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Blocking Mineralocorticoid Receptors Impairs, Blocking
Glucocorticoid Receptors Enhances Memory Retrieval in
Humans
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Memory retrieval is impaired at very low as well as very high cortisol levels, but not at intermediate levels. This inverted-U-shaped

relationship between cortisol levels and memory retrieval may originate from different roles of the mineralocorticoid (MR) and

glucocorticoid receptor (GR) that bind cortisol with distinctly different affinity. Here, we examined the role of MRs and GRs in human

memory retrieval using specific receptor antagonists. In two double-blind within-subject, cross-over designed studies, young healthy men

were asked to retrieve emotional and neutral texts and pictures (learnt 3 days earlier) between 0745 and 0915 hours in the morning,

either after administration of 400mg of the MR blocker spironolactone vs placebo (200mg at 2300 hours and 200mg at 0400 hours,

Study I) or after administration of the GR blocker mifepristone vs placebo (200mg at 2300 hours, Study II). Blockade of MRs impaired

free recall of both texts and pictures particularly for emotional material. In contrast, blockade of GRs resulted in better memory retrieval

for pictures, with the effect being more pronounced for neutral than emotional materials. These findings indicate indeed opposing roles

of MRs and GRs in memory retrieval, with optimal retrieval at intermediate cortisol levels likely mediated by high MR but concurrently

low GR activation.

Neuropsychopharmacology (2013) 38, 884–894; doi:10.1038/npp.2012.254; published online 23 January 2013

Keywords: cortisol; spironolactone; mifepristone; mineralocorticoid receptor; glucocorticoid receptor; memory

��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Animal and human studies have consistently shown that
memory retrieval is impaired under elevated glucocorticoid
levels as they occur during stress or after pharmacological
manipulation (de Quervain et al, 1998, 2000; Domes et al,
2005; Kuhlmann et al, 2005; Buchanan et al, 2006; Buchanan
and Tranel, 2008; Wolf, 2009). Memory retrieval is also
significantly impaired when cortisol levels are minimal
(Rimmele et al, 2010). In that study, the cortisol synthesis
inhibitor metyrapone (3 g) almost completely suppressed
cortisol levels, resulting in levels during retrieval testing
that were distinctly lower than those normally observed
during the nadir of endogenous cortisol release. In contrast,
a lower dose of metyrapone with correspondingly higher
cortisol levels, did not affect retrieval (de Quervain et al,
1998; Marin et al, 2011). In combination, these findings
speak for an inverted-U-shaped relationship between
circulating glucocorticoid levels and memory retrieval

(Reul and de Kloet, 1985; Lupien and Lepage, 2001;
Domes et al, 2005; Marin et al, 2011). We supposed that
this inverted-U-shaped relationship results from differential
contributions of the two main corticosteroid receptors.
Glucocorticoids act on two kinds of intracellular recep-

tors, which differ in their affinity and are differentially
distributed in the brain. The mineralocorticoid receptors
(MRs) bind cortisol with high affinity, resulting in abundant
MR occupation even during the circadian nadir of cortisol.
In contrast, lower-affinity glucocorticoid receptors (GRs)
become increasingly activated only at higher levels of
cortisol, when MRs are already occupied to a great extent
(Reul and de Kloet, 1985; Joels and de Kloet, 1994; Kalman
and Spencer, 2002). Predominant GR activation at high
cortisol levels could explain the memory retrieval impair-
ment consistently observed after a stressor or administra-
tion of glucocorticoids. In contrast, the retrieval impairment
at minimal cortisol levels, resulting from pharmacological
blockade of cortisol synthesis, could reflect a consequence
of insufficient MR occupation. Optimal memory retrieval is
expected when MRs are occupied to a great extent but not
GRs (de Kloet et al, 1998; Yau et al, 2011).
In two studies we tested the effects of the MR antagonist

spironolactone (Study I) and the GR antagonist mifepris-
tone (Study II) on retrieval of emotional and neutral
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memories in humans. If insufficient occupation of MRs at
minimum cortisol concentrations (after high doses of
metyrapone) underlies the previously observed retrieval
impairment, blockade of MRs should impair memory
retrieval. This impairment might be more prominent for
emotional than neutral material, as MRs are expressed at
high density in the amygdala, a region critically involved in
emotional memory (Buchanan, 2007; Yau et al, 2011; Zhou
et al, 2011). For GR blockade we hypothesized opposite
effects. If high cortisol levels, as they naturally occur under
stress or during the morning cortisol rise, saturate GRs and
subsequently impair memory retrieval, blockade of GRs
should enhance retrieval. Effects mediated by GRs on
retrieval could be similar for emotional and neutral material
since, in contrast to MRs, GRs are widely distributed
throughout the brain regions relevant for memory, includ-
ing the amygdala, hippocampus and prefrontal cortex
(Perlman et al, 2007).

