E., Vukojevic, V., Fornari, R.V., Ronzoni, G., Demougin, P., Peter, F.,
Roozendaal, B., 2017. Noradrenergic activation of the basolateral amygdala
maintains hippocampus-dependent accuracy of remote memory. Proc. Natl. Acad.
Sci. USA 114 (34), 9176-9181. https://doi.org/10.1073/pnas.1710819114.

Blumenfeld, R.S., Ranganath, C., 2007. Prefrontal cortex and long-term memory
encoding: an integrative review of findings from neuropsychology and
neuroimaging. Neuroscientist 13 (3), 280-291.

Bogdanov, M., Schwabe, L., 2016. Transcranial stimulation of the dorsolateral prefrontal
cortex prevents stress-induced working memory deficits. J. Neurosci. 36 (4),
1429-1437. https://doi.org/10.1523/jneurosci.3687-15.2016.

Braver, T.S., Cohen, J.D., Nystrom, L.E., Jonides, J., Smith, E.E., Noll, D.C., 1997.

A parametric study of prefrontal cortex involvement in human working memory.
Neuroimage 5 (1), 49-62.

Carlson, J.M., Dikecligil, G.N., Greenberg, T., Mujica-Parodi, L.R., 2012. Trait reappraisal
is associated with resilience to acute psychological stress. J. Res. Personal. 46 (5),
609-613. https://doi.org/10.1016/j.jrp.2012.05.003.

Chervonsky, E., Hunt, C., 2017. Suppression and Expression of Emotion in Social and
Interpersonal Outcomes: A Meta-Analysis [doi:10.1037/emo0000270]. American
Psychological Association,.

Curtis, C.E., D’Esposito, M., 2003. Persistent activity in the prefrontal cortex during
working memory. Trends Cogn. Sci. 7 (9), 415-423.

Denson, T.F., Creswell, J.D., Terides, M.D., Blundell, K., 2014. Cognitive reappraisal
increases neuroendocrine reactivity to acute social stress and physical pain.
Psychoneuroendocrinology 49, 69-78. https://doi.org/10.1016/j.
psyneuen.2014.07.003.

Diekelmann, S., Born, J., 2010. The memory function of sleep. Nat. Rev. Neurosci. 11 (2),
114-126. https://doi.org/10.1038/nrn2762.

Faul, F., Erdfelder, E., Lang, A.-G., Buchner, A., 2007. G*Power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behav.
Res. Methods 39 (2), 175-191. https://doi.org/10.3758/BF03193146.

Gaab, J., Blattler, N., Menzi, T., Pabst, B., Stoyer, S., Ehlert, U., 2003. Randomized
controlled evaluation of the effects of cognitive-behavioral stress management on


https://doi.org/10.1016/j.psyneuen.2022.105924
https://doi.org/10.1073/pnas.1710819114
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref2
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref2
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref2
https://doi.org/10.1523/jneurosci.3687-15.2016
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref4
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref4
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref4
https://doi.org/10.1016/j.jrp.2012.05.003
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref6
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref6
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref6
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref7
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref7
https://doi.org/10.1016/j.psyneuen.2014.07.003
https://doi.org/10.1016/j.psyneuen.2014.07.003
https://doi.org/10.1038/nrn2762
https://doi.org/10.3758/BF03193146

L. Lin et al.

cortisol responses to acute stress in healthy subjects. Psychoneuroendocrinology 28
(6), 767-779. https://doi.org/10.1016/s0306-4530(02)00069-0.

Gajewski, P.D., Hanisch, E., Falkenstein, M., Thones, S., Wascher, E., 2018. What does
the n-back task measure as we get older? Relations between working-memory
measures and other cognitive functions across the lifespan. Front. Psychol. 9.

Gross, J.J., 1998a. Antecedent- and response-focused emotion regulation: divergent
consequences for experience, expression, and physiology. J. Pers. Soc. Psychol. 74
(1), 224-237. https://doi.org/10.1037//0022-3514.74.1.224.

