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KEYWORDS Summary A host of animal work demonstrates that the retention benefit for emotionally aversive
Memory consolidation; over neutral memories is regulated by glucocorticoid action during memory consolidation. Particu-
Emotion; larly, glucocorticoids may affect systems-level processes that promote the gradual reorganization of
Cortisol; emotional memory traces. These effects remain largely uninvestigated in humans. Therefore, in this
Amygdala; functional magnetic resonance imaging study we administered hydrocortisone during a polysomno-
fMRI; graphically monitored night of sleep directly after healthy volunteers studied negative and neutral
Sleep pictures in a double-blind, placebo-controlled, between-subjects design. The following evening

memory consolidation was probed during a recognition memory test in the MR scanner by assessing the
difference in brain activity associated with memory for the consolidated items studied before sleep
and new, unconsolidated items studied shortly before test (remote vs. recent memory paradigm).
Hydrocortisone administration resulted in elevated cortisol levels throughout the experimental night
with no group difference at recent encoding or test. Behaviorally, we showed that cortisol enhanced
the difference between emotional and neutral consolidated memory, effectively prioritizing emo-
tional memory consolidation. On a neural level, we found that cortisol reduced amygdala reactivity
related to the retrieval of these same consolidated, negative items. These findings show that cortisol
administration during first post-encoding sleep had a twofold effect on the first 24 h of emotional
memory consolidation. While cortisol prioritized recognition memory for emotional items, it reduced
reactivation of the neural circuitry underlying emotional responsiveness during retrieval. These
findings fit recent theories on emotional depotentiation following consolidation during sleep,
although future research should establish the sleep-dependence of this effect. Moreover, our data
may shed light on mechanisms underlying potential therapeutic effects of cortisol administration
following psychological trauma.
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1. Introduction

A striking and adaptive feature of human memory is its
propensity to prioritize biologically salient over emotionally
neutral information (Hamann, 2001; LaBar and Cabeza,
2006). An established animal literature posits that this emo-
tional enhancement effect is at least partly related to neu-
romodulatory action during memory consolidation (McGaugh
and Roozendaal, 2002). Stress hormones like cortisol (corti-
costerone in rats) are, together with stress-related neuro-
transmitters like norepinephrine, thought to exert their
modulatory effect through potentiation of the amygdala.
The amygdala subsequently modulates mnemonic processing
in the hippocampus and other brain regions (McGaugh, 2004).
Although well established in animals, these effects remain
relatively uninvestigated in humans, despite recent reports
on a possible role for glucocorticoids in the prevention of
traumatic memory (de Quervain et al., 2009).

During memory consolidation, initially fragile memory
traces are reorganized and integrated into long-term storage
(Miller and Pilzecker, 1900; Marr, 1970; McGaugh, 2000). This
process occurs when awake, but is particularly facilitated
during sleep (Stickgold, 2005; Diekelmann and Born, 2010). In
case of emotional memory, current theories suggest that this
consolidation process additionally serves to reduce the affec-
tive tone of the memory trace by integrating it into con-
ceptualized, semantic networks (Walker and van der Helm,
2009). Within neuroimaging, memory consolidation is often
probed by measuring the outcome of consolidation during
retrieval, for instance using a remote versus recent memory
paradigm (Takashima et al., 2006).

Previous studies using similar designs have shown that the
emotional enhancement effect of memory develops progres-
sively over consolidation (Nishida et al., 2009), and that the
retrieval of consolidated emotional memories engages the
amygdala and hippocampus (Dolcos et al., 2005; Sterpenich
et al., 2009). However, none of these studies consider the role
of cortisol. On a behavioral level, several studies have sug-
gested a facilitatory role of cortisol in (emotional) memory
consolidation (Buchanan and Lovallo, 2001; Cahill et al., 2003;
Maheu et al., 2004; Abercrombie et al., 2006; Kuhlmann and
Wolf, 2006; Payne et al., 2007, but see: Wagner et al., 2005b,
and see Lupien et al., 2007; de Quervain et al., 2009 for
reviews). However, these findings are either complicated by
concomitant drug effects on encoding, or related to other
stress-induced neuromodulatory changes in addition to corti-
sol, most importantly norepinephrine. A recent study by Wil-
helm and colleagues did study the isolated effect of cortisol on
consolidation, but only found an effect on relational (and not
item) memory of neutral text material (Wilhelm et al., 2011).
Thus, it remains unknown to what extent the reorganization of
emotional memory traces as a result of prioritized memory
consolidation directly depends on cortisol.

We assessed the effect of hydrocortisone administration
on the consolidation of negative and neutral pictures studied
just prior to polysomnographically monitored sleep (remote
set), in a double-blind, placebo-controlled, between-sub-
jects design. Memory consolidation was probed the following
evening during a recognition memory test in the MR scanner
by assessing the difference in memory performance and brain
activity for the ‘remote’ items and new, ‘recent’ items

studied just prior to test. We administered hydrocortisone
after learning and just before sleep, because processes
underlying memory consolidation are thought to take place
most prominently, although not exclusively, during sleep
(Diekelmann and Born, 2010). Remote items thus transi-
tioned through a phase of memory consolidation during
sleep, which in the cortisol group was accompanied by
elevated cortisol levels. In contrast, recent items were
neither consolidated, nor affected by the cortisol manipula-
tion. Note that although this experimental setup targets
memory consolidation during sleep, it cannot establish sleep
dependence. We did not include a non-sleep condition at a
different time of day or a sleep deprivation condition
because such controls would be confounded by cortisol dif-
ferences resulting respectively from the diurnal cycle of
cortisol or sleep deprivation itself (Balbo et al., 2010).

