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Stress Impairs Intentional Memory Control through Altered
Theta Oscillations in Lateral Parietal Cortex
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Accumulating evidence suggests that forgetting is not necessarily a passive process but that we can, to some extent, actively
control what we remember and what we forget. Although this intentional control of memory has potentially far-reaching
implications, the factors that influence our capacity to intentionally control our memory are largely unknown. Here, we
tested whether acute stress may disrupt the intentional control of memory and, if so, through which neural mechanism. We
exposed healthy men and women to a stress (n=27) or control (n=26) procedure before they aimed repeatedly to retrieve
some previously learned cue-target pairs and to actively suppress others. While control participants showed reduced memory
for suppressed compared with baseline pairs in a subsequent memory test, this suppression-induced forgetting was completely
abolished after stress. Using magnetoencephalography (MEG), we show that the reduced ability to suppress memories after
stress is associated with altered theta activity in the inferior temporal cortex when the control process (retrieval or suppres-
sion) is triggered and in the lateral parietal cortex when control is exerted, with the latter being directly correlated with the
stress hormone cortisol. Moreover, the suppression-induced forgetting was linked to altered connectivity between the hippo-
campus and right dorsolateral prefrontal cortex (PFC), which in turn was negatively correlated to stress-induced cortisol
increases. These findings provide novel insights into conditions under which our capacity to actively control our memory
breaks down and may have considerable implications for stress-related psychopathologies, such as posttraumatic stress disor-
der (PTSD), that are characterized by unwanted memories of distressing events.

Key words: cortisol; memory; memory suppression; stress; theta

(s )

It is typically assumed that forgetting is a passive process that can hardly be controlled. There is, however, evidence that we
may actively control, to some extent, what we remember and what we forget. This intentional memory control has consider-
able implications for mental disorders in which patients suffer from unwanted (e.g., traumatic) memories. Here, we demon-
strate that the capacity to intentionally control our memory breaks down after stress. Using magnetoencephalography (MEG),
we show that this stress-induced memory control deficit is linked to altered activity in the lateral parietal cortex and the con-
nectivity between the hippocampus and right prefrontal cortex (PFC). These findings provide novel insights into conditions
under which memory control fails and are highly relevant in the context of stress-related psychopathologies. /
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Introduction
While we want to keep some memories for the rest of our lives,
, , others are so painful that we wish to forget them forever. For
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disorder (PTSD; Catarino et al,, 2015), depression (Joormann et
al.,, 2009), and anxiety (Goémez-Ariza et al., 2013).

Intentional memory control has been investigated using
the think/no-think paradigm in which participants aim
repeatedly to actively suppress some learned associations and
to retrieve others (Anderson and Green, 2001; Benoit et al.,
2016). The comparison of suppressed and retrieved items
showed that intentional memory suppression relies on an ex-
ecutive control network guided by the right lateral prefrontal
cortex (PFC), in interaction with parietal and medial tempo-
ral areas (Benoit and Anderson, 2012; Paz-Alonso et al.,
2013; Depue et al., 2016). Moreover, stronger functional
coupling between these regions has been linked to successful
forgetting (Paz-Alonso et al., 2013; Benoit et al., 2015). Using
electroencephalography, it has been demonstrated that
intentional memory suppression is in part achieved by a two-
stage inhibitory control mechanism that is evident in the
theta frequency (4-7 Hz; Ketz et al.,, 2014). Specifically, con-
trol processes before suppression trials were characterized by
event-related theta synchronization in the PFC while suc-
cessful suppression of target memories was characterized
by theta desynchronization in the medial temporal lobe
(Waldhauser et al.,, 2015). In addition, successful memory
suppression is characterized by frontal and parietal theta
synchronization thought to reflect the monitoring of re-
trieval attempts (Depue et al., 2013).

Acute stress is known to have a major impact on memory.
Stress may modulate memory formation and retrieval in a
time-dependent manner, closely linked to the temporal pro-
file of action of major stress mediators in the brain, in partic-
ular noradrenaline and glucocorticoids (Joéls et al., 2011;
Schwabe et al., 2012; Quaedflieg and Schwabe, 2018). Stress
is thought to exert these effects by altering the functioning of
those frontal and temporal brain areas that are implicated in
intentional memory control (Pruessner et al., 2008; Qin et
al., 2009; Hermans et al., 2014; Quaedflieg et al., 2015; Vogel
et al., 2018). Furthermore, there is evidence for reduced theta
oscillations, a key characteristic of intentional memory con-
trol, during cognitive tasks under stress (Girtner et al., 2014,
2015). Although stress-induced deficits in intentional mem-
ory control would be highly relevant in the context of stress-
related psychopathologies characterized by dysfunctional
memories, this hypothesis has not been tested so far.

