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Abstract

The brain state of sleep contributes in a specific way to the formation of long-term memory. Over the past 10 years,
research on the psychological and neuronal mechanisms underlying this process has rapidly increased, including
studies in humans and rodents across early and late life. Intended to comprehensively cover this research, our
review reveals that the majority of findings are consistent with the concept of long-term memory formation during
sleep as an active systems consolidation process that concurs with widespread synaptic downselection. In this con-
cept, the repeated neuronal replay of encoded representations, particularly in the hippocampus, in conjunction with
brain oscillations hallmarking non-rapid eye movement (non-REM) sleep, provide mechanisms for regulating informa-
tion flow across brain networks. This interplay drives the consolidation of newly encoded memory into neocortical
long-term stores, whereby this neocorticalization of representations goes along with a transformation of memories
into more abstract representations. The findings, however, remain controversial as to the nature of memory trans-
formation: What kind of information is eventually consolidated into neocortical networks and how is storage of this
information achieved at the synaptic level? Furthermore, the roles of REM sleep in consolidation of, in particular,
emotional memory and in shaping representations at the synaptic level are unclear. Future research also needs to
elaborate on how consolidation during sleep differs from that during wakefulness, as well as on the changes in
sleep-dependent consolidation across the life span. A promising new area arising from this research pertains to

brain stimulation techniques developed to enhance memory consolidation during human sleep.
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1. INTRODUCTION

Sleep is a ubiquitous phenomenon in the animal king-
dom. Its main characteristics are behavioral inactivity and
a greatly reduced arousability to environmental stimuli, in
conjunction with a specific regulation of nervous system
activity, and humans experience a more or less profound
loss of consciousness while sleeping. Although capturing
the whole organism, sleep is generated in the brain, and

0031-9333/26 Copyright © 2026 The Authors. Licensed under Creative Commons Attribution CC-BY 4.0.

there is quite detailed knowledge about the neurobiologi-
cal mechanisms mediating the onset and maintenance of
sleep (1-3). However, rather than the mediating mecha-
nisms, this review focuses on the function of sleep, a
question that is closely related to what evolutionary bene-
fit sleep offers. Given the vulnerability to predators due to
inattentiveness to environmental stimuli, why has sleep
remained so well preserved throughout evolution and
become particularly differentiated in humans?

Just as breathing not only serves the exchange of car-
bon dioxide and oxygen in the lungs but also enables
speech, sleep may serve multiple functions, such as sup-
porting growth and anabolic metabolism, clearing meta-
bolic waste from the brain, and conserving energy, with
memory formation being perhaps its most crucial role, as
it allows experiences to be transformed into lasting mem-
ories during sleep. We need these long-term memories
to effectively adapt to our environment and ultimately
also for establishing consciousness as it is experienced in
the wake state. For example, to consciously recognize
the computer screen in front of us, we need to have a
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CLINICAL HIGHLIGHTS

e Sleep plays a critical role in memory consolidation, directly influ-
encing daily functioning by enhancing the retention and organiza-
tion of learned information. A better understanding of how sleep
aids memory consolidation can foster awareness of the impor-
tance of sleep, which is particularly crucial given the high preva-
lence of disordered sleep and related issues worldwide.

The decline in sleep quality with aging, particularly of slow-wave
sleep, contributes to memory impairments, emphasizing the need
for targeted sleep-related interventions to support cognitive
health in older adults.

Disturbed sleep in insomnia significantly affects memory process-
ing, with the review summarizing key findings on its detrimental
cognitive effects.

Research on sleep and memory in humans has advanced the
development of innovative techniques, such as noninvasive brain
stimulation during sleep or targeted memory reactivation, offering
promising new approaches to enhance sleep and cognitive per-
formance in clinical conditions, beyond pharmacological treatment.

concept, an abstracted memory, a neuronal representa-
tion of what a computer screen is. From this perspective,
it could be speculated that the memory function of sleep
may be the only reason that can explain why we lose our
consciousness when we fall asleep (see Ref. 4 for related
thoughts).

Sleep is a multifaceted phenomenon. That sleep serves
multiple functions implicates that not every feature of
sleep necessarily serves each of these functions. When,
for example, research about the relationship between
rapid eye movements (REMs) during REM sleep and mem-
ory formation provides mixed results, this could, in princi-
ple, also mean that REMs do not play a meaningful role in
long-term memory formation. Our focus in this review is
on sleep features for which a contribution to memory
processing is well established. The review is an update of
our previous review published in 2013 (5), and accordingly
concentrates on research during the last decade. The pre-
vious review focused on the active role that sleep plays in
(quantitatively) stabilizing newly encoded declarative
memory based on hippocampal neuronal reactivations
during slow-wave sleep (SWS; see sect. 3.1) as well as on
topics like the coexistence and compatibility of active sys-
tems consolidation and synaptic renormalization proc-
esses during SWS (sect. 2), i.e., fundamental ideas that,
indeed, are now widely acknowledged. Against this back-
drop, the present review mainly covers recent develop-
ments in the field aiming at clarifying how systems
consolidation during sleep (qualitatively) transforms newly
encoded memories and also at a finer analysis of the neu-
ronal mechanisms underlying the consolidation process.
The present review also covers areas that showed a par-
ticular growth during the last 10 years, such as the
research of sleep-associated memory consolidation dur-
ing early life and aging (sect. 5), and the development of
techniques, like “target memory reactivation” (TMR), that
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might be used for enhancing sleep-dependent memory
consolidation in clinical and educational settings (sect. 7).
The present review, like the previous one, highlights find-
ings in humans, with confirmatory evidence from studies
in animal models, mostly in rodents.

1.1. History of Sleep and Memory Research

The history of experimental research on the memory
function of sleep started almost in parallel with the begin-
nings of experimental memory research. Rosa Heine (the
later Rosa Katz), a student of the German psychologist
Georg Elias Muller, was the first to publish a detailed anal-
ysis of the effects of sleep after learning sequences of syl-
lables in her 1914 dissertation entitled (translated into
English) About Recognition and Retroactive Inhibition (6),
which was based on a total of 67 trials tested in six partici-
pants. The participants learned the syllables either shortly
before nocturnal sleep or at a specific time in the morning
or afternoon, and recall was tested 24 h later. Learning
before nocturnal sleep consistently produced a better
retention of the syllable sequence than the daytime learn-
ing control conditions. In a later seminal study, Jenkins
and Dallenbach (1924) (7) confirmed these findings by
testing the retention of syllables across intervals between
1and 8 h in two participants. They found that recall per-
formance was significantly better when the participants
slept during the retention interval in comparison with
retention intervals of the same length spent awake (7).
The enhancing effect of sleep in this early work was
explained based on the concept of memory consolidation
as proposed by Miuller and Pilzecker in 1900 (8), assum-
ing that the consolidation of encoded materials into long-
term memory results from activity induced in the brain by
the recently learned stimuli, which perseverates some
time after encoding. This consolidation process is easily
disrupted by retroactive interference, for example when
briefly after the encoding of syllables other stimuli are to
be learned. In this view, sleep after encoding provides a
period passively protecting ongoing consolidation of the
newly encoded stimuli, as no further information is
encoded and processed. Accordingly, Heine (1914) (6)
had already speculated that the enhancing effect of post-
encoding sleep on memory could be diminished when
vivid dreams occurred.

The concept of sleep passively protecting the consoli-
dation process from retroactive interference has been
supported by numerous later findings and still provides
the basis of recent accounts of the memory function of
sleep. For instance, the “opportunistic theory” of mem-
ory consolidation by Mednick et al. (2011) (9) assumes
that memories benefit from sleep as a period of reduced
interference during which no new memories are formed,
and indeed this view receives support from many recent
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experiments (e.g., Refs. 10-13). This concept became par-
ticularly valuable when, after the discovery of REM sleep
by Aserinsky and Kleitman in 1953 (14), research shifted
the focus to differentiate functions of REM sleep from
those of non-REM sleep. In the early 1970s, Ekstrand and
coworkers (15—17) performed a series of studies that com-
pared the retention of lists of word pairs across retention
periods that covered either the early part of nocturnal
sleep or the late part of nocturnal sleep, with the early
part containing most of the night's slow-wave sleep
(SWS) and the late part containing most of the night’s
REM sleep. Notably, retention of the word pairs was con-
sistently found to be inferior over the REM sleep-rich late
night interval than over the early SWS-rich interval, which
was assumed to be a consequence of the activated brain
during REM sleep producing greater retroactive interfer-
ence with ongoing consolidation processes.

Until the 1970s, studies on the effects of sleep on mem-
ory consolidation exclusively examined learning of verbal
(declarative) materials. The field of sleep and memory
advanced by the discovery of different memory systems,
centrally based on studies of patient H.M., who because of
severe epilepsy underwent bilateral surgical resection of
large parts of the hippocampus (18, 19). This research led
to the differentiation of a hippocampus-dependent declar-
ative memory system comprising episodic and semantic
memories and a more heterogeneous nondeclarative sys-
tem mainly comprising procedural skill memory that was
thought to be independent of a functioning hippocampus.
Beginning with the late 1990s, studies of sleep in humans
not only extended the beneficial effect of sleep on mem-
ory consolidation to nondeclarative procedural skills (20)
but also provided clues that sleep may act differently on
the consolidation of declarative and nondeclarative memo-
ries. Comparing the consolidating effects of early SWS-rich
and late REM-rich periods of nocturnal sleep on different
kinds of declarative (e.g., word pairs) and nondeclarative
(e.g., procedural mirror tracing skills) memory, Plihal and
Born (21, 22) revealed that declarative memories showed a
greater benefit from SWS-rich sleep whereas nondeclara-
tive memories showed a greater benefit from REM-rich
sleep. These and related findings motivated the “dual pro-
cess” concept, assuming that non-REM and REM sleep
serve different and rather independent roles in memory
consolidation (sect. 3.3.1). Moreover, the beneficial effects
of REM sleep specifically on nondeclarative types of mem-
ory challenged the view that protecting consolidation from
retroactive interference represents the only way in which
sleep supports consolidation processes.

Although the research on sleep and memory was
dominated for decades by purely behavioral and psycho-
logical studies, since the 1990s a growing number of neu-
robiological studies have focused on uncovering the
neural mechanisms of memory consolidation during
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sleep in animal models. A significant breakthrough
occurred when Bruce McNaughton and coworkers (23,
24) demonstrated in several rat studies that newly
acquired spatial memories are replayed at a neuronal
level during subsequent periods of SWS (sect. 3.1.1).
Specifically, firing patterns of hippocampal place cell
ensembles that emerged while the rat navigated a maze
to receive a food reward reemerged in the same sequen-
tial order during SWS periods following the learning expe-
rience. Subsequent studies have supported the causal
role of these neuronal reactivations in memory consolida-
tion during sleep in both rats and humans (25-27). The
discovery of neuronal memory replay not only translated
the original concept of the consolidation process by
Muller and Pilzecker (1900) (8) as based on “reverberating
activity” into a neurobiological mechanism but also stimu-
lated the view that, in addition to “passively protecting”
memory consolidation, sleep actively contributes to the
consolidation process by reactivating neuronal represen-
tations (28). Building on this active role of sleep in mem-
ory consolidation, recent developments in the field are
characterized by a rapidly growing body of research on
techniques that can be used to enhance (or disrupt)
ongoing consolidation processes during sleep (sect. 7).

1.2. Brief Introduction to Memory and Sleep

Sleep makes up about one-third of human life and
is defined as a reversible state of relative inactivity, in
which the individual adopts a characteristic body pos-
ture and shows reduced responsiveness to external
stimuli, accompanied, at the subjective level, by a more
or less profound loss of consciousness (5, 29-31).
Sleep is regulated homeostatically and by the circadian
clock. Virtually all animals investigated to date exhibit
the core criteria of sleep, i.e., increased arousal thresh-
old, rapid reversibility, and homeostatic rebound after
sleep deprivation, including mammals, birds, reptiles,
as well as invertebrates (Refs. 31, 32, but see Ref. 33).
Because sleep exposes us to external threats, one of
the biggest mysteries in neuroscience concerns the
adaptive function of sleep: What is sleep for (34-38)?
Sleep has been associated with saving and restoration
of energy resources (39, 40), metabolic regulation (41—
43), and regulation of immunological and inflammatory
responses (44, 45). The loss of consciousness, in partic-
ular, suggests that sleep is critically important for the
brain (46, 47), with one major function being the forma-
tion of long-term memory (5, 28, 48). BOX 1 offers an
overview of core concepts on memory systems and
how memories are formed (see also FIGURE 1). BOX 2
provides a summary of electroencephalographic (EEG)
and neuromodulatory factors that define the different
stages of sleep (see also FIGURE 2).
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FIGURE 1. Memory systems. A: long-term memory is classi-
cally divided into declarative and nondeclarative memory sys-
tems. Declarative memory is further subdivided into episodic
and semantic memory. Nondeclarative memory constitutes a
heterogeneous class of phenomena, including procedural
memory, priming, and classical conditioning. B: memory proc-
essing comprises the subprocesses of encoding (or acquisi-
tion), consolidation, and retrieval (or recall). Newly encoded
memory representations are initially instable, and the informa-
tion is prone to forgetting. Consolidation refers to the process
of transforming newly encoded memories into long-lasting
representations. Long-term representations can be accessed

and expressed during retrieval. Retrieval involves a reactiva-
tion of the stored representation, which entails a labilization

and potential updating of the representation and, similar to

the encoding of new information, a (re)consolidation of the
representation. C: brain structures involved in memory forma-
tion. The hippocampus and neocortex represent the main

structures of the episodic memory system, with the interplay
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2. CONCEPTS OF MEMORY FORMATION
DURING SLEEP

Newly encoded memories are labile and prone to for-
getting and thus need to be consolidated to be stored
for the long term. Whereas we encode and retrieve
memories during wakefulness, sleep is arguably best
suited for memory reprocessing and consolidation.
The two most influential theories to explain effects of
sleep on memory formation are the active systems
consolidation (ASC) concept and the synaptic homeo-
stasis hypothesis (SHY), which have been elaborated
in several previous reviews (5, 28, 79, 107-114) and
are briefly described in the following.

2.1. Active Systems Consolidation

Although initially it was assumed that sleep improves
memory retention only passively by protecting an ongoing
consolidation process from retroactive interference (11,
115), a growing body of evidence indicates that sleep
forms memory by an active process (79). In this context,
the active systems consolidation (ASC) concept was
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Primary visual cortex

between these regions partly relayed via the thalamus.
Representations of semantic memory are assumed to be
widely distributed in the neocortex. The primary visual and
motor cortices contribute to procedural memory for respec-
tive perceptual and motor skills. Structures of the medial pre-
frontal cortex (mMPFC), like the anterior cingulate cortex (ACC),
appear to be particularly relevant for abstracting gist memory
during sleep-dependent consolidation. The amygdala is cen-
tral for emotional memory formation and the ventral tegmen-
tal area (VTA) for reward learning. The brain stem locus
coeruleus (LC) modulates memory formation during sleep
and wakefulness. Note that all of these regions are strongly
connected and integrated with the hippocampal/neocortical
axis forming the episodic memory system.

proposed, evolving from the standard consolidation
theory, with a particular focus on memory processing dur-
ing sleep (28, 79, 108, 109, 116, 117). The concept assumes
that during encoding the hippocampus binds the different
components of an experience into a unique spatiotempo-
ral episodic memory. These memories, initially, are thus
strongly dependent on the hippocampus and only weakly
represented in neocortical networks, which are, however,
critical for long-term storage. Central to the consolidation
process is that hippocampal memory representations are
repeatedly reactivated during sleep, thereby gradually
strengthening the distributed neocortical representations
through activation of associated memory networks, which
ultimately results in a “corticalization” of the respective
representations. Evidence for memory reactivation during
sleep has accumulated in recent years (Refs. 26, 118, 119;
see sect. 3.3.1). Furthermore, extrahippocampal, mainly
neocortical networks are activated more strongly during
later retrieval of a memory when subjects have slept
after initial encoding, supporting the hypothesis of a
sleep-dependent corticalization (120-123). In humans,
for instance, napping following encoding of face-loca-
tion associations led to changes in hippocampal and
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FIGURE 2. Sleep stages, EEG characteristics, and neuromodula-
tory factors. A: macroarchitecture of human nocturnal sleep. W,
wake. B, left: underlying microarchitecture of field potential oscilla-
tions in slow-wave sleep (SWS): delta waves, neocortical slow oscil-
lations, thalamo-cortical sleep spindles, and hippocampal ripples
and the phase-amplitude coupling into slow oscillation-spindle and
spindle-ripple events. Right: in rapid eye movement sleep (REM
sleep): theta activity and ponto-geniculo-occipital (PGO) waves.
Bottom: levels of acetylcholine, norepinephrine (NE), and serotonin
during SWS and REM sleep are indicated (arrows) with reference to
levels during wakefulness. Colors in B correspond to sleep stages
(SWS and REM sleep) in A.

prefrontal cortex (PFC) activity over the course of 3 mo,
with a decrease in the hippocampal contribution to
memory recall but an increase in the prefrontal contribu-
tion over time (122). Notably, the transformation and cor-
ticalization of representations is often a very gradual
process evolving over several months (120).

A key aspect of the ASC concept is the assumption
that the transmission of reactivated memory information
during sleep from the hippocampus to extrahippocampal
sites is accompanied and facilitated by particular brain
oscillations that occur during SWS (FIGURE 3A; see sect.
3.1). Specifically, hippocampal SW-Rs, which drive reacti-
vations of newly encoded representations in the hippo-
campus, are coalescing with sleep spindles originating
from the thalamus to support the bottom-up transfer of
the reactivated memory information to extrahippocampal
regions. In addition, slow oscillations (SOs) that originate
from neocortical networks exert a top-down control to
synchronize spindles, ripples, and hippocampal reactiva-
tions to their excitable up-state. This particular constella-
tion of brain oscillations with ripples nesting into the
oscillations of spindles and spindles nesting into the excit-
able up-states of SOs during SWS provides the means of

BOX 1
Memory systems

Until the late nineteenth century, memory was considered as one single
faculty (49). This notion has been challenged by experiments conducted
on patients with lesions to the hippocampus, particularly the famous
patient H.M., whose hippocampus and medial temporal lobe were largely
bilaterally removed in an attempt to control epileptic seizures (50). These
experiments revealed the existence of two major systems, the declarative
and nondeclarative memory systems (51) (FIGURE 1A), with only the former
depending on the hippocampus. Declarative memory, sometimes also
referred to as explicit memory (52—55), is defined as “knowledge available
as conscious recollection” that can be “brought to mind as remembered
verbal or nonverbal material” (e.g., ideas, sounds, images, sensations,
odors, or words) (51, 55). Declarative memory is further subdivided into epi-
sodic and semantic memory (56), with episodic memory being defined as
detail-rich memory of episodes, i.e., unique (personal) events occurring in a
specific spatiotemporal context, and semantic memory being related to
general knowledge (facts, ideas, concepts, etc.). Nondeclarative memory,
on the other hand, represents a heterogeneous class of memory phenom-
ena that are not consciously accessible (i.e., implicit memory), such as pro-
cedural memory (skills, habits), priming, and classical conditioning (49, 51,
52, 57-61). Although declarative and nondeclarative memory systems are
considered independent, they can also cooperatively contribute to knowl-
edge acquisition to optimizing behavior (49, 62). Note that since any learn-
ing occurs in an episode, i.e., as an event within a specific spatiotemporal
context, the hippocampus-dependent episodic memory system can be
considered a core system that supports formation of other kinds of mem-
ory. Thus, in semantic memory a concept of “school” may derive from the
multiple episodes a person has experienced in a school. The episodic
memory system can likewise support formation of nondeclarative memory,
e.g., motor skills through the embedded encoding of the training episodes
into hippocampus-anchored episodic representations.