Gross, J.J., 1998b. The emerging field of emotion regulation: an integrative review. Rev.
Gen. Psychol. 2 (3), 271-299. https://doi.org/10.1037/1089-2680.2.3.271.

Gross, J.J., John, O.P., 2003. Individual differences in two emotion regulation processes:
implications for affect, relationships, and well-being. J. Pers. Soc. Psychol. 85 (2),
348-362. https://doi.org/10.1037,/0022-3514.85.2.348.

Hayes, J., Morey, R., Petty, C., Seth, S., Smoski, M., McCarthy, G., LaBar, K., 2010.
Staying cool when things get hot: emotion regulation modulates neural mechanisms
of memory encoding. Front. Hum. Neurosci. 4, 230. (https://www.frontiersin.
org/article/10.3389/fnhum.2010.00230).

Hermans, E.J., Henckens, M.J.A.G., Joéls, M., Fernandez, G., 2014. Dynamic adaptation
of large-scale brain networks in response to acute stressors. Trends Neurosci. 37 (6),
304-314. https://doi.org/10.1016/j.tins.2014.03.006.

Hermans, E.J., Marle, H.J.F. v, Ossewaarde, L., Henckens, M.J.A.G., Qin, S., Kesteren, M.
T.R. v, Fernandez, G., 2011. Stress-related noradrenergic activity prompts large-scale
neural network reconfiguration. Science 334 (6059), 1151-1153. https://doi.org/
10.1126/science.1209603.

Jamieson, J.P., Mendes, W.B., Nock, M.K., 2013. Improving acute stress responses: the
power of reappraisal. Curr. Dir. Psychol. Sci. 22 (1), 51-56. https://doi.org/
10.1177/0963721412461500.

Jamieson, J.P., Mendes, W.B., Blackstock, E., Schmader, T., 2010. Turning the knots in
your stomach into bows: reappraising arousal improves performance on the GRE.
J. Exp. Soc. Psychol. 46 (1), 208-212. https://doi.org/10.1016/].jesp.2009.08.015.

Jamieson, J.P., Nock, M.K., Mendes, W.B., 2012. Mind over matter: reappraising arousal
improves cardiovascular and cognitive responses to stress. J. Exp. Psychol. Gen. 141
(3), 417-422. https://doi.org/10.1037/a0025719.

Jamieson, J.P., Peters, B.J., Greenwood, E.J., Altose, A.J., 2016. Reappraising stress
arousal improves performance and reduces evaluation anxiety in classroom exam
situations. Soc. Psychol. Personal. Sci. 7 (6), 579-587. https://doi.org/10.1177/
1948550616644656.

Jentsch, V.L., Wolf, O.T., 2020. The impact of emotion regulation on cardiovascular,
neuroendocrine and psychological stress responses. Biol. Psychol. 154, 107893
https://doi.org/10.1016/j.biopsycho.2020.107893.

Joéls, M., Baram, T.Z., 2009. The neuro-symphony of stress. Nat. Rev. Neurosci. 10 (6),
459-466. https://doi.org/10.1038/nrn2632.

Joéls, M., Fernandez, G., Roozendaal, B., 2011. Stress and emotional memory: a matter of
timing. Trends Cogn. Sci. 15 (6), 280-288. https://doi.org/10.1016/j.
tics.2011.04.004.

Joéls, M., Pu, Z., Wiegert, O., Oitzl, M.S., Krugers, H.J., 2006. Learning under stress: how
does it work? Trends Cogn. Sci. 10 (4), 152-158. https://doi.org/10.1016/j.
tics.2006.02.002.

John, O.P., Gross, J.J., 2004. Healthy and unhealthy emotion regulation: personality
processes, individual differences, and life span development. J. Personal. 72 (6),
1301-1334. https://doi.org/10.1111/j.1467-6494.2004.00298.x.

Kalbe, F., Bange, S., Lutz, A., Schwabe, L., 2020. Expectancy violation drives memory
boost for stressful events. Psychol. Sci. 31 (11), 1409-1421. https://doi.org/
10.1177/0956797620958650.

