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HIGHLIGHTS

» Two studies tested stress effects on working memory (n-back task) in men and women.
» The first study used neutral stimuli, the second used emotional stimuli.

» In both experiments a significant sex by stress interaction occurred.

» Stress enhanced n-back performance (reaction time) in men but impaired it in women.
» Stimulus emotionality did not interact with the stress effects.

ARTICLE INFO ABSTRACT
Article history: Stress has been shown to influence working memory. However, sex differences and the potential impact
Received 21 July 2012 of stimulus emotionality have not received much attention. In a first experiment the effects of stress on
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a neutral working memory (WM) paradigm were tested in male and female participants (Experiment 1).
Experiment 2 employed the same paradigm but used emotional stimuli. For this purpose, healthy partic-
ipants were exposed either to a stressful (Trierer Social Stress Test (TSST)) or to a non-stressful control
condition. Subsequently, WM performance in an n-back task was assessed. In Experiment 1, single digits

(j\ig‘r/‘l,((i)rrlc;;nemory were used as stimuli, while in Experiment 2 neutral and negative pictures were additionally employed.
n-back task Salivary cortisol and Alpha-Amylase (sAA) were measured before and three times after the treatment as a
Sex differences marker of hypothalamus-pituitary-adrenal (HPA) axis- and sympathetic nervous system (SNS) activity. In
Trierer Social Stress Test (TSST) both experiments, stress caused a substantial cortisol and sAA increase. For WM performance (response
HPA time) a stress by sex interaction was apparent. Stress enhanced performance in men, while impairing it
in women. In both experiments stress had no effect on response accuracy. No modulating effect of the
emotional quality of stimuli on n-back performance was observed (study 2). The results indicate that the
effect of acute stress on n-back performance differs between the sexes. In contrast to long-term memory,
the influence of stress on WM appears not to be modulated by the emotionality of the employed stimuli

if stimuli are potential targets as it is the case in the n-back task.
© 2012 Published by Elsevier B.V.
1. Experiment 1 of the PFC, the orbitofrontal Cortex (OFC), seems to play a critical
role in the processing of motivation and emotion [4,5]. In addition,
1.1. Introduction the PFCis also integrated into a negative feedback system that con-
trols the down-regulation of the hypothalamus-pituitary-adrenal
In humans and other species, the prefrontal cortex (PFC), espe- (HPA) axis [6]. The HPA axis is regarded as the major stress system in

cially the dorsolateral PFC (DLPFC) is essential for higher cognitive humans and other mammals, and its activationresults in the release

functions such as executive processes and working memory (WM) of glucocorticoids (GCs) into the blood stream. The stress hormones

[1-3]. Besides its importance for cognitive functions, another part released (primarily cortisol in humans) can pass the blood-brain

barrier and bind to GC sensitive receptors (mineralocorticoid (MR)

and glucocorticoid receptors (GR)) in the brain [7]. Histopatholog-

_— ical studies in humans, monkeys and rats indicate that, amongst
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Bochum, Universitdtsstr. 150, D-44780 Bochum, Germany. Tel.: +49 234 32 22670; . .

number of GC sensitive receptors [8-10]. Therefore, it seems rea-
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to stress effects. Indeed, studies have demonstrated that stress and
glucocorticoid administration affect a variety of cognitive processes
such as attention [11-13], declarative long term memory [14,15],
and working memory [16-18].

Working memory (WM), which is mediated by the PFC, is
generally understood as the ability to maintain and manipulate
information that no longer exists in the external environment
and to shield this information from irrelevant, distracting ones
[3]. The results concerning the influence of stress or enhanced
GC concentrations on WM are quite heterogeneous with no
[19-21],impairing [16,17,22,23], or enhancing effects [24,25] being
reported.

One factor which might mediate the effects of stress on work-
ing memory is sex. Rodent studies have suggested that female rats
show stronger working memory impairments after stress or cor-
ticosterone treatment [26]. Most human WM stress studies have
tested exclusively males (e.g. [16,17,22,27]. Recently, Cornelisse
etal.[24] reported that stress enhanced n-back performance in men
but had no effect in women. In order to test for the potential pres-
ence of sex differences, a comparable number of men and women
were tested in the current study. Since a previous study using the
n-back paradigm showed an equally strong effect of stress on the
2- and 3-back version [22] and in favor of a better understanding
the n-back task was simplified with only one level of difficulty
(2-back).

1.2. Method

1.2.1. Participants

In this study, 59 young healthy male and female university students (menn=30;
women n=29) between 19 and 32 years of age (mean + S.E.M.=23.53 +.348) par-
ticipated. None of the participants self-reported acute or chronic diseases, medical
or psychological treatment, or regular intake of medication. All female partici-
pants were free of hormonal contraception and were tested outside of menses
(self-report). Female participants reported the last two dates of their menses.
This information was used in order to allocate the participants in being in the
first versus second half of their menstrual cycle. The average body mass index
was 24.09 +.471kg/m? for male and 21.52 +.441kg/m? for female participants.
The participants were recruited and randomly assigned to a stress (men n=15;
women n=15) or a control condition (men n=15; women n=14). The study was
approved by the national ethic committee of the German Psychological Associa-
tion (DGPs) and all participants provided written informed consent before their
participation.

1.2.2. Stress and control condition

The stress or control treatment was performed 30 min after the arrival of the
participants in the laboratory. During this time participants read and signed the con-
sent form, answered several questionnaires and afterwards were allowed to read
newspaper magazines. The Trier Social Stress Test (TSST; [28]) was employed in
order to induce stress. The TSST is a well-established laboratory stressor that reli-
ably elicits a SNS and HPA response [20,29]. This psychosocial stressor consists of
a short preparation time, a videotaped free speech, and a subsequent mental arith-
metic task in front of a committee acting in a reserved attitude (duration in total was
15 min). Comparable to the stress group, the participants of the control group par-
ticipated in a similarly physically and mentally demanding task (speech and math
task, but alone in aroom), the so-called Placebo TSST[30]. It lacks the stress-inducing
components of the TSST (socio evaluative threat; [20,29]) and induces no cortisol
increase.