Learning is the “biological process of acquiring new knowledge about the
world,” whereas memory is the “process of retaining and reconstructing
that knowledge over time” (63). During learning, new information is
encoded into an initial storing system (sometimes termed “short-term
memory”) with limited capacity, which, in the case of explicit learning and
the encoding of episodic memories, involves the medial prefrontal-hippo-
campal system (49, 64, 65). Much of the encoded information is rapidly for-
gotten. The transformation of instable memories from the initial storage
into a more stable state in long-term memory is called memory consolida-
tion (FIGURE 1B). This transformation depends on processes at the sys-
tems level (systems consolidation) as well as the synaptic level (synaptic or
cellular consolidation). Systems consolidation refers to the gradual redis-
tribution of initially encoded episodic representations from short-term stor-
age systems, depending on the hippocampus as a fast-learning system, to
the slow-learning long-term storage systems, represented mainly by neo-
cortical regions (55, 66). That is, although experiences are encoded in
both the hippocampus and neocortex during learning, the newly encoded
representations are reorganized and transformed over time, with a more
permanent, less hippocampus-dependent, memory gradually evolving in
distributed neocortical regions (55). Synaptic consolidation, on the other
hand, is based on plasticity-dependent long-term strengthening of synap-
ses and is thought to be completed within hours after encoding (67).
Synaptic consolidation processes, however, are also considered to occur
as “subroutines” during systems memory consolidation, given that reproc-
essed representations during systems consolidation are modified by plas-
ticity-dependent mechanisms at the synaptic level (62, 68). Notably,
systems consolidation processes can extend over considerable time inter-
vals, from several hours up to years (55, 69, 70), rendering these proc-
esses particularly susceptible to influences of daytime wakefulness and
nighttime sleep. The study of memory formation of very long intervals is
technically challenging and, indeed, an often overlooked aspect in sleep
studies (see also FIGURE 11).
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BOX 2
The macro- and microarchitecture of sleep

Sleep in humans is commonly divided into non-REM sleep stages and
REM sleep (REM for rapid eye movement; FIGURE 2A). Non-REM sleep
is subdivided into four stages (S1-S4, according to Rechtschaffen and
Kales, Ref. 71), with S3 and S4 representing the deepest stages of non-
REM sleep, termed slow-wave sleep (SWS). [The classification system
of the American Academy of Sleep Medicine (AASM) discriminates
only 3 non-REM sleep stages, N1-N3, with N3 corresponding to SWS
(Ref. 72; see also Ref. 73).] When falling asleep, we first enter S1 sleep
(typically <7 min), which is characterized by <50% alpha activity (8—
12 Hz) in the electroencephalogram (EEG) and a decrease in electro-
myogram (EMG,) activity. The following S2 sleep stage usually accounts
for ~50% of a typical night (30). This sleep stage is characterized by
sleep spindles, i.e., bursts of short waxing and waning oscillatory activ-
ity generated in the thalamic reticular nucleus (FIGURE 2B), and K-
complexes, i.e., a brief surface negative high-voltage peak that is fol-
lowed by a slower positive complex, often co-occurring with a spindle.
There are slow (9-12 Hz) and fast (12—15 Hz) spindles, reaching maxi-
mum power over frontal and centro-parietal cortical brain areas,
respectively (74, 75). Whereas S3 is scored when the EEG shows
>20% high-amplitude slow-wave activity (SWA, 0.5-4 Hz), S4, the
deepest form of non-REM sleep, contains >50% of SWA. Fast spindles
are similarly distributed across S2—-S4 sleep, whereas slow spindles
preferentially occur during SWS (74). A hallmark of SWS is the so-called
slow oscillations (SOs, <1 Hz; FIGURE 2B). SOs primarily originate in
the neocortex and consist of up- and down-states that are associated
with synchronized widespread membrane depolarization or hyperpo-
larization, respectively, of cortical pyramidal cell networks (76—78). In
addition, SWS is associated with the dominant occurrence of so-called
sharp-wave ripples (SW-Rs) in the hippocampus, i.e., brief high-fre-
quency oscillatory ripple events of >80 Hz, occurring superimposed
with fast depolarizing sharp waves (79, 80) (FIGURE 2B). Although
SOs, spindles, and ripples can occur independently, they tend to co-
occur in a coordinated manner, with (fast) spindles nesting into the
excitable SO up-states and ripples nesting into the excitable spindle
troughs, thus forming coupled “SO-spindle” and “spindle-ripple” events
(FIGURE 2B; see also sect. 3.1). SWS is also characterized by a specific
neuromodulatory milieu mainly comprising minimum levels of acetyl-
choline and norepinephrine (NE) levels that fluctuate at an intermediate
level (28, 81). Note that non-REM sleep stages S1and S2 cannot be dis-
criminated in rodent sleep. Accordingly, studies of non-REM sleep in
rodents refer to SWS, whereas in humans such studies typically refer
to S2-S4 (omitting S1 as a rather transient period of nonconsolidated
non-REM sleep). Accordingly, here in the context of human studies, we
use the term SWS only when studies specifically analyzed sleep stages
S3 and S4 (or N3).

REM sleep constitutes ~20-25% of total sleep time and is character-
ized by “rapid, jerky, and binocularly symmetrical” eye movements
(14) as well as muscle atonia (82—85). REM sleep in humans is char-
acterized by a low-amplitude mixed-frequency EEG with only occa-
sional theta (4—8 Hz) bursts. Because of the similarity of the EEG to
that during attentive wakefulness, REM sleep is also referred to as
“paradoxical sleep” (30). Field potentials and unit activity during
phasic REMs were found to resemble those observed during image
presentation in awake humans (86). In rodents, theta is the prevail-
ing rhythm during tonic REM sleep (87) (FIGURE 2B). REM sleep in
rodents, moreover, is characterized by so-called ponto-geniculo-
occipital (PGO) waves (88), which are short, intense bursts (3—5 Hz,
300-500 ms) of synchronized activity that originate in the pontine
brain stem and propagate to the lateral geniculate nucleus and the
occipital cortex (89) (FIGURE 2B). PGO waves appear to be driven
by coherent theta activity between the hippocampus and amygdala
and are not reliably detected in humans (but see Ref. 88). PGO
bursts occur at a higher rate at transitions into REM sleep (90). This
period preceding REM, in which the EEG often displays also high

spindlelike activity, likely constitutes an independent sleep stage in
rodents and cats, termed intermediate state or pre-REM (91-93).
The neuromodulatory milieu during REM sleep is characterized by
maximum levels of acetylcholine that can exceed even levels during
wakefulness, whereas levels of NE and serotonin are minimal (28,
81). Since the discovery of REMs in 1953, this sleep stage has often
been associated with dreaming (14, 94). However, although awaken-
ings from REM sleep yield the highest rate of dream reports (80—
90%), dreams are also reported in up to 70% of awakenings from
other sleep stages, although these dreams are less vivid and shorter
than dreams reported after awakenings from REM sleep (95, 96).

Apart from oscillatory EEG features, sleep stages also differ in nono-
scillatory “aperiodic” activity, which is higher during REM than during
non-REM sleep. Aperiodic EEG activity can be considered an esti-
mate of the level of cortical excitation and, as such, appears to be
also linked to memory processing during sleep (97, 98).

Non-REM and REM sleep alternate in an ultradian cycle, with four to
six non-REM-REM sleep cycles per night, each cycle lasting ~100 min
(30, 99, 100). Across a full night, the time in SWS decreases while
REM sleep increases. Consequently, SWS dominates the first and
REM sleep the second half of the night. In parallel, plasma cortisol
concentrations reach a minimum during the first half of the night,
because of a suppressive action of SWS on activity of the hypothala-
mus-pituitary-adrenal (HPA) axis (101). Cortisol levels distinctly increase
during the second half of the night to reach a maximum at around the
time of morning awakening (102). SWS and REM sleep cannot always
be considered as separate entities. For instance, the hippocampus
often shows signs of REM sleep while cortical areas are still in SWS
(103, 104). Similarly, SWA occasionally intrudes into ongoing REM
sleep (105, 106). The discovery of the macroarchitecture of sleep as
defined by the basic temporal pattern of sleep stages, together with
the underlying microarchitecture of EEG oscillations, has greatly
advanced the field of sleep research, with >4,000 articles per year (in
the last 10 years) that include “sleep” in the title. Of those, >400
articles per year relate to the memory function of sleep.

a hippocampal-neocortical dialogue to gradually trans-
form and redistribute the original, hippocampally anch-
ored, episodic representation into long-lasting neocortical
representations (e.g., Refs. 79, 125-130). Within cortical
networks, the strengthening of representations relies on
synaptic consolidation processes, thereby supporting the
integration of newly encoded memory information into
preexisting memory networks (107). As a result of this
active systems consolidation process during sleep, at a
later retrieval test the neocortical representations can be
used to reinstate a more or less complete representation
by activating only parts of the memory trace (131). Notably,
the gradual corticalization of representations during
sleep-dependent consolidation goes along with a qualita-
tive transformation that supports processes of higher-level
abstraction and generalization, with the cortical long-term
representation preferentially containing schemalike and
invariant information from overlapping experiences (Refs.
132134, see sect. 4.2).

According to the ASC concept, sleep preferentially
benefits episodic memories that depend on hippo-
campal processing. However, the hippocampus may
also be involved in the consolidation of memories
that can, in principle, be acquired and retrieved in the
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FIGURE 3. Active systems consolidation (ASC) and synaptic homeostasis hypothesis (SHY). A: ASC focuses on hippocampus-dependent episodic
memory representations. During SWS, newly encoded hippocampal representations are repeatedly reactivated, which drives the gradual redistribution
of representations, eventually residing mainly in extrahippocampal, cortical structures serving as long-term stores. The gradual redistribution of repre-
sentation is mediated by the fast hippocampal-to-neocortical transmission of reactivated memory information that is facilitated by the triple nesting of
hippocampal ripples (blue) into the excitable troughs of thalamo-cortical spindle (green) that themselves tend to nest into the excitable up-states of neo-
cortical SOs (red). B: SHY focuses on the synaptic connectivity in brain networks that is homeostatically regulated across the sleep-wake cycle. The
encoding of information during the wake period is associated with widespread “synaptic potentiation,” i.e., strengthening of network connectivity,
involving the synaptic recruitment of AMPA receptors, which progressively saturates the ability to encode new information. Sleep, by a process of
“downselection,” renormalizes the net synaptic strength (e.g., Ref. 124). Downselection is driven by SWS and includes the internalization of AMPA
receptors, which desaturates synapses and recovers the brain’s ability to encode new information. Synaptic downselection, by preferential impact on
weakly potentiated synapses encoding “noise,” increases the signal-to-noise ratio in the networks and thereby enhances accessibility of respective
memories after sleep. Although it is not clear how exactly synaptic weakening targets some synapses more than others, several molecular candidate

mechanisms have been characterized (112, 114). See GLOSSARY for additional abbreviations.

absence of a functioning hippocampus (see also BOX
1). This is because any learning occurs in a spatiotem-
poral context, which in the intact brain is encoded by
the hippocampal system. As a result, the consolida-
tion of extrahippocampal representations can benefit
from hippocampal reactivations. This has been dem-
onstrated in two studies showing in humans and rats,
respectively, that the consolidation process during
sleep involves the hippocampus also for enhancing
types of memories that do not require the hippocam-
pus at encoding (Refs. 135, 136, see Refs. 62, 137, 138
for related results; FIGURE 4). The study in rats (135)
employed a novel object recognition (NOR) task.
Sleep after encoding on the task enhanced the rat’s
long-term NOR memory in comparison with a posten-
coding wake control condition, and this enhancement
was highly correlated with spindle activity during
postencoding SWS. Importantly, the memory benefit
from postencoding sleep was nullified when hippo-
campal activity was pharmacologically suppressed
during the postencoding sleep period. Confirming
these findings in rats, the study in humans (136)
showed that patients with lesions to the hippocampus,
unlike healthy control subjects, did not improve on a pro-
cedural finger sequence tapping task when the training
was followed by sleep. Findings like these indicate that
the ASC concept can be extended to memories that are
classically considered “non-hippocampus dependent.”

2.2. Synaptic Homeostasis Hypothesis

The synaptic homeostasis hypothesis (SHY) is based on
the idea that synaptic potentiation and the growth of syn-
apses in the brain’s neuronal networks are homeostatically
regulated. Encoding of any information during wakeful-
ness is associated with widespread upscaling of synaptic
networks, i.e., the potentiation of synapses and growth of
dendritic spines, and during subsequent sleep the potenti-
ated synapses are downregulated (“synaptic downselec-
tion”), as part of a homeostatic regulation of network
synaptic strength across the sleep-wake cycle (Refs. 112,
13, 124, 139, 140; FIGURE 3B). Encoding of information
during wakefulness is thus associated with a strengthen-
ing of glutamatergic synapses and synaptic connectivity
throughout the brain, including neocortical as well as hip-
pocampal networks, which progressively saturates these
networks and thereby diminishes their ability to further
encode new information (141). Sleep, on the other hand,
renormalizes the net synaptic strength, which in turn desa-
turates the networks, thereby increasing their ability to
encode new information and to learn. Widespread synap-
tic upscaling during wakefulness, in addition, increases the
brain’s energy and space demands, which are countered
by synaptic renormalization during sleep as well. In this
framework, memories, to be maintained for the long term,
profit from synaptic renormalization as they are repre-
sented by synaptic ensembles with above-average
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FIGURE 4. Hippocampal involvement in nonhippocampal memory formation during sleep. A: in a novel object recognition (NOR) task, during encoding
rats explored 2 identical objects in an arena, which was followed by a 2-h interval of sleep or wakefulness. During retrieval of remote memory 3 wk later,
the rats explored the arena, in which 1 of the 2 objects was replaced by a novel object (arrow). The time spent to explore the novel object compared with
the familiar object (discrimination ratio) indicates a measure of recognition memory. Bottom: mean and SE of discrimination ratios during the first minute
of exploration at the remote retrieval test. NOR memory benefited from postencoding sleep but decayed in the wake condition. In the sleep condition,
NOR performance was further correlated with the number and duration of spindles during SWS. *P < 0.05 group difference; $$$P < 0.001, $$P < 0.01
for t tests against chance level. B: to pharmacologically suppress hippocampal activity during sleep, muscimol was bilaterally infused into the dorsal hip-
pocampus. Hippocampal inactivation during postencoding sleep abolished remote NOR memory compared to vehicle injection, demonstrating that the
hippocampus is crucial for forming nonhippocampal long-term memory during sleep. C: patients with medial temporal lesions (including the hippocam-
pus) and healthy human control subjects were trained on a motor task that required them to repeatedly tap with the fingers of the nondominant left hand
a particular sequence (e.g., 4-1-3-2-4) as fast and as accurately as possible. Bottom: curve fits to average performance of amnestic patients and control
subjects during training and test. There was no difference in initial learning between the groups. However, whereas control subjects performed at the
same level at the beginning of the test as at the end of training, amnestic patients exhibited a decline in performance. D: mean and SE of % change in
correct sequence performance (comparing the last 3 training blocks with the first 3 test blocks, as marked in C) show a significant difference between
amnestic patients and healthy control subjects, indicating that the hippocampus is necessary for consolidation of a task that does not require the hippo-
campus for initial learning. *P < 0.05, t test. Figure parts in A and B are based on Sawangjit et al. (Ref. 135). Reprinted with permission by the author’s
copyright. Figure parts in C and D are based on Schapiro et al. (Ref. 136). Copyright 2019 by John Wiley and Sons. Reprinted with permission.

synaptic strength. Widespread synaptic downselection
is assumed to decrease and nullify all “spurious” con-
nections (noise) that accumulate during wakefulness,
while strongly potentiated synapses that significantly
contribute to memories are downregulated to a lesser
degree, overall increasing the signal-to-noise ratio and
thus enhancing the accessibility of the respective mem-
ory representations (139).

There is ample evidence supporting SHY. Sleep com-
pared with wakefulness reduced the overall number of
synapses in cortical areas (142, 143), decreased the area of
contact between axon terminals and dendritic spines in
the cortex of mice (142), and also reduced a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) recep-
tor levels in neocortical networks, overall proving, at the
morphological and functional levels, a reduction in network

synaptic connectivity and strength (124, 144, 145). A gain of
synapses during wakefulness versus sleep pressure-
dependent loss of synapses during sleep was likewise
demonstrated for excitatory synapses at the single-neuron
level in zebrafish (140). Interestingly, this modulation was
robustly observed in some (type 2 and type 4) but not all
(type 3) neuron types, consistent with a synaptic downse-
lection process (rather than a global downscaling), as pro-
posed by SHY (113). Similarly, compared with wakefulness,
sleep reduced phosphorylation levels of cortical AMPA
receptors (146) and neuronal firing rates in the neocortex
and hippocampus in rodents (Refs. 147155, but see Ref.
156) as well as indicators of cortical excitability in humans
(157-159). It is, however, questionable whether functional
parameters like a decrease in firing rates are necessarily a
consequence of synaptic downscaling or rather a shift in
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the balance between excitation and inhibition induced by
other factors in the course of sleep (79, 160).

Synaptic potentiation and downselection have been
associated with slow-wave activity (SWA) as a marker of
sleep need that increases during wakefulness, and particu-
larly with extended wake periods during sleep deprivation
as well as decreases during SWS (112, 144). SHY assumes
that the homeostatic regulation of sleep need reflects
changes in network synaptic strength, which implicates a
critical role of SWA and SWS in synaptic renormalization.
Supporting this view, molecular and electrophysiological
assessments indicated a decrease in excitability in larger
cortical networks across SWS periods in rodents and
humans (144, 161). Total sleep deprivation, but not selective
REM sleep deprivation, prevented the widespread down-
regulation of cortical and hypothalamic AMPA receptors
(162, 163), further corroborating a major role of SWS for
downselection processes. Conversely, some evidence
exists that SWS even promotes the formation of new
spines (164) and that long-term potentiation-like augmenta-
tion of cortical neuronal responses occurs during SWS
(165). Overall, these findings agree with the view that
downselection during SWS does not equally pertain to all
synapses in neocortex but spares selected ensembles
that contribute to to-be-maintained memories. Apart from
SWS, there are also clues of REM sleep adding to synaptic
downselection processes. Neuronal firing rates during
sleep decreased more strongly during REM sleep than
SWS epochs in both the hippocampus and neocortex (148,
166), and in developing mice REM sleep promoted synap-
tic pruning and spine elimination after the animals were
exposed to conditions enhancing experience-driven plas-
ticity, like fear conditioning and monocular deprivation
(167, 168).

The SHY and ASC concepts highlight different but com-
patible processes underlying memory formation during
sleep, with SHY focusing on global synaptic downscaling
and ASC focusing on systems-level consolidation involv-
ing synaptic consolidation and upscaling (113). Both proc-
esses appear to coexist. Structural imaging of synapses in
the neocortex revealed a general decrease in both the
number of synapses and the area of synaptic contact dur-
ing sleep, alongside localized increases in synapse num-
bers and the formation of new spines (142, 145, 164, 168).
An assessment of AMPA receptors containing the GIuA1
subunit, i.e., a specific marker of synaptic potentiation, in
the motor cortex of mice indicated that those spines in
which prior motor learning led to the largest increase in
GIuA1 expression have a relative advantage, as they
appeared to undergo less downselection during posttrain-
ing sleep (124). Evidence, mainly from in vitro studies, sug-
gests several potential molecular mechanisms, including
Homerla-dependent synaptic renormalization in combina-
tion with increased Arc expression, phosphorylation of
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GSK3beta, and/or GIuA1 at Ser845, that could implement
the selective downscaling of targeted synapses (112, 114).