Here, we aimed to test whether acute stress may interfere
with the capacity to intentionally control episodic memories.
We predicted that stress would impair the intentional con-
trol of memory via altered theta synchronization in frontal,
parietal and medial temporal areas. To test this hypothesis,
we presented participants first a series of face-word associa-
tions and then exposed them to a stress or control manipula-
tion. Shortly thereafter, participants engaged in a think/
no-think procedure in which they repeatedly tried to actively
retrieve or suppress the previously learned associations while
magnetoencephalography (MEG) was recorded. The impact
of this intentional control attempt on the actual memory per-
formance was tested later on. As theta oscillations have been
implicated in memory retrieval (Klimesch, 1999), mainte-
nance (Nyhus and Curran, 2010), and intentional memory
control (Ketz et al., 2014; Waldhauser et al., 2015), and a
stress-induced reduction in theta oscillations has been dem-
onstrated (Girtner et al., 2014, 2015), we focused on MEG
activity in the theta band as neural marker of stress-induced
changes in intentional memory control.
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Materials and Methods

Participants and experimental design
Exclusion criteria were screened in a standardized interview before par-
ticipation and comprise a body mass index (BMI) below 18 or above
27.5kg/m?, any current or lifetime psychiatric or neurologic disorders,
current or history of drug abuse, nicotine consumption, medication
intake or vaccination within the past month. Further, women being
pregnant or taking hormonal contraceptives were excluded from partici-
pation and women were not tested during their menses. These criteria
were applied as it is known that these factors influence the cortisol
response (Strahler et al, 2017). The a priori power calculation with
G*Power (a = 0.05, 1- 8 = 0.90; Faul et al., 2007) indicated a total sample
size for the decisive condition x stimulus type interaction effect of
N=44. We tested in total 67 healthy young adults (32 men, 35 women;
age range 18-35, mean age =25.06 years, SD = 3.72 years). One partici-
pant was excluded because of depressive symptoms (score above the
clinical cutoff on the Becks Depression Inventory; Beck et al., 1996), and
four participants were excluded because they were classified as behav-
ioral outliers based on a z score smaller than —2.5 on recall in the final
memory test. Because of technical difficulties behavioral data were miss-
ing for two participants and MEG data were missing for seven further
participants, thus leaving a sample of 53 participants for the final analysis
(n=26 in the control group, n=27 in the stress group). Participants
were asked to refrain from physical exercise, beverages other than still
water, and meals in the 2 h before testing. Participants were pseudo-ran-
domly assigned to one of the two experimental groups (stress or con-
trol). If participants had participated in the stress condition of the Trier
Social Stress Test (TSST) before, they were allocated to the control con-
dition. All testing took place in the afternoon between 12:30 and 6 P.M.
to control for the circadian rhythm of cortisol. All participants provided
written informed consent and received a moderate monetary compensa-
tion for participation. The study procedure was approved by the stand-
ing ethics committee of the Faculty of Psychology and Human
Movement, Hamburg University.

In a 2 (condition: stress vs no-stress) X 3 (stimulus: think, no-think,
baseline) mixed design, participants were semi-randomly assigned to a
stress or control condition.

Stimulus materials and experimental paradigm

In order to assess the intentional control of memory, we used in the
think/no-think paradigm (Hanslmayr et al., 2009; Fig. 1). Stimuli were
33 cue-target pairs with neutral faces as cues and neutral German nouns
as targets. All face pictures displayed white faces and were drawn from
the AR Face Database (Martinez and Benavente, 1996). The words
were semantically unrelated neutral five-letter words selected on word
frequency from a semantically categorized German word database
(Schwibbe, 1988). Three face-word pairs were used as practice items for
the think/no-think phase and were excluded from the analysis. From the
remaining face-word pairs, 10 were used as baseline items and not pre-
sented during the think/no-think phase, 10 were used as think items,
and 10 were used as no-think items in the think/no-think phase.

Learning phase

Participants were instructed to memorize 33 face-word pairs. The 33
face-word pairs were each presented once per run for 4 s on a computer
screen with four runs in total. Each run was followed by a cued recall
test, during which the face of a face-word pair was presented for 4 s as a
memory cue for the target word. Participants were instructed to use the
face as a memory cue to recall the associated word, and to speak out the
word as soon as they remembered the word. The experimenter scored
the words as correct or incorrect.

Think/no-think phase

Participants performed the think/no-think manipulation with 10 think
and 10 no-think face-word pairs chosen randomly from the 33 face-
word pairs. For think trials, participants were instructed to think of the
target word when the memory cue (face) was presented. In no-think tri-
als, participants were instructed to avoid thinking about the previously
learned item by pushing the target item out of consciousness.
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participants rated how stressful, unpleasant, and difficult
they had perceived the TSST (anchors: 0 = “not at all”; 100
= “extremely”) immediately after the TSST or control pro-
cedure. Furthermore, we measured mood changes with the
negative affect subscale of the state positive and negative
affect schedule (PANAS; Watson et al,, 1988). Negative
mood was assessed at baseline and after the TSST. For three
participants the PANAS scores were missing. Blood pres-
sure (arm cuff: Omron Healthcare Europe BV) was meas-
ured shortly before (T_;), during (Tio), and immediately
after the TSST (T;5). Saliva samples were obtained shortly
before and immediately after the TSST (T;s), 15min after
the TSST (Ts,), as well as before the beginning (T5,) and af-
ter the end of the think/no-think phase (T)5). At the end of
data collection, we analyzed from saliva the free fraction of
cortisol using a luminescence assay (IBL).

actively recall (think items) or actively suppress the word stimulus (no-think items), when presented with the

corresponding face stimulus. The recall or suppression was repeated 14 times for the respective items. In the
final memory test, memory for all 30 face—words pairs was tested. Stimuli in the baseline condition were not

presented during the think/no-think phase.

