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Summary Stress can exert profound effects on memory encoding. Here, we investigated
whether (sub)cortical information processing during encoding and memory retrieval at a 24 h
delayed test are affected by the temporal proximity between stress and memory encoding. Sixtyfour participants engaged in the Maastricht Acute Stress Test (MAST) or a no-stress control
condition either immediately before (i.e., proximate condition) or 30 min before (i.e., distant
condition) a picture encoding task. In general, stress decreased the number of freely recalled and
recognized pictures and increased the number of false alarms. However, timing of stress exposure
did not differentially affect picture recall, recognition or selective attention processes (i.e.,
LPP). Nevertheless, stress-induced cortisol responses and correctly recognized neutral pictures
were positively associated within the proximate stress condition but negatively associated within
the distant stress condition. These findings suggest that the time at which a stressor is applied
might differentially impact the association between stress-induced cortisol elevations and
memory formation and indicate the need for a finer delineation of the time window during
which glucocorticoids affect memory formation processes.
# 2013 Elsevier Ltd. All rights reserved.

1. Introduction

* Corresponding author at: Faculty of Psychology and Neuroscience, Maastricht University, P.O. Box 616, 6200 MD Maastricht,
The Netherlands. Tel.: +31 43 3884536; fax: +31 43 3884196.
E-mail address: conny.quaedflieg@maastrichtuniversity.nl
(C.W.E.M. Quaedflieg).

When confronted with a stressful situation, our brain activates two physiological systems that allow us to cope effectively with the stressor. The rapidly acting autonomic nervous
system (ANS) results in adrenaline and noradrenaline release
and increased arousal, alertness and focused attention. A
second, slower mechanism involves the activation of the
hypothalamic—pituitary—adrenal (HPA) axis that results in
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the secretion of the primary human glucocorticoid (GC)
cortisol, which can bind to mineralocorticoid or glucocorticoid receptors (MRs and GRs, respectively; e.g., de Kloet
et al., 2005). The binding of cortisol to MRs and GRs in limbic
structures, such as for example the hippocampus and amygdala, activates mechanisms involved in hippocampal plasticity and thereby can modulate memory processes (e.g.,
McGaugh and Roozendaal, 2002; Roozendaal et al., 2009;
Joëls et al., 2011). Moreover, an interaction of GCs with the
noradrenergic system in the basolateral nucleus of the amygdala (BLA; e.g. Roozendaal et al., 2009; Roozendaal and
McGaugh, 2011), a structure essential for the formation of
emotional memories (LeDoux, 2000), is said to be crucial for
stress to affect emotional memory.
This stress-related release of GCs and noradrenaline influences the quantity and quality of memory (Schwabe et al.,
2010). The effects of GCs seem to be moderated by the
memory phase that is targeted by stress and the emotional
arousal elicited by the learned material (Wolf, 2009;
Schwabe et al., 2012). In particular, stress can facilitate
memory consolidation (e.g., Cahill et al., 2003; Smeets
et al., 2008), whereas stress before retention testing typically impairs memory retrieval (e.g., de Quervain et al.,
1998; Kuhlmann et al., 2005). Moreover, these effects are
more pronounced for emotionally arousing material than for
neutral stimuli (Cahill et al., 2003; Kuhlmann et al., 2005; see
for review of animal studies Roozendaal and McGaugh, 2011).
It has also been suggested that during memory formation, the
exact temporal dynamics of GCs and noradrenaline release
relative to the emotional memory encoding task are crucial
for enhanced consolidation (e.g., Joëls et al., 2006; Diamond
et al., 2007). Specifically, emotional experiences initiate a
rapid enhancement of hippocampal neuroplasticity that is
mediated by the amygdala and followed by stress-related GC
enhancement of hippocampal neuroplasticity via non-genomic membrane MR activity (Joëls et al., 2008; Karst et al.,
2010). Over time, genomic GR actions induce a refractory
state of the hippocampus, thereby impairing the processing
of new information (Joëls et al., 2006; Diamond et al., 2007;
Karst et al., 2010; Joëls et al., 2011). Support for this idea
comes from a study by Zoladz et al. (2011), who found that
stress applied immediately before encoding enhanced recognition of positive words while stress applied 30 min before
encoding impaired recall of negative words 24 h later.
One way to further test the time-dependent stress effect
on memory formation is to use event related potentials
(ERPs) obtained from electroencephalography (EEG). For
instance, the time course of memory and emotion processes
has been investigated with the late positive potential (LPP),
an ERP over centro-parietal sites between 300 and 700 ms
(e.g., Hajcak et al., 2012; Wilding and Ranganath, 2012). The
amplitude of the LPP appears to be larger for remembered
stimuli (i.e., the ‘subsequent memory effect’), especially
when it concerns emotional material (Cuthbert et al., 2000;
Dolcos and Cabeza, 2002; Olofsson et al., 2008). Weymar
et al. (2012) recently used ERPs to investigate the effects of
pre-learning stress on neutral and unpleasant picture recall
24 h later. Although stress did not affect memory performance overall, the amplitude of the LPP during encoding of
unpleasant pictures correlated positively with recall performance of unpleasant pictures 24 h later in the stress, but not
the control group. This suggests that pre-learning stress
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sensitizes the brain toward enhanced selective attention
to unpleasant stimuli.
The current study draws upon the work of Weymar et al.
(2012) and Zoladz et al. (2011) in that it investigated whether
exposure to acute stress immediately (i.e., proximate stress
group) or 30 min (i.e., distant stress group) before learning
differentially affects emotional memory processing. This
effect was assessed at the electrophysiological level by means
of the LPP generated during memory encoding, and behaviourally using a delayed memory test that was carried out 24 h
later. Given the known involvement of cortisol in the memory
enhancing effects of stress on memory consolidation (e.g.,
Smeets et al., 2008), we also sampled salivary cortisol throughout the encoding session and related the stress-induced cortisol elevation to LPPs and 24 h delayed memory performance.
Based on the theoretical framework of timing (Joëls et al.,
2006), brain systems (Roozendaal et al., 2006), and previous
work in humans (Zoladz et al., 2011; Weymar et al., 2012), it
was hypothesized that stress applied immediately before
learning would improve 24 h delayed recall and recognition
of emotional stimuli through enhanced selective attention
(i.e., larger LPPs) and elevated cortisol levels, relative to a
no-stress control condition. The opposite pattern of findings
was expected for stress applied 30 min before learning.

