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Sleep supports memory consolidation, but the specific roles of different sleep stages in this process
remain unclear. While rapid eye movement sleep (REM) has traditionally been linked to the processing
of emotionally charged material, recent evidence suggests that slow wave sleep (SWS) also plays a
role in strengthening emotional memories. Here, we use targeted memory reactivation (TMR) during
REM and SWS in a daytime nap to directly examine which sleep stage is primarily involved in
consolidating emotional declarative memories. Contrary to our hypothesis, reactivating emotional
stimuli during REM impairs memory. Meanwhile, TMR benefit in SWS is strongly correlated with the
product of time spent in REM and SWS. The emotional valence of cued items modulates both delta/
theta power and sleep spindles. Furthermore, emotional memories benefit more from TMR

than neutral ones. Our findings suggest that SWS and REM have complementary roles in
consolidating emotional memories, with REM potentially involved in forgetting them. These results
also expand on recent evidence highlighting a connection between sleep spindles and emotional

processing.

Sleep supports memory consolidation, which allows the stabilization and
integration of recently formed labile memories, thus enhancing their recall'.
However, it is unclear how different sleep stages, with their distinct phy-
siology, contribute to this process. For declarative memories, the pre-
dominant contemporary models implicate primarily non-REM sleep
(NREM) and particularly slow wave sleep (SWS)>’. However, there is strong
evidence indicating a role for rapid eye movement sleep (REM) as well".
Instead of a NREM-REM dichotomy, alternative but compatible accounts,
such as the sequential hypothesis® and others’, ascribe the memory benefit of
sleep to successive NREM-REM episodes.

Emotional charge of memories allows better remembering, including
the associated contextual information’. Processing of emotional material
during sleep has been traditionally attributed to REM®. Activation of the
amygdala and other relevant emotion-processing brain regions during
REM, increased cortisol activity in the second half of the night, and
alterations in REM measures in psychiatric disorders have been taken as
indirect evidence of this REM dependency’. Consistent with this view,
studies have shown higher retention of emotional explicit memory fol-
lowing REM-rich late-night sleep but not after early sleep'*" as well as in

SWS-deprived participants but not in those deprived of REM". In addition,
REM measures correlated positively with increased retention of emotional
declarative memories'*'"*"*. Based on these findings, it was hypothesized
that REM provides a unique milieu that facilitates the consolidation of
memory for emotional experiences'’. However, this hypothesis is challenged
by studies that found no association of REM with emotional declarative
memory performance” . More importantly, increasing evidence suggests
that NREM is involved in emotional memory consolidation. Two studies
found NREM, with or without REM, to support emotional declarative
memory consolidation””*. Furthermore, several studies showed correla-
tions between the benefit of sleep for emotional memories with time spent in
SWS™*! and spectral power in the delta band”. Beyond correlations,
pharmacologically increasing slow wave activity’> and sleep spindle
density” enhanced memory for emotional items.

Another line of evidence for the role of NREM in emotional declarative
memory consolidation comes from targeted memory reactivation (TMR)
studies. TMR, which relies on replaying cues associated with recently
encoded memories during sleep, has been shown to enhance declarative
memory retention” . In one TMR study, emotional and neutral memories
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were cued during SWS”. While there were no overall memory benefits, SWS
duration and number of spindles were both associated with better sub-
sequent performance (shorter reaction times) for emotional items. In
another study that cued emotional and neutral items in NREM or REM,
memory for emotional items was improved after cueing in NREM but not
REM. Furthermore, successful cueing was associated with increases in
spindle and theta power. In contrast, another study found no effect of TMR
in NREM on emotional memory”.

In this study, we used TMR to examine which sleep stage is primarily
involved in the consolidation of emotional declarative memories. Given the
prevailing view in the literature on the role of REM in emotional memory
consolidation, we hypothesized that replay of cues for emotional items
during REM would lead to enhanced retention compared to replay in SWS.
We also explored whether emotional memories are retained better than
neutral memories overall. We hypothesized that replay of cues for emotional
items would lead to greater memory improvements than the cueing of
neutral items.

Results
Here, we present the results from the immediate retest (T2; see Methods).
Results from the delayed retest (T3) are included in the Supplementary
Materials.