Participants were told to focus on the memory cue, and they were explic-
itly asked not to generate other associations to the memory cue or dis-
tractive thoughts or memories. Each trial was initiated by a white
fixation cross of variable duration (1.0-1.5 s), which turned either green
or red for 1 s to cue for a think (green) or a no-think (red) item, respec-
tively (i.e., initiation phase). This was immediately followed by a 4-s dis-
play of the face memory cue and participants were asked to suppress or
retrieve the target word (i.e., intentional control phase). During the
think/no-think phase, each of the 10 think and 10 no-think face-word
pairs was presented 14 times, always with the same instruction to either
actively retrieve or suppress the referring association, resulting in a total
of 280 trials. The face-word pairs were presented pseudo-randomly with
a maximum of three consecutive trials of the same trial type. To familiar-
ize participants with the no think procedure, participants performed 15
no-think practice trials for three of the previously encoded face-word
pairs (not included in further analysis).

Final memory test

The effects of the think/no-think manipulation was assessed in the final
memory test. Participants performed a cued-recall test including all 30
previously studied targets from phase 1. The face of a face-word pair
was presented for 4 s as a memory cue for the target word. Participants
were instructed to use the face as a memory cue to recall the associated
word, and to speak out the word as soon as they remembered the word.
The experimenter scored the words as correct or incorrect.

Stress and control manipulation

Participants in the stress condition were exposed to the TSST
(Kirschbaum et al, 1993), a gold standard in experimental stress
research, after the learning phase and before the think/no-think phase.
In brief, the TSST mimics a job interview tailored to the participants’
interests that consisted of a 3-min preparation period, a 5-min free
speech, and a 5-min mental arithmetic task (counting backwards from
2043 in steps of 17). All tasks were performed in front of a panel, dressed
in white lab coats, and composed of a male and female experimenter
that were introduced as experts in behavioral analysis. The panel was
rather cold and non-reinforcing and took notes. Furthermore, partici-
pants were videotaped during the TSST and could see themselves on a
screen placed behind the panel.

Participants in the control condition underwent a standardized con-
trol procedure in which they were asked to talk for 5min about a recent
movie they had seen or a book they had read, followed by a simple
counting task, all without a panel and without being videotaped.

In order to assess the effectiveness of the stress manipulation, we
took subjective ratings, blood pressure measurements, and saliva sam-
ples at several time points across the experiment. Subjective stress was
measured using three 100-mm visual analogue scales (VAS) on which

MEG acquisition and analysis

MEG data were obtained during the think/no-think phase
using a 275-channel whole-head system (Omega 2000, CTF
Systems Inc.) with a sampling rate of 1200 Hz. Additional
Ag/AgCl-electrodes were applied to measure horizontal
and vertical electrooculogram (EOG) and electrocardio-
gram (ECG). The head position relative to MEG sensors was monitored
on-line during the whole recording and corrected between experimental
blocks as soon as the movement exceeded 5 mm using three fiducial
points (nasion, left and right external ear canal).

Preprocessing and analysis of the MEG data were done in MATLAB
(version R2011b; The MathWorks) using the FieldTrip toolbox
(Oostenveld et al., 2011). Data were down sampled to 400 Hz, filtered
between 0.5 and 170 Hz (Butterworth filter, low-pass filter order 4, high-
pass filter order 3), and for line-noise with band-stop filters for 50, 100,
and 150 Hz (Butterworth filter, low-pass filter order 4, high-pass filter
order 3), epoched into 4.5-s time bins (—1-3.5 s with respect to onset of
the think/no-think precue). A two-step procedure was performed to
remove artifacts using independent component analysis (ICA), in ac-
cordance with previous studies (Debener et al., 2005). First, epochs con-
taining non-stereotyped artifacts (e.g., SQUID jumps, bypassing cars,
muscle artefacts) were semi-automatically detected and rejected from
further analysis. Then, extended infomax ICA (stop criterion: weight
change <1077) was applied. Independent components corresponding to
eye blinks and heart beat were identified via topographic plots and via
correlation with EOG and ECG signals. Components correlating >0.9
with either EOG or ECG were rejected. Components correlating 0.6-0.9
were rejected only after a second visual inspection of the topographic
plot. Application of this procedure ensured that 74.8% of all recorded tri-
als (think mean: 75.5%, range: 32-97%; no-think mean: 74%, range: 32—
97%) could be retained.