2. Methods
2.1. Participants
Sixty-four right-handed healthy male undergraduates (mean
age = 21.25 years, SD = 2.5; range: 18—31 years) were
recruited to participate in this study via advertisements at
Maastricht University. Participants were excluded if they had
a history of psychiatric, neurologic, cardiovascular or neuroendocrine diseases, were considered heavy smokers (i.e.,
more than 15 cigarettes/day), used medication known to
affect the ANS or HPA axis, were regular drug users, or had a
body mass index (weight in kg/(height in m)2) outside the 18—
30 range. Test protocols were approved by the standing ethics
committee of the Faculty of Psychology and Neuroscience,
Maastricht University. All participants signed a written
informed consent and were given a small reward (course
credit or monetary) in return for their participation.

2.2. Stress manipulation
The Maastricht Acute Stress Test (MAST; Smeets et al., 2012)
is a concise and valid procedure to reliably elicit robust
subjective, autonomic and glucocorticoid stress responses.
It consists of a 5 min preparation phase in which the task is
explained and a 10 min acute stress phase that includes
several exposures to cold pressor stress and various mental
arithmetic challenges along with social-evaluative pressure
(i.e., negative feedback). Specifically, in 5 trials that varied
in duration from 60 to 90 s, participants immersed their hand
into ice water (2 8C; plexiglas box with an electrical cooler
and a circulation pump from JULABO Labortechnik, Seelbach,
Germany). In between the hand immersion trials, participants engaged in mental arithmetic challenges in which they
had to count backwards as fast and accurately as possible in
steps of 17 starting at 2043 for 45, 60 or 90 s. Whenever they
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counted too slowly or made a mistake, they received negative feedback (i.e., to count faster or start over again at
2043). To increase unpredictability and uncontrollability,
participants were told that the order and duration of the
hand immersion and mental arithmetic trials would be randomly chosen by the computer and that they would be
videotaped for later analyses of their facial expressions, a
procedure for which they had to provide written consent (for
more information see Smeets et al., 2012).
In the no-stress control condition, participants immersed
their hand in lukewarm water (35—37 8C) and in between the
hand immersion trials, performed a simple arithmetic task in
which they had to count consecutively from 1 to 25 at their
own pace and had to start anew at 1 when having reached 25.
No feedback was given and participants were not videotaped.
The duration and order of hand immersion and arithmetic
trials paralleled that of the MAST (see Smeets et al., 2012;
Study 3).

2.3. Subjective and neuroendocrine stress
responses
2.3.1. Subjective stress
Subjective stress prior to and immediately following the MAST
was assessed using the Negative Affect subscale of the Positive
and Negative Affect Schedule, state version (PANAS; Watson
et al., 1988). The PANAS consists of two subscales that quantify
current positive affect (PA) and negative affect (NA) using 5point scales (anchors: 1 = very slightly or not at all; 5 = extremely). Higher scores on the NA scale are indicative of higher
levels of experienced negative affect.
2.3.2. Salivary cortisol
Neuroendocrine stress measures prior to and in response to
the MAST were obtained with synthetic Salivette (Sarstedt1,
Etten-Leur, The Netherlands) devices 5 min before (tpre-stress)
and 4 times after the MAST (t+0, t+20, t+40, t+50min with
reference to the end of the stressor). Samples were stored
at 20 8C until cortisol levels were determined by a commercially available luminescence immune assay kit (IBL, Hamburg, Germany). Mean intra- and inter-assay coefficients of
variation are typically less than 5%, and the lower and upper
detection limits were 0.015 mg/dl (0.41 nmol/l) and 4.0 mg/
dl (110.4 nmol/l), respectively.