Karpicke, J.D., Roediger, H.L., 2008. The critical importance of retrieval for learning.
Science 319 (5865), 966-968. https://doi.org/10.1126/science.1152408.

Kensinger, E.A., Garoff-Eaton, R.J., Schacter, D.L., 2007. Effects of emotion on memory
specificity: Memory trade-offs elicited by negative visually arousing stimuli. J. Mem.
Lang. 56 (4), 575-591. https://doi.org/10.1016/j.jml.2006.05.004.

Kirchner, W.K., 1958. Age differences in short-term retention of rapidly changing
information. J. Exp. Psychol. 55 (4), 352.

Kirschbaum, C., Pirke, K.M., Hellhammer, D.H., 1993. The ’trier social stress test’-a tool
for investigating psychobiological stress responses in a laboratory setting.
Neuropsychobiology 28 (1-2), 76-81. https://doi.org/10.1159/000119004.

de Kloet, E.R., Joels, M., Holsboer, F., 2005. Stress and the brain: from adaptation to
disease. Nat. Rev. Neurosci. 6 (6), 463-475. https://doi.org/10.1038/nrn1683.

Krenz, V., Sommer, T., Alink, A., Roozendaal, B., Schwabe, L., 2021. Noradrenergic
arousal after encoding reverses the course of systems consolidation in humans. Nat.
Commun. 12 (1) https://doi.org/10.1038/s41467-021-26250-7.

Krkovic, K., Clamor, A., Lincoln, T.M., 2018. Emotion regulation as a predictor of the
endocrine, autonomic, affective, and symptomatic stress response and recovery.
Psychoneuroendocrinology 94, 112-120. https://doi.org/10.1016/j.
psyneuen.2018.04.028.

Kudielka, B.M., Hellhammer, D.H., Wiist, S., 2009. Why do we respond so differently?
Reviewing determinants of human salivary cortisol responses to challenge.
Psychoneuroendocrinology 34 (1), 2-18. https://doi.org/10.1016/j.
psyneuen.2008.10.004.

Lam, S., Dickerson, S.S., Zoccola, P.M., Zaldivar, F., 2009. Emotion regulation and
cortisol reactivity to a social-evaluative speech task. Psychoneuroendocrinology 34
(9), 1355-1362. https://doi.org/10.1016/j.psyneuen.2009.04.006.

Lin, L., Schwabe, L., Zhan, L., Wang, X., Sun, X., Zhang, L., 2021. Neural signature of
affective but not cognitive self-regulation predicts cortisol response to psychosocial
stress. Psychoneuroendocrinology 133, 105388. https://doi.org/10.1016/].
psyneuen.2021.105388.

Psychoneuroendocrinology 146 (2022) 105924

Lin, L., Wy, J., Yuan, Y., Sun, X., Zhang, L., 2020. Working memory predicts
hypothalamus-pituitary-adrenal axis response to psychosocial stress in males. Front.
Psychiatry 11 (142). https://doi.org/10.3389/fpsyt.2020.00142.

Marr, C., Sauerland, M., Otgaar, H., Quaedflieg, C.W.E.M., Hope, L., 2021. Mitigating the
negative effects of retrieval stress on memory: an arousal reappraisal intervention.
Memory 29 (3), 330-344. https://doi.org/10.1080/09658211.2021.1893750.

McCabe, D.P., Roediger III, H.L., McDaniel, M.A., Balota, D.A., Hambrick, D.Z., 2010.
The relationship between working memory capacity and executive functioning:
evidence for a common executive attention construct. Neuropsychology 24 (2), 222.

McEwen, B.S., 1998. Stress, adaptation, and disease: allostasis and allostatic load.
Molecular Aspects, Integrative Systems, and Clinical Advances. New York Academy
of Sciences,, pp. 33-44.

McGaugh, J.L., 2015. Consolidating memories. Annu. Rev. Psychol. 66 (1), 1-24. https://
doi.org/10.1146/annurev-psych-010814-014954.

