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Abstract: Acute psychosocial stress in humans triggers the release of glucocorticoids (GCs) and influ-
ences performance in declarative and working memory (WM) tasks. These memory systems rely on
the hippocampus and prefrontal cortex (PFC), where GC-binding receptors are present. Previous stud-
ies revealed contradictory results regarding effects of acute stress on WM-related brain activity. We
combined functional magnetic resonance imaging with a standardized psychosocial stress protocol to
investigate the effects of acute mental stress on brain activity during encoding, maintenance, and re-
trieval of WM. Participants (41 healthy young men) underwent either a stress or a control procedure
before performing a WM task. Stress increased salivary cortisol levels and tended to increase WM ac-
curacy. Neurally, stress-induced increases in cortical activity were evident in PFC and posterior parie-
tal cortex (PPC) during WM maintenance. Furthermore, hippocampal activity was modulated by stress
during encoding and retrieval with increases in the right anterior hippocampus during WM encoding
and decreases in the left posterior hippocampus during retrieval. Our study demonstrates that stress
increases activity in PFC and PPC specifically during maintenance of items in WM, whereas effects on
hippocampal activity are restricted to encoding and retrieval. The finding that psychosocial stress can
increase and decrease activity in two different hippocampal areas may be relevant for understanding
the often-reported phase-dependent opposing behavioral effects of stress on long-term memory.
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INTRODUCTION

It is a well-known fact from everyday life, as well as from
laboratory research, that cognitive processes in general and
especially memory are affected by various conditions of
acute mental stress (see Lupien et al. [2007], for a review).
One of the mechanisms through which stress exerts its
influence on memory function is an elevation in cortisol
level [Wolf, 2008]. Cortisol-binding glucocorticoid (GC)
receptors are located with high density in two memory-
related brain regions: the hippocampus and the prefrontal
cortex (PFC) [Perlman et al.,, 2007; Watzka et al., 2000;
Webster et al., 2002]. Accordingly, stress effects have been
described for mainly hippocampus-dependent declarative
memory [e.g., Buchanan et al.,, 2006; de Quervain, 2000,
2003; Kuhlmann et al., 2005a] and mainly PFC-dependent
working memory (WM) processes [Elzinga and Roelofs,
2005; Lupien et al., 1999; Oei et al., 2006; Schoofs et al., 2008;
Young et al., 1999]. While for declarative memory the
direction of the stress effects depends mainly on the relative
time point of stress application [enhancing effects when
applied around encoding, deleterious effects when applied
before retrieval; Lupien et al., 2007, Smeets et al., 2008;
Wolf, 2008], evidence from WM tasks is heterogeneous.
Age, gender, task difficulty, and complexity as well as the
kind of dependent variable used to assess stress effects
seem to be the main mediating factors [Porcelli et al., 2008;
Schoofs et al., 2008; van Stegeren, 2009].

So far, only two neuroimaging studies with contradic-
tory results have examined the neural mechanisms under-
lying the effects of acute stress on WM function. Using a
physical stressor (cold-water hand-immersion) and a
Sternberg task, Porcelli et al. [2008] revealed stress-induced
activity increases in PFC during blocks of high WM
demand trials in a group of men and women. Qin et al.
[2009] employed a numerical N-back task and induced a
relatively small physical stress response in women by pre-
senting short movie clips containing extreme violence.
They observed reduced activity in bilateral dorsolateral
prefrontal Brodmann area (BA) 46 during blocks of high
WM demand trials when compared to nonstressed control
participants. Neither of these studies found any behavioral
effects of the applied stressors nor were they able to sepa-
rately analyze different WM phases.

The effects of strong acute mental stress on WM-related
brain activity still remain to be investigated. The questions
of whether stress influences brain activity during all
phases of WM (encoding, maintenance, and retrieval) and,
if so, does it do so in a similar manner in all cases are also
unresolved. To study these questions, we combined a
standardized and highly effective psychosocial stress pro-
tocol with a subsequent visual WM task where encoding,
maintenance, and retrieval of memory could be investi-
gated. Event-related functional magnetic resonance imag-
ing (fMRI) was used to capture potential neural correlates
of memory phase-dependent effects of stress in the human
brain. Based on the previous literature [Porcelli et al.,

2008; Qin et al., 2009], we expected that stressed and non-
stressed participants would differ in neural activity in
areas related to WM maintenance [PFC and posterior pari-
etal cortex (PPC); Fletcher and Henson, 2001; Purves et al.,
2008]. We further hypothesised that stressed participants
would show an increase in hippocampal activity during
memory encoding, corresponding to improved encoding
and subsequent memory previously reported for declara-
tive memory tasks [Otten et al., 2001]. According to find-
ings related to effects of GC administration on declarative
memory retrieval [Oei et al., 2007], this should contrast
with a stress-induced decrease of neural activity in the
hippocampus during retrieval, reflecting the often-reported
impairments of declarative memory performance.