Memory performance

Effect of TMR on memory within groups. We examined the effect of
reactivation on percentage change in error from T1 (%AError)within
each group using linear mixed-effects models (LMMs). In these models,
%AError was included as the dependent variable, and ‘TReactiva-
tion” (reactivated vs. non-reactivated) was included as a fixed factor.
Compound symmetry covariance structure was used for the repeated
measures (‘Reactivation’), with ‘Subject’ included as a random effect.

In the group in which emotional items were reactivated dur-
ing REM (E-REM), there was a significant main effect for ‘Reactivation’
(BISE] =-0.11 [0.05], t(24) =2.13, p =0.04), but contrary to our expecta-
tions, reactivated items displayed a larger increase in error (22% for reac-
tivated items vs. 11% for non-reactivated items), indicating that REM cueing
was associated with memory impairment (Fig. 1A, Supplementary Table 2).
There was no significant reactivation effect on %AError in the group in
which emotional items were reactivated during SWS (E-SWS; B[SE] =
0.017[0.07], t(23) = 0.24, p = 0.81) or the group in which neutral items were
reactivated during SWS (N-SWS;B[SE] = 0.03[0.05], t(30) = 0.57, p = 0.57)
(Fig. 1A, Supplementary Table 2).

Comparison of TMR effects on memory between groups. In the
LMMs that compared the effect of reactivation on %AError between
groups (E-REM vs. E-SWS, and E-SWS vs. N-SWS), ‘Reactivation,
‘Group’ and ‘Group X Reactivation” interaction were included as fixed
effects. The product of time spent in SWS and REM (%SWS x %REM,;
‘SWSXREM product’) was included as a covariate, and its interactions with
‘Reactivation’ and ‘Group’ were included as fixed factors because this
measure was correlated with cueing benefit (CB; see “Correlations with
Sleep Measures”). Compound symmetry covariance structure was used for
the repeated measures (‘Reactivation’), and ‘Subject’ was included as a
random effect. In the analysis that included E-SWS vs. E-REM, there was
no ‘Group x Reactivation’ interaction (B [SE] = 0.16 [0.14], t(45) = 1.12,
p=0.27), but a significant ‘Reactivation x Group x SWSxREM product’
interaction (Supplementary Table 3). On the other hand, in the analysis
that included E-SWS with N-SWS, ‘Group x Reactivation’ interaction was
significant (in addition to a significant three-way interaction), with reac-
tivation of emotional items showing a larger memory benefit compared to
neutral items (B [SE] = 0.39[0.12], t(49) = 3.36, p = 0.002) (Fig. 1B, Sup-
plementary Table 3).

In summary, emotional memories were impaired when reactivated in
REM. In addition, emotional memory reactivation in SWS produced a
larger memory benefit than the reactivation of neutral memories.
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Fig. 1 | Change in memory in the reactivation groups. A Observed %AError in
the reactivation groups. B. Estimated marginal means for ‘Group’ x ‘Reactivation’
interaction in E-SWS and N-SWS. Means and standard errors are displayed.

*p <0.05. ¥¥p < 0.01.

Correlations with sleep measures. To examine the associations with
measures of sleep architecture and cue-evoked EEG activity, the memory
benefit of reactivation was indexed as CB*, calculated as: %AError for the
non-reactivated - %AError for the reactivated items. Higher CB indicated
better remembering for reactivated items compared to non-reactivated
items. The correlation of time spent in SWS and REM (%SWS and %
REM) was examined with CB in the reactivation groups (E-SWS, E-REM
and N-SWS) and %AError in E-Nap. Because there is evidence suggesting
that NREM and REM may have complementary roles in memory con-
solidation, we also examined the correlations with SWSxREM
product™ ',

In the E-SWS group, CB showed a strong correlation with SWSXREM
product (spearman’s r,=0.66, p=4 x 10% Fig. 2A). No such significant
correlation was found in E-REM (r = -0.04, p = 0.87) or N-SWS (r =-0.29,
p=0.14). In E-SWS also, CB was also correlated with %REM (r = .43,
P =0.03), although this correlation did not survive Bonferroni correction. In
the E-Nap group, %AError was positively correlated with %REM (spear-
man’s 1y = 0.46, p = 0.04; Fig. 2B), suggesting that REM was associated with
impairment of memory for emotional items. However, this correlation also
did not survive correction for multiple comparisons. No other significant
correlations were observed.