Spectral decomposition was performed using sliding Hanning win-
dows (2-30Hz, 1-Hz steps, five-cycle window). The single trials were
log-transformed (Grandchamp and Delorme, 2011; Smulders et al,
2018) and baseline corrected (—1000-0 ms precue). Theta was defined
as 4-7 Hz and was then averaged per stimulus type (think and no-think)
across participants in the stress and control condition, respectively.

In accordance with previous studies (Schneider et al., 2018), cortical
sources were estimated using dynamic imaging of coherent sources
(DICS; Gross et al., 2001), a linear beamforming technique implemented
in Fieldtrip. In order to construct head models for source localization,
we used individual T1-weighted structural magnetic resonance imaging
(MRI; Siemens Magnetom Prisma) data with 1-mm?® voxel size for 51
participants, while the standard MNI 152 brain template was used for
two participants for whom MRI data were not available. Individual
MEG sensor positions were aligned to the MR images based on three
fiducials (left and right acoustic meatus, nasion) using rigid body trans-
formation. Individual MRI data were segmented using the SPM12b soft-
ware. Head models were derived from individual MR images using the
single-shell volume conductor model (Nolte, 2003). A source model was
defined using a regular grid, with regular 8 mm spacing, in the 152 MNI
template brain space. This source model was warped into the individual
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headspace using SPM functions implemented in Fieldtrip, bases on the
individuals’ MRI when available. Leadfield matrices were calculated for
each participant using the individual MEG sensor positions aligned to
the individual head model and the individual source grid (when avail-
able). This procedure allows later to average source activity across partic-
ipants in the MNI template brain space.

Cross-spectral density matrices of the MEG data were computed for
the initiation window lasting from 0 till 1000 ms and the intentional con-
trol window lasting from 1000 to 3000 ms. Common filters were com-
puted by averaging the cross-spectral density matrices across all time
windows, both stimulus types and conditions. To obtain power estimates
in each voxel, the common filters were multiplied with the cross-spectral
density matrix of each stimulus type (think and no-think) and time win-
dow separately. In order to minimize the number of statistical tests,
source power values were calculated for two regions of interest (ROIs),
right dorsolateral PFC (dIPFC; BA 46) and right lateral inferior parietal
lobe (IPL; BA 39c), which have been implicated in executive control in
general and memory control in particular in previous studies (Paz-
Alonso et al,, 2013; Anderson and Hanslmayr, 2014; Depue et al., 2016),
using the Brainnetome atlas (Fan et al., 2016).

Functional connectivity was estimated between the atlas-based right
hippocampus (AAL; Tzourio-Mazoyer et al., 2002) and the two ROIs
implicated in executive control using the imaginary part of coherency
(Nolte et al., 2004). Imaginary coherence was computed for all possible
combinations of source points and subsequently averaged within the dif-
ferent ROIs. Imaginary coherence measures the synchronization
between two ROIs which are phase-lagged at the specific frequency and
thus robust to effects of volume conduction. The mean values between
the ROIs for each subject for the think versus no-think contrast were
used for the statistical comparison of conditions. For source localization
and quantification of imaginary coherence, trial numbers for the learned
think and no-think word-face pairs were stratified to obtain comparable
signal-to-noise ratios between conditions.

Statistical analysis

Data analysis were performed using SPSS Statistics for Windows, version
25 (SPSS Inc.). The data were checked for normality and outliers. P val-
ues were Greenhouse-Geisser corrected when required. All reported p
values are two-tailed, unless stated otherwise.

Effectiveness of the stress induction procedure on salivary cortisol
levels were assessed using repeated measures ANOVA with time (four
levels) as the within-subject variable and condition (two levels: stress
and control) as the between-subjects variable. Cortisol data were log-
transformed because of a typical skewness of the data. Changes in
subjective stress and negative mood were evaluated using independent
samples ¢ tests with condition (stress, control) as between-subjects variable.

Face-word pairs need to be learned to be able to intentionally control
the memory of it. Thus, in line with previous studies (Anderson et al.,
2004; Hanslmayr et al, 2009), data analysis was based only on those
face-word pairs that were correctly recalled at least once during the
training phase. First, we ran a repeated measures ANOVA including all
three stimulus types. Based on our a priori hypothesis of a stress-induced
impairment in memory control, one-tailed non-parametric Mann-
Whitney U follow-up tests were performed comparing performance
between conditions for the suppression-induced forgetting (baseline—
no-think) and retrieval (baseline-think) index. Second, we compared
performance for think and no-think trials, (i.e., total control effect) with
one-tailed non-parametric Mann-Whitney U tests and follow-up one-
tailed Wilcoxon signed-rank test per condition.

