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Abstract

The stress-associated activation of the hypothalamus-—pituitary—adrenal axis influences memory. Several studies have
supported the notion that post-learning stress enhances memory consolidation, while pre-retrieval stress impairs retrieval.
Findings regarding the effects of pre-encoding stress, in contrast, have been rather inconsistent. In the current two studies, the
impact of an immediate retrieval task on these effects was explored. In the first study, 24 healthy young male participants were
exposed to a psychosocial laboratory stressor (Trier Social Stress Test) or a control condition before viewing positive, negative,
and neutral photographs, which were accompanied by a brief narrative. Immediate as well as delayed (24 h later) free recall
was assessed. Stress was expected to enhance emotional long-term memory without affecting immediate recall performance.
Stress caused a significant increase in salivary cortisol concentrations but had no significant effects on immediate or delayed
retrieval performance, even though a trend toward poorer memory of the stress group was apparent. Based on these findings,
the second experiment tested the hypothesis that the beneficial effects of stress on emotional long-term memory performance
might be abolished by an immediate recall test. In the second study (n = 32), the same design was used, except for the
omission of the immediate retrieval test. This time stressed participants recalled significantly more negative photographs
compared to the control group. The present study indicates that an immediate retrieval attempt of material studied after stress
exposure can prevent or even reverse the beneficial effects of pre-encoding stress on emotional long-term memory
consolidation.
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Introduction rapid non-genomic effects of corticosterone (Joels
et al. 2006; Diamond et al. 2007; Joels et al. 2011).
Subsequently, genomic glucocorticoid effects are
considered to suppress hippocampal plasticity,

It is well recognized that stress and its associated
release of catecholamines and glucocorticoids can

influence long-term memory. Research has fostered thereby impairing the storage of new information

our' understanding ) of the multiple modulatory acquired minutes to hours after stress exposure (Joels
variables to be considered (Wolf 2008; Wolf 2009; et al. 2006; Diamond et al. 2007). These studies

Schwabe et al. 2010). It is commonly agreed that  were thus focused on the temporal [and spatial/
acute stress can have facilitating as well as impairing  contextual (Joels et al. 2006)] aspects of the rela-
effects on long-term memory (Joels et al. 2006;  tionship between the stressor and the memory task
Diamond et al. 2007; Sandi and Pinelo-Nava 2007). (rapid beneficial effects vs. slow detrimental effects).

Experimental studies with laboratory animals have Roozendaal and colleagues (2006) have argued
been valuable in this respect. Some authors have that stress hormones enhance long-term memory
suggested that stress initially (within minutes) has an consolidation by influencing the basolateral
enhancing effect on memory mostly driven by  amygdala and the hippocampus. In contrast, stress
noradrenaline, corticotropin releasing factor, and before memory retrieval has impairing effects
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(de Quervain et al. 1998; Kuhlmann et al. 2005). Both
effects are more pronounced for emotional material.
This model thus focuses on the role of different
memory phases (Roozendaal et al. 2006), but the issue
of pre-learning stress is not addressed explicitly in the
Roozendaal model.

Experimental stress studies in humans have
supported some of these assumptions. Some studies
have reported impairing effects on memory retrieval
(Kuhlmann et al. 2005; Buchanan et al. 2006;
Smeets et al. 2008; Tollenaar et al. 2008b; Merz
et al. 2010). Other studies demonstrated beneficial
effects of post-learning stress on long-term memory
consolidation (Cahill et al. 2003; Smeets et al. 2008;
Preuf3 and Wolf 2009).

Results for pre-encoding (pre-learning) stress have
been heterogeneous. Several authors have reported
enhancing (Nater et al. 2007; Schwabe et al. 2008),
impairing (Kirschbaum et al. 1996; Takahashi et al.
2004; Smeets et al. 2005; Smeets et al. 2006), or
absent (Smeets et al. 2008) effects. Emotionality
(Payne et al. 2006; Payne et al. 2007), the size of
the stress response (Wolf et al. 2001; Nater et al. 2007)
as well as circadian influences (Maheu et al. 2005)
have been discussed as modulatory variables.

