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Abstract

W Stressful events affect mnemonic processing, in particular for
emotionally arousing events. Previous research on the mechanisms
underlying stress effects on human memory focused on stress-
induced changes in the neural activity elicited by a stimulus. We
tested an alternative mechanism and hypothesized that stress
may already alter the neural context for successful memory forma-
tion, reflected in the neural activity preceding a stimulus.
Therefore, 69 participants underwent a stress or control procedure
before encoding neutral and negative pictures. During encoding,
we recorded high-density EEG and analyzed—based on multivari-
ate searchlight analyses—oscillatory activity and cross-frequency
coupling patterns before stimulus onset that were predictive of

INTRODUCTION

Stress has a major impact on our memory (Schwabe, Joéls,
Roozendaal, Wolf, & Oitzl, 2012; Joéls, Fernandez, &
Roozendaal, 2011; Roozendaal, McEwen, & Chattarji, 2009).
Through the action of glucocorticoids and catecholamines—
both released during stressful episodes—on prefrontal and
medial temporal lobe areas, stress may enhance memory
formation but impair memory retrieval (Roozendaal &
McGaugh, 2011; Buchanan, Tranel, & Adolphs, 2006;
Roozendaal, Hahn, Nathan, de Quervain, & McGaugh, 2004;
Cahill, Gorski, & Le, 2003; de Quervain, Roozendaal, &
McGaugh, 1998; McGaugh, Cahill, & Roozendaal, 1996).
Although the direction of the stress effects depends on the
affected memory stage, emotionally arousing information
appears to be generally more sensitive to both the enhancing
and impairing effects of stress than neutral information
(Goldfarb, Tompary, Davachi, & Phelps, 2019; Buchanan
et al., 2006; Cahill et al., 2003), presumably because of an
interaction of glucocorticoid hormones with arousal-related
noradrenergic activation (Roozendaal & McGaugh, 2011;
Roozendaal, Okuda, de Quervain, & McGaugh, 2006). The
preferential processing of emotional information under stress
may aid coping with the ongoing stressor and facilitate the
preparation for similar future events. On the other hand, such
a prioritization may contribute to the aberrant emotional
memory that is prominent in several stress-related disorders,
including depression, addiction, and posttraumatic stress
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memory tested 24 hr later. Prestimulus theta predicted subsequent
memory in controls but not in stressed participants. Instead, pre-
stimulus gamma predicted successful memory formation after
stress, specifically for emotional material. Likewise, stress altered
the patterns of prestimulus theta-beta and theta—gamma phase-
amplitude coupling predictive of subsequent memory, again de-
pending on the emotionality of the presented material. Our data
suggest that stress changes the neural context for building new
memories, tuning this neural context specifically to the encoding
of emotionally salient events. These findings point to a yet un-
known mechanism through which stressful events may change
(emotional) memory formation. [l

disorder (de Quervain, Schwabe, & Roozendaal, 2017;
Pitman et al., 2012; Hyman, 2005; Dalgleish & Watts, 1990).
Given the far-reaching implications of stress effects on
(emotional) memory, a number of studies aimed at eluci-
dating the neural mechanisms underlying stress-induced
changes in memory (Schwabe et al., 2012; Roozendaal
et al., 2009; Joéls, Pu, Wiegert, Oitzl, & Krugers, 2006).
Human studies employed, in particular, fMRI and EEG to
examine how (and where) stress changes the neural activ-
ity elicited by a stimulus during encoding (Wirz, Wacker,
Felten, Reuter, & Schwabe, 2017; Quaedflieg, Schwabe,
Meyer, & Smeets, 2013; Schwabe & Wolf, 2012; Weymar,
Schwabe, Low, & Hamm, 2012; Qin, Hermans, van Marle,
Luo, & Fernandez, 2009). Although these analyses of event-
related activity provided valuable insights into the neural
underpinnings of stress effects on memory, there is evi-
dence that event-related activity is not the sole determinant
of successful memory but that, in particular, memory
encoding is also critically influenced by the neural activity
preceding a stimulus (Cohen et al., 2015; Sweeney-Reed
et al., 2015; Fell et al., 2011; Otten, Quayle, Akram, Ditewig,
& Rugg, 2006). For instance, increases in oscillatory theta
(48 Hz), beta (13-30 Hz), or gamma (>30 Hz) power shortly
before stimulus presentation were linked to successful later
remembering (Fell et al., 2011; Guderian, Schott, Richardson-
Klavehn, & Diizel, 2009). Prestimulus activity may provide a
“neural context” for information processing, reflecting the
adoption of a specific “task set” (Otten et al., 2006) or read-
iness to form new memories. Although it has recently been
suggested that stress may induce a large-scale network
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reconfiguration leading to the prioritized processing of
emotionally salient information (Hermans, Henckens,
Joéls, & Fernandez, 2014; Hermans et al., 2011), it not been
tested yet whether stress may alter the neural context for
successful encoding, as reflected in prestimulus activity. If
so, this would represent a yet unknown mechanism
through which stress changes memory formation.

Therefore, we examined here whether acute stress may
modulate the neural context for successful memory forma-
tion by altering the stimulus-preceding activity relevant for
memory and whether stress may further tune this neural
context specifically toward the encoding of emotionally
arousing information. To this end, we exposed healthy
individuals to a stress or control manipulation before they
encoded emotionally neutral and negative pictures. During
encoding, we recorded high-density EEG. To investigate
stimulus-preceding neural activity related to successful
memory formation, we combined a multivariate-pattern-
analysis-based searchlight analysis focusing on oscillatory
power and cross-frequency coupling before stimulus onset
with a subsequent memory analysis separating prestimulus
activity patterns associated with subsequently remem-
bered and forgotten items.

METHODS
Participants and Design

Seventy-three healthy volunteers participated in this experi-
ment. Exclusion criteria were checked in a standardized
interview before participation and comprised any current
or chronic mental or physical disorders, medication intake,
smoking, or drug abuse. Furthermore, women taking
hormonal contraceptives were excluded from participation.
In addition, participants were asked to refrain from food,
caffeine, and physical activity for 2 hr before testing. Four
participants had to be excluded from analysis because of
medication intake shortly before participation, thus leaving
a final sample of 69 participants (30 men, 39 women; age:
mean = 26.3 years, range = 18-38 years). All participants
gave written informed consent before entering the study,
which was approved by the local ethics committee. In a
between-participant design, participants were randomly
assigned to a stress or control group. To control for the diur-
nal rhythm of cortisol, all testing took place in the morning
between 8 a.m. and 12 p.m.