2.4. Memory task
During the encoding phase, participants were presented with
36 negative and 36 neutral pictures from the International
Affective Picture System (IAPS; Lang et al., 2008; see Appendix
1) on a monitor (48 cm  27 cm). The pictures belonged to one
of the following five categories: person/action (e.g., neutral:
woman answering phone; negative: carjacking), objects (e.g.,
neutral: clock; negative: collection skulls), scenes (e.g., neutral: sunset at beach, negative: tornado), animals (e.g., neutral: butterfly on flower; negative: dog growling) or objects/
action (e.g., neutral: chess game; negative: F1 car explosion).
Pictures were presented for 3 sec in full size (38 cm  27 cm)
on black background, followed by a 50% size presentation of
that image during which individual valence and arousal ratings
were obtained by means of the Self-Assessment Manikin (SAM;
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Lang et al., 2008) procedure to ensure deep picture encoding.
The 50% picture was presented until the participant
responded. An interstimulus interval of 2 s, during which a
fixation cross was presented, was applied between all stimuli.
IAPS pictures were chosen according to the IAPS valence and
arousal ratings (neutral pictures: valence M = 5.84, arousal
M = 3.88; negative pictures: valence M = 3.23, arousal
M = 5.50). The ratings of the pictures obtained in the current
sample were similar to the normative IAPS ratings (neutral
pictures: valence M = 6.09, arousal M = 4.06; negative pictures: valence M = 2.90, arousal M = 5.73).
The recognition picture set presented 24 h later consisted
of 72 pictures, of which 50% were old pictures, 25% were IAPS
pictures not presented in the encoding task and were conceptually related to the old pictures (new similar/related
neutral pictures) and 25% were new/different pictures (i.e.,
not previously presented and conceptually different). The
new similar and new different pictures were matched to the
old pictures on emotional valence and arousal (new similar/
related neutral pictures: valence M = 6.01, arousal M = 3.76;
negative pictures: valence M = 3.12, arousal M = 5.71; new/
different neutral pictures: valence M = 5.69, arousal
M = 3.79; negative pictures: valence M = 3.35, arousal
M = 5.45). Performance on the recognition task was defined
by hits (reflecting correct detection of old pictures), false
alarms (FA; reflecting incorrect detection of new pictures as
being old), the discrimination index (Pr; reflecting correct
discrimination of new from old pictures, i.e. (# hits + 0.5/#
old targets + 1)  (# false alarms + 0.5/# new targets + 1);
Snodgrass and Corwin, 1988), and the bias index (Br; # false
alarms + 0.5/# new targets + 1)/(1  Pr); Snodgrass and Corwin, 1988). To avoid mood state induction, the presentation
order of the pictures was semi-randomized so that no more
than three pictures of one condition appeared consecutively
in the picture encoding and the recognition part of the task.

2.5. Design and procedure
A 2 (Condition: stress vs. control)  2 (Timing: proximate vs.
distant)  2 (Picture Type: neutral vs. negative) mixedmodel was employed, with Condition and Timing as
between-subjects factors and Picture type as within subjects
factor. Participants were randomly assigned to one of the four
conditions and all testing took place between 12:30 and
18:00 h to control for the circadian rhythm of cortisol.
Participants were asked to refrain from eating, exercising
extensively or drinking anything but non-sparkling water for
2 h prior to both experimental sessions.
A timeline of the experimental sessions is displayed in
Fig. 1. After their arrival in the laboratory, participants
received information on the experimental procedure and
gave written consent to participate in this study. Next, a
saliva sample was taken with the explicit instruction that this
sample would be immediately assayed to check whether they
had adhered to our instructions not to eat, drink, etc. In
reality, the sample was simply destroyed without being
analyzed. This was done to increase truth-telling behavior
when they were subsequently asked whether they had in fact
adhered to the instructions. Next, participants were asked to
drink 200 ml of apple juice to standardize glucose levels
(Kudielka et al., 2007). Next, EEG equipment was prepared
and an 8 min baseline EEG activity was measured (baseline
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Figure 1 Overview of the study procedure. Either immediately (i.e., proximate condition) or 30 min (i.e., distant condition) following MAST or no-stress control condition onset,
participants performed the memory encoding task. Abbreviations: MAST, Maastricht Acute Stress Test.
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EEG data are not reported here). After assessing baseline
Negative Affect (PANAS) and baseline cortisol (tpre-stress), the
MAST or its control counterpart was performed. Either immediately (i.e., proximate condition) or 30 min (i.e., distant
condition) following the MAST or no-stress control condition
onset, participants performed the memory encoding task.
Participants were told that we were interested in the individual differences in emotional reactivity raised by the pictures and that the responses would be evaluated the next
day. They were instructed to rate the pictures based on
arousal and valence using the SAM. Filler questionnaires were
used to bridge the time intervals. Participants in the distant
groups filled the questionnaires out in between the stress
induction and the encoding task while participants in the
proximate group filled them out after the encoding task.
After administration of the MAST or no-stress control condition, the PANAS and again 8 min baseline EEG activity were
assessed. Participants were asked to provide additional saliva
samples at 4 time points following the MAST or no-stress
control condition: at t+0, t+20, t+40, t+50min with reference to
the end of the stressor.
Twenty-four hours after the encoding session, participants
returned to the lab. After a rest period of 10 min, a baseline
saliva sample was obtained. Next, the participants had to
complete the surprise free recall and recognition test. In the
free recall test, participants were given 10 min to write down
all pictures they could remember from the picture presentation procedure the day before. Participants were instructed
to provide enough details so that two independent raters
could identify and discriminate the picture from similar
pictures. For the recognition test, participants were
instructed to classify each picture as old or new. After all
measures were completed, participants were debriefed and
thanked for their participation.

2.6. EEG data acquisition and analysis
Electroencephalography (EEG) measurements were obtained
during the encoding task, using 19 electrodes (F7, F3, Fz, F4,
F8, C3, Cz, C4, CP1, CPz, CP2 P3, P1, Pz, P4, P2, O1, Oz, O2)
attached to an elastic cap and a right mastoid according to
the international 10—20 system. Two electrodes at the outer
canthi of both eyes recorded horizontal eye movements and
two electrodes above and below the left eye recorded vertical eye movements. The ground was located at AFz and the
reference electrode was placed on left mastoid. A 500 Hz
sampling rate and a band pass filter of 0.01—30 Hz was used
to record EEG using Vision Recorder (Brain Products, Germany). Scalp-electrode impedance was kept below 5 kV to
ensure high-quality EEG recordings. Offline analyses were
performed with Vision Analyzer 2.0 (Brain Products, Germany), including referencing to computer-linked mastoids
reference, EOG correction using the Gratton and Coles algorithm and baseline correction of 200 ms before stimulus
onset. Epochs were made for each stimulus type separately
from 200 ms before stimulus onset to 3000 ms after stimulus
onset. Epochs containing EEG changes exceeding 75 mV were
automatically omitted from averages. Subjects were only
included in the EEG analysis if they had at least 16 artifactfree trials per condition (average number of trials was 27.3
for neutral and 27.2 for negative pictures). Data from two
participants were excluded due to excessive artifacts and
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data of another participant were lost due to technical problems. The LPP was determined as the mean ERP amplitude in
the window of 500—1000 ms over centro-parietal electrodes
(CP1, CPz, CP2, P1, Pz, P2).