In addition to the variables mentioned above,
retrieval delay might be important. Effects of pre-
learning stress on immediate recall (tested at times
when the stress-induced cortisol concentrations are
still elevated) might differ from the effects on delayed
recall (tested at times when cortisol concentrations
have returned to baseline). In the former situation, the
impairing effects of stress on memory retrieval
(Kuhlmann et al. 2005; Buchanan et al. 2006; Merz
et al. 2010) and working memory (Oei et al. 2006;
Luethi et al. 2008; Schoofs et al. 2008; Schoofs et al.
2009) might prevail, while in the latter condition,
the beneficial effects on consolidation can unfold
(Roozendaal et al. 2006). Moreover, the presence of
an immediate recall could have an impact on the
consolidation (or reconsolidation) of the material
acquired immediately beforehand (Tollenaar et al.
2008a; Schwabe and Wolf 2010). This issue has not
been addressed systematically yet.

The goal of the present two experiments was thus
to investigate the effects of pre-encoding stress on
long-term memory for stimuli with different valence,
with special attention paid to the possible modula-
tory influence of immediate recall. In the first study,
stress was expected to enhance emotional long-term
memory consolidation, leading to enhanced
emotional memory when tested 24h later (delayed
retrieval), but not when tested immediately after
encoding. Based on the findings of the first study,
the second study tested the hypothesis that the
beneficial effects of pre-encoding stress on emotional
long-term memory consolidation occur only when
no immediate recall test (as in the first study) is
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conducted. Based on the previous findings, it was
expected that stress would primarily influence
emotional arousing material, independent of its
valence (see Wolf 2009).

Materials and methods

Study 1: Effects of stress on immediate and delayed recall of
emotional photographs

Participants. Initially, 26 healthy male students
participated. They were recruited via flyers on the
campus or postings on several homepages of
the university. Participants were excluded if they
reported any use of medication that could influence
the stress response (e.g. antibiotics, antihistamines,
and glucocorticoids). Two participants had to be
excluded after the completion of the study due to
outlier values (defined as more than 2.5 SDs away
from the mean) in the hormonal and/or affective
measures. The mean age of the remaining 24 was
24.0 = 0.66 (mean * SE) years. The mean body mass
index (kg/m?) was 23.32 (*+0.53). All provided
written informed consent. The study was approved
by the ethics committee of the German Psychological
Association, and the guidelines of the Declaration of
Helsinki were followed.

Study 2: Effects of stress on delayed recall of emotional
photographs in the absence of an immediate recall test

Participants. Thirty-two healthy men participated in
the second study. The mean age was 24.84 = 0.82
(mean * SE). The mean body mass index (kg/m?)
was 23.99 (£0.54). Inclusion criteria were identical
to Study 1.

Materials

Stimuli. The stimuli used were developed and
validated by Buchanan and colleagues (2001,
2003). The material, translated by our group, had
been used in two studies investigating the influence
of basal cortisol concentrations or post-learning
stress on memory (Preufl et al. 2008; Preuf3 and
Wolf 2009). The stimuli consisted of five positive
(e.g. two happy girls eating ice-cream; a boy with his
favorite toy animal), five negative (e.g. a diseased
African child with bandages; a dead man and a dead
dog on a dirt road), and five neutral (e.g. people
leaving or entering a building; people with books
sitting at a table) color photographs, each presented
in a random order for a duration of 10s on a
computer screen. Each picture was accompanied by
a single narrative sentence which contained infor-
mation that was not obvious in the picture (e.g. the
names of the two girls and the flavor of ice-cream
they were eating).
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Immediate recall. The immediate free recall test took
place directly after the presentation of the pictures.
Participants had to write down everything they
remembered. Answers were evaluated by two inde-
pendent judges. Differences in test scores were
discussed and were resolved by a third judge. High
inter-rater reliability of this procedure has been
established (Preuf et al. 2008). In line with our
previous scoring method (Preuf3 and Wolf 2009), a
participant received three points if the information
noted could be clearly associated with one of the
pictures and was correct in details (e.g. two girls eating
ice-cream). It was not a prerequisite for the achieve-
ment of three points that parts of the information
provided in the narrative were written down (even
though this was typically the case). Two points were
given for information that could be clearly associated
with one of the pictures but contained some incorrect
details (e.g. two girls eating candies; a boy and a girl
eating ice-cream). If the information was completely
wrong or could not be clearly linked to one picture,
participants received one point. Thus, 5-15 points
could be reached for each valence category.

The design of the second study was identical to the
first study, except for the omission of the immediate
recall test on day one.

Delayed recall. On the second day, 24h after the
presentation of the pictures, the delayed free recall test
was conducted. The procedure as well as the scoring
was exactly the same as during the immediate recall
task (see above).