Stress and Control Manipulation

Participants in the stress condition underwent the socially
evaluated cold pressor test (SECPT; Schwabe, Haddad, &
Schichinger, 2008), a standardized stress protocol known
to elicit both subjective and physiological stress responses
(Schwabe & Schichinger, 2018). In brief, participants were
requested to immerse their left hand, including the wrist, for
3 min into ice water (0-2°C), while being videotaped and

evaluated by a rather cold and nonreinforcing experimenter
dressed in a white lab coat. In the control condition, partic-
ipants were asked to immerse their left hand, including the
wrist, for 3 min into warm water (35-37°C), without being
videotaped or evaluated.

To assess the effectiveness of the stress manipulation,
subjective stress ratings, blood pressure measurements,
and saliva samples were taken at several time points before
and after the experimental manipulation. Participants rated
the stressfulness, unpleasantness, and painfulness of the
treatment immediately after the SECPT or control manipu-
lation on a scale from 0 (not at all) to 100 (very much).
Blood pressure was measured using an OMRON M400 de-
vice (OMRON, Inc.) 5 min before the SECPT or control ma-
nipulation and during the SECPT or control manipulation as
well as 5, 20, and 60 min after the SECPT or control manip-
ulation. Finally, saliva samples were collected using Salivette
collection devices (Sarstedt) 5 min before the SECPT or
control manipulation as well as 5, 20, 40, and 60 min there-
after. Saliva samples were stored at —20°C until the end of
testing. At the end of data collection, we determined the
free fraction of cortisol from the saliva samples using a
commercially available luminescence assay (IBL).

Incidental Encoding Task

About 20 min after the SECPT or control manipulation, par-
ticipants encoded 200 pictures (size: 512 X 384 pixels) while
EEG was recorded. These pictures were randomly selected
from a pool of 400 pictures taken from the International
Affective Picture System (Lang, Bradley, & Cuthbert,
2008); the remaining pictures were used as lures during rec-
ognition testing (see below). Half of the encoded pictures
were emotionally neutral, and half were emotionally nega-
tive, with pictures from these categories being presented
in randomized order. Each picture was shown for 2 sec at
the center of a computer screen, and participants were in-
structed to rate its valence and arousal on a scale from 0
(negative/not at all arousing) to 4 (neutralf/very arousing).
Between trials, there was an interval of 3-6 sec. In retro-
spect, the valence ratings confirmed that the negative pic-
tures were experienced as significantly more negative than
the neutral pictures, F(1, 67) = 422, p < .001, o* = .761.
Moreover, negative pictures were associated with higher
arousal than neutral ones, F(1, 67) = 1258, p < .001, o* =
.862. There were no differences between the stress and
control groups with respect to the valence, F(1, 67) = 0.92,
p = 341, o> = .000, and arousal ratings, F(1, 67) = 0.52,
p = 472, 0> = .000. The encoding task took about 25 min.

Recognition Test

In the recognition test, 24 hr after encoding, all pictures
shown during the encoding task and 200 new pictures
(100 negative and 100 neutral) were presented randomly
one after another. Each picture was presented for 2 sec,
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and participants had to indicate via button presses whether
they had seen the shown picture during encoding (“old”)
or not (“new”). In addition, participants were asked to in-
dicate the confidence of their response on a scale from 0
(very uncertain) to 4 (very certain). Between recognition
trials, there was a variable interval of 3-6 sec. The recogni-
tion task lasted about 50 min in total. To make sure that the
stress and control groups did not differ in their arousal
state during the recognition test, blood pressure measure-
ments and a saliva sample were taken before recognition
testing. In addition, participants completed a German
mood questionnaire (Multidimensional Mood Scale;
Steyer, Schwenkmezger, Notz, & Eid, 1994) that mea-
sures subjective feeling on three dimensions (elevated
vs. depressed mood, wakefulness vs. sleepiness, and
calmness vs. restlessness) before the recognition task.

Control Variables

To control for potential group differences in depressive
mood, chronic stress, and anxiety, participants completed
the Beck Depression Inventory (Beck, Ward, Mendelson,
Mock, & Erbaugh, 1961), the Trier Inventory for the
Assessment of Chronic Stress (Schulz, Schlotz, & Becker,
2004), and the State-Trait Anxiety Inventory (Spielberger,
Gorsuch, & Lushene, 1970) at the end of the experiment.

Analysis of Behavioral and Physiological Data

The recognition data (hits, false alarms, &) as well as the sub-
jective and physiological stress responses were analyzed by
means of mixed-design ANOVAs, paired  tests, and # tests for
independent samples. All reported p values are two-tailed
and were Bonferroni corrected when indicated. All major
statistical analyses were calculated using SPSS 22 (IBM
SPSS Statistics); additional analyses were performed in
MATIAB (The MathWorks). Because of technical failure of
the device for blood pressure measurement, blood pressure
data were missing for one participant before and after the
SECPT, for two participants during the SECPT, and for six
participants on Day 2. Furthermore, salivary cortisol concen-
trations were too low to be detected for two participants
on Days 1 and 2.

EEG Data Acquisition

During the encoding session on Experimental Day 1, partic-
ipants were seated approximately 80 cm from the monitor in
an electrically shielded and sound-attenuated cabin. EEG
was recorded using a 128-channel BioSemi ActiveTwo sys-
tem (BioSemi) organized according to the 10-5 system dig-
itized at 2024 Hz. Additional electrodes were placed at the
left and right mastoids, approximately 1 cm above and below
the orbital ridge of each eye and at the outer canthi of the
eyes. The EEG data were online referenced to the BioSemi
CMS-DRL (common mode sense-driven right leg) reference
and rereferenced offline to a common average. Electrode
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impedances were kept below 30 k). EEG and EOG were
amplified with a low cutoff frequency of 0.53 Hz (= 0.3-sec
time constant) and resampled to 256 Hz.