Based on extensive animal literature concerning the facil-
itatory role of glucocorticoids in the memory consolidation of
emotionally arousing events (McGaugh and Roozendaal,
2002), we hypothesized that hydrocortisone administration
during post-encoding sleep would enhance the consolidation
benefit for emotional (vs. neutral) memory, which would be
reflected in altered reactivation patterns of limbic circuitry
during retrieval.

2. Materials and methods
2.1. Participants

Forty-two healthy male volunteers participated in this study,
which was approved by the local ethics committee (CMO region
Arnhem-Nijmegen, The Netherlands) in accordance with the
declaration of Helsinki. Only men were included to minimize
heterogeneity related to gender differences in HPA-axis activ-
ity (Wang et al., 2007). Volunteers were screened before
entering the study. Prior to screening, they were informed
about all procedures and risks and asked to sign informed
consent. At screening, all individuals that met any of the
following criteria were excluded from participation: history
of head trauma; history of psychiatric, neurological, endo-
crine, metabolic, or sleep disorders; current use of psychoac-
tive or corticosteroid drugs, or any other drug that affects the
central nervous and endocrine systems; acute peptic or duo-
denal ulcers; medical illness within the three weeks prior to
testing; daily tobacco or alcohol use; current stressful episode
or major life event; a body-mass-index outside the range of
18.5—25; or standard contra-indications for participationin an
MRI experiment. Furthermore, all participants were right-
handed, and had normal or corrected to normal vision. Parti-
cipants had no complaints of excessive daytime sleepiness as
assessed with the Dutch version of the Epworth Sleepiness
Scale (Johns, 1991), or any sleep disturbances as determined
by the Pittburgh Sleep Quality Index (Buysse et al., 1989).
Additionally, we screened for extreme morning and evening
chronotypes using the Horne—Ostberg Questionnaire (Horne
and Ostberg, 1976). Finally, a venous blood sample was taken,
which was analyzed for serum cortisol with an inclusion range
between 150 and 700 mmol/L. Participants were randomly
assigned to the hydrocortisone group (CORT) or the placebo
group (PLAC). Data of three participants were excluded: two
due to excessive head movement during scanning and one
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(in the placebo group) due to very high cortisol levels during
the test session (>3 x SD above the mean), resulting in thirty-
nine participants used in the below analysis (CORT, n = 20;
mean age: 21 + 2.7, range: 19—31; PLAC, n = 19; mean age:
21 + 2.1, range: 19—26). There were no differences between
experimental groups in any of the sleep-related questionnaires
(all T(37) < 1.2, n.S.).

2.2. Design and general procedure

To study emotional memory consolidation, participants per-
formed two study sessions (remote and recent, see Fig. 1). At
the first study session (day 1) participants encoded a set of
negative and neutral pictures (10.45 PM, remote set) outside
the scanner before they went to bed at 11.45 PM to allow 8 h
of polysomnographically monitored sleep. After awaking (day
2), participants left the lab to follow their normal daily
routine with the instruction not to engage in excessive
physical exercise or have any daytime sleep (monitored by
an Actigraph activity monitor (Actigraph, Pensacola, Flor-
ida)). Participants returned to the lab on the afternoon for a
second study session (5.15 PM, recent set) that was directly
followed by a recognition memory test in the MR scanner (6
PM), which included both the remote and recent sets and a
set of new pictures never seen before. The role of cortisol in
emotional memory consolidation was investigated by orally
administering capsules containing either 10 mg of hydrocor-
tisone + cellulose (CORT group) or cellulose alone (PLAC
group) directly after encoding the remote set (11 PM) and
at 2 AM when participants were briefly awakened by an alarm
clock. The total dosage of 20 mg of hydrocortisone was
chosen based on previous studies showing clear effects of
similar dosages on memory function (Buchanan and Lovallo,
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2001; Kuhlmann and Wolf, 2006). The timing of the second
capsule was chosen to ensure an elevated level of cortisol
throughout the night (hydrocortisone is absorbed rapidly and
well when administered orally with a £,,ax 0f 60 minand a t;,,
of approximately 8—12 h). The timing of the memory test on
the evening of day 2 excluded any effects of the drug on
recent encoding and retrieval. Both behavioral and imaging
data were analyzed using a 2 (picture valence) x 2 (picture
remoteness) x 2 (drug) factorial ANOVA with picture valence
and picture remoteness as within subjects factors and drug as
between subjects factor. The emotional enhancement effect
was indexed as the difference between negative versus
neutral pictures, offline consolidation as the difference
between remote versus recent pictures, and the relative
consolidation benefit for emotional versus neutral items as
the difference between these two difference scores ([nega-
tive remote—neutral remote] — [negative recent—neutral
recent]).

