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Abstract

Increasingly studied in a systematic manner since the 70’, the cognitive processes of the brain taking
place during sleeping periods remain an important object of scrutiny in the scientific community
nowadays. In particular, sleep has been demonstrated to play a significant role for learning and
memory consolidation processes, and sleep scientists have started unravelling its underlying
neurophysiological mechanisms. However, sleep remains a multidimensional phenomenon, and
many questions are left open for future research. In this selective review article, we address recent
advances in particular domains in which sleep research further progressed in the past decade. We
highlight the developmental trajectory of sleep-dependent learning and memory consolidation
processes, from their development in childhood to their potential impairments in ageing, and the
nature and extent of our capabilities for information processing, learning and memory reinforcement

capabilities during sleep.
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Introduction

The relationships between sleep and memory became a topical issue over the past decades. From a
tentative hypothesis pushed forward by a few animal and human precursors in the 70’s (e.g., Fowler,
Sullivan, & Ekstrand, 1973; Koukkou & Lehmann, 1968; Smith, Kitahama, Valatx, & Jouvet, 1974;
Tilley & Empson, 1978), it is nowadays well established that sleep plays a significant role in learning
and memory processes, complementary to those taking place during wakefulness. In particular,
many studies conducted in the 90’s and the following decades evidenced a role for post-training
sleep in the consolidation of newly learned material in humans, further supported by neuroimaging
data evidencing continued learning-related brain activity during sleep. Studies also revealed that
sleep deprivation impacts activity in brain networks necessary for optimal cognitive function and
learning (for reviews see e.g. Chee & Chuah, 2008; Peigneux, 2015; Peigneux, Laureys, Delbeuck, &
Magquet, 2001; Rasch & Born, 2013). In this short review, we will focus on recent advances in a subset
of domains in which sleep research further progressed significantly in the past decade, i.e., learning
and memory consolidation in relation to sleep in a developmental perspective (from childhood to
ageing), and information processing and memory reinforcement capabilities during sleep. This should
not obscure the fact that, besides the subdomains reviewed here, the beneficial effects of sleep and
its functions are manifold (Bodizs, 2021). In particular, sleep is intimately linked to the efficiency of
many cognitive and emotional functions (Simor, Sifuentes-Ortega, & Peigneux, 2021), that certainly

deserve great interest but are beyond the scope of the present review.

Sleep and memory in children

Especially infants, toddlers and children accumulate high amounts of memories during the day. At
the beginning, these memories are fragile and susceptible to interference or decay, especially when
sleep is qualitatively and/or quantitively inadequate. A meta-analysis (Astill, Van der Heijden, Van
lizendoorn, & Van Someren, 2012) showed that insufficient sleep in children (5-12 years) is

associated with deficits in high-order and complex cognitive functions like memory, and an increase



in behavioural problems. In a longitudinal study (Seegers et al., 2016), 1192 parents reported their
children’s nocturnal sleep duration annually from age 2.5 to 10 years. It was found that short
persistent sleep duration is associated with poor vocabulary performance in middle childhood. Since
1955 when Aserinsky and Kleitman (1955) first assessed eye movements and their potential
relationship with sleep depth in infants, there has been a constant growth in sleep research in
children investigating not only sleep duration but also sleep quality and sleep physiology. Nowadays,
there is consensus that sleep enhances memory consolidation for various memory domains in
children, especially regarding declarative (explicit) memory (Ashworth, Hill, Karmiloff-Smith, &
Dimitriou, 2014; Hahn et al., 2019; Hahn, Heib, Schabus, Hoedlmoser, & Helfrich, 2020; Peiffer,
Brichet, De Tiege, Peigneux, & Urbain, 2020; Wang, Weber, Zinke, Inostroza, & Born, 2018; Wilhelm,
Diekelmann, & Born, 2008). A study examining implicit and explicit knowledge for motor sequence
learning (Wilhelm et al.,, 2013) showed that children demonstrate even greater gains in sleep-
dependent explicit knowledge than adults. Consistent with findings in adults, memory consolidation
in children seems to be mainly influenced by NREM and slow wave sleep (SWS) for declarative, but
not always procedural (motor, implicit) memories (Backhaus, Hoeckesfeld, Born, Hohagen, &
Junghanns, 2008; Henderson, Weighall, Brown, & Gareth Gaskell, 2012; Wilhelm et al., 2008;
Wilhelm, Prehn-Kristensen, & Born, 2012). Some studies suggested that procedural memory is not
dependent on sleep to the same extent in children than in adults (Fischer, Wilhelm, & Born, 2007,
Wilhelm et al., 2012), but performance gains may also be sensitive to the different levels of memory
performance before sleep. Furthermore, word acquisition and consolidation were shown modulated
by both nocturnal and daytime sleep (Henderson et al.,, 2012; Tham, Lindsay, & Gaskell, 2015;
Williams & Horst, 2014). The findings of a larger sleep benefit in children compared to adults for
lexical integration was further replicated (James, Gaskell, & Henderson, 2019). Last but not least,
sleep was also found to be beneficial for emotional memory. For instance, sleep prevents the
forgetting of reward-associated memory representations, an effect even more pronounced in

children than in adults (Prehn-Kristensen et al., 2009).



Three main theories currently dominate the current literature about sleep and memory
consolidation: (1) the active systems consolidation theory suggests a replay of new memories
involving a dialogue between the hippocampus and cortex representing a window of potential
cortical plasticity (Buzsaki, 1998; Diekelmann & Born, 2010). This dialogue is supported by slow
oscillations (SO; < 1Hz), sleep spindles (~¥12-16 Hz) as well as sharp-wave ripple activity; thereby, new
memories are strengthened and subsequently integrated into long-term memory (Figure 1A and 1B);
(2) the synaptic homeostasis hypothesis (SHY; Tononi & Cirelli, 2006, 2014) is a model proposing that
SWS encourages synaptic downscaling, or the elimination of weak neural connections, leading to the
retention of only the strongest memories. Following this theory, SWS is not only beneficial for
neuronal communication but also memory management; (3) finally, the contextual binding theory
(Yonelinas, Ranganath, Ekstrom, & Wiltgen, 2019) proposes that sleep does not involve an active
process, but only serves to reduce interference by providing a contextual shift that preserves the
original memory trace.

L

FIGURE 1

R E N

Recently, there is growing evidence especially in favour of the active systems consolidation
theory. Several studies suggest that a precise temporal coordination between SOs and sleep spindles
is a key mediator for sleep-associated memory consolidation across the lifespan (Hahn et al., 2020;
Helfrich, Mander, Jagust, Knight, & Walker, 2018; Joechner, Wehmeier, & Werkle-Bergner, 2021;
Mikutta et al., 2019; Molle, Bergmann, Marshall, & Born, 2011; Muehlroth et al., 2019). SOs and
sleep spindles are well known to be related to the neural integrity of memory structures such as
medial prefrontal cortex, thalamus, hippocampus, and entorhinal cortex (Helfrich, Lendner, & Knight,
2021; Helfrich et al., 2018; Ladenbauer et al., 2017; Mander, Winer, & Walker, 2017; Muehlroth et
al., 2019; Spano et al., 2020; Winer et al., 2019). Furthermore, SOs are traveling waves and thus a

marker for brain connectivity. Schoch et al. (2018) investigated using high-density EEG across-night



dynamics of traveling SOs during sleep in children from preschool-age (2-5 years) to young
adolescence (9-17 vyears). They demonstrated that brain connectivity undergoes across-night
dynamics specific to maturational periods. SO propagation distance decreased across a night of
sleep, which was dependent on age and most prevalent in preschool children. The authors propose
that these changes represent important milestones in maturational brain processes and that slow
waves are therefore important markers for neurodevelopment, directly involved in human brain
development processes (for a review see Timofeev et al., 2020). Focusing on SO - sleep spindle
coupling (Figure 1C and 1D), it is suggested that these orchestrated sleep oscillations not only
actively transfer newly encoded memories during sleep but also indicate general efficiency of
memory pathways (Helfrich et al., 2021; Mander, Winer, et al., 2017). Hahn and colleagues (2020)
found that SO — sleep spindle coordination became not only more consistent from childhood to late
adolescence but also directly predict enhancements in declarative memory formation across
development. Regarding complex real-life motor learning, there is only rare knowledge about the
impact of sleep. However, overnight performance benefits for riding an inverse steering bike have
been shown to be related to spindle activity in adolescents and adults (Bothe et al., 2019, 2020).
Similarly, juggling performance increased after sleep and juggling training induced power increments
in the spindle and SO frequency range during a nap (Morita, Ogawa, & Uchida, 2012, 2016). Hahn et
al. (2022) investigated the role of the orchestration between SOs and sleep spindles for procedural
(motor) learning utilizing a juggling-training across age groups. The results provided evidence that
regionally specific, precisely coupled SOs and sleep spindles also support gross-motor learning.