MATERIALS AND METHODS
Participants

Forty-three right-handed healthy young men (age range:
20-36 years, mean age: 26.5 years) took part in this study.
To exclude age- or sex-related differences in hormonal bal-
ance and stress effects as confounds, all participants were
male, under the age of 40 and had a body mass index
between 18 and 25 [Wolf et al., 2001]. All participants had
normal or corrected-to-normal vision and no history of
neurological or mental disorders. They were asked to
come well rested and were also requested not to eat,
drink, or smoke 1 h before the experiment. The study was
conducted in accordance with the Declaration of Helsinki
[2000], and all procedures were carried out with the
adequate understanding and written informed consent of
the participants. Ethics approval was obtained from the
ethics committee of the German Psychological Society
(DGPs). The participants received €32 for their attendance.
The data of two participants were excluded from further
analyses (one reported dizziness during scanning and
another misunderstood the instructions regarding the pas-
sive condition) leaving a total dataset of 41 participants for
statistical analyses.

Design

We combined a standardized psychosocial stress protocol
leading to robust increases in cortisol with a subsequent
visual WM task. Behavioral, physiological, subjective, and
fMRI blood oxygenation level-dependent (BOLD) data were
collected to capture stress effects. Participants were ran-
domly assigned to the stress (20 participants) or control
group (21 participants).

Psychosocial Stress

We used the Trier Social Stress Test [TSST; Kirschbaum
et al., 1993], which is a standardized and well-established
treatment to induce psychosocial stress in a laboratory set-
ting. After an anticipatory preparation period, participants
had to perform a free speech in front of a committee
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Figure 1.

Working memory task. Each trial began with an instruction to
either remember the faces and ignore the scenes or remember
the scenes and ignore the faces or passively view both. This was
followed by the encoding phase, where four stimuli (two faces,
two scenes) were presented in a randomized order. After a vari-
able maintenance interval, a probe stimulus was presented in
the two active conditions and participants had to determine via
button press whether it matched one of the previously shown

(fictitious job interview), followed by a mental arithmetic
task (counting backwards from 2,043 in steps of 17). Each
of the three periods lasted 5 min while participants were
video- and voice-recorded for potential postanalysis. This
protocol is a combination of social-evaluative threat and
an uncontrollable situation, which is consistently associ-
ated with a significant cortisol increase in saliva and blood
[Dickerson and Kemeny, 2004]. The uncontrollable and
evaluative aspects were omitted in the control condition,
where participants had to perform a free speech (about a
recently experienced motion picture or book) and an easy
mental arithmetic task (counting forwards from 0 in steps
of 15) in an empty room without committee and recording
[Kuhlmann et al., 2005b].

Working Memory Task

A WM task similar to that used by Gazzaley et al. [2005]
was employed (see Fig. 1). Stimuli were gray-scale images
of scenes (landscapes) and faces with neutral expressions,
which were presented against a gray background. Images
were categorized in landscapes with or without buildings

sample stimuli, which was the case in 50% of the trials. In pas-
sive viewing trials, an arrow heading left or right was presented
superimposed on a checkerboard with a decreasing luminance
contrast gradient in the direction of the arrow, and participants
had to press the button corresponding to the direction of the
arrow. A variable baseline period followed before the onset of
the next trial. The order of different trials was randomized.

and female or male faces. Only images of the same cate-
gory and high similarity were presented within a given
trial to keep the task challenging. The size (width = 9.5°
visual angle, height = 10.7°) and mean luminance of the
images were held constant, and the participants were
instructed to keep their gaze on the central fixation cross
throughout the whole experiment.

There were three different conditions in the task that
were presented in random order. At the beginning of the
two active WM conditions, participants were instructed to
either remember the faces and ignore the scenes (“Faces”)
or remember the scenes and ignore the faces (“Scenes”). In
the non-WM condition, subjects were instructed to pas-
sively view the faces and scenes (“Passive”) and no later
retrieval occurred. Four stimuli (two faces, two scenes)
were presented in a randomized order in the following
encoding phase. Each image was shown for 500 ms and
separated from the next by a 200-ms blank screen. There-
after, a delay period ranging from 2 to 18 s (in randomized
steps of 4 s) followed, before a probe stimulus was pre-
sented for a period of 1 s. Depending on the respective
instruction, the probe was either a face, a scene, or—in
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passive viewing trials—an arrow heading left or right
superimposed on a checkerboard with a decreasing lumi-
nance contrast gradient in the direction of the arrow. Partic-
ipants had to determine via button press whether the probe
matched one of the sample stimuli presented in the encod-
ing phase (index finger) or not (middle finger), each of
which was the case in 50% of the trials. In the passive con-
dition, participants had to press with the finger correspond-
ing to the direction of the arrow. After retrieval, a baseline
period followed, which also lasted for 2-18 s in a comple-
mentary manner to the delay period, resulting in a constant
total trial length of 26 s. The purpose of the variable lengths
of the maintenance and baseline periods was to statistically
decorrelate the encoding- and retrieval-related BOLD-sig-
nals. The whole task comprised 20 trials for each of the
three conditions, leading to a total number of 60 trials and a
total duration of ~26 min. Participants’ button presses were
registered with an MRI-compatible optical response keypad
(“LUMlItouch,” Photon Control, Burnaby, BC, Canada),
which was placed at the participants’ right hand. The ex-
perimental control software was programmed using Cogent
2000 (Cogent 2000 team, FIL and ICN, UCL, London,
United Kingdom) and Cogent Graphics (John Romaya,
LON, Wellcome Trust Centre for Neuroimaging, UCL, Lon-
don, United Kingdom). The images used as stimuli were ei-
ther produced by ourselves or kindly made available by
Francesc Tarrés (Department of Signal Theory and Commu-
nications, Technical University of Catalonia, Barcelona,
Spain), Peter Peer [Computer Vision Laboratory, University
of Ljubljana, Ljubljana, Slovenia; Solina et al., 2003], the Psy-
chological Image Collection at Sterling (PICS; Department
of Psychology, University of Sterling, Sterling, United King-
dom) or the internet portal “Lichtbildwerkstatt.net.”