2.7. Data analysis
Subjective stress ratings were analyzed using a 2 (Condition:
stress vs. control)  2 (Timing: proximate vs. distant)  2
(Measurement: PANASpre vs. PANASpost) analysis of variance
(ANOVA) with the latter as within subject factor. Cortisol data
were log-transformed before analysis as Shapiro—Wilk tests
of normality showed typical skewness of the data. Cortisol
responses were analyzed using a 2 (Condition: stress vs.
control)  2 (Timing: proximate vs. distant)  5 (Measurement: tpre-stress vs. t+0 vs. t+20, vs. t+40 vs. t+50min) ANOVA. For
descriptive purposes, a responder rate was calculated representing participants with a cortisol increase equal to or larger
than 2.5 nmol/l (see, for example, Kirschbaum et al., 1993;
Smeets et al., 2012), which is thought to reflect a cortisol
secretory episode (van Cauter and Refetoff, 1985). The
percentage of participants who could be classified as cortisol
responders (i.e., a cortisol increase 2.5 nmol/l; see above)
was 75% (12 out of 16) for the proximate stress group and 81%
(13 out of 16) for the distant stress group. One participant out
of 16 in the proximate control group showed a cortisol
increase of 8.8 nmol/l and was excluded from further analyses. For each participant individually, the Area Under the
Curve with respect to increase (AUCi) was calculated as a
single measure of the total hormone (i.e., cortisol) concentration in response to the MAST or control task (Pruessner
et al., 2003). The following formula was used to compute
the AUCi: ((((t+0 + tpre-stress)/2) * 15) + (((t+20 + t+0)/2) * 20) +
(((t+40 + t+20/2) * 20) + (((t+50 + t+40)/2) * 15))  (tpre-stress *
(15 + 20 + 20 + 15)). The effect of timing of stress exposure
on memory performance (free recall %, hits, FA, Pr and Br)
and the LPP during encoding taking into account the different
stimulus types was assessed using 2 (Picture Type: neutral,
negative)  2 (Condition: stress vs. control)  2 (Timing:
proximate vs. distant) ANOVA with Picture Type as withinsubject factor. To explore possible relationships between
participants’ physiological stress response and memory,
bivariate Pearsons’s correlations were conducted. We used
a hypothesis driven approach for the correlations to limit the
inflation of Type I error rates in these analyses. We used
Greenhouse—Geisser correction when the assumption of
sphericity in the repeated measures ANOVA was not met.
All post hoc comparisons were performed using Bonferroni
correction for multiple comparisons. In case of significant
results, ANOVAs are supplemented with Partial Eta Squared
ðh2p Þ values as a measure of effect size (h2p of .01 indicate
small effects, h2p of .06 medium effects, and h2p of .14 large
effects; Fritz et al., 2012).

3. Results
3.1. Subjective and neuroendocrine stress
responses
For PANAS Negative Affect, a significant Measurement 
Stress interaction (F (1,59) = 20.38, p < .001, h2p ¼ :26) was
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p = .012; h2p ¼ :10), t+20 (F (1,60) = 47.32, p < .001;
h2p ¼ :44), t+40 (F (1,60) = 32.33, p < .001; h2p ¼ :35) and
t+50min (F (1,60) = 23.47, p < .001; h2p ¼ :28) but not at tpre-stress
(F (1,60) = 0.10; p = .76). Moreover, a univariate ANOVA indicated that the cortisol baseline during the recall task on
day 2 did not differ between the four groups (Stress:
F (1,60) = 1.05, p = .31; Measurement: F (1,60) = 0.04, p = .95).
None of the other interaction and main effects was significant.

3.2. Behavioral results

Figure 2 Salivary cortisol responses to the Maastricht Acute
Stress Test (MAST). Graphs show means  SE.

found. Follow-up tests indicate that both stress groups
showed an increase in negative affect in response to the
stressor. Mean PANAS change after stress minus before stress
(MPost-Pre) were 5.5 (SEM = 1.79) in the proximate stress
group (t(15) = 3.08, p = .008), and 2.7 (SEM = 0.90) in the
distant stress group (t(15) = 2.98, p = .009). Both control
conditions did not show an increase ( proximate control:
t(15) = 2.12, p = .051, MPost-Pre = 0.94, SEM = 0.44,
distant control: t(14) = 1.07, p > .30, MPost-Pre = 0.47,
SEM = 0.43).
Mean salivary cortisol concentrations prior to and following the (no-stress control) MAST are shown in Fig. 2. For the
salivary cortisol concentrations, a significant Measurement  Stress interaction (F (4,236) = 50.14, p < .001; h2p ¼
:46; e = .39) was found. Simple effects per saliva time point
revealed higher cortisol concentrations in the stress groups
compared to the control groups at t+0 (F (1, 60) = 6.73,