Not only nocturnal but also diurnal sleep is known to support memory formation. Especially
during the early years of life, naps need to be taken into consideration and seem to have a unique
role for the early cognitive development. Children’s diurnal sleep is mainly made up of SWS and is
known to enhance episodic (Lahl, Wispel, Willigens, & Pietrowsky, 2008), visuospatial (Lokhandwala
& Spencer, 2021) and declarative memory (Horvath, Myers, Foster, & Plunkett, 2015; Kurdziel,

Duclos, & Spencer, 2013). Especially sleep spindles during diurnal sleep have been shown to benefit



visuospatial learning already during early childhood (Kurdziel et al., 2013). Using a novel storybook
task, Lokhandwala and Spencer (2021) found that performance in children aged 36-71 months was
better following a nap compared to an equivalent interval spent awake. Moreover, performance
remained better the following day if a nap followed learning. Time spent in SWS during the nap was
positively associated with the increase in performance. Taken in conjunction with their prior work
(Kurdziel et al., 2013), these results suggest that not only SO and SWS but also sleep spindles during
naps may contribute to declarative memory processing already during early childhood. Likewise, a
magnetencephalography study recorded brain activity of school-aged children (8.0-12.5 years) to
explore the specific impact of diurnal sleep (90 min nap) on the neurophysiological processes during
learning and consolidation of declarative memories (i.e., novel associations between unknown
objects and their functions). Learning-dependent changes were observed within hippocampal and
parahippocampal regions, followed by sleep-dependent changes in the prefrontal cortex, whereas no
equivalent changes were observed after a similar period of wakefulness (Urbain et al., 2016).
Further, they found that learning-related activity in (para)hippocampal regions was correlated with
increased SWS activity during the post-training nap, which was specific to the newly learned
representations.

In conclusion for this section, we emphasize here new insights about investigating sleep and
memory in infants, toddlers and children. Although the finding that sleep in comparison to
wakefulness benefits the consolidation of memories is well established, the underlying theoretical
frameworks trying to explain the benefits of sleep for memory still strive for more substantiate
findings, including biological and physiological correlates, and especially in a developmental
perspective. This applies also to the upcoming ageing section, wrapping up recent advances in the

field of sleep and memory at the other end of the age spectrum.

Sleep and memory in ageing



Age-related changes in sleep quality and their impact on memory consolidation and brain health
have received increasing attention in the recent years. In the following, we will synthesize the main
results on the coupling between slow waves and spindles in ageing, and its impact on memory
consolidation. We will also report on neuroimaging studies exploring the underpinnings of these
impairments. Finally, prospective memory, or the memory for the intentions to perform in the

future, has been a novel focus lately.

Altered temporal coupling between slow oscillations and sleep spindles in ageing

As mentioned above, sleep-dependent memory consolidation is a complex process involving
neuronal reactivations, slow oscillations, sleep spindles, etc, that may all be altered with increasing
age. The precise temporal coupling of slow oscillations and sleep spindles, which appears to be
crucial for an efficient consolidation of memory traces, seems altered in older adults and may
compromise overnight memory consolidation (Helfrich et al., 2018; Muehlroth et al.,, 2019).
Abnormal coupling in older adults has been associated with greater medial prefrontal cortex atrophy
(Helfrich et al., 2018). These results on temporal coupling of slow-wave and spindles are particularly
interesting, as they can represent novel target for clinical interventions (Ladenbauer et al., 2017). In
addition, altered coupling between slow waves and spindles has also been shown to correlate with
tau aggregation amongst cognitively intact older adults, suggesting that this coupling could be a
potential biomarker for the pathogenesis of early Alzheimer's disease (Winer et al., 2019).

There is nowadays an increasing interest in investigating the associations between brain
integrity and sleep-dependent memory consolidation in older adults. In a group of older adults,
atrophy of the medial prefrontal cortex was associated with reduced slow wave activity, which in
turn was associated with worsened overnight retention of word pairs (Mander et al., 2013). Likewise,
similar associations between frontal SWA and both overnight change in spatial navigation
performance and medial prefrontal cortex volume were reported in young and old adults (Varga et

al., 2016). In addition in old adults, the structural integrity of brain areas generating slow oscillations



and sleep spindles, including the medial prefrontal cortex, the hippocampus, the entorhinal cortex
and the thalamus is associated with a better slow oscillation-spindle coupling (Muehlroth et al.,
2019). Another study showed that B-amyloid aggregates within the medial prefrontal cortex are
associated with reduced SWS, this again impairing memory consolidation (Mander et al., 2015).
Overall, these data suggest that age-related brain alterations may eventually lead to changes in slow
oscillations and sleep spindles, and also in their fine-tuned coupling, which will ultimately impair
memory consolidation. However, one study provided results that challenged the view according to
which impaired sleep-dependent memory consolidation in elders is due to changes in SWS or more
broadly in NREM sleep. Indeed, Frase et al. (2020) reported that participants with smaller
hippocampal, parahippocampal and medial prefrontal cortex volumes exhibited a reduced overnight
declarative but not procedural memory consolidation. In addition, mediation analyses revealed an
effect of age on sleep-dependent declarative memory consolidation, but no significant mediation
effects of brain structural parameters (i.e., hippocampal, parahippocampal and medial prefrontal
cortex volumes) on this association. Moreover, the effects of age and brain integrity on overnight
declarative memory consolidation were not mediated by sleep variables (i.e., spectral power in the
different EEG frequency bands). In other words, this study suggests that impaired sleep-dependent
memory consolidation in old adults does not necessarily depend on slow-wave sleep as previously
reported, or at least not solely. Further investigations are needed to better understand these
conflicting results, exploring for instance factors such as the individual’s cognitive reserve that might
help to tolerate age-related changes in sleep and maintain good memory performance, and using
more fine-grained investigations of brain structural alterations.

As for motor memory, sleep-dependent consolidation of motor tasks was found generally
impaired in older adults (King, Fogel, Albouy, & Doyon, 2013), an impairment associated with a
reduction in sleep quality (Fogel et al., 2014; Mander, Zhu, et al., 2017) and reduced striatal activity
(Fogel et al., 2014). In addition, greater cortico-striatal activation during initial learning of a motor

sequence learning task has been associated with better consolidation in old adults, but only when



they are given the opportunity to nap between the training and retest sessions (King et al., 2017). In
a study with successive resting state fMRI scans administered before and after motor sequence
learning training, and after a retention interval consisting of a nap or an equivalent period of
wakefulness, old adults exhibited a completely different pattern of functional connectivity changes in
cortico-striatal regions during motor sequence learning consolidation as compared to young
individuals. Furthermore, in old participants, functional connectivity changes were not associated
with performance gains as reported in young ones (Fang et al.,, 2021). Finally, several studies
investigated whether changes in white matter integrity might explain the reduced benefit of sleep to
motor skills memory consolidation in ageing. Since the degree of degeneration of white matter tracts
connecting cortical sensorimotor control areas or thalamo-cortical areas determines the propagation
of sleep spindles and their related memory benefits (Mander, Zhu, et al., 2017; Vien et al., 2019),
white matter integrity might be a key mechanism modulating the expression of sleep-dependent

offline gains following motor sequence learning in young and old adults.