Procedure

Participants arrived at 14:30 h or 17:00 h and were
informed about the course of the experiment and the task.
They performed a 5-min training session inside the MRI
scanner (off-state) with a separate set of stimuli and were
then taken to a different room where the TSST or the con-
trol condition was conducted for about 15 min. Following
this, scanning started and the participants performed the
WM task in the MRI scanner. Stimuli were presented via
back projection with a D-ILA projector (DLA-GI5E, JVC
Professional Europe, Friedberg, Germany) onto a semilu-
minescent screen. This screen was located behind the par-
ticipants” head at the aperture of the scanner bore and was
viewed via a mirror located above the head coil.

Physiological (salivary levels of free cortisol and o-amy-
lase as a marker of sympathetic nervous system activity)
and subjective measures (rating scales) of the effects of the
TSST and the control condition, respectively, were col-
lected at three times: before the start of the TSST/control
condition (baseline, t0), directly afterwards (t1), and after
completion of the WM task (t2). Saliva was collected using
Salivette collection devices (Sarstedt AG, Niimbrecht, Ger-

many), which were stored afterwards at —20°C until bio-
chemical analysis. Affective responses were assessed with
the German version of the Multidimensional Mood State
Questionnaire [MDBF; Steyer et al., 1997], which consists
of 24 items with a five-point rating scale each. These 24
items rely on three underlying dimensions: good mood-
bad mood, awake-tired, calm-nervous. While at t1 and t2,
saliva collection and MDBF completion took place at
exactly the same time, t0 was different for these two meas-
ures: saliva was collected directly before the start of the
TSST (t0), whereas the MDBF was completed during the
anticipatory preparation period of the TSST (t0*).

MRI Data Acquisition

During execution of the WM task, a Siemens MAGNE-
TOM Sonata MRI scanner (Siemens AG, Erlangen, Ger-
many) with a field strength of 1.5 Tesla and a gradient
system of 40 mT/m field strength in combination with a
standard one-channel head coil was used to obtain 658
Ty*-weighted gradient echo planar imaging (EPI) volumes
with BOLD contrast [time to repeat (TR) = 2.5 s; time to
echo (TE) = 50 ms; flip angle o = 90°]. These volumes con-
sisted of 29 axial slices with a gap of 0.75 mm in-between
recorded in ascending order. Each slice had a matrix size
of 64 x 64 voxels with a voxel size of 3 x 3 x 3 mm°,
resulting in a field-of-view of 192 mm. After completion of
the task, a T;-weighted scan (176 contiguous slices, each
slice 448 x 512 voxels, voxel size =1 x 1 x 1 mm3) was
conducted to collect a high-resolution structural volume of
each participant. A magnetization-prepared rapid acquisi-
tion gradient echo (MPRAGE) sequence was employed
with TR = 1.97 s, TE = 3.93 ms, and o = 15°.

Data Analysis
Physiological data

Salivary levels of free cortisol were measured using a lu-
minescence immunoassay (IBL GmbH, Hamburg, Ger-
many). Inter- and intra-assay variations are below 15%. a-
amylase was analyzed with a quantitative enzyme kinetic
method. Within- and between-group differences of 40 par-
ticipants (one participant had to be excluded from the
analysis of physiological and MDBF data because of miss-
ing data) were analyzed with a two-factorial mixed-effects
analysis of variance (ANOVA) with the factors group
(stress or control) and time of measurement. This analysis
as well as that of the subjective and behavioral data was
performed using SPSS 15.0 (SPSS GmbH, Munich, Ger-
many) at a significance threshold of p < 0.05. Significant
effects were followed by paired and unpaired post-hoc
t-tests (Bonferroni-corrected).