For the MEG data, we first assessed an average of spectral power in
the theta frequency for the initiation (0-0.9 s) and intentional control
(1.0-3.0 s) phase. We tested condition differences between think and
no-think whole-brain at the sensor level using cluster-based permutation
tests (10,000 permutations using “maxsum” option in ft_statistics_mon-
tecarlo to correct for multiple comparisons; Maris and Oostenveld,
2007). The channel-frequency-time samples were clustered at an « level
of 0.01. Clusters with a Monte Carlo p value of 0.05 and less are reported
significant. Significant condition differences at the sensor level were fol-
lowed-up per item type and by source localization. Next, we assessed
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Table 1. Subjective and physiological measurements of stress induction
through the TSST

Subjective stress (VAS) Stressful Unpleasant Difficult
Control 20.69 (4.30) 16.88 (4.57) 14.85 (3.27)
Stress 58.26 (4.22) 56.14 (4.49) 57.22 (3.22)
Negative mood (PANAS) Baseline After

Control 10.54 (0.34) 10.63 (0.56)

Stress 11.77 (0.33) 15.08 (0.54)

Diastolic blood pressure Baseline During After
Control 80.62 (1.49) 82.71 (1.77) 82.92 (1.77)
Stress 83.22 (1.42) 93.22 (1.73) 90.78 (1.59)

Subjective stress was measured using three 100-mm visual VAS on which participants rated how stressful,
unpleasant, and difficult they had perceived the TSST (anchors: 0 = “not at all”; 100 = “extremely”) imme-
diately after the TSST or control procedure. Blood pressure measurements were taken shortly before at base-
line (t = —1), during (t=0), and immediately after (t= 15) the TSST.

theta source activity in the two ROIs using independent samples ¢ tests
with condition (stress vs control) as between subject variable. Finally, the
effect of stress on functional connectivity between the hippocampus and
the two ROIs was assessed per stimulus type using the imaginary part of
coherency. The values were subjected to an independent samples ¢ test
with condition (stress vs control) as between subject variable. To exam-
ine whether the impaired intentional memory control could be directly
linked to the stress response, theta power, and theta connectivity,
Pearson’s correlations were computed.

All data and code is available at https://osf.io/36g5f/2view_only=
eecd3cd5060d4146b1{f5a3275{9¢94d.

Results

Successful stress induction

Directly after the learning phase, stress was induced in half of
the participants using the TSST whereas the other half of the
participants underwent a non-stressful control manipulation.
Significant increases in subjective stress ratings, blood pressure,
and salivary cortisol confirmed the successful stress induction
through the TSST. Participants in the stress condition experi-
enced the experimental manipulation as significantly more
stressful, unpleasant, and difficult than participants in the control
condition (all ps<0.001; all n; > 0.42; Table 1). Negative
mood, as measured with the negative affect subscale of the state
PANAS, increased from baseline to posttreatment in the stress
condition but not in the control condition (F;4s = 22,45,
p<0.001, npi; = 0.32; Table 1). Furthermore, systolic and dia-
stolic blood pressure were elevated in response to the TSST but
not in response to the control manipulation (time x condition
interaction systolic blood pressure: F; 102 = 20.90, p < 0.001,
7;; = 0.29; see Fig. 24, diastolic blood pressure: F(; 102y = 14.38,
p<0.001, p7 = 0.22; Table 1). Follow-up tests showed that
whereas groups did not differ at baseline (both ps > 0.21), partic-
ipants exposed to the TSST had significantly higher blood pres-
sure than participants in the control group during (T}, systolic:
ts1) = 5.14, p < 0.001, d=1.32; diastolic: f(s;, = 4.25, p < 0.001,
d=1.12) and directly after the TSST (T\s systolic: fs;) = 3.49,
p=0.001, d=0.80; diastolic: t5;) = 3.46, p=0.001, d=0.74).
Finally, salivary cortisol increased after the exposure to the TSST
but not after the control manipulation (time x group interac-
tion: Fiys0s = 15.78, p<0.001, m; = 0.24). As displayed in
Figure 2B, groups did not differ at baseline (p=0.716), but the
stress group had significantly higher cortisol concentrations im-
mediately (¢s1) = 3.67, p=0.001, d=0.90) and 15min after the
experimental treatment (f(s;) = 4.95, p <0.001, d=1.24) as well
as before the think/no-think phase (s, = 247, p=0.017,
d=0.66). Ninety minutes after the stress induction, before the
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final memory test, groups did not differ in their cortisol concen-
trations (fs;) = —0.18, p=0.856, d = —0.05).

Stress impairs the intentional control of memory

Initial memory encoding

To assess intentional memory control, we used the think/no-
think paradigm, which consists of a learning phase, a think/no-
think phase, and a final memory test. In the learning phase, par-
ticipants learned 33 face-word pairs. To ensure that the stress
(n=27) and control (n=26) groups learned the face-word pairs
to a comparable extent, recall performance was analyzed with
repeated measures ANOVA. Participants in both conditions
learned the face-word pairs very well (F324) = 487.48, p <0.001,
n; = 0.91), without any difference between conditions or stimulus
types (time x condition interaction as well as main effects of con-
dition or stimulus type: all ps > 0.167; Fig. 3A).