3. ROLE OF SLEEP STAGES IN MEMORY
FORMATION: SYNAPTIC, CIRCUIT, AND
SYSTEMS-LEVEL MECHANISMS

Different sleep stages and accompanying sleep oscilla-
tions are assumed to play different roles in memory con-
solidation (BOX 2 provides an overview of sleep stages
and their properties). Here, we explore at the synaptic,
circuit, and systems levels the neurophysiological mech-
anisms supporting memory formation during non-REM
sleep and SWS on one hand and during REM sleep on
the other hand. We also discuss complementary roles of
SWS and REM sleep in memory processing.

3.1. Non-REM Sleep

Non-REM sleep, particularly SWS, has often been pro-
posed to be the sleep stage that is most important for
memory consolidation (169-171). Yet this does not neces-
sarily mean that memory consolidation improves with
more time spent in SWS (172). Along this line, light non-
REM sleep (S2 sleep) and SWS in humans have been sug-
gested to differentially contribute to memory formation,
with S2 supporting active consolidation processes and
SWS supporting processes of synaptic downscaling (173)
(sect. 2.2). Given that down-states of SOs are likely associ-
ated with a widespread breakdown of connectivity in corti-
cal neuronal networks and synaptic plasticity is reduced
during SWS, non-REM sleep overall might even be unfav-
orable to memory consolidation (174). In rodent and
human studies, positive as well as negative correlations
have been found between time spent in SWS after encod-
ing of episodic types of memory and the retention of
these memories (175-178). Rather than the mere time
spent in non-REM sleep or SWS, select mechanisms asso-
ciated with this sleep stage are probably more decisive
for effective consolidation. Of these mechanisms, reactiva-
tion of neural ensembles that occurs during SWS and is
often temporally coupled with SOs and spindles appears
to be most critical for memory consolidation.

3.1.1. Neuronal ensemble reactivations and
ripples.

Current theories (see, e.g., Refs. 79, 80, 108; sect. 2.1)
assume that during non-REM sleep, and particularly dur-
ing SWS, memory representations encoded in the hip-
pocampus are repeatedly activated, thereby gradually
strengthening the distributed extrahippocampal represen-
tations through activation of associated memory networks,
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particularly of highly salient (e.g., reward associated) and
novel (179-181) information (sects. 4.2 and 4.3). Such neuro-
nal reactivations are observed in hippocampal place cells
of rats and resemble neural firing patterns of previous
encoding (23, 118, 182), i.e., they replay new information in
the same temporal order as previously acquired (79), but
compressed in time by a factor of 5-20 (Refs. 118, 183;
FIGURE 5, A AND B). The term “replay” is used specifically
when ensemble firing reoccurs in the same temporal
sequence as during encoding (184). Memory replay in the
hippocampus is accompanied by ripples, i.e., brief high-fre-
quency oscillatory events of >180 Hz in rodents and 80—
100 Hz in humans, that often occur superimposed with a
fast depolarizing sharp wave (79, 80, 185, 186). Such SW-
Rs are independently generated in the left and right hippo-
campus and propagate within the respective hemisphere
to support memory reactivation locally (187). The impor-
tance of ripples for memory reactivations and consolidation
has been primarily investigated in rodents. For example,
CA3 place cells representing novel waking experiences
were preferentially reactivated during SW-Rs in sleeping
rats (188). Similarly, a role of CA2 SW-Rs was demonstrated
for (nonspatial) social memories in rats (189). Consequently,
disruption of hippocampal SW-Rs in rats, with optogenetic
stimulation of septal cholinergic neurons or optogenetic
silencing of CA1 principal neurons, impaired memory

retrieval (25, 190). Furthermore, an assembly-specific dis-
ruption of specific reactivation events following the training
on a task that required animals to locate goals at fixed loca-
tions in different environments revealed a selective recall
deficit that was restricted to the spatial environment whose
reactivation was disrupted (191). Vice versa, memory per-
formance was enhanced when spontaneously occurring
ripples were prolonged by closed-loop optogenetic stimu-
lation after maze learning in rats (192). At the synaptic level,
effects of ripples involve KIBRA, which is a memory-associ-
ated protein regulating AMPA receptor trafficking (193).
The increase in activity associated with hippocampal rip-
ples and associated memory replay appears to be counter-
regulated by long barrages of action potentials arising from
CA2 pyramidal neurons that project to cholecystokinin-
expressing (CCK+) basket cells in CA1, providing a poten-
tial mechanism to balance activity in hippocampal networks
during memory reactivations and to avoid excess connec-
tivity in repeatedly reactivated ensembles (194). Although
neuronal memory reactivations have been mostly investi-
gated in rodents, they also occur in other species such as
zebra finch and Drosophila, demonstrating the universality
of this phenomenon (195, 196).

Differing from rodent studies, studies in healthy
humans can only provide indirect evidence of memory
reactivations and underlying mechanisms during sleep.
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FIGURE 5. Sleep-associated memory reactivation. A: illustration of memory reactivation as a fundamental mechanism for memory consolidation,
orchestrated by ripples. B: spatially tuned neurons in the visual cortex (/eft) and hippocampus (right) fire in a sequential pattern specific to a rat’s current
position in a figure-8 maze. During subsequent sleep this pattern is replayed, though compressed by a factor of 5-20. Adapted from Ji and Wilson
(Ref. 118). Copyright 2006 by Springer Nature. Reprinted with permission. C: in human epilepsy patients, representational similarity analyses of intracra-
nial EEG gamma activity between encoding and retrieval (of pictures showing landscapes and buildings) revealed stimulus-specific neural representa-
tions. An early cluster (100—500 ms, blue frame) was correlated with forgotten items and a later cluster (500—1,200 ms, black frame) with remembered
items. D: replay of stimulus-specific clusters of gamma activity was locked to sharp-wave ripples during non-rapid eye movement (REM) sleep, but not
wakefulness, regardless of whether items were remembered or forgotten. Adapted from Zhang et al. (Ref. 119) with permission under CC-BY license.
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Nevertheless, such studies likewise demonstrate a criti-
cal role of reactivation for memory consolidation, using
noninvasive techniques to assess activity over widespread
cortical areas. For instance, in magnetoencephalographic
(MEG) recordings in healthy volunteers, visuomotor learn-
ing elicited a pattern of long-range cortico-cortical syn-
chronization of slow (0.1 Hz) fluctuations in beta-band
power (12—-30 Hz), which spontaneously reappeared in
delta-band power (1-3.5 Hz) fluctuations during subse-
quent sleep (197). Notably, the individual strength of these
reactivations, as measured by their correlation with the
synchronization pattern during training, predicted over-
night memory improvement. Using multivariate pattern
classification to decode electrical brain activity in healthy
volunteers, another study (198) revealed that specific pat-
terns of learning-related processing were reactivated
during subsequent non-REM as well as REM sleep. Here,
the strength of reprocessing during sleep also predicted
later memory performance, a relationship that was spe-
cific to SWS and not observed for REM sleep. These
studies not only show that memory reactivation can, with
some limitations, be investigated with noninvasive tech-
niques in humans but also suggest that such reactiva-
tions can be assessed from large-scale cortical network
activity (see Ref. 199 for a discussion of methods to
detect reactivations in standard sleep recordings).

Signs of local neuronal reactivations in humans can only
be assessed in patients who are implanted with intracra-
nial electrodes, studying local field potential (LFP) record-
ings from multiple cortical and hippocampal sites of such
patients (119, 200, 201). Zhang et al. (119) used representa-
tional similarity analyses to reveal a stimulus-specific reacti-
vation of neuronal patterns in the gamma-band range
during ripples in postencoding sleep (FIGURE 5, C AND
D). Before sleep, the patients were asked to distinguish
between pictures showing landscapes and buildings by
pressing one of two buttons. Landscape- versus building-
specific gamma (30—90 Hz) activity during early (100-500
ms) and late (500-1,200 ms) poststimulus intervals after
picture presentation onset was spontaneously reactivated
during both wakefulness and sleep, but replay levels were
independent of later memory performance. Ripples that
occurred during non-REM sleep, but not ripples occurring
during wakefulness, were associated with reactivated
gamma activity from the late 500-1,200 ms encoding win-
dow, and this relationship was found only for the pictures
that were remembered at the test after sleep. Contrary to
gamma activity during the late 500-1,200 ms encoding
window, gamma activity during the early 100500 ms
encoding window was more strongly reactivated for pic-
tures that were forgotten at the test after sleep, which is
consistent with the view that ripples, beyond reactivating
hippocampal memories, might simultaneously downregu-
late hippocampal representations (113, 202). In another
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study in epilepsy patients (200), sequences of population
firing peaks (“motifs”) that occurred during wake experien-
ces in large-scale neocortical networks reappeared during
non-REM sleep following (but not preceding) the wake
period. Importantly, these motifs were coupled to hippo-
campal SW-Rs as well as neocortical sleep spindles and
SO down-to-up-state transitions (see below).

Reactivations during non-REM sleep can also be exper-
imentally triggered by reinstating a reminder cue that has
previously been associated with the learning experience.
This technique, termed “targeted memory reactivation”
(TMR), has been successfully employed using olfactory
(e.g., Ref. 26) and auditory (e.g., Ref. 203; sect. 7.2) cues.
Together, the findings corroborate a critical role of reacti-
vations of newly encoded neuronal representations, and
associated hippocampal ripple oscillations, for memory
consolidation during sleep.

3.1.1.1. REACTIVATIONS DURING NON-REM SLEEP VS.
WAKEFULNESS. Reactivations of neuron ensembles that
are accompanied by hippocampal ripples are also
observed during wakefulness, specifically during quiet
rest and intermittent rest periods while the animal is per-
forming on a task (204-209). Also in humans, signs of
reactivations have been revealed during waking rest
(119, 210-212). Unlike sleep replay, which occurs after an
event in a forward direction, wake reactivations can also
occur in reverse order (“reverse replay”) and in anticipa-
tion of an event (“preplay”) (207, 213-217), overall sug-
gesting that wake reactivations benefit the flexible
retrieval of stored representations to support adaptive
behaviors like decision-making and planning (218).
Reactivations and replay during sleep and wakefulness
display largely similar features (219), including the fac-
tors that select which content is reactivated (204, 207,
220), such as reward (179, 208, 221-223). However,
wake replay was also found to be biased toward repre-
sentations associated with less rewarded outcomes
(224, 225). Like sleep reactivations, wake reactivations
have also been associated with an enhanced subse-
quent recall performance (226—229). Furthermore, opto-
genetic silencing of CA1 pyramidal neurons in mice
during SW-Rs occurring during learning of new goal
locations impaired memory formation (230).

However, sleep and wake reactivations also differ. For
example, in rats trained on a spatial alternation task, asso-
ciated wake replay during initial learning was stronger
than during subsequent sleep, while also being charac-
terized by a stronger synchronization of hippocampal (in
CA1) and prefrontal cortical firing, more structured activity,
and distinct excitation-inhibition patterns (231). Although
these and related findings (205, 232, 233) suggest that
reactivations during wakefulness, like during sleep, sup-
port memory consolidation, postencoding suppression of
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hippocampal reactivations in awake rats enhanced rather
than impaired subsequent retrieval testing on an NOR
task (234). Similarly, in rats and humans the experimental
reactivation of conditioned fear memory enhanced the
memory when reactivations were induced during SWS
but weakened fear memory strength when induced dur-
ing wakefulness (235, 236). To reconcile these seemingly
discrepant findings it has been proposed that wake reac-
tivations support consolidation only if it occurs in the
same spatiotemporal context and in close proximity to
the encoding phase, whereas later awake reactivations in
a different context may rather cause retroactive interfer-
ence (108). Beyond this, these studies show that memory
consolidation, in certain conditions, occurs also during
wakefulness, albeit through mechanisms different from
those during sleep (108, 212, 234, 237-239).

The general superiority of offline reactivations occur-
ring during sleep over wake reactivations in promoting
long-term memory formation (108, 209, 240) may also be
owing to the fact that during sleep reactivations in terms
of ripple-associated replay of hippocampal ensemble fir-
ing patterns are most consistently observed during SWS
(79, 183, 241) and thus in a neuromodulatory milieu very
different from that during wakefulness (see BOX 2 and
sect. 7.3.2). In particular, the high levels of acetylcholine
present during wakefulness (and also REM sleep) sup-
press hippocampal output from CA1 neurons to extrahip-
pocampal brain regions (242, 243). Accordingly, whereas
during wakefulness the information flow is predomi-
nantly from the neocortex to the hippocampus, facilitat-
ing the encoding of novel experiences, during SWS the
information flow is in the opposite direction, from the
hippocampus to the neocortex and other extrahippo-
campal networks (like the amygdala and striatum), facili-
tating consolidation processes (243—-246). Supporting
this view, combining resting-state functional magnetic
resonance imaging (fMRI) with electrocorticography, a
study in humans revealed that higher (0.5-4 Hz)- and
lower (<0.1 Hz)-frequency oscillatory activity propagate
in opposite directions between cortex and hippocam-
pus, with these directions being reversed during SWS
compared to wakefulness (247).

3.1.1.2. REACTIVATIONS OUTSIDE THE HIPPOCAMPUS.
Although reactivations in the form of a replay of neuronal
firing patterns have been closely associated with ripples
in the hippocampus, simultaneous recordings from multi-
ple brain regions revealed signs of neuronal reactivations
also in extrahippocampal cortical and subcortical regions,
which occurred in parallel with or independently of hippo-
campal replay. These areas include the PFC (248-250),
parietal cortex (251), motor cortex (252—-254), occipital/
visual cortex (118, 255, 256), entorhinal cortex (257, 258),
striatum (259, 260), amygdala (244), and the ventral teg-
mental area (VTA) (261, 262). Reactivations in the striatum
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and neocortex occurred with a temporal delay of ~40—
50 ms after reactivations in the hippocampus (118, 259,
260, 263), suggesting that reactivations of firing patterns
preferentially originate in hippocampal networks and
then propagate to extrahippocampal networks, thereby
strengthening the connectivity within these extrahippo-
campal ensembles. Ripples have also been detected out-
side the hippocampus, e.g., in the neocortex, where they
occurred predominantly during non-REM sleep and tem-
porally fine-tuned with hippocampal ripples (264—-268).
Within the neocortex, reactivations of neuronal firing pat-
terns and associated ripples can occur in synchrony
across multiple neocortical areas, indicating a high level
of coordination and communication during the consolida-
tion process at the neocortical level (269).

3.1.2. Spindles.

Spindles play a key role in regulating the dialogue between
the hippocampus and neocortex and in the hippocampal-
to-neocortical transfer of reactivated memory information
during non-REM sleep (79, 80, 130, 270-277), as hippo-
campal ripples and memory replay tend to nest in the excit-
able troughs of spindles, forming “spindle-ripple” events,
whereas in the neocortex spindles tend to nest in the excit-
able up-state of SOs, forming “SO-spindle” events (BOX 2).
Spindles are generated in a recurrent GABAergic inhibitory
network mainly comprising the thalamic reticular nucleus
(TRN) and thalamo-cortical projections (79). They reach the
entire neocortex via widespread thalamo-cortical connec-
tions as well as hippocampal networks via the thalamic
nucleus reuniens or the entorhinal cortex (278-280).
Within the hippocampal CA1 region spindles organize the
spatiotemporal occurrence of ripples (278). Indeed, the
synchronization of activity in different cortical and subcorti-
cal networks seems to be critical for the enhancing effect
of spindles on memory consolidation. For example, com-
bined EEG and fMRI in humans revealed a spindle-related
enhancement of motor memories that was associated with
increased synchronization of spindle activity (11-17 Hz) in a
hippocampo-striato-thalamo-cortical network known to be
implicated in motor memory consolidation (281).

Within the thalamus, spindles are accompanied by a
suppression of sensory inputs to the cortex through the
inhibition of relay nuclei, creating a temporal window
where thalamo-cortical networks become unresponsive
to external signals (282-284), with auditory processing
possibly representing an exception to this gating effect
(285). Simultaneously, the information flow originating
from hippocampal reactivations shifts toward preferen-
tial thalamo-cortical gating. There is evidence that the
same GABAergic TRN neurons gate information flow
toward the neocortex activity during selective attention
in wakefulness and during sleep spindles (282, 286—
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290). This mechanism presumably involves prefrontal
control over GABAergic TRN neurons gating the infor-
mation flow via feedforward inhibition of thalamo-corti-
cal projection neurons (282, 286, 287). For instance,
sensory-projecting TRN neurons with axon terminals pri-
marily reaching sensory thalamic nuclei synchronize their
firing activity not only to alpha rhythms during attentive
wakefulness but also to spindle oscillations during sleep
(282). In contrast, activity of limbic-projecting TRN neu-
rons, which exert inhibitory control over anterior thalamic
nuclei (ATNs) and are assumed to mediate interactions
between the hippocampus and PFC, is not modulated by
sleep spindles or attention. However, their activity is
strongly suppressed during SWS (282), presumably facili-
tating interactions between the structures in a nonspe-
cific manner. Accordingly, spindle power in this study
was positively correlated with the firing rates of sensory-
projecting TRN neurons and negatively correlated with
those of limbic-projecting TRN neurons.

Thalamic spindle generation is additionally controlled
by noradrenergic activity of the brain stem locus coeru-
leus (LC). LC neurons fall silent shortly before the onset
of a spindle and only fire during the spindle waning
phase (291), supposedly leading to the suppression of
spindle generation through the depolarizing action of
NE on thalamo-cortical neurons (292). In fact, optoge-
netically stimulating LC neurons in rats resulted in a sig-
nificant decrease in sleep spindle occurrence, and this
was associated with impaired consolidation of spatial
food-location memories (293).

3.1.2.1. SPINDLES IN CORTICAL NETWORKS. Although
present in the entire neocortex, fast spindles show a
dominance over posterior cortical areas. Microarray
recordings in epileptic patients revealed two different
sources of spindles, generated by pyramidal cells in
supragranular layers and in deeper, infragranular, layers,
possibly involving matrix and core thalamo-cortical affer-
ents, respectively (294, 295). Cortical spindles are local
phenomena inasmuch as they are increased over those
areas that were engaged in prior learning (e.g., Refs.
296, 297) or areas that were previously stimulated, e.g.,
with transcranial direct current stimulation (tDCS; Ref.
298). Correlations between parameters of spindle activ-
ity and memory retention are typically highest for the
areas that are most strongly involved during learning
(297, 299-307). For instance, after visual perceptual
task learning, participants showed increased spindle
power during non-REM sleep stage S2 over trained ver-
sus untrained primary visual cortex (V1) areas, which was
positively correlated with performance gains in the
trained task (303, 305). Furthermore, the EEG spindle
amplitude during sleep after encoding of spatiotemporal
information was maximally correlated with subsequent
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retrieval performance at temporo-parietal sites (307).
For more complex tasks multiple cortical sites may be
involved, as it has been shown that cortical gamma-
band EEG power, as an indicator of memory processing
in local networks, was found to be locked to the phase
of EEG spindles at different cortical sites (308). The find-
ings overall corroborate the view that topographically
restricted increases in spindle activity over cortical areas
reflect the reprocessing of specific memory representa-
tions, with the spindles serving to synchronize memory
processing in distributed cortical networks (296).

The effects of spindles on cortical mechanisms of
neuronal plasticity have been mainly studied in animal
models. In anesthetized cats, stimulation with a spindle-
associated pattern of spike trains induced N-methyl-D-
aspartate (NMDA) receptor-dependent short-term poten-
tiation (STP) and a calcium channel-dependent long-term
potentiation (LTP) in cortical neurons (309). Two-photon
calcium imaging of cortical (layer 2/3) pyramidal neurons
in naturally sleeping mice revealed increases in calcium
activity in the apical dendrites of these cells during sleep
spindles (310). Simultaneously, spindles are accompa-
nied by an increased activity of parvalbumin-positive
interneurons (basket cells) that, by inhibiting the soma of
the pyramidal cells, are expected to produce an effective
suppression of axonal firing output from these cells (284,
31, 312). Different from the overall populations of cortical
pyramidal cells, pyramidal cells with increased calcium
activity during spindles upregulate their activity across
SWS periods (313). These studies suggest that cortical
spindles are associated with an ongoing memory proc-
essing in specific cortical neuronal ensembles, in condi-
tions that favor synaptic plasticity, in the apical dendrites
of the contributing pyramidal cells.