Prospective memory

Another domain that developed in the recent years is prospective memory, evaluating whether sleep
can also reinforce our memories for intentions to perform in the future. Prospective Memory (PM)
refers to the ability to remember to execute an intention at the appropriate moment in the future.
Sleep-dependent consolidation of intentions has been assessed in young adults, leading to mixed
results. Meta-analytical results indicate that the benefit of sleep on PM is statistically significant but
in the small to medium range (Leong, Cheng, Chee, & Lo, 2019). In old adults, results are also
controversial. In a first study, participants performed a semantic categorization task and then
encoded intentions comprising related and unrelated cue-action pairs. They were instructed to
remember to perform these actions in response to cue words presented during a second semantic
categorization task administered 12 hours later, after a retention interval filled with either daytime

wakefulness or nocturnal sleep. For related intentions, sleep compared to wakefulness benefited



performance in young but not in old adults. There was no benefit of sleep for unrelated intentions,
whatever the age group. Finally, the proportion of time spent in SWS was positively associated with
performance for related intentions in young adults only (Leong, Lo, & Chee, 2021). According to the
authors, these results indicate that sleep-dependent consolidation of intentions is impaired in ageing
and that the link between sleep and memory is functionally weakened in old adults. Using an original
task consisting in a walk in a virtual environment, Rehel et al. (2019) assessed the consolidation of
various types of intentions (i.e., time-based intentions that need to be performed after a certain
amount of time, or event-based intentions to be implemented at the appearance of a cue in the
environment), also varying the strength of the link between the intention and the cue, after a
daytime or night-time retention interval in young and old adults. They showed that PM was not
affected by age, whatever the type of intentions and the nature of the retention interval
(sleep/wake), indicating that when assessed using complex realistic situations, PM is not impaired in
ageing. Sleep reinforced all types of intentions in young adults. In older adults, all intentions
benefited from sleep, except for event-based ones with a weak link between the cue and the action
to perform. Finally, Scullin et al. (2019), using a laboratory paradigm, showed PM impaired in old
adults. PM performance was not associated with frontal delta power, slow oscillations, or spindle
density, but with REM sleep duration. To sum up, these results highlight the complexity of the links
between sleep and memory, and the difficulty of comparing studies that used different cognitive
paradigms. Finally, the suggestive evidence for links between PM and REM sleep raises the question
of the existence of potential compensatory mechanisms for reduced consolidation processes during
sleep with increasing age (Scullin & Gao, 2018). Further studies are needed to understand how REM
and NREM sleep may interact to promote efficient cognitive functioning and memory consolidation

processes in old adults.

Recent advances in information processing, learning and memory during sleep



Can we learn during sleep?

Hypnopaedia, i.e., the learning of novel information by being exposed to it during sleep (Figure 2,
bottom row), has been a popular hypothesis in the 50’s, to the point that it was used as a marketing
argument to boost the sale of individual tape recorders. Actually, the concept was popularised 20
years earlier by the writer Aldous Huxley in its famous dystopia “Brave New World” (1932), in which
hypnopaedia is used in dormitories for the purpose of mass manipulation and indoctrination during
sleep. Notwithstanding, subsequent systematic and sleep-controlled studies invalidated the
hypothesis by evidencing methodological caveats (e.g., the elements recalled the next day were
associated with documented EEG arousals during exposure in the sleep period, suggesting that
learning took place in an intermediate awake state; (Emmons & Simon, 1956; Tani & Yoshii, 1970) or
disclosing null results (e.g., no learning for verbal material; (Wood, Bootzin, Kihlstrom, & Schacter,
1992). It was thus considered for a long time that in-sleep learning of de novo information is not a
viable option, even if the human brain is able to continue processing and monitor external
information during sleep (e.g., Blume, Del Giudice, Wislowska, Heib, & Schabus, 2018), although with
markedly attenuated sensitivity to high-order cognitive processes (e.g., disrupted predictive coding
or detection of simple arithmetic violations; Strauss & Dehaene, 2019; Strauss et al., 2015). Still, the
hypnopaedia hypothesis was revived in the last decade with a seminal study showing that
conditioning auditory tones to respiratory responses associated with pleasant or unpleasant odours
can be achieved both in REM and NREM sleep, and that in-sleep conditioning in NREM sleep
transfers to subsequent wakefulness (Arzi et al.,, 2012). The same authors further showed that
olfactory aversive conditioning during sleep helps reducing the rate of cigarette smoking (Arzi et al.,
2014). This logically led to question the type of information/association that can be learned during
sleep, and in which state of sleep. Repeated exposure to novel noise patterns during REM or light
NREM sleep was found to improve behavioural performance upon awakening, whereas it was
deteriorated after exposure during deep NREM sleep (Andrillon, Pressnitzer, Leger, & Kouider, 2017).

Although the authors hypothesized facilitative and suppressive plasticity mechanisms respectively



taking place in REM/light NREM and deep NREM sleep, the results are in opposition with Arzi et al.
(2012) who found the opposite pattern of transfer of learned associations at wake after conditioning
in NREM but not in REM sleep. Other studies investigated more sophisticated forms of learning than
conditioning or perceptual learning. Auditory magnetoencephalographic (MEG) frequency-tagged
responses mirroring ongoing statistical learning were evidenced during wakefulness but not NREM
sleep, suggesting that statistical regularities remain undetected during NREM sleep (Farthouat, Atas,
Wens, De Tiege, & Peigneux, 2018). Similarly, Makov et al. (2017) found intact EEG responses to
auditory sound streams both during NREM and REM sleep, but no identifiable signs of hierarchical
parsing of the continuous stream of syllables into higher-order elements such as words, phrases, and
sentences. In the musical domain, EEG frequency-tagged responses provide a neural representation
of rhythm processing and reflect the emergence of high-order representations such as the pulse-like
meter perceived while listening to music. As compared to wakefulness, EEG recordings during the
presentation of regular and irregular rhythms disclosed preserved processing of low-level acoustic
properties but a selective attenuation of frequency-tagged responses at meter-related frequencies
during REM sleep, and a complete suppression in NREM sleep (Sifuentes-Ortega, Lenc, Nozaradan, &
Peigneux, 2021), suggesting limited higher-order processing of auditory rhythms during sleep.
Altogether, these studies suggest intrinsic limitations in in-sleep learning that might restrict the
sleeping brain's learning capabilities to simple, elementary associations. In another study however,
participants were exposed during NREM sleep to word pairs composed of a pseudoword and a
concrete word depicting either a large (e.g., house) or small (e.g., shoes) object, and then tested the
next day in a forced choice test asking whether the associated pseudoword would fit in a box, i.e.,
being implicitly associated with the large or small feature of the paired concrete object. Results
showed that when the presentation of the second word of a pair in NREM sleep coincided with an
ongoing slow-wave peak, the chances increased for responses compatible with the associated object
in the next day’s forced choice test, i.e., suggesting implicit vocabulary learning (Zust, Ruch, Wiest, &

Henke, 2019). A re-analysis of Zust et al. (2019) data found that sleep-learning diminished



subsequent awake-learning when participants learned semantic associations that were congruent to
sleep-learned associations, but not when they learned associations that conflicted with it (Ruch,
Alain Zust, & Henke, 2022). Although Zust et al. (2019) interpreted their results as demonstrating the
occurrence of implicit relational binding during peaks of slow oscillations, an alternative explanation
would be that perceptual, i.e., lower-level, pseudoword-word associations have been created during
sleep, and then higher-order relational binding took later place only at wake when being presented
with the pseudoword evoked the associated word, thus driving the decision in the forced-choice test.
Future studies are still needed to delineate the mechanisms subtending, and the extent of, the
human brain’s spontaneous learning capabilities during sleep.
L o AR S
FIGURE 2
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Can_we modulate previously learned information during sleep? The cases of targeted

memory reactivation (TMR) and ongoing sleep stimulation

Animal (e.g., Ji & Wilson, 2007; Margoliash, 2010) and human (e.g.,Maquet et al., 2000; Peigneux et
al., 2004; Peigneux et al., 2003; Schonauer et al., 2017) studies have evidenced the spontaneous
replay of neural activity patterns associated with awake experience and learning during post-training
episodes of REM and NREM sleep (for a comprehensive review, see e.g., Rasch & Born, 2013; Figure
2, top row) These observations are in line with the neural replay hypothesis proposing that memories
are consolidated through the spontaneous reactivation of learning-related neural patterns (Skaggs &
McNaughton, 1996) and the hippocampo-neocortical transfer of the associated information during
sleep stages (Buzsaki, 1998). The past decade has witnessed the development of a new paradigm
expanding on this assumption by showing that presenting during post-learning sleep specific cues