Baseline memory, sleep architecture, and recall in nap and
wake groups

By design, recall at baseline (T1) for items that would subsequently be
reactivated did not differ significantly from the recall of those that would not
be reactivated in any of the groups (all p values >0.50) (Supplementary
Table 4). There was also no difference in recall at baseline between groups
(F=191, p=0.15). Finally, we compared the sleep architecture between
reactivation groups and found a higher %REM in E-REM than in E-SWS
(p <0.001) and N-SWS (p = 0.01) (Supplementary Table 5). The higher %
REM in the E-REM group may be due to the fact that only participants with
REM that were stable and long enough to allow a full round of reactivation
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Fig. 2 | Correlation of sleep variables with change in memory. A In the E-SWS
group, SWSXREM product was strongly correlated with CB. No such significant
correlation was found in E-REM or N-SWS. B In E-Nap, there was a trend for a
significant correlation of %REM with increased %AError, suggesting that REM was
associated with forgetting. This result is consistent with the impairment in memory
for items that were reactivated during REM. Dotted lines indicate 95% confidence
interval.

were included in this category. It is also possible that the reactivation of
emotional memories during REM may have further increased the time spent
in this sleep stage***’. There was no difference in %AError between E-Nap
and E-Wake (t(40) = 1.44, p = 0.16) (Fig. S1).

Cue-evoked EEG activity

To investigate cue-related modulation of EEG activity during sleep,
we first identified clusters of cue-induced activity that were sig-
nificantly different from zero (see Methods). In the E-SWS group, we
identified two time-frequency clusters in which the cues induced
increased activity (p <0.05, FDR adjusted; Fig. 3A). The first cluster
(2.0-8.5 Hz), extending from 235-975 ms after cue onset (ending just
before the end of the 1-s auditory cue), comprises activity in the
canonical delta and theta bands. The second cluster (11.6-19.1 Hz),
occurring 638-1475ms following cue onset, corresponds broadly
with the sigma (spindle) band. This pattern of increased delta/theta
and spindle band activity following the replay of emotional sounds
during SWS replicates findings in other studies of cueing during
SW836,44,45.

The valence of the emotional sounds (as determined from our pilot
study; see Supplementary Materials) played during sleep was positively
correlated with the delta-theta power (r = 0.56, p = 0.006; Fig. 3C). Delta-
theta power also showed a positive correlation with CB, which did not
survive Bonferroni correction (r = 0.47, p = 0.03; Fig. 3D). Interestingly, the
valence of the emotional sounds played during sleep was also significantly

correlated with the magnitude of the spindle band response (r=0.55,
p=0.008; Fig. 3E), indicating that the emotional charge of the stimuli
modified spindles. This was further supported by the significantly higher
power in the spindle cluster in the E-SWS group compared to the N-SWS
group (t(41.9) = 2.99, p = 0.005; Fig. 3F). Spindle power was not significantly
correlated with CB in any of the groups. When cueing during REM, we
observed an increase in power across a broad frequency range throughout
the entire post-cue period, but the increase was only significant in alpha-beta
frequencies (9.4-26.5 Hz) from 1375 to 1725 ms following cue onset (Fig. 4).
Power in the identified cluster did not correlate with CB (r = -0.11, p = 0.64).
Similarly, EEG activity following REM cueing was not related to stimulus
valence (r=0.12, p=0.61).

No significant clusters emerged at the <0.05 (FDR corrected) level in
N-SWS (Fig. 3B).

Association of sleep fragmentation and arousal with memory

A recent study showed that participants who were awakened by reactiva-
tions showed memory impairment for cued items®. To see whether the
memory impairment in the E-REM group was associated with sleep dis-
ruptions, we examined the correlation of CB with arousal index (AL; number
of arousals/minute”’;), sleep fragmentation index (SFL; number of sleep stage
transitions/minute*;) and the duration of wake time after sleep onset
(WASO). None of these revealed a significant association (Al: spearman’s r
=-0.29, p=0.18; SFL: spearman’s ry=0.12, p=0.58; WASO: spearman’s
r,=0.26, p=0.21).

Another recent TMR study found an inverse correlation of cueing
benefit with cue-evoked power in the beta band and a strong trend for a
similar correlation with power in the alpha band*’. To examine if a similar
mechanism might explain the memory impairment for the reactivated items
in E-REM, we took the absolute difference in spectral power between the
pre-and post-cue periods in the alpha (8-11 Hz) and beta (17-21 Hz) bands
as an EEG-measure of cue-related arousal®’. There were no correlations
between these measures and the CB in the E-REM group (alpha: r = -0.15,
p=052; beta: r = -0.23, p = 0.34).