Consistent with this view, in healthy humans pharmaco-
logically increasing sleep spindle density by administra-
tion of the GABA, receptor agonist zolpidem enhanced
sleep-dependent consolidation of emotional memory
(Ref. 314; sect. 4.3). Also, increases in fast spindle activity
after application of a TMR procedure were predictive of
subsequent recall of the targeted stimulus category (315).

3.1.3. Slow oscillations.

Slow oscillations (SOs) are generated in cortical networks
and primarily originate from prefrontal brain regions, trav-
eling over the scalp in an antero-posterior direction, but
they can also emerge as local phenomena over more
restricted cortical areas. SOs are also observed in multi-
ple subcortical structures including the thalamus and
hippocampus (316—324) and may likewise arise from
ascending arousal systems (106, 325). They are charac-
terized by alternations between “down-states” and “up-
states” that originate from the synchronized widespread
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hyperpolarization and depolarization of the contributing
pyramidal cell networks, respectively (76—78). SOs are
thought to play a central role in driving systems consoli-
dation processes and underlying plasticity during sleep
(79, 326). The SO up-state following the negative SO
down-state peak appears to be particularly important, as it
signifies a period of enhanced large-scale communication
within the cortex (174) as well as between cortex and multi-
ple subcortical regions. Memory reactivations predomi-
nantly occur during the SO up-state, as reflected by the
tendency of spindles as well as hippocampal ripples to
nest into this depolarizing state (125, 128, 130). In humans,
upon presentation of a memory cue (in a TMR procedure)
memory-related reactivation patterns were observed to
spontaneously reemerge at a rate of ~1Hz, suggesting a
temporal coordination of reactivations by succeeding SOs
(327). Also, hippocampo-prefrontal synchronization in the
gamma frequency band is enhanced during the SO up-
state, pointing to an enhanced communication between
these regions during this period (328). Experimentally
increasing SO activity during postencoding SWS, e.g., by
noninvasive brain stimulation (sect. 7.1), enhanced memory
performance in human participants (e.g., Refs. 329-331),
proving a causal role of SO in memory consolidation.
Research on SOs in the medial prefrontal cortex (mPFC) of
rats additionally points to the existence of two subtypes of
SO up-states, i.e., with shorter and longer durations being
associated with reactivations of recent and remote memo-
ries, respectively (332).

3.1.3.1. SOS VS. DELTA WAVES. Whereas <1-Hz SOs
have been rather consistently found to support sleep-
dependent memory consolidation, neocortical delta
waves covering the neighboring 1-4 Hz frequency band
may have even opposite effects, i.e., weakening rather
than strengthening newly encoded memories (see also
sect. 4.4). Kim et al. (333) trained rats to control firing of
neurons in the motor cortex. When reactivations of the
target cells were optogenetically disturbed during SO up-
states, task performance decreased at a test after sleep.
By contrast, task performance was improved at the test
when cell reactivations were disturbed during delta
waves. Possibly, this differential effect was partly medi-
ated by changes in the temporal coupling of spindles, as
the optogenetic disruptions during delta waves produced
a relative increase in spindles nesting into SO up-states.
Contrasting with these findings, others found delta waves
in mPFC of rats to be associated with improved consoli-
dation of spatial location memories (334). The seemingly
diverging results can be partly explained by the definition
of delta waves in this study, basically considering these
waves as equivalent to the down-state of SOs.

Indeed, the confusing picture as to a differential role of
SOs and delta waves in memory processing appears to be
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linked to problems in accurately defining and separating
the two kinds of oscillations. For discriminating SOs from
delta waves in the original work in cats, Steriade et al.
(335) combined local field potential recordings with
recordings of single cells. The slower SOs differed from
delta waves mainly in their much more pronounced down-
state with almost complete ceasing of firing of thalamo-
cortical neurons. Delta waves, on the other hand, could
occur during the depolarizing up-state of an SO in these
recordings. But, unlike SOs, they did not seem to system-
atically nest spindles. Recordings of cortical multiunit activ-
ity likewise suggest that only the down-states of the
slower SOs are associated with a robust decrease in firing
activity (e.g., Refs. 270, 336—338). However, contrasting
this view of separable events, delta waves have also been
considered to represent the down-state of SOs or as oscil-
lation with the same down- and up-states and the same
tendency to nest spindles in their up-state as SOs, only
quantitatively differing in amplitude and frequency (339).

Despite these basic difficulties in discriminating SOs
and delta waves, there have been continuing efforts to
distinguish their functions in memory processing in
humans. Relying on surface EEG recordings, the distinc-
tion between the two oscillatory activities based on
frequency and amplitude criteria inevitably remained
somewhat noisy (340). Nevertheless, these studies of
the surface EEG in humans, too, have provided first
clues that delta waves may weaken memories and
downregulate cortical synaptic connections. Thus, differ-
ent from more widespread and larger slow waves with a
steeper slope (termed Type | waves in this study), more
local deltalike slow waves with a lower amplitude (Type
Il waves) displayed a clear homeostatic regulation
across sleep, gradually decreasing in amplitude and in
their slopes toward the end of the nocturnal sleep
period (105, 106). This homeostatic regulation pattern
suggests that these deltalike Type Il waves are specifi-
cally involved in processes of global synaptic downregu-
lation during sleep. Deltalike waves may also more
closely mimic the conditions of slow waves observed
during urethane anesthesia in mice, which likewise
weakened synaptic connections (341).

3.1.3.2. SO-SPINDLE EVENTS. The depolarizing up-state
of the neocortical SO promotes the generation of tha-
lamic spindles, leading to the formation of SO-spindle
events (Refs. 76, 79, 80, 130, 284, 342-345; BOX 2).
This process begins with the SO down-state hyperpola-
rizing spindle-generating networks of the TRN followed
by a depolarizing phase triggering the recruitment
of spindles in thalamo-cortical projections (76, 346).
Although this scenario suggests a cortical origin of SO-
spindle events, intrathalamic recordings from epilepsy
patients indicate that ATN may also initiate these events,
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with SO down-states and subsequent spindles recorded
in ATN preceding those recorded over frontal cortex by
50-100 ms (347). The anterior thalamus likely plays a
key role in coordinating hippocampal memory replay
with thalamo-cortical activity (125, 130, 348).

Although SOs exert a top-down control over spindle
generation, this influence appears to be nonspecific,
facilitating spindle emergence across various cortical
locations rather than determining which specific local
network produces spindles (320, 342). The impact of
SOs on ripples and reactivations seems likewise to be
only of permissive nature, with the SO up-state-associ-
ated increase in hippocampal ripple activity being pri-
marily controlled by thalamic spindles (127, 128).

There is a growing body of evidence that links sleep-
dependent memory consolidation to the occurrence of
SO-spindle events (79). In rats, SO events during motor
memory reactivations in the motor cortex, coupled with
bursts of spindle activity, were positively correlated with
improved motor skills (349). In humans, visuomotor learn-
ing enhanced SO-spindle coupling during subsequent
SWS (350), and less precise coupling of SO-spindle events,
as seen, e.g., in older people or children, was associated
with poorer memory retention (Refs. 351-353; sect. 5).
Intracranial recordings in human PFC, indeed, suggest that
rather than the mere co-occurrence of SO up-state and
spindle events, it is the temporally precise phase-locking of
the spindle event into the SO up-state peak that is of cen-
tral importance for hippocampal-neocortical information
transfer during sleep (Ref. 354; see Refs. 128, 355 for simi-
lar results in rodents), and this coupling appears to also
enhance large-scale brain communication in general (Ref.
174; see also Refs. 356, 357). The precise phase-amplitude
coupling between fast (12—15 Hz) spindles and SOs was
confirmed as a factor most closely linked to consolidation
of both hippocampus-dependent and -independent forms
of memory in a recent meta-analysis of human studies
(358). Associations involving slow spindles (9-12 Hz), typi-
cally emerging at the up-to-down-state transition of SOs,
were much more variable, underlining that slow spindles
serve distinct functions in memory processing.

Studies experimentally manipulating SOs and spindles
likewise suggest a critical role of coupled SO-spindle
events for memory consolidation. Techniques like tDCS
and auditory closed-loop stimulation (CLAS) that aim to
enhance SOs typically produce an increase in spindle
activity that is phase-locked to the up-states of the stimu-
lated SOs, and this increase in coupled SO-spindle activ-
ity is connected to an enhanced memory consolidation,
e.g., for word pairs (Refs. 330, 359; sect. 7.1.2). In mice,
thalamic spindles improved context-conditioned fear
memories as well as spatial object-location memories
only when they were optogenetically induced during SO
up-states (360). Spindles induced in the absence of SO
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up-states did not affect memory consolidation, although
these spindles grouped hippocampal ripple events to the
spindle troughs in the same way as spindles induced dur-
ing the SO up-state. A possible explanation comes from
two-photon imaging of neocortical microcircuits in mice,
which revealed that SO-spindle events are associated
with a pronounced increase in calcium activity of cortical
pyramidal cells in comparison with spindles or SOs that
occurred in isolation (311, 312). The strong increase in
pyramidal cell activity concurred with a strong perisomatic
inhibition but a release of dendritic inhibition of the cells,
i.e., conditions known to be favorable for dendritic synap-
tic plasticity within local cortical circuits (e.g., Ref. 361).

3.1.3.3. SO-SPINDLE-RIPPLE EVENTS AND COUPLING
STRENGTH BETWEEN OSCILLATORY EVENTS. Given that
spindles nest hippocampal ripples and SOs nest spindles,
there is also evidence for the occurrence of triple-nested
SO-spindle-ripple events (125, 128, 130, 360, 362). The
significance of such triple-coupling of oscillatory events
has been demonstrated in these studies with spectral
power-based estimates of spindle and ripple activity dur-
ing SO events as well as event-based analyses (128).
Coupling between events occurs only intermittently, i.e.,
SO, spindle, and ripple events each may occur also in iso-
lation. Absolute values of coupling strength between the
events cannot be provided because such values strongly
depend on the exact criteria used for defining the respec-
tive event (and the resulting event density, i.e., even-
ts/min). Nevertheless, rough estimates can be obtained
from such analyses. During SWS, where SO density is
much higher than spindle density, ~7-15% of cortical SOs
coincide with a spindle and, conversely, ~50-80% of the
spindles co-occur with a SO event (128, 277). During
human sleep stage N2, where SOs occur less frequently
and couple with spindles in form of visible K-complexes,
the rate of SOs nesting a spindle appears to be similarly
high as during full-blown SWS (362). The percentage of
SOs and spindles, respectively, co-occurring with hippo-
campal ripples during SWS has been specified with ~70%
and 10% (128). Triple nesting of SOs, spindles, and ripples
in event-based analyses is rare (<5% of cortical SOs are
linked to both spindle and ripples). But, in light of the local
nature of ripple events, this likely reflects an underestima-
tion, as the respective analyses accounted for ripples at
only a single hippocampal recording location (128).

3.1.3.4. A HIPPOCAMPAL-NEOCORTICAL LOOP. Although
the majority of findings in humans and animals indicate
a more or less specific top-down influence, such that
neocortical SO up-states drive the occurrence of thalamic
spindles that, in turn, prime the occurrence of ripples and
memory reactivations in hippocampal networks, there is
also evidence for the converse bottom-up influence of
ripples and spindles on the emergence of SOs. Thus,
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hippocampal ripples might promote the emergence of
SOs by triggering the SO down-to-up-state transition (128,
363). Other findings suggest that hippocampal ripples
can directly prime the occurrence of cortical SO down-
states by activating inhibitory cortical networks, especially
in PFC (128, 364—366). Electrical stimulation of cortical
networks in rats, time-locked to the occurrence of hippo-
campal sharp-wave ripples, induced SOs followed by
spindles and in turn improved object-location memories
encoded before sleep (365).

Spindles might also trigger SOs (360, 367). In human
studies, especially slow spindles were suspected to con-
tribute to the emergence of SOs, as they systematically
occur during the up-to-down transition of SOs (74, 368).
However, the experimental findings remained overall
inconclusive. Although in specific optogenetic stimula-
tion conditions spindles may contribute to SO genera-
tion, this rarely happens in natural conditions (128). Thus,
SOs drive spindles but not the other way around, a view
that also aligns with evidence that spindle-generating
networks go into refractoriness distinctly faster than SO-
generating networks (369, 370).

Overall, these findings are in line with the notion of a hip-
pocampal-neocortical loop where cortical SOs provide a
globally acting top-down signal, with the hyperpolarizing
down-state setting the temporal frame for thalamic spindles
and hippocampal ripples during the subsequent depolariz-
ing SO up-state. Spindles reaching hippocampal networks
synchronize ripples to the excitable troughs of the spindle.
Hippocampal ripples, in turn, facilitate the occurrence of
SO-spindle events in thalamo-cortical networks, promoting
the transfer of reactivated hippocampal information to neo-
cortical networks (108, 129). This looplike process may also
extend to the content of the information that is reactivated,
as activity in cortical regions predicts the content of hippo-
campal reactivations (371) and hippocampal reactivations, in
turn, predict reactivations in cortical regions (260, 371, 372).
Novel experience appears to activate this hippocampal-
neocortical loop. In rats trained on a motor skill, hippocam-
pal ripples only initially coupled with SOs (detected in the
0.1-4 Hz range) in the primary motor cortex during post-
training SWS, but this coupling sharply decreased once
motor performance stabilized (373). In humans, memory
reactivations after motor sequence learning were time-
locked to SO-spindle complexes only in the hemisphere
that was actively involved in learning the task (374).

3.1.4. Infraslow rhythm and breathing.

In addition to ripples, spindles, and SOs, infraslow rhythms
of activity can be identified during non-REM sleep, which
may further contribute to effective memory consolidation
(375, 376). In mice and humans, spindle rates oscillate in a
coordinated infraslow rhythm at a frequency of ~0.02 Hz,
dividing non-REM sleep epochs into 20- to 25-s epochs of
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enhanced alertness to external stimuli and epochs of inter-
nal memory processing (376). The rhythm also captures
hippocampal ripple activity, spindle activity, and heart rate
and likely reflects a rhythmic modulation of noradrenergic
LC activity (377, 378). In humans, the strength of this infra-
slow oscillation in fast spindle activity predicted postsleep
memory recall in an episodic “what-where-when” task
(376) and less temporal clustering of spindles was associ-
ated with impaired declarative memory consolidation in
Parkinson patients, possibly due to disrupted noradrener-
gic modulation during sleep (379, 380). Also in humans,
peaks in the infraslow fluctuations of heart rate were regu-
larly preceded (by ~5 s) by increases in SO, delta, and spin-
dle activity, and the more such infraslow heart rate peaks
occurred during non-REM sleep, the better was the partici-
pant’s recall of previously encoded memories for words
and images (381). A study in mice (382) demonstrated a
link between the infraslow oscillations in pupil diameter
during non-REM sleep (known to be coupled to fluctuation
of acetylcholine and noradrenaline; Ref. 383) and the hip-
pocampal replay of recently versus previously acquired
memories. Specifically, optogenetic inhibition of hippocam-
pal SW-Rs impaired consolidation of recent memory when
applied during phases of pupil contraction. In contrast, pupil
dilation during non-REM sleep was associated with replay
of older memories, suggesting that non-REM sleep micro-
structure may organize memory replay to minimize inter-
ference between recent and remote memories. Taken
together, the few studies of infraslow rhythms so far point
to contributions of brain stem mechanisms, like LC norad-
renergic activity, that synchronize autonomous nervous
system activity with brain oscillatory activity during non-
REM sleep, and thereby enhance memory consolidation.

Brain oscillations during sleep also interact with breath-
ing-related activity as another kind of infraslow rhythm.
Specifically, breathing during sleep modulates the emer-
gence of SOs in humans (384) as well as the coupling of
hippocampal sharp-wave ripples and cortical SO down-
to-up-state transitions in mice (385), with a systematic
increase in SOs, spindles, and SO-spindle events toward
inhalation peaks (384). The strength of this coupling
between respiration and SO-spindle events was posi-
tively correlated with the extent of memory reactivations.
Although this coupling was not significantly correlated
with behavioral measures of memory recall, the findings
identify breathing as a potential additional modulator of
the efficacy of memory consolidation during sleep.

3.2. REM Sleep

Traditionally, REM sleep has been thought of as the cen-
tral sleep stage for the cognitive reprocessing of wake
experiences and memory consolidation because of its
relation to reports of vivid dreaming and the wakelike
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EEG activity characterizing this sleep stage (386). Initial
experimental evidence indicating an involvement of
REM sleep in memory consolidation was mainly based
on effects observed after the selective deprivation of
this sleep stage, and these findings were often ques-
tioned because selective REM sleep deprivation is
known to induce confounding stress effects (387, 388).
Over the last decade, relatively few studies have
focused on the potential role of REM sleep in memory
consolidation compared to the extensive research on
non-REM sleep. The findings on REM sleep altogether
provide a rather mixed picture, suggesting that some
specific physiological features of this sleep stage, in par-
ticular theta activity, may support specific aspects of
memory consolidation (Refs. 389, 390; BOX 2).

3.2.1. Theta activity.

Theta activity, i.e., synchronized oscillations in the 4-8 Hz
frequency band, is the most prominent feature of REM
sleep in rodents. In human REM sleep, theta is less promi-
nent and typically occurs in transient bursts. Intracranial
recordings in epileptic patients suggest that the continu-
ous hippocampal theta rhythm seen in rodents may cor-
respond more closely to the slower delta frequency
activity observed more continuously during REM sleep in
these patients (391). Theta activity is also increased in
specific wake states. In rodents, it is prominent during
active spatial exploration and in humans over prefrontal
cortical areas during focusing of attention and the encod-
ing of new information (392-396). In rodents, the main
source of theta activity during REM sleep, as well as dur-
ing wakefulness, is the septal-hippocampal system (397—
402). However, the theta rhythm can capture a wide net-
work including subcortical structures such as the VTA
and the amygdala, as well as the neocortex (403-406).
Differences between features of hippocampal theta activ-
ity during REM sleep and wakefulness appear to be mar-
ginal, with REM sleep theta showing a slightly lower
frequency (407). Theta activity in the hippocampus can
increase synaptic LTP when cells fire during the up-state
of the theta cycle, whereas firing during the down-state
favors synaptic long-term depression (LTD) (408-410).
Accordingly, it has been proposed that local hippocampal
theta activity during REM sleep supports synaptic consoli-
dation in reactivated neuron ensembles, specifically
when the reactivation is locked to a theta up-state (28,
148, 408, 411-415). Conversely, there is also evidence
supporting the view that theta activity during REM sleep
mainly serves to downscale synapses that were potenti-
ated during prior wakefulness and are irrelevant to long-
term memory formation (148, 168, 416).

An enhancing effect of REM sleep theta activity on
memory consolidation is also suggested by findings in
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rats indicating an increased nesting of gamma-band
activity and high-frequency oscillations (up to 160 Hz) in
theta peaks in the hippocampus and neocortex during
REM sleep (417). During wakefulness, increased gamma-
theta phase-amplitude coupling is typically associated
with enhanced accuracy of task performance (418).
Silencing GABAergic septo-hippocampal projections
during REM sleep impeded theta-phase coherence and
theta-gamma coupling (419) as well as memory consoli-
dation during sleep (420). Theta coupling between the
hippocampus and retrosplenial cortex in REM sleep has
been likewise found to be critical to the consolidation of
context fear conditioning memory, based on analyses of
Granger causalities in rats (421).