2.3. Memory paradigm

2.3.1. Stimulus materials

Three unique sets of 160 pictures each (80 negative and 80
neutral) were formed from a selection of a standard set of
affective pictures (Lang et al., 2008), supplemented with a
small additional set of newly rated pictures (Henckens et al.,
2009). Negative pictures were selected based on their mod-
erate to high arousal (mean + SD, 5.4 &+ 0.7), and negative
valence (mean =+ SD, 3.0 £+ 0.7), as rated on the Self-Assess-
ment Manikin (SAM) scales (Bradley and Lang, 1994). Neutral
pictures were selected based on their relatively low arousal
(mean +SD, 2.5+ 0.8) and neutral valence (mean =+ SD,
5.2 +£0.3). All pictures were equalized in luminance and

2 x 10 mg hydrocortisone

Encoding Sleep Encoding Test
remote set polysomnography e o |recentset|| rem/rec/new
80 neg/80 neu 80 neg/80 neu 240 neg/240 neu
10.45 PM 11.45 PM - 7.45 AM 5.15 PM 6-7PM
[ T

25s

1s

Figure 1

old or new?
3
confidence
levels

Experimental design. Participants encoded two sets of negative and neutral IAPS with varying time delays to a recognition

memory test in the MR scanner: a remote set (£20 h before test, and followed by nocturnal sleep), and a recent set (shortly before to
test, with no sleep in between). At retrieval, memory was tested for both sets (plus foils), and offline memory consolidation was
indexed as the difference between remote and recent memory. To assess the role of cortisol in emotional memory consolidation
hydrocortisone was administered (2 x 10 mg) in half of the participants during the post-encoding night of sleep. Neg, negative; Neu,

neutral; Rem, remote; Rec, recent.
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presented centrally on a background with the averaged gray-
value of all pictures. The sets were matched in mean arousal
and valence ratings, while content overlap within one set was
minimized. The order of pictures within each set was pseu-
dorandomized with no more than two pictures of the same
valence presented consecutively. Each set could serve as
either a remote, recent, or new set following a fully counter-
balanced scheme across participants.

2.3.2. Study sessions

At the remote and recent study sessions pictures were pre-
sented on a computer screen for 1's with a fixed ITl of 2.5
during which a fixation cross was shown (Fig. 1). Participants
were instructed to view attentively and memorize each
picture and rate its valence as negative or neutral by key-
board button press (ensuring deep encoding). Practice ses-
sions familiarized participants with the task and response
options.

2.3.3. Recognition test

Participants lay supine in the scanner and viewed the screen
through a mirror positioned on the head coil. At recognition
test all pictures (remote, recent, and new) were presented
for 800 ms with an ITI ranging from 3.2 to 6.2 s (mean 4.7 s)
(Fig. 1). The order of presentation was pseudorandomized
with no more than three pictures of the same set presented
consecutively, and 60 null events (fixation cross) were added
as implicit baseline for later analysis. Participants were
instructed to make old/new judgments with simultaneous
confidence ratings, in which both remote and recent pictures
were classified as old. Using two button boxes, participants
had the following response options: Old/very sure, Old/sure,
and Old/unsure as separate buttons for one hand, and New/
very sure, New/sure, and New/unsure for the other. Across
participants Old and New responses were randomly assigned
to the right and the left button box. The response options
were graphically depicted at the bottom of the screen and
participants were instructed to respond as quickly as possi-
ble, but could respond until the appearance of the next
picture. The total of 480 pictures (+60 null events) was
divided over two sessions of approximately 25 min with a
very short break in between during which the participants
stayed in the scanner. Practice sessions in the scanner
ensured participants were familiarized with the task and
response options. Using this set-up, 4 response categories
were possible: hits (correct old judgments), misses (incorrect
old judgments), correct rejections (CR, correct new judg-
ments), and false alarms (FA, incorrect new judgments).
Accuracy was calculated as hit rate (hits/hits + misses) minus
false alarm rate (FA/FA + CR). For both the behavioral and
fMRI analysis all Old/unsure responses were discarded since
the number of unsure hits and unsure FAs did not significantly
differ indicating that participants were operating at chance
level. Thus hits and FAs included only very sure and sure
responses, and misses and CRs included all confidence levels.

2.4. Sleep/polysomnography

Sleep was assessed by standard polysomnographical recordings
acquired with a Brainvision system (Brain Products, Gilching,
Germany) (sampling rate: 500 Hz, high- and low-pass filter

0.016 and 125 Hz, respectively). A mastoid referenced elec-
trode montage was used with electroencephalography record-
ings from F3/F4, C3/C4, and 03/04 with a recommended
derivation to the contralateral mastoid electrodes (A1/A2),
electromyography recordings from a chin electrode, and elec-
trooculography recordings from above and next to the right
eye. Sleep scoring (blind to drug group and memory perfor-
mance) was performed using Somnologica software (Somno-
logica Studio 5.0, Embla, Broomfield, Colorado), and consisted
of visual categorization of each 30s epoch as either NREM
stages 1—3, REM sleep or wake according to standard criteria
(Iber et al., 2007). Participants were instructed to keep to
their normal sleep rhythm on the three nights prior to the
experimental night. Sleep registration failed in one subject in
the PLAC group due to technical problems. This subject is
included in all other analysis.