Rartings of the pictures. After the delayed retrieval,
participants were asked to evaluate the pictures with
respect to arousal and valence. All pictures were
presented again and participants marked their rating
for arousal and valence on two separate five-point
Likert scales. The valence scale ranged from very
unpleasant to very pleasant (with neutral in the
middle). The arousal scale ranged from no arousal to
very strong arousal (with weak, moderate, and strong
arousal occupying the remaining three points).

Affect measurement (positive and negative affective
schedule). This questionnaire consists of 10 items for
negative affect and 10 items for positive affect (Watson
et al. 1988). This questionnaire, translated into
German, has been validated by Krohne and colleagues
(1996). Internal consistencies of the two scales are
high (Cronbach’s « > 0.84). Based on previous
observations from our laboratory indicating that the
negative but not the positive affect scale is sensitive to
Trier Social Stress Test (TSST)-induced mood
changes (e.g. Schoofs et al. 2008; Wolf et al. 2009),
only the negative affect scale was used. Participants
filled out the positive and negative affective schedule
(PANAS) before the experimental treatment and a
second time after the stress or control treatment.

Stressor and control condition. TSST (Kirschbaum
et al. 1993) was used. It consists of an oral
presentation and an arithmetic task in front of a
panel (one woman and one man) acting very reserved,
and is videotaped. This stressor, with a total duration
of 15min, reliably elicits a cortisol stress response.
The non-stressful control condition (Placebo-TSST)
also consists of an oral presentation and an arithmetic
task but participants do not perform in front of
audience and are not videotaped. It lacks the stressful
components of the TSST and does not elicit a cortisol
stress response (Het et al. 2009).

Saliva samples. Saliva was collected using Salivette
collection devices (Sarstedt, Numbrecht, Germany).
Subjects were instructed to refrain from eating and
drinking anything except water for 1h prior to
participation. Moreover, physical exercise was to be
avoided and potentially stressful days were avoided
during the scheduling of the appointments. Four
saliva samples were collected (see below). Cortisol
was assessed using a commercially available chemi-
luminescence immuno assay kit (IBL, Hamburg,
Germany). Inter- and intra-coefficients of variation
were below 10%. Assay sensitivity was 0.16 ng/ml.

Procedure. Participants were tested on 2 days 24h
apart. Testing started between 14:00 and 16:00h.
After arrival, participants filled out the PANAS for the
first time. Subsequently, the first saliva sample was
collected (base), followed by the TSST or the control
condition. It was only after entering the TSST
or control condition room that participants found
out whether or not they would be part of the stress or
control condition. After the treatment (15 min later),
the second saliva sample was collected (+01 min) and
subjects filled out the PANAS for the second time.
Thereafter, the third saliva sample was collected
(+10min). The pictures and the narratives were
presented next. After the presentation, participants in
Study 1 took the immediate free recall test. The last
saliva sample (4+25min) was collected 25 min after
the treatment. Participants were returned to the
laboratory 24 h later for the delayed recall test and
the ratings. The experimental time line is presented
in Table 1.

Statistical analyses. ANOVAs for repeated measure-
ments followed by post hoc z-tests were conducted.
The Greenhouse—Geisser corrected F- and p-values
were used when indicated. Student’s z-tests were
conducted in order to follow up significant interaction
effects of the ANOVAs. The Bonferroni corrections
were implemented when indicated. A value of
p < 0.05 was considered significant and a value of
p < 0.10 was considered to represent a non-significant
trend. Data are presented as means = SEM.
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Table I. Timeline of experiments.

Time (h) Task Duration (min)

Day 1 procedures
0:00 Arrival, written informed consent, rest 20
0:20 Negative affect measure 03
0:23 Salivary sample (baseline) 02
0:25 TSST or control (Placebo-TSST) condition 18
0:43 Salivary sample (401 min) 02
0:46 Negative affect measure 03
0:48 Salivary sample (410 min) 02
0:50 Encoding of the photographs 05
0:55 Immediate free recall (Study I only) 05
1:00 Salivary samples (425 min) 02
1:02 Debriefing about the TSST 05

Day 2 procedures
0:00 Free delayed recall 05
0:05 Ratings of the photographs 05

Notes: Outline of the experimental time table of the two studies. Testing took place in the afternoon (14:00—16:00 h). In Study 1, the encoding
of the photographs was followed by an immediate free recall test. This test was omitted in Study 2. Beside this change the design and time lines

of the two experiments were identical. TSST, Trier Social Stress Test.