In regard to memory content, it has been proposed
that theta activity particularly facilitates the processing
of emotional memory (87). After fear conditioning in rats,
REM sleep theta activity was increased in the hippocam-
pus, amygdala, and cortical circuits of adult rats that had
been stressed (by maternal separation) during infancy
(422). Conversely, a reduction in theta power during the
transition into REM sleep was linked to impaired fear-
associated memory processing in a rodent model of
posttraumatic stress disorder (PTSD) (423), and similar
changes were found in a rat model of insomnia (424).
Also in rats, a direct link was revealed between REM
sleep theta and consolidation of cued fear conditioning
memories (425). In this study, theta oscillations in the
ventral hippocampus, lateral amygdala, and medial PFC
strongly synchronized during REM sleep following fear
conditioning. Importantly, fear memory recall was most
closely related to a specific phase difference in theta
oscillations between the lateral amygdala and ventral
hippocampus, marking the fine-tuning between these
structures. Optogenetically inducing hippocampal theta
rescued deficits of fear memory consolidation caused
by sleep deprivation in mice (426), and, conversely,
optogenetically suppressing hippocampal theta during
REM sleep impaired the consolidation of contextual fear
memories as well as NOR memories (420). Altogether,
these findings highlight the causal role of REM sleep
theta in memory consolidation.

A link between REM sleep theta activity and (emotional)
memory consolidation was likewise revealed in human
studies. For instance, memory for discrete features of
emotional events was found to be positively correlated
with theta power over right frontal cortical regions during
postencoding REM sleep (427), with this right lateraliza-
tion of the effect fitting the commonly observed right lat-
eralization of theta activity during encoding of emotional
materials in the wake state (428-431). Stress may be a
modulator of the impact of REM theta. For instance, REM
sleep theta power predicted memory for positive emo-
tional items, particularly in stressed participants with a
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high cortisol response during learning (432). Another
modulating factor might be the participant’s dominant
EEG alpha frequency, as correlations between theta
power and emotional memory consolidation were found
to be stronger in participants with a lower individual alpha
frequency (433). Traitlike dominant alpha frequency (in the
8-12 Hz range) is known to affect a variety of memory and
attentional processes during wakefulness (434) and is
thus an interesting candidate mechanism in the interaction
with theta-based consolidation during REM sleep. Positive
associations between enhanced REM sleep theta activity
and memories for emotional and traumatic experience
have also been observed in patients suffering from PTSD
and autism spectrum disorder (431, 435, 436). The extent
of this benefit was correlated with theta power in frontal
and central regions during REM sleep. Overall, the find-
ings point to a supporting influence of REM sleep theta
activity on emotional memory consolidation in humans.
However, Durrant et al. (437) also observed that theta
power during REM sleep is linked to the consolidation of
newly encoded memories that fit into preexisting knowl-
edge (i.e., “schema-conformant” memories), suggesting a
role for theta activity beyond emotional memory process-
ing that warrants further investigation.

3.2.2. Ponto-geniculo-occipital waves.

Ponto-geniculo-occipital (PGO) waves refer to short,
intense bursts (3—5 Hz, 300-500 ms) of synchronized
activity that originate in the pontine brain stem and prop-
agate to the lateral geniculate nucleus and occipital cor-
tex (BOX 2). Their emergence is closely linked to the
theta-generating mechanisms during REM sleep. In rats,
PGO bursts in the pons and theta waves in the hippo-
campus are correlated (438), and spontaneous as well
as tone-elicited PGO waves were found to occur phase-
locked to hippocampal theta peaks during REM sleep
(439). The emergence of PGO waves may be driven by
periods of increased coherence in theta activity in hip-
pocampal-amygdalar circuitry (440). In humans, the
presence of PGO waves is questionable (441-443); how-
ever, PGO-like waves have been observed to precede
the onset of phasic REMs, and the pattern of these
waves predicted the direction of the subsequent phasic
REM (444). Phasic REMs are associated with a dimin-
ished processing of meaningful (verbal) stimuli pre-
sented during sleep (445). Multistructural recordings in
macaque monkeys revealed PGO-like waves coupled to
hippocampal theta as well as ripples, with both types
possibly favoring memory reactivations, especially when
preceding phasic REMs (446).

Overall, these findings suggest a role of PGOs in
memory processing (447, 448). Early work in rats from
the Datta laboratory (449) indeed showed a significant
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increase in PGO wave density in the first episodes of
REM sleep after conditioned avoidance learning (vs. no-
learning). Activating the phasic pontine wave generator
cells by carbachol microinjection improved avoidance
memory performance (450) and prevented memory-
impairing effects of postlearning REM sleep deprivation
(451). Vice versa, neurotoxic lesions of the phasic pon-
tine wave generator cells impaired memory retention
(452). Also, PGO wave activity during REM sleep was
found to be linked to fear extinction memory in these
studies (389), with this effect critically involving the dor-
sal nucleus subcoeruleus, i.e., a brain stem region com-
prising PGO wave-generating cells (453). Further studies
pointed to contributions of the pontine oculomotor
nucleus (454) as well as hippocampal CA3 in mediating
the memory effects of PGO waves during REM sleep
(455, 456). Evidence from human studies is rare, but a
case study in a patient with lesions to pontine brain stem
areas (critical to PGO wave generation in rodents) did
not reveal any memory impairments, although normal
signs of REM sleep were almost completely missing in
the patient (388). Although the research on animals so
far indicates a distinct contribution of PGO waves to
REM sleep-associated memory processing, it is pres-
ently unclear to what extent these contributions overlap
with functions of REM sleep theta activity and how they
translate to humans.

3.2.3. Neuronal ensemble reactivations.

Neuronal replay of memory has been mainly observed
during SWS, with little evidence for its occurrence during
REM sleep. Although some rodent studies revealed indi-
rect signs of memory reactivations in LFP recordings
during REM sleep (182, 408, 413, 446, 457), and despite
computational models suggesting its possibility (458),
most studies failed to provide evidence of ensemble fir-
ing pattern replay occurring during REM sleep (e.g.,
Refs. 459, 460). Only recently, in a study of motor skill
learning in rats, it was demonstrated that reactivations of
ensemble sequential firing can occur during postencod-
ing REM sleep (Ref. 461; FIGURE 6). In this study, rats
were trained daily on a skilled single-pellet reaching
task while firing activity of neurons in the motor cortex
was recorded during training sessions and interleaving
rest periods. Reactivations of sequential firing patterns
occurred during both epochs of SWS as well as in
REM sleep following the training. In rats that acquired
the skill rapidly, SWS and REM sleep reactivations were
observed on the same day between training sessions,
with REM sleep replay occurring more often before the
next training session and SWS replay occurring more
often after the last training session. Both REM sleep and
SWS reactivations appeared to be coordinated with

Physiol Rev -VOL 106 - JANUARY 2026 . www.prv.org

Downloaded from journals.physiology.org/journal/physrev at Helmholtz Zentrum Muenchen (146.107.213.240) on October 17, 2025.


http://www.prv.org

¢) SLEEP’'S CONTRIBUTION TO MEMORY FORMATION

A Pre-task Single-pellet Post-task
rest (R1) reaching task rest (R2)
z

4
M‘N Zz M‘i mi Zz

- ¥l task [RATaM task AR task RA

day x day x+1 day x+2

During task performance

2 -1

PC activation

PC reactivation during sleep

& Il sws Il REM sleep |’*
[ movement

RY ol bl

0 1 2
Time from grasp (s) R2 ... .I||||II I|||||||||| bt bl bt

FIGURE 6. Reactivations of ensemble firing during REM sleep. A: single units were recorded from the forelimb region of the primary motor cortex (M1) while
the rats were trained daily on the single-pellet reaching task, as well as during 3-h pre- and posttask rest periods (R7 and R2). B: based on sequential firing pat-
terns during task performance, principal components (PCs) were calculated for each rat. These PCs showed strong activation during reach behavior (/eft) and
were reactivated during sleep (illustrative example time course of PC activation during R7and R2, right). Reactivation strength was highest during R7 REM sleep
and R2 SWS. See GLOSSARY for abbreviations. Figure based on Eckert et al. (Ref. 461). Copyright 1990 by The Royal Society (U.K.). Reprinted with permission.

muscle activity during sleep, suggesting a functional
role for the reactivation in learning the motor skill.
Indeed, the focus on motor skill learning and firing activ-
ity in motor cortex may explain why this study suc-
ceeded in identifying replaylike neuronal activity in REM
sleep, in contrast to many other studies focusing on hip-
pocampal ensemble firing, where fast synaptic rear-
rangements after a learning period may prevent the
detection of ensemble reactivation occurring at a later
time during REM sleep.

Signs of memory reactivations occurring spontane-
ously during REM sleep have also been identified in a
few studies in humans (198, 462). Using positron emis-
sion tomography (PET) during training of participants on
a serial reaction time task (SRTT) and during subsequent
sleep, an early study revealed an increased reactiva-
tions of several brain areas (bilateral cuneus, left premo-
tor cortex, thalamus, and mesencephalon) during REM
sleep after training (462). A more recent study, using
multivariate pattern classification for decoding of high-
density EEG signals during sleep after learning pictures
(faces vs. houses), revealed distinct activity patterns
(across participants) during both non-REM and REM
sleep that discriminated the two picture categories (198).
The frequencies relevant for the reactivated patterns dif-
fered between non-REM and REM sleep, and only
reprocessing strength during SWS but not during REM
sleep was correlated with later memory performance.
Additional evidence for memory reactivations during
REM sleep comes from a number of human EEG studies
using TMR to experimentally induce such reactivations
by presenting reminder cues during REM sleep, which,
furthermore, indicates that experimentally induced reac-
tivations can benefit the consolidation of the memory
(Refs. 463—-467; sect. 7.2). Overall, the picture arising
from this research indicates that reactivations, even in
the form of a sequential replay of firing patterns, also
occur during REM sleep, more likely in cortical than in
hippocampal networks. However, their functional rele-
vance for consolidation processes needs to be further
studied.
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3.3. Complementing Functions of SWS and REM
Sleep

The role of non-REM sleep and REM sleep in memory
consolidation has been explored from two distinct
conceptual perspectives. On one hand, the dual pro-
cess hypothesis assumes that non-REM sleep and
REM sleep serve different aspects in memory consoli-
dation, which are largely independent from each
other. On the other hand, the sequential hypothesis
(468, 469) assumes that non-REM and REM sleep
serve complementary functions, since in natural sleep
non-REM and REM sleep epochs follow a fixed
sequence, such that REM sleep is entered only after
an epoch of non-REM has occurred.

3.3.1. The dual process hypothesis.

This concept arose mainly in the context of purely
behavioral studies in humans that supported the view
that non-REM sleep consolidates declarative memory
(e.g., Refs. 21, 26, 470, 471) whereas REM sleep consoli-
dates procedural skill memory (e.g., Refs. 21, 462, 472—
474). Although there is an ever-growing number of stud-
ies supporting a crucial role of non-REM sleep in the
consolidation of declarative memories, in light of more
recent findings this hypothesis has to be abandoned.
First, although declarative memory, according to the
dual process view, specifically profits from non-REM
sleep (e.g., Ref. 475), some studies point to a role for REM
sleep as well. REM sleep deprivation in healthy humans,
for instance, impaired recall of spatial and temporal infor-
mation in an episodic what-where-when task (476), and in
another study (132) the time spent in REM sleep was posi-
tively correlated with high-confidence “remembering” of
abstract visual shapes presented at different screen loca-
tions. Second, the assumed role of REM sleep specifically
enhancing procedural memories has received little sup-
port (477). There is strong evidence that procedural skills
can also benefit from non-REM sleep. Correlation analy-
ses in human studies yielded mixed results, with both
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REM (e.g., Refs. 478—480) and non-REM (e.g., Refs. 305,
481-485) sleep parameters being inconsistently associ-
ated with the formation of procedural skills. For instance,
sleep-related gains in motor sequence skills and parallel
increases in striatal activity were positively correlated
with the duration of posttraining SWS (472) and spindle
activity (303, 305, 482, 483). Additionally, the assumed
beneficial role of REM sleep for procedural memory for-
mation has been questioned by findings of unchanged
motor skill memories after selective REM sleep depriva-
tion (486). Pharmacological suppression of REM sleep
even improved rather than impaired finger tapping skill
memory (Ref. 487, see also Refs. 138, 488—-490).

Beyond procedural memory, emotional and social
memories have been proposed to specifically benefit
from REM sleep (Refs. 491-495; sect. 4.3). Groch et al.
(496), for instance, reported a differential contribution to
memories for neutral and aversive pictures for SWS and
REM sleep, with REM sleep particularly enhancing emo-
tional item memory and SWS aiding (color) context mem-
ory for neutral items (see Refs. 427, 497 for similar results),
consistent with the view that REM sleep integrates amyg-
dala-dependent emotional processing into episodic mem-
ory processing within the hippocampal-mPFC loop (Ref.
498; for related results, see Refs. 499-501). Indeed, given
that both declarative and procedural memory can be
more or less emotional, the effect of REM sleep could be
restricted to modulating the emotional tag of a memory,
although there are also findings conflicting with this view
(Ref. 493; see sect. 4.3 for a detailed discussion).

3.3.2. The sequential hypothesis.

This view is consistent with the great body of findings in
healthy humans overall indicating that the retention of any
kind of memory can be positively correlated with both non-
REM and REM sleep parameters. However, it is unclear
whether, as assumed by this hypothesis, the succession
within a sleep cycle, with non-REM sleep preceding REM
sleep, is critical for effective memory consolidation, which is
difficult to test experimentally. Whereas in healthy humans
REM sleep strictly follows non-REM sleep, patients with
central hypersomnolence disorder (including patients with
narcolepsy) frequently enter REM sleep right after sleep
onset and before any non-REM sleep epochs occur.
Investigating sleep-dependent memory consolidation in
such patients, Strauss et al. (502) demonstrated that the
succession of non-REM followed by REM sleep epochs is
indeed important for the consolidation process. Comparing
naps starting with REM sleep followed by non-REM sleep
with non-REM-REM sleep naps in these patients revealed
that non-REM sleep spindles contributed to the formation
of visual perceptual memory only across non-REM-REM
sleep naps and not in REM-non-REM sleep naps, indicating
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a supporting role of REM sleep in the consolidation process
only when it occurs after non-REM sleep.

Against this backdrop, it has been proposed that REM
sleep generally stabilizes representations across mem-
ory systems, as they are still in a labile state after mem-
ory transformation during prior SWS (28, 503). Thus,
REM sleep following SWS may trigger local processes of
synaptic consolidation, which strengthen the memory
representations that already underwent transformation
and systems consolidation during SWS, thereby entail-
ing an optimal benefit on memory consolidation from
the sequential occurrence of both SWS and REM sleep.
Such sequential processing would likewise affect mem-
ories as different as motor skills and object representa-
tions. Additionally, the sequence of SWS-associated
transformation and REM sleep-associated stabilization
could differentially affect newly encoded representa-
tions depending on how well the encoded information
fits into preexisting knowledge. Information fitting well
with preexisting knowledge and schemalike representa-
tions may not require SWS-dependent transformation
but could be quickly mapped into neocortical long-term
storage sites, where they especially benefit from REM
sleep-associated stabilizing effects (Refs. 504, 505; see
also Refs. 506, 507). In this view, procedural skill learn-
ing could be considered a type of learning where sche-
malike representations are readily available and thus
REM sleep is particularly beneficial. The iterative cycling
between non-REM and REM sleep and associated mem-
ory reactivations has been proposed, in a similar man-
ner, to boost the formation of complex knowledge
frameworks and creative problem-solving (508).

3.3.2.1. UP- AND DOWNREGULATION OF NEURONAL
ACTIVITY DURING SWS VS. REM SLEEP. A sequential
view with SWS transforming memory and subsequent
REM sleep stabilizing this memory also agrees with find-
ings from studies focusing on neuronal activity underly-
ing memory processing during sleep. Calcium imaging
of cortical networks in naturally sleeping mice revealed
that a subpopulation of pyramidal cells, opposite to a
global decrease in activity, upregulates calcium activity
during SWS epochs (313). This subpopulation was
defined by the cells that showed highest activity during
spindles and was thus most likely comprised of cells
engaging in memory processing during sleep. Different
from SWS, REM sleep epochs were associated with a
general downregulation of pyramidal cell activity, which
persisted into subsequent wake epochs and also
included the subpopulation of spindle-active pyramidal
cells. Comparable activity dynamics across SWS and
REM sleep epochs were also observed in multiunit activ-
ity in hippocampal networks (148), where pyramidal
cell firing rates generally increased during SWS epochs
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in parallel with a decrease in the recruitment of spiking
during ripples. The firing rate increase within SWS
epochs was counteracted by a larger decrease of firing
rates across triplets of SWS-REM-SWS epochs, with this
decrease being stronger the higher theta power was
during the interleaved REM sleep epoch. Moreover, the
occurrence of spindles and ripples during SWS strongly
predicted subsequent REM sleep-related decreases in
hippocampal firing rates (149), altogether suggesting a
sequential up- and downscaling of neural activity during
SWS and REM sleep.

3.3.2.2. A COMPLEMENTARY ROLE OF SWS AND REM
SLEEP IN SYNAPTIC CONSOLIDATION. Performing in vivo
two-photon structural and functional calcium imaging
of postsynaptic dendritic spines in primary motor cor-
tex, a series of studies in mice provided direct evi-
dence for sequentially complementing functions of
SWS and REM sleep in synaptic consolidation proc-
esses underlying sleep-dependent memory formation
(164,167, 168). Sleep after training of mice on a rotarod
motor learning task promoted the formation of spines
on a subset of branches of individual layer 5 pyramidal
neurons, with new spines being formed on different
sets of dendritic branches in response to a different
task version (164). The effect was mediated by SWS,
inasmuch as the same neurons activated during train-
ing were reactivated during subsequent SWS, and dis-
rupting this neuronal reactivation prevented branch-
specific spine formation. Vice versa, REM sleep after
motor task learning pruned newly formed dendritic
spines in layer 5 pyramidal neurons (168), with this
general pruning facilitating spine formation during
subsequent learning of a new motor task. Importantly,
in parallel with a general pruning of synapses, REM
sleep also strengthened and maintained a subset of
spines newly formed during prior motor training.

3.3.3. Conclusion.

Increasing evidence supports sleep’s active role in mem-
ory formation, with ripples, spindles, delta waves, and
SOs critical for systems consolidation during non-REM
sleep and theta and PGO waves involved in (synaptic)
memory consolidation during REM sleep. Research in the
last decade points toward the involvement of both non-
REM and REM sleep in the consolidation of both declara-
tive and procedural memory, contradicting the long-held
view that different types of memory are exclusively
strengthened during specific sleep stages. Open ques-
tions are whether and how the succession of non-REM
and REM sleep is a critical feature of the consolidation
process and whether memory reactivations outside the
hippocampus or during wakefulness fulfill functions simi-
lar to hippocampal reactivations during non-REM sleep.