Discussion

We applied TMR in SWS and REM to test the hypothesis that consolidation
of emotional memories occurs primarily in REM. Contrary to our expec-
tations, reactivation of emotional stimuli during REM led to poorer recall. In
addition, the memory benefit of emotional memory reactivation during
SWS was strongly correlated with the SWSxREM product. We also found
that reactivation in SWS led to a larger memory benefit for emotional
memories than for neutral ones. Finally, delta/theta activity and sleep
spindles were modulated by the emotional charge of memories.

Memory impairment following cuing in REM was unexpected, yet it
was consistent with the trend for more REM to be associated with impaired
recall in the nap-only group (E-Nap). To the best of our knowledge, this is
the first TMR study to show such an effect associated with REM for
declarative memories. Our findings seemingly contradict the notion that
REM sleep supports emotional memory consolidation. However, as
reviewed recently’, evidence so far does not unequivocally support this
postulation. A role for REM in eliminating memories was first proposed by
Crick and Mitchison™. Later, different lines of research provided evidence
suggesting that REM may be involved in the selective removal of memory
representations’ >, although a direct link with forgetting in humans has
been missing. While theta peak activity is associated with long-term
potentiation in the hippocampus, several studies found that activity in the
troughs causes depotentiation®*”. In one study, hippocampal place cells
reversed their discharge phase to theta troughs in REM once the exposed
environment became familiar, suggesting that REM may serve to “refresh”
synapses for future use when encoding new memories™. Another study
showed that firing rates of hippocampal neurons were decreased during
REM, and the decrease was correlated with REM theta”. Furthermore, two
recent studies showed direct evidence of synaptic pruning during REM after
learning™. Finally, direct behavioral evidence for REM-related memory

Communications Biology | (2025)8:485


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07868-5

Article

A
40 ‘

35"
ESO'

=

>25+
%)

G 20|
= |
g5t

L 10}

-500 0 500 1000 1500 2000 2500

E-SWS dB

Time (ms)

a

2-8 Hz power (dB)

r=.56
p=.006
-2 T T 1
20 25 30

Cued emotional item valence

12-19 Hz power (dB)

-1 T T 1
20 25 30

Cued emotional item valence

Fig. 3 | Effect of cueing during slow wave sleep. Time-frequency response to cue
presentation during SWS at electrode Cz, in E-SWS (A) and N-SWS (B). Time zero
represents the initiation of sound presentation during sleep. Black contour lines
highlight significant clusters of activation (p < 0.05, FDR adjusted). In E-SWS, the
average valence of the emotional sounds cued during sleep was correlated with the
cluster-averaged time frequency activity in the 2-8 Hz response (delta-theta; C).
Delta-theta power also showed a positive correlation with CB, which did not survive

Cueing benefit

B N-SWS
15 401

-1 j
5 -
15 i . -

500 1000 1500 2000

2500

Time (ms)

100% =

50% =1

0% =

-50% =

I I 1
-2 0 2 4

2-8 Hz power (dB)

3 —

o
-]
=
-
St
)
z
)
=3
N
=
=)
I
S\l
p—

A

-2 T T

Emotional Neutral

correction for multiple comparisons (D). The valence of emotional sounds was also
significantly correlated with the spindle band (12-19 Hz) response (E), which sug-
gested that emotional valence modified spindle activity. This was further supported
by the higher power in the same cluster in response to emotional sounds compared
to neutral sounds (E-SWS vs. N-SWS; F; means and standard errors are dis-
played). **p <0.01.

decay was found in a recent study®, which showed that a subset of melanin-
concentrating-hormone-producing neurons were active specifically in REM
and their activation was associated with impairment of memory. In light of
this evidence, we can speculate that REM may have led to the weakening of
synapses that represented emotional memories in our study.