EEG Data Analysis
Preprocessing

EEG data from the encoding task were analyzed offline using
FieldTrip (Oostenveld, Fries, Maris, & Schoffelen, 2011,
www.ru.nl/neuroimaging/fieldtrip) and EEGLAB (Delorme
& Makeig, 2004; sccn.ucsd.edu/eeglab/index.html) as well
as custom scripts implemented and processed in MATLAB
(The MathWorks). An independent component analysis
(Makeig, Bell, Jung, & Sejnowski, 1996) was used to correct
for eye and eyelid movements. Components that indicated
ocular activity were removed (on average, 1.2 components
per participant). Because the control for power line noise
during data acquisition often cannot reduce the power line
interference completely (Nottage & Horder, 2015), we
applied spectrum interpolation to remove potential power
line noise from EEG data (Leske & Dalal, 2019). More spe-
cifically, the time domain signal was transformed into the fre-
quency domain using a discrete Fourier transformation.
Then, the line noise component was removed in the ampli-
tude spectrum by interpolating the curve at the interference
frequency of 50 Hz according to the neighboring Fourier
coefficients of 47 and 53 Hz (A = =3 Hz). Finally, data
were transformed back into the time domain utilizing an
inverse Fourier transformation. Furthermore, epochs from
—2000 msec until stimulus onset were extracted. In the
face of a lack of previous studies on stress and prestimulus
activity, this epoch duration was chosen in line with previous
prestimulus studies on prestimulus activity and memory
(Scholz, Schneider, & Rose, 2017; Schneider & Rose,
2016). Trials containing large EMG bursts (as a sign of mus-
cular artifacts) or spikes (as an indicator of badly connected
electrodes) were detected by visual inspection of the data
and excluded from the analysis. Finally, data of all trials for
each participant and each condition were averaged. Because
we focused on the influence of prestimulus activity on sub-
sequent encoding, no baseline correction was carried out on
the data (Schneider & Rose, 2016). Data of 24 participants
had to be excluded from the EEG analysis because of tech-
nical failure during the EEG, leaving a sample of 52 partici-
pants (24 in the stress group, 28 in the control group) for
these analyses. However, the stress response, memory
performance, and demographics for the 52 participants in-
cluded in the EEG analysis were comparable to those of the
entire sample (Tables S1-S3 in the supplemental materials).
In our EEG analyses, we did not apply any criteria for a min-
imal number of misses. In addition, however, we computed
all analyses again considering only the participants who had
at least 10% misses. This additional analysis, however, left
our findings largely unchanged, except for the effects in high
gamma, which were not significant in the reduced sample
(Table S$4 in the supplemental materials).

Volume 32, Number 12

l/z£22981/9222/2 | /€/pd-ajoiie/ud0lnpajiurioalip//:dpy woly papeojumoq

) € U9O|

120z Jequisjdag gz uo Jasn BinquieH 1eeysiaAlun wajsAssyayionqig Aq 1pd-e191L0


http://www.ru.nl/neuroimaging/fieldtrip
http://sccn.ucsd.edu/eeglab/index.html

Phase and Amplitude Extraction

For phase and amplitude extraction, the EEG data were first
band-pass filtered into the relevant frequency bands (fre-
quencies of interest: theta [4-8 Hz], alpha [9-12 Hz], low
beta [13-17 Hz], high beta [18-30 Hz|, low gamma [30-
45 Hz], and high gamma [55-70 Hz]). Using the Hilbert
transformation, the band-pass-filtered time series was then
converted into a complex, analytic signal. Finally, instanta-
neous phase ®(#) and the amplitude A(¥) were extracted
from this complex-valued analytical signal taking argument
or modus (Dvorak & Fenton, 2014). For spectral power
(uVv?) analyses, we used z-transformed mean power to con-
trol for differences in EEG power spectra among the partic-
ipants (i.e., for within-participant variability).

Searchlight Analysis: Spectral Power

To identify frequency-specific topographical regions impli-
cated in later memory performance, a searchlight approach
was implemented (Kriegeskorte, Goebel, & Bandettini,
20006). This approach was implemented with the help of
the MVPA-Light Toolbox (github.com/treder/MVPA-Light).
For the searchlight analysis, a loop was implemented to clas-
sify single-trial data of every electrode for an averaged time
window of 500 msec. To decode the class information
(memory performance) in the searchlight, a linear support
vector machine (SVM) pattern classifier was trained to distin-
guish between the two classes of stimuli (remembered/for-
gotten). An SVM was chosen because of its advantages
compared to other classifiers in dealing with many features
(Murphy et al., 2011) such as those resulting from EEG
recordings. The proportion of the remembered and forgot-
ten classes varied depending on the performance of each
participant, thus partly resulting in an imbalanced data
set. This bias in the training data set can influence many
machine learning algorithms—such as it is the case for the
utilized SVM—toward the majority class. Different tech-
niques have been suggested to control for this issue (e.g.,
Noh, Herzmann, Curran, & de Sa, 2014). Here, we used a
balanced cross-validation approach. Therefore, we randomly
resampled the training data set. Trials from the minority
class were randomly duplicated and added to the training
data set producing a new balanced training data set.
Herawan, Deris, and Abawajy (2014) recommended this
oversampling technique for classification in imbalanced
datasets and suggested that this approach yields results
comparable to other methods, such as undersampling.
The classifier’s ability to generalize the distinction between
the two classes to new data was assessed using a 10-fold
stratified cross-validation (Jamalabadi, Alizadeh, Schonauer,
Leibold, & Gais, 2016), which reflects the best method for
model validation based on a comparison of different number
of folds and bootstrap methods (Kohavi, 1995). Thereby,
one tenth of each class is randomly selected and left out
from classifier training procedure. The left-out set was
tested using the classifier trained from all trials in the

cross-validation set for each fold. If the classifier’s perfor-
mance after cross-validation is significantly above chance,
it indicates that the EEG patterns contain class-specific in-
formation and that the class can be reliably decoded from
the EEG data (Murphy et al., 2011). The chance level in a
simple two-class paradigm is not exactly 50% but 50% with
a confidence interval at a certain alpha level. Therefore, we
calculated this interval utilizing the Wald interval with
adjustments for a small sample size (Miller-Putz, Scherer,
Brunner, Leeb, & Pfurtscheller, 2008; Agresti & Caffo,
2000). Choosing a highly conservative estimation based
on the Wald interval for further inference statistical testing,
we pooled electrodes with a classification accuracy = 0.6
into global clusters.

Searchlight Analysis: Phase-Amplitude Coupling

The relationship between the phase and the amplitude
time series was examined using circular statistics by calcu-
lating the mean vector of the complex composite signal:
z(t) = AQ@) exp[iP@)] (Canolty & Knight, 2010). Because
we assumed, based on previous findings, that the phase of
a slow frequency would modify the amplitude of a higher
frequency (Canolty & Knight, 2010), we focused on the
coupling between the theta phase and higher frequencies
(low beta, high beta, low gamma, high gamma). To iden-
tify topographical prestimulus coupling—-SME cluster, the
average phase of the three frontal, predefined clusters
were determined (frontal-left, frontal-midline, and
frontal-right) using the complex signal. Thereafter, the
phase—amplitude coupling (PAC) between these prede-
fined frontal clusters and every other electrode for the
time range of —2000 msec relative to the stimulus onset
was determined. Next, the prestimulus PAC was averaged
for a time window of 500 msec, resulting in four PAC indi-
ces. To create a standardized Z value of each observed
PAC, we applied permutation testing. This involved a tem-
poral shift of the phase time series by a random temporal
offset without changing the power time series (Cohen,
2014). The PAC value is then computed according to the
former formula, generating one PAC value under the null
hypothesis. This procedure was repeated using 1000 per-
mutations. Then, we compared the appropriate observed
PAC to the distribution of PAC values under the null
hypothesis by subtracting the mean and dividing by the
standard deviation, generating a standardized Z value of
PAC. Therefore, negative PAC values, for example, indicate
lower coupling strength than it would be expected based
on a random distribution. To identify couplings linked
to subsequent memory performance, the searchlight
method was applied also using a 10-fold cross-validation
(see above). Coupling strength based on standardized
Z value of PAC for each electrode relative to the predefined
cluster served as input. Clusters for which coupling exhib-
ited classification accuracy = 0.6 were subjected to uni-
variate testing.
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RESULTS
Successful Stress Manipulation