Subjective data

The 24 ratings of the MDBF were mapped onto the three
underlying dimensions good mood-bad mood, calm-
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nervous, and awake-tired. The resulting values on each
dimension were analyzed with a two-factorial mixed-
effects ANOVA with the factors group (stress or control)
and time of measurement.

Behavioral data

For every participant, mean reaction times (RTs) of trials
with a correct answer were calculated for each condition
(face, scene, and passive). These mean RT values and the
accuracy (percentage of correct responses) were analyzed
with a two-factorial mixed-effects ANOVA with the factors
group (stress or control) and condition (face, scene, or
passive).

MRI data

The MRI data were analyzed with SPM5 software (FIL,
Welcome Trust Centre for Neuroimaging, UCL, London,
UK). Prior to preprocessing of the functional EPI data, the
first five scans were discarded to account for T, equilibra-
tion effects. The remaining 653 images were spatially real-
igned and unwarped to compensate for motions of the
participants” heads during data acquisition. The time series
of each voxel was temporally realigned to the acquisition
time of the middle slice to correct for acquisition time dif-
ferences between slices. After spatial registration of the
structural Ti-weighted volume with a mean image of
the EPI data, all volumes were spatially normalized to the
MNI reference brain (Montreal Neurological Institute,
Quebec, Canada) by applying a unified tissue segmenta-
tion and normalization algorithm. The EPI data were then
spatially smoothed with a three-dimensional Gaussian ker-
nel of 8 mm full-width-at-half-maximum to accommodate
interindividual anatomical variability and to increase sig-
nal-to-noise ratio.

Statistical analysis of the fMRI data was conducted
using a mixed-effects model. At the single-subject level
(“first level”), regressors were built for the nine events of
interest (encoding, maintenance, and retrieval periods for
“Face,” “Scene,” and “Passive” trials, respectively) and
one regressor for error trials. These regressors are convolu-
tions of a box-car or stick function (depending on the du-
ration of the respective event: box-car function for
encoding and maintenance, stick function for retrieval)
with a canonical synthetic hemodynamic response function
time-locked to the respective onsets of the different events.
The general linear model was used to calculate regression
coefficients (betas) for each regressor at each measured
voxel in the brain and linear contrasts between these betas.
To investigate effects of stress on WM phases, we made
comparisons between the two active conditions (where
subjects had to encode, maintain, and retrieve faces or
scenes) on the one hand and the passive condition (where
no encoding, maintenance, or retrieval of information was
required) and the baseline condition (fixation) on the other
hand for each of the three trial phases. The resulting con-

trast estimates served as summary statistics and were
taken to the between-subject level (“second level”) to cal-
culate within- and between-group effects using one- or
two-sample t-tests, respectively. At the first level, data
were high-pass filtered at 1/128 Hz to account for nonphy-
siological slow drifts in the measured signal and modelled
for temporal autocorrelation across scans with an AR(1)
model. The significance threshold used for all statistical
analyses was p < 0.05 (familywise error corrected for mul-
tiple comparisons). Because of the differing hypotheses
regarding stress effects on activity in different brain areas
(i.e., the hippocampus for encoding and retrieval and PFC
and PPC for maintenance), all analyses were performed
separately for the two hypothesis-related regions of inter-
est (ROI) using two anatomical masks. The first mask
encompassed the hippocampus bilaterally (ROI-size = 975
voxels). The second mask contained cortical areas in bilat-
eral PFC (BAs 9-11 and 44-47) and PPC (BAs 7 and 40)
(ROI-size = 14,424 voxels) known to be related to WM
and executive functions [Fletcher and Henson, 2001;
Purves et al., 2008]. The masks used for the ROI analyses
were derived from the WFU Pickatlas [Maldjian et al,,
2003, 2004]. The correction for multiple comparisons was
performed for all voxels tested within the respective ROI
(i.e., 975 voxels for the hippocampus and 14,424 voxels for
PFC and PPC areas). An additional exploratory analysis
was performed for the whole brain. Coordinates provided
in the Results section are in MNI space. Effect maxima
were plotted as a function of group and condition and
were tested for group differences with post-hoc t-tests
(Bonferroni-corrected).

RESULTS
Physiological and Mood Effects

As can be seen in Figure 2, the cortisol data showed a
strong response to acute psychosocial stress as imple-
mented by the TSST. The results of the ANOVA yielded a
significant effect of the factors group [F (1, 38) = 10.196, p
< 0.01] and time of measurement [F (2, 76) = 29.373, p <
0.001], as well as a significant interaction of these two fac-
tors [F (2, 76) = 33.355, p < 0.001]. Post-hoc t-tests revealed
that within the stress group, absolute values in salivary
levels of free cortisol were significantly higher at t1 [T (19)
= —7.546, p < 0.001] and t2 [T (19) = —4.814, p < 0.001] as
compared to t0. Between groups, significant differences
were observed at t1 [T (38) = 3.652, p < 0.001] and t2 [T
(38) = 5.415, p < 0.001] with higher values in the stress
group. a-amylase values showed a numeric increase at t1
in the stress group, which returned to baseline values at
t2. There were however no significant differences in com-
parison to the control group.