Intentional memory control

The performance in the control condition in the final memory
test was overall very high (baseline: —x = 90.04, SE = 2.28, no-
think: —x = 86.13, SE = 2.67; think: —x = 94.08, SE = 2.52), in
line with previous studies using the think/no-think paradigm
(Anderson and Green, 2001; Hanslmayr et al., 2009; Benoit and
Anderson, 2012; Depue et al., 2013; Paz-Alonso et al., 2013; Ketz
et al., 2014; Benoit et al., 2015; Waldhauser et al., 2015). In a
first step, we compared the memory for think, no-think and
baseline face-word pairs between groups and this analysis
revealed a significant interaction between stimulus type and con-
dition (F(; 817,92.669) = 4.51, p=0.016, 15 = 0.08; stress condition:
baseline: —x = 91.33, SE = 2.24, no-think: —x = 93.69, SE = 2.62;
think: —x = 89.41, SE = 2.47). Follow-up analyses revealed that
stress interfered in particular with the active suppression of the
face-word pairs (baseline-no-think: Usz) = 252.500; p = 0.0345,
one-tailed; Fig. 3B), whereas the active retrieval of memories, as
reflected in the retrieval index (baseline-think), was not signifi-
cantly affected by stress (Uss) = 248.500; p =0.0725, one-tailed;
Fig. 3C). In a next step, we analyzed the difference in perform-
ance for think and no-think items, as this total control effect is
commonly used as index of intentional memory control

(Anderson and Levy, 2009; Anderson and Huddleston, 2012;
Depue et al., 2016), and reflects the contrast used in the MEG
analysis, which focused on the think/no-think phase during
which no baseline items are presented. The analysis of the total
control effect showed that stress impaired, in line with our
directed a priori hypothesis, the ability to intentionally control
memory (U = 223.00; p=0.010, one-tailed; Fig. 3D). More
specifically, while participants in the control condition showed
efficient intentional memory control reflected in a significant dif-
ferent median for think minus no-think face-word pairs from 0
(Za6) = 141.00; p=0.008, one-tailed; Fig. 3D), stress abolished
this intentional memory control effect, i.e., stressed participants
showed no difference in their memory for think and no-think
face-word pairs from 0 (Z,; = 41.00; p=0.210, one-tailed,
d=0.21; Fig. 3D).

Stress reduces parietal theta activity during intentional
memory control

In order to unravel the neural mechanisms underlying the
observed impairment of intentional memory control after
stress, we recorded oscillatory brain activity using whole-
head MEG while participants tried to actively retrieve or sup-
press the previously encoded associations (i.e., during the
think/no-think phase). Each trial consisted of an initiation
phase in which a red or green fixation cross signaled the
required mode of memory control, and the actual intentional
control phase in which the face memory cue was presented
and participants were asked to suppress or retrieve the target
memory (Fig. 1). Note that baseline items were not shown
during the think/no-think phase 2 while brain activity was
recorded.

First, we assessed whole-brain permutation corrected sensor
spectral power for the initiation phase. To identify neural sys-
tems involved in intentional memory, we contrasted, in line with
previous studies (Hanslmayr et al., 2009, 2012; Ludowig et al,,
2010; Benoit and Anderson, 2012; Depue et al., 2013, 2016; Paz-
Alonso et al., 2013; Ketz et al., 2014; Waldhauser et al., 2015,
2018; Oehrn et al., 2018), theta power during think and no-think
trials. Cluster-based permutation tests revealed that stress
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Figure 3.

Think/no-think behavioral data. A, Participants (control n = 26; stress n = 27) learned the face—word associations very well. B, Stress-induced deficit in inten-

tional memory control primarily owing to a disruptive effect of stress on intentional suppression of memories (baseline—no-think). C, Stress did not significantly influence
intentional retrieval (baseline—think). D, Stress reduced the total control effect (i.e., think—no-think). Violin plots display the distribution of the data, group means (indi-
cated by the bar), and individual data points; B = baseline word pair, NT = no-think word pair, T = think word pair; *p < 0.05.

modulated theta power for think versus no-think items in the
initiation phase (cluster p = 0.034; Fig. 4A,B). Source localization
revealed that this power difference originated in the inferior tem-
poral lobe (Fig. 4B). Higher cortisol levels, suppression-induced
forgetting or retrieval were not associated with theta power dur-
ing the initiation phase (all ps > 0.101).

For the intentional control phase, cluster-based permutation
tests revealed a stress-induced modulation of theta power for the
total control effect (think vs no-think: cluster p=0.002; Fig.
4C,D). Source localization revealed that this power difference
originated in the left lateral inferior parietal cortex. Moreover,
bivariate Pearson correlations, revealed a condition difference
between theta activity and the retrieval index (B-T; Z=1.982,
p=0.042). In the control condition, higher theta activity for
think versus no-think items was associated with increased recall
of think items compared with baseline items (baseline-think;
T2e) = —0.408, p=0.043), corroborating the suggestion that the
parietal cortex supports memory retrieval (Shimamura, 2011).
This association was opposite and not significant in the stress
condition (r;) = 0.144, p=0.473). Higher cortisol levels, were

not associated with theta power during the intentional control
phase (all ps > 0.095).