1.2.3. Endocrine and autonomic measures

All testing sessions were conducted in the late morning between 1000 h and
1230h to control for circadian effects of SNS and HPA activity [31,32]. Participants
were requested to abstain from eating, drinking or smoking during the hour pre-
ceding the beginning of the testing session. Saliva samples for the analysis of the
SNS and HPAA stress response were taken immediately before (baseline), 1 (sample
+01), 10 (sample +10), and 25 min (sample +25) after the cessation of the treatment
(stress induction vs. control situation). Salivary Alpha Amylase (sAA) served as an
indirect measure of SNS activation [33,34]. Saliva was collected using Salivette col-
lection devices (Sarstedt, Nuembrecht, Germany). Free cortisol concentrations were
measured using an immunoassay (IBL, Hamburg, Germany). For sAA, a quantitative
enzyme Kinetic method was used as described elsewhere [35]. Inter- and intra assay
variations were below 10%. In some samples, the amount of saliva was insufficient
for the analysis of both markers. In such cases the analysis of cortisol was preferred.

1.2.4. Affect measurement

Changes in affect were assessed with the Positive and Negative Affect Schedule
(PANAS) [36]. Participants filled out the PANAS at baseline and immediately after
cessation of the stressor or the non-stressful situation respectively. The question-
naire consists of 10 items for positive affect (e.g. interested, enthusiastic) and 10
items for negative affect (e.g. upset, ashamed). Participants have to rate the items
on a five point scale based on the current strength of the specific emotion or feeling
from 1= “very slightly or not at all,” to 5="“extremely”. The ratings of the positive
and negative items were summarized into a single negative and positive affect score
(negative and positive affect scale), respectively.

1.2.5. Working memory paradigm: n-back task

Working memory was tested with an n-back task 10 min after cessation of the
treatment (TSST or Placebo TSST). This particular point of time for testing work-
ing memory was chosen because cortisol concentrations typically reach their peak
approximately 20-30 min after stress onset [29]. The n-back task employed in the
present experiment is very similar with the paradigm used in a previous experiment
[22]. However, some modifications were made. The participants’ general task was
to monitor the identity of a series of stimuli, presented in a random sequence. They
had to push one of two possible buttons (“yes” or “no”) with the index- and middle
finger of their dominant hand to indicate whether the currently presented stimulus
was the same as the one presented n- trials before. The single digits were presented
in one level of difficulty (2-back) and the participants were instructed to be as fast
and accurate as possible. Sixty-two stimuli were shown and the first two trials were
excluded, leaving 60 trials to be analysed for each participant. The target stimuli
within the remaining trials (same stimulus as n-trials before) were presented ran-
domly with a probability of 33%. The stimuli were displayed for 500 ms with an
interstimulus interval of 2750 ms.

1.2.6. Statistical analysis

First, an exploratory data analysis was performed to identify individual values
which appear to deviate markedly from the data obtained from the entire sample.
In SPSS, outliers are defined as individual measurements that are at least 1.5 Inter-
Quartil-Ranges above the upper or beneath the lower quartile, respectively. Based
on the expected differences in hormone concentrations in male and female par-
ticipants, the exploratory analyses for the baseline cortisol and sAA concentrations
were performed separately for both sex groups. The analysis revealed that some par-
ticipants showed considerably deviating hormone concentrations compared to the
values of their specific comparison-group. Therefore, all hormone samples of partici-
pants with conspicuous baseline values (outliers) were excluded from the respective
analyses. Thus, the number of participants included in the analyses varies for the
different hormones so that the “n” is specified at the beginning of each analysis. The
exploratory analysis for WM performance was conducted for the reaction time for
correct responses and the number of correct responses.

The influence of stress on the dependent variables (salivary stress markers,
working memory, and affect) was evaluated with a mixed model analysis of vari-
ances (ANOVA) with the repeated measurement factor TIME (2-4 levels dependent
on the used measure) and the between group factors TREATMENT (stress vs. control
group) and SEX (male vs. female participants).For the analysis of working mem-
ory performance, separate univariate ANOVAs were calculated for the percentage
of correct responses and reaction time with the fixed factors TREATMENT (stress
vs. control group) and SEX (male vs. female participants). Greenhouse-Geisser cor-
rected p values were used when appropriate. To correct for multiple testing, post
hoc tests were Bonferroni-Holm corrected. Unless indicated, all results shown in
the text and illustrations are means + standard error mean (S.E.M.).

1.3. Results

1.3.1. Cortisol and sAA responses to stress

To investigate the effects of the TSST and the non-stressful
Placebo-TSST on HPA and SNS activity, a 2 (SEX) x 2 (TREATMENT)
x 4 (TIME: ba, +01, +10, +25) repeated measurement ANOVA was
performed for cortisol and alpha-amylase, respectively. Twenty-six
female and 27 male participants were included in the analysis of
cortisol. The analyses of the endocrine responses revealed signifi-
cant main effects of the between subject factors TREATMENT (F(1,
49)=33.42; p<.001; n%=.405) and the within subject factor TIME
(F(3, 147)=16.29; p<.001; 2 =.249). In addition, the ANOVA indi-
cated a significant TIME by TREATMENT (F(3, 147)=57.04; p<.001;
n%=.538), a TIME by SEX (F(3, 147)=7.29; p<.01; n?=.129), and
a TIME by SEX by TREATMENT interaction (F(3,147)=6.17; p<.01;
n? =.112). Bonferroni-Holm corrected independent t-tests revealed
separately significant differences for men and women between
the stressed and non-stressed subjects on the +01, +10, and the
+25 sampling point (all p’s<.015). While no differences were
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found between male and female participants in the control group
(see Fig. 1), stressed men showed significantly higher cortisol
concentrations compared to women at the +25 sample (cortisol
concentration at +25 sample women: 16.02 + 1.76 nmol/l, men:
25.31 £ 2.80 nmol/l) and stronger cortisol increases (average corti-
sol increases +10 minus baseline; women: 6.48 4 2.26 nmol/l, men:
14.12 4+ 1.91 nmol/l).