4. THE BALANCE BETWEEN MEMORY
ABSTRACTION AND FORGETTING

4.1. Capacity Limits in Memory Formation

Memories are not an exact copy of the past but change in
quality during the process of consolidation, with much of
the original information being forgotten over time (509,
510). This highly dynamic nature of memory is commonly
considered a consequence of limited memory capacities
of the brain (511). Memories may be forgotten simply to
make space for the storage of new information. In addition
to a finite storage capacity, these limitations may also
stem from constraints in the processes of memory forma-
tion and retrieval. We rely on past memories to guide
present behavior. In a memory system that stores every
detail, relevant information may not be quickly accessible
for current situations. It is hence generally assumed that
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FIGURE 7. Memory abstraction and forgetting. During encoding,
overlapping memories (differently colored networks, e.g., associated
with individual cats in A; blue circles in B) are stored as individual
representations that are rich in episodic details and strongly depend
on hippocampal networks (A). The invariant overlapping information
is most strongly represented, as this representation is repeatedly
activated multiple times during encoding. In this way, individually
encoded experiences (e.g., of different cats) accumulate to form an
abstract schemalike “gist” representation that is retained in neocorti-
cal networks. This process is specifically enhanced during SWS
through the repeated reactivations of the newly encoded represen-
tations originating from hippocampal networks and possibly also
during REM sleep through as yet unknown mechanisms (emerging
network between nodes of individual representations in A; red
shaded area in B). At the same time, the encoded (irrelevant) details
are slowly forgotten (dashed lines between nodes in A; fading blue
shaded areas in B), rendering the initially detailed episodic memory
a more and more schemalike gist representation (e.g., of a cat in A).
Note that individual overlapping representations are usually
encoded at different points in time (B), thus allowing for the new
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works and fostering an abstraction of invariant features in neocorti-
cal representations. See GLOSSARY for abbreviations.
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to be effective, a memory system needs to form more
abstracted representations that contain the most essen-
tial information across many experiences, i.e., represen-
tations that contain the gist of multiple experienced
episodes (512, 513). Indeed, it has been proposed that
such abstracted, schemalike representations containing
the gist of multiple episodes are formed as part of the
systems consolidation process taking place during sleep
(28, 79, 134, 509). Against this backdrop, many studies
(discussed in the following sections) have examined the
role of sleep in forming abstracted representations con-
taining any kind of gist of prior experiences, as well as in
the forgetting of irrelevant information. Only a few stud-
ies, however, addressed the more fundamental ques-
tion, i.e., to what extent sleep-dependent memory
formation is limited by capacity constraints.

Two studies in humans suggest capacity limitations for
the formation of declarative word memories during sleep
(514, 515). In the first, young adults learned lists of either
40, 160, or 320 word pairs before nocturnal sleep or
sleep deprivation, followed by retrieval testing 36 h later,
after all subjects had a night of undisturbed sleep.
Postlearning sleep enhanced retention for the 160-word
pair condition, but this effect completely vanished for the
320-word pair condition, where recall after postencoding
wakefulness appeared to be even slightly better than
after sleep. The authors speculated that with increasing
information loads during encoding sleep may favor for-
getting over consolidation (see also sect. 4.4). In a second
study (515), participants learned an increased number of
640 word pairs across an entire day, with interspersed
breaks of quiet rest. As in the first study, participants had
well encoded the word lists before the retention interval.
At the test after the retention interval, recall performance
was similar for the sleep and wake groups, and this nega-
tive outcome was confirmed with visual materials (object
images) (516), contradicting the hypothesis that with high
encoding load postencoding wakefulness, rather than
sleep, would favor retention. Overall, these findings indi-
cate a limited capacity for sleep-dependent memory con-
solidation. Given this, memory consolidation processes
likely include mechanisms to selectively favor certain
information over others, with the latter perhaps subjected
to an active forgetting process.

4.2. Memory Abstraction during Sleep

That memories are transformed during consolidation, and
in this process change in quality, is a basic tenet of current
theories of memory systems consolidation, like the multi-
ple trace theory (66, 69, 517, 518). These theories, in this
regard, go essentially beyond harbinger concepts, all
rooting in the standard consolidation theory assuming
that consolidation acts on a “fixed” trace, with the quality
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and content of a memory not being changed even if
transferred between different brain networks (519-522).
Specifically, multiple trace theory assumes that the con-
solidation process transforms a detail-rich episodic rep-
resentation that anchors in hippocampal networks into a
more abstract schemalike representation that predomi-
nantly resides in extrahippocampal, mainly neocortical,
networks and is more likely to be retained for the long
term, whereas details of encoded information are more
and more forgotten. Concepts like ASC (28, 79) (sect.
2.1) and “information overlap to abstract” (iOtA) (134)
add to these theories by emphasizing the role of
sleep for the transformation process, as originally
proposed by David Marr (523) based on computa-
tional models of consolidation. The iOtA concept, for
example, assumes that the abstraction of invariant
features across different episodes results from the
repeated reactivation of overlapping hippocampal repre-
sentations during sleep, whereby the overlapping parts
of representations are strengthened at the expense of
nonoverlapping parts that are weakened and synaptically
“downselected” (112, 113) (FIGURE 7; sect. 2.2).

The abstraction process during consolidation is gener-
ally thought to go along with a neocorticalization of the
representations. And in accord with this assumption, stud-
ies in humans and rodents showed that when encoding of
memories is followed by sleep long-term recall of the
encoded materials is associated with enhanced activation
of specific neocortical areas, like subareas of the PFC and
(in humans) the precuneus, in comparison with wake con-
trol conditions (120, 122, 123, 276, 390, 524-530). For
example, Samanta et al. (526) observed in human fMRI
recordings at a delayed recall of spatial memories (virtual
water maze) increased activity in multiple cortical areas
including the medial and lateral frontal cortex as well as
the visual cortex when encoding was followed by a nap
versus daytime wakefulness. In complementary experi-
ments on rats, expression of immediate early genes (Arc,
Fos, and Zif268) indicated a likewise increased activity in
prefrontal cortical as well as striatal areas at a delayed
recall test in a real water maze when encoding was fol-
lowed by sleep. In mice, neuronal activity as assessed by
the expression of Zif268 was found to be reduced in
superficial layers of the anterior cingulate cortex (ACC)
together with impaired recall performance at a retrieval
test 30 days after REM sleep deprivation following contex-
tual fear conditioning (529). By contrast, the hippocampus
and basolateral amygdala showed increased gene
expression at retrieval (for a review of effects of REM sleep
on memory corticalization, see Ref. 390).

Building on the effect of sleep supporting the neocorticali-
zation of long-term memory, numerous studies have sought
to characterize how sleep facilitates memory abstraction.
The studies typically address two questions: i.e., whether
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sleep enhances the consolidation of abstracted memory
representations and what kind of memory information
is preferentially abstracted during sleep. “Gist” refers to
the salient (core) information selected for consolidation.
However, the term as used often leaves undefined what
specific features of encoded experiences are abstracted
during sleep (512, 531-533). Abstracted gist information can
refer to “schema” memories, which represent invariant and
repeating information about regularities and rules inherent
to multiple experienced episodes. Importantly, gist abstrac-
tion can also pertain to emotional salient information in a
single episode (sect. 4.3). Gist abstraction processes may
differ depending on the stimulus domain (e.g., verbal, non-
verbal) and modality, as well as the memory system. Human
sleep studies have used diverse tasks to examine abstrac-
tion processes. In the following, we review these studies by
classifying the employed task designs into tasks assessing
gist as a semantic theme abstracted from presented items
(sect. 4.2.1), tasks assessing transitive inference and mem-
ory for nonadjacent associations (sect. 4.2.2), tasks assess-
ing the abstraction of categories and rules (sect. 4.2.3), and
task paradigms used to study the contextual dependency
of learned materials (sect. 4.2.4) (534). As virtually all of the
studies of interest here relied on declarative types of tasks,
we complete the section by discussing studies investigating
memory abstraction in the nondeclarative procedural sys-
tem (sect. 4.2.5) and studies of gist abstraction in rodent
models (sect. 4.2.6).

4.2.1. Gist as a semantic theme: the Deese-
Roediger-McDermott paradigm.

The Deese—Roediger—McDermott (DRM) paradigm has
been the most commonly used task to investigate
abstraction processes during sleep-dependent consoli-
dation. In the verbal version of the task, participants learn
several lists of semantically related words. For example, a
list might include the words “bed,” “rest,” “awake,” etc.
Crucially, the word most strongly associated with all other
words in the list, known as the “critical lure” (i.e., “sleep”)
is deliberately omitted during encoding. During recall,
participants often falsely and confidently remember this
critical lure alongside the actual words presented (535,
536). The critical lure thus represents the list's overarch-
ing theme, and its recall is referred to as “gist memory” or
“false memory,” in contrast to the “veridical memory” of
the words actually presented.

Although early studies (175, 537) reported an increase in
gist memories after sleep compared to wakefulness, later
results were mixed (e.g., Refs. 538—-540; see Ref. 541 for a
meta-analysis). The overall outcome suggests that whether
sleep enhances gist memories in the DRM task depends
on several modulating factors such as the type of retrieval
and the individual baseline performance level. When
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participants were asked to freely recall the learned word
lists instead of merely recognizing them, gist memory was
more dependent on sleep (176) (e.g., Refs. 537, 541).
Moreover, gist memory in the DRM task seems to be more
sleep dependent for participants who are generally less
good at recalling (low performer) the learned lists (176, 537),
as well as for more weakly (vs. strongly) encoded informa-
tion and for gist memories that participants are very confi-
dent to recall (131, 542-546). This pattern is consistent with
the view that sleep primarily acts to facilitate the accessibil-
ity of memories rather than strengthening underlying traces
(547). Another modulating factor seems to be the semantic
order in which the words were presented during encoding.
For example, in one study, sleep increased gist memory
only when the words were presented during learning in a
descending order of semantic proximity to the critical lure,
as typically done in the standard DRM task version (548).
Also, shorter word lists (8—10 words) yielded greater sleep
benefits than longer lists (12—15 words) (541, 549), and
sleep had also a stronger effect on gist memory formation
when words were presented to the left rather than the right
visual field, indicating hemispheric differences (550). Age is
also a modulator: Whereas sleep increased recognition of
gist memories in young adults, sleep had a reducing effect
in older adults (551) (sect. 5.2). Importantly, in addition to
these modulating factors, several studies indicate that
sleepiness and attentional deficits during memory retrieval,
often a consequence of prior sleep deprivation, can con-
found the findings, with more sleepiness associated with
higher gist memory recall (552-558).

The verbal version of the DRM task might also be con-
founded by mnemonic strategies participants use when
explicitly memorizing verbal materials. This concern has
stimulated the use of visual versions of the task, where
instead of words sets of abstract shapes are presented.
Similar to the verbal task version, evidence for a sleep
effect on gist memories with the visual version is mixed.
Noteworthy here, the effect in several studies appeared
to be more pronounced with longer retention intervals,
lasting up to 1yr (55, 62, 69, 132, 519).

In the verbal DRM task, gist abstraction is essentially
based on preexisting semantic knowledge. To study sleep
effects on such semantic knowledge-based abstraction,
several other tasks have been employed. In the “semantic
coherence task,” for instance, participants judge the coher-
ence of word triplets (e.g., salt, deep, foam), with gist
abstraction being assessed by how many correct common
associate words (e.g., ocean) are identified. Similarly, in the
“compound remote associates” task participants search for
a solution noun (e.g., day) that meaningfully connects a tri-
plet of nouns (e.g., dream, break, light). Another approach
involves having participants listen to a short story, with gist
abstraction assessed by the recollection of plausible details
that were never actually included in the story. However,
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none of these tasks yielded consistent evidence that sleep
supports abstraction of gist memory (559-561). Notably, a
study by Ashton et al. (562) may provide one explanation
for this. In this study, participants learned noun-color pair-
ings (e.g., elephant-red) and rated each pairing as plausible
or implausible before entering a 12-h retention interval of
overnight sleep or daytime wakefulness. Sleep generally
enhanced the memory for noun-color pairs; however, this
effect was much stronger for implausible pairs. Thus, sleep
might preferentially promote the consolidation of informa-
tion that does not conform to preexisting semantic knowl-
edge compared to strongly conformant information (Refs.
437, 563; see Ref. 564 for similar results with respect to
motor memory consolidation). Notably, information is
encoded differently depending on whether it aligns with
preexisting knowledge, and these differences may influ-
ence subsequent consolidation.

The mixed behavioral evidence for gist abstraction dur-
ing sleep in DRM-like tasks is likewise reflected by related
physiological findings of event-related potential (ERP)
responses. For instance, the amplitude of the P300 com-
ponent was higher for the recognition of gist compared to
veridical memory, regardless of sleep (565). Another
memory-related ERP component, the late positive poten-
tial (LPP), decreased to gist memory recall only after wake-
fulness. At the same time, LPP amplitude, in comparison
with wakefulness, decreased after sleep to veridical mem-
ory accompanied by a decrease in veridical memory per-
formance, with this pattern indeed pointing to a specific
enhancing effect of sleep on gist memory consolidation.
However, correlational analyses focusing on sleep param-
eters linked to systems consolidation are heterogeneous.
Spindle and SO occurrence were only inconsistently cor-
related with gist abstraction (175-177, 550, 566). The dura-
tion of SWS, SO amplitude, and SO-spindle coupling, in
some studies, were even negatively associated with gist
memory (Refs. 176, 177, 538; see also Refs. 567, 568).
Indeed, the findings overall suggest that oscillatory activ-
ity, linked to hippocampal memory reactivations during
sleep, is not crucial for the gist abstraction in DRM-like
tasks. This conclusion is further supported by early evi-
dence showing that wake-associated consolidation after
encoding can also enhance gist memory abstraction in
DRM-like tasks, even when controlling for confounding
factors at retrieval and encoding (e.g., Refs. 538, 539).
Whether gist abstraction during wakefulness involves the
same mechanisms as during sleep is unclear.

4.2.2. Transitive inference and memory for
nonadjacent associations.

Several studies have demonstrated that sleep enhances

transitive inference, i.e., the ability to infer the relation-
ships between nonadjacent items after learning a set of
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premise pairs (131, 569-574). For example, after learning
pairs of abstract shapes that were embedded in a hier-
archical structure, participants showed better understand-
ing of second-degree nonadjacent pairs after sleep
compared to wakefulness (569). Similar results were
found with different stimuli such as faces, scenes, or pic-
tures of galaxies, although how long the benefit persisted
differed between studies (572, 575). Additionally, a com-
bination of nocturnal sleep and a daytime nap improved
performance when testing how sleep affects updating a
learned hierarchy by adding new items or restudying it
(576). This benefit could be attributed to increased SWS
and higher density of fast spindles.

Other studies examined nonadjacent associations by
having participants spontaneously reproduce these asso-
ciations rather than relate them hierarchically (131, 574,
577). For example, Lutz et al. (131) investigated the effects
of postencoding nocturnal sleep versus wakefulness
(both followed by a night of undisturbed sleep) on word
memories in an associative learning task. In this task,
words were presented according to a complex associa-
tive structure, allowing the dissociation of strongly,
weakly, and indirectly encoded associations. Sleep was
found to enhance memory recall for the weak and indi-
rect (i.e., nonadjacent) associations, whereas strongly
encoded associations remained unaffected. Improved
transitive inference performance for second-degree non-
adjacent associations after sleep was likewise observed
with TMR applied upon SO up-states during SWS (573).

4.2.3. Abstraction of categories and rules.

The acquisition of categories and rules is commonly
considered a central function of the prefrontal cortical-
hippocampal system (578, 579). Drawing mainly on the
study of single-cell activity, hippocampal circuitry, and
computational models of sparse coding, the role of the
hippocampus in this process has been linked to proc-
esses of pattern separation and pattern completion,
enabling the distinct activation of representations for
similar individual experiences and of holistic representa-
tions for multiple similar experiences, respectively (523,
580-583). How sleep affects category formation and
rule learning on a behavioral level has been studied with
rather different tasks (584, 585). Simple versions, such
as grouping of different stimuli (e.g., visually presented
objects) into classes based on their perceived similarity,
have often been used in studies with children. These
studies consistently show that postencoding sleep sig-
nificantly enhances category formation (e.g., Ref. 586;
sect. 5.1). In adults, often more complex tasks have been
used, involving complex deterministic or probabilistic
rules hidden in the stimulus materials, with overall less
consistent results.
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One of the first studies in adults employed the number
reduction task, which required the detection of an invari-
ant sequence of response numbers, hidden in multiple
series of digits presented to the participants. Compared
with different wake control conditions, nocturnal sleep
after encoding distinctly enhanced the participants’
insight into the hidden rule (587). Similar facilitating
effects of sleep on insight into hidden sequential rules
were observed in later studies, partly using rather short
naps (305, 509, 588-610). Beneficial effects of sleep
were likewise revealed with category learning tasks
(132, 133, 586, 611-614). For example, participants
trained to classify abstract dot patterns into two different
categories showed a distinctly improved classification
performance after nighttime sleep compared with day-
time wakefulness (611). This improvement extended not
only to the trained patterns but also to similar, related
patterns, indicating that sleep facilitated the generaliza-
tion of embedded regularities to new dot patterns not
previously encountered. In some studies, sleep-depend-
ent improvements were positively correlated with meas-
ures of non-REM sleep, such as sleep spindle activity
and SOs, consistent with the view that benefits from
sleep on such tasks are a consequence of reactivations
of overlapping representations (133, 297, 586, 590, 591,
610, 614—-616). One study also identified the transition
into sleep as a critical factor facilitating insights into hid-
den rules (605).

However, there are also a number of studies that failed
to show beneficial effects of sleep on the recognition of
hidden rules and sequence, also using tasks like the num-
ber reduction task (617, 618), or on category learning tasks
(619-623). In a study by Sweegers and Talamini (619), for
example, participants were able to detect regularities in
encoded face-location information and to generalize
them to novel stimuli. However, no differences were
observed between tests after 4-h consolidation periods
that included either a nap or wakefulness. Similarly, a
novel category learning paradigm (620) revealed no sleep
effect but did find a time-of-day effect, with better per-
formance in the morning versus the evening, independent
of sleep. Participants even performed worse on a task
requiring the formation of abstract categories based on
complex probabilistic rules when sleep followed encod-
ing, compared to a wake period, in one other study (621).

Interestingly, tasks designed to differentiate proc-
esses of pattern completion and pattern separation
revealed that sleep can benefit both pattern completion,
i.e., the process facilitating the detection of commonal-
ities underlying the identification of rules and categories,
as well as pattern separation, with this twofold effect
offering a possible explanation for the inconsistent
effects of sleep observed in many rule and category
learning tasks. Hanert et al. (624) used a mnemonic
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similarity task (MST) in which the participants encoded
visually presented everyday objects and were tested on
recognition performance for the encoded objects as
well as for novel objects that were more or less similar
to the objects presented at encoding. Compared with
daytime wakefulness, nighttime sleep enhanced the
false recognition of objects that were most similar to the
originally presented old target stimuli, consistent with an
enhancing effect of sleep on pattern completion proc-
esses supporting similarity-based formation of catego-
ries. However, a reversed pattern was observed for
objects with low similarity to old target stimuli, which
indeed were better correctly recognized after sleep
than after wakefulness, indication that sleep supports
pattern separation underlying the recognition of distinct
individual events (for related results, see Ref. 625). Hints
toward a supportive effect of sleep on both pattern com-
pletion and pattern separation during sleep-dependent
memory processing have been likewise provided by
studies using other tasks, such as multielement associa-
tion tasks, where sleep improved not only individually
cued elements but also the joint remembering of a
whole set of associations based on a single cue (Ref.
131; see also Ref. 626). However, for both types of tasks,
results on the effect of sleep are not entirely coherent
(Refs. 516, 574; see also Ref. 627).

The findings overall point to an enhancing effect of
sleep on forming abstracted memory representations for
categories and hidden rules, although the precise condi-
tions for this effect to occur need to be clarified. The
emergence of such an effect has been mostly found to be
linked with non-REM sleep-related signatures of memory
reactivation like spindles. Noteworthy, studies using TMR
have provided evidence for an additional involvement of
REM sleep in forming such abstracted memories, e.g., for
face categories or spatial rules (628-630).

4.2.4. Gist as context-independent representation.

Learning happens within a context; in an experimental sit-
uation this often refers to features that remain constant
across the entire experiment (such as the experimenter
and the experimental room) or across experimental
blocks and trials, in contrast to the to-be-learned stimuli
that change from trial to trial. Along this line, gist abstrac-
tion can be more broadly seen as a process that enables
a person to apply acquired knowledge to novel circum-
stances, i.e., in a different context. This type of contextual
generalization has been investigated in numerous studies
and led some to propose that a major function of sleep-
dependent consolidation processes is to transform epi-
sodic experience, i.e., events occurring in a unique spa-
tial-temporal context, into context-independent memories
that represent a more abstract knowledge that can be
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flexibly used in multiple situations (107). However, the
respective studies greatly differ in the way “context” was
experimentally varied, and, overall, the findings do not
unequivocally support this view.