Previous studies indicated that the right dIPFC and right IPL
are the key areas that regulate activity in the medial temporal
lobe during intentional memory control (Paz-Alonso et al., 2013;
Anderson and Hanslmayr, 2014; Depue et al.,, 2016). Thus, to
better understand the mechanisms underlying the effect of stress
on intentional memory control, we next used a ROI approach
and restricted the analysis at the source level to those two key
structures. This analysis revealed a significant modulation of
theta power in the right IPL during the intentional control phase
(ts1) = 2.70, p=0.010, d=0.756). Moreover, bivariate Pearson
correlations revealed a condition difference between IPL theta
activity and the cortisol increase (AUCi; Z=1.646, p=0.05). In
the stress condition, a higher cortisol increase was associated
with decreased right IPL theta activity for think versus no-think
items (r(27) = -0.427, p =0.027), while this association was absent
in the control condition (7,6 = 0.024, p=0.909; Fig. 4E). No
condition difference was found for the think versus no-think
contrast in the right dIPFC (f50) = 1.99, p=0.052) and no
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theta activity for think minus no-think using sensor topography and source localization. Stress modulated theta activity in the left inferior temporal lobe during the initiation phase (0.4—0.9 s).
Significant cluster surviving permutation-based correction indicated with crosses. C, Time-frequency representation of sensor-level activity in the left inferior parietal cortex for the intentional
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associations with cortisol levels or behavioral data were found
(all ps >0.117).

Stress-induced modulation of functional connectivity
between hippocampus and dlpfc linked to active memory
suppression

In order to investigate whether stress modulated hippocampal
connectivity during intentional memory control, we assessed in a
final step long-range phase synchronization in the theta band.
To this end, we computed imaginary coherence within the theta
band between the hippocampus and the right lateral PFC and
right lateral parietal cortex. This analysis showed no condition
differences in functional connectivity for the think versus no-
think contrast between the hippocampus and right dIPFC or IPL
(all ps > 0.355). However, conditions differed significantly in the
association between right hippocampus-right dIPFC connectiv-
ity and suppression-induced forgetting (baseline-no-think;
Z=1.862, p=0.031) and the cortisol increase (AUCi; Z = 1.900,
p=0.029). Higher hippocampus-right dIPFC connectivity for
think versus no-think items was associated with stronger sup-
pression-induced forgetting in the control condition (roe =
0.440, p = 0.023), while this association was non-significant in the
stress condition (27 = -0.071, p =0.726; Fig. 4E). Furthermore,
a higher cortisol increase was associated with decreased hippo-
campus-right dIPFC connectivity for think versus no-think
items in the stress condition (r(,;) = -0.416, p=0.031), whereas
this association was not significant in the control condition
(ras) = 0.111, p = 0.590; Fig. 4F).

Discussion

Accumulating evidence points to the fascinating possibility that
we can, to some degree, actively control our memories by retriev-
ing some experiences while trying to suppress others (Anderson
and Green, 2001; Anderson and Hanslmayr, 2014; Benoit et al.,
2016; Depue et al., 2016; Ryckman et al., 2018). Using the well-
established think/no-think paradigm (Anderson and Green,
2001; Hanslmayr et al., 2009), we tested here whether acute stress
may interfere with the capacity to intentionally control memory.
We demonstrate that stress interfered in particular with actively
suppressing memories. Moreover, the inability to intentionally
control memories under stress was linked to altered theta activity
in the right IPL and to changes of in functional connectivity
between the hippocampus and right dIPFC.

The ability to intentionally control memory has been demon-
strated in several studies using the think/no-think paradigm
(Anderson and Green, 2001; Anderson et al., 2004; Benoit and
Anderson, 2012; Paz-Alonso et al., 2013; Benoit et al., 2015). In
line with these earlier studies, the control group demonstrated
higher recall of think compared with no-think face-word pairs
reflecting intentional memory control. Most importantly, how-
ever, acute stress before the attempt to intentionally strengthen
or suppress memories (i.e., the think/no-think phase) completely
abolished the superior memory for think- relative to no-think
items. Interestingly, stress impaired mainly the active suppres-
sion of memories, in line with the finding that stress impairs sup-
pression-induced forgetting of future fears (Ashton et al., 2020).
When not accompanied by noradrenergic activation, (genomic)
glucocorticoid actions have been suggested to interfere with in-
hibitory processing (Shields et al., 2015). This is in line with the
current finding of impaired suppression under stress and sup-
ports the notion that inhibitory control is needed for no-think
items (Anderson and Hanslmayr, 2014; Anderson et al., 2016).
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Furthermore, the fact that our data showed an effect that was
specific to suppression-induced forgetting speaks clearly against
the view that our findings represent another example for the
well-known stress-induced retrieval changes (de Quervain et al.,
1998, 2000, 2007; Gagnon and Wagner, 2016; Shields et al.,
2017). If stress had affected retrieval per se, memory for retrieval
(baseline vs think items) should have been affected as well, which
was, however, not the case.