For sAA, the data of 48 participants were analysed (23 female
and 25 male participants). The analysis showed a significant main
effect of TIME (F(3, 132)=15.43; p<.001; n2=.260) and a TIME
by TREATMENT interaction (F(3, 132)=7.38; p=.001; n?=.144).
However, post hoc Bonferroni-Holm corrected independent t-tests
revealed no significant differences between both treatment groups
(Fig. 1).

1.3.2. Affect

Arepeated measurement ANOVA with the within subject factor
TIME (pre- vs. post-treatment measurement) and the between sub-
ject factors SEX and TREATMENT was computed separately for the
positive and negative affect scale of the PANAS for all participants
(n=59).

For the positive affect scale, the ANOVA revealed neither a
significant main effect nor significant interactions. For the nega-
tive affect scale a significant main effect of TIME (F(1, 55)=24.48;
p<.001; n%=.308) and a significant TIME by TREATMENT interac-
tion (F(1, 55)=28.87; p<.001; n?=.344) was revealed. Post hoc
dependent t-tests showed significant differences for the control-
and TSST-group regarding the affect increase between the pre-
and post-measurement. While participants of the control group
showed no change of negative affect between both measure-
ments ((t(28)=.783; p>.05; mean negative affect score; pre:
1.354.075; post: 1.334.077) stressed participants revealed a sig-
nificant increase with higher negative affect immediately after
the treatment ((t(29)=—5.49; p<.001; mean negative affect score
TSST-group; pre: 1.114.021; post: 1.56 4.088).

1.3.3. Working memory

1.3.3.1. Reaction time for correct responses. A univariate ANOVA
with the fixed factors SEX and TREATMENT was calculated for all
participants (n=59) for the dependent variable reaction time (RT)
of correct responses. The ANOVA showed no significant main effect
of SEX and TREATMENT, but a significant SEX by TREATMENT inter-
action was found (F(1,55)=4.00; p=.05; n? =.068). Descriptive data
showed that stressed men were faster compared to non-stressed
men (control group: .737+.048 s vs. stress group: .634+.042s;
Fig. 2), the opposite was true for women with slower RTs in the TSST
group than in the control group (control group: .648 +.043s vs.
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Fig. 2. Experiment 1: Mean reaction time in seconds for correct responses for male
and female participants in the 2-back task.

Reaction time for correct responses
\

stress group: .716 +.038 s, see Fig. 2)). The descriptive differences
between the stress and the control conditions for the two sexes
did not reach significance in post hoc independent t-tests (both
p>.10). Effect size calculations for the determination of Cohen'’s d
were conducted using G-power software [37]. The effect of stress
on RT in men were medium in size (d=.59). The effect of stress on
RT in women were slightly smaller (d =.44).

1.3.3.2. Percentage correct responses. The number of correct
responses per block was calculated by summing up the number
of hits and correct rejections. Analysis of the percentage of correct
responses with a univariate ANOVA (n=59) containing the fixed
factors SEX and TREATMENT revealed no significant effects. Partic-
ipants of the control- and stress-groups did not significantly differ
regarding the percentage of correct responses.

1.3.4. Possible influence of self-reported menstrual cycle half

Data on menstrual cycle phase (first versus second half of the
cycle) was available for 26 participants. Thirteen reported to be in
the first half, while the other 13 reported to be in the second half.
The distribution of these two groups did not differ between the
stress and control condition (Chi Square =1.42, p=.44). Cycle half
had no significant impact on the neuroendocrine (cortisol and sAA)
or affective response to the stressor (all p’s >.10). Finally cycle phase
had neither a direct effect on working memory performance (RT
and accuracy) nor did it interact with the stress effect (all p’s>.10).
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Fig. 1. Experiment 1: Mean cortisol (a) and salivary Alpha-Amylase (b) concentrations for male and female participants in the control and TSST condition.
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2. Experiment 2
2.1. Introduction

Most of previous working memory studies used neutral stimuli
such as digits or letters [22,24] although it is well established for
long-term memory that stimulus emotionality influences memory
performance substantially [38,39]. Interestingly, stress effects on
long-term memory are most pronounced for emotional material
(for review see [14]. GC effects on long-term memory rely on a
concurrent sympathetic activation of the beta-adrenergic receptors
in the basolateral amygdala (BLA) and interactions of this structure
with other brain regions such as the hippocampus and neocortical
structures [40,41].

Regarding WM processes, the results are less clear. Studies
investigating the effects of task-irrelevant emotional stimuli (dis-
tracters) in a Sternberg task have shown an impairing effect of
negative distracting pictures on WM performance [42], while task-
relevant emotional stimuli appear to have only a mild influence on
WM performance [43].

Effects of stress or cortisol on emotional working memory have
so far been tested in a Sternberg paradigm only. Here, stress
enhanced the impairing effect of emotional distractors [44]. In con-
trast, cortisol treatment reduced emotional distractibility [27]. This
finding supports the hypothesis put forward by Putman and Roelofs
[45] stating that cortisol reduces the impact of task irrelevant emo-
tional distractors. This might counteract some of the initial stress
effects mediated by catecholamines [46].