Mean scores derived from the free recall and recognition test
are shown in Table 1. Free recall performance was affected
by the emotional content of the pictures, as demonstrated by
a significant main effect of Picture Type (F (1,58) = 60.26,
p < .001; h2p ¼ :51), with negative pictures being remembered better. Stress and Timing did not differentially affect
the recall per picture type, as indicated by the non-significant Picture Type  Stress  Timing interaction (F (1,58) =
0.26, p = .61) and the finding that none of the other interactions were significant. There was however a significant
main effect of Stress (F (1,58) = 6.88, p = .01; h2p ¼ :11), with
stress decreasing the number of pictures that were correctly
remembered. Within the stress groups, Pearson’s correlations between the percentage correct free recall of negative
and neutral pictures on the one hand and the stress-induced
changes in cortisol (AUCi) on the other hand were performed
to evaluate the relationship between participants’ physiological stress responses and long-term memory performance.
All correlations were non-significant ( p’s > .16).
The analysis of the recognition data defined by the percentage hits (correct detection of old pictures) did not reveal
any interaction or main effects involving Picture Type, Stress
or Timing (all p’s > .13). Yet, the analysis of false alarms
revealed a main effect of Stress (F (1,58) = 7.35, p = .009;

Table 1 Means (SE) of Long-term (24-h) memory for negative and neutral pictures displayed as percentage free recall,
percentage hits, false alarms, corrected recognition (Pr) and bias index (Br).
Proximate stress

Distant stress

Proximate control

Distant control

Free recall (%)
Neutral
Negative

10.19 (1.07)
18.52 (1.79)

11.81 (1.35)
20.14 (1.78)

13.37 (1.48)
23.61 (1.81)

14.26 (1.86)
22.22 (1.94)

Recognition (hits%)
Neutral
Negative

95.83 (0.98)
94.97 (1.30)

95.31 (1.26)
94.44 (1.43)

95.31 (1.54)
94.44 (1.39)

96.48 (1.16)
95.37 (1.29)

False alarms (FA%)
Neutral
Negative

9.72 (2.85)
16.67 (2.87)

9.72 (2.98)
19.10 (3.29)

4.86 (1.89)
9.03 (1.96)

6.30 (2.48)
10.37 (2.23)

Recognition (Pr)
Neutral
Negative
Bias index (Br)

0.91 (0.02)
0.87 (0.02)

0.90 (0.02)
0.85 (0.03)

0.93 (0.02)
0.90 (0.02)

0.93 (0.02)
0.90 (0.02)

Neutral
Negative

0.49 (0.06)
0.58 (0.06)

0.50 (0.06)
0.62 (0.05)

0.40 (0.05)
0.50 (0.04)

0.48 (0.06)
0.53 (0.05)

Note: For free recall, corrected recognition (Pr), and false alarms (FA%), a significant main effect of stress was found ( p = .01, p = .04,
p = .009 respectively). A significant main effect of picture type was found for free recall, corrected recognition (Pr), bias index (Br), and
false alarms (all p’s < .001).
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(r(16) = .50, p = .05) between AUCi and the number of correct recognized neutral pictures was found (see Fig. 3). These
correlations with the cortisol response (AUCi) are significantly different (Z = 2.85, p < .001). Importantly, these
effects were obtained without group differences in Br (all
p’s > .14).2

3.3. ERP results: late positive potential

Figure 3 Correlations between the cortisol response (AUCi)
and the recognition performance (Pr) of neutral pictures. Stressinduced cortisol changes are reversely associated with subsequent recognition of neutral pictures in the proximate and
distant stress groups. Note that the two correlations significantly
differ from each other ( p < .001).

h2p ¼ :11), with stress increasing the number of false alarms,
as well as a main effect of Picture Type (F (1,58) = 20.45,
p < .001; h2p ¼ :26), with negative pictures producing higher
false alarm rates (no significant interactions emerged; all
p’s > .15). Moreover, the number of false alarms of neutral
pictures was negatively related to the stress-induced changes
in cortisol (AUCi) in the proximate condition (r(15) = .53,
p = .04).
The analysis of the discrimination index Pr revealed that
recognition performance was affected by the emotional
content of the pictures, as demonstrated by a significant
main effect of Picture Type (F (1,58) = 16.90, p < .001;
h2p ¼ :22), with neutral pictures being better discriminated.
Stress and Timing did not differentially affect recall per
picture type, as indicated by the non-significant Picture
Type  Stress  Timing interaction (F (1,58) = 0.06, p = .80),
and none of the other interactions were significant. There
was however a significant main effect of Stress (F (1,58) = 4.24,
p = .04; h2p ¼ :07), with stress decreasing the discrimination
of old/new pictures.1 Moreover, the correct recognition of
neutral pictures correlated with the stress-induced changes
in cortisol (AUCi). Specifically, in the Proximate stress group,
a positive correlation (r(15) = .52, p = .05) between AUCi and
the number of correct recognized neutral pictures was found.
While in the distant stress group, a negative correlation

1
The recognition task consisted of 25% new similar and 25% new
different pictures. The analysis of the recognition memory (Pr)
separately for new similar and new different items yielded highly
similar results as the analysis of the overall Pr, with stress decreasing
the number of recognized pictures, independent of the picture type
or the timing of the stressor.