Memory transformation might also have contributed to the association
of REM with memory impairment (possibly with the contribution of
mechanisms summarized above). REM is particularly conducive to forming
new associations and might have facilitated the extraction of common
elements across stimuli®, such as bodily harm, at the expense of information
specific to individual stimuli (spatial location)™. Another possibility is that

we are seeing the effects of an “emotional memory trade-off,” characterized
by sleep selectively enhancing emotional aspects of memory (picture con-
tent) while memory for less salient elements (spatial location) weakens®.
Finally, decline in memory might be related to “arousal™***’,as TMR in REM
increased alpha/beta activity. However, this increase was not correlated with
changes in memory, and we observed a trend for REM to be associated with
worse recall in a group with no reactivations, which makes it unlikely that
results can be explained entirely by alpha/beta increase. Furthermore,
additional mechanisms, such as activation in regions involved in emotional
processing”’, may explain the cue-evoked activity we observed in the
REM group.
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The strong correlation of cueing benefit with SWS x REM product in
the E-SWS group suggests a complementary role for these sleep stages. This
finding is in agreement with accounts that propose that both sleep stages are
required for sleep-dependent memory consolidation®**’ and the expanding
literature that provides supporting evidence in humans. Studies using a
visual discrimination task found that improvement was correlated with the
product of times spent in SWS and REM”, largest after a full night of sleep
compared to early or late night half sleep®, and present after a nap only if it
contained both NREM and REM™. In studies that used verbal memory
tasks, recall was positively correlated with the duration of NREM/REM
cycles® and was impaired when sleep cycles were interrupted, but not after
sleep fragmentation with intact sleep cycles”. Finally, similar to our study,
several TMR studies that carried out reactivations in SWS found that REM
or both REM and SWS were associated with outcomes*””'”*. In summary,
there is now a substantial body of evidence that suggests that memory
consolidation is attained via processes that take place across NREM and
REM sleep. Further studies are needed to examine the dynamics of this
coordination, such as how brain oscillations interact across sleep stages.

Direct cueing in REM sleep impaired memory, but SWS x REM time
enhanced SWS cueing may at first appear contradictory. Work in rodents
and humans suggests that SWS cueing promotes a direct reinstatement of
the cued memory, leading to memory strengthening’” (see Denis & Cairney
20237 for a review). Another (though not necessarily mutually exclusive)
possibility is that SWS reactivation promotes a transient destabilization of
memory, allowing for the integration of new memories into existing
knowledge networks. Subsequent REM-based consolidation processes then
serve to strengthen the new, integrated memory ""”’. Such a process may be
especially important for emotional memories, where it would be adaptive to
integrate salience cues into existing knowledge networks to help us avoid
similar threatening situations in the future. A related possibility is that the
initial reactivation of emotional memories in SWS acted as a tagging
mechanism for later REM strengthening. This is consistent with our finding
that a larger spindle response following emotional SWS cues was found for
more negatively valenced stimuli.

Whilst these accounts offer potential explanations for why SWS x REM
time enhanced SWS cueing, when cues were presented in isolation during
REM sleep, forgetting occurred. This could imply that cueing during REM
sleep does not engage REM consolidation processes as directly as SWS
cueing does. Interestingly, a recent study of REM cueing of a procedural
memory task found that the ability to reinstate memory content during
REM sleep was closely tied to the emergence of theta oscillations in the post-
cue period ”*. In the present study, we did not observe a post-cue increase in
theta power, suggesting that our REM cueing procedure did not engage the
necessary oscillatory mechanisms to facilitate REM-based memory
strengthening. Instead, we saw cue-evoked increases in arousal-related
alpha and beta bands, consistent with the idea that REM cueing may have
been disruptive. However, we note that alpha and beta activity did not
correlate with a lower cueing benefit at an individual level.

Cueing emotional stimuli during SWS generated EEG responses first
in the delta/theta band and then at spindle frequencies. Notably, the
valence of the sound cues was correlated with activity increase in both
frequency ranges, suggesting that they contribute to emotional processing
during sleep. There was also a trend for the delta/theta response to be
positively correlated with cueing benefit, suggesting that delta-theta
activity may have mediated the memory strengthening effect of emotional
valence”. That spindle activity was modulated by emotional valence was
supported by the additional finding that power in the spindle band was the
only difference in cue-evoked activity between E-SWS and N-SWS groups,
with significantly higher spindle power in E-SWS. A role for spindles in
emotional processing has been suggested in recent studies that showed an
association of spindle activity with enhanced consolidation of emotional
memories’**** and with a reduction in reactivity to negative memories
after sleep”. In addition to correlations, another study” found that
increasing spindle activity pharmacologically significantly improved
memory for negative and high-arousal items. Spindles have been found to
be associated with psychiatric disorders® ™ and specific emotional
symptoms****. Our results lend further support to the burgeoning evidence
suggesting that spindles may be involved in emotional processing. The
correlation of cue-evoked spindle activity with average valence ratings for
the replayed stimulus -and specifically with valence but not arousal ratings-
argues against the possibility that the difference in spindle power may be
due to any systematic differences in sound characteristics between the
stimulus sets.