The previous studies [27,47] thus explored the extent to which
task-irrelevant emotional stimuli interfere with neutral but rele-
vant ones to be maintained in WM. It is an unanswered question
whether emotional stimuli also disturb WM performance under
stress when they are relevant for task processing. Therefore, in
the present study, we wanted to investigate whether acute psy-
chosocial stress affects WM performance in a paradigm with
task-relevant emotionally neutral (digits and neutral pictures) and
negative (negative pictures) stimuli. For this purpose, the n-back
task was chosen, since stress effects on this task have been reported
in the past [22,24].

2.2. Method

To ensure the comparability of the two experiments, the methods were kept
identical as best as possible. For that reason, the general procedure, including timing,
measurement of physiological stress parameters and subjective affect markers, was
similar to Experiment 1. Thus, this method section contains only descriptions of
those methods that deviate from the first experiment.

2.2.1. Participants

One hundred and nine young healthy male and female university students (men
n=67; women n=42)between 18 and 40 years of age (mean + S.E.M.=23.80 +.328)
participated in the present study. The average body mass index was
23.88+.352kg/m? for male and 21.64+.368kg/m? for female participants.
Exclusion criteria were similar to those of the first experiment, and again all female
participants were free of hormonal contraception and testing did not take place
during menses.

The participants were recruited and randomly assigned to a stress (men
n=33; women n=20) or to a control condition (men n=34; women n=22). The
study was approved by the national ethic committee of the German Psychological

Table 1
Ratings from the Pilot study from 40 student subjects (mean + S.E.M).

Association (DGPs) and all participants provided written informed consent before
their participation.

2.2.2. Stimulus selection

In a Pilot study, 52 negative and neutral pictures were selected by visual judge-
ment from the International Affective Picture System (IAPS, [48]) according to their
visual complexity and the presence of people. Afterwards, 40 students (females
n=21; males n=19) were asked to evaluate the pictures with respect to their
valence, emotional arousal and visual complexity. The pictures were presented in
a randomized order. In order to evaluate valence and emotional arousal, partici-
pants had to rate the pictures with the Self-Assessment-Manikin (SAM), an affective
9-pointrating scale which was also employed by Lang et al. [48]. The visual complex-
ity was additionally rated on a 9 point scale. Based on the ratings, 10 negative and
10 neutral pictures were chosen from the 52 pictures. Statistical analysis revealed
that the groups of negative and neutral pictures were rated significantly different
concerning their valence (1=negative, 5=neutral, 9=positive) and arousal scores
(1=calm, 9 =excited), while the evaluation of visual complexity did not differ (see
Table 1). A comparison of the normative IAPS ratings and the ratings from the pilot
study showed that there was no significant difference in valence and arousal ratings
between both samples (all p’s >.05).

2.2.3. Working memory paradigm: emotional n-back task

Working memory was tested with an n-back task 10 min after cessation of the
treatment (TSST or Placebo TSST). The employed task was very similar to that in
Experiment 1 concerning the methodological properties such as stimulus presenta-
tion time, interstimulus interval and target probability. However, some important
modifications were made to the stimuli-set. While single digits only were used in
the previous experiment, the present one contained pictures with negative and
neutral valence as well as digits. Participants received a total number of ten stim-
ulus blocks (2 practice blocks with feedback and 8 experimental blocks without
feedback). The working memory load was varied by alternately using a 2-back
and a 3-back condition (task difficulty). In the practice blocks, participants were
introduced to the task by working on a 2- back and 3-back task with simple geo-
metric figures as stimuli (e.g. triangle, circle, and square). These neutral stimuli were
used in the practice trials in order to avoid the participants being better trained
in one group of stimuli (digits or pictures). Of the eight experimental blocks, 4
blocks used digits as stimuli and 2 blocks employed neutral and negative pictures
respectively. Number and picture blocks were alternately presented, and in order
to avoid order effects, each participant received the stimuli in one of four different
sequences and each block consisted of 24 stimulus trials. The first three stimuli of
each block were not analysed, while the target stimuli within the remaining tri-
als (same stimulus as n-trials before) were presented randomly with a probability
of 33%.

2.2.4. Statistical analysis

The statistical analysis is comparable to Experiment 1. At first, exploratory data
analyses were performed for hormone and WM data to identify individuals which
differ markedly from the data obtained from the entire sample. Participants with
deviating data were excluded from the respective analysis so that the “n” is specified
at the beginning of each analysis.

The influence of stress on the dependent variables (salivary stress markers,
working memory, and affect) was evaluated with a mixed model analysis of vari-
ances (ANOVA) with the repeated measurement factor TIME (2-4 levels dependent
on the used measure), BACK (2-back vs. 3-back), and STIMULUS TYPE (digits vs.
neutral vs. negative pictures) for the analysis of working memory performance,
respectively. The between group factors were TREATMENT (stress vs. control group)
and SEX (male vs. female participants). Greenhouse-Geisser corrected p values
were used when appropriate. To correct for multiple testing, post hoc t-tests were
Bonferroni-Holm corrected. Unless indicated, all results shown in the text and illus-
trations are means + standard error mean (S.E.M.).