previously associated with elements of the learning episode actually leads to improved memory



performance (Figure 2, middle row). For instance, re-exposure during SWS to an odour previously
associated with an object-location declarative memory task was shown to trigger hippocampal
activity in sleep, and improve overnight performance as compared to a normal sleep condition
(Rasch, Buchel, Gais, & Born, 2007). This procedure, known as sleep targeted memory reactivation
(TMR), works under the assumption that presenting learning-related cues during sleep will trigger
the neurophysiological mechanisms subtending neural replay (see for reviews Hu, Cheng, Chiu, &
Paller, 2020; Oudiette & Paller, 2013), thus reinforcing spontaneous memory-related consolidation
activity and brain plasticity. This assumption must be taken cautiously however, as it was shown that
maintaining artificially high the cholinergic tone during SWS by administrating physostigmine does
not impair memory consolidation performance in an odour cueing TMR protocol (Klinzing et al.,
2018), whereas it is known to do so in spontaneous, untriggered post-training SWS (Gais & Born,
2004). It suggests that triggered (i.e., odour cued) and spontaneous memory reactivation are not
merely superposable and do not entirely rely on the same neuropharmacological mechanisms.
Nonetheless, TMR during sleep is a popular paradigm and has now been used in a wide number of
studies, that it is not possible comprehensively reviewing here. A meta-analysis conducted over 91
experiments concluded on a positive effect on performance of sleep TMR during NREM sleep stages
N2 and slow-wave sleep, but not during REM sleep or wakefulness, across multiple domains including
declarative and procedural memory (Hu et al., 2020). Available evidence indeed supports the notion
that NREM sleep oscillatory activities may be the key neurophysiological mechanisms underlying a
positive role of TMR in the consolidation of recent memories. For instance, auditory cueing of
learned verbal or musical material during NREM sleep increases spindle-related activity and improves
recall (Farthouat, Gilson, & Peigneux, 2017; Schreiner, Lehmann, & Rasch, 2015) and motor
execution (Antony, Gobel, O'Hare, Reber, & Paller, 2012) on the next day, and disruption of sleep
spindles due to external stimulation after cueing annihilates the otherwise observed overnight
performance gains (Farthouat et al.,, 2017; Schreiner et al., 2015). Using graph theory analysis,

another study found that reactivating object-location memories with associated auditory cues during



SWS increases occipital activity integration with a memory-replay related brain network, correlated
with overnight memory stabilization (Berkers et al., 2018). Also, administration of GABA agonist
zolpidem coupled with TMR during SWS resulted both in enhanced memory performance and
increased coupling of fast spindles and theta to slow oscillations (Carbone et al., 2021). Likewise,
local TMR (i.e., unilateral odour cueing in sleep after lateralized learning) improved phase-amplitude
coupling (PAC) between slow oscillations and sleep spindles in the cued hemisphere, suggesting that
TMR in human sleep selectively promotes specific memories associated with local sleep oscillations
(Bar et al., 2020). As mentioned above, evidence for an effect of TMR during REM sleep is less
consistent and did not emerge from meta-analytic reviews (Hu et al., 2020). Still, this does not
detract from the possibility that REM sleep plays at the very least a complementary role in the
processing of cued memories during sleep. For instance, the time spent in REM sleep after cueing
during NREM was shown to predict the amplitude of memory consolidation effects (Tamminen,
Lambon Ralph, & Lewis, 2017). It suggests that information cued in NREM sleep continues being
processed in the physiologically ensuing REM stage, in line with the sequential hypothesis of the
function of sleep postulating that the elaboration of memory traces acquired at wake requires two
sequential steps taking place during SWS then REM sleep (Giuditta et al., 1995). Accordingly, a study
conducted in patients with narcolepsy who often fall asleep directly in REM sleep found that NREM
sleep spindles are associated with memory consolidation performance in a nap, but only when NREM
is followed by REM sleep (as opposed to a REM-NREM sequence), that is in a physiologically ordered
succession of sleep stages (Strauss et al., 2022). Also supporting a complementary role of REM and
NREM sleep, TMR differentially impacted temporal delays in dream reactivation following the
learning of a virtual reality flying task as a function of the stimulated sleep stage: task-related dreams
were incorporated 1-2 days later after REM sleep TMR, and 5-6 days later after SWS sleep TMR, as
compared to no cueing (Picard-Deland & Nielsen, 2022). Finally, it is worth noticing that if NREM
sleep oscillations and phasic events (e.g., spindles) are well studied and delineated in relation to

memory and TMR, the heterogeneous nature of REM sleep with its phasic and tonic constituents



(Simor, van der Wijk, Nobili, & Peigneux, 2020) has been largely neglected so far, which may obscure
potential contributions to the processing of cued memories.

Finally, an even more recently emerging paradigm is the ongoing stimulation of sleep
oscillations by external sensory stimulations. Although several studies consistently showed that it is
possible entraining and boosting NREM slow oscillations and/or spindles using rhythmic or closed
loop acoustic, tactile or electrical stimulations (e.g., Henin et al., 2019; Navarrete et al., 2020; Pereira
et al., 2017; Ruch et al., 2021; Simor et al., 2018), it is less clear how and to what extent boosting
slow oscillations or spindles during post-training sleep benefits memory consolidation, and several
studies concluded to null effects (e.g., Henin et al., 2019; Pereira et al., 2017; Ruch et al., 2021). Still,
a meta-analysis conducted over 11 experiments found that acoustic enhancement of SWS indeed
tends to increase the overnight consolidation of episodic memory, but with only small and at trend
level effects (Wunderlin et al., 2021). Hence, there seems to be nowadays insufficient evidence to
support the unreserved use of such approaches to improve memory consolidation processes in
human, and even more in pathological conditions associated with memory alterations, even if it
represents a promising avenue to understand the underlying neurophysiological mechanisms and

develop in the future better adapted individualized interventions to improve sleep and memory.

Concluding remarks

As reviewed in this paper, research on sleep and memory consolidation is still an extremely dynamic
field with many exciting avenues to explore. Recent studies have attempted to unravel sleep-
dependent memory consolidation process in great details, how it operates, develops and might be
disrupted throughout the lifespan. Structural, functional and molecular neuroimaging studies now
allow to go further in the understanding of the brain substrates of sleep-dependent memory
consolidation and its evolution throughout childhood as well as its impairment during ageing. Finally,
new learning during sleep, the sleeping brain’s processing capacities and the way we can modulate

previously learned information during sleep still continue to raise fascinating questions that



challenge the creativity of a new generation of sleep scientists to develop original and clever
neurocognitive paradigms. As the field is growing, many questions still remain to answer, amongst
these the specific and complementary contributions of NREM and REM sleep stages, the extent and
limits of processing capabilities in sleep, and how sleep’s role(s) and functions evolve across the
lifespan. In this respect, sleep research remains a worth and gratifying scientific journey, still as
exciting as it was for the pioneers in the field. To paraphrase the great French precursor and sleep
neurobiologist Michel Jouvet (1925-2017), happy those who enter the field of sleep as so much

remains to be discovered and understood!