Significant subjective and physiological changes in
response to the SECPT confirmed the successful stress
induction. Compared to participants in the control group,
participants exposed to the SECPT experienced the treat-
ment as significantly more stressful, painful, difficult,
and/or unpleasant than those in the control condition, all
15(67) < —6.2, all ps < .001, all Cohen’s ds < —1.497
(Table 1). At the physiological level, exposure to the
SECPT elicited significant increases in both diastolic
and systolic blood pressure (Group X Time Point of
Measurement interaction, both Fs(5, 320) > 27.36, both
ps < .001, both * > .099). As shown in Table 1, groups
had comparable blood pressure before and after the
SECPT and control manipulation, respectively (all £s(66) <
1.51, all ps > .135, all Cohen’s ds < 0.357), although par-
ticipants in the stress condition had significantly higher
blood pressure than those in the control condition during
the hand immersion (both s(65) > 5.54, both ps < .001,
both Cohen’s ds > 1.36; see Table 1). Finally, salivary cor-
tisol concentrations increased in response to the SECPT
but not after the control manipulation (Group X Time
Point of Measurement interaction, F(4, 256) = 9.93, p <

.001, ®* = .055). As shown in Figure 1, participants of the
stress and control groups had comparable cortisol concen-
trations at baseline and immediately after the SECPT, all
15(65) < 0.25,all ps > .807, all Cohen’s ds < 0.060, whereas
cortisol levels were significantly higher in the stress group
than in the control group 20 and 40 min after the SECPT,
both #5(65) > 2.89, both ps < .005, both Cohen’s ds >
0.715. Salivary cortisol increased about 100% relative to
baseline in the stress group and peaked when the encoding
task started (see Figure 1). At 60 min after the treatment,
stress-induced cortisol concentrations returned to the
level of the control group, £(65) = 0.35, p = .729,
Cohen’s d = 0.086.

Emotional Memory Enhancement

At recognition testing 24 hr after encoding, groups did not
differ in Multidimensional Mood Scale scores (all Fs(1, 67)
< 0.73,all ps > 395, all * < .000), blood pressure (both zs
(61) < 0.62, both ps > .54, both Cohen’s ds < 0.156), or
salivary cortisol, £(65) = 1.74, p = .087, Cohen’s d =
0.425. As expected, recognition performance was overall
significantly better for negative than for neutral pictures as
reflected ina higherd’, F(1,67) = 41.08, p < .001, o* = .083

Table 1. Subjective Stress Ratings and Blood Pressure Before, During, and After the SECPT or Control Manipulation

Control Stress
Subjective assessments Difficulty 12.1 (4.0) 59.3*% (5.5)
Stressfulness 12.1 3.5) 54.6% (5.3)
Painfulness 9.4 (3.9) 63.7*% (5.9)
Unpleasantness 16.2 (4.4) 62.1* (6.0)
Systolic blood pressure (mmHg) Before hand immersion 109.7 (1.6) 109.3 (2.0)
During hand immersion 110.4 (1.5) 128.8* (3.1)
5 min after hand immersion 107.2 (1.8) 111.5 (2.3)
20 min after hand immersion 108.4 (1.3) 106.8 (2.0)
40 min after hand immersion 109.2 (1.2) 108.6 (2.0)
60 min after hand immersion 110.1 (1.2) 109.3 (2.1)
24 hr after hand immersion 112.4 (1.9) 110.5 (2.3)
Diastolic blood pressure (mmHg) Before hand immersion 73.6 (1.3) 76.6 (2.1)
During hand immersion 74.6 (1.3) 91.9* (2.2)
5 min after hand immersion 73.7 (1.1) 76.5 (1.5)
20 min after hand immersion 75.3 (1.3) 75.1 (1.3)
40 min after hand immersion 75.1 (1.1) 75.1 (1.2)
60 min after hand immersion 75.8 (1.2) 76.4 (1.5)
24 hr after hand immersion 70 (1.7) 70.1 (1.1)

Data represent means. SEMs are given in parentheses.

* p < .01 (stress vs. control).
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Figure 1. Salivary cortisol
response (in nanomoles per
liter) to the stress and control
manipulation. The gray bars
denote the timing and duration
of the treatment (SECPT vs.
control manipulation) and the
encoding task, respectively.
Note that the learning task
was presented during the
high-cortisol period of the
stress group. Data represent
means * SEM. *p < .05
(corrected) and **p < .001,
respectively, indicate a
significant group difference.
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(Table 2). The stress and control groups, however, did not
differ in their overall memory performance, F(1,67) = 0.21,
p = .650, ®* = .000, or the emotional memory enhance-
ment (Valence X Group interaction, F(1, 67) = 0.1, p =
750, o* = .000). In addition, memory performance did
not correlate with heart rate immediately before encoding,
neither in the stress group (» = .14, p = .445) nor in the
control group (r = .08, p = .64). Because previous studies
showed that a stress-induced enhancement of memory per-
formance may depend on the subjective arousal elicited by
an individual stimulus (Goldfarb et al., 2019), we addition-
ally analyzed stress effects considering stimulus-specific
subjective valence and arousal ratings, respectively.
Similar to ¢’ based on a priori categories in our initial anal-
ysis, recognition performance was overall significantly bet-
ter for negative than for neutral pictures, F(1, 65) = 59.81,
p < .001, 0® = .158. The stress and control groups still did
not differ in memory performance, F(1, 65) = 2.19, p =
144, o* = .017, or the emotional memory enhancement
(Valence X Group interaction, F(1, 65) = 3.09, p = .083,
o’ = .011). Considering subjective arousal ratings, recogni-
tion performance was significantly higher for high-arousal
compared to low-arousal pictures, F(1, 66) = 22.11, p <
001, »* = .098. However, the stress and control groups still
did not differ in memory performance, F(1, 66) = 0.42,p =
521, o* = .000, or the emotional memory enhancement
(Valence X Group interaction, F(1, 66) = 0.95, p = .334,

Table 2. Recognition Performance

o” = .000). Furthermore, confidence ratings were higher for
remembered ratings than for forgotten pictures, F(1, 67) =
342, p < .001, o> = .617. Confidence ratings did not differ
between stimuli valence, F(1, 67) = 2.87, p = .095, o =
.005 (Valence X Memory interaction, F(1, 67) = 2.34,
p = 131, o®> = .004) or groups, F(1, 67) = 0.00, p =
969, »* = .000 (Memory X Group interaction, F(1, 67) =
0.04, p = .842, 0* = .000; Valence X Group interaction,
F(1,67) = 0.14, p = .712, o> = .000; Valence X Memory X
Group interaction, F(1, 67) = 0.17, p = .685, o’ = .000).