2.5. Cortisol measurements

To monitor the cortisol manipulation, saliva was sampled
throughout the experiment using saliva collection devices
(Salivette, Sarstedt, Rommelsdorf, Germany) to determine
the level of free cortisol. Saliva was sampled seven times
during the experimental night: 9.30 PM (baseline, 30 min
after entry), 11 PM (directly following remote encoding and
prior to drug intake 1), 11.45 PM (prior to going to bed), 2 AM
(prior to drug intake 2), 7.45 AM (at awakening), 8.15 AM
(30 min after awakening), 8.45 AM (1 h after awakening), and
three times during the afternoon session on day 2: 5.15 PM
(prior to recent encoding and 30 min after entry), 5.30 PM
(directly following recent encoding), and 7.30 PM (15 min
after finishing the MRI session). For a detailed description on
the biochemical analysis of the cortisol samples see (van
Marle et al., 2009). To minimize differences in baseline
cortisol levels, we instructed participants to refrain from
drinking alcohol, exercising, and smoking for 24 h prior to the
experiment. Furthermore, participants were requested not
to brush their teeth, floss, or eat and drink anything but
water for 30 min prior to arrival until the end of the experi-
mental session on both days to enable adequate saliva sam-
pling for cortisol assessment. Group differences in total
cortisol concentration were tested by performing indepen-
dent T-tests on the area under the curve with respect to the
ground (AUCg) (Pruessner et al., 2003), separately for the
experimental night (samples 1—7) and the afternoon session
on day 2 (samples 8—10). Alpha was set at 0.05 throughout.

2.6. Image acquisition

Whole brain T2* weighted gradient echo EPI BOLD-fMRI
images were acquired with a Siemens (Erlangen, Germany)
TIM Trio 3.0 T MR-scanner equipped with an eight channel
phased-array head coil, using an ascending slice acquisition
(37 axial-slices, TE/TR: 25/2180 ms, flip angle 80°, FOV:
212 mm x 212 mm, matrix 64 x 64, 3.0 mm slice thickness,
.3 mm slice gap). 687 images were acquired during the task.
In order to reduce artifacts caused by inhomogeneity around
air-tissue interfaces, we used a relatively short TE, and an
oblique axial angulation. High-resolution structural images
(1 mm x 1 mm x 1 mm) were obtained using a t1-weighted
MP-RAGE sequence (TE/TR: 2.96/2300 ms, flip angle: 8°,
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FOV: 256 mm x 256 mm x 192 mm, GRAPPA acceleration
factor 2).

2.7. Image analysis

Image processing and statistical analyses were performed
using SPM5 (www.fil.ion.ucl.ac.uk/spm). The first five EPI
volumes were discarded to allow for T1 equilibration, and the
remaining images were realigned using rigid body transfor-
mations. The mean image was then coregistered to the
structural MR-image. Subsequently, images were trans-
formed into common stereotactic space (MNI152 T1-tem-
plate), and resampled into 2 mm isotropic voxels. Spatial
smoothing was performed using a Gaussian kernel of 8 mm
full-width at half-maximum. Statistical analysis was per-
formed within the framework of the general linear model
(Friston et al., 1995). The four hit types (negative remote
hits, negative recent hits, neutral remote hits and neutral
recent hits) were modeled separately as boxcar regressors
and convolved with the canonical hemodynamic response
function of SPM5. Negative CRs, neutral CRs, and grouped
FAs and misses were additionally modeled in separate cate-
gories. Additionally, realignment parameters, consisting of
six parameter rigid body transformations (3 translations and 3
rotations) used for motion correction, were included to
model potential movement artifacts. Contrast parameter
images generated at the single subject level (each hit type -
> null events/implicit baseline) were then submitted to 2nd
level random effects analysis. Statistical parametric maps
were created within SPM5 using a factorial ANOVA with
picture valence (negative vs. neutral) and picture remote-
ness (remote vs. recent) as within subject factors and drug
(CORT vs. PLAC) as between subject factor. Our statistical
threshold was set at p < 0.05, family-wise-error (FWE) rate
corrected for multiple comparisons across regions of interest
(ROI) using a small volume correction. Given their role in
emotional memory retrieval, the amygdala and hippocampus
were targeted as ROIs. Specifically, for both regions, the
search volumes were anatomically defined using the Talair-
ach Daemon database atlas (Lancaster et al., 2000). For all
other regions we report effects after FWE-correction for
multiple comparisons across the whole brain.

3. Results

3.1. Cortisol measurements

Hydrocortisone administration resulted in a significant
increase in total cortisol concentration during the post-
encoding night as compared to placebo (measured as AUCg,
T7)=3.2, p<0.005), while not affecting cortisol levels
during the recent encoding and retrieval on day 2
(Ta7=0.1, p=0.9) (Table 1). Baseline cortisol levels were
not different between groups (T37,=0.9, p=0.4).

3.2. Behavioral results

As expected, we observed main effects of picture valence
(negative > neutral, F; 37 =31.8, p <0.0001, Pp*=0.46),
and picture remoteness (recent >remote, F( 37 =71.2,
p < 0.0001, Pn? = 0.66). Additionally, we found interactions

Table 1 Cortisol measurements.

Hydrocortisone Placebo

Experimental night

AUCg of samples 1—7"  6594.9 (547.7) 4466.1 (372.4)

Study session 2/test

AUCg of samples 8—10 667.4 (52.7) 660.3 (43.3)

Data are shown as mean (SEM), AUCg, area under the curve with
respect to ground.