References

Andrillon, T., Pressnitzer, D., Leger, D., & Kouider, S. (2017). Formation and suppression of acoustic
memories during human sleep. Nat Commun, 8(1), 179. doi:10.1038/s41467-017-00071-z

Antony, J. W., Gobel, E. W., O'Hare, J. K., Reber, P. J., & Paller, K. A. (2012). Cued memory
reactivation during sleep influences skill learning. Nat Neurosci, 15(8), 1114-1116.
doi:10.1038/nn.3152

Arzi, A., Holtzman, Y., Samnon, P., Eshel, N., Harel, E., & Sobel, N. (2014). Olfactory aversive
conditioning during sleep reduces cigarette-smoking behavior. J Neurosci, 34(46), 15382-
15393. doi:10.1523/JINEUROSCI.2291-14.2014

Arzi, A., Shedlesky, L., Ben-Shaul, M., Nasser, K., Oksenberg, A., Hairston, I. S., & Sobel, N. (2012).
Humans can learn new information during sleep. Nat Neurosci, 15(10), 1460-1465.
doi:10.1038/nn.3193

Aserinsky, E., & Kleitman, N. (1955). A motility cycle in sleeping infants as manifested by ocular and
gross bodily activity. J Appl Physiol, 8(1), 11-18. doi:10.1152/jappl.1955.8.1.11

Ashworth, A., Hill, C. M., Karmiloff-Smith, A., & Dimitriou, D. (2014). Sleep enhances memory
consolidation in children. J Sleep Res, 23(3), 302-308. doi:10.1111/jsr.12119

Astill, R. G., Van der Heijden, K. B., Van ljzendoorn, M. H., & Van Someren, E. J. (2012). Sleep,
cognition, and behavioral problems in school-age children: a century of research meta-
analyzed. Psychol Bull, 138(6), 1109-1138. doi:10.1037/a0028204

Backhaus, J., Hoeckesfeld, R., Born, J., Hohagen, F., & Junghanns, K. (2008). Immediate as well as
delayed post learning sleep but not wakefulness enhances declarative memory consolidation
in children. Neurobiol Learn Mem, 89(1), 76-80. doi:10.1016/j.nlm.2007.08.010

Bar, E., Marmelshtein, A., Arzi, A., Perl, O., Livne, E., Hizmi, E., . . . Nir, Y. (2020). Local Targeted
Memory Reactivation in Human Sleep. Curr Biol, 30(8), 1435-1446 e1435.

doi:10.1016/j.cub.2020.01.091



Berkers, R., Ekman, M., van Dongen, E. V., Takashima, A., Barth, M., Paller, K. A., & Fernandez, G.
(2018). Cued reactivation during slow-wave sleep induces brain connectivity changes related
to memory stabilization. Sci Rep, 8(1), 16958. d0i:10.1038/s41598-018-35287-6

Blume, C., Del Giudice, R., Wislowska, M., Heib, D. P. J., & Schabus, M. (2018). Standing sentinel
during human sleep: Continued evaluation of environmental stimuli in the absence of
consciousness. Neurolmage, 178, 638-648. doi:10.1016/j.neuroimage.2018.05.056

Bodizs, R. (2021). Theories on the functions of sleep. In C. Bassetti, W. McNicholas, T. Paunio, & P.
Peigneux (Eds.), Sleep Medicine Textbook Second Edition (pp. 41-56). Regensburg, Germany:
European Sleep Research Society.

Bothe, K., Hirschauer, F., Wiesinger, H. P., Edfelder, J., Gruber, G., Birklbauer, J., & HoedIlmoser, K.
(2019). The impact of sleep on complex gross-motor adaptation in adolescents. J Sleep Res,
28(4), €12797. doi:10.1111/jsr.12797

Bothe, K., Hirschauer, F., Wiesinger, H. P., Edfelder, J. M., Gruber, G., Hoedlmoser, K., & Birklbauer, J.
(2020). Gross motor adaptation benefits from sleep after training. J Sleep Res, 29(5), e12961.
doi:10.1111/jsr.12961

Buzsaki, G. (1998). Memory consolidation during sleep: a neurophysiological perspective. J Sleep Res,
7 Suppl 1, 17-23. doi:10.1046/j.1365-2869.7.51.3.x

Carbone, J., Bibian, C., Reischl, P., Born, J., Forcato, C., & Diekelmann, S. (2021). The effect of
zolpidem on targeted memory reactivation during sleep. Learn Mem, 28(9), 307-318.
doi:10.1101/Im.052787.120

Chee, M. W., & Chuah, L. Y. (2008). Functional neuroimaging insights into how sleep and sleep
deprivation affect memory and cognition. Curr Opin Neurol, 21(4), 417-423.
doi:10.1097/WCO.0b013e3283052cf7

Diekelmann, S., & Born, J. (2010). The memory function of sleep. Nat Rev Neurosci, 11(2), 114-126.

doi:10.1038/nrn2762



Emmons, W. H., & Simon, C. W. (1956). The non-recall of material presented during sleep. Am J
Psychol, 69(1), 76-81.

Fang, Z., Smith, D. M., Albouy, G., King, B. R., Vien, C,, Benali, H., . . . Fogel, S. (2021). Differential
Effects of a Nap on Motor Sequence Learning-Related Functional Connectivity Between
Young and Older Adults. Front Aging Neurosci, 13, 747358. doi:10.3389/fnagi.2021.747358

Farthouat, J., Atas, A., Wens, V., De Tiege, X., & Peigneux, P. (2018). Lack of frequency-tagged
magnetic responses suggests statistical regularities remain undetected during NREM sleep.
Sci Rep, 8(1), 11719. doi:10.1038/s41598-018-30105-5

Farthouat, J., Gilson, M., & Peigneux, P. (2017). New evidence for the necessity of a silent plastic
period during sleep for a memory benefit of targeted memory reactivation. Sleep Spindles &
Cortical Up States, 1(1), 14-26. doi:10.1556/2053.1.2016.002

Fischer, S., Wilhelm, I., & Born, J. (2007). Developmental differences in sleep's role for implicit off-line
learning: comparing children with adults. J Cogn Neurosci, 19(2), 214-227.
doi:10.1162/jocn.2007.19.2.214

Fogel, S. M., Albouy, G., Vien, C., Popovicci, R., King, B. R., Hoge, R., . . . Doyon, J. (2014). fMRI and
sleep correlates of the age-related impairment in motor memory consolidation. Hum Brain
Mapp, 35(8), 3625-3645. d0i:10.1002/hbm.22426

Fowler, M. J,, Sullivan, M. J., & Ekstrand, B. R. (1973). Sleep and memory. Science, 179(4070), 302-
304. doi:10.1126/science.179.4070.302

Frase, L., Regen, W., Kass, S., Rambach, A., Baglioni, C., Feige, B., . . . Spiegelhalder, K. (2020).
Hippocampal and medial prefrontal cortical volume is associated with overnight declarative
memory consolidation independent of specific sleep oscillations. J Sleep Res, 29(5), e13062.
doi:10.1111/jsr.13062

Gais, S., & Born, J. (2004). Low acetylcholine during slow-wave sleep is critical for declarative memory

consolidation. Proc Natl Acad Sci U S A, 101(7), 2140-2144. doi:10.1073/pnas.0305404101



Giuditta, A., Ambrosini, M. V., Montagnese, P., Mandile, P., Cotugno, M., Grassi Zucconi, G., & Vescia,
S. (1995). The sequential hypothesis of the function of sleep. Behav Brain Res, 69(1-2), 157-
166. do0i:10.1016/0166-4328(95)00012-i

Hahn, M. A. (2021). Developmental aspects of sleep-dependent memory consolidation - Coupled
memory networks through brain maturation [Doctoral dissertation], University of Salzburg.