MATERIALS AND METHODS

Participants

Sixteen men (mean±SD; 21.2±2.29 years; body mass index
(BMI), 22.48±1.95 kg/m2) participated in Study I. Sixteen
other men (23.31±3.64 years; BMI, 23.47±1.51 kg/m2)
participated in Study II. The studies were restricted to
men due to anticipation of side effects in women, such as
early abortion, as they have been previously reported after a
dose of 200mg mifepristone (Li et al, 1988; Swahn et al,
1990; Spitz and Bardin, 1993; Schaff et al, 2000). Partici-
pants were non-smokers, on no medication, free of any
neurological and psychological disorders, endocrine dys-
function, drug abuse, and reported a normal sleep–wake
cycle. Participants acclimated to sleeping in the laboratory
by spending one night in the laboratory. On experimental
days, participants were asked to get up before 0700 hours,
not take any naps during the day, and abstain from alcohol
or (after 1200 hours) caffeine. The study was approved by
the local ethics committee. Subjects gave written informed
consent and were paid for participation.

Experimental Design and Procedure

Each of the studies employed a randomized, placebo-
controlled, double-blind, within-subject cross-over design.
Each participant was tested in two conditions (active agent
vs placebo) with the order of conditions balanced across
subjects. The two conditions for a subject were separated by
an interval of at least 12 days.
Each condition included a learning session and a retrieval

session (Figure 1a). In the learning session (between 0800
and 1100 hours) participants memorized emotional and
neutral texts and pictures. Three days later, participants
recalled the texts and pictures between 0745 and 0915 hours
following a night in the sleep laboratory (lights off at 2300
hours) during which two oral doses of spironolactone
(200mg each, UK-SH Pharmacy, Lübeck, Germany; half-life
in plasma 1–2 h, half-life in plasma of the active metabolite
canrenone 18–23 h) or placebo were administered at 2300
and 0400 hours. In Study II, instead of spironolactone, a
dose of 200mg of the glucocorticoid antagonist mifepristone

(Exelgyn Laboratories, Paris, France; half-life in plasma
424 h) was administered orally at 2300 hours. To keep the
procedures consistent across studies, participants were also
woken up at 0400 hours, but administered placebo.
Retrieval was tested during the morning hours, because

owing to the spontaneous morning rise in cortisol, this time
interval was expected to be particularly sensitive to effects
of blocking corticosteroid receptors. The doses and timing
of spironolactone and mifepristone administration were
established based on pilot experiments indicating efficacy of
this schedule of administration as assessed by pituitary–
adrenal responses, that is, changes in plasma adrenocorti-
cotropine (ACTH) and cortisol (Dodt et al, 1993; Born et al,
1997; Wellhoener et al, 2004).

Memory Tests

Texts. To assess the influence of medication vs placebo on
memory retrieval, two parallel versions of emotional and
neutral texts were used (Wagner et al, 2001, 2005; Groch
et al, 2011; Wilhelm et al, 2011).

In the learning session, the subjects learned one
emotional and one neutral text, embraced by two additional
neutral texts that served as primacy and recency buffers.
The order of the experimental texts was balanced within a
session and across the subject’s two test occasions.
Participants were instructed to read and memorize the
texts in detail within 4min. They were informed that recall
would be tested immediately after learning as well as later at
the retrieval session. Using the Self-Assessment Manikin
(SAM) scale (1, highly positive; 9, highly negative; 1, very
much arousing; 9, not at all arousing), participants in both
studies rated the emotional texts with greater negative
valence (emotional, 6.42±0.21; neutral, 4.63±0.18;
t(31)¼ 7.98; po0.001) and higher arousal (emotional,
4.31±0.27; neutral, 6.87±0.23; t(31)¼ 7.83; po0.001). After
learning, subjects were asked to write down the texts as
exactly as possible with no time limit using separate sheets
of paper for each text. No restriction was given concerning
the order of text retrieval. This free recall test served to
determine how much information was initially encoded,
thereby providing an individual baseline value. Recall was
tested in the same way in the retrieval session 3 days later,
after administration of the active agents or placebo.

Memory performance was based on the number of
correctly recalled content words. Validity of this measure
was confirmed in previous experiments (Schuerer-Necker,
1994). Two independent experimenters, blind to the drug
condition, assessed the number of recalled content words
for each story per participant (r¼ 0.93 to r¼ 0.99, for both
studies). Retrieval performance was determined by the
difference in the number of content words recalled during
the retrieval session minus the number of content words
recalled immediately after learning (baseline). Note this is a
measure of ‘forgetting’, with lower negative values indicat-
ing better retention. Additionally, the absolute number of
recalled content words was examined.

At the retrieval session, after free recall, a recognition
memory test of the texts was performed (Swain et al, 1998;
Krug et al, 2006). For each story, 12 word pairs were
presented with one word representing a content word of the
story and the other one a synonym. To test recognition,
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subjects identified for each word pair, which one of the two
words had occurred in the text.

Pictures. Three hundred pictures from the International
Affective Picture System (Lang et al, 2005) were divided into
two parallel versions (75 negative, 75 neutral per version)
that were counterbalanced across active agent vs placebo
conditions. In both studies, participants rated the emotional
and neutral pictures different in terms of valence (mean±
SEM; emotional, 6.16±0.16; neutral, 4.37±0.12; t(31)¼
11.40; po0.001) and arousal (emotional, 4.72±0.22;
neutral, 6.52±0.22; t(31)¼ 9.55; po0.001) using the SAM
(Bradley et al, 1992).

In the learning session, participant’s were instructed to
memorize as much as possible of the 100 pictures (50
neutral, 50 negative, each presented for 4 s) and rate them
on valence and arousal. Immediately after learning,
participants freely recalled the pictures by writing down a
detailed description of every picture that they could
remember. No restriction was given concerning the order
of picture retrieval. This test determined the initial
encoding level of both the negative and neutral pictures,

as an individual baseline for delayed retrieval performance
(by a difference score ‘delayed retrieval minus immediate
recall after learning’). Two independent experimenters,
blind to the drug condition, assessed the number and details
of recalled pictures per participant (r¼ 0.80 to r¼ 0.98, for
both studies).

In the retrieval session, after the administration of active
agents or placebo, the same free recall procedure was used.
Then recognition memory was tested for the 100 studied
pictures vs 50 novel pictures (25 neutral, 25 negative).
Subjects indicated whether they had seen the picture at
learning or whether it was new.

Psychological Control Variables

At the beginning of the learning and retrieval sessions,
attention, positive and negative affect, and working memory
were assessed using the d2 letter cancellation test
(Brickenkamp and Zillmer, 1998), the Positive and Negative
Affect Scale (Watson et al, 1988), and the Digit Span subtest
(forward, backward) of the Wechsler Adult Intelligence
Scale (Wechsler, 1981). Additionally at the end of the
retrieval session, working memory was assessed with the
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Figure 1 (a) Experimental procedure. At Learning, participants learned and immediately recalled texts and pictures of emotional and neutral nature.
Three days later, retrieval of the materials (Free recall followed by Recognition tests) was tested between 0745 and 0915 hours, that is, the time of the
cortisol morning rise. Participants spent the night before retrieval testing in the sleep laboratory and were administered placebo or the active agent. In Study
I, the active agent was the MR blocker spironolactone (200mg, at 2300 hours and 200mg at 0400 hours). In Study II, participants received 200mg of the GR
blocker mifepristone at 2300 hours. To keep procedures consistent across both studies, in Study II participants were also woken up at 0400 hours but
received placebo. At least 10 days later, the procedure was repeated with different material and participants received the treatment they had not received
the first time. (b) Mean±SEM plasma cortisol concentration at retrieval. Horizontal bar indicates time of testing. Spironolactone (filled squares) and
(c) mifepristone (filled squares) led to a stronger increase in the morning cortisol rise compared with the placebo condition (empty circles). **po0.01;
*po0.05 for pairwise comparisons between the treatment conditions at the different time points. The displayed images contain similar content as the IAPS
images that were used in the studies.
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Sternberg task (Sternberg, 1966) as described in Lupien et al
(1999) with 20 trials per comparison load. For each
comparison load, the target was present in 10 trials and
absent in another 10 trials.

Hormones and Sleep

To assess the effects of medication vs placebo on cortisol,
ACTH, epinephrine, norepinephrine levels, in Study I, blood
samples were collected every 30min from 2300 hours until
1000 hours via a long plastic tube from an adjacent room. In
Study II, blood samples were collected every 45min from
2300 hours until 0630 hours, and every 30min from 0630
hours until 1000 hours. Blood samples were immediately
centrifuged and then stored at � 80 1C until assay. Serum
cortisol concentrations were assessed using the Immulite
(Siemens Medical Solutions Diagnostics, Los Angeles, CA;
serum sensitivity, 0.2 mg/dl, interassay coefficient of var-
iationo10%). ACTH was assessed in plasma (Immulite,
Siemens Medical Solutions Diagnostics, Los Angeles, CA;
sensitivity, 9 pg/ml, interassay coefficient of variation
o9.6%). Plasma epinephrine (E) and norepinephrine (NE)
were assessed with standard high-performance liquid
chromatography (ChromSystems, Munich, Germany; E
sensitivity, 2 pg/ml; interassay coefficient of variation
o6.5%; NE sensitivity, 5 pg/ml; interassay coefficient of
variation o6%). All samples from an individual were
determined in the same assay. Because E levels during
the night were mostly below the detection threshold they are
not reported here.
Sleep was assessed by standard polysomnographical

recordings scored offline according to the criteria by
Rechtschaffen and Kales (1968). Subjective sleep quality was
assessed by the SFA questionnaire (‘Schlaffragebogen-A’)
immediately after wakening (Görtelmeyer, 1985).

Statistical Analyses

Statistical analysis was based on analyses of variance
(ANOVA) with repeated-measures factors for the treatment
condition (active agent vs placebo) and, for memory
variables, with the additional factor ‘emotionality’ (neutral
vs emotional). For psychological variables (attention, affect,
working memory), ANOVA included an additional re-
peated-measures factor ‘learn/retrieval’. For hormone levels,
analyses included repeated-measures factor ‘time of
measurements’. Where appropriate, Greenhouse–Geisser
corrections of degrees of freedom were used. Significant
ANOVA effects were specified by t tests. Additionally
Cohen’s d effect sizes were calculated.

RESULTS—BLOCKING MR (STUDY I)

Memory for Texts

Retrieval session. In the retrieval session, when given
spironolactone, participants recalled distinctly less of the
texts (Table 1). The difference score between recalled
content words at the retrieval minus immediate recall after
learning indicated significantly greater forgetting, that is,
diminished recall after spironolactone than placebo
(F(1,15)¼ 5.64; po0.05, for treatment main effect). Recall

of emotional texts suffered most under spironolactone
(� 9.56±1.48; placebo, � 3.34±1.58 for difference scores;
t(15)¼ 2.55; po0.05; d¼ 1.02; F(1,15)¼ 4.98; po0.05 for
treatment� emotionality). For neutral texts, a difference
in the same direction was not significant (spironolactone,
� 5.00±1.08; placebo, � 3.65±0.74; d¼ 0.36; p40.28,
Figure 2). The pronounced retrieval impairment of emo-
tional texts after spironolactone was also evident in the
absolute number of recalled content words (spironolactone,
32.53±3.17; placebo, 38.37±2.14; F(1,15)¼ 7.98; po0.05 for
treatment� emotionality). Recognition of content words
measured after free recall did not differ between the
treatment conditions (all p40.70).

Learning session. In the learning session (before treat-
ment) immediate recall, an estimate of encoding did not
differ between the spironolactone and placebo condition
(p40.16 for treatment main effect and treatment�
emotionality interaction). Independent of the condition,
participants recalled more content words of emotional
than neutral texts in the learning and retrieval session
(po0.001).

Memory for Pictures

Retrieval session. Similar to its impairing effect on
memory retrieval for texts, participants also recalled
less pictures under spironolactone than under placebo
(for difference scores compared with performance at
learning combined for emotional and neutral pictures:
� 12.5±0.72 vs � 8.13±1.40; F(1,15)¼ 6.57; po0.05 for treat-
ment main effect, Table 1). This decrease was most
pronounced for retrieval of emotional pictures (spirono-
lactone, � 7.91±0.64; placebo, � 4.03±0.72, t(15)¼ 3.33;
po0.01; d¼ 1.42). For neutral pictures, a difference in
the same direction remained non-significant (spironolactone,
� 4.63±0.50; placebo � 4.09±0.76; p40.52; d¼ 0.21;
F(1,15)¼ 10.57; po0.01, for treatment� emotionality,
Figure 2). In parallel, the marked retrieval impairment
after spironolactone tended to be evident in the absolute
number of recalled pictures (F(1,15) 3.85; p¼ 0.06 for treatment
main effect; t(15)¼ 1.96; p¼ 0.06), in particular for the number
of emotional pictures (spironolactone, 16.78±1.01; placebo,
19.75±1.55, t(15)¼ 2.17; po0.05; d¼ 0.57).

Retrieval of picture details was also impaired after
spironolactone (Table 1). Participants tended to recall less
details under spironolactone than placebo (for difference
scores combined for emotional and neutral picture details
in comparison with performance at learning � 29.62±2.91
vs � 21.90±3.55; F(1,15)¼ 2.98; p¼ 0.10 for treatment main
effect). The effect was particularly consistent for recalled
details of emotional pictures (spironolactone, � 18.41±
1.79; placebo, � 11.43±1.70, t(15)¼ 2.73; po0.05; d¼ 1.00,
F(1,15)¼ 6.62; po0.05 for treatment� emotionality), where-
as difference scores for recalled details of neutral pictures
did not differ (spironolactone, � 11.22±1.54; placebo,
� 10.47±2.11; t(15)¼ 0.30; p40.76; d¼ 0.10, Figure 2).
Similarly, for the absolute number of recalled details, the
retrieval impairment under spironolactone was more con-
sistent for emotional (25.78±1.75; placebo, 32.88±
2.69; t(15)¼ 2.52; po0.05; d¼ 0.78) than neutral pictures
(spironolactone, 12.57±1.19; placebo, 15.22±1.68; p40.14;
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d¼ 0.46, F(1,15)¼ 5.19; po0.05 for treatment main effect;
F(1,15)¼ 5.02; po0.05 for treatment� emotionality). Recog-
nition of pictures tested after free recall, was not affected by
spironolactone.

Learning session. In the learning session (before treat-
ment), participants recalled similar amounts of pictures as
well as picture details in the spironolactone and placebo
condition (values of p40.20, Table 1). Generally, partici-
pants recalled more emotional than neutral pictures and
more details thereof (po0.001 for emotionality main
effects).

Hormones, Sleep and Control Variables

Plasma cortisol levels after spironolactone increased after
0400 hours compared with the placebo condition
(F(1,15)¼ 13.75; po0.01 for treatment main effect in an
analysis on the interval between 0430 and 1000 hours) while
before this interval cortisol levels did not differ (values
of p40.33, Figure 1b). Peak concentrations of cortisol
occurred during the time of retrieval testing (between
0745 and 0915 hours) and, here, were on average higher
in the spironolactone (17.01±0.95 mg/dl) than placebo
condition (14.53±0.67 mg/dl; t(15)¼ 3.44; po0.01,
Figure 1b). Plasma ACTH and NE levels did not differ
between treatment conditions (p40.25). Independent of the

Table 1 Memory Retrieval Under Spironolactone and Placebo

Placebo Spironolactone

Mean SEM Mean SEM t p d

Learning session

Emotional content word of texts 41.72 2.65 42.09 2.12 0.15 0.88 0.04

Neutral content word of texts 20.28 2.26 25.09 2.58 2.03 0.061 0.50

Retrieval session

Emotional content word of texts 38.37 2.14 32.53 3.17 1.83 0.087 0.54

Neutral content word of texts 16.63 1.85 20.09 2.24 1.97 0.067 0.42

Difference score between retrieval and learning session

Emotional content word of texts � 3.34 1.58 � 9.56 1.48 2.55 0.022 1.02

Neutral content word of texts � 3.65 0.74 � 5.00 1.08 1.09 0.29 0.36

Learning session

Emotional pictures 23.78 1.61 24.69 1.15 0.88 0.39 0.16

Neutral pictures 14.67 1.10 13.19 0.83 1.30 0.21 0.38

Details of emotional pictures 44.31 3.20 44.19 2.66 0.04 0.97 0.01

Details of neutral pictures 25.69 3.39 23.78 1.99 0.52 0.61 0.17

Retrieval session

Emotional pictures 19.75 1.55 16.78 1.01 2.17 0.047 0.57

Neutral pictures 10.56 1.20 8.56 0.75 1.54 0.14 0.50

Details of emotional pictures 32.88 2.69 25.78 1.75 2.52 0.024 0.78

Details of neutral pictures 15.22 1.68 12.57 1.19 1.49 0.15 0.46

Difference score between retrieval and learning session

Emotional pictures � 4.03 0.72 � 7.91 0.64 3.33 0.005 1.42

Neutral pictures � 4.09 0.76 � 4.63 0.50 0.66 0.52 0.21

Details of emotional pictures � 11.43 1.70 � 18.41 1.79 2.73 0.016 1.00

Details of neutral pictures � 10.47 2.11 � 11.22 1.54 0.30 0.77 0.10

t¼ t value; p¼ p value; d¼ effect size (Cohen’s d). The medication was only administered at the retrieval session. Retrieval at the learning session served to determine
individual baseline levels of memory performance.
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treatment, levels of the three hormones exhibited the
expected increase towards the end of the night (po0.001
for main effects of time).
Spironolactone did not significantly affect any sleep

parameter (p40.17) or self-reported sleep quality for the
total night (p40.60). Also, attention performance (d2 test)
did not differ between the treatments in the learning or
retrieval session in the raw measures of hits, false alarms
and misses (p40.26) as well as for ‘hits minus false alarms’
(spironolactone, 559.19±16.69; placebo, 573.62±16.28;
p40.35). Likewise, there were no differences between
treatment conditions in performance on the Digit Span test
(p40.41), the Sternberg task (p40.13), and positive and
negative affect (p40.15) in both the learning and the
retrieval session. When asked at the end of the retrieval
sessions, participants were not able to correctly identify
whether they had received an active agent or placebo
(w2 test; p40.65). No side effects of spironolactone were
observed.

RESULTS—BLOCKING GR (STUDY II)

Memory for Texts

Retrieval session. In the retrieval session, after mifepris-
tone compared with placebo, participants demonstrated
neither a change in the difference scores (ie, the number of
recalled content words at retrieval minus immediate recall
performance after learning), nor in the absolute number of
recalled content words (p40.50, Table 2), nor in recogni-
tion (p40.64).

Learning session. At the learning session (before treat-
ment), recall did not differ between conditions (p40.43,
Table 2), but was generally higher for emotional than
neutral texts (po0.001).

Memory for Pictures

Retrieval session. In the retrieval session, mifepristone
distinctly improved recall of neutral pictures (for difference
scores between retrieval performance minus immediate
recall at learning; mifepristone, � 2.81±0.48; placebo,

� 4.59±0.83; t(15)¼ 2.11; po0.05; d¼ 0.66), but not of
emotional pictures (� 5.97±0.78; placebo, � 5.47±0.83,
p40.61; d¼ 0.15; F(1,15)¼ 4.54; po0.05 for treatment�
emotionality, Figure 3). This retrieval improvement was not
evident for absolute number of pictures recalled (p40.56),
possibly due to the fact that immediate recall of the number
of neutral pictures at the learning session was slightly better
in the placebo (11.78±1.23) than mifepristone condition
(9.50±0.81; t(15)¼ 2.28; po0.05; d¼ 0.55, Table 2).

There was a very prominent retrieval enhancement after
mifepristone for the measure of recalled picture details
(Figure 3). Under mifepristone participants not only
showed higher retention of details of neutral pictures
(mifepristone, � 5.75±1.55; placebo � 9.88±1.63;
t(15)¼ 2.97; p¼ 0.01; d¼ 0.65), but also of emotional
pictures (difference scores; mifepristone, � 11.56±1.55;
placebo, � 16.16±1.77; t(15)¼ 2.59; po0.05; d¼ 0.69;
F(1,15)¼ 19.92; po0.001 for treatment main effect). Recog-
nition of pictures was not affected by mifepristone.
Independent of the treatment, participants recalled more
emotional than neutral pictures (po0.001).

Learning session. In the learning session (before treat-
ment), participants recalled similar amounts of emotional
pictures as well as details of both emotional and neutral
pictures in the mifepristone and placebo condition (values
of p40.27, Table 2). However, the number of neutral
pictures at learning was slightly better in the placebo
(11.78±1.23) than mifepristone condition (9.50±0.81;
t(15)¼ 2.28; po0.05; d¼ 0.55). Generally, participants
recalled more emotional than neutral pictures and more
details thereof (po0.001 for emotionality main effects).

Hormones, Sleep and Control Variables

Plasma cortisol levels increased more throughout the night,
that is, from 2300 hours to 1000 hours under mifepristone
than placebo (F(17,255)¼ 14.81; po0.001 for treatment�
time, Figure 1c). Importantly, peak concentrations of
cortisol occurring during the time of retrieval testing
(between 0745 and 0915 hours), were higher in the
mifepristone (20.94±0.53 mg/dl) than placebo condition
(15.85±0.55 mg/dl; t(15)¼ 8.71; po0.01). Plasma ACTH
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Figure 2 Effects of spironolactone (MR blocker) on memory retrieval. Free recall performance is indicated by difference scores between the number of
recalled words, pictures or picture details at the retrieval session minus immediate recall performance at learning, serving as baseline encoding measure.
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levels also increased more throughout the night after
mifepristone than placebo (F(17,255)¼ 9.23; po0.001 for
treatment � time interaction). Again, maximum levels
of ACTH occurred during the time of retrieval testing
and, here, were on average higher in the mifepristone
(46.13±2.52 pg/ml) than placebo condition (30.73±1.75 pg/
ml; t(15)¼ 6.03; po0.001). Plasma NE levels did not differ
between treatments (p40.11).
Sleep architecture was overall comparable between

treatment conditions (values of p40.17), except that
following mifepristone time awake was slightly increased
(57.93±13.28min; placebo, 38.97±12.72min; t(14)¼ 1.82;
p¼ 0.091) and subjects spent less time in REM sleep
(56.13±5.33min; placebo, 68.33±4.99min; t(14)¼ 2.50

po0.05). Self-reported sleep quality for the total night did
not differ between the treatment conditions (p40.43).
Attention performance (d2 test) did not differ between

the treatment conditions at learning or retrieval in the
raw measures of hits, false alarms and misses (values of
p40.16) and in ‘hits minus false alarms’ (mifepristone,
534.88±15.53; placebo, 520.19±13.99; p40.25). Likewise,
there were no differences between treatment conditions in
performance on the Digit Span test (p40.16), Sternberg
task (p40.66), or in positive and negative affect (p40.07)
in both the learning and the retrieval session. Subjects were
not able to correctly identify whether they had received an
active agent or placebo (w2 test; p40.64). No side effects of
mifepristone were observed.

Table 2 Memory Retrieval Under Mifepristone and Placebo

Placebo Mifepristone

Mean SEM Mean SEM t p d

Learning session

Emotional content word of texts 39.47 2.29 37.50 2.70 0.73 0.48 0.20

Neutral content word of texts 21.63 1.82 20.44 2.47 0.48 0.64 0.14

Retrieval session

Emotional content word of texts 32.84 2.88 31.22 2.77 0.63 0.54 0.14

Neutral content word of texts 18.50 2.07 17.47 2.30 0.40 0.70 0.12

Difference score between retrieval and learning session

Emotional content word of texts � 6.63 1.68 � 6.28 0.99 0.17 0.87 0.06

Neutral content word of texts � 3.13 1.01 � 2.97 0.96 0.10 0.92 0.04

Learning session

Emotional pictures 19.84 1.43 20.41 1.48 0.33 0.75 0.10

Neutral pictures 11.78 1.23 9.50 0.81 2.28 0.038 0.55

Details of emotional pictures 40.88 3.48 39.41 5.89 0.35 0.73 0.08

Details of neutral pictures 19.97 2.38 16.72 3.41 1.13 0.28 0.28

Retrieval session

Emotional pictures 14.38 1.00 14.44 1.24 0.04 0.97 0.01

Neutral pictures 7.19 0.84 6.69 0.70 0.59 0.57 0.16

Details of emotional pictures 24.72 2.43 27.84 5.62 0.67 0.52 0.18

Details of neutral pictures 10.10 1.38 10.97 2.21 0.37 0.71 0.12

Difference score between retrieval and learning session

Emotional pictures � 5.47 0.83 � 5.97 0.78 0.51 0.62 0.15

Neutral pictures � 4.59 0.83 � 2.81 0.48 2.11 0.05 0.66

Details of emotional pictures � 16.16 1.77 � 11.56 1.55 2.59 0.02 0.69

Details of neutral pictures � 9.88 1.63 � 5.75 1.55 2.97 0.01 0.65

t¼ t value; p¼ p value; d¼ effect size (Cohen’s d). Significant results are displayed in bold. The medication was only administered at the retrieval session. Retrieval at
the learning session served to determine individual baseline levels of memory performance.
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DISCUSSION

In two experiments, we examined the effects of MR or GR
antagonists on human memory retrieval. MR blockade led
to impairment in free recall, especially of emotional texts
and pictures. In contrast, GR blockade resulted in improved
free recall of both neutral and emotional pictures, in
particular of picture details. These data point towards
opposing roles MRs and GRs play in memory retrieval: MRs
are crucially involved in effective memory retrieval, whereas
activation of GRs may decrease retrieval performance.
Consistent with previous studies in healthy participants

and patients with depression (Dodt et al, 1993; Deuschle
et al, 1998; Young et al, 1998; Heuser et al, 2000; Otte et al,
2007, 2010) the MR antagonist spironolactone increased
basal cortisol levels, but did not affect ACTH levels.
Similarly, consistent with previous findings (Wiedemann
et al, 1998), the GR antagonist mifepristone increased
morning rises in plasma cortisol and ACTH, resulting in
higher concentrations of these hormones during the time of
retrieval testing. In contrast, neither spironolactone nor
mifepristone affected norepinephrine levels. The disinhibi-
tion of the hypothalamus–pituitary–adrenocortical (HPA)
axis under both treatments does not only prove the efficacy
of the present treatment regimens, but also further confirms
the involvement of both MRs and GRs in inhibitory
feedback regulation of the HPA system.
The finding that MR blockade impaired free recall of texts

and pictures, especially when emotional, is in line with the
results of animal studies that found memory retrieval to be
impaired after acute MR blockade (Oitzl and de Kloet, 1992;
Schwabe et al, 2010; Yau et al, 2011; Zhou et al, 2011) or
repeated MR antagonist administration (Douma et al, 1998;
Yau et al, 1999). In contrast, blockade of GRs in the present
study enhanced free recall of pictures, with an equivalent
effect for neutral and emotional picture details. This finding
is consistent with animal studies that report GR blockade to
abolish the memory retrieval impairment in animals with
high hippocampal corticosterone levels (Yau et al, 2011;
Dorey et al, 2012). Also, another rodent study suggested an
enhancing effect after continuous administration of a GR

blocker on retrieval of spatial memory (Oitzl et al, 1998). In
line with this finding, a treatment with mifepristone over
several days enhanced spatial working memory perfor-
mance in humans with major depression, apart from
benefiting mood in these patients (Belanoff et al, 2001;
Young et al, 2004; Watson et al, 2012). However, these
studies do not allow the dissociation of effects on retrieval
from effects on encoding or consolidation, as the GR
blocker was effective during both learning and retrieval. In
the present study, the MR and GR antagonist were
administered specifically prior to retrieval testing, which
took place 3 days after learning. Learning and subsequent
consolidation likely terminated during this 3-day interval,
excluding any effects of the MR and GR blocker on these
memory stages.
We controlled for various factors that could non-

specifically affect memory retrieval. MR blockade did not
influence affect, attention and working memory, excluding
these factors as confounding variables. Two previous
studies reported attention to be impaired after blocking
MRs with spironolactone, which might be explained by a
different timing and dosage of the MR blocker (Otte et al,
2007; Cornelisse et al, 2011). GR blockade likewise did not
influence affect, attention or working memory. Sleep prior
to retrieval testing was also comparable between the placebo
and active agent conditions in both studies except that on
the mifepristone condition subjects were longer awake and
showed reduced time in REM sleep, replicating previous
findings (Wiedemann et al, 1992, 1998). However, the size
of the change was small and sleep disturbing effects like
increased time awake or decreased REM sleep are expected
to diminish rather than enhance executive functions like
retrieval (Durmer and Dinges, 2005; Killgore, 2010) making
it highly unlikely that these changes in sleep contributed to
the improved retrieval performance during GR blockade.
Basically, the retrieval deficit after MR blockade could