2.3. Results

2.3.1. Cortisol and sAA responses to stress

In order to investigate the effects of the TSST and the non-
stressful Placebo-TSST on HPA and SNS activity, a 2 (SEX)
x 2 (TREATMENT) x 4 (TIME: ba, +01, +10, +25) repeated

Mean rating + S.E.M. Valence Arousal Visual complexity
Negative pictures 224+.117 6.33+.175 4.67+.188

n=10

Neutral pictures 5.46 +£.097 3.20+.153 4.684+.211

n=10

Paired t-Test t(39),22.76; p<.001

t(39), —15.03; p<.001 t(39),.037; p=.971
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Fig. 3. Experiment 2: Mean cortisol (a) and salivary Alpha-Amylase (b) concentrations for male and female participants in the control and TSST condition.

measurement ANOVA was performed for cortisol and alpha-
amylase, respectively. 45 female and 64 male participants were
included in the analysis of cortisol. The analyses of the endocrine
responses revealed significant main effects of the between subject
factors SEX (F(1, 105)=10.63; p<.01; n%=.092) and TREATMENT
(F(1, 105)=21.55; p<.001; n2=.170) and the within subject fac-
tor TIME (F(3, 315)=26.70; p<.001; n?=.203). In addition, the
ANOVA indicated a significant TIME by TREATMENT interac-
tion (F(3, 315)=30.24; p<.001; n%=.224). Follow-up analyses
with Bonferroni-Holm corrected independent t-tests revealed
significant differences between the stressed and non-stressed sub-
jects on the +01, +10, and the +25 sampling points (p’s<.001).
Furthermore, women displayed higher overall cortisol concentra-
tions compared to men (average cortisol concentrations women:
13.96 +.995 nmol/l, men: 10.40 +.663 nmol/l), although the cor-
tisol increase (+10 minus baseline concentration) showed no
significant difference between stressed men and stressed women
(t(52)=—.646; p>.05; cortisol increase women: 6.74 & 2.07 nmol/l,
men: 5.40 +.936 nmol/l, see Fig. 3).For sAA, the data of 98 partic-
ipants were analysed (38 female and 60 male participants). The
analysis showed significant main effects of SEX (F(1, 94)=17.90;
p<.001; n%=.160) and TIME (F(3, 282)=30.29; p<.001; n%=.244)
and a TIME by SEX (F(3, 282)=4.35; p=.01; n®=.044) and a
TIME by TREATMENT (F(3, 282)=8.72; p<.001; n?=.085) inter-
action. The post hoc analyses revealed a significant difference
between stressed and non-stressed subjects for the +01 sampling
point with higher concentrations for the TSST group (t(96)=4.93;
p<.01; control: 69.86+8.22U/ml, TSST: 110.99 +11.66 U/ml). In
contrast to cortisol, men displayed twice as high overall sAA con-
centrations compared to women (t(96)=4.20; p<.001; women:
40.91 £4.88U/ml, men: 82.51 +7.24 U/ml; Fig. 3).

2.3.2. Affect

A repeated measurement ANOVA with the within subject fac-
tor TIME (pre- vs. post-treatment measurement) and the between
subject factors SEX and TREATMENT was computed separately for
the positive and negative affect scale of the PANAS.

For the positive affect scale, the ANOVA revealed a significant
main effect of TIME (F(1, 111)=9.00; p<.01; n?=.075) and a sig-
nificant TIME by TREATMENT (F(1, 111)=7.32; p<.01; % =.062)
interaction. Post hoc dependent t-test showed that only partici-
pants from the control group reported significantly more positive
affect after the treatment than before (t(57)=-4.40; p<.001;
average pre-measurement: 2.77+.086 vs. post-measurement:
3.11+.099) while participants in the TSST group did not show
differences between the pre- and post-measurement (average pre-
measurement: 2.85 4.070 vs. post-measurement: 2.89 £.088).

For the negative affect scale, a significant main effect TREAT-
MENT (F(1, 111)=23.71; p<.001; 5?=.176) and TIME (F(1,
111)=5.42; p<.05; n?=.047) as well as a significant TIME by
TREATMENT (F(1, 111)=38.77; p<.001; n? =.259) interaction was
found. The control and stress group showed no significant dif-
ferences in negative affect before (control-group: 1.334.042 vs.
TSST-group: 1.35+.036), but after the treatment (t(113)=-6.40;
p<.001; control-group: 1.15+.028 vs. TSST-group: 1.74 +.087).

2.3.3. Working memory

2.3.3.1. Reaction time for correct responses. For the analysis of
WM performance, defined by the reaction time (RT) of correct
responses, a 2 (SEX) x 2 (TREATMENT) x 2 (BACK) x 3 (STIMU-
LUS TYPE) repeated measurement ANOVA (n=115) was calculated.
The ANOVA showed no significant main effect of SEX, TREATMENT,
BACK and STIMULUS TYPE. In addition, no significant interaction
was found for STIMULUS TYPE with any other within-or between-
subject factors. However, the ANOVA revealed a significant three
way interaction of SEX by TREATMENT by BACK (F(1,111)=11.68;
p=.001; n%=.095). Descriptive data showed slower RTs in stressed
female participants for the more demanding 3-back condition
compared to females in the control condition (control group:
.657 +.042 sec vs. stress group: .720+.035s; Fig. 4). The opposite
picture was found for male participants in the 3-back condition, in
which the TSST group displayed faster RTs than the control group
(control group: .710+.039s vs. stress group: .660+.0395s). The
descriptive differences between the stress and the control con-
ditions in the 3-back condition for the two sexes did not reach
significance in post hoc independent t-tests (both p>.10). Effect
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3 female control
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07 T % 7 %
0,6 /
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Reaction time for correct responses

0,0
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2-back 3-back

Fig. 4. Experiment 2: Mean reaction time in seconds for correct responses for male
and female participants in the 2-back and 3-back condition.
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size calculations for the determination of Cohen’s d [49] were con-
ducted using G-power software [37]. The effect of stress on RT in
men were small (d=.22). The effects of stress on RT in women were
somewhat larger but still small (d=.34).