Indeed, an early study (631) revealed an increased
binding of memory for events into their specific context
after sleep. The participants learned lists of words pre-
sented in two different contexts, i.e., words of one list
were presented (on a screen) while the participants saw a
specific poster placed at eye height at the wall in front.
For learning the second word list, the participants were
turned 180° and sat on the opposite side of the room fac-
ing a different unique poster placed at eye height. Six
hours later, first the recognition of the words was tested,
and, if correctly identified as an “old” word, the memory
for the context (poster) in which it had been presented
was tested as well. Memory for the words (item memory)
did not benefit from the subsequent nap, but memory for
the context in which a recognized word had been pre-
sented was enhanced, suggesting that sleep, rather than
promoting a decontextualization of memory, strengthens
their contextual binding. Slightly different results were
revealed in a study in ~10-yr-old children tested on a
rather similar task comprising the learning of two word
pair lists (Ref. 632; see also Ref. 633). To make the learn-
ing context distinct, presentation of the words of the first
list was introduced by presenting “List 1” and of the sec-
ond list by presenting “List 2” on the screen and, addition-
ally, learning of the two lists were separated by a 1-h
interval. Compared with a daytime wake interval, noctur-
nal sleep enhanced separate recall of both word pairs
and the lists per se, whereas the combined recall of cor-
rect word pair and the list it had appeared in remained
unaffected by sleep, which is in line with a dissociating
influence of sleep on event and context memory (for
related results, see Ref. 634 and sect. 5.1). Along this line,
several recent studies point toward a decontextualizing
effect of sleep on episodic memories also in adults (Refs.
602-604, 635-642; however, see also Refs. 643-646),
whereas others suggest that sleep strengthens the bind-
ing of an event into its context (427, 475, 496, 647-658).

A decontextualizing effect of sleep has also been
observed with problem-solving tasks (Ref. 659; for related
results, see Refs. 660-670). For example, when partici-
pants were presented with different kinds of problems
before sleep and wake periods, only after sleep did they
show enhanced problem-solving capabilities on tasks
with a similar problem structure, although the surface fea-
tures of the task problems, taken here as the context,
were entirely different from that used during the encod-
ing session (659). The sleep-induced enhancement of
these analogical transfer capabilities reflects a general-
ization of the underlying problem structure and, notably,
was not due to improvements in memory for the features
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of the original task problems. It is worth noting that these
experimental approaches are unique in that the task
required attention to surface features, making context an
essential part of problem-solving. This aligns these para-
digms with tasks involving the detection of categories
and hidden rules within diverse stimulus materials (see
sect. 4.2.5 and Ref. 640 for related approaches).

Altogether, the studies show that sleep can promote
the decontextualization of memory in certain conditions.
However, the current picture remains inconclusive,
partly reflecting that the psychological definition of what
a context is is not sufficiently precise (671).

4.2.5. Gist abstraction in the procedural memory
system.

Gains in procedural skill, in terms of enhanced speed and
accuracy of performance and underlying shaping of sen-
sorimotor circuits, can be also thought of as a memory
abstraction process that profits from sleep. Many studies
on the effects of sleep on procedural skills have con-
centrated on simple tasks of perceptual and motor
skills, i.e., the texture discrimination task and the finger
sequence tapping task, respectively (20, 672-675).
The standard texture discrimination task requires the
participant to discriminate the orientation (vertical or
horizontal) of a structure of lines embedded in a con-
text of similar lines, whereby the presentation time of
each pattern is kept close to the perception threshold
and is followed by the presentation of a mask stimulus
at varying intervals (stimulus to mask onset asynchrony)
to prevent discrimination based on afterimages. The
finger sequence tapping task typically requires the partici-
pant to repeatedly tap as fast and as accurately as possi-
ble (within 30-s blocks) a specific five-element sequence
of taps on a keyboard with the fingers of the nondominant
hand. Performance levels on both kinds of tasks are higher
after a posttraining period of sleep compared to posten-
coding periods of wakefulness (for more recent studies,
see Refs. 297, 305, 481, 528, 601-604, 608, 636, 676—
704). Importantly, some of these studies also confirmed a
gain of skill after sleep, in comparison with the levels at the
end of the training session (281, 472, 479, 483, 484, 528,
601, 607, 610, 615, 636, 678—680, 682, 685-687, 689—
698, 700-702, 704-726), supporting the view of an active
consolidation process that shapes underlying synaptic cir-
cuitry. However, there are exceptions (618, 727-745). For
example, posttraining improvements were less consistent
in the motor adaptation task (479, 685, 697, 731, 746—
750). In addition, there are also findings questioning that
posttraining sleep indeed produces a gain in finger
sequence tapping performance compared with skill levels
at the end of the experimental training (480, 615, 734, 736,
740-742,745, 751-762). For example, postsleep gains in
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finger tapping were eliminated when confounding factors
were minimized, such as task fatigue (by reducing the
duration of training blocks) and time-of-day effects (by
using 24-h instead of 12-h delays between training and
test) (753). When the baseline level in the motor skill is
assessed some minutes after training, rather than immedi-
ately at the end of training (as it was done in most early
studies), a substantial gain in skill is typically revealed
already at this delayed assessment, possibly reflecting
what is sometimes called “synaptic fatigue,” i.e., a dimin-
ished skill performance toward the end of a training ses-
sion, which recovers within a 10- to 30-min break (480,
734,745, 762). Notably, compared with skill levels at such
delayed baseline assessment, a subsequent sleep period
does not further improve the skill, overall suggesting that
sleep, rather than producing a gain, merely stabilizes skill
performance in comparison with a posttraining wake
period. Recent meta-analyses (740, 741), moreover, point
to a pronounced publication bias and no consolidation-
based absolute performance gain in motor sequence
learning tasks following sleep (see also Refs. 736, 754).
Compared with posttraining wakefulness, enhancing
effects of sleep on procedural skills were revealed also
for more complex skills, such as the SRTT, with more ele-
ments and hidden probabilistic sequence structures (305,
509, 587-604). Many of these studies tested not only for
the skill as trained before sleep but also for the transfer of
skill into another context. For example, posttraining sleep
specifically improved the interocular transfer of texture
discrimination skills (602), and in another study (603) the
extent of the cross-modal transfer of statistical information
from the auditory to the visual modality was predicted by
the time the participants spent in SWS after training. In a
visuomotor SRTT, sleep improved the transfer of the skill
from the trained deterministic sequence with long intersti-
mulus intervals to a sequence with shorter interstimulus
intervals (Ref. 604; see also Ref. 763). Interestingly, sleep
in parallel often increased signs of explicit knowledge
about the sequence structure underlying SRTTs, which
participants are typically not aware of at the end of the
training session (Refs. 591, 592, 606—-610; see also Ref.
618). Such gain in explicit knowledge about hidden
sequence structures was consistently associated with
posttraining SWS (591) and non-REM spindle activity (297,
590, 615, 616), as well as with non-REM-REM and light
sleep-SWS transitions (610), and has also been produced
by administering TMR during SWS (584, 706, 764).
Research indicates that the consolidation of procedural
skills during sleep involves the hippocampus, even
though these skills are typically considered independent
of hippocampal function, mainly relying on extrahippo-
campal areas such as the striatum in the case of motor
skills. In early fMRI studies by P. Maquet’s group, both hip-
pocampal and striatal activations during oculomotor
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sequence training were found to predict performance
gains observed after sleep but not after wakefulness
(758). The positive correlation between striatal and hippo-
campal responses at the test after sleep was taken to sug-
gest that sleep turns the competitive interaction between
these structures observed during training into a coopera-
tive synergistic interaction, a view that was confirmed in a
follow-up study (528). In that study, sleep at the test ses-
sion produced an increased activation in the hippocam-
pus-mPFC system, whereas striatal and cingulate cortex
regions showed a stronger increase when training was fol-
lowed by a wake period (but see Ref. 749; for a review,
see Ref. 765), with this pattern of changes being overall
stronger in young than old participants (483, 766). The
sleep-dependent increase in hippocampal activation
appeared to be particularly pronounced with a finger tap-
ping task including a strong spatial component (137).
Sleep-dependent benefits on cross-modal transfer of sta-
tistical sequence knowledge, on the other hand, were
associated with a shift toward increased striatal activity
(603), consonant with a transfer of statistical knowledge to
striatal regions during sleep (705). Applying TMR during
SWS after training a SRTT increased both hippocampal
and striatal responses at later retest (472). In fact, the hip-
pocampal contribution is even critical to sleep-dependent
gains in skill, as patients with hippocampal lesions failed
to show any such gains in finger tapping (136, 767).

4.2.6. Abstraction of gist-like memory in rodents.

Memory abstraction processes have been less exten-
sively studied in rodent models at the behavioral level,
largely because of the complexity of the required learning
paradigms. Nevertheless, rodents are able to abstract
rules and schemalike representations from multiple expe-
riences (768-770), and there are, in fact, a few studies
that have explored effects of sleep on either the abstrac-
tion of rules from multiple experiences or the generaliza-
tion of learned information from one context to another.

A first study in rats (771) used the Y maze-based alter-
native choice task that requires the abstraction of a sim-
ple sequence rule, as the animal on each subsequent trial
has to choose the other arm of the Y maze to receive
food reward. Rats training on such a task showed a peak
in theta coherence between prefrontal and hippocampal
theta activity when they reached the choice point of the Y
maze, most strongly after task rule acquisition, and the
medial prefrontal cell assemblies activated during these
theta coherence peaks were preferentially reactivated
during subsequent SWS, concurrent with sharp-wave rip-
ples in hippocampal networks. The findings fit the view
that sleep supports consolidation of rule memories,
although in these experiments there was no demonstra-
tion of a behavioral gain in rule memory across sleep.
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This missing behavioral evidence for a role of sleep
was provided by more recent studies. Abdou et al. (772)
established a complex spatial learning task in mice to
show that sleep benefits transitive inference. The task
comprised an arena of five different compartments
(“contexts”). First, the mice were trained over 8 days on
pairs of the contexts to prefer one of the two contexts as
it was rewarded, with this procedure aiming to establish
a hierarchical order of the contexts, such that context A
was preferred over context B, B over C, C over D, and D
over E. To test whether, beyond the presented pairings,
they had learned the entire hierarchy of associations,
they were later given a choice between context B and
context D, which was never presented during training.
Accordingly, a preference for context B over D at this
test would indicate transitive inference, i.e., that the
mice had learned the overall hierarchical reward struc-
ture underlying the contexts. Whereas the animals did
not show knowledge of the hierarchy in a test 30 min
after completing the training, they did so in a test 24, 48,
and 72 h later when sleep occurred during the 4-h inter-
val after the last training. Further evidence pointed to
the importance of the mPFC, specifically the ACC, in this
process, as optogenetic inhibition of the ACC during
both non-REM and REM sleep abolished the animals’
preference for context B at the test.

Some rodent studies have also focused on the question
of whether sleep facilitates the generalization of learned
information to new contexts (e.g., Refs. 234, 639). Overall,
these studies, however, suggest that sleep strengthens
context dependency of memory rather than facilitating the
generalization to other contexts. Accordingly, rats that
slept after the encoding phase of an NOR task exhibited
less memory for the familiar object 1 wk later when tested
in a new context (with new proximal and distal cues and a
different experimenter). Conversely, NOR memory was
stronger than in a wake control group when the rats were
tested in the same context as during encoding (234), indi-
cating that sleep strengthens object-in-context binding. In
another study, mice were first trained over multiple daily
sessions on a “reach-to-grasp” motor task (373). Rats rap-
idly improved in the task during this period, which was
associated with an increase in the coupling between
sharp-wave ripples in the hippocampus and SOs in the
prefrontal and primary motor cortices that, however, faded
as performance stabilized, suggesting a disengagement
of the hippocampus. Yet there was a reengagement of
the hippocampal-neocortical system in conjunction with
destabilized motor performance when the rats were
exposed to the same task but required to use the oppo-
site paw. The findings are also consistent with the view
that the coupling of hippocampal ripples with cortical SOs
during SWS strengthens the binding of, in this case, skill
memories into a new context.
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The majority of rodent studies investigating the general-
ization of learned information to new contexts, however,
employed contextual fear conditioning and respective
extinction learning (e.g., Refs. 235, 249, 773; see sect.
4.2.6). Rats fear conditioned in a “shock box” showed less
generalization of fear at a later test in a different “safe
box” when conditioning was followed by sleep in compari-
son with a wake control condition (773). The effect of
sleep was abolished by intrahippocampal injection of cor-
ticosterone after conditioning. However, whether sleep
prevents or facilitates contextual fear generalization
depends on the similarity of the contexts. That is, a stron-
ger generalization of the conditioned fear response after
sleep was observed when testing took place in a context
similar to that during training (249). The generalization
effect of sleep, in these experiments, critically depended
on the coreactivation of relevant neurons in the ACC,
which during posttraining sleep were activated via neuron
ensembles in the retrosplenial cortex. Altogether, these
studies show that also in rodents sleep can aid the forma-
tion of abstracted schemalike memory and the generaliza-
tion of such memory to new contexts, but only when
these are similar to the original learning environment. The
ACC appears to be a main contributor to these processes.

4.2.7. Conclusion.

Over the past decade, the focus of research has shifted
from a now established active role of sleep in stabilizing
memories to the role sleep plays in the qualitative trans-
formation of memories during systems consolidation.
The relatively few studies in rodents, indeed, point to a
supporting effect of sleep, and particularly of SWS-related
memory reactivations, on the formation of abstracted
memory representations, in which mPFC structures like
the ACC play a central role. In contrast, the large body of
studies in humans provides an overall mixed picture, with
some studies showing beneficial effects of sleep while
many others also report negative results. This may not
come as a surprise, considering the great variety of task
paradigms used in this research. Effects of sleep in purely
verbal tasks like the verbal version of the DRM task show
little consistence across studies, and findings appear to be
even more diverse in studies that aim to show decontextu-
alizing effects of sleep on episodic memory. More robust
effects were obtained with tasks testing the strength of
nonadjacent associations in a previously learned hierarchy
and tasks requiring the abstraction of rules, especially
when embedded in spatial/motor requirements, as in the
SRTT. The reasons for the divergencies are presently not
clear, but the timing of retrieval testing might be one factor
as, depending on the task, the abstracted representation
emerges more or less rapidly. Also, the terms “abstraction”
and “gist” we use here are rather broad, and future studies
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might benefit from working out more precise definitions
and concepts of the underlying processes to guide the
development of task paradigms. Independently of the
employed task, the studies overall suggest that abstraction
processes during memory consolidation are more closely
linked to spindles than to SOs.

4.3. The Role of Emotions and Reward

Against the backdrop that sleep-dependent consolida-
tion favors the abstraction of salient gist information, it
has been proposed that sleep preferentially enhances
memory for emotional experiences and information
associated with reward, as such memories are of greater
relevance for the individual’s future adaptation (774,
775). A principal problem in studies on the consolidation
of emotional and reward-associated memories arises
from the fact that stimuli that are associated with strong
(negative or positive) affective response are already dif-
ferently encoded, i.e., activating amygdalar and dopami-
nergic striatal circuitry to a much greater extent than
emotionally neutral stimuli. Consequently, emotional
materials are generally better remembered than neutral
materials, even when encoding is followed by wakeful-
ness, a phenomenon termed “emotional enhancement
in memory.” The qualitative differences in the encoded
representations hamper direct comparison between the
respective following consolidation processes, as the
conditions at encoding may specifically interact with cir-
cuitries relevant to emotional memory formation (e.g.,
Ref. 776). The interpretation of results from these experi-
ments is further complicated by evidence indicating that
the processing of emotional stimuli at encoding and
retrieval is influenced by the quality of prior sleep (651,
777-781). Nevertheless, as an approximate approach to
these problems, studies in humans typically compared
retention of emotional versus neutral stimuli, with the
focus on the question of to what extent sleep augments
the emotional enhancement in memory, as assessed
during the encoding phase before the retention interval.

4.3.1. Memory for emotionally aversive
information.

The majority of human studies have compared process-
ing of emotionally aversive versus neutral information
and, indeed, observed that sleep increases the emo-
tional enhancement in memory. Thus, in an early study
(782), REM sleep-rich late nocturnal sleep particularly
benefited memories obtained from reading negative
emotional texts, compared with neutral texts, and the
sleep benefit for these emotional memories could be
seen even years later (783). Although these findings
were questioned by more recent reports (e.g., Ref. 784),
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studies with large sample sizes of >250 participants
strongly supported a preferential consolidation of emo-
tionally salient information during sleep, especially with
negative valence (785). This preferential consolidation
of emotionally negative memories was observed in
young as well as middle-aged (46—65 yr) participants
(Ref. 491; but see also Ref. 786), appeared to be little
affected by experimental manipulations of encoding
strength (787), emerged also when the participants at
encoding were explicitly instructed to later remember
the materials (492), and was found to be positively corre-
lated with non-REM sleep-associated parameters like
the percentage of SWS and spindles, as well as REM
sleep-associated parameters (e.g., Refs. 491, 492, 788,
789). Asking the participants to cognitively reappraise
the emotionally negative stimuli at encoding (i.e., to try
to increase or decrease their emotional response to the
respective stimuli) did not change the effect of sleep on
consolidation of the emotional stimuli (790).

Fear conditioning and extinction paradigms are also
often used for the study of sleep effects on emotional
memory in humans (500, 791-805) (for reviews, see
Refs. 806, 807). A representative example is a study by
Menz et al. (500) using Pavlovian fear conditioning,
where participants were shown a picture of a living
room with various visual stimuli, some of which (condi-
tioned stimuli; CS+) were paired with an 80% chance of
receiving a mild electric shock (unconditioned stimulus;
US). During a subsequent extinction phase, one of the
CS+ (“CS+Ext”) was presented in a different “extinction
context,” in the absence of the shock. Then, nocturnal
sleep or wakefulness and an additional recovery night
followed. At a test, sleep improved conditioned fear
recall, as evidenced by stronger skin conductance
responses (SCRs) to the CS+ that was not extinguished,
a stronger activation of the basolateral amygdala in
the fMRI, and a stronger perceived anxiety, with the
increased SCR being positively correlated with the
time in REM sleep during the postconditioning night.
Confirming the association with REM sleep, an increased
fear response was likewise observed when conditioning
was followed by late nocturnal REM-rich sleep, paral-
leled by a reduced activation of the ventromedial PFC
and amygdala and an enhanced discrimination between
the extinguished CS+Ext stimulus and a neutral stimulus
(793, see also Ref. 808). The ventromedial PFC is known
to be involved in both fear acquisition as well as extinc-
tion, and its functional connectivity with the amygdala is
indeed reduced when participants are sleep deprived
before fear acquisition (Ref. 802; for related findings,
see Refs. 796, 801, 804, 809-811). Activity of the ventro-
medial PFC during fear conditioning was also associated
with time in subsequent REM sleep, which was in turn
associated with increased subsequent fear recall (799).
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Although these findings overall point to an enhanc-
ing effect of sleep, in particular REM sleep, on both
the overnight consolidation of fear and safety memo-
ries, there are also conflicting findings: For example,
one study (812) did not find a link between fear extinc-
tion and the subsequent amount of REM sleep,
another study (794) did not find an effect of sleep
depriving participants after extinction learning (see
also Refs. 795, 809, 813, 814), and a third (815) even
suggested that fear memory consolidation depends
on time rather than on sleep (791).