" p<0.005 for difference between hydrocortisone and
placebo.

between drug and remoteness (F, 37 =5.0, p<0.05,
Pn?=0.12), and between valence and remoteness
(F1,37y=5.1, p<0.05, Py? =0.12). More important for the
topic at hand, these interactions were qualified by a three-
way interaction between the factors drug, valence, and
remoteness (F(1,37=6.7, p<0.05, Pn?=0.15). We fol-
lowed-up on this three-way interaction by testing for a
valence x remoteness interaction in each of the drug condi-
tions separately using two two-way ANOVAs and found that
the CORT group exhibited a valence x remoteness interac-
tion (F(1,19) = 8.4, p < 0.05, Py? =0.31), whereas the PLAC
group did not (F,18) < 1, n.s.). This effect is visualized in
Fig. 2. Within the CORT group both remote and recent items
showed a main effect of valence (negative > neutral,
F1,19)=24.7, p <0.001, Py? =0.57; F1,19)=6.2, p<0.05,
Pn? = 0.25; respectively). Thus, by showing a larger emo-
tional enhancement effect for remote than recent items in
the CORT group, which is absent in the PLAC group, this
analysis suggests that hydrocortisone during post-encoding
sleep induces a shift toward relatively stronger consolidation

Drug x valence x remoteness interaction

in memory

> 02 - —
£
g Tg Il remote
c g 015 [ recent
T >
s 8
E5
0
2 0 0.1
© ©
c >
c o
o C
5 .
-5 §7 0.05
B ~
S
w 0

CORT PLAC

Figure2 Drug x valence x remoteness interaction in memory.
Hydrocortisone administration during post-encoding sleep
affects emotional memory consolidation such that the emotional
enhancement effect (difference between negative and neutral
memory, as a pure measure of emotional memory) is increased
for remote (vs. recent) items, effectively prioritizing emotional
memory consolidation. Graphs represent difference scores for
negative and neutral memory (calculated as accuracy). Neg,
negative; Neu, neutral; CORT, hydrocortisone group; PLAC, pla-
cebo group. *p < 0.05; **p < 0.01.


http://www.fil.ion.ucl.ac.uk/spm

1644

H.J.F. van Marle et al.

Table 2 Memory (accuracy).

Hydrocortisone Placebo

Negative

Remote 0.70 (0.02) 0.68 (0.03)

Recent 0.75 (0.03) 0.74 (0.03)
Neutral

Remote 0.55 (0.04) 0.59 (0.04)

Recent 0.68 (0.04) 0.64 (0.04)
Negative—Neutral

Remote 0.15 (0.03) 0.09 (0.02)

Recent 0.08 (0.03) 0.10 (0.03)

Data are shown as mean (SEM). None of the accuracy scores
significantly differed between drug groups.

for emotional items. See Table 2 for direct comparisons of all
categories of accuracy scores between drug groups.

3.3. Sleep parameters

Sleep data are presented in Table 3. On a subjective level,
participants generally reported good sleep quality, and
hydrocortisone administration did not affect total sleep time
(Tee)=1.3, p=0.2), sleep latency (T(z¢) = —0.9, p=0.4) or
time spent awake (T3¢, = —1.0, p = 0.3). Hydrocortisone was
associated with increased stage 2 sleep (T3¢ =2.7,
p < 0.05). The other sleep stages were not affected by
hydrocortisone administration (S1: T3¢y =0.5, p = 0.6; SWS:
T(36) = *0.5, p= 06, REM: T(36) =—1 .7, p= 0.1 ) Additional
correlational analysis revealed no association between any of
the sleep measures and behavioral indices of emotional
memory consolidation.

3.4. fMRI results

As expected, fMRI analysis yielded a strong main effect of
valence (Fig. 3A and Table 4), with retrieval activity being
greater for negative than for neutral items in amygdala,
posterior cingulate gyrus, precuneus, inferior parietal lobe,
right inferior frontal gyrus, and medial frontal gyrus (regions
typically activated during emotional memory retrieval or
emotional processing tasks, Phan et al., 2002; Buchanan,
2007). Additionally, activations in bilateral fusiform gyrus

Table 3 Sleep.

Hydrocortisone Placebo
Sleep time (min) 439.4 (7.3) 426.1 (7.4)
Sleep latency (min) 14.4 (2.1) 18.8 (4.4)
Wake (%) 5.1 (1.3) 7.0 (1.4)
S1 (%) 11.5 (1.1) 10.8 (0.8)
S2 (%) 47.5 (1.7) 42.0 (1.1)
SWS (%) 19.1 (1.4) 20.2 (1.3)
REM (%) 16.8 (1.3) 20.2 (1.4)

Data are shown as mean (SEM). REM, rapid eye movement sleep;
S1, stage 1 sleep; S2, stage 2 sleep; SWS, slow wave sleep; min,
minutes; %, percentage of total sleep period.