Stress Alters the Neurophysiological Readiness to
Form New Memories

Although memory performance was overall comparable in
the stress and control groups, we leveraged EEG and mul-
tivariate pattern analysis to analyze whether stress alters
the neural context for forming new memories, reflected
in the neural activity before a stimulus is presented, and
thus the mechanism through which memories are built.
In a first step, we focused on spectral power and performed
a searchlight analysis to detect frequency bands, present
before stimulus onset, which can distinguish subsequently
remembered and forgotten items.

This analysis showed that theta activity immediately be-
fore stimulus onset was significantly lower for subsequently
remembered versus forgotten items, F(1, 50) = 12.32,p <

Control Stress
Neutral Negative Neutral Negative
d 2.12 (0.13) 2,55 (0.12) 2.25 (0.11) 2.65 (0.11)
Hit rate (%) 0.82 (0.02) 0.90 (0.01) 0.84 (0.01) 0.91 (0.01)
False alarm rate (%) 0.15 (0.12) 0.15 (0.10) 0.16 (0.12) 0.15 (0.09)

Data represent means. SEMs are given in parentheses.

Meier, Weymar, and Schwabe
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Figure 2. Subsequent memory effect of prestimulus power for each group. (A) Topographic distribution of theta power based on searchlight
clustering. (B) Mean theta power based on searchlight clustering (averaged across electrodes with accuracy > 0.6) within an interval between —0.5
and 0 sec relative to stimulus onset as a function of recognition (HIT vs. MISS) and experimental group (stress vs. control). (C) Topographic
distribution of high gamma power based on searchlight clustering. (D) Mean high gamma power based on searchlight clustering (averaged across
electrodes with accuracy > 0.6) within an interval between —1.5 and —1 sec relative to stimulus onset as a function of recognition (HIT vs. MISS) and
experimental group (stress vs. control) for neutral pictures. (E) Mean high gamma power based on searchlight clustering (averaged across electrodes

with accuracy > 0.6) within an interval between —1.5 and —1 sec relative to stimulus onset as a function of recognition (HIT vs. MISS) and
experimental group (stress vs. control) for negative pictures. Data represent means * SEM. *p < .05 and **p < .001.

.001, o* = .106. The topographical distribution of this clus-
ter covered right central-parietal regions (see Figure 2A).
Interestingly, however, the role of prestimulus theta in
memory formation differed between the stress and control
groups (Group X Memory interaction, F(1,50) = 4.05,p =
.05, o> = .031; see Figure 2B): Prestimulus theta activity
was linked to subsequent memory performance in the
control group, #(27) = 3.74, p < .001, Cohen’s d = 0.707,
but not in the stress group, #(23) = 1.15, p = .263, Cohen’s
d = 0.234.

In sharp contrast to prestimulus theta, high gamma was
linked to subsequent remembering (vs. forgetting) exclu-
sively in stressed participants and specifically for emotion-
ally arousing material (Valence X Memory X Group
interaction, F(1, 50) = 5.86,p = .002, o’ = .042). As shown
in Figure 2C-E, high gamma activity over the left temporal
lobe was significantly higher for subsequently remembered
(vs. forgotten) negative pictures, #(23) = 4.12, p < .001,
Cohen’s d = 0.86, but not neutral pictures, #(23) = 0.89,

2232 Journal of Cognitive Neuroscience

b = .385, Cohen’s d = 0.181, in the stress group, whereas
no such association was observed in nonstressed controls
(negative pictures: t(27) = 0.07, p = .946, Cohen’s d =
0.013; neutral pictures: £(27) = 0.46, p = .648, Cohen’s
d = 0.087). Interestingly, the difference in the effect of this
high-gamma-activity cluster on memory performance be-
tween negative and neutral pictures tended to be higher
in individuals showing the highest cortisol peak concentra-
tion (r = .26, p = .066). In a similar vein, this cluster
showed a significant coupling with theta phase for negative
stimuli in stressed participants, which was also significantly
correlated with cortisol (r = .43, p = .043).

In a next step, we focused on PAC, a measure of interac-
tions between oscillations in different frequency bands that
may reflect the crosstalk between brain areas (Engel, Fries,
& Singer, 2001). We therefore analyzed, again using a
searchlight approach, which PACs before stimulus onset
were predictive for later memory. This analysis revealed
that the coupling between theta and high beta was higher
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Figure 3. Subsequent memory effect of prestimulus PAC for each group. (A) Topographic distribution of theta—high-beta coupling based on searchlight
clustering. (B) Mean theta—high-beta coupling based on searchlight clustering (averaged across electrodes with accuracy > 0.6) within an interval
between —1.5 and —1 sec relative to stimulus onset as a function of recognition (HIT vs. MISS) and experimental group (stress vs. control) for neutral
pictures. (C) Mean theta-high-beta coupling based on searchlight clustering (averaged across electrodes with accuracy > 0.6) within an interval between
—1.5 and —1 sec relative to stimulus onset as a function of recognition (HIT vs. MISS) and experimental group (stress vs. control) for negative pictures.
(D) Topographic distribution of theta—high-gamma coupling based on searchlight clustering. (E) Mean theta—high-gamma coupling based on searchlight
clustering (averaged across electrodes with accuracy > 0.6) within an interval between —1.5 and —1 sec relative to stimulus onset as a function of
recognition (HIT vs. MISS) and experimental group (stress vs. control) for neutral pictures. (F) Mean theta—high-gamma coupling based on searchlight
clustering (averaged across electrodes with accuracy > 0.6) within an interval between —1.5 and —1 sec relative to stimulus onset as a function of
recognition (HIT vs. MISS) and experimental group (stress vs. control) for negative pictures. (G) Topographic distribution of theta—low-beta coupling
based on searchlight clustering. (H) Mean theta—low-beta coupling based on searchlight clustering (averaged across electrodes with accuracy > 0.6)
within an interval between —1 and —0.5 sec relative to stimulus onset as a function of recognition (HIT vs. MISS) and experimental group (stress vs.
control) for neutral pictures. (I) Mean theta-low-beta coupling based on searchlight clustering (averaged across electrodes with accuracy > 0.6) within an
interval between —1 and —0.5 sec relative to stimulus onset as a function of recognition (HIT vs. MISS) and experimental group (stress vs. control) for
negative pictures. Data represent means + SEM. *p < .05 and **p < .001.
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for subsequently remembered neutral pictures, £(23) =
3.7,p < .001, Cohen’s d = 0.756, but not for negative pic-
tures, £(23) = 0.97,p = .343, Cohen’sd = 0.198, in stressed
participants, whereas there was no association between
theta—high-beta coupling and subsequent memory in con-
trol participants (neutral and negative, both £5(27) < 0.26,
both ps > .799, both Cohen’s ds < 0.049; Valence X
Memory X Group interaction, F(1, 50) = 4.72, p < .035,
o® = .038; see Figure 3A-C).