Ochsner, K.N., Gross, J.J., 2005. The cognitive control of emotion. Trends Cogn. Sci. 9
(5), 242-249. https://doi.org/10.1016/j.tics.2005.03.010.

O’Connor, D.B., Thayer, J.F., Vedhara, K., 2021. Stress and health: a review of
psychobiological processes. Annu. Rev. Psychol. 72 (1), 663-688. https://doi.org/
10.1146/annurev-psych-062520-122331.

Oei, N.Y., Everaerd, W.T., Elzinga, B.M., van Well, S., Bermond, B., 2006. Psychosocial
stress impairs working memory at high loads: an association with cortisol levels and
memory retrieval. Stress 9 (3), 133-141.

Otto, A.R., Raio, C.M., Chiang, A., Phelps, E.A., Daw, N.D., 2013. Working-memory
capacity protects model-based learning from stress. Proc. Natl. Acad. Sci. USA 110
(52), 20941. https://doi.org/10.1073/pnas.1312011110.

Pilgrim, K., Ellenbogen, M.A., Paquin, K., 2014. The impact of attentional training on the
salivary cortisol and alpha amylase response to psychosocial stress: importance of
attentional control. Psychoneuroendocrinology 44, 88-99. https://doi.org/10.1016/
j-psyneuen.2014.01.024.

Pitman, R.K., Rasmusson, A.M., Koenen, K.C., Shin, L.M., Orr, S.P., Gilbertson, M.W.,
Liberzon, I., 2012. Biological studies of post-traumatic stress disorder. Nat. Rev.
Neurosci. 13 (11), 769-787. https://doi.org/10.1038/nrn3339.

Qin, S., Hermans, E.J., Van Marle, H.J., Luo, J., Fernandez, G., 2009. Acute psychological
stress reduces working memory-related activity in the dorsolateral prefrontal cortex.
Biol. Psychiatry 66 (1), 25-32.

Quaedflieg, C.W.E.M., Stoffregen, H., Sebalo, 1., Smeets, T., 2019. Stress-induced
impairment in goal-directed instrumental behaviour is moderated by baseline
working memory. Neurobiol. Learn. Mem. 158, 42-49. https://doi.org/10.1016/j.
nlm.2019.01.010.

de Quervain, D., Schwabe, L., Roozendaal, B., 2017. Stress, glucocorticoids and memory:
implications for treating fear-related disorders. Nat. Rev. Neurosci. 18 (1), 7-19.
https://doi.org/10.1038/nrn.2016.155.

Roozendaal, B., Okuda, S., Van der Zee, E.A., McGaugh, J.L., 2006. Glucocorticoid
enhancement of memory requires arousal-induced noradrenergic activation in the
basolateral amygdala. Proc. Natl. Acad. Sci. USA 103 (17), 6741-6746.

Sandi, C., Loscertales, M., Guaza, C., 1997. Experience-dependent facilitating effect of
corticosterone on spatial memory formation in the water maze. Eur. J. Neurosci. 9
(4), 637-642. https://doi.org/10.1111/j.1460-9568.1997.tb01412.x.

Sandi, C., Rose, S.P.R., 1994. Corticosterone enhances long-term retention in one-day-old
chicks trained in a weak passive avoidance learning paradigm. Brain Res. 647 (1),
106-112. https://doi.org/10.1016/0006-8993(94)91404-4.

Schoofs, D., Wolf, O.T., Smeets, T., 2009. Cold pressor stress impairs performance on
working memory tasks requiring executive functions in healthy young men. Behav.
Neurosci. 123 (5), 1066-1075. https://doi.org/10.1037/20016980.

Schwabe, L., Hermans, E.J., Joéls, M., Roozendaal, B., 2022. Mechanisms of memory
under stress. Neuron 110 (9), 1450-1467. https://doi.org/10.1016/j.
neuron.2022.02.020.

Schwabe, L., Joéls, M., Roozendaal, B., Wolf, O.T., Oitzl, M.S., 2012. Stress effects on
memory: An update and integration. Neurosci. Biobehav. Rev. 36 (7), 1740-1749.
https://doi.org/10.1016/j.neubiorev.2011.07.002.