Studies using TMR, on the other hand, have provided
hints that sleep might also have a weakening effect on
fear memories (Refs. 236, 816—819; see sect. 7.2). In these
studies, typically the conditioned stimulus (CS+) is repeat-
edly presented during sleep after conditioning, but in the
absence of the unconditioned stimulus, thereby basically
establishing an extinction procedure during sleep. Indeed,
in two studies (816) repeated presentation of the CS+ dur-
ing SWS enhanced fear extinction, which was accompa-
nied by pre- to postsleep reductions of hippocampal
activity and a change in amygdala ensemble activation pat-
terns in the fMRI response (see also Ref. 820). The fear-
reducing effects being specific to cue presentation during
SWS points to additional contributions of SWS to fear
memory processing. However, studies in rodents in partic-
ular have yielded contradicting results, with CS+ presenta-
tions during sleep increasing rather than weakening fear
memory (e.g., Refs. 235, 821; see below).

Taken together, these studies suggest a rather con-
sistent benefit of sleep on the consolidation of aversive
memory, including fear conditioning and extinction
memory, with an emerging role of amygdala-ventrome-
dial PFC interactions in the consolidation of fear during
REM sleep, whereas findings on the role of non-REM
sleep are less consistent.

4.3.2. The role of context information.

Mainly driven by the clinical relevance of the topic, stud-
ies of (aversive) emotion processing have aimed at dis-
sociating effects of sleep on the memory for the event
and the context in which it happened. Bennion et al.
(822) presented participants with pictures of scenes
composed of a negative or neutral object on a neutral
background. At a test 12 h later, objects and back-
grounds were presented separately and were to be
judged as either old, i.e., presented at encoding, or new.
Retrieval of the background cues itself did not differ
between postencoding sleep and wake conditions.
However, increased functional connectivity between the
middle occipital gyrus and the hippocampus for cor-
rectly retrieved backgrounds that were associated with
negative objects during encoding after postencoding
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sleep pointed toward a strengthening effect of sleep on
contextual memory embedding negative events. Sleep
likewise selectively stabilized spatial contextual aspects
for negative event memories in a task requiring the par-
ticipant to recall the location where an emotionally nega-
tive (vs. neutral) object had been presented during
encoding (642). Noteworthy, these effects of sleep on
consolidation of object-context associations do not
appear to depend on the emotional valence of the con-
text itself (638, 653). Diverging from these findings,
sleep deprivation after encoding of negative, positive,
and neutral film clips generally impaired memory for the
clips (at a test after recovery sleep) but did not affect
memory for contextual details, which depended on the
emotional valence of the clip (651, 823). A specific effect
on contextual memory was observed only when the par-
ticipants were sleep deprived before encoding, with this
effect likewise being independent of the emotional
valence of the film clip.

4.3.3. Emotionally positive vs. negative
information.

Interestingly, of the growing number of studies compar-
ing negative versus positive memories, some yielded a
stronger benefit of sleep for positive emotional memory
processing. An afternoon nap, for instance, enhanced
consolidation of pleasant and neutral, but not unpleas-
ant, memory of pictures in comparison with a wake con-
trol condition (824). When participants were explicitly
instructed to learn negative, neutral, and positive words
before a nap (vs. wakefulness) and at a later test these
words were used as cues in an “associational breadth”
task to assess spreading of activation in semantic net-
works, participants after the nap produced more uncom-
mon associations for emotional than neutral cue words,
with this effect being significantly stronger for the posi-
tive cue words (825). This suggested that sleep-depend-
ent consolidation of positive information goes along
with a greater breadth of associative strengthening in
semantic networks. As the effect only emerged in a sub-
group of participants who exhibited increased REM
sleep during the nap, REM sleep may play an important
role in this process. Similar to these findings are studies
of dream reports (e.g., Ref. 826) that indicate an
increased incorporation of personally relevant details
from waking life into REM sleep dreams compared with
dreams reported after non-REM awakenings (see Refs.
827, 828 for reviews on dreaming and emotional proc-
essing). Furthermore, the bias toward processing of pos-
itive memories appears to be more pronounced in
conditions of disturbed SWS, i.e., after experimental dis-
ruption of SWS in young participants (829) and in older
adults (Refs. 830, 831; sect. 5.2).
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FIGURE 8. Emotional memory consolidation during sleep. Emotional memory consists of a contextual episodic component mainly represented by
the medial prefrontal cortex (mPFC)-hippocampal system and an affective response mainly represented by the amygdalar system, which are preferen-
tially enhanced by SWS and REM sleep, respectively, eventually leading to enhanced retrieval of the emotional memory after sleep. Beyond an assess-
ment of amygdala activity in the fMRI, affective responses are typically measured using arousal ratings (e.g., self-assessment manikins), skin
conductance responses (SCRs), heart rate deceleration (HRD), or the late positive potential (LPP) of the EEG. See GLOSSARY for additional abbreviations.

4.3.4. Distinct roles for non-REM and REM sleep.

The processing of emotional memory has been tradition-
ally linked to REM sleep (87, 500, 788, 825, 832-836),
although there are also accounts linking the consolidation
of emotionally valenced memory to oscillatory markers
of memory reactivation during non-REM sleep (837).
However, many studies found no evidence for a particular
role of REM sleep in emotion processing and no differ-
ence in the consolidation of emotional versus neutral
information following sleep periods containing more or
less REM sleep (789, 824, 838-841). Conversely, an
involvement of non-REM sleep in emotional memory con-
solidation is supported by findings indicating memory for
salient emotional information to be associated with non-
REM sleep-related signatures of memory processing, like
the percentage of SWS, EEG delta power (492, 789), and
spindle activity (Ref. 491; however, see Ref. 842). In a
TMR study, the facilitating effect of TMR on memory
for negative picture-location associations was predicted
by both SWS duration and spindles during postencoding
SWS (Ref. 493; sect. 7.2). A particular benefit on emotional
memory consolidation was also found after pharmacologi-
cally increasing sleep spindle density by zolpidem admin-
istration (Ref. 314; sect. 7.3).

Experiments using selective sleep stage deprivation
procedures provided more evidence for a major role of
REM sleep for emotional memory consolidation, though.
In one study (497), selective SWS deprivation improved
consolidation of negative (vs. neutral) pictures, with pic-
ture memory in this condition being positively correlated
with the amount of REM sleep. A comparison of 3-h peri-
ods of early-night SWS-rich and late-night REM-rich
sleep revealed that late-night REM-rich sleep specifically
improved memory for the emotional event, i.e., the aver-
sive pictures (496), whereas SWS-rich sleep specifically
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improved memory for contextual stimulus aspects, i.e.,
the color of the frame in which the (neutral as well as
aversive) pictures were presented (see Refs. 427, 843
for comparable results). REM-rich sleep, moreover, pro-
duced a corresponding increase in the LPP of the ERP
response to correctly recognized emotional pictures
(844). Such differential effects of SWS-rich and REM-rich
sleep on emotional memory appear to depend on the
participant’s mood, e.g., reported depressive symptoms
(845, 846), and were completely overridden by reward-
related effects, i.e.,, when memory for the stimuli was
additionally associated with a reward to enhance their
salience (465). Interestingly, in a clinically oriented study
(847), compared with wakefulness sleep after an experi-
mental trauma exposure (watching a film including fic-
tional violence) resulted in fewer and less distressing
intrusive trauma memories, with this effect being particu-
larly evident 1 wk after the exposure. Intrusive trauma
memory was positively correlated with the duration
spent in non-REM S2 sleep as well as spindle density
but was negatively correlated with density of REMs dur-
ing the experimental sleep period. Finally, fMRI data indi-
cated that the consolidation of negative memories
during SWS leads to reduced activity in the hippocam-
pus, but increased activity in the mPFC, at retrieval,
whereas REM sleep might increase connectivity in net-
works additionally integrating amygdalar circuitry (498,
848, 849).

Overall, the findings argue against the view of a single
sleep stage, like REM sleep, comprehensively regulating
emotional memory consolidation. Rather, both non-REM
and REM sleep appear to have different but comple-
menting functions. This may not surprise, considering
that conceptually there is no purely emotional memory
but emotional memories, particularly as investigated
in most studies, represent hippocampus-dependent
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episodic memories with an emotionally negative or posi-
tive tone. Furthermore, emotional procedural memories
are only rarely investigated. Accordingly, the observa-
tion that both non-REM and REM sleep contribute to par-
ticularly enhancing emotional memory might be related
to the fact that such memories comprise an affective
response that is associated with the respective episodic
(or procedural) content. REM sleep might particularly
enhance emotional memory through an impact on the
affective response, whereas the contribution of SWS
might pertain to the episodic content of the emotional
memory (FIGURE 8).

4.3.5. Effects of sleep on the affective response to
emotional stimuli.

Emotional memory comprises an affective response,
which may be represented in separate systems from the
episodic memory content. Accordingly, studies have
aimed to specifically assess effects of sleep on this affec-
tive component that is characterized (for aversive stimuli)
by an increase in amygdala activity and subjectively expe-
rienced arousal in combination with an aversive feeling,
as well as by physiological responses such as heart rate
deceleration (HRD) or SCR. Subjective arousal and affec-
tive valence responses, assessed by subjective ratings,
were found to decrease across intervals of sleep in com-
parison with wakefulness (642, 850), even in the absence
of memory differences for the respective groups (but see
also Ref. 851). A sleep-dependent decrease was likewise
observed for the amygdalar activation to emotional stimuli,
with this effect positively correlating with the time the par-
ticipant spent in REM sleep after the encoding session,
whereas restless REM sleep, a characteristic of insomnia
patients, impeded the amygdalar adaptation (852, 853).
The amygdala response to aversive events encoded
before sleep could be further reduced and “updated”
toward more positive affective judgments in postsleep
tests through a TMR procedure, in which the cues pre-
sented during sleep to reactivate the negative memoires
were associated with positive words (854). Generally,
poor sleep quality (or sleep deprivation) is well known to
disinhibit negative emotion expression and to reduce pos-
itive affective responses (855, 856).

SCR and HRD responses to negative stimuli have been
found to decrease across periods of sleep (857, 858).
Larger SCRs and HRD responses at encoding were further
positively correlated with memory for negative objects
and scenes in the sleep but not the wake groups of these
experiments (858). Moreover, changes in the emotional
response occurred faster: Comparing responses at a test
shortly after sleep versus 1 wk later revealed that the
sleep-dependent downregulation of the emotional HRD
response to aversive pictures, in parallel with a decrease
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in (negative) valence ratings, is established already shortly
after sleep, whereas the improvement in memory for the
aversive scenes emerged only 1 wk later (for comparable
results see Ref. 859). Notably, in a clinically oriented study
(860) a cognitive “rescripting” procedure that aimed to
diminish the negative valence of the participants’ autobio-
graphical memories and was introduced before sleep was
associated with a stronger decrease in heart rate, together
with diminished signs of subjective distress after sleep.
Instructing the participants before sleep to forget the
aversive memories yielded a similar decrease in the
SCR (861), overall pointing to an interaction of the emo-
tional response with cognitive processing during sleep
(see also Refs. 862, 863). The sleep-dependent dynam-
ics of the emotional response appear to be different in
children (Ref. 864; sect. 5.1).

Beyond SCRs and HRD responses, cortisol levels
were assessed (in saliva) as a measure of distress.
Enhanced cortisol during encoding enhanced the sleep-
dependent benefit for memory of negative arousing pic-
tures but not after wakefulness (Ref. 865; see also Ref.
432). Note that enhanced glucocorticoid levels accom-
panying encoding may extend into the postencoding
sleep period with distinct effects on the sleep-depend-
ent consolidation process. Indeed, exogenous adminis-
tration of glucocorticoids during postencoding sleep,
while reducing consolidation neutral episodic memory
(Refs. 866—868; see also Ref. 773), seems to also
enhance the difference between recall of negative emo-
tional versus neutral memory (869).

4.3.6. Emotion and the reorganization of episodic
memory.

Emotional features might specifically contribute to the
reorganization of episodic memory during sleep (for a
review, see, e.g., Ref. 870). Alger and Payne (871) used
two sets of object-face picture pairs with the same
objects in both sets to study direct (within set) associa-
tions and indirect “relational” associations, i.e., between
faces associated with the same object in the two sets.
Compared with a wake condition, postencoding sleep
facilitated memory for both the direct and indirect associ-
ations. Importantly, a postencoding nap enhanced rela-
tional associations only when they comprised emotional
(but not neutral) faces, with the time in REM sleep being
positively associated with relational memory formation
(871). These emotion effects could be replicated when
encoding was followed by a nocturnal sleep period rather
than a nap (872).

A question of great clinical relevance in this context is
whether sleep promotes the generalization of conditioned
fears and their extinction (Refs. 792, 797, 873-877; for
reviews see Refs. 832, 874). In a study by Lerner et al.
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(877), sleep indeed promoted the generalization of (shock)
conditioned SCR responses to new contexts, with this
effect linked to increased amounts of REM sleep and
increased ventromedial PFC activity at recall testing.
Sleep has been likewise observed to support the general-
ization of the conditioned SCR response to other stimuli
that were similar to the conditioned stimulus (876).
However, there are also conflicting results that indicate no
effect of sleep on fear generalization (875), and in one
study fear generalization was even higher after wakeful-
ness (797). Regarding fear extinction, an early study (873)
revealed a sleep-dependent generalization of conditioned
SCR to the unconditioned stimulus, i.e., at the test follow-
ing postextinction sleep the SCR response was reduced
not only to the conditioned stimulus but also to a control
stimulus that was not used for fear conditioning, com-
pared with a wake condition. Similar results were found in
subsequent studies (792, 878), which also indicated inter-
actions between effects of sleep and time of day.

Altogether, these findings indicate that emotional
processing contributes to the assumed reorganization
of memory representations during sleep, likely through
an interaction with the hippocampus-dependent epi-
sodic memory system.

4.3.7. Reward-associated memory and future
relevance.

Reward-associated memory can be considered a special
kind of emotional memory where the to-be memorized
stimulus is associated with an actual or expected reward,
i.e., an incentive that elicits a pleasant emotional response
together with increased motivation. Processing of reward is
associated with activation of a well-characterized dopami-
nergic system comprising a hippocampus-ventral-striatum-
VTA-hippocampus feedback loop, where dopaminergic
input from the VTA to the hippocampus functions as a neu-
romodulatory reward signal that enhances neuroplasticity
and effectively gates information selection for possible
long-term memory formation during sleep (879, 880).
There is evidence for sleep replay in reward structures like
the VTA (see below). However, it has also been suggested
that dopaminergic input tags highly relevant memories dur-
ing encoding in the wake state, with this tagging enhancing
memory replay during sleep, without further involvement of
the dopaminergic system (for related reviews see Refs.
881-884).

Studies of reward effects often compare memory for
stimuli that, at encoding, are presented together with dif-
ferent incentives indicating whether correct recall of the
respective stimulus at a later test leads to high, low, or
no reward (e.g., in money). With such a reward manipula-
tion, sleep-dependent benefits for high- versus low-
rewarded word pairs have been observed in many
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studies (e.g., Refs. 179, 885-888; however, see also
Refs. 652, 889). These effects seem to be accompanied
by signs of enhanced memory processing. For example,
a positive correlation between spindle density during
postencoding sleep and memory performance after
sleep was observed only for high- but not low-reward
word pairs (885), and in another study (179) rewarded
(vs. nonrewarded) events were found to be prioritized
for spontaneous neural reactivations during sleep.
Combining fMRI with a brain decoding approach, this
study also revealed that brain activity patterns observed
at encoding during wakefulness spontaneously ree-
merged during SWS, with a preference for reactivating
patterns linked to a rewarded task. Moreover, the reacti-
vated patterns were positively correlated with subse-
quent memory performance. In children (8-12 yr),
enhancing SO activity by CLAS during SWS particularly
improved consolidation of high-reward memory items
(886). Presenting, in a TMR procedure, reward-associ-
ated cues (i.e., the spoken name of a familiar, valued
snack item) during a postencoding nap, but not during
wakefulness, enhanced the preference for thatitem at a
later choice test, further corroborating the notion that
reprocessing of reward-associated memories during
sleep implicates the additional reactivation of respective
reward circuitries (888). Challenging this view, however,
activation of dopamine D2-like receptors (by the recep-
tor agonist pramipexole) during postencoding sleep did
not enhance but eliminated preferential consolidation of
high- versus low-rewarded memories (882, 887) (see
also Ref. 890).

Rather than through reward, the salience and future
relevance of a memory can be increased in human stud-
ies also by instructions, e.g., simply by informing the par-
ticipants that the recall of the respective memories
would or would not be tested at a later test. Typically,
before actual retrieval testing, the original instruction
about whether or not retrieval of the memory is tested is
revoked to allow for an unbiased test of all memories.
Using this approach, early research showed consistently
stronger sleep-dependent benefits for declarative as
well as procedural memories expected to be tested later
on in comparison with memories not expected to be
tested (Refs. 774, 891, but see also Ref. 892).

Addressing the future relevance of a memory, more
recent studies have adopted the “prospective memory”
framework (893-921). Prospective memory specifically
refers to memory for future intentions and plans and
appears to be mainly supported by regions in the ante-
rior PFC (e.g., BA10). In the encoding phase of prospec-
tive memory experiments, the participants typically learn
specific action plans (e.g., to cover the table for a dinner
in a certain way), which are to be completed after the
experimental sleep versus wake period or before sleep.
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With such tasks, quite robust beneficial effects of sleep
were observed (893-902). For example, Diekelmann
et al. (894) found that after nighttime sleep significantly
more participants executed the action plan compared
with nighttime wakefulness (followed by an additional
recovery night in both groups). Notably, sleep enhances
the memory for the plan only when it is kept active
across the entire postencoding interval. This means that
sleep did not enhance memory for the plan when the par-
ticipants completed the plan 2 h after encoding, but still
before the sleep period, and sleep was also not effective
when the plan was reinstated after it was completed
(895, 899). A comparison between early nocturnal SWS-
rich and late REM-rich sleep revealed a superior plan exe-
cution when the implementation of the intention was fol-
lowed by SWS-rich early-night sleep (894). An association
of the benéefit in prospective memory with SWS was like-
wise revealed in other (897), but not all (898), studies. A
superior execution of plans after postencoding sleep is
also seen when the detrimental effects of sleep depriva-
tion on attention and executive functions are controlled
for (900-902). Studies in older people and patients vali-
dated the importance of sleep for prospective memory
(903-920). For example, older people suffering from
sleep disruptions showed a smaller sleep benefit in pro-
spective memory performance than younger participants
(e.g., Refs. 903-908; sect. 5.2). Also, prospective memory
performance is generally worse in patients with insomnia
and obstructive sleep apnea (OSA) disorder (e.g., Refs.
909-912), although the picture appears to be more com-
plex in patients with chronic insomnia (e.g., Refs. 913,
914; sect. 6). Impaired prospective memory perform-
ance has been observed also in patients with idio-
pathic REM sleep behavior disorder (RBD) (915-917),
pointing to an involvement of REM sleep-related
dopaminergic activity in striatal networks in mediating
prospective memory (see also Refs. 911, 918—-920).

The overall picture indicates that future relevance, be
it induced by an increased anticipated reward or by
invoking plans for the future, plays a key role in select-
ing memories for sleep-dependent consolidation that
appears to outweigh the contribution of emotionality
(922). Most robust effects of sleep are observed on
prospective memory, which in healthy people are con-
veyed by mechanisms active during SWS (921).

4.3.8. Fear-related memory in rodents.

Studies on rodents that investigate the role of sleep in
emotional memory consolidation have focused on fear
conditioning and extinction paradigms and overall indi-
cate an enhancing effect of sleep on these memories
(167, 425, 529, 923-934). The experiments adminis-
tered cued fear conditioning [where, e.g., a tone (CS) is
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associated with an electrical shock (US)] and context
fear conditioning procedures (where the shock is deliv-
ered in a specific context serving as CS) separately or in
combination. Behaviorally, the fear memory is typically
assessed by the animal’s freezing in response to the CS
presentation alone. Context conditioning more strongly
depends on hippocampal function than cue condition-
ing. For example, compared with sleeping mice, mice
that were sleep deprived after conditioning showed less
freezing in response to a specific context (conditioning
chamber) that was conditioned to an electric foot shock
at