Our study had several limitations. First, a neutral REM group, i.e. an
additional group in which neutral stimuli were reactivated during REM, was
not included due to constraints in time and resources. Including such a
group would give us the opportunity to compare the memory benefit of
reactivating neutral sounds in REM compared to emotional sounds and
could thus be further informative in teasing out the role of REM in emo-
tional memory consolidation. Second, we did not observe a memory benefit
for the nap-only condition compared to wakefulness, and this may be
related to the sleep characteristics of the E-Nap group. Several participants
for which reactivations were planned ended up in this group because they
did not achieve sufficient SWS or REM. This led to a “superficial” sleep in the
E-Nap group compared to the reactivation groups (lower total sleep time, %
REM, SWSxREM product, and higher wake after sleep onset, %N1, and %
N2). This may also be the reason for the lack of correlation between the
SWSxREM product and the change in memory in this group. Third, we
found that emotional memories are retained better than neutral ones.
However, given the lack of cue-evoked EEG activity in the N-SWS group,
this difference might be simply due to neutral sounds not being sufficiently
discernible or failure to establish strong sound-picture associations in this
group. Finally, the primarily between-subjects analyses and relatively small
sample size of each group may have meant we were underpowered to detect
more subtle effects.

In sum, our results demonstrate important differences when reacti-
vating emotional memories in either SWS or REM sleep. Whilst direct
reactivation of memories in REM sleep induced forgetting, reactivation in
SWS was dependent on the combination of SWS and REM sleep. These
findings add further evidence to theories of SWS-REM cycling as being
critical for memory consolidation, and the further unpacking of the inter-
related role of SWS and REM sleep should be a priority for future research.

Methods

Participants

Healthy young participants were recruited from colleges in the greater
Boston area. A total of 185 participants consented to the experiment, of
which 123 (age: 21.6 £2.7; 63.9% female; see below for details) provided
usable datasets for analysis. Participants reported no abnormal sleep pat-
terns, history of psychiatric or neurological disorders, or current medication
use except birth control. They were instructed to keep a regular sleep
schedule for the three nights preceding the experiment and were asked to
refrain from recreational drugs and alcohol for 48 h and caffeine in the
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Fig. 5 | Study procedures. A Timeline of the study procedures for different groups
are depicted. In all groups, the first visit started at 11:00 AM. After training and

practice, a baseline test (T1) was carried out immediately before the nap. The first
retest (T2) was approximately 45 min after waking up. The second retest (T3) was

«( Boom!

approximately 1 week after the first visit. B During training, participants passively
viewed emotional or neutral pictures appearing at different locations on a grid, while
a paired sound was played. During practice and test, pictures appeared in the center
of the screen, and participants were asked to move them to their correct location.

morning before their visits. All participants provided written consent
approved by the Institutional Review Board of Beth Israel Deaconess
Medical Center. All ethical regulations relevant to human research parti-
cipants were followed.

Participants were assigned to one of 5 groups. Emotional SWS (E-
SWS) and emotional REM (E-REM) groups learned emotional items and
were then exposed to reactivations during SWS or REM, respectively.
Similarly, a neutral SWS (N-SWS) group learned neutral items with reac-
tivations in SWS. We also included emotional nap (E-Nap) and emotional
wake (E-Wake) groups, which learned emotional items and took a nap
without any reactivations or did not take a nap but rested quietly for a similar
period before testing. Although a neutral REM group was also planned, this
was abandoned due to the time constraint imposed by an upcoming halt in
laboratory operations. Groups were matched in age (F=.54, p=0.71) and
sex (X°=2.4, p = 0.66).

Design and procedures

The protocol included two visits (Fig. 5A). On the first visit, participants
arrived at the laboratory at around 11:00 AM. After consenting, they filled
out the Epworth Sleepiness Scale (Johns, 1991) and questionnaires about
their sleep patterns and quality for the preceding three nights. They were
then wired for EEG (detailed below), and a brief (7-minute) resting state
EEG was recorded with eyes closed. We do not report on the EEG data from
the rest periods in this paper.