The overall shape of encoding ERPs was similar for neutral
and negative pictures (see Figs. 4 and 5). As expected,
mean LPP amplitudes for negative pictures were more positive going than for neutral pictures (Neutral M = 6.25,
SEM = 0.52; Negative M = 8.59, SEM = 0.68; F (1,56) = 26.24,
p < .001; h2p ¼ :32). Stress and Timing did not differentially
affect the LPP in the 500—1000 ms window per picture type,
as indicated by the non-significant interaction and main
effects (Stress  Timing  Picture Type interaction F (1,56) =
1.22, p = .28). Within the stress groups, Pearson’s correlations between the amplitude of the LPP in the 500—1000 ms
window of negative and neutral pictures on the one hand and
stress-induced changes in cortisol (AUCi) on the other hand
were performed to evaluate the relationship between participants’ physiological stress responses and information processing. In the proximate stress group, AUCi correlated
positively with the amplitude of the LPP for negative pictures
(r(14) = .54, p = .05), while in the distant stress group a
negative correlation (r(16) = .51, p = .05) between AUCi
and the amplitude of the LLP for neutral pictures was found.
Based on visual inspection, the effect of Stress and Timing
on the late LPP was also analyzed. The late LPP was scored by
mean activity in successive 500 ms windows from 1 to 2.5 s.
The ANOVAs of the LPP in the 1000—1500 ms, 1500—2000 ms
and 2000—2500 ms window all indicated a main effect of
Picture Type, with negative pictures eliciting a larger (more
positive) LPP irrespective of Stress or Timing (F (1,56) = 8.59,
p < .005; h2p ¼ :13; F (1,56) = 12.00, p = .001; h2p ¼ :18;
F (1,56) = 3.03, p = .09; h2p ¼ :05, respectively). Separate ANOVAs per picture type for the LPP in the 1500—2000 ms window
revealed a main effect of Stress at trend level for neutral
pictures (F (1,56) = 3.42, p = .07; h2p ¼ :06) with stress decreasing (less positive) the LPP in the 1500—2000 ms time window.
No interaction or main effects were significant for negative
pictures or for the LPP in the 1000—1500 and 2000—2500 ms
window.3
3.3.1. Exploratory analysis of early ERPs
A data driven approach was chosen to evaluate the effects of
stress on early ERP components. Visual inspection served to
determine areas of interest, which are shown in Figs. 6 and 7.

2
In the current sample, 7 non-responders (i.e. participants who did
not show a cortisol elevation > 2.5 mmol/l to the MAST) were identified. When the analyses were restricted to data from only cortisol
responders, the 2  2  2 ANOVAs yielded highly similar results.
3
When the exploratory ERP analyses were restricted to data from
only cortisol responders, the 2  2  2 ANOVAs yielded highly similar
results. Except for the LPP in the 1500—2000 ms time window, the
main effect of stress for neutral pictures became significant
(F (1,49) = 4.63; p = .04; h2p ¼ :09), with stress decreasing (less positive) the LPP in the 1500—2000 ms window.
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Figure 4 Grand-averaged ERP waveforms over two scalp electrodes (CPz and Pz) for all neutral (blue line) and negative (red line)
pictures for the distant condition (control dotted line; stress solid line). The LPP was determined as the mean ERP amplitude in the
window of 500—1000 ms, 1000—1500 ms, 1500—2000 ms and 2000—2500 ms over a cluster of centro-parietal electrodes (CP1, CPz, CP2,
P1, Pz, P2). The LPP was larger for negative pictures compared to positive pictures ( p < .001). For the LPP in the 1500—2000 ms
window a main effect of stress was found with stress decreasing the LPP for neutral pictures ( p = .05). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

The N100 was measured as the mean amplitude in the window
of 75—125 ms at Fz, the P200 in the window of 150—220 ms at
Pz, and the N200 was in the window of 220—300 ms at CPz.
For the N100, a significant Stress  Timing  Picture
Type interaction (F (1,56) = 6.63, p = .01; h2p ¼ :11) was found.
Follow-up analysis per Picture Type revealed for negative
pictures a Stress  Timing interaction at trend level
(F (1,56) = 2.85, p = .10; h2p ¼ :05), but no interaction or main
effects for neutral pictures ( p’s > .38). However, post hoc
analyses for negative pictures revealed that the stress effect
was not significant in any of the separate ANOVAs per timing.
For the P200, a Stress  Timing  Picture Type interaction
at trend level was found (F (1,56) = 3.75, p = .06; h2p ¼ :06).
The corresponding two-way interactions for each picture
type were significant (negative pictures: Stress  Timing
F (1,56) = 5.70,
p = .02;
h2p ¼ :09;
neutral
pictures:
Stress  Timing F (1,56) = 13.32, p < .001; h2p ¼ :19). Post
hoc analyses per timing revealed that for both negative
and neutral pictures, stress 30 min before encoding
decreased (less positive) the P200 compared to the control
group (negative pictures: F (1,28) = 9.83, p < .005; h2p ¼ :26;

neutral pictures: F (1,28) = 19.15, p < .001; h2p ¼ :41), whereas
the effect of stress was not significant for the proximate
condition in any of the separate ANOVAs per picture type
( p’s > .40).
For the N200, a significant Stress  Timing  Picture
Type interaction (F (1,56) = 7.15, p = .01; h2p ¼ :11) was found.
Follow-up analyses per Picture Type revealed for neutral
pictures a Stress  Timing interaction at trend level
(F (1,56) = 2.85, p = .10; h2p ¼ :05), but no interaction or main
effects for negative pictures (all p’s > .12). For neutral
pictures, simple effects per timing suggest that stress
30 min before encoding increased the N200 (more negative)
compared to the control group (F (1,28) = 6.29, p = .02;
h2p ¼ :18), whereas this stress effect remained non-significant
in the proximate stress group.