2.3.3.2. Percentage correct responses. The number of correct
responses per block was calculated by summing up the num-
ber of hits and correct rejections. Analysis of the percentage of
correct responses with a 2 (SEX) x 2 (TREATMENT) x 2 (BACK)
x 3 (STIMULUS TYPE) repeated measurement ANOVA (n=115)
revealed a significant main effect of the within subject factors
BACK (F(1,111)=177.40, p<.001; m2=.615) and STIMULUS TYPE
(F(2,222)=4.21, p<.05; 12 =.037). As expected, post hoc depend-
ent t-tests showed that participants made more correct responses
in the 2-back compared to the 3-back condition (t(114)=13.88;
p<.001; 2-back: 81.77 +.883; 3-back: 71.704+.977). Regarding the
STIMULUS TYPE, post hoc dependent t-tests demonstrated that par-
ticipants showed significantly more correct responses in n-back
blocks showing digits (digits vs. neutral pictures: t(114)=-431;
p>.05; digits vs. negative pictures: t(114)=2.31; p<.05) compared
to those with pictures (neutral vs. negative pictures: t(114)=2.31;
p<.05; average percentage correct digits: 78,15 +.935; pictures
neutral: 75.8241.11; pictures negative: 76.23 +.957). No other
significant main effects or interactions were found.

2.3.4. Possible influence of self-reported menstrual cycle half

Data on menstrual cycle phase (first versus second half of the
cycle) was available for 40 participants. Seventeen reported to be
in the first half, while the other 23 reported to be in the second
half. The distribution of these two groups did not differ between
the stress and control condition (Chi Square =1.00, p=1.00). Cycle
half had no significant impact on the neuroendocrine (cortisol and
sAA) or affective response to the stressor (all p’s >.10). Finally, cycle
phase had neither a direct effect on working memory performance
(RT and accuracy) nor did it interact with the stress effect (all
p’s>.10).

2.4. Discussion

The objective of the first experiment was to investigate the
effect of acute stress on the WM performance in a paradigm with
neutral digits. Moreover, we wanted to explore possible sex differ-
ences. Data showed strong physiological and psychological stress
responses. Effects on working memory differed between men and
women as indicated by a SEX by TREATMENT interaction. While
stress impaired performance in female participants as indicated
by increased response times, the opposite pattern was observed
for males. Similar results were detected in the second experiment
which was conducted to replicate the sex-dependent stress effects
while exploring the impact of stimulus emotionality. Again, results
revealed that females were impaired by stress (slower RTs and
a constant number of correct responses) while males improved
(faster RTs and a constant number of correct responses).

2.4.1. Sex differences in stress responsivity

In both experiments, the stressor induced a strong HPA axis
response. In Experiment 2, the cortisol response of men and women
was relatively similar, but the two groups differed at baseline. A
similar pattern was observed for sAA. In Experiment 1, no baseline
differences were apparent, but men showed a more pronounced
cortisol response to the stressor than women. The latter finding
has been observed repeatedly in our [50,51] and in others labora-
tories (for a review see [52]). Of note is the fact that despite the
differences in cortisol and sAA responses between the two studies,
the behavioural findings were highly similar. It is thus unlikely that

differences in cortisol reactivity (Experiment 1) or baseline differ-
ences in cortisol levels (Experiment 2) are the sole explanation for
the observed sex specific effects on working memory, which will be
discussed below. In fact, the neuroendocrine observations suggest
that other factors besides cortisol are responsible for the observed
sex dependent effects. Changes in noradrenergic or dopaminergic
activity in the PFC are possible candidates (see below), even though
it should be kept in mind that they, of course, interact closely with
GCs (see [53]).

2.4.2. Stress effects on WM

Previous studies investigating potential stress effects on WM
have reported inhomogeneous results. While some studies have
observed impairing effects [17,22,54,55], others have found no
[56-58] or enhancing effects [24,25,59].

For male participants, the results of our two experiments are
in line with other studies employing the n-back paradigm as a WM
task. Currently, at least two studies [24,59] have demonstrated that
acute stress enhanced WM performance in men in an n-back task
with neutral stimuli (single digits). In the study by Cornelisse et al.
[24] participants took part in the TSST before processing an n-back
paradigm. Male participants showed faster reaction times after the
stress induction compared to the control group. Similar results
were found in an fMRI study in which participants had to deal
with the n-back task after viewing movie clips containing strongly
aversive or neutral scenes [59]. Here, too, participants in the stress
condition (aversive scenes) displayed significantly faster reaction
times but no differences in accuracy compared to the non-stress
condition. The authors suggested that the stress-induced enhance-
ment of WM performance might be explained by the interplay of
several brain networks. WM performance is suggested to depend
on the activation of WM specific brain regions, primarily the dor-
solateral PFC (DLPFC), on the one hand, and on the deactivation of
the so-called default-mode network (DMN, including hippocam-
pus, amygdala, ventral medial PFC and posterior cingulate cortex)
on the other hand. Studies have shown that the ability to deacti-
vate DMN predicts better performance in WM [60] and that stress
seems to induce a deactivation in parts of the DMN (hippocampus
and amygdala; [59,61]).

In addition, there is evidence that stress and its associated higher
state of arousal might affect early attentional processes [11-13]. For
example, in one study by Schwabe et al.[13], male participants were
exposed to stress before participating in an attentional blink task.
Participants in the stress group displayed a diminished attentional
blink, which supports the idea of a stress-induced enhancement of
attention. This enhancement of attention might also decrease the
time it takes to process stimuli and as a result lead to faster RTs in
the WM task as observed in our current studies.