We used a modified version of the TMR task described in previous
publications (Rudoy et al., 2009; Creery et al., 2015). Learning included two
successive phases: training and practice. During training, participants
viewed 50 neutral or negative pictures appearing in different locations on a
grid, in random order, while simultaneously hearing a 1-second sound that
was naturally linked with that object (Fig. 5B, left). During practice, pictures
appeared in the center of the screen while their corresponding sound played
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(Fig. 5B, right). Participants were instructed to move the objects to their
original location and press the mouse button. After the mouse was clicked,
the picture was moved to its correct location, providing feedback. In the first
two runs of the practice phase, all 50 objects were tested. In subsequent
rounds, items that had been placed within 150 pixels of their correct loca-
tions in two successive rounds no longer appeared. The practice phase
continued until all objects had been removed from the testing pool. The
baseline test (T1) followed immediately after learning. This phase was
similar to practice, except participants placed each picture only once, and no
feedback was provided. Following Test 1, a second 7-min resting state EEG
was collected.

For participants in the sleep groups, lights were turned oft shortly after
the baseline test, usually around 2 PM, and a 2-h nap opportunity was
provided. For all sleep participants, white noise was played through bedside
speakers, starting with lights off and continuing until lights on. In the
reactivation groups, half of the sounds (1 = 25) were presented in a random
order, with 5-second interstimulus intervals, with sound intensity of ~39 dB
at the pillow. Cue presentations were started manually ~1.5 min after SWS
or REM onset. Cues were selected by a computer algorithm so that memory
accuracy at T1 for the cued and non-cued items was similar. Sounds were
presented until the specific sleep stage (SWS or REM) ended. If the parti-
cipant entered the target sleep stage again, reactivation was resumed. Data
from a participant were included in analyses only if all 25 cues were played at
least once. After lights on, a final resting state EEG was collected. Wake
participants were also wired for EEG and spent an equal amount of time in
the bedroom, doing relaxing activities such as reading, while being observed
to ensure continued wakefulness.

Retests were identical to T1. The immediate retest (T2) took place
approximately 45 min after the lights on or at the end of the rest period for
the wake group. Before they left the laboratory, participants were instructed
that their memory would be tested in the same way at their second visit. The
second visit was approximately one week later and included only the delayed
retest (T3), which took place at 4:45 PM, to match the timing of Test 2. EEG
was not monitored at this visit.

Before training and each retest, participants filled out the Stanford
Sleepiness Scale® (Supplementary Table 1) and a two-item questionnaire
about their ability to concentrate and their level of “feeling refreshed.”

We focused on results from T2, as the majority of the TMR studies
indicated memory benefits evident shortly after sleep. Assessment at T3 was
included as exploratory, given that some studies showed that TMR benefits

90

might be longer lasting™.

Stimuli

50 emotional and 50 neutral images from online picture databases, the
International Affective Pictures System91 and, the Geneva Affective Picture
Database™, and Google image searches were used. Images were 150 x 150
pixels and were displayed on a 67.5 cm x 57.25 cm monitor with a viewing
resolution of 1440 x 900 pixels. Emotional images were all negative.
1-second sounds that were naturally linked to each of these images were
then taken from the database Pond5 (www.pond5.com) and paired with
each image.

Prior to the main study, a pilot study was carried out to confirm that the
emotional and neutral stimulus sets were significantly different in emotion
ratings. This study confirmed that both emotional sounds and emotional
sound-picture pairs were significantly more negative than their neutral
counterparts (see Supplementary Materials).

EEG acquisition and preprocessing

EEG data was acquired from 57 channels (positioned according to the
10-20 system). Additional electrodes were placed on the left and right
mastoids (for EEG references), above the right eye and below the left eye (for
EOG), and on the chin (two; for EMG), forehead (recording reference), and
collarbone (ground). Data were collected at 400 Hz with an Aura-LTM64
amplifier and TWin software (Grass Technologies). All impedances were
kept to <25 kOhm.

Sleep scoring was performed using TWin software and MATLAB (The
MathWorks, Natick, MA) according to AASM criteria”. Subsequent EEG
analyses were performed in MATLAB using custom scripts. First, all EEG
channels were re-referenced to the average of the two mastoids, high-pass
filtered at 0.3 Hz and notch filtered at 60 Hz. Data were then artifact-rejected
based on visual inspection, with bad segments of data being marked and
removed from subsequent analyses. Bad channels were identified by visual
inspection and interpolated using a spherical spline algorithm. Artifact-free
data were then subjected to further analysis.