4. Discussion
The primary aim of the current study was to investigate the
influence of stress applied immediately or 30 min prior to
encoding on information processing and on long-term (24 h)

Temporal proximity of stress and memory encoding
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Figure 5 Grand-averaged ERP waveforms over two scalp electrodes (CPz and Pz) for all neutral (blue lines) and negative pictures (red
lines) for the proximate condition (control dotted line; stress solid line). The LPP was determined as the mean ERP amplitude in the
window of 500—1000 ms, 1000—1500 ms, 1500—2000 ms and 2000—2500 ms over a cluster of centro-parietal electrodes (CP1, CPz, CP2,
P1, Pz, P2). The LPP was larger for negative pictures compared to positive pictures ( p < .001). For the LPP in the 1500—2000 ms
window a main effect of stress was found with stress decreasing the LPP for neutral pictures ( p = .05). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

memory performance. Results demonstrate that participants
in both stress groups displayed significant stress responses in
terms of subjective negative affect scores and cortisol levels
compared to the no-stress control conditions. In general,
stress decreased the number of freely recalled and recognized pictures, increased the number of false alarms and
decreased the LPP in the 1500—2000 ms window of neutral
pictures. Moreover, stress-induced cortisol responses (AUCi)
and correctly recognized neutral pictures were positively
associated within the proximate stress group, whereas they
were negatively associated within the distant stress group.
The present finding of stress increasing the number of
false alarms is in line with previous research suggesting
specific memory alternations due to stress-induced cortisol
levels (Domes et al., 2004). This increase in false alarms was
not produced by an effect of stress on the general probability
of answering yes as indicated by the non-significant effect
of stress on the response bias. This latter finding to some
extent disagrees with previous work showing a more liberal
response bias for neutral information as a consequence of a

stress-induced hypervigilant neural state resulting in more
generalized memory encoding (Qin et al., 2012). Nevertheless, timing of the stressor did not differentially affect the
number of false alarms. Moreover, in contrast to Zoladz et al.
(2011), a differential effect of proximate versus distant
stress on subsequent memory performance was not found
although we did find opposite correlations between the
stress-induced cortisol response and the correct recognition
of neutral pictures in the two stress timing groups. Zoladz
et al. (2011) found an enhancing effect of stress applied
immediately prior to learning for positive words on recognition memory and an impairing effect of stress applied 30 min
prior to learning for negative words on free recall in cortisol
responders. In the same vein, we found that stress-induced
cortisol responses and correctly recognized neutral pictures
were positively associated within the proximate stress group,
but negatively within the distant stress group. Another
apparent difference with Zoladz et al. (2011) is that we
found associations with cortisol responses only for correct
recognition of neutral pictures but not for the emotional
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Figure 6 Grand-averaged waveforms depicting early ERP components for all neutral (blue lines) and negative (red lines)
pictures for the distant condition (control dotted lines; stress
solid lines). Notre that the P200 (150—220 ms) for negative and
neutral pictures was decreased by stress 30 min before encoding
(both p’s < .01). The N200 (220—300 ms) for neutral pictures was
increased by stress 30 min before encoding ( p = .02). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

Figure 7 Grand-averaged waveforms depicting early ERP components for all neutral (blue lines) and negative (red lines)
pictures for the proximate condition (control dotted lines; stress
solid lines). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the
article.)