Results

Study 1: Effects of stress on immediate and delayed recall of
emotional photographs

Salivary cortisol concentrations. An ANOVA with
the within-subject factor TIME (base vs. +01 min
vs. +10min vs. +25min) and the between-subject
factor STRESS (control vs. TSST) was conducted.
Results revealed a significant TIME by STRESS
interaction [F(1.4,30.3) =27.2, p < 0.001]. In the
TSST group (n= 12), cortisol concentrations
increased from, mean = SEM, 10.64 = 0.88 nmol/l
(baseline) to 18.03 = 1.28 (+ 1 min) to 24.23 = 1.98
(410 min) nmol/l before decreasing to 18.76 *= 2.26
(+25min) nmol/l. In controls (= 12), cortisol
concentrations declined steadily throughout
the experiment: 8.37 = 0.32nmol/l (baseline),
7.24 = 0.67 (4+1min), 6.31 = 0.58 (+10min), and
5.40 £ 0.43 (4+25min)nmol/l. z-Tests revealed
that the TSST group displayed higher cortisol
concentrations than the controls at all of the three
times post-treatment (all p < 0.001), but did not
differ at baseline.

Affect. An ANOVA with the inner-subject factor time
(pre-treatment vs. post-treatment) and the between-
subject factor stress (control vs. TSST) was
conducted for the negative mood scale. Results
revealed a non-significant interaction between TIME
and STRESS [F(1,22) = 2.48, p = 0.13]. In the stress
group, a significant (p < 0.05) increase in negative
affect occurred (mean = SEM, pre 1.32 £ 0.09; post
1.67 = 0.19). No changes in negative affect were
apparent in the control group (pre 1.46 * 0.12; post
1.48 £ 0.19).

Effects of pre-encoding stress on immediate and delayed
memory retrieval. Results are shown in Figure 1. An
ANOVA was conducted with the inner-subject factors
RECALL (immediate vs. delayed) and VALENCE
(positive vs. negative vs. neutral) and the between-
subject factor STRESS (control vs. TSST).

Results revealed only a trend toward a main effect of
RECALL [F(1,22) =3.53, p=0.07], with better
recall during the immediate recall test. In addition,
only a trend toward a main effect of STRESS
[F(1,22) = 3.74, p=0.07] was apparent. Overall,
stressed participants tended to remember fewer items.

I Control
1 Stress

Memory score
(=21

pos neu neg pos neu neg
Immediate recall Delayed recall

Figure 1. Effects of pre-encoding stress on immediate and delayed
recall of emotionally positive (pos), neutral (neu), and negative
(neg) photographs (Study 1). No significant differences between the
stress group (z = 12) and the control group (n = 12) emerged;
however, stressed participants tended to perform poorer overall
(ANOVA revealed only a trend towards a main effect of STRESS,
p =0.07). Data are expressed as mean = SEM.
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None of the other main effects or interactions reached
a trend level. If memory data were analyzed with two
separate ANOVAs (one for immediate and one for
delayed recall), similar results emerged (p = 0.08 and
0.11, respectively).

Subjective rarings. The valence data were analyzed with
an ANOVA with the inner-subject factor VALENCE
(positive vs. negative vs. neutral) and the between-
subject factor STRESS (control vs. TSST). Results
revealed a significant main effect of VALENCE
(p <0.01) in the absence of an effect of STRESS
(main effect or interaction). Positive pictures were
rated (mean = SEM, 3.82 £ 0.11) as significantly
more positive than neutral pictures (3.03 = 0.06),
which in turn were rated as significantly more positive
than negative pictures (1.77 = 0.08).

The arousal data were analyzed with an ANOVA
with the inner-subject factor VALENCE (positive vs.
negative vs. neutral) and the between-subject factor
STRESS (control vs. TSST). Results revealed a
significant main effect of VALENCE (p < 0.01) in
the absence of an effect of STRESS (main effect
or interaction). Negative pictures were rated
(3.39 £ 0.12) as significantly more arousing than
positive pictures (2.44 = 0.15), which in turn were
rated as significantly more arousing than neutral
pictures (1.86 = 0.15).