Shields, G.S., Sazma, M.A., McCullough, A.M., Yonelinas, A.P., 2017. The effects of acute
stress on episodic memory: a meta-analysis and integrative review. Psychol. Bull.
143 (6), 636-675. https://doi.org/10.1037/bul0000100.

Smeets, T., Jelicic, M., Merckelbach, H., 2006. The effect of acute stress on memory
depends on word valence. Int. J. Psychophysiol. 62 (1), 30-37.

Steyer, R., Schwenkmezger, P., Notz, P., Eid, M., 1994. Testtheoretische Analysen des
Mehrdimensionalen Befindlichkeitsfragebogen (MDBF). [Theoretical analysis of a
multidimensional mood questionnaire (MDBF).]. Diagnostica 40 (4), 320-328.

Ulrich-Lai, Y.M., Herman, J.P., 2009. Neural regulation of endocrine and autonomic
stress responses. Nat. Rev. Neurosci. 10 (6), 397-409. https://doi.org/10.1038/
nrn2647.

de Veld, D.M.J., Riksen-Walraven, J.M., de Weerth, C., 2012. The relation between
emotion regulation strategies and physiological stress responses in middle
childhood. Psychoneuroendocrinology 37 (8), 1309-1319. https://doi.org/10.1016/
j-psyneuen.2012.01.004.

Vogel, S., Fernandez, G., Joéls, M., Schwabe, L., 2016. Cognitive adaptation under stress:
a case for the mineralocorticoid receptor. Trends Cogn. Sci. 20 (3), 192-203. https://
doi.org/10.1016/j.tics.2015.12.003.

Vogel, S., Schwabe, L., 2016. Stress in the zoo: tracking the impact of stress on memory
formation over time. Psychoneuroendocrinology 71, 64-72. https://doi.org/
10.1016/j.psyneuen.2016.04.027.

Wager, T.D., Davidson, M.L., Hughes, B.L., Lindquist, M.A., Ochsner, K.N., 2008.
Prefrontal-subcortical pathways mediating successful emotion regulation. Neuron 59
(6), 1037-1050.