EEG data analysis

Filtered, artifact-free data were segmented into epochs that extended from 1s
before stimulus-onset to 3 s after and baseline adjusted to the mean voltage
during the 1 second before cue onset. Complex Morlet wavelets were used to
decompose the epoched and baseline-adjusted time series data into time-
frequency representations™, with spectral power being extracted at 30 loga-
rithmically spaced frequencies from 2 to 40 Hz and the number of wavelet
cycles increasing from 3 to 10 in 30 logarithmically spaced steps to match
frequency bins. For analysis, power was decibel-normalized within-subject
(10x logl0(power/baseline)), where the baseline was mean power in the
200-500 ms prior to cue-onset. This baseline period was chosen to mitigate
contamination of the baseline period by post-stimulus activity. As such,
positive values reflect relative increases in power following sound cues com-
pared to the pre-cue baseline, whereas negative values reflect decreases. To
reduce EEG data complexity, we focused time-frequency analyses on electrode

Cz as this site has previously shown to be sensitive to TMR-related effects™”.

Data reduction

A participant’s data was excluded if (i) less than one full round of reacti-
vation was achieved (n=32; 17%), (i) a full round of reactivation was
carried out in the wrong sleep stage (n = 4; 2%), (iii) sleep was too short or
fragmented (sleep <45min or WASO >30min; n=18; 10%), (iv) an
equipment failure occurred (n = 5; 3%), (v) the protocol was not completed
(n=2; 1%), or healthy control criteria were not met (n = 1; <1%). In addi-
tion, 1 participant from the E-REM group was removed because their error
at T1, as well as at T2, was more than three standard deviations from the
mean. The final sample included 24 participants in E-SWS, 25 in E-REM, 31
in N-SWS, 22 in E-Nap, and 20 in E-Wake. Finally, the EEG of 1 participant
in N-SWS could not be used in spectral analyses due to a recording error.

Statistics and reproducibility

Recall accuracy was measured as the distance between where participants
placed the pictures and their correct locations, measured in pixels, with
smaller errors in placement indicating better recall accuracy. Because error
was not normally distributed within subjects, we used subject medians for
each test in all analyses. The effect of reactivation on recall accuracy was
examined using LMMs. In these models, the % change in error from T1 (%
AError) was included as the dependent variable. Larger %AError values
indicated more forgetting. ‘Reactivation’ (reactivated vs. non-reactivated)
was included as a fixed effect. In the analyses that compared the effect of
reactivation between groups, ‘Group’ and ‘Group x Reactivation’ interac-
tion were included as additional fixed effects. Our primary interest was in the
two-way interaction between ‘Group’ and ‘Reactivation’; however, we used
full-factorial models, which also included the three-way interaction
(‘Reactivation x Group x SWSXREM product’) for completeness. In all
models, compound symmetry covariance structure was used for the repe-
ated measures, with ‘Subject” included as a random effect.

A one-way MANOVA was used to compare the sleep variables (total
sleep time [TST], wake after sleep onset [WASO], %N1, %N2, %SWS,
%REM, and SWSXREM product) between the reactivation groups, with
Tukey’s test for post-hoc analyses. Pearson’s correlation was used for cor-
relations between normally distributed variables. Spearman’s correlation
was used if variables were not normally distributed.

To analyze cue-evoked EEG data, we first identified clusters of time-
frequency points for which post-cue activity was significantly different from
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zero. For each group, we conducted one-sample ¢ tests across participants to
detect points in the time-frequency space at which spectral power was sys-
tematically different from zero (p < 0.05), false discovery rate (FDR) adjusted;
see ref. 44 for a similar approach. Clusters of significant activity were identified
using the bwlabeln function in MATLAB™. Within each cluster, spectral
power was averaged across all time-frequency points in that cluster, producing
for each participant a single spectral power value for each cluster.

All hypothesis testing was carried out using two-sided tests. The sig-
nificance threshold was set at p <0.05. For correlations, Bonferroni cor-
rection was used to control family wise error rate.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Demographic, behavioral, and EEG time-frequency data can be found at:
https://ost.io/myhcf/?view_only=635c9a9ad20b4{t5952{24faa2a7258f.

Code availability
Codes necessary to reproduce the results can be found at: https://osf.io/
myhcf/?view_only=635c9a9ad20b4{t5952{24faa2a7258f.
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