Study 2: Effects of stress on delayed recall of emotional
photographs in the absence of an immediate recall test

Salivary cortisol concentrarion. Results revealed a
significant TIME by STRESS interaction [F(1.41,
42.26) = 22.05, p < 0.001). In the TSST group
(n=15), cortisol concentrations increased from,
mean = SEM,12.48 = 1.52(baseline)to19.84 *= 1.85
(+1min) to 27.54 = 2.85 (410 min) nmol/l before
decreasing to 20.56 = 1.98 (425 min)nmol/l. In
controls (n = 17), cortisol concentrations declined
steadily throughout the experiment: 9.02 * 0.59
(baseline), 8.24 = 0.66 (+1min), 7.93 £ 0.68
(+10min), and 6.27 = 0.72 (425 min) nmol/l.
Planned #tests revealed that the TSST group
displayed higher cortisol concentrations than the
controls at all three times post-treatment (all
p < 0.001).

Affect. Results revealed a significant interaction
between TIME and STRESS [F(1,56)=8.12,
p <0.01]. In the stress group, a significant
(p < 0.05) increase in negative affect occurred (from
1.47 £ 0.09 to 1.94 = 0.09, mean = SEM). In the
control group, a decrease was apparent (from
1.27 £ 0.09 to 1.12 = 0.05).

12

Emm Control
3 Stress

107

Memory score
o
1

Positive Neutral Negative

Figure 2. Effects of pre-encoding stress on delayed recall of
emotionally positive, neutral, and negative photographs (Study 2).
The stress group (z = 15) compared to the control group (7 = 17)
showed enhanced delayed retrieval of negative pictures. ANOVA
revealed a STRESS by VALENCE interaction. Data are expressed
as mean = SEM. *p < 0.05, post hoc z-tests.

Effects of pre-learning stress on delayed memory retrieval.
Results are shown in Figure 2. Results revealed a
significant main effect of VALENCE [F(1.95,
58.60) = 17.01, p < 0.001]. Negative items were
remembered better than positive items, which in
turn were remembered better than neutral items. The
main effect STRESS was not significant
[F(1,30) = 1.10, p > 0.10]. However, an interaction
between VALENCE and STRESS was found
[F(1.95,58.60) = 3.12, p = 0.05]. Planned rtests
indicated that stressed participants remembered
significantly more (p < 0.05) negative items
compared to controls. For positive items, a similar
descriptive trend was apparent, which, however,
failed to reach significance. For neutral items, the
opposite descriptive non-significant trend emerged
(worse performance of the stressed participants).

Subjective rarings. The valence data were analyzed with
an ANOVA with the inner-subject factor VALENCE
(positive vs. negative vs. neutral) and the between-
subject factor STRESS (control vs. TSST). Results
revealed a significant main effect of VALENCE
(p <0.01) in the absence of an effect of STRESS
(main effect or interaction). Positive pictures were
rated (mean = SEM, 3.97 = 0.09) as significantly
more positive than neutral pictures (2.99 £ 0.05),
which in turn were rated as significantly more positive
than negative pictures (1.75 = 0.08).

The arousal data were analyzed with an ANOVA
with the inner-subject factor VALENCE (positive
vs. negative vs. neutral) and the between-subject
factor STRESS (control vs. TSST). Results revealed
a significant main effect of VALENCE (p < 0.01)
in the absence of an effect of STRESS (main
effect or interaction). Negative pictures were rated
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(mean £ SEM, 3.43 = 0.13) as significantly more
arousing than positive pictures (2.44 = 0.11), which
in turn were rated as significantly more arousing than
neutral pictures (1.83 £ 0.12).

Comparison of Study 1 and Study 2

In order to directly test the presence or the absence of
differences between the two studies, two additional
ANOVAs were conducted (for cortisol concentrations
and delayed memory retrieval).

For cortisol, the ANOVA contained the between-
subject factor STUDY (Study 1 vs. Study 2), STRESS
(control vs. TSST), and the inner-subject factor
TIME (base vs. +01 min vs. +10 min vs. 425 min).
As expected, there was a significant TIME by
STRESS interaction (p < 0.001). Importantly, the
factor STUDY was not significant, neither as a main
effect nor as an interaction term (STUDY by TIME,
STUDY by STRESS, STUDY by STRESS by
TIME). All p-values were larger than 0.50.