https://doi.org/10.1016/s0306-4530(02)00069-0
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref12
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref12
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref12
https://doi.org/10.1037//0022-3514.74.1.224
https://doi.org/10.1037/1089-2680.2.3.271
https://doi.org/10.1037/0022-3514.85.2.348
https://www.frontiersin.org/article/10.3389/fnhum.2010.00230
https://www.frontiersin.org/article/10.3389/fnhum.2010.00230
https://doi.org/10.1016/j.tins.2014.03.006
https://doi.org/10.1126/science.1209603
https://doi.org/10.1126/science.1209603
https://doi.org/10.1177/0963721412461500
https://doi.org/10.1177/0963721412461500
https://doi.org/10.1016/j.jesp.2009.08.015
https://doi.org/10.1037/a0025719
https://doi.org/10.1177/1948550616644656
https://doi.org/10.1177/1948550616644656
https://doi.org/10.1016/j.biopsycho.2020.107893
https://doi.org/10.1038/nrn2632
https://doi.org/10.1016/j.tics.2011.04.004
https://doi.org/10.1016/j.tics.2011.04.004
https://doi.org/10.1016/j.tics.2006.02.002
https://doi.org/10.1016/j.tics.2006.02.002
https://doi.org/10.1111/j.1467-6494.2004.00298.x
https://doi.org/10.1177/0956797620958650
https://doi.org/10.1177/0956797620958650
https://doi.org/10.1126/science.1152408
https://doi.org/10.1016/j.jml.2006.05.004
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref31
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref31
https://doi.org/10.1159/000119004
https://doi.org/10.1038/nrn1683
https://doi.org/10.1038/s41467-021-26250-7
https://doi.org/10.1016/j.psyneuen.2018.04.028
https://doi.org/10.1016/j.psyneuen.2018.04.028
https://doi.org/10.1016/j.psyneuen.2008.10.004
https://doi.org/10.1016/j.psyneuen.2008.10.004
https://doi.org/10.1016/j.psyneuen.2009.04.006
https://doi.org/10.1016/j.psyneuen.2021.105388
https://doi.org/10.1016/j.psyneuen.2021.105388
https://doi.org/10.3389/fpsyt.2020.00142
https://doi.org/10.1080/09658211.2021.1893750
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref41
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref41
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref41
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref42
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref42
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref42
https://doi.org/10.1146/annurev-psych-010814-014954
https://doi.org/10.1146/annurev-psych-010814-014954
https://doi.org/10.1016/j.tics.2005.03.010
https://doi.org/10.1146/annurev-psych-062520-122331
https://doi.org/10.1146/annurev-psych-062520-122331
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref46
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref46
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref46
https://doi.org/10.1073/pnas.1312011110
https://doi.org/10.1016/j.psyneuen.2014.01.024
https://doi.org/10.1016/j.psyneuen.2014.01.024
https://doi.org/10.1038/nrn3339
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref50
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref50
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref50
https://doi.org/10.1016/j.nlm.2019.01.010
https://doi.org/10.1016/j.nlm.2019.01.010
https://doi.org/10.1038/nrn.2016.155
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref53
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref53
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref53
https://doi.org/10.1111/j.1460-9568.1997.tb01412.x
https://doi.org/10.1016/0006-8993(94)91404-4
https://doi.org/10.1037/a0016980
https://doi.org/10.1016/j.neuron.2022.02.020
https://doi.org/10.1016/j.neuron.2022.02.020
https://doi.org/10.1016/j.neubiorev.2011.07.002
https://doi.org/10.1037/bul0000100
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref60
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref60
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref61
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref61
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref61
https://doi.org/10.1038/nrn2647
https://doi.org/10.1038/nrn2647
https://doi.org/10.1016/j.psyneuen.2012.01.004
https://doi.org/10.1016/j.psyneuen.2012.01.004
https://doi.org/10.1016/j.tics.2015.12.003
https://doi.org/10.1016/j.tics.2015.12.003
https://doi.org/10.1016/j.psyneuen.2016.04.027
https://doi.org/10.1016/j.psyneuen.2016.04.027
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref66
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref66
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref66

L. Lin et al.

Wiemers, U.S., Sauvage, M.M., Schoofs, D., Hamacher-Dang, T.C., Wolf, O.T., 2013.
What we remember from a stressful episode. Psychoneuroendocrinology 38 (10),
2268-2277. https://doi.org/10.1016/j.psyneuen.2013.04.015.

10

Psychoneuroendocrinology 146 (2022) 105924

Yonelinas, A.P., 1994. Receiver-operating characteristics in recognition memory:
evidence for a dual-process model. J. Exp. Psychol.: Learn., Mem., Cogn. 20 (6),
1341.

Yonelinas, A.P., 2002. The Nature of Recollection and Familiarity: A Review of 30 Years
of Research. Elsevier Science. https://doi.org/10.1006/jmla.2002.2864.


https://doi.org/10.1016/j.psyneuen.2013.04.015
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref68
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref68
http://refhub.elsevier.com/S0306-4530(22)00265-7/sbref68
https://doi.org/10.1006/jmla.2002.2864

	Reappraisal enhances memory formation for a stressful episode
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Experimental procedure
	2.3 Working memory measurement
	2.4 Emotion regulation manipulation
	2.5 Trier social stress test and control manipulation
	2.6 Memory assessment on day 2
	2.7 Data analysis

	3 Results
	3.1 Reappraisal is associated with increased cortisol response to stress
	3.2 Reappraisal enhances the memory for central features of a stressful episode
	3.3 Baseline working memory effects on cortisol response and memory

	4 Discussion
	Conflict of interest
	Acknowledgments
	Appendix A Supporting information
	References