Although this finding pointed to a prestimulus activity
pattern specific for subsequently remembered neutral ma-
terial in stressed participants, we further obtained a signif-
icant role of the PAC between frontal-right theta and
parietal-right high-gamma frequency that appeared to be
relevant for memory formation in nonstressed controls as
well as for neutral material after stress (Valence X Group X
Memory interaction, F(1,50) = 4.43, p = .04, o” = .028; see
Figure 3D-F). More specifically, this theta—high-gamma
coupling was linked to subsequent memory for neutral,
1(23) = 3.09, p = .005, Cohen’s d = 0.630, but not negative
pictures, #(23) = 0.89, p = .385, Cohen’s d = 0.181, in
stressed participants, whereas it was equally relevant for
subsequent remembering of neutral and negative pictures
in control participants (neutral pictures: £(27) = 2.16,p =
.039, Cohen’s d = 0.409; negative pictures: £#(27) = 2.39,
p = .024, Cohen’s d = 0.451).

In addition to these findings showing prestimulus activity
and connectivity patterns that were specific to successful
memory formation for neutral or negative material in stress
participants, there was one pattern of cross-frequency cou-
pling that was specific to emotional memory formation in
nonstressed controls: In controls, theta—low-beta coupling

Table 3. Control Variables

between frontal-midline on the one hand and frontal-right
and occipital regions on the other hand was specifically
linked to subsequent memory for negative pictures, £#(27) =
4.02, p < .001, Cohen’s d = 0.760, but not for neutral
pictures, £(27) = 1.17, p < .253, Cohen’s d = 0.221. In
stressed participants, there was no such link (neutral and
negative, both #s(23) < 1.84,both ps > .078, both Cohen’s
ds < 0.243; Valence X Memory X Group interaction,
F(1,50) = 7.28, p = 01, o* = .043; see Figure 3G-I).

The reported prestimulus effects do not necessarily rule
out the possibility that the stressor also affects more sus-
tained neural activity that was not captured in the analysis
of prestimulus spectral power and PAC. To clarify this
aspect, we performed additional analyses for the time win-
dow during stimulus presentation (0—2000 msec relative to
stimulus onset; analyses were carried out in the same man-
ner as the prestimulus analyses). There were stress effects
on the SME within high and low beta power (Figure S1A-F
in the supplemental materials) but no effects of PAC during
the poststimulus interval (see supplemental materials).

Given evidence that the processing of high-arousing
emotional compared to low-arousing neutral stimuli may
affect information processing in trials after their presenta-
tion (Wirkner, Ventura-Bort, Schulz, Hamm, & Weymar,
2018; Flaisch, Stockburger, & Schupp, 2008; Kunde &
Mauer, 2008), we reanalyzed the prestimulus spectral
power and PAC with respect to the valence of the preced-
ing picture. These analyses suggested that the emotional
content of the previous picture did not affect prestimulus
spectral power (theta spectral power within the time win-
dow of —500 msec to stimulus onset: effects of previous
valence: F(1, 50) = 0.11, p = .743, o> < .000; Previous

Control Stress
BDI 6.40 (1.14) 6.64 (0.81)
STAI scales State anxiety 38.20 (1.64) 36.93 (1.42)
Trait anxiety 35.76 (1.52) 37.82 (1.86)
TICS scales Work overload 10.00 (1.05) 12.20 (1.26)
Social overload 5.91 (0.76) 7.76 (0.86)
Performance pressure 12.16 (1.22) 13.77 (1.01)
Work discontent 11.00 (1.03) 11.20 (1.10)
Excessive workload 5.10 (0.65) 6.13 (0.84)
Lack of social recognition 3.94 (0.56) 4.00 (0.55)
Social tension 5.13 (0.77) 5.06 (0.69)
Social isolation 7.24 (0.78) 6.89 (0.74)
Chronic worrying 4.48 (0.63) 6.03 (0.60)
TICS screening scale 11.66 (1.33) 15.33 (1.66)

Data represent means. SEMs are given in parentheses. BDI = Beck Depression Inventory; STAI = State-Trait Anxiety Inventory; TICS = Trier

Inventory of Chronic Stress.
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Valence X Group interaction, F(1, 50) = 0.21, p = .649,
o’ < .000; high gamma spectral power within the time win-
dow of —1500 to —1000 msec relative to stimulus onset:
effects of previous valence: F(1, 50) = 0.19, p = .665,
o’ < .000; Previous Valence X Target Valence interaction,
F(1,50) = 0.24, p = .623, o® < .000; Previous Valence X
Target Valence X Group interaction, F(1, 50) = 0.62, p =
436, o < .000) or PAC (effects of previous valence: all
Fs(1, 50) < 3.7, all ps > .061, all o® < .035; Previous
Valence X Target Valence interaction, all Fs(1, 50) <
1.28, all ps > .263, all ©* < .004; Previous Valence X
Target Valence X Group interaction, all Fs(1, 50) < 3.73,
all ps > .06, all o® < .03).

Control Variables

As shown in Table 3, groups did not differ in subjectively
reported chronic stress levels, depressive mood, state, or
trait anxiety, all #s(67) < 0.57, all ps > .114, all Cohen’s
ds < 0.143.