The subjective ratings (data not shown) exhibited a pat-
tern of results comparable to the cortisol data. The
ANOVA revealed a significant effect of the factor time for
the calmness [F (2, 76) = 16.72, p < 0.001] and the
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Figure 2.
Salivary cortisol data of the two groups of participants at three
different times of measurement. Salivary levels of free cortisol
were significantly increased in the stress group at tl (after the
TSST) and t2 (after the WM task) as compared to tO (prior to
stress) and to tl and t2 in the control group. *p < 0.0l (paired
and unpaired t-tests, Bonferroni-corrected).

wakefulness scale [F (1.467, 76) = 30.378, p < 0.001] as well
as a significant effect of the factor group for the scales of
good mood-bad mood [F (1, 38) = 5.134, p < 0.05] and calm-
ness [F (1, 38) = 10.476, p < 0.01]. The time x group interac-
tion of both factors had a significant effect on the values of
the calmness scale [F (2, 76) = 7.302, p < 0.01]. Post-hoc
t-tests showed that in comparison to the control group,
stressed participants gave significantly lower ratings on the
scales of mood and calmness at t0* [T (32.632) = —1.887, p <
0.05; T (39) = —4.466, p < 0.001] and at t1 [T (38) = —2.957, p
< 0.01; T (38) = —2.82, p < 0.01]. This indicates lower ratings
of mood and calmness in the anticipatory preparation pe-
riod and immediately after the TSST in the stress group.

Behavioral Data

Table I presents mean reaction time and accuracy data
obtained in the WM task during scanning. The type of trial
(“Face,” “Scene,” “Passive”) had a significant effect on
reaction times [F (2, 78) = 57.995, p < 0.001] and accuracy

of the responses [F (2, 78) = 23.567, p < 0.001]. This was
due to faster and more accurate responses for the passive
condition, where nothing had to be remembered. There
was a trend for a significant effect of stress on perform-
ance accuracy [F (1, 39) = 3.44, p = 0.071] with higher ac-
curacy in the stress group. Reaction times were
numerically increased by stress; this missed however sig-
nificance [F (1, 39) = 0.97, p = 0.331]. We found no evi-
dence for an interaction effect of the factors task condition
and stress on any of the behavioral measures. The length
of the maintenance interval did not differentially affect the
behavioral measures in any of the two groups of subjects.

fMRI Data: PFC and PPC

The ROI analysis in PFC and PPC revealed stress-
induced modulation of neural activity during the mainte-
nance period only. We found several sites where partici-
pants of the stress group exhibited significantly stronger
activation than the control group during the maintenance
period. In left dorsolateral prefrontal BA 9 (x = —45,y = 12,
z = 21; Z = 4.53; 22 voxels), right ventrolateral prefrontal
BA 47 (x =45,y = 36, z = —9; Z = 4.01; 18 voxels) as well
as in posterior parietal BAs 7 (x =15,y = —57,z =45, Z =
4.51; 27 voxels) and 40 (x = =33,y = —48, z = 33, Z = 4.47;
13 voxels), the difference in measured BOLD signal
between active and passive conditions was significantly
stronger in the stress as compared to the control group.
While stressed participants showed consistently higher ac-
tivity levels during active than passive trials, control partici-
pants showed exactly the reverse pattern of activity (see
Fig. 3). A post-hoc multivariate analysis of variance (MAN-
OVA) of the data presented in Figure 3 revealed a signifi-
cant effect of the factor task condition [“active” or
“passive”; F (4, 36) = 3.859, p < 0.01] as well as a significant
interaction of the factors task condition and group [“stress”
or “control”; F (4, 36) = 25.237, p < 0.001]. However, no evi-
dence for differences in neural activity within prefrontal or
posterior parietal areas was found between the two groups
during memory encoding or retrieval.

fMRI Data: Hippocampus

The ROI analysis in the hippocampus revealed stress-
induced modulations of neural activity during encoding
and retrieval only (see Fig. 4). During the encoding period,
the difference in measured BOLD signal between the two

TABLE I. Mean reaction time (RT) and accuracy data (% correct)

RT (ms) (o,)

% correct (o)

Group Face Scene Passive Face Scene Passive
Stress 1,051 (67) 1,140 (78) 773 (49) 96 (0.9) 93.7 (1.4) 99.3 (0.5)
Control 953 (49) 1,033 (63) 757 (41) 93 (1.5) 90 (1.9) 99.5 (0.5)

o, = standard error.
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Figure 3.