However, it must be acknowledged that other studies (including
two experiments conducted by the authors) have found impairing
effects of stress on WM in male participants [16,17,22,23,55]. One
reason for the divergent data might result from the fact that pre-
vious studies employed different WM paradigms (Span tasks and
Sternberg task) which varied in the demand they put on distinct
WM processes (maintaining, updating, manipulating). Nonethe-
less, in one of our studies, we had reported impairing effects on RT
and accuracy in an n-back task with neutral stimuli in a male sam-
ple [22]. Since several experimental parameters are comparable
between studies (such as the time of day when testing was con-
ducted, selection criteria for participants, stress induction method
and timing of the n-back task) a straight forward explanation for
these discrepancies is difficult to find. Our current studies were con-
ducted at a different university within Germany (Bochum versus
Bielefeld) and thus with slightly different student populations.
These could translate into differences in motivation or arousal at
baseline (or post stress). The affective and neuroendocrine stress
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markers obtained in these studies however do not show substantial
differences between the current two experiments and the one pub-
lished previously [22]. Recently, evidence has been provided that
effects of stress on n-back performance are influenced by genetic
differences in prefrontal dopamine levels [62]. Only homozygotes
for the Met polymorphism showed impaired n-back task perfor-
mance after exposure to the TSST. Thus differences in the genetic
composition of the samples might in part be able to explain the
inconsistent results obtained in our studies (as well as in studies
conducted in other laboratories). Since the relationship between
WM performance and dopamine has been described as an inverted
U-shaped function differences in basal DA concentrations caused
by genetic or environmental influences (e.g. arousal) might con-
ceivably influence the direction of the stress effects. Moreover,
differences in coping styles or the tendency to ruminate might be
possible moderating variables of interest [63,64].

In contrast to men, stress impaired the WM performance in
female participants in both experiments. Women who took part
in the TSST displayed slower reaction times compared to women
in the control condition (although the effects did not reach sig-
nificance in post hoc tests). No stress effect was found for task
accuracy. These results are in line with previous animal and human
studies [18,24,26,59,65-67]. Studies with rodents have repeatedly
reported that female rats are more sensitive to stress- or GC-
induced working memory impairments [26,67]. While moderate
concentrations of stress or pharmacological enhancement of GCs
did not affect WM in male rats, the performance of female rats was
impaired. The effect was especially pronounced when female rats
had high estradiol concentrations. In humans, studies investigat-
ing WM processes under stress in women have mostly reported
no effects of stress on WM performance in an n-back task [24,59].
However, it should be noted that in one study [24], the majority
of women used oral contraceptives which considerably influence
sex hormone concentrations and blunt the free cortisol response to
stress [68]. The second study employed a stressor (strongly aversive
films) which did not significantly increase cortisol [59]. Thus, the
two experiments presented here are the first to report the impact of
a stressor which caused a substantial cortisol increase on working
memory in women.

2.4.3. Discussion on sex differences: mechanistic speculations

Previous human stress or cortisol studies have repeatedly
observed sex differences in fear conditioning tasks (e.g. [66,69,70]).
In other cognitive domains (e.g. long-term memory), sex differ-
ences appear to be less pronounced (but see [65,71]). A review on
this issue has recently been provided by one of the authors [72].

Our findings are unique in reporting sex-dependent opposing
effects of stress on working memory. They thereby share some sim-
ilarities with rodent studies investigating eye-blink conditioning.
Here, female rats under resting conditions showed superior per-
formance compared to male rats. However, the picture reversed
after stress as stress enhanced performance in males but impaired
it in females [73].

It has been suggested that estradiol mediates differences in
stress sensitivity of the PFC, especially with respect to noradrener-
gic and dopamingergic effects [67]. Thus, the same stressor might
enhance performance in males but impair it in females. This might
occur either because males and females start off at a different point
within the supposedly inverted U-shaped function (see [74] for
related thoughts with respect to spatial memories), or because the
same stress response translates into stronger changes in the rele-
vant brain areas in females than in males [67]. One animal study
which supports these ideas demonstrated that acute stress resulted
in an increased dopaminergic activity in the PFC of male compared
to female rats [75]. The lack of dopaminergic activation in female
rats was interpreted as resulting from significantly higher basal

dopamine concentrations in the PFC compared to their male coun-
terparts which possibly exhibit a further activation of the system
due to stress. Moreover, strategy changes induced by stress hor-
mones might differ between men and women and could thus be
able to account for these complementary findings [74].

2.4.4. No effect of stimulus emotionality

In Experiment 2, the results revealed no evidence for an effect
of task-relevant stimuli with negative emotional content on WM
performance. This was the case in the control as well as in the
stress condition. The missing effects of negative stimuli on working
memory stand in contrast to results obtained for long-term mem-
ory. Negative emotional content which elicits emotional arousal
attains a privileged status in long-term memory [76-78]. The neu-
ral structure underlying this effect is the amygdala which mediates
emotional learning and facilitates memory consolidation processes
in other regions such as the hippocampus [77,79,80].

In contrast to long-term memory, the interaction between WM
and emotional stimuli is less well understood. While emotional
distractor stimuli seem to impair WM performance (e.g. [42,81]),
studies examining the influence of emotional task-relevant stimuli
on WM have generated inconsistent results. Kensinger and Corkin,
who investigated the effect of negative and neutral emotional
stimuli (words, pictures) on WM performance in a number of
paradigms (span tasks, self-ordering task, n-back task), found WM
impairments only for one paradigm but not for others [43]. Another
study testing healthy older participants in an n-back task with neu-
tral, negative and positive pictures reported no effect of stimulus
emotionality [82].