" p < 0.05 for difference between hydrocortisone and placebo.

and middle temporal gyrus were found (regions involved in
higher order visual processing). Next, we identified brain
regions showing larger responses to remote than recent
items (reflecting the effect of systems-level consolidation).
These included superior medial frontal gyrus, insula, and
amygdala (Fig. 3B). The reverse contrast (recent > remote)
revealed activations in precuneus and inferior parietal
lobe. We found no main effect of drug. Given the timing
of administration (only affecting remote items) this null
finding was to be expected. A subsequent analysis, probing
emotional memory consolidation, revealed a valence by
remoteness interaction in bilateral amygdala, indicating
enhanced amygdala activation during the retrieval of
remote, negative items (negative > neutral x remote > re-
recent) (Fig. 3C). Next, to assess the role of cortisol in
emotional memory consolidation, we probed the three-way
interaction between drug, valence, and remoteness. When
contrasting the PLAC group with the CORT group this ana-
lysis revealed a trend-level significant effect in amygdala
that seemed to overlap partly with anterior hippocampus
(PLAC > CORT x negative > neutral x remote > recent, p=
0.1, svc-FWE). Since our hypothesis primarily concerned
emotional memory, we continued to test this interaction by
investigating the corresponding drug by remoteness inter-
action separately for negative and neutral items. For nega-
tive items this yielded reliable bilateral suprathreshold
clusters in the amygdala/anterior  hippocampus
(PLAC > CORT x remote > recent, p < 0.05, svc-FWE, fit-
ting both masks, Fig. 3D). The same analysis for neutral
items revealed no significant suprathreshold clusters.
Finally, testing remote and recent negative items sepa-
rately between groups did not yield any significant activa-
tion clusters in amygdala, indicating that the observed
interaction is carried by the difference for remote and
recent (and not recent alone). Taken together, these data
indicate that elevating cortisol levels during post-encoding
sleep leads to an attenuation of amygdala/anterior hippo-
campus activation related to remote, emotional memory
retrieval.

4. Discussion

We investigated the effect of cortisol on emotional memory
consolidation using a remote/recent memory paradigm.
Administration of 20 mg of hydrocortisone resulted in a sub-
stantial increase of cortisol levels during the night, with no
group difference at recent encoding or test. In the CORT
group we observed an increased relative retention benefit for
emotional (vs. neutral) items. This prioritization of emo-
tional memory consolidation by cortisol was accompanied
by reduced activation in amygdala/anterior hippocampus
during the retrieval of the same remote, negative items.
Behaviorally, we found that hydrocortisone administra-
tion resulted in an increase in emotional enhancement
effect over the course of consolidation. Further testing
showed that hydrocortisone administration did not signifi-
cantly increase memory for negative, remote items or
decrease memory for neutral, remote items when tested
separately. These findings suggest a shift or prioritization in
memory function by hydrocortisone toward emotional mem-
ory consolidation. This is consistent with previous studies
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negative > neutral

remote > recent

t-value

neg > neu X rem >rec

t-value

Figure 3

t-value

plac > cort x rem >rec
neg only

y=-7

fMRI main effects of valence and remoteness and interaction effects. Statistical parametric maps illustrating the main

effect of valence (neg > neu) in bilateral fusiform gyrus and amygdala (A), the main effect of remoteness (rem > rec) in superior
medial frontal gyrus (left panel) and amygdala (right panel) (B), a valence x remoteness interaction (neg > neu x rem > rec) in
amygdala (C), and a subsequent drug x remoteness interaction (plac > cort x rem > rec, tested for negative items only) in a border
region of amygdala and anterior hippocampus (D). For display purposes the T-maps are thresholded at p < 0.05, corrected (A), and
p < 0.001, uncorrected (B—D). For voxel-level statistics of all active clusters see Table 4. R, right; Neg, negative; Neu, neutral; Rem,
remote; Rec, recent; CORT, hydrocortisone group; PLAC, placebo group. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of the article.)

that showed shifts in memory priority rather than increases
in overall memory capacity after drug manipulations
(Wagner et al., 2005a). Concerning cortisol, previous studies
have suggested that exogenous hydrocortisone facilitates
emotional memory (Buchanan and Lovallo, 2001; Kuhlmann
and Wolf, 2006). Although these studies implemented suffi-
cient study-test delays to allow consolidation, they cannot
exclude concomitant effects on encoding since hydrocorti-
sone was administered before learning. By administering
after encoding just before sleep, we ensured that any find-
ings at retrieval can result only from cortisol action during
consolidation. Additional studies showed enhancing effects
on emotional memory consolidation of a physiological (Cahill
et al., 2003) and psychological (Abercrombie et al., 2006)
stressor applied directly after encoding. These studies,
however, cannot establish whether these effects are caused
by cortisol specifically. A handful of studies did look speci-
fically at the effect of cortisol during memory consolidation.
Philal and Born found that hydrocortisone administration
after learning inhibited memory consolidation for neutral

material (word pairs) (Plihal and Born, 1999). By not directly
comparing this to negative items, this study cannot, how-
ever, address a possible cortisol-induced prioritization of
emotional versus neutral memory consolidation, as shown
here. In another, more recent study Wilhelm and colleagues
administered hydrocortisone after learning both negative
and neutral texts, followed by either a wake or a sleep (nap)
condition (Wilhelm et al., 2011). They found that cortisol
affected only the memory for temporal order (and not
content) of the neutral text, being enhanced in the wake
and reduced in the sleep condition. There was no effect of
cortisol on the negative text, irrespective of sleep condi-
tion. The discrepancy between our results and this relative
null-finding concerning the effect of cortisol on emotional
memory consolidation may be attributable to apparent
differences in design. These include stimulus material (with
negative IAPS material being generally considered more
emotionally aversive than text material), type of memory
test (free recall of content words and temporal sequence
memory vs. item recognition), and most importantly timing
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Table 4 Peak voxel and corresponding t-values of brain regions revealing significant main and interaction effects.