Prefrontal and parietal activity differences between the stress
and the control group during maintenance of memory. Middle
row: 3D transparent “glass brain” renderings showing (in red)
the sites of group differences in cortical activity within PFC and
PPC (significance threshold: p < 0.05, familywise error cor-
rected for multiple comparisons). Shaded in yellow are the
regions of interest (ROI) comprising prefrontal (BAs 9, 10, 11,

active conditions—where stimuli had to be remembered—
and the passive condition was significantly higher for the
stress group as compared to the control group in the right
anterior hippocampus (x =33, y = -9, z = -21; Z = 3.58;
2 voxels). As can be seen in Figure 4c (left side), this effect
was due to a numeric increase of neural activity in the
active condition and a significant decrease in activity dur-

44, 45, 46, and 47) and posterior parietal cortical areas (BAs 7
and 40). Upper and lower row: Estimated betas of the peak vox-
els as a function of condition (active/passive) and group (stress/
control). Error bars represent *| standard error. In all four
areas, stressed participants show stronger activity during active
as compared to passive trials, while this activity pattern is
reversed in control participants.

ing the passive condition (post-hoc t-test: T (39) = 2.359, p
< 0.05). Compared to baseline, participants of the control
group showed a similar increase of neural activity in the
passive and the two active conditions. In contrast, stressed
participants exhibited an increase of hippocampal activity
only during the active, but not passive, conditions. In
other words, stressed participants show bigger differences
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Figure 4.

Hippocampal activity differences between the stress and the
control group during memory encoding (left side) and memory
retrieval (right side): (a) lllustration of memory phase entering
into analysis; (b) sagittal slices of an anatomical mean image of
all participants depicting sites of hippocampal activity differences
(significance threshold: p < 0.05, familywise error corrected for
multiple comparisons). Left side: bigger difference between the
activity during the encoding phases of active and passive trials in
the stress as compared to the control group in right anterior
hippocampus (x = 33,y = =9, z = —21; Z = 3.58; 2 voxels).
Right side: bigger difference between the activity during retrieval

in neural activity between trials where stimuli had to be
remembered (active) and trials where remembering was
not necessary (passive).

phases of active trials and baseline in the control as compared
to the stress group in left posterior hippocampus (x = =21,y =
—33,z = —9; Z = 3.6l; 5 voxels). (c) Estimated betas of the
peak voxels of the clusters shown in (b) as a function of condi-
tion (active/passive) and group (stress/control). Error bars repre-
sent +1| standard error. During encoding, stress leads to a
numeric increase in anterior hippocampal activity in active trials
and a significant decrease in passive trials. During retrieval,
stress leads to a significant decrease of posterior hippocampal
activity during active trials. *p < 0.05, *p < 0.01 (unpaired
t-tests, Bonferroni-corrected).

To investigate retrieval-related activity, we compared
the BOLD signal during retrieval in active and passive tri-
als between the two groups. Here, the increase in activity
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in left posterior hippocampus (x = 21, y = —33, z = —9;
Z = 3.61; 5 voxels) during the active conditions compared
to baseline activity was significantly bigger in the control
than in the stress group (see Fig. 4c, right side). A post-
hoc t-test revealed a significant difference between the two
groups regarding active trials with a smaller signal in
stressed participants [T (39) = 3.311, p < 0.01]. No evi-
dence was found for a difference in hippocampal activity
between the two groups with respect to retrieval during
passive trials. Note that there were also no group differen-
ces in hippocampal activity between active or passive tri-
als during the maintenance period. Furthermore, the
length of the maintenance period did not affect hippocam-
pal activity during retrieval in any of the two groups nor
did it interact with the group differences in hippocampal
activity. To test the assumption that stress affects the two
mentioned parts of the hippocampus differently during
WM encoding and retrieval, we performed a post-hoc
three-way ANOVA on the effect maxima with the factors
hippocampal region (right anterior, left posterior), group
(stress, control), and WM phase (encoding, retrieval). This
analysis revealed a significant interaction of these three
factors [F (1, 39) = 4.026, P = 0.05] indicating that stress
differentially affects the right anterior and left posterior
hippocampus during encoding and retrieval.

Explorative whole brain analyses for all memory phases
and contrasts revealed one additional locus of differential
cortical activity. During the maintenance period of active
trials, control participants showed significantly stronger
activity in the right middle temporal gyrus (x = 60, y =
—12, z = —6; Z = 5.14; 3 voxels) than stressed participants
when compared to baseline activity. Neither the ROI nor
the whole brain analyses revealed any significant differen-
ces between “Face” and “Scene” trials or any correlations
between behavioral measures and BOLD signal with
respect to any of the experimental hypotheses.

fMRI: Attention

In an additional analysis, neural activity in the fusiform
face area and parahippocampal place area was gauged for
all three trial types to ascertain that participants complied
with task instructions and attended the faces and scenes
only in active, but not in passive trials. Neural activity in
the fusiform face area and parahippocampal place area was
higher for trials where faces or scenes, respectively, had to
be encoded as compared to the passive condition (data not
shown). This suggests that passive trials did not attract the
same amount of attention as WM trials and that faces and
scenes were attended according to the instructions. We
found no statistical evidence for differences between
stressed and nonstressed participants in these effects.