Hahn, M., Joechner, A. K., Roell, J., Schabus, M., Heib, D. P., Gruber, G., . . . Hoedlmoser, K. (2019).
Developmental changes of sleep spindles and their impact on sleep-dependent memory
consolidation and general cognitive abilities: A longitudinal approach. Dev Sci, 22(1), e12706.
doi:10.1111/desc.12706

Hahn, M. A., Bothe, K., Heib, D., Schabus, M., Helfrich, R. F., & Hoedlmoser, K. (2022). Slow
oscillation-spindle coupling strength predicts real-life gross-motor learning in adolescents
and adults. Elife, 11. doi:10.7554/elife.66761

Hahn, M. A,, Heib, D., Schabus, M., HoedImoser, K., & Helfrich, R. F. (2020). Slow oscillation-spindle
coupling predicts enhanced memory formation from childhood to adolescence. Elife, 9.
doi:10.7554/eLife.53730

Helfrich, R. F., Lendner, J. D., & Knight, R. T. (2021). Aperiodic sleep networks promote memory
consolidation. Trends Cogn Sci, 25(8), 648-659. doi:10.1016/j.tics.2021.04.009

Helfrich, R. F., Mander, B. A,, Jagust, W. J., Knight, R. T., & Walker, M. P. (2018). Old Brains Come
Uncoupled in Sleep: Slow Wave-Spindle Synchrony, Brain Atrophy, and Forgetting. Neuron,
97(1), 221-230 e224. doi:10.1016/j.neuron.2017.11.020

Henderson, L. M., Weighall, A. R., Brown, H., & Gareth Gaskell, M. (2012). Consolidation of
vocabulary is associated with sleep in children. Dev Sci, 15(5), 674-687. d0i:10.1111/j.1467-
7687.2012.01172.x

Henin, S., Borges, H., Shankar, A., Sarac, C., Melloni, L., Friedman, D., . . . Liu, A. (2019). Closed-Loop
Acoustic Stimulation Enhances Sleep Oscillations But Not Memory Performance. eNeuro,

6(6). doi:10.1523/ENEUR0.0306-19.2019



Horvath, K., Myers, K., Foster, R., & Plunkett, K. (2015). Napping facilitates word learning in early
lexical development. J Sleep Res, 24(5), 503-509. doi:10.1111/jsr.12306

Hu, X., Cheng, L. Y., Chiu, M. H., & Paller, K. A. (2020). Promoting memory consolidation during sleep:
A meta-analysis of targeted memory reactivation. Psychol Bull, 146(3), 218-244.
doi:10.1037/bul0000223

James, E., Gaskell, M. G., & Henderson, L. M. (2019). Offline consolidation supersedes prior
knowledge benefits in children's (but not adults') word learning. Dev Sci, 22(3), e12776.
doi:10.1111/desc.12776

Ji, D., & Wilson, M. A. (2007). Coordinated memory replay in the visual cortex and hippocampus
during sleep. Nat Neurosci, 10(1), 100-107. doi:10.1038/nn1825

Joechner, A. K., Wehmeier, S., & Werkle-Bergner, M. (2021). Electrophysiological indicators of sleep-
associated memory consolidation in 5- to 6-year-old children. Psychophysiology, 58(8),
©13829. doi:10.1111/psyp.13829

King, B. R., Fogel, S. M., Albouy, G., & Doyon, J. (2013). Neural correlates of the age-related changes
in motor sequence learning and motor adaptation in older adults. Front Hum Neurosci, 7,
142. doi:10.3389/fnhum.2013.00142

King, B. R., Saucier, P., Albouy, G., Fogel, S. M., Rumpf, J. J,, Klann, J., . . . Doyon, J. (2017). Cerebral
Activation During Initial Motor Learning Forecasts Subsequent Sleep-Facilitated Memory
Consolidation in Older Adults. Cereb Cortex, 27(2), 1588-1601. doi:10.1093/cercor/bhv347

Klinzing, J. G., Kugler, S., Soekadar, S. R., Rasch, B., Born, J., & Diekelmann, S. (2018). Odor cueing
during slow-wave sleep benefits memory independently of low cholinergic tone.
Psychopharmacology (Berl), 235(1), 291-299. doi:10.1007/s00213-017-4768-5

Koukkou, M., & Lehmann, D. (1968). EEG and memory storage in sleep experiments with humans.

Electroencephalogr Clin Neurophysiol, 25(5), 455-462. doi:10.1016/0013-4694(68)90155-7



Kurdziel, L., Duclos, K., & Spencer, R. M. (2013). Sleep spindles in midday naps enhance learning in
preschool children. Proc Natl Acad Sci U S A, 110(43), 17267-17272.
doi:10.1073/pnas.1306418110

Ladenbauer, J., Ladenbauer, J., Kulzow, N., de Boor, R., Avramova, E., Grittner, U., & Floel, A. (2017).
Promoting Sleep Oscillations and Their Functional Coupling by Transcranial Stimulation
Enhances Memory Consolidation in Mild Cognitive Impairment. J Neurosci, 37(30), 7111-
7124. doi:10.1523/JINEUROSCI.0260-17.2017

Lahl, O., Wispel, C., Willigens, B., & Pietrowsky, R. (2008). An ultra short episode of sleep is sufficient
to promote declarative memory performance. J Sleep Res, 17(1), 3-10. doi:10.1111/j.1365-
2869.2008.00622.x

Leong, R. L. F., Cheng, G. H., Chee, M. W. L., & Lo, J. C. (2019). The effects of sleep on prospective
memory: A systematic review and meta-analysis. Sleep Med Rev, 47, 18-27.
doi:10.1016/j.smrv.2019.05.006

Leong, R. L. F., Lo, J. C., & Chee, M. W. L. (2021). Sleep-dependent prospective memory consolidation
is impaired with aging. Sleep, 44(9). doi:10.1093/sleep/zsab069

Lokhandwala, S., & Spencer, R. M. C. (2021). Slow wave sleep in naps supports episodic memories in
early childhood. Dev Sci, 24(2), e13035. doi:10.1111/desc.13035

Makov, S., Sharon, O., Ding, N., Ben-Shachar, M., Nir, Y., & Zion Golumbic, E. (2017). Sleep Disrupts
High-Level Speech Parsing Despite Significant Basic Auditory Processing. J Neurosci, 37(32),
7772-7781. doi:10.1523/INEUROSCI.0168-17.2017

Mander, B. A., Marks, S. M., Vogel, J. W, Rao, V., Lu, B., Saletin, J. M., . .. Walker, M. P. (2015). beta-
amyloid disrupts human NREM slow waves and related hippocampus-dependent memory
consolidation. Nat Neurosci, 18(7), 1051-1057. doi:10.1038/nn.4035

Mander, B. A., Rao, V., Lu, B., Saletin, J. M., Lindquist, J. R., Ancoli-Israel, S., . . . Walker, M. P. (2013).
Prefrontal atrophy, disrupted NREM slow waves and impaired hippocampal-dependent

memory in aging. Nat Neurosci, 16(3), 357-364. doi:10.1038/nn.3324



Mander, B. A., Winer, J. R., & Walker, M. P. (2017). Sleep and Human Aging. Neuron, 94(1), 19-36.
doi:10.1016/j.neuron.2017.02.004

Mander, B. A., Zhu, A. H,, Lindquist, J. R., Villeneuve, S., Rao, V., Lu, B., . .. Walker, M. P. (2017).
White Matter Structure in Older Adults Moderates the Benefit of Sleep Spindles on Motor
Memory Consolidation. J Neurosci, 37(48), 11675-11687. doi:10.1523/JNEUROSCI.3033-
16.2017

Maquet, P., Laureys, S., Peigneux, P., Fuchs, S., Petiau, C., Phillips, C., . . . Cleeremans, A. (2000).
Experience-dependent changes in cerebral activation during human REM sleep. Nat
Neurosci, 3(8), 831-836. doi:10.1038/77744

Margoliash, D. (2010). Sleep, learning, and birdsong. ILAR J, 51(4), 378-386. doi:10.1093/ilar.51.4.378

Mikutta, C., Feige, B., Maier, J. G., Hertenstein, E., Holz, J., Riemann, D., & Nissen, C. (2019). Phase-
amplitude coupling of sleep slow oscillatory and spindle activity correlates with overnight
memory consolidation. J Sleep Res, 28(6), €12835. doi:10.1111/jsr.12835

Molle, M., Bergmann, T. O., Marshall, L., & Born, J. (2011). Fast and slow spindles during the sleep
slow oscillation: disparate coalescence and engagement in memory processing. Sleep, 34(10),
1411-1421. doi:10.5665/SLEEP.1290

Morita, Y., Ogawa, K., & Uchida, S. (2012). The effect of a daytime 2-hour nap on complex motor skill
learning. Sleep Biol Rhythms, 10(4), 302-309. d0i:10.1111/j.1479-8425.2012.00576.x

Morita, Y., Ogawa, K., & Uchida, S. (2016). Napping after complex motor learning enhances juggling
performance. Sleep Sci, 9(2), 112-116. doi:10.1016/].slsci.2016.04.002