Hemi MNI coordinates t-Value
X y 4
Main effect of valence
Negative > neutral
Fusiform gyrus R 42 —48 —16 12.86™"
L —44 —44 —18 11.53™
Inferior temporal gyrus R 52 —64 6 10.617"
L -50 —68 8 10.87""
Inferior parietal lobe R 68 —-20 36 6.327"
L —64 -30 32 9.02™"
Amygdala R 24 —4 —16 6.56""
L 24 —4 —18 7.23”
Inferior frontal gyrus R 52 36 4 7.197
Precuneus R 4 —46 28 6.63"
L —6 52 32 5.92™"
Medial frontal gyrus R 6 54 24 6.117"
Posterior cingulate cortex 0 —10 38 6.10""
Main effect of remoteness
Remote > recent
Superior medial frontal gyrus L —4 14 48 5.75 "
Insula R 34 26 —4 4.34°
L -30 24 0 4.94"
Amygdala R 20 -6 -22 4.01"
Recent > remote
Precuneus R 8 —62 38 6.13"
L —4 -70 40 5.66
Inferior parietal lobe R 48 —54 44 5.69""
Valence x remoteness interaction
Negative > neutral x remote > recent
Amygdala R 22 -2 —16 416"
L —18 -2 —18 3.54"
Drug x valence x remoteness interaction
PLAC>CORT x neg > neu x rem > rec
Amygdala R 26 -8 —14 (p=0.10) 2.65
L -22 -10 -10 (p=0.16) 2.43
Posterior hippocampus L —28 —26 -10 (p=0.06) 3.01
Drug x remoteness interaction
Neg only, PLAC > CORT x rem > rec
Amygdala R 28 -8 —14 3.427
L 26 -8 —14 3.14”
Anterior hippocampus R 32 —16 —14 (p=0.09) 2.80
L -30 —14 —14 3.54™

R, right; L, left; Neg, negative; Neu, neutral; Rem, remote; Rec, recent; CORT, hydrocortisone; PLAC, placebo.

" p < 0.001, uncorr.
" p < 0.05, small volume FWE corr.
™ p < 0.05, whole brain FWE corr.

and duration of sleep, with our study having a much longer
(whole-night) sleep interval. This results in a different
duration of specific sleep stages, for instance longer REM
sleep. Next, based on our findings one would predict that
inhibiting cortisol action during sleep would impair emo-
tional memory consolidation. However, the administration
of metyrapone (a cortisol synthesis blocker) during sleep
enhanced, rather than attenuated, the difference between
emotional and neutral memory consolidation (Wagner et al.,

2005). As the authors themselves mention, this discrepancy
could potentially be explained by the fact that metyrapone
in their study not only reduced cortisol, but also led to a
strong elevation of corticotrophin releasing hormone
(through decreased hypothalamo—pituitary feedback inhi-
bition) that has also been found to enhance emotional
memory consolidation (Roozendaal et al., 2008). Addition-
ally, more obvious differences in design, including again
stimulus material and type of memory test (see above) could
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potentially underlie the different findings. We may add that
a linear relationship between memory function and cortisol
level, in this case ranging from an extremely low level
caused by metyrapone and the physiologically elevated level
in our study, is not to be expected (Lupien et al., 2007).
Finally, we did not find a retrograde emotional enhancement
effectin the PLAC group. Such effects are thought to develop
progressively over time (Dolcos et al., 2005; Wagner et al.,
2006), making them easier to detect over longer retention
intervals than our 20 h (but see Hu et al., 2006; Payne et al.,
2008). Also, we tested explicit instead of incidental memory,
which is known to generate smaller emotional enhancement
effects. Note however, that also the PLAC group showed
strong valence effects for both remote and recent memory.

The primary fMRI finding is that hydrocortisone adminis-
tration affects the system-level consolidation of emotional
memory traces, which becomes apparent as attenuated
amygdala/anterior hippocampus activation during the retrie-
val of remote, negative items. At present there is no con-
sensus on the functional interpretation of amygdala
activation during emotional retrieval and its presumed rela-
tionship to the preceding consolidation process. A widely
held view is that amygdala facilitates the recollection of
emotional memories by the hippocampus by re-instating the
original arousal of encoding during retrieval (Buchanan,
2007). Subsequently, amygdala is further activated in
response to the internally generated (retrieved) emotion.
Following this re-instate and re-experience account, our
findings suggests that cortisol may modulate the consolida-
tion process by attenuating the intrinsic level of arousal that
was linked to the emotional memory. Future studies may, in
addition to amygdala reactivity, measure more direct indices
of autonomic arousal, like skin conductance, to back up this
interpretation. In combination with the behavioral results,
these findings fit emerging theories on the interaction
between sleep and emotional memory that propose that
consolidation during sleep serves to preserve and solidify
the declarative, factual aspect of an emotional memory
trace, while at the same time depotentiating (and ultimately
ameliorating) its affective charge (Walker, 2009; Walker and
van der Helm, 2009). This progressive decoupling of emotion
and memory during consolidation is thought to be achieved
through integration of the emotional memory trace into pre-
existing, neocortically stored memories. A recent study illu-
strated emotional depotentiation over sleep (albeit indepen-
dent of memory) (van der Helm et al., 2011). Van der Helm
and colleagues showed an overnight drop in subjective emo-
tional ratings of previously seen negative items, including a
reduction in corresponding amygdala reactivity (however see
Baran et al., 2012 for an indication that behaviorally emo-
tional reactivity is relatively preserved over sleep). We now
propose that cortisol speeds up or facilitates the depotentia-
tion of emotional memory. This results behaviorally in the
observed relative consolidation benefit for emotional mem-
ory, in the presence of attenuated reactivity of the neural
circuitry underlying emotional responsiveness centering on
the amygdala. The emotional depotentiation theory of con-
solidation is often linked to REM sleep (Walker and van der
Helm, 2009). Here, we did not find intra-subject correlations
between amount of REM sleep (or any other sleep stage)
and behavioral or neural indices of emotional memory con-
solidation. Instead we found a reduction of REM sleep by