For delayed memory retrieval, the ANOVA con-
tained the between-subject factor STUDY (Study 1
vs. Study 2), STRESS (control vs. TSST) and the
inner-subject factor VALENCE (positive vs. negative
vs. neutral). Results revealed a significant effect of the
factor STUDY (p < 0.01). Participants in Study 1
retrieved overall more pictures than participants in
Study 2. The STUDY by STRESS interaction tended
to be significant (p = 0.058). The STUDY by
STRESS by VALENCE interaction was not signifi-
cant (p =0.11). When the three valence categories
were put into separate ANOVAs with the factors
STUDY and STRESS, a significant STUDY by
STRESS interaction was observed for the negative
photographs (p < 0.05), but not for the neutral or
positive photographs.

Discussion

The two studies investigated the effects of an
immediate recall test on the influence of pre-encoding
stress on emotional long-term memory consolidation.

In the first study, pre-encoding stress had no
significant effect on the immediate recall of negative,
positive, and neutral episodes. At only a trend level,
stressed participants performed more poorly com-
pared to controls. A similar pattern was observed for
the delayed retrieval test conducted 24 h later. Again,
no significant effect of stress could be detected, but
rather an indication for impaired recall was apparent.
The findings of this study thus failed to detect a
beneficial effect of pre-encoding stress on the
consolidation of emotional memories.

Beneficial effects on emotional long-term memory
consolidation have been observed with pre-learning
stress (Payne et al. 2007), post-learning stress (Cabhill
et al. 2003; Smeets et al. 2008) and with pre-learning
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cortisol administration (Buchanan and Lovallo 2001;
Kuhlmann and Wolf 2006b). However, several studies
have failed to find effects of pre-learning manipula-
tions, or have reported an enhancement for neutral
but not for emotional material, or an enhancement
that was not further modulated by stimulus emotion-
ality (Abercrombie et al. 2003; Smeets et al. 2008). In
studies investigating immediate recall after stress, the
empirical picture is also mixed (Kirschbaum et al.
1996; Jelicic et al. 2004; Takahashi et al. 2004; Smeets
et al. 2005; Payne et al. 2006; Smeets et al. 2006).
Reasons for the heterogeneous literature are manifold.
The studies cited used different memory tasks,
different stressors (or cortisol doses), and different
retrieval delays, and were conducted at different times
of the day. Moreover, the testing-induced arousal
might have been different between these studies
(Okuda et al. 2004; Kuhlmann and Wolf 2006a). All
these variables have been shown to influence the
effects of stress-induced cortisol elevations on
memory (Het et al. 2005; Wolf 2008; Wolf 2009).
The current study used (at least for the negative
category) highly emotional pictures; however, the
number of stimuli (15) was rather low. The task can
thus be described as highly emotional but rather easy.
It is conceivable that less emotional tasks or tasks
containing more stimuli can lead to different results.
Some studies have reported that pre-encoding stress
enhances emotional, but impairs neutral material
(Jelicic et al. 2004; Payne et al. 2006; Smeets et al.
2006). This effect might reflect attentional- and/or
state-dependent influences of the stress-induced
increase in anxiety and negative affect. In contrast,
beneficial effects of stress or cortisol treatment on
emotional long-term memory consolidation are
considered to develop more slowly over time
(Quevedo et al. 2003; Kuhlmann and Wolf 2006b;
Roozendaal et al. 2006). The tentative conclusion
presented above appears to be supported by pharma-
cological cortisol studies. Here, several studies report
impaired immediate memory retrieval after cortisol
treatment (Kirschbaum et al. 1996; Monk and Nelson
2002; Tops et al. 2003). By contrast, studies with a
longer retention interval (24 h or more) have reported
beneficial effects (Buchanan and Lovallo 2001;
Abercrombie et al. 2003; Het et al. 2005).
Stimulated by the lack of effects observed in the first
study, the second study was conducted with an
identical design except for the omission of the
immediate recall test in the second study. The
rationale for this study was based on the hypothesis
that an immediate recall at times when -cortisol
concentrations are still elevated might interfere with
the beneficial effects of stress on memory consolida-
tion. Roozendaal has postulated that stress puts the
brain into a consolidation mode which is accompanied
by impaired memory retrieval and impaired working
memory (Roozendaal et al. 2006). An immediate
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retrieval attempt at times when cortisol concentrations
are still elevated might thus be less successful.
Moreover, the poorly retrieved memories rather than
the originally acquired memories might be consoli-
dated afterwards. The results of the second exper-
iment revealed that, as predicted, stress enhanced
long-term memory consolidation for emotional
material. A significant beneficial effect was only
observed for the negative images. This most likely
reflects the fact that negative photographs induce the
strongest arousal, which was supported by the
subjective ratings conducted after retrieval testing.
The current findings thus support the notion that
stress modulates emotionally arousing material in
particular (Wolf 2009). The results of the second
study mirror previous human findings on post-
encoding stress, which repeatedly have shown a
stress-induced enhancement of emotional memories
(Cahill et al. 2003; Smeets et al. 2008). The results of
the current study are thus most likely caused by the
effects of glucocorticoids on emotional memory
consolidation, even though effects on the initial
acquisition process cannot be ruled out.