Muehlroth, B. E., Sander, M. C., Fandakova, Y., Grandy, T. H., Rasch, B., Shing, Y. L., & Werkle-
Bergner, M. (2019). Precise Slow Oscillation-Spindle Coupling Promotes Memory
Consolidation in Younger and Older Adults. Sci Rep, 9(1), 1940. doi:10.1038/s41598-018-

36557-z



Navarrete, M., Schneider, J., Ngo, H. V., Valderrama, M., Casson, A. J.,, & Lewis, P. A. (2020).
Examining the optimal timing for closed-loop auditory stimulation of slow-wave sleep in
young and older adults. Sleep, 43(6). doi:10.1093/sleep/zsz315

Oudiette, D., & Paller, K. A. (2013). Upgrading the sleeping brain with targeted memory reactivation.
Trends Cogn Sci, 17(3), 142-149. doi:10.1016/].tics.2013.01.006

Peiffer, A., Brichet, M., De Tiege, X., Peigneux, P., & Urbain, C. (2020). The power of children's sleep -
Improved declarative memory consolidation in children compared with adults. Sci Rep, 10(1),
9979. doi:10.1038/s41598-020-66880-3

Peigneux, P. (2015). Neuroimaging studies of sleep and memory in humans. Curr Top Behav Neurosci,
25,239-268. doi:10.1007/7854_2014 326

Peigneux, P., Laureys, S., Delbeuck, X., & Maquet, P. (2001). Sleeping brain, learning brain. The role of
sleep for memory systems. Neuroreport, 12(18), A111-124. doi:10.1097/00001756-
200112210-00001

Peigneux, P., Laureys, S., Fuchs, S., Collette, F., Perrin, F., Reggers, J., . . . Maquet, P. (2004). Are
spatial memories strengthened in the human hippocampus during slow wave sleep? Neuron,
44(3), 535-545. doi:10.1016/j.neuron.2004.10.007

Peigneux, P., Laureys, S., Fuchs, S., Destrebecqz, A., Collette, F., Delbeuck, X., . . . Maquet, P. (2003).
Learned material content and acquisition level modulate cerebral reactivation during
posttraining rapid-eye-movements sleep. Neurolmage, 20(1), 125-134. doi:10.1016/s1053-
8119(03)00278-7

Pereira, S. ., Beijamini, F., Weber, F. D., Vincenzi, R. A., da Silva, F. A., & Louzada, F. M. (2017). Tactile
stimulation during sleep alters slow oscillation and spindle densities but not motor skill.
Physiol Behav, 169, 59-68. doi:10.1016/j.physbeh.2016.11.024

Picard-Deland, C., & Nielsen, T. (2022). Targeted memory reactivation has a sleep stage-specific

delayed effect on dream content. J Sleep Res, 31(1), e13391. doi:10.1111/jsr.13391



Prehn-Kristensen, A., Goder, R., Chirobeja, S., Bressmann, |., Ferstl, R., & Baving, L. (2009). Sleep in
children enhances preferentially emotional declarative but not procedural memories. J Exp
Child Psychol, 104(1), 132-139. doi:10.1016/j.jecp.2009.01.005

Rasch, B., & Born, J. (2013). About sleep's role in memory. Physiol Rev, 93(2), 681-766.
do0i:10.1152/physrev.00032.2012

Rasch, B., Buchel, C., Gais, S., & Born, J. (2007). Odor cues during slow-wave sleep prompt declarative
memory consolidation. Science, 315(5817), 1426-1429. doi:10.1126/science.1138581

Rehel, S., Legrand, N., Lecouvey, G., Laniepce, A., Bertran, F., Fleury, P., . .. Rauchs, G. (2019). Effects
of Sleep and Age on Prospective Memory Consolidation: A Walk in a Virtual Museum. Clocks
Sleep, 1(3), 332-351. doi:10.3390/clockssleep1030028

Ruch, S., Alain Zust, M., & Henke, K. (2022). Sleep-learning impairs subsequent awake-learning.
Neurobiol Learn Mem, 187, 107569. doi:10.1016/j.nlm.2021.107569

Ruch, S., Feher, K., Homan, S., Morishima, Y., Mueller, S. M., Mueller, S. V., . .. Grieder, M. (2021). Bi-
Temporal Anodal Transcranial Direct Current Stimulation during Slow-Wave Sleep Boosts
Slow-Wave Density but Not Memory Consolidation. Brain  Sci, 11(4).
doi:10.3390/brainsci11040410

Schoch, S. F., Riedner, B. A., Deoni, S. C., Huber, R., LeBourgeois, M. K., & Kurth, S. (2018). Across-
night dynamics in traveling sleep slow waves throughout childhood. Sleep, 41(11).
doi:10.1093/sleep/zsy165

Schonauer, M., Alizadeh, S., Jamalabadi, H., Abraham, A., Pawlizki, A., & Gais, S. (2017). Decoding
material-specific memory reprocessing during sleep in humans. Nat Commun, 8, 15404.
doi:10.1038/ncomms15404

Schreiner, T., Lehmann, M., & Rasch, B. (2015). Auditory feedback blocks memory benefits of cueing
during sleep. Nat Commun, 6, 8729. doi:10.1038/ncomms9729

Scullin, M. K., & Gao, C. (2018). Dynamic Contributions of Slow Wave Sleep and REM Sleep to

Cognitive Longevity. Curr Sleep Med Rep, 4(4), 284-293. doi:10.1007/s40675-018-0131-6



Scullin, M. K., Gao, C., Fillmore, P., Roberts, R. L., Pruett, N., & Bliwise, D. L. (2019). Rapid eye
movement sleep mediates age-related decline in prospective memory consolidation. Sleep,
42(6). doi:10.1093/sleep/zsz055

Seegers, V., Touchette, E., Dionne, G., Petit, D., Seguin, J. R., Montplaisir, J., . . . Tremblay, R. E.
(2016). Short persistent sleep duration is associated with poor receptive vocabulary
performance in middle childhood. J Sleep Res, 25(3), 325-332. doi:10.1111/jsr.12375

Sifuentes-Ortega, R., Lenc, T., Nozaradan, S., & Peigneux, P. (2021). Partially Preserved Processing of
Musical Rhythms in REM but Not in NREM Sleep. Cereb Cortex. doi:10.1093/cercor/bhab303

Simor, P., Sifuentes-Ortega, R., & Peigneux, p. (2021). Sleep and psychology (cognitive and emotional
processes). In C. Bassetti, W. McNicholas, T. Paunio, & P. Peigneux (Eds.), Sleep Medicine
Textbook Second Edition (pp. 57-66). Regensburg, Germany: European Sleep Research
Society.

Simor, P., Steinbach, E., Nagy, T., Gilson, M., Farthouat, J., Schmitz, R., . . . Peigneux, P. (2018).
Lateralized rhythmic acoustic stimulation during daytime NREM sleep enhances slow waves.
Sleep, 41(12). doi:10.1093/sleep/zsy176

Simor, P., van der Wijk, G., Nobili, L., & Peigneux, P. (2020). The microstructure of REM sleep: Why
phasic and tonic? Sleep Med Rev, 52, 101305. doi:10.1016/j.smrv.2020.101305

Skaggs, W. E., & McNaughton, B. L. (1996). Replay of neuronal firing sequences in rat hippocampus
during sleep following spatial experience. Science, 271(5257), 1870-1873.
doi:10.1126/science.271.5257.1870

Smith, C., Kitahama, K., Valatx, J. L., & Jouvet, M. (1974). Increased paradoxical sleep in mice during
acquisition of a shock avoidance task. Brain Res, 77(2), 221-230. doi:10.1016/0006-
8993(74)90786-0

Spano, G., Weber, F. D., Pizzamiglio, G., McCormick, C., Miller, T. D., Rosenthal, C. R., . . . Maguire, E.
A. (2020). Sleeping with Hippocampal Damage. Curr Biol, 30(3), 523-529 e523.

doi:10.1016/j.cub.2019.11.072



Strauss, M., & Dehaene, S. (2019). Detection of arithmetic violations during sleep. Sleep, 42(3).
doi:10.1093/sleep/zsy232