DISCUSSION

By combining a well-established and highly effective
psychosocial stress protocol with a subsequent WM task

and fMRI, we were able to reveal a stress-related enhance-
ment of prefrontal and posterior parietal activity during
the maintenance period of WM. Further, we found
increases and decreases of neural activity in different parts
of the hippocampus during encoding and retrieval as a
consequence of psychosocial stress.

Endocrine, Affective, and Behavioral Data

The significant group differences in salivary cortisol and
subjective mood ratings replicate results of many prior
studies (see Dickerson and Kemeny [2004], for a review)
and confirm that the employed psychosocial stress proto-
col (TSST) successfully induced a neuroendocrine and sub-
jective stress response. Cortisol levels were elevated before
as well as immediately after the scanning session.

Similar to previous studies [Porcelli et al., 2008; Qin et al.,
2009; Schoofs et al., 2008], we found only a weak effect of
stress on behavioral measures in the WM task. This may be
explained by the fact that the stressor always affects both
encoding and retrieval in WM tasks. Since previous studies
regarding declarative memory have shown that stress
applied before or after encoding improves memory per-
formance, but deteriorates it when applied before retrieval
(see Het et al. [2005] and Lupien et al. [2007], for reviews), it
is possible that these opposite effects on behavioral meas-
ures of memory performance only led to a trend of
improved accuracy under stress in our WM task where
encoding and retrieval cannot be temporally separated.
Additionally, a ceiling effect in task difficulty (as indicated
by accuracy levels above 90% in both groups of partici-
pants) might have occluded more pronounced behavioral
stress effects. Oei et al. [2006], for example, showed that
stress impairs WM performance only at high loads, but not
at low loads in a Sternberg paradigm.

fMRI Data

In contrast to behavioral measures and previous block-
design fMRI studies, which cannot disentangle the effects
of stress on WM encoding, maintenance, and retrieval,
event-related fMRI data enable a separate analysis of these
memory phases. However, due to the nature of WM, it is
impossible to completely separate direct effects of acute
stress on cortical activity related to WM maintenance and
retrieval from indirect ones that result from stress effects
on WM encoding and subsequently altered maintenance
and retrieval.

PFC and PPC

Comparable to our results, increases in the extent of pre-
frontal cortical activity during blocks of high WM demand
trials have been described in a recent fMRI study employ-
ing cold stress [Porcelli et al., 2008]. Additionally, stress
induced by mental calculation or the TSST has been shown
to increase lateral prefrontal cortical metabolism and
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perfusion [Kern et al., 2008; Wang et al., 2005]. Here, we
show that this increased activity is restricted to the mainte-
nance phase and not present during encoding or retrieval.
Whether these effects are due to the action of cortisol or
rather reflect the action of an acute stress-induced increase
in catecholamines cannot be answered in the present
study. However, our results suggest that adrenergic effects
were weak. Further, if an adrenergic activation contributed
to the present findings, behavioral effects should have
been more pronounced in the first half of the experiment,
which was not the case in our subjects (data not shown).
Our findings are in contrast to a study by Qin et al. [2009]
who found a stress-induced decrease in WM-related PFC
activity in women. Note, however, that their stress proce-
dure (aversive movie clips) did not induce an increase, but
merely attenuated a decrease of salivary cortisol in com-
parison to a control group (neutral movie clips).

Prior neuroimaging studies employing WM tasks have
shown increases in dorso- and ventrolateral prefrontal as
well as left parietal cortical activity with increasing WM
load or in subjects with low WM performance [Braver
et al., 1997; Rypma et al., 2002; Veltmann et al.,, 2003].
Shaw et al. [2009] reported elevated activity in PFC and
PPC during WM maintenance in patients with post-trau-
matic stress disorder and interpreted this finding as indic-
ative of inefficient allocation of resources. A recent fMRI
study by Liston et al. [2009] revealed a disruption of func-
tional connectivity within a frontoparietal network that
mediates attention shifts by chronic psychosocial stress.
Taken together with data from pharmacological fMRI
studies, where it was shown that the procholinergic drug
physostigmine reduced neural activity in the PFC and
reaction times in a WM task [Furey et al., 2000], this sug-
gests that lower prefrontal cortical activity may represent
a correlate of efficient WM performance. We suggest that
the combination of stress-induced increases in cortical ac-
tivity in several prefrontal and posterior parietal areas and
of a trend for a stress-induced improvement in behavioral
accuracy as found here indicates that stressed participants
overcompensated stress-related difficulties in task per-
formance. Preceding stress may have made the WM task
more difficult by increasing the overall load on cognitive
functions so that stressed participants had to put more
effort in task completion (hence the increased cortical ac-
tivity). The increase in effort may have led to changes in
cognitive strategy resulting in slightly longer reaction
times, but higher accuracy.