hydrocortisone (with concomitant increased S2 sleep) that
just failed to reach significance (T3¢) = —1.7; p = 0.1). Hydro-
cortisone has been found before to reduce REM sleep (Born
et al., 1989). Thus, together with our behavioral and imaging
results, this suggests that emotional memory consolidation/
depotentiation may be dependent on the integrated func-
tions of REM neurophysiology and increased glucocorticoid
action, as opposed to REM alone. Finally, future research may
try to investigate the emergence of cortical representation
areas for the increasingly consolidated memory traces. In this
study however, the diverse content of the negative pictures
may give rise to a more distributed rather than focal cortical
representation (Takashima et al., 2009).

As stated before, we studied cortisol effects on emotional
memory consolidation during sleep since that is when the
targeted mechanisms are most likely to occur. Indeed, we
demonstrated that exogenous cortisol during post-encoding
sleep affects the systems-level consolidation of emotional
memories. An important question that remains unanswered
in this study is whether these findings are truly sleep-depen-
dent. Alternative designs, implementing equal study-test
intervals containing either sleep or no sleep (e.g. Payne
and Kensinger, 2011), are better equipped to show sleep-
dependence. Focusing on the role of cortisol in memory
consolidation, however, we opted not to implement such a
design because of the inherent confound of different circa-
dian rhythm-determined levels of cortisol (in case of AM—PM
paradigms), or likely increases in stress hormones due to
sleep deprivation (in case of a simultaneous waking control
condition) (Balbo et al., 2010). Thus, although the observed
differences at test are mostly likely to result from cortisol
action during the experimental night of sleep, we state
clearly that our data show the effect of cortisol on emotional
memory consolidation during sleep, and not on sleep-depen-
dent memory consolidation.

The enhanced amygdala activation for remote versus
recent emotional memory across both groups (driven by
lower activation for recent, negative items in the PLAC
group) may fit an alternative interpretation. Although this
remains a complex issue that relates to the generally debated
functional interpretation of amygdala activity during emo-
tional retrieval, we suggest that this effect reflects stronger
habituation since recent negative items are repeated within
45 min between encoding and test (Breiter et al., 1996).
Using emotional stimuli thus complicates the interpretation
of the remote versus recent contrast, especially concerning
amygdala activation. This can be overcome by introducing
another factor, like drug. Importantly, this putative habitua-
tion effect is not different between groups, since the encod-
ing/retrieval of recent items is unaffected by the drug.
Difficulties surrounding this interpretation may also underlie
inconsistencies with other neuroimaging studies on emo-
tional memory consolidation. Although none of them speci-
fically investigated cortisol, they mostly (Dolcos et al., 2005;
Sterpenich et al., 2009; Payne and Kensinger, 2011), but not
exclusively (Sterpenich et al., 2007) report increased rather
than decreased amygdala activation with consolidation.
Additional reasons for inconsistencies may be the lack of a
recent condition (thus unable to track any progressive change
in activation, (Dolcos et al., 2005)), or the use of sleep
deprivation (Sterpenich et al., 2009). Furthermore, we
implemented a study-test delay of one day rather than
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months. Nonetheless, our primary focus was on cortisol, and
we found that hydrocortisone administration reduced amyg-
dala reactivity during the retrieval of consolidated negative
items.

Prolonged hydrocortisone administration in intensive-care
patients has been reported to reduce the subsequent risk to
develop post traumatic stress disorder (PTSD) (Schelling
et al., 2006). These preventive effects are typically inter-
preted to result from inhibiting effects of cortisol on memory
retrieval, thereby interfering with a vicious cycle of sponta-
neous retrieval, re-experiencing, and (re)consolidation of
aversive memories, effectively promoting forgetting (de
Quervain et al., 2009). Speculatively, our findings now sug-
gest that cortisol may additionally or alternatively prevent
traumatic memory by facilitating the reorganization of emo-
tional memory traces during consolidation resulting in a
depotentiated memory at retrieval. This fits with several
studies showing that reduced cortisol excretion after trauma
(leading to diminished cortisol levels during consolidation) is
associated with an increased risk for PTSD (McFarlane et al.,
1997; Delahanty et al., 2000).

In conclusion, we show that exogenous cortisol during
post-encoding sleep affects the system-level consolidation
of emotional memory, resulting in both prioritized retention
and attenuated reactivity of the neural circuitry underlying
emotional responsiveness during memory retrieval. This
combination of results is in line with recent theories on
emotional depotentiation during consolidation/sleep. These
data may further explicate the mechanism behind the
reported therapeutic potential of cortisol in the prevention
of traumatic memory.
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