A direct statistical comparison of the two studies
provided additional insight. With respect to salivary
cortisol levels, the analysis indicated that the two
studies did not differ in overall or stress-induced
cortisol concentrations. Thus, the different effects of
stress observed in these two studies do not reflect
differences in cortisol concentrations between the two
experiments. With respect to memory retrieval, the
analysis demonstrated overall better memory in Study
1 compared to Study 2. This most likely relates to the
beneficial effects of memory retrieval on learning
(Karpicke and Roediger 2008). Importantly, however,
this analysis provided evidence (but only at a trend
level) for a study by stress interaction. Thus,
depending on the presence or the absence of an
immediate recall task, the effects of stress differed in
their directions (tending to impair in Study 1,
enhancing in Study 2). Moreover, this interaction
was observed for negative, but not for neutral or
positive photographs. In sum, the direct comparison
of the two studies supported the main conclusions
derived from the independent analysis and interpret-
ations of the two studies.

The present findings show remarkable similarities
to observations made in rodents, from studying effects
of corticosterone injected directly after the acquisition
of an object recognition task (Okuda et al. 2004). The
results revealed that memory tested 24h later was
enhanced by this manipulation, which is in line with
the second study presented here. In contrast, memory
tested 1 h later was impaired, which is in line with the
first study presented here. Interestingly, both effects
only occurred when the testing situation was arousing
(novel) to the animal but not when it was non-
arousing (habituated). This additional finding is in

line with the current finding that memory of primarily
negative photographs was influenced by stress. Taken
together, these results indicate that glucocorticoids
enhance emotional memory consolidation, but only
when memory is tested at a time when consolidation is
completed and cortisol concentrations are no longer
elevated. In contrast, if retrieval is tested at times when
cortisol concentrations are still elevated, the impairing
effects on memory retrieval seem to prevail. Impor-
tantly, these effects appear to persist, possibly
reflecting that the poorly retrieved information (and
not the originally learned information) is consoli-
dated. This tentative conclusion would predict that
the effects of post-encoding stress on immediate and
delayed emotional memory retrieval should be quite
similar to the effects observed in the present study.
There are ample human studies showing that post-
learning stress enhances long-term memory (Cabhill
et al. 2003; Beckner et al. 2006; Preuf and Wolf 2009;
Smeets et al. 2008). In contrast, post-encoding stress
followed relatively soon (within less than an hour) by a
retrieval test is associated with impaired memory
retrieval (Buchanan et al. 2006; Merz et al. 2010).

The present experiments have important limi-
tations. The sample sizes were comparable to similar
previous studies, but only provided enough power to
detect medium to large effects. Only males were tested
in this experiment, so the issue of possible sex
differences in the effects found remains for future
study (Andreano et al. 2008; Schoofs and Wolf 2009;
Cornelisse et al. 2011). The finding that positive and
negative images were rated differently with regard to
arousal is a limitation, and it remains an open question
whether the lack of effects of stress on memory of
positive photographs reflects valence effects or
differences in arousal. Future studies might use less
arousing negative slides or more arousing (e.g. erotic)
positive slides. A potential influence of rehearsal (set
between encoding and delayed retrieval) cannot be
excluded with the current design. It would be of
interest to test whether a negative influence of an
immediate retrieval test after stress exposure is evident
a week later.

Taken together, the present two studies show that
beneficial effects of pre-encoding stress on emotional
long-term memory consolidation are abolished or
even reversed by an immediate recall test conducted at
times of elevated cortisol concentrations. The findings
are in line with several previous human studies and
can be explained by current models on the influence of
stress on emotional long-term memory consolidation
and long-term memory retrieval.
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