Hippocampus

Even though hippocampal activations have so far been
primarily found in declarative memory studies, they have
also been reported during encoding and retrieval in WM
tasks and are not restricted to declarative memory tasks
[Karlsgodt et al., 2005]. Our results revealed that psychoso-
cial stress affects WM-related activity in hippocampal

regions during encoding and retrieval, with opposing
effects in both phases. Effects of exogenously or endoge-
nously raised cortisol levels on neural activity during WM
encoding have not been investigated before. Here, we
show for the first time increased anterior hippocampal ac-
tivity in stressed participants during encoding of contents
into WM. The decreased neural activity in posterior hippo-
campus, which we found during retrieval, is in line with
results from declarative memory tasks with pharmacologi-
cal manipulations. There, exogenously raised cortisol lev-
els were found to induce decreases in neural activity in
posterior parts of the hippocampus during declarative
memory retrieval [de Quervain et al., 2003; Oei et al.,
2007]. Kukolja et al. [2008] recently reported a negative
effect of endogenously raised cortisol levels on hippocam-
pal activity during recognition memory retrieval in older
participants. Another study found cortisol-related deacti-
vations in the limbic system, including the hippocampal
formation, during a stressful mental arithmetic task with
negative feedback as compared to the same task without
negative feedback [Pruessner et al., 2008]. Henckens et al.
[2009] revealed a stress-induced negative correlation
between hippocampal activity during declarative memory
encoding and later memory performance. Our finding of a
relative stress-induced increase in right anterior hippocam-
pal activity during WM encoding and a decrease in left
posterior hippocampal activity during retrieval suggests
that stress not only affects different hippocampal areas
depending on the memory phase but also increases and
decreases hippocampal activity. Such bidirectional effects
have similarities with behavioral observations, showing
that stress effects on declarative memory performance
vary depending on the relative time of stress application
[Lupien et al, 2007, Smeets et al., 2008; Wolf, 2008].
Although there are some differences between WM and de-
clarative memory, this may suggest a contribution of the
hippocampal activity pattern to the previously observed
behavioral stress effects.

What are the mechanisms responsible for the stress-
induced differences in anterior hippocampal activity dur-
ing the encoding period and in the posterior hippocampus
during the retrieval period? Our data suggest that the dif-
ferential effects during encoding are driven by both a
numeric increase of hippocampal activity during presenta-
tion of the “to be remembered” stimuli during active trials
and a significant decrease during presentation of the “not
to be remembered” stimuli in passive trials. Even though
these stimuli did not need to be encoded, participants in
the control group showed similar increases of hippocam-
pal activity during active and passive trials. In contrast,
the hippocampal activity in stressed participants did not
rise during passive trials. This finding fits well with the
abovementioned increases in PFC and PPC activity, which
are indicative of increased effort to perform the task. If
task difficulty increases under stress, participants are
forced to better differentiate between task-relevant and
-irrelevant information and to activate their memory
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resources only when necessary, thereby increasing the
overall signal-to-noise ratio and minimizing possible inter-
ference between several memory representations. On the
contrary, control participants might have had more spare
resources to use for processing task-irrelevant stimuli.

In contrast to this stress-induced increase in encoding-
related hippocampal activity during active as compared to
passive trials, the mechanism observed at retrieval was a
stress-induced decrease of hippocampal activity when re-
trieval was necessary in active trials. In addition to the
abovementioned studies, decreased hippocampal activity
during memory retrieval (word recognition) is, for exam-
ple, also seen in old age [Dennis et al., 2008].

The fact that we found differences in hippocampal activ-
ity in an anterior site during memory encoding and—com-
parable to de Quervain et al. [2003] and Oei et al. [2007]—
in a posterior site during retrieval fits well with the HIPER
model of hippocampal activity for declarative memory
tasks [Lepage et al., 1998]. This model is based on an
extensive review of 52 PET studies concerning hippocam-
pal activity during declarative memory encoding and re-
trieval and suggests that during encoding, mainly anterior
parts of the hippocampus are active, while during re-
trieval, predominantly posterior hippocampal regions are
activated. However, a more recent meta-analysis does not
suggest such a clear distinction [Henson, 2005]. Others
have found a functional segregation within the hippocam-
pus depending on stimulus novelty with the anterior hip-
pocampus being responsive to novel stimuli and the
posterior hippocampus showing stronger responses with
increasing stimulus familiarity [Strange et al., 1999]. Our
data are also in line with such an interpretation, since
stimuli were novel during encoding and partly (in 50% of
the cases) familiar during retrieval.

CONCLUSION

Our results suggest that increased prefrontal and parie-
tal neural activity may represent a correlate of stress-
induced difficulties in WM processes and their compensa-
tion. We further propose that stress-induced increases and
decreases of neural activity in different hippocampal loca-
tions during encoding and retrieval may represent one
possible neural mechanism of the often observed bidirec-
tional effects of psychosocial stress on memory perform-
ance. Future studies should investigate whether a similar
mechanism holds true for declarative memory tasks.
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