DISCUSSION

Previous research showed that stress may facilitate memory
formation, specifically for emotionally arousing material
(Buchanan et al., 2006; Roozendaal et al., 2006; Cahill et al.,
2003), and linked this memory enhancement to an interac-
tion of noradrenaline and glucocorticoids in the basolateral
amygdala, which then modulates mnemonic processing in
other areas, such as the hippocampus (Roozendaal &
McGaugh, 2011). Whereas previous research (in particular,
in humans) focused primarily on stress-induced changes in
stimulus-related activity, we tested here an alternative
mechanism: whether stress may alter the neural context
for memory encoding, reflected in the activity preceding
a stimulus. Our findings show that stress before encoding
indeed changed the prestimulus activity predictive for re-
membering 24 hr later. Specifically, whereas prestimulus
theta activity predicted memory formation, irrespective
of the emotionality of the material, in nonstressed controls
but not in stressed participants, prestimulus high gamma
was predictive for subsequent memory, selectively for
emotionally arousing material, after stress. Frontal theta—
high-gamma coupling, in turn, was predictive for subse-
quent overall memory in nonstressed controls and for
neutral memory in stressed individuals but selectively not
for emotional stimuli after stress. Together, the present
findings provide, to the best of our knowledge, the first
evidence that stress might alter the neural context or read-
iness for memory formation, in 2 manner that is, to some
degree, specific to emotionally arousing information.

It is by now well established that the neural activity pre-
ceding a stimulus may determine whether this stimulus is
later remembered (Sweeney-Reed et al., 2015; Fell et al.,
2011; Otten et al., 20006). In line with earlier reports
(Burke et al., 2013; Staudigl & Hanslmayr, 2013), we ob-
served here in nonstressed controls that a reduction in

activity in the theta band (over central and temporal cortical
regions) is linked to enhanced subsequent memory (but see
also Schneider & Rose, 2016, and Fellner, Biuml, &
Hanslmayr, 2013, for enhancement in theta band related
to better memory performance), possibly indexing en-
hanced hippocampal theta activity resulting from a synchro-
nizing loop between the cortex and hippocampus (Lega,
Jacobs, & Kahana, 2012). Although the exact functional
meaning of frequency bands is still debated (Klimesch,
Schack, & Sauseng, 2005), cortical theta might further point
to attenuated activity in the “default mode network,”
shaping the neural context toward external stimulus pro-
cessing through less interference from internal monitoring
processes (Fair et al., 2008). In addition to theta, prestimulus
theta—high-gamma coupling over frontal-parietal areas pre-
dicted subsequent remembering. Theta—gamma coupling
has so far been mainly implicated in working memory, spe-
cifically in the maintenance of information and sequential
memory organization (Lisman, 2005), which may however
promote long-term memory formation as well.

Whereas both prestimulus theta activity and theta—
high-gamma coupling were linked to subsequent remem-
bering irrespective of the emotionality of the encoded
material, theta—low-beta coupling preceding a stimulus
predicted later memory specifically for emotionally
arousing stimuli in nonstressed controls. Thus, reduced
theta—low-beta coupling appears to represent a neural
state that facilitates emotional memory formation under
no-stress conditions, thus contributing to the well-known
memory advantage for emotional relative to neutral stim-
uli (Dolcos et al., 2017, 2020; Kensinger, 2007; McGaugh
et al., 1996; Cahill, Prins, Weber, & McGaugh, 1994;
Christianson, 1992) that we observed also in the present
experiment. Our data point to an involvement of frontal
regions in this effect, in line with the idea that reduced
theta—low-beta coupling between frontal and posterior
regions might reflect an inhibitory mechanism enhancing
the processing of relevant stimulus features by reducing
interference from other (visual) sensory input. This view
is further in line with previous findings suggesting that
reduced frontoparietal theta—beta ratio is associated with
better orienting network functioning (Morillas-Romero,
Tortella-Feliu, Bornas, & Putman, 2015).

Stress before encoding markedly changed the neural
context relevant for memory formation. Neither prestimu-
lus theta nor frontal theta—low-beta coupling was relevant
for subsequent memory in stressed participants, which is
in sharp contrast to the pattern observed in the control
group. Instead, high gamma activity preceding a stimulus
was predictive for subsequent memory in stressed individ-
uals. Given that gamma oscillations have been linked to
cortical activation and attentional processing before
(Herrmann, Striber, Helfrich, & Engel, 2016), this finding
might point to a switch in encoding mechanisms, and per-
haps the attentional focus, after stress. In line with this idea,
high gamma was selectively involved in memory formation
for emotionally salient material under stress. For neutral
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stimuli, prestimulus high gamma was irrelevant but became
relevant only when followed by emotionally arousing mate-
rial. Conversely, theta—high-gamma coupling before a stim-
ulus was relevant for overall memory in controls and
memory for neutral stimuli in stressed individuals but not
for emotional material in the stress group. These data sug-
gest that stress tuned the neural encoding context specifi-
cally toward processing emotionally arousing material,
which would be generally in line with a proposed stress-
induced bias of large-scale networks toward processing
emotionally salient information (Hermans et al., 2011).
Furthermore, the finding that the level of prestimulus
gamma that was implicated in emotional memory formation
under stress tended to be higher in individuals with a strong
cortisol response to the stressor dovetails with extensive
evidence showing an interaction of glucocorticoids and
noradrenergic arousal in memory formation under stress
(Roozendaal & McGaugh, 2011; Roozendaal et al., 20006).

Interestingly, the prestimulus high gamma increase for
subsequently remembered stimuli after stress was most pro-
nounced over temporal sites known to play a key role in
memory formation (Hannula & Ranganath, 2008; Davachi,
Mitchell, & Wagner, 2003; Squire & Zola-Morgan, 1991), al-
beit the low spatial resolution of EEG makes the mapping to
specific brain areas difficult. The absence of a subsequent
memory effect for emotional material in theta—high-gamma
coupling over frontal sites after stress might be taken as ev-
idence for a reduction in relevant top—down processing,
known to rely on prefrontal areas (Mdrton, Fukushima,
Camalier, Schultz, & Averbeck, 2019). A potential bias from
prefrontal top—down control to more bottom—up process-
ing would again be in line with a stress-induced network re-
configuration in favor of a salience network and at the
expense of an executive control network (Hermans et al.,
2011, 2014) as well as with findings showing that stress
biases mnemonic processing from “cognitive” toward more
rigid systems (Schwabe, 2017; Vogel, Fernandez, Joéls, &
Schwabe, 2016).