During the intentional control phase, acute stress modulated
theta activity in the right inferior parietal cortex which was
directly related to the cortisol response. In the stress condition, a
more pronounced cortisol increase was associated with decreased
right IPL theta activity for think versus no-think items, suggest-
ing that cortisol might indeed be a driving force. This is in line
with previous research suggesting that (genomic) glucocorticoid
actions, when not accompanied by noradrenergic activation,
reduce activity in a network including temporoparietal regions
(Hermans et al., 2014). Corroborating the suggestion that the pa-
rietal cortex supports memory retrieval (Shimamura, 2011), we
found a positive association between IPL theta activity and the
retrieval index (baseline-think) in the control condition while
this association was absent in the stress condition. The lateral pa-
rietal cortex has been found to be a key intermediary in the mod-
ulation of the medial temporal lobe by lateral PFC during
memory suppression (Paz-Alonso et al., 2013).

Acute stress modulated the association between hippocam-
pus-right dIPFC connectivity and suppression-induced forget-
ting and total cortisol increase. In control participants, stronger
connectivity between the hippocampus and right dIPFC was
associated with better forgetting, while this association was lack-
ing in stressed participants. This stress-induced change in the
association between hippocampal-dIPFC connectivity and mem-
ory suppression may well be driven by cortisol again as higher
cortisol responses were associated with reduced theta phase syn-
chronization between the hippocampus-right dIPFC. Theta
phase synchronization has been considered an important indica-
tor of top-down control and communication between the lateral
PFC and medial temporal lobe, including the hippocampus
(Vincent et al., 2006; Depue et al., 2013; Daume et al., 2017a,b).
It should be noted however, that the present design does not
allow an explicit dissociation of top-down and bottom-up
processing.

During the initiation phase, when participants prepared to ei-
ther reactivate or suppress a memory, stress modulated theta ac-
tivity in the inferior temporal lobe. The think/no-think paradigm
is based on visual memory in which the inferior temporal lobe
plays a critical role via the medial temporal lobe (Axmacher et
al., 2008). Moreover, the inferior temporal lobe has been sug-
gested to work as an adaptive memory filter (Miller et al., 1991).
The stress-induced modulation of theta activity found in the cur-
rent study might imply a functionally impaired bottom-up mem-
ory filter under stress and thus the need for more control during
the intentional control phase.

We focused here on the analysis of theta oscillations as these
have been implicated in memory retrieval (Klimesch, 1999),
maintenance (Nyhus and Curran, 2010), and intentional mem-
ory control (Ketz et al., 2014; Waldhauser et al., 2015), and a
stress-induced reduction in theta oscillations has been demon-
strated (Gértner et al,, 2014, 2015). Our results pave the way for
future research as it is of high interest to show how theta power
as a marker of deficient memory suppression under stress relates
to power changes in other frequency ranges. Moreover, to obtain
comparable signal-to-noise ratios between conditions, the think
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and no-think trial numbers where stratified. This resulted in a
wide range of trial numbers with some participants having below
100 trials. Future studies should consider more strongly that for
connectivity analyses and to detect activity from deep brain
structures with MEG, a large number of trials results in more
precise estimations (Quraan et al., 2011; Ruzich et al, 2019).
Finally, it has to be noted that memory performance was overall
very high in the final recall test, in line with previous studies
using this think/no-think paradigm (Anderson and Green, 2001;
Hanslmayr et al., 2009; Benoit and Anderson, 2012; Depue et al.,
2013; Paz-Alonso et al,, 2013; Ketz et al, 2014; Benoit et al.,
2015; Waldhauser et al., 2015). This level of memory perform-
ance may have prevented stress effects on think (or baseline)
items. However, the fact that intentional memory control
resulted in a decrease for think relative to no-think items, despite
the overall performance strength of memory, and that stress
interfered with this memory control is a remarkable finding in
itself.

In sum, our data show that acute stress impairs the inten-
tional control of memory. This stress-induced deficit in inten-
tional memory control was mainly linked to a modulation of
theta power and corresponding source activity in the lateral pari-
etal cortex, a region that mediates the executive control of the
medial temporal lobe by lateral PFC during memory suppression
(Paz-Alonso et al., 2013). Moreover, the stress-induced impair-
ment in active memory suppression was linked to altered con-
nectivity between the hippocampus and right dIPFC, which in
turn was negatively correlated with stress-induced cortisol.
These data point to conditions under which active memory con-
trol breaks down and may aid our understanding of stress-
related disorders, such as PTSD, in which patients are plagued by
recurrent, vivid memories of aversive events and attempts to
control these unwanted memories fail (Catarino et al., 2015;
Waldhauser et al., 2018; Mary et al., 2020).
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