pictures. Methodological differences can at least in part
explain these divergent findings. For example, while Zoladz
et al. (2011) used a word list paradigm, the current study
employed a pictorial task that lasted 18 min. Additionally,
while being comparable in size, the study sample in Zoladz
et al. (2011) was predominantly female while the current
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study only consisted of men. This could be important given
that memory performance of men could be more affected by
stress-induced cortisol elevations than that of women (e.g.,
Wolf et al., 2001).
We found that stress decreased the amount of recalled
and correctly recognized neutral and negative pictures.
Overall, studies that have investigated the effect of stress
on memory encoding have yielded divergent findings, with
some reporting enhanced subsequent memory performance
(e.g., Kuhlmann and Wolf, 2006; Nater et al., 2007; Schwabe
et al., 2008; Smeets et al., 2009), others finding no effect
(e.g., de Quervain et al., 2000; Domes et al., 2002; Smeets
et al., 2008), impairing effects (e.g., Kirschbaum et al.,
1996; Lupien et al., 1997; Kim et al., 2001), and still others
reporting emotion dependent effects. For example, studies
similar in design to the current study investigating preencoding stress in an incidental learning paradigm on delayed
recall revealed an impairment of neutral information while
emotional information was enhanced (Payne et al., 2006,
2007). It has been proposed that emotionally distressing
situations might introduce a longer time window during
which encoding of emotional information is not impaired
(Smeets et al., 2009; Karst et al., 2010) which might be
mediated by GC activation of the amygdala. Note that we did
not obtain a generally better recognition performance for
negative pictures than neutral pictures, while this emotional
memory enhancement effect was observed for the free recall
data. These results might appear to be conflicting and at odds
with prior studies reporting an emotion memory enhancement effect. Yet, there are also examples of studies that did
not find this emotional enhancement effect (e.g., Schwabe
and Wolf, 2010; Zoladz et al., 2011, 2013). This effect may
not have taken place in the present study because in general,
the percentage correctly recognized old pictures was near
ceiling irrespective of condition (i.e., MHit > 94%) which can
have obscured emotion effects on recognition memory.
The exploratory ERP analyses revealed that stress 30 min
before encoding decreased the P200 for negative and neutral
pictures while it increased the N200 for neutral pictures. It
has been proposed that the amplitude of those two mid
latency components reflect automatic post-perceptual selective attention (Luck, 2005). A reduced P200 amplitude and an
increased N200 amplitude has also been found in post-traumatic stress patients (PTSD) and in anxiety disorders in
general (e.g., Felmingham et al., 2002; Wessa et al.,
2005; Sass et al., 2010; see for a review in PTSD: Javanbakht
et al., 2011) reflecting the distorted attentional bias and
hyperarousal symptoms found in anxiety related disorders.
The observation of an early modulation of the ERP by stress
30 min before encoding support the idea of sensory hyperarousal under stress affecting attention-modulated information processing.
In line with previous research, the amplitude of the LPP in
the 500—1000 ms window was larger for negative than for
neutral pictures, known as the emotion effect (e.g., Dolcos
and Cabeza, 2002). Stress decreased the LPP in the 1500—
2000 ms window for neutral pictures although irrespective of
the timing of the stressor. Markedly, stress-induced cortisol
responses (AUCi) were negatively associated with the amplitude of the LPP in the 500—1000 ms window within the distant
stress group. Interestingly, the correct recognition of neutral
pictures also correlated negatively with the AUCi in this distant
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stress group. It seems that stress 30 min before encoding
decreased attentional allocation to neutral information
thereby impairing the processing of new information. This
observed antagonistic link on the behavioral and information
processing level between the increase in cortisol and neutral
information may mirror a refractory state of the hippocampus
induced by genomic GR as well as non-genomic MR actions
(Joëls et al., 2006; Diamond et al., 2007; Karst et al., 2010;
Joëls et al., 2011). It is known that acute stress results in the
release of neurotransmitters like noradrenaline in amongst
others the prefrontal cortex (e.g., Arnsten, 2009). Based on
animal and human work, it has been proposed that an interaction of GCs with the noradrenergic system in the BLA is
crucial for stress to affect emotional memory (e.g. Roozendaal
et al., 2009; Roozendaal and McGaugh, 2011). In line with this
suggestion, we found a positive association between the AUCi
and the amplitude of the LPP in the 500—1000 ms window for
negative pictures within the proximate stress group. Our
finding is also in accordance with Weymar et al. (2012) who
found a selective enhancement of the LPP for unpleasant
pictures in stressed participants suggesting that pre-learning
stress tunes the brain for the processing of biologically relevant stimuli. Nevertheless, the present study did not replicate
the finding of Weymar et al. (2012) regarding a positive
correlation between the amplitude of the LPP of unpleasant
pictures and memory performance 24 h later among stressed
participants.
The fact that the timing of pre-learning stress did not
directly affect attentional processing (i.e., LPP amplitude) or
long term memory could indicate the need for a finer delineation of the precise time windows during which stress and
glucocorticoids can affect memory encoding processes. For
example, Diamond et al. (2007) found that predator stress
immediately but not 30 min prior to learning in the water
maze enhanced long-term memory in rats. Unfortunately,
the task measurements used by Diamond et al. (2007) did not
allow assessing the model based anticipated memory impairments when stress was applied 30 min before learning.
Although animal research has been very valuable regarding
the time dependent involvement of the MR and GR receptors
to stress responses (e.g., de Kloet, 2008), translation to
humans seems to be intricate (e.g., Smeets et al., 2009;
Zoladz et al., 2011).
Some limitations to the current study are worth mentioning. First, we did not measure activity of the sympathetic
nervous system (e.g., via salivary alpha-amylase). However,
it is very likely that by using emotionally arousing IAPS
pictures, the current task also stimulated the adrenergic
system including the amygdala (e.g., Phan et al., 2002;
van Stegeren et al., 2010). In support of this interpretation,
the used negative IAPS pictures were subjectively rated as
arousing. Second, several studies involving acute psychological stressors have occasionally found evidence suggesting
that sex differences may modulate the effects of GCs on
memory. Future studies using the current study design may
benefit from including both males and females. Third, it
would be interesting to investigate the effect of stress before
encoding on the electrophysiological signature of remembered items, i.e., the subsequent memory effect (e.g.,
Dolcos and Cabeza, 2002). This was not possible in the
current study since 36 pictures per category were presented
and the mean free recall percentage was 15%, which clearly is
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an insufficient number of trials for ERP averaging. Future
studies should take the low percentage of free recall into
account, for instance by including more pictures in the
encoding task. Moreover, the current study included moderately arousing unpleasant pictures. Effects of picture arousal
on the LPP have consistently been found (see for a review
Olofsson et al., 2008) indicating the need to examine the
effect of the proximity of stress on the encoding of high
arousing stimuli. Finally, we have interpreted some of the
findings based on high correlations found in relatively small
samples. In order to further delineate the effect of timing of
stress on memory, future work with larger sample sizes will
need to be conducted.
In sum, the results of this study suggest that the time at
which a stressor is applied might differentially impact the
association between stress-induced cortisol elevations and
memory formation for emotionally arousing and neutral events
learned after the stressor. Thereby, this study adds knowledge
to the relatively sparse and inconsistent literature regarding
the modulating effects of stress on memory formation. Administering stress prior to encoding seems a promising avenue to
extend the temporal dynamics model of emotional memory
processing (Joëls et al., 2006; Diamond et al., 2007) that is
supported by numerous studies demonstrating enhancing
effects when stress is applied after learning during memory
consolidation while stress applied before retrieval impairs
memory. Thus, future studies should further delineate the
exact time window under which memory is enhanced or
impaired by acute psychosocial stress separately across different types of memory (e.g., emotional and neutral) and
different memory paradigms (e.g., words, pictorial, incidental, and intentional), while carefully controlling for time of day
and gender. Meanwhile, imaging techniques like EEG should be
used since they seem to be more sensitive and can help to
determine the underlying neurobiological mechanism.
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