Although these stress-induced changes in memory-
related prestimulus activity appeared to tune encoding to-
ward emotionally relevant material, frontocentral theta—
high-beta coupling before stimulus onset was specific to
subsequent memory for neutral material under stress. It is
tempting to speculate that this neural state may be required
for overcoming the emotional encoding bias under stress. At
this point, it is, however, important to note that stress did
not change memory performance in this study. Earlier stud-
ies in which stress was induced before encoding reported
very heterogeneous results, with some studies reporting en-
hancing effects on memory (Goldfarb et al., 2019; Schwabe,
Bohringer, Chatterjee, & Schichinger, 2008), whereas
others obtained impairing effects (Zoladz et al., 2011,
Elzinga, Bakker, & Bremner, 2005) or, as in this study, no
effect (Shields, Sazma, McCullough, & Yonelinas, 2017;
Weymar et al., 2012). This heterogeneity may be owing to
the fact that stress before encoding affects several distinct
processes, with some directly related to not only encoding

2236 Journal of Cognitive Neuroscience

but also consolidation processes. Moreover, the temporal
proximity between stressor and encoding is thought to be
critical for stress effects on memory (Joéls et al., 2006,
2011); thus, across an encoding task of about 30 min, dis-
tinct effects might develop that are difficult to disentangle
later on. Recent research also demonstrates that stress ef-
fects are modulated by arousal responses during encoding
(Segal et al., 2014; Bryant, McGrath, & Felmingham, 2013).
Here, we did not collect marker for arousal during stimulus-
specific encoding, making it difficult to directly address this
question. Although we did not find any association of stress
effects on subsequent memory with heart rate shortly before
encoding, future studies could use continuous heart rate or
skin conductance measurements to address the contribu-
tion of arousal during encoding on memory. Importantly,
however, encoding under stress is highly relevant in every-
day life, not only in clinical contexts but, for instance, also in
educational settings, and studying stress effects on encoding
and the mechanisms involved in these effects is highly rele-
vant. Our findings yield novel insights into the mechanisms
that are critical for memory formation under stress. These
encoding differences may translate into differential memory
performance depending on the specific demands of the test
situation and its relation to the encoding context.
Although acute stress affected the neural prestimulus
state associated with subsequent recognition performance,
this does not necessarily imply that the stress effects are spe-
cific to the prestimulus period. In our analysis, we focused
on the time interval before stimulus onset because we did
not aim to examine stress-induced subsequent memory
effects per se but to unravel whether stress may alter the
neural context for successful encoding, as reflected in pre-
stimulus activity. However, to assess whether stress might
also affect sustained activity, we conducted additional analy-
ses for the window during stimulus presentation. The stress
effects on spectral power during stimulus presentation
differed from the prestimulus activity in (i) the crucial
frequency (theta and high gamma within the prestimulus
time window vs. low and high beta within the poststimulus
time window) and (ii) the topography (central parietal and
left temporal for the prestimulus time window vs. right
temporal clusters for the poststimulus time window). In
addition, post hoc analysis of PAC during the poststimulus
interval revealed that there were no effects of stress on sub-
sequent memory at all. Taken together, spectral power and
PAC data argue clearly in favor of the view that the reported
stress effects are specific to the prestimulus time window.
Although these data argue against more general stress
effects on sustained activity, it remains unclear how long the
stress effects on the neural context for encoding that we
suggest here last. There is evidence that stress may exert
effects on encoding long after the actual stress exposure
(Schwabe, 2017; Tambini, Rimmele, Phelps, & Davachi, 2017;
Hermans et al., 2011, 2014; Buchanan & Lovallo, 2001),
although the nature of these effects may change depending
on the mode of stress hormone action (Hermans et al.,
2014; van Ast, Cornelisse, Meeter, Joéls, & Kindt, 2013).
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Thus, it may well be that the effects reported here may
last for several hours of the stressful event.

In previous prestimulus studies, a preceding cue predicted
the upcoming stimulus (Scholz et al., 2017; Schneider & Rose,
2016; Otten et al., 2006). In contrast, we focused here on
stress effects on prestimulus activity without displaying such
a cue. We reasoned that a stressful event, which may be con-
ceptualized as motivational stimulus, induced—through the
hormones and neurotransmitters released in response to
stress—a physiological state characterized for an enhanced
focus of information processing for emotionally relevant
material. Our data support this idea and therefore suggest
that prestimulus activity may not only be altered by cues
immediately preceding a stimulus but also by more long-
lasting states triggered by a potent motivational stimulus,
such as a stressful event.

We provide here the first evidence that acute stress mod-
ulates the neural context for successful memory formation
by altering the stimulus-preceding activity relevant for
memory. Nevertheless, it is to be noted that, because of
largely missing data on a stress-induced modulation of
prestimulus activity related to subsequent memory effects
and methodological constraints inherent to the searchlight
approach, the prestimulus duration of 2000 msec was sub-
divided into four time bins, each consisting of consecutive
500 msec. Moreover, because stress-induced changes in
neural activity were obtained at different time points, with
different temporal proximity to the stimulus, another chal-
lenge for future research is to investigate whether these
changes at different time points before stimulus onset have
distinct functional implications or whether these reflect
distinct cognitive processes.

Furthermore, contamination of the gamma band of the
human scalp EEG by nonneural signals is a major and
long-standing concern (Whitham et al., 2007). Different
sources of contamination were discussed (Nottage &
Horder, 2015). To address potential contamination by
power line noise, we kept impedance low and balanced
across electrodes. In addition, EEG recording was carried
out in an electrically shielded laboratory, and active elec-
trodes having an amplifier incorporated into each electrode
(BioSemi) were used. Because power line noise during data
acquisition often cannot reduce the power line interference
completely (Nottage & Horder, 2015), we also applied
spectrum interpolation to remove potential power line
noise from EEG data (Leske & Dalal, 2019). Furthermore,
we removed muscular artifacts to correct for blinks and
eye movements via independent component analysis.

Finally, it is to be noted that recognition tests are typically
associated with a rather higher hit rate. This was also the
case in this study. Our EEG analyses were thus based on a
relative imbalance of hits and misses. Although additional
analyses that included only participants with a minimum
number of misses resulted largely in a comparable pattern
of results as the analysis of the full sample, effects of high
gamma power on subsequent memory could not be identi-
fied consistently. Therefore, a more balanced number of

hits and misses may be beneficial, proving the reliability
of our findings. Future studies might achieve this by extend-
ing the interval between encoding and memory test.

In summary, the present findings indicate that acute
stress changes the neural context for building new memo-
ries. In particular, stress appeared to alter specifically the
neural context for encoding emotionally arousing material.
Such changes in the neural activity preceding a stimulus
might represent a so far unknown mechanism through
which stress tunes the organism toward the preferential
encoding of emotionally salient cues, thus fostering adap-
tation to similar future events on the one hand but contrib-
uting to the aberrant emotional memory characteristic for
stress-related psychopathologies on the other hand.
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