Regarding the interaction between cognitive and affective pro-
cesses, some imaging studies have argued that the processing of
emotional stimuli interferes with cognitive WM processes [42,44].
In contrast, other studies have suggested that attention to the
emotional characteristics of the stimuli could be suppressed and
redirected to the cognitive aspects of the task in question for
the sake of efficient cognitive functioning. This assumption was
supported by a study demonstrating that a concurrent WM task
disrupted the emotional processing of negative stimuli [83]. In
this study, the emotional modulation of the startle eyeblink reflex
was significantly reduced when participants were asked to watch
neutral and negative pictures and simultaneously deal with a
demanding n-back task. In addition, other studies imply that the
suppression of emotion processing is potentiated by a higher cog-
nitive demand of the task [84-86]. In sum, those WM tasks with
task-relevant emotional stimuli have often found no strong effect
of negative or positive memory content on performance. Addi-
tionally, some studies have suggested that emotional processing
is suppressed particularly in tasks with higher cognitive demand.

An interesting side finding of the second study was the fact
that accuracy for digits was superior to accuracy for pictures
(independent of their emotionality). The findings are thus in
contrast to declarative memory studies which have consistently
observed superior memory for pictures compared to words (e.g.
[87,88]). For working memory performance or at least for work-
ing memory paradigms using continuous serial presentations less
complex stimuli like digits appear to be associated with enhanced
accuracy.

2.4.5. Limitations and future directions

Finally, some limitations of our study need to be addressed.
First, our study suggested that stress affects WM differently in male
and female participants. However, the underlying mechanisms
remain unknown. In the current experiments we only acquired
self-reported information about the menstrual cycle phase. Based
on this information participants were post hoc grouped into first
versus second menstrual cycle half. This factor did neither exert
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a substantial influence on the stress response, nor on the stress
induced WM performance changes. However, these self-reported
measures are problematic, since they often do not match rigor-
ous neuroendocrine measurements. Previous studies investigating
specific menstrual cycle phases (follicular phase contrasted with
the luteal phase) for example observed a more pronounced cor-
tisol stress response in the luteal phase (which is characterized
of high estradiol and progesterone concentrations) of the cycle
[68]. Moreover, for the domain of long-term memory evidence
has been reported that beneficial effects on memory consolida-
tion do only occur in the luteal phase [89]. In contrast, impairing
effects on memory retrieval, as has been repeatedly observed in
male participants [20] and mixed sex samples (e.g. [90]), were
absent in a sample of women in the luteal phase [65]. Simi-
lar studies in the domain of working memory are missing as of
today. Given our current findings a more focussed investigation of
the impact of sex steroids on the observed stress effects appears
indicated.

The two experiments presented in this manuscript were both
conducted in the morning hours, a time of high basal cortisol con-
centrations, accompanied by increased inter-individual variance
(see [29]). We had used this time window in order to replicate and
extend our previous findings, which had also been obtained in the
morning [22]. Based on the strong circadian rhythm of cortisol and
the idea of an inverted U-shaped response curve between cortisol
and memory some authors have proposed the idea that stress be
especially impairing when perceived during the morning. Indeed,
one study investigating declarative memories obtained support for
this hypothesis [91]. Along these lines we observed in our meta-
analysis on cortisol and long-term memory that studies conducted
in the morning reported more often negative effects of cortisol on
memory. In contrast, studies conducted in the afternoon more often
reported beneficial effects [92]. Previous studies in the domain of
working memory observed enhancing effects of stress in the morn-
ing [24] but also in the afternoon [25]. Similarly impairing effects
had been reported from studies conducted in the morning [17] orin
the afternoon [16]. However, none of these studies tested the influ-
ence of time of day systematically within one experiment. Future
WM stress studies similar to those conducted by Maheu et al. [91]
or Smeets [90] are needed in order to systematically characterize
the potential impact of time of day.

In our current and previous studies [22] WM was tested 10 min
after cessation of the TSST. At this time cortisol concentrations
had reached their peak but (nor)adrenergic activity (as indexed by
sAA) had already returned to pre-stress baseline levels. Studies in
rodents could demonstrate that a pharmacological blockage of NA
activity prevented the impairing effects of GC treatment on work-
ing memory [93]. Similarly in humans WM was impaired in cortisol
stress responders if tested during the stressor, but not if tested dur-
ing the recovery period [94]. It is conceivable that the effects of
stress on working memory accuracy and response time might have
been stronger if testing had occurred during or immediately after
exposure to the TSST.

In both experiments we observed significant sex by stress
interactions. However, post hoc tests conducted for both sexes sep-
arately were not significant and an effect size analysis indicated
that the obtained effects were small to medium. It thus has to
be acknowledged that the effects of stress on working memory as
measured with the n-back task appear to be rather subtle.

Strengths of the current report lie in the fact that we were able
toreplicate the sex differences in two experiment employing a neu-
tral (Experiment 1) and an emotional n-back task (Experiment 2).
Moreover, the sample size of both experiments (59 in study 1; 109
in study 2) is larger than those of all previous experiments. It is thus
quite unlikely that the results of the two studies present chance
findings or findings caused by a few outliers.

2.5. Conclusion

In conclusion, the findings of our two independent studies
suggest that WM is influenced by acute psychosocial stress in a
sex dependent fashion. Stress appears to enhance n-back perfor-
mance in men, while it appears to impair it in women. Results
obtained in males are in contrast to some previous studies and
call for additional research aiming at understanding the factors
leading to a stress-induced enhancement or a stress-induced
impairment in working memory. Findings in women suggest that
their PFC-mediated functions are more susceptible to acute stress.
Noticeably, this pattern of results was similar in both studies,
although baseline levels of cortisol and sAA and the endocrine
responsivity varied considerably between the studies. This implies
that cortisol is not, at least directly, accountable for the perfor-
mance differences and that other physiological messenger such as
noradrenalin or dopamine might contribute to the observed effects.

In addition, our study did not find evidence for a strong influ-
ence of emotional stimuli on WM performance, which is in contrast
to findings for long-term memory. The observed results might indi-
cate that emotional and neutral stimuli are processed equally when
they are task-relevant, although alternative explanations cannot
be ruled out and therefore should be further investigated in future
studies.
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