Strauss, M., Griffon, L., Van Beers, P., Elbaz, M., Bouziotis, J., Sauvet, F., . . . Peigneux, P. (2022). Order
matters: sleep spindles contribute to memory consolidation only when followed by rapid-
eye-movement sleep. Sleep. doi:10.1093/sleep/zsac022

Strauss, M., Sitt, J. D., King, J. R., Elbaz, M., Azizi, L., Buiatti, M., . . . Dehaene, S. (2015). Disruption of
hierarchical predictive coding during sleep. Proc Natl Acad Sci U S A, 112(11), E1353-1362.
doi:10.1073/pnas.1501026112

Tamminen, J., Lambon Ralph, M. A., & Lewis, P. A. (2017). Targeted memory reactivation of newly
learned words during sleep triggers REM-mediated integration of new memories and existing
knowledge. Neurobiol Learn Mem, 137, 77-82. doi:10.1016/j.nIlm.2016.11.012

Tani, K., & Yoshii, N. (1970). Efficiency of verbal learning during sleep as related to the EEG pattern.
Brain Res, 17(2), 277-285. doi:10.1016/0006-8993(70)90082-x

Tham, E. K., Lindsay, S., & Gaskell, M. G. (2015). Markers of automaticity in sleep-associated
consolidation of novel words. Neuropsychologia, 71, 146-157.
doi:10.1016/j.neuropsychologia.2015.03.025

Tilley, A. J., & Empson, J. A. (1978). REM sleep and memory consolidation. Biol Psychol, 6(4), 293-300.
doi:10.1016/0301-0511(78)90031-5

Timofeeyv, I., Schoch, S. F., LeBourgeois, M. K., Huber, R., Riedner, B. A., & Kurth, S. (2020). Spatio-
temporal properties of sleep slow waves and implications for development. Curr Opin
Physiol, 15, 172-182. doi:10.1016/j.cophys.2020.01.007

Tononi, G., & Cirelli, C. (2006). Sleep function and synaptic homeostasis. Sleep Med Rev, 10(1), 49-62.
doi:10.1016/j.smrv.2005.05.002

Tononi, G., & Cirelli, C. (2014). Sleep and the price of plasticity: from synaptic and cellular
homeostasis to memory consolidation and integration. WNeuron, 81(1), 12-34.

doi:10.1016/j.neuron.2013.12.025



Urbain, C., De Tiege, X., Op De Beeck, M., Bourguignon, M., Wens, V., Verheulpen, D., . . . Peigneux,
P. (2016). Sleep in children triggers rapid reorganization of memory-related brain processes.
Neurolmage, 134, 213-222. doi:10.1016/j.neuroimage.2016.03.055

Varga, A. W, Ducca, E. L., Kishi, A., Fischer, E., Parekh, A., Koushyk, V., . .. Ayappa, I. (2016). Effects of
aging on slow-wave sleep dynamics and human spatial navigational memory consolidation.
Neurobiol Aging, 42, 142-149. doi:10.1016/j.neurobiolaging.2016.03.008

Vien, C., Bore, A., Boutin, A., Pinsard, B., Carrier, J., Doyon, J., & Fogel, S. (2019). Thalamo-Cortical
White Matter Underlies Motor Memory Consolidation via Modulation of Sleep Spindles in
Young and Older Adults. Neuroscience, 402, 104-115.
doi:10.1016/j.neuroscience.2018.12.049

Wang, J. Y., Weber, F. D,, Zinke, K., Inostroza, M., & Born, J. (2018). More Effective Consolidation of
Episodic Long-Term Memory in Children Than Adults-Unrelated to Sleep. Child Dev, 89(5),
1720-1734. doi:10.1111/cdev.12839

Wilhelm, 1., Diekelmann, S., & Born, J. (2008). Sleep in children improves memory performance on
declarative but not procedural tasks. Learn Mem, 15(5), 373-377. do0i:10.1101/Im.803708

Wilhelm, I., Prehn-Kristensen, A., & Born, J. (2012). Sleep-dependent memory consolidation--what
can be learnt from children? Neurosci Biobehav Rev, 36(7), 1718-1728.
doi:10.1016/j.neubiorev.2012.03.002

Wilhelm, I., Rose, M., Imhof, K. I., Rasch, B., Buchel, C., & Born, J. (2013). The sleeping child outplays
the adult's capacity to convert implicit into explicit knowledge. Nat Neurosci, 16(4), 391-393.
doi:10.1038/nn.3343

Williams, S. E., & Horst, J. S. (2014). Goodnight book: sleep consolidation improves word learning via
storybooks. Front Psychol, 5, 184. doi:10.3389/fpsyg.2014.00184

Winer, J. R., Mander, B. A,, Helfrich, R. F., Maass, A., Harrison, T. M., Baker, S. L., . . . Walker, M. P.
(2019). Sleep as a Potential Biomarker of Tau and beta-Amyloid Burden in the Human Brain. J

Neurosci, 39(32), 6315-6324. doi:10.1523/INEUROSCI.0503-19.2019



Wood, J. M., Bootzin, R. R., Kihlstrom, J. F., & Schacter, D. L. (1992). Implicit and explicit memory for
verbal information presented during sleep. Psychological Science, 3(4), 236-239.

Wunderlin, M., Zust, M. A., Hertenstein, E., Feher, K. D., Schneider, C. L., Kloppel, S., & Nissen, C.
(2021). Modulating overnight memory consolidation by acoustic stimulation during slow-
wave sleep: a systematic review and meta-analysis. Sleep, 44(7). doi:10.1093/sleep/zsaa296

Yonelinas, A. P., Ranganath, C., Ekstrom, A. D., & Wiltgen, B. J. (2019). A contextual binding theory of
episodic memory: systems consolidation reconsidered. Nat Rev Neurosci, 20(6), 364-375.
doi:10.1038/s41583-019-0150-4

Zust, M. A., Ruch, S., Wiest, R., & Henke, K. (2019). Implicit Vocabulary Learning during Sleep Is

Bound to Slow-Wave Peaks. Curr Biol, 29(4), 541-553 e547. d0i:10.1016/j.cub.2018.12.038



FIGURE LEGENDS

Figure 1. Active systems consolidation theory. (A) (1) New information is simultaneously encoded in
the neocortical networks (blue) and hippocampus (red). Through repeated hippocampal replay (red
lines), memory traces are integrated into existing cortical networks and consolidated. (2)
Consolidated memory traces (thick red lines) are resistant to interference and increasingly
independent from hippocampal activation. (B) Temporal hierarchy of sleep oscillations mediating the
hippocampal-neocortical dialogue: neocortical SO (blue) facilitate thalamo-cortical sleep spindle
activity in their depolarizing phase. Sleep spindles (pink) nest hippocampal sharp-wave ripples (red)
in their troughs. Through this precisely timed interplay, freshly encoded memories are replayed,
potentiated, transformed, and eventually embedded in the neocortex for long-term storage. (C)
Representation of SO-spindle coupling in the time domain. The spindle oscillation (pink) follows and
underlying SO-component (blue). Note that spindle peak and SO peak coincide. (D) Representation of
SO-spindle coupling in the time frequency domain. Power in the spindle frequency band (~11 - 15
Hz) is modulated as a function of SO-phase. Spindle power is diminished in the hyperpolarizing SO-
trough at 0 s, but enhanced in the depolarizing SO-peak (dashed line). (Reproduced from M. Hahn

2021, Doctoral dissertation, page 33)

Figure 2. Main sleep-related paradigms for memory consolidation and learning in sleep. [Top row]
In the Spontaneous Reactivation (SR) condition, participant learn new material during wakefulness;
information is then reactivated (neural replay) and consolidated during sleep, eventually leading to
stabilized/enhanced performance at retrieval the next day. [Middle row] In the Targeted Memory
Reactivation (TMR) condition, participants learn new material during wakefulness in a specific
context (e.g., sounds); this context presented again during sleep selectively triggers the reactivation
process, further reinforcing sleep-dependent memory consolidation effects and improving
performance on the next day for the cued (triggered) material. [Bottom row] In the Hypnopaedia

(HP) condition, a new learning material is presented during sleep, and novel associations are created;



these associations can then be retrieved during subsequent wakefulness, demonstrating in-sleep

learning capabilities.
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