either be due to inactive MRs or predominant GR
activation. Regarding the latter, it could be argued that
increased cortisol levels present during MR blockade
added to the retrieval impairment. High cortisol levels
following a stressor or pharmacological manipulation, and
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consequently increasingly activated GRs, have indeed been
associated with impaired memory retrieval (de Quervain
et al, 1998, 2000; Kuhlmann et al, 2005; Dorey et al, 2011).
However, compared with previous studies reporting corti-
sol-associated changes in retrieval, the increase in cortisol
levels observed after spironolactone here, although statis-
tically significant, was only of marginal size (averaging
2.48 mg/dl), which is not expected to become effective at the
behavioral level. Nevertheless, considering the presence of
substantial cortisol signaling during retrieval, it cannot be
ruled out that the retrieval impairment after spironolactone
originated primarily from an imbalance in MR/GR activa-
tion towards prevailing GR activity, rather than from an
immediate lack of MR activity (de Kloet et al, 2000).
However, prevailing GR activity alone would not sufficiently
explain the retrieval deficit, as it appears to be at odds with
the retrieval deficit that has been observed at very low
cortisol levels, that is, a condition where GR activation is
not prevailing, but actually largely lacking (Lupien et al,
2002; Rimmele et al, 2010; Marin et al, 2011).
Indeed, it appears most straightforward to consider the

impaired retrieval an immediate consequence of diminished
MR activation due to spironolactone blocking MRs. A
primary role for MRs in mediating the retrieval deficits after
spironolactone is also consistent with two further findings
of this study: (i) the failure of spironolactone to affect
recognition and (ii) the greater spironolactone-induced
retrieval impairment for emotional as opposed to neutral
material. Free recall and recognition involve different brain
systems. Free recall critically relies on a fine-tuned
interaction between prefrontal and hippocampal circuitry
and, therefore is probably most sensitive to disturbing
influences mediated via MRs which are expressed at high
density in the amygdala and hippocampus (Patel et al, 2000;
Pryce, 2008), whereas hippocampal contributions to recog-
nition performance are less essential (Mayes et al, 2002;
Holdstock et al, 2005). Second and along the same line, the
stronger retrieval impairment for emotional texts and
pictures is consistent with the fact that retrieval of
emotional memories relies critically on the amygdala
(Buchanan, 2007), a region rich of MRs (Patel et al, 2000;
Pryce, 2008).
It could be also MRs mediating the retrieval enhancement

after GR blockade. GR blockade not only leads to lower
activation of GRs, but also to more prominent effects of the
high-affinity MR. Comparable results of a previous animal
study suggest that simultaneously decreasing GR activation
and increasing MR activation by GR antagonism amelio-
rates spatial memory retrieval impairments (Yau et al,
2011). In addition, several studies in mice that assessed the
effects of transgenic overexpression of MR in the forebrain
and hippocampus, shifting the balance towards predomi-
nant MR activation, demonstrated that chronic elevation of
MRs enhances memory (Lai et al, 2007; Ferguson and
Sapolsky, 2008).
Of note, the most prominent effect of GR blockade was

enhanced memory retrieval for details of pictures. Indeed,
one would expect this parameter to be the most sensitive for
a retrieval enhancement since it is the most difficult one of
the administered memory tests and thus allows most
potential for a memory enhancement. To illustrate this, in
the placebo condition, subjects at retrieval testing recalled

generally distinctly less picture details (53.7±3.42% with
reference to learning) than content words (83.64±3.98%).
Therefore, the lack of an effect of GR blockade on retrieval
of text memory might be due to the fact that participants
were at ceiling.
One limitation of our studies is that spironolactone and

mifepristone act not only on MR and GR, but also on other
steroid receptors. Especially mifepristone is known as an
anti-progesterone agent (Cadepond et al, 1997). This is
particularly important, as recent results show that proges-
terone acts in concert with glucocorticoids on memory
formation (Felmingham et al, 2012). Our study is further
limited in that we only examined young men in order to
prevent potential side effects of mifepristone in young
women. Future studies should investigate whether the
results can be generalized to women (at least for
spironolactone), and perhaps also to older people.
To summarize, the present study shows that blockade of

MRs impairs free recall, in particular of emotional material
in young healthy men. In contrast, blockade of GRs
enhanced free recall in young healthy men. In combination
with previous studies that indicate an impairing effect of
elevated cortisol levels on retrieval, the present findings
suggest that the previously proposed inverted-U-shaped
function between memory retrieval and circulating cortisol
levels (Lupien and Lepage, 2001; Domes et al, 2005) arises
from a differential activation of MRs and GRs and the
opposite function each receptor subserves during memory
retrieval. The mere proportion of activated MRs and GRs
explains the effects of different cortisol levels on memory
retrieval well: Memory retrieval is optimal when at
intermediate cortisol levels, due to their higher affinity for
cortisol, MRs are predominantly occupied but concurrent
GR activation is low. Impairment of memory retrieval
occurs if MRs are not occupied as a result of very low
cortisol levels or if GRs are predominantly activated as a
result of very high cortisol levels, indicating the lower and
the upper levels of the inverted-U-shaped function,
respectively.
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