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Corticosteroids are potent modulators of human higher cognitive
function. They are released in response to stress, and are thought to
be involved in the modulation of cognitive function by inducing
distinct rapid nongenomic, and slow genomic changes, affecting
neural plasticity throughout the brain. However, their exact effects
on the neural correlates of higher-order cognitive function as
performed by the prefrontal cortex at the human brain system level
remain to be elucidated. Here, we targeted these time-dependent
effects of corticosteroids on prefrontal cortex processing in humans
usingaworkingmemory (WM)paradigmduring functionalMRI scan-
ning. Implementing a randomized, double-blind, placebo-controlled
design, 72 young, healthymen received 10mg hydrocortisone either
30 min (rapid corticosteroid effects) or 240 min (slow corticosteroid
effects), or placebo before a numerical n-back task with differential
load (0- to 3-back). Corticosteroids’ sloweffects appeared to improve
working memory performance and increased neuronal activity dur-
ingWMperformance in thedorsolateral prefrontal cortex depending
on WM load, whereas no effects of corticosteroids’ rapid actions
were observed. Thereby, the slow actions of corticosteroids seem
to facilitate adequate higher-order cognitive functioning, which
may support recovery in the aftermath of stress exposure.

Corticosteroids are key modulators of human cognition. They
are released in response to stress as the end product of the

hypothalamic–adrenal–pituitary (HPA) axis, and are known to
readily cross the blood–brain barrier to affect brain processing (1).
Corticosteroids ensure sufficient energy supply to challenged tis-
sues and control the excitability of neuronal networks, and are
thereby thought to support and regulate the stress response (2).
The hormones exert their actions upon binding of the mineralo-
corticoid (MR) and glucocorticoid receptor (GR), abundantly
expressed in the brain (3–5). Recent animal research has indicated
that receptor-binding causes both immediate nongenomic effects
(6) and slow, genomic effects that manifest themselves several
hours after stress exposure (7, 8). By these distinct mechanisms,
corticosteroids seem to influence neural plasticity in a time-
dependent manner (9).
So far, most research on modulation of cognition has focused

on medial temporal lobe structures, where corticosteroids have
been shown to affect neuronal excitability, synaptic plasticity, and
processes of memory retrieval and consolidation (10, 11). How-
ever, moderate to high levels of receptor expression in the pre-
frontal cortex (PFC) (5) make this structure susceptible to
corticosteroid modulation as well. A current working hypothesis
states that corticosteroids’ rapid nongenomic effects work in
concert with the effects of catecholamines during the early phase
of the stress response (9, 12), and thereby optimize rapid adaptive
behavior by reallocating neural resources away from higher-order
cognitive processing regions in the PFC to promote vigilance,
instinctive behavior, and the encoding of the stressful experience
into memory (13). Meanwhile, the corticosteroid-induced geno-
mic cascade is initiated, which is hypothesized to restore PFC
function in the aftermath of stress (13). Although findings from
both animal (14, 15) and human literature (16, 17) provide initial
evidence for corticosteroid modulation of PFC signaling, both the
neural and functional consequences on higher-cognitive function
and their time-dependency remain to be tested.

Here, we targeted both the rapid (putatively nongenomic) and
slow (putatively genomic) effects of corticosteroids on PFC pro-
cessing using a workingmemory (WM)paradigm during functional
MRI (fMRI) in humans. WM refers to a system maintaining rele-
vant information in a temporary buffer that is constantly updated to
guide behavior (18). It is typically associated with the activation of
a frontoparietal executive function network, including the dorso-
lateral prefrontal cortex (DLPFC) (18). Implementing a random-
ized, double-blind, placebo-controlled design, 72 young, healthy
men received 10 mg hydrocortisone—known to mimic corticoste-
roid levels observed during moderate to severe stress—either 30
min (to target corticosteroid rapid effects) or 240 min (to assess
corticosteroid slow effects) before a numerical n-back task. To
investigate whether corticosteroid effects depend on task difficulty,
we manipulated WM load using a 0-, 1-, 2-, and 3-back condition.

Results
Physiological and Psychological Measures. As expected, oral ad-
ministration of 10 mg hydrocortisone increased salivary cortisol
levels to those observed during moderate to severe stress (19)
(Fig. 1), which was evidenced by a significant main effect of
group [F(2,65) = 43.30, P < 0.001] and a time × group in-
teraction [F(18,116) = 26.17, P < 0.001]. Increased levels were
observed from 30 min postadministration onward in both hy-
drocortisone administration conditions, and the levels remained
elevated for at least 90 min. As intended, treatment resulted in
elevated cortisol levels during fMRI scanning in the rapid hy-
drocortisone condition, whereas the levels in the slow condition
had already returned to baseline.
Postexperiment debriefing showed that participants were un-

able to identify the substance received. As expected, hydrocor-
tisone administration did not affect autonomic measures of heart
rate [main effect of drug: F(2,64) < 1] and heart rate variability
[F(2,64) < 1, NS] (Table 1). Furthermore, drug administration
did not affect mood as assessed three times during the experi-
ment using the Profile of Mood States (POMS) questionnaire
(20–22) (Table 1). Although significant reductions in levels of
depression scores [Friedman’s ANOVA; χ2(2) = 8.99, P =
0.011], anger scores [χ2(2) = 7.43, P = 0.024], vigor scores
[χ2(2) = 79.05, P < 0.001], and tension scores [χ2(2) = 18.38, P <
0.001] were observed over the course of the experiment, and
levels of fatigue [χ2(2) = 52.40, P < 0.001] increased, none of
these factors was affected by drug administration. Hence, dif-
ferences in brain activity found between drug conditions cannot
readily be explained by any physiological or psychological side
effects of drug administration.
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Working Memory Performance. Separate ANOVAs for both per-
formance measures of accuracy and reaction times (RTs) were
conducted with WM load as within-subject factor, and drug
condition as between-subject factor. There were robust effects of
WM load on both accuracy [F(3,63) = 107.72, P < 0.001] and
RTs [F(3,63) = 97.96, P < 0.001] (Fig. 2A). These analyses
revealed no significant main effect of drug [accuracy: F(2,65) =
1.59, P= 0.212; RTs: F(2,65) = 1.98, P= 0.146] or a WM-load ×
drug interaction (accuracy and RTs: all F < 1) on both perfor-
mance measures, although a tendency toward shorter RTs and
improved accuracy could be observed for the slow hydrocorti-
sone (CORT) group (Fig. 2A). Because performance on the
n-back task can be regarded as a combined measure of both
accuracy and RTs of responding (both assessing voluntary at-
tention (23) and efficacy of information processing (24)), the two
measures were combined to create one overall WM performance
measure (25) (Materials and Methods). Analysis of this combined
performance measure revealed that CORT administration in-
deed affected WM performance (F(2,42) = 3.25, P = 0.045).
This main effect of drug was driven by an improved performance
of the slow CORT group compared with the rapid CORT group
[T(42) = 6.58, P = 0.014, Fig. 2B] and close to significant im-

provement compared with the placebo group [T(43) = 3.59, P =
0.065]. The rapid CORT and placebo groups did not differ on
WM-performance [T(42) = 0.233, NS]. The observed effects
seemed to be driven by drug effects at high WM load [2- and 3-
back conditions; F(2,64) = 3.34, P = 0.042], as there was no
significant difference between drug conditions at low WM load
[0- and 1-back; F(2,64) = 1.68, P = 0.195]. However, the drug ×
load interaction failed to reach significance [F(2,64) < 1].

Brain Activation. We first identified brain regions activated by
performing the numerical n-back task by contrasting 3-, 2-, 1-
back with 0-back conditions (collapsing across groups). As
expected, the WM task activated an extended set of brain regions
in the bilateral prefrontal cortex (including the DLPFC), bi-
lateral inferior parietal cortex, inferior occipital lobe, cerebellum
and other related regions (Table 2 and Fig. S1A). The opposite
contrast, regions deactivated by WM processing, revealed the
default mode network including the posterior cingulate cortex,
the ventral medial PFC extending into the orbitofrontal cortex
and the medial temporal lobe (Table 2 and Fig. S1B).
To examine how corticosteroids affect working memory pro-

cessing over time, we first identified those brain regions the activity
of which was modulated by any of the drug conditions. This
analysis showed that the only significant effect of hydrocorti-
sone was observed in the left DLPFC [(x = −40, y = 42, z = 32)
F(2,194) = 11.52, Pcorrected=0.030] (Fig. 3). We next extracted the
data from this cluster to analyze whether the effects of hydrocor-
tisone were moderated by WM load using orthogonal contrasts.
First of all, the main effect of WM load was significant [F(2,63) =
4.83, P = 0.011] and showed that the DLPFC displayed greater
activity with increasing load. More importantly, the effect of WM
load on DLPFC activation was modulated by hydrocortisone ad-
ministration [drug × WM-load interaction; F(4,128) = 2.56, P =
0.042]. Further analyses showed that this interaction was driven by
more prominent drug effects at high compared with lowWM loads
[drug×WM-load (1- vs. 2-back); F(2,64) = 5.17, P=0.008, drug×
WM-load (one- vs. three-back); F(2,64) = 4.57, P = 0.014],
whereas the drug effect between the high WM-load conditions
(two- and three-back) did not differ significantly [F(2,64) < 1].
To determine which of the drug conditions induced these

DLPFC effects, we continued with pairwise follow-up tests among
the three drug conditions. These analyses revealed that the ob-
served drug × WM-load interaction effect in the DLPFC was
caused by the slow effects of corticosteroids under highWM-load.
A history of corticosteroid elevation apparently induced in-
creased high WM-load processing in the DLPFC compared with
both placebo [F(1,43) = 6.31, P = 0.016] and the rapid cortico-
steroid conditions [F(1,42) = 12.82, P= 0.001]. Current elevation
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Fig. 1. Experimental design and salivary cortisol curves. Participants re-
ceived two capsules (drug1 and drug2) containing either 10 mg hydrocor-
tisone (CORT) or placebo at different time points before the numerical n-
back task (0/1/2/3-back). Hydrocortisone intake significantly elevated salivary
cortisol levels in both hydrocortisone administration conditions to levels
observed during moderate to severe stress. mood, Mood based on POMS
questionnaire (20–22). Error bars represent SEM.

Table 1. Physiological and psychological measures

Placebo Rapid CORT Slow CORT

Mood state
Depression 1 (t = 30 min) 0.26 (0.13) 0.82 (0.37) 0.65 (0.32)

2 (t = 255 min) 0.09 (0.06) 0.64 (0.35) 0.13 (0.07)
3 (t = 375 min) 0.04 (0.04) 0.59 (0.24) 0.13 (0.10)

Anger 1 (t = 30 min) 0.61 (0.23) 1.18 (0.40) 1.00 (0.43)
2 (t = 255 min) 0.30 (0.19) 0.45 (0.23) 0.48 (0.20)
3 (t = 375 min) 0.22 (0.18) 0.73 (0.29) 0.87 (0.32)

Fatigue 1 (t = 30 min) 1.17 (0.30) 1.68 (0.50) 2.70 (0.61)
2 (t = 255 min) 1.35 (0.44) 1.55 (0.52) 2.43 (0.56)
3 (t = 375 min) 3.52 (0.67) 5.23 (0.69) 4.22 (0.71)

Vigor 1 (t = 30 min) 12.65(0.79) 10.50 (0.77) 11.70 (0.90)
2 (t = 255 min) 10.43 (0.68) 8.73 (0.75) 10.26 (0.96)
3 (t = 375 min) 7.57 (0.88) 4.86 (0.82) 7.13 (0.91)

Tension 1 (t = 30 min) 1.00 (0.27) 1.36 (0.29) 1.30 (0.46)
2 (t = 255 min) 0.35 (0.13) 1.09 (0.35) 0.96 (0.30)
3 (t = 375 min) 0.26 (0.16) 0.64 (0.20) 0.17 (0.10)

Heart rate (beats/min) 65.60 (1.96) 67.04 (2.57) 68.30 (2.41)
Heart rate variability (ms2) 70.76 (4.95) 62.71 (4.99) 67.02 (6.60)

Data are mean (SEM). CORT, hydrocortisone.
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Fig. 2. Behavioral performance in n-back task. (A) Mean error rates and RTs
of the 0-, 1-, 2-, and 3-back conditions for the three drug conditions did not
reveal any effects of hydrocortisone (CORT). (B) Combination of error rates
and RTs into one overall WM performance measure revealed that the slow
CORT group outperformed both other groups. Error bars represent SEM.
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in corticosteroid level had no such effect on DLPFC activation
[rapid CORT vs. placebo: F(1,42) = 1.24, NS].

Discussion
Here we targeted both the rapid (presumably nongenomic) and
slow (presumably genomic) effects of corticosteroids on prefrontal
working memory processing. Results revealed time-differential
effects for corticosteroids’ actions, with their slow effects in-
creasing WM-related activation of the DLPFC and thereby im-
proving WM performance, whereas corticosteroids’ rapid effects
did not induce any observable effect.
Previous work in animals has provided initial evidence that

corticosteroids, in addition to their well-established slow genomic
effects, also exert rapid nongenomic effects (9). The hormones
have been shown to rapidly affect neuronal plasticity by binding
to membrane mineralocorticoid receptors (MR), leading to a
change in glutamate release (6). At the same time, a corticosteroid-

induced genomic cascade is initiated by the binding of primarily
intracellular glucocorticoid receptors (GRs) that, upon binding,
translocate to the nucleus, where they function as transcription
factors to modulate the expression of more than 200 genes (26).
In the medial temporal lobe, these rapid and slow actions of
corticosteroids were shown to have fundamentally distinct con-
sequences in that they either enhanced or inhibited neuronal
plasticity, respectively (6–8). Here, we aimed to dissociate these
two effects on the human PFC experimentally by administrating
10 mg of hydrocortisone at either 30 or 240 min before the WM
task. The timing of the rapid corticosteroid condition was based
on a previous study in our laboratory revealing an elevation in
human salivary cortisol levels from 30 min onward (27), and most
prominent rapid, quickly reversible effects with corticosteroids
administered directly to hippocampal slices in rodents (6). The
genomic effects of corticosteroids, on the other hand, generally do
not start earlier than 3 h after exposure to high corticosteroid
levels (28, 29), and these effects last for hours (28, 30). Thus,
administration of hydrocortisone at 30 min before scanning
probably caused sufficiently high levels of the hormone in the
brain to evoke rapid nongenomic effects, whereas this delay was
too short to allow development of gene-mediated events. Con-
versely, when hydrocortisone was applied at 240 min before test-
ing, hormone levels were so low (similar to baseline) during the
behavioral task that nongenomic actions are not likely to happen,
yet allowed enough time for the gene-mediated actions to occur.
Under conditions of acute stress, working memory is generally

impaired (31–33), whereas neuronal firing and long-term poten-
tiation in the PFC are known to be decreased (34–36). These
effects are at least partly caused by the stress-related hormones
norepinephrine and dopamine, which are known to impair pre-
frontal cortex function in higher doses (37). They subserve the
initial fight-or-flight response by prioritizing rapid instinctive be-
havior (as mediated by, e.g., the amygdala) and emotional memory
encoding (38, 39) over complex, higher-order cognitive functions
as performed by the prefrontal cortex (37, 40). Because previous
studies have shown that the rapid effects of corticosteroids act in
concert with (and to amplify) the effects of catecholamines on long
termmemory (9, 12), we hypothesized impairedWMperformance
in the rapid CORT condition. However, we did not observe any
rapid, nongenomic effects of corticosteroids on either WM per-
formance or DLPFC activation. Previous studies of corticosteroid
modulation of working memory performance show rather con-
flicting results on this topic. Studies have reported no effects on
WM performance (41, 42), corticosteroid-induced improvements
in both humans (43) and animals (44), as well as impairments (45)
depending on concurrent sympathetic activation (31) or WM

Table 2. Peak voxel and corresponding F/T values of
significantly activated clusters in main effects of working
memory

MNI
coordinates

Region BA x y z
F/T

value

Positive main effect of WM
Extended activation
cluster covering
precentral gyrus,
superior, middle PFC

L 6,8,10,32,
44–46,48

−30 0 60 18.61***

R 6,8,10,32,
44–46,48

30 2 58 19.27***

Supplementary motor area L 32 −4 16 46 21.57***
Inferior parietal cortex L 40 −36 −46 44 22.15***

R 40 44 −46 52 21.44***
Angular gyrus R 40 38 −54 52 21.06***
Inferior temporal gyrus R 37 56 −54 −12 9.21***
Cerebellum, 9 L −10 −58 −52 4.91*
Calcarine R 17 14 −72 12 5.04*

L 17 −10 −98 0 6.48***
Inferior occipital lobe R 18 30 −92 −6 8.49***

L 18 −26 −94 −8 8.06***

Negative main effect of WM
Ventral medial PFC L 10 −4 60 18 17.62***

L 10 −4 56 −4 18.95***
Rectus L 11 −2 44 −16 19.01***
Inferior orbitofrontal gyrus L 47 −32 34 −14 17.23***
Inferior temporal gyrus L 21 −56 −4 −26 14.74***
Supramarginal/superior
temporal gyrus

R 48 56 −26 24 13.87***

Fusiform gyrus/parahippocampal
gyrus

L 37/20 −26 −42 −10 14.78***

R 37/20 30 −32 −16 12.72***
including hippocampus L 37 −30 −32 −12 10.78***

R 20 28 −20 −16 10.92***
Middle temporal gyrus L 21 −64 −44 −4 6.46***

R 21 64 −2 −20 13.05***
Posterior cingulate cortex L 23 −4 −46 30 23.21***
Precuneus L 30 −6 −52 16 22.04***
Angular gyrus L 39 −50 −66 32 17.72***
Cerebellum, 9 R 4 −54 −44 5.06*
Cerebellum, crus1/2 R 28 −82 −34 13.43***

L −28 −82 −34 6.71***

All effects are analyzed using voxel-level statistics. WM, working memory;
MNI, Montreal Neurological Institute; BA, Brodmann Area; R, right; L, left.
*P < 0.05 whole-brain corrected; **P < 0.01 whole-brain corrected; ***P <
0.001 whole-brain corrected.
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load (46). The latter findings suggest that fast actions of cortico-
steroids indeed have effects additive to those of noradrenergic
activation inWM impairment.Work in rodents has shown that this
concurrent noradrenergic activity of the amygdala actually is es-
sential for corticosteroid-induced impaired WM to occur (47). In
line with this, a recent human study of the effects of norepineph-
rine and corticosteroids on the neural correlates of memory for-
mation showed that, specifically, the administration of both
hormones caused a strong deactivation in the prefrontal cortex,
whereas no such effects were observed when only corticosteroids
were administered (17). Here we used different levels of difficulty
(WM load), which presumably triggered different levels of arousal,
but did not observe any rapidmodulatory effects of hydrocortisone
on WM performance or DLPFC processing. However, the levels
of emotional arousal reached due to this manipulation most likely
did not reach arousal levels observed under conditions of stress.
Therefore, this issue of potentially interacting rapid corticosteroid
and noradrenergic effects on PFC functioning remains open for
future research. Regardless, our results show that corticosteroids
by themselves do not modulate WM performance or WM-related
DLPFC activity in a rapid nongenomic manner.
Corticosteroids’ slow, genomic effects on the other hand have

often been seen as essential for adaptation and restoration of
homeostasis following situations of acute stress (48). Here we
provide a unique demonstration that exactly these delayed effects
of corticosteroids boost WM processing. This effect was strongest
at high WM load when cognitive demand is highest. Our findings
of enhanced WM by corticosteroids are supported by two recent
rodent studies in which the administration of corticosterone in
the prefrontal cortex was shown to enhance glutamatergic trans-
mission in PFC pyramidal neurons by increasing surface levels of
NMDA- and AMPA-receptor subunits (44, 49). Moreover, one of
these studies (44) showed that stress improved performance on
a WM task 4 h later, but not immediately. Both this increase in
glutamatergic transmission and improved behavioral performance
were abolished by the administration of a selective GR antagonist,
pointing toward the involvement of this receptor. Because the rapid
stimulatory nongenomic effects of corticosteroids are thought to be
mediated by corticosteroid binding of membrane MRs (6), this
observed corticosteroid-induced WM improvement most likely
involves a genomic mechanism. These findings in animals, together
with the time-delay implemented for assessing the slow cortico-
steroid effects in this study, suggest that the observed improvement
in WM-processing is mediated via a GR-dependent genomic
mechanism. However, administration of a GR antagonist would
be necessary to explicitly test this hypothesis in humans. Although
extremely interesting and necessary for future understanding of
corticosteroid effects, the realization of such an experiment is
currently prohibited for practical reasons, as no selective GR
antagonist has yet been registered for human use. Mifeprestone
(RU-486) is the only compound commercially available (50);
however, it is known to cross the blood–brain barrier only at very
high concentrations (51) and, more importantly, to also act as
a very potent progesterone receptor antagonist (52), which might
cause many unwanted side effects. Future studies are therefore
necessary to elucidate the exact underlying mechanism of the
observed potentiation of WM processing. Nevertheless, we here
show that, specifically, corticosteroids’ slow actions boost WM
processing in the DLPFC, which are likely mediated via a GR-
dependent genomic mechanism.
Obviously, several limitations of this study should bementioned.

First of all, the behavioral effects observed in this study were not
very strong. Although trends were seen in absolute measures of
reaction time and error rate, these trends failed to reach signifi-
cance. Only the combination of both measures revealed an in-
dication for enhanced performance in the slow corticosteroid
group. However, because both measures contribute to behavioral
performance in their own distinct ways (23, 24), we think that this
combination is actually warranted. The combination of error rates
and reaction times is often used to determine the speed–accuracy
tradeoff displayed by participants. This speed–accuracy tradeoff
refers to the fact that there is usually a tradeoff between these two
measures, with either short reaction times causing many errors, or

longer reaction times reducing the number of errors (53). Here
however, we observed both faster and more accurate responses by
participants in the slow CORT group compared with the other
groups, so instead of a shift in tradeoff, we found additive effects
both pointing toward improved performance.
It cannot be excluded that the lack of a strong behavioral ef-

fect is partly caused by the relatively low number of subjects in
our fMRI study; this number is obviously lower than for less
laborious psychopharmacological studies. Behavioral output is
dependent on a multitude of factors (e.g., intelligence or moti-
vation), and the variation in WM performance within each group
is therefore quite substantial. For this reason, effects with rather
small effect sizes, such as observed here, are not easily detected
in behavior, certainly with the between-subjects comparison that
was used. Regardless, we found significant brain effects that were
in line with the behavioral effect, providing corroborative evi-
dence. A second explanation for the rather weak behavioral ef-
fect might be that the dose of hydrocortisone administered was
too low to induce stronger effects. We used 10 mg hydrocorti-
sone in this study, because this dose is known to increase salivary
cortisol levels to physiological levels observed under conditions
of moderate to severe stress (19, 54, 55). Moreover, previous
studies using a similar dose reported on the successful induction
of corticosteroid effects on declarative memory (54, 55), which
has been shown to be less sensitive to corticosteroid modulation
than working memory (46). However, several studies reporting
on corticosteroid effects on human cognition have used higher
doses of hydrocortisone (17, 56, 57), and use of such a higher
dose might possibly have induced stronger behavioral effects.
Another limitation of this study is that we investigated men

only, which limits the generalization of the obtained results to
women. Women are known to display HPA axis reactivity dif-
ferent from that of men and to exhibit smaller and more variable
responses to stress (58), which appear to depend on the phase of
the menstrual cycle and use of hormonal contraceptives (59).
Although sex differences are important to consider, this issue
was beyond the scope of this initial study, which is why we opted
to recruit the population with the most stable response to cor-
ticosteroids, and excluded women from participation.
Finally, this pharmacological study obviously is not an exact

copy of naturally occurring circumstances. Real-life cortisol re-
lease in response to stress is accompanied by the release of many
other neuromodulators, such as norepinephrine, corticotropin-
releasing hormone, dopamine, and serotonin (60). Mere admin-
istration of hydrocortisone lacks the interaction with these
modulators, but does reveal a cleaner mechanistic account for
the pure corticosteroid effect, which was the aim of this study.
Regardless of these potential limitations, the present results

reveal two major findings. First, this study provides clear evidence
for the existence of time-dependent effects of corticosteroids on
human brain processing. The importance of this timing factor,
although widely acknowledged in animal literature (61), has so far
been neglected in human studies on corticosteroid effects. The
majority of previous studies tested for corticosteroid effects ∼1 h
after hydrocortisone administration (62–64), most probably
resulting in a mix of corticosteroids’ rapid, nongenomic and slow,
genomic effects. Our data suggests that future research on corti-
costeroids, along with the understanding of their effects, would
greatly benefit from the incorporation of this crucial timing factor
in experimental designs. Second, corticosteroids’ slow effects were
shown to augment DLPFC processing and to facilitate WM per-
formance. Because previous research has indicated that working
memory and prefrontal processing are impaired under conditions
of acute stress by the rapid actions of catecholamines (37), we
speculate that these slow corticosteroid effects may counteract
these changes and help the brain to recover in the aftermath of
stress. Thereby, they may serve a highly adaptive function in nor-
malizing brain processing when stress has subsided.

Materials and Methods
A more detailed description of the methods applied can be found in SI
Materials and Methods.
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Participants. Seventy-two young (age range, 18–29 years; median, 21 years),
right-handed, healthy male volunteers gave written informed consent to
participate in the study. Individuals with any history of or current psychiatric,
neurological, or endocrine disorders, or receiving any medication that affects
central nervous system or endocrine systems, were excluded from participa-
tion. In addition, four participants were excluded from analyses because they
displayed either abnormal basal salivary cortisol levels (>3 SDs above mean;
one participant), or showed no elevation in salivary cortisol level in response
to hydrocortisone intake, resulting in 23 men in the placebo group, 23 in the
slow CORT group, and 22 in the rapid CORT group. The study was executed
in accordance with the Declaration of Helsinki and approved by the local
ethics committee (CMO region Arnhem-Nijmegen, The Netherlands).

Procedure. Experiment. To reduce the impact of diurnal variation in cortisol
levels, all testing was performed in the afternoon, between 1200 hours (± 30
min) and 1800 hours (± 30 min), when hormone levels are relatively stable.
Upon arrival, participants received an information brochure about the
procedure, gave informed consent, and completed an intake questionnaire
to ensure that inclusion and exclusion criteria were met. Next, 30 min after
arrival, a first saliva sample was taken, followed by another sample 15 min
later, to measure a reliable baseline level. Participants were asked to com-
plete a first Profile of Mood States (POMS) questionnaire (20–22), after
which they were briefly trained in the WM task to ensure proper un-
derstanding during scanning. Immediately after the second saliva sample (at
t = −240 min) participants received the first capsule. During the entire period
(∼3.5 h) before scanning, participants waited in a quiet room where they
were free to conduct any activities except for anything potentially arousing
(e.g., video games). At 30 min before scanning, participants were asked to
complete another POMS questionnaire, and received the second capsule.
Both drug capsules, containing either 10 mg CORT or placebo (cellulose),
were administered orally. This dose is known to elevate salivary cortisol levels
to moderate to high stress levels (19, 54, 55), and has been shown to be
successful in the induction of corticosteroid effects on declarative memory
(54, 55). Depending on the group to which the participant was (randomly)
assigned he received either the first capsule containing placebo, the second
containing placebo (placebo group); the first capsule hydrocortisone, the
second capsule placebo (slow CORT group); or the first capsule placebo, the
second capsule hydrocortisone (rapid CORT group).
n-Back task. At about 4.5 h after arrival participants were taken to the scanner
room were they were asked to conduct an n-back task. Using a blocked
design, participants completed eight cycles of alternating 0-, 1-, 2-, and 3-back
conditions, interleaved by a short fixation period (2.4 s) (Fig. S2). Within each
block, a pseudorandom digit sequence (no more than two repetitions)
consisting of 12 single digits was shown to participants. Each digit was
presented for 400 ms, followed by an interstimulus interval of 1400 ms. Each
block started with a 2-s cue presentation indicating the 0-, 1-, 2-, or 3-back
condition, resulting in an interblock interval of 26 s. Blocks were presented
in a mirrored design avoiding covariation with linear drift. During the 0-back
condition, participants were asked to decide whether or not the current
item on the screen was a “1.” During the 1-back condition, participants were
asked to detect whether the current item had appeared one position back in
the sequence. Similarly, in the 2- and 3-back condition, participants were
instructed to detect whether the current item had appeared two or three
positions back, respectively. Each sequence contained either two or three
targets, and participants were asked to make a button press with their right
index finger as fast as possible when detecting a target. To ensure proper
understanding and sufficient performance, participants practiced each
condition twice earlier that day outside the MRI scanner (at t = −240 min)
and twice inside immediately before the actual task (t = 0 min).

Physiological and Psychological Measures. Salivary cortisol measure. Cortisol
levels were measured from saliva at 10 time points (Fig. 1): baseline meas-
urements twice at the beginning of the experiment (t = −255 and −240 min),
and eight samples (t = −210, −180, −150, −30, 0, 30, 60, and 90 min) to assess

cortisol changes throughout the experiment. Saliva was collected using
a commercially available collection device (Salivette, Sarstedt).
Heart rate. Cardiac rhythm of the participants was measured during scanning
using a pulse oximeter placed on their left index finger. Participants were
instructed to keep their hands as still as possible during the measurement.
Heart rate frequency was calculated using in-house software.
Mood state.Mood state was assessed using the POMS questionnaire (20–22) at
three time points: at the beginning of the experimental day (t = −255 min),
just before entering the fMRI scanner (t = −30 min), and just before de-
parture (t = 90 min).

Physiological and Psychological Statistical Analysis. Behavioral and physio-
logical data were analyzed in SPSS 15.0 (SPSS, Inc) using mixed-model
ANOVAs with WM load (3- vs. 2- vs. 1- vs. 0-back) as within-subject factor and
CORT manipulation (placebo vs. slow CORT vs. rapid CORT) as between-
subjects factor. Participant age was included as covariate. Due to the high
levels of skewness and kurtosis of the POMS questionnaire (20–22), mood
data were analyzed using nonparametric tests (Friedman test). The two
measures of working memory performance, accuracy and reaction times,
were analyzed both separately and combined as one overall WM perfor-
mance measure using Stouffer’s z-score method (65). This method first
applies a z-transformation to both independent variables and subsequently
combines them (here by subtraction) into one overall z-score. Alpha was set
at 0.05 throughout.

MRI Acquisition. Participants underwent scanningwith a SiemensMAGNETOM
Avanto 1.5 Tesla MRI scanner equipped with an eight-channel head coil. A
series of blood oxygenation level dependent (BOLD) T2*-weighted gradient
echo EPI images was acquired with the following parameters: TR = 2340 ms,
TE = 35 ms, FA = 90 °, 32 axial slices approximately aligned with AC–PC plane,
slice matrix size = 64 × 64, slice thickness = 3.5 mm, slice gap = 0.35 mm, field
of view (FOV) = 212 × 212 mm2. Owing to its relatively short TE, this sequence
yields optimal contrast-to-noise ratio in the medial temporal lobes. High-
resolution anatomical images were acquired for individuals by a T1-weighted
3D Magnetization-Prepared RApid Gradient Echo (MP-RAGE) sequence,
which used the following parameters: TR = 2250 ms, TE = 2.95 ms, FA = 15 °,
orientation: sagittal, FOV = 256 × 256 mm2, voxel size = 1.0 mm isotropic.

fMRI Data Analysis. Data were analyzed using Statistical Parametric Mapping
software (SPM5; University College London). Following standard preprocess-
ing procedures (SI Materials and Methods), data were analyzed using a gen-
eral linear model, in which individual events were modeled based on drug
condition and working memory load [1-, 2- or 3-back contrasted vs. 0-back
(baseline)]. Regressors were temporally convolved with the canonical hemo-
dynamic response function of SPM5. The six covariates corresponding to the
movement parameters obtained from the realignment procedure were also
included in the model. To reduce nonspecific differences between scan ses-
sions, global normalization using proportional scaling was applied. The sin-
gle-subject parameter estimates from each session and condition obtained
from the first-level analysis were included in subsequent random effects
analyses. For the second-level analysis, a factorial ANOVA was used, with
working memory load (1-, 2-, 3-back) as within-subject factor, drug condition
(placebo vs. slow CORT vs. rapid CORT) as between-subjects factor, and par-
ticipant age as covariate.

Given strong neurophysiological evidence for the locus of corticosteroid
receptors (5) and its involvement in WM processing (18), the DLPFC was
a region of interest. Data concerning this region was corrected for reduced
search volume through an anatomical mask as defined by the WFU PickAtlas
Tool, version 2.4 (bilateral middle frontal gyrus). A threshold of P < 0.05,
familywise error whole-brain corrected, was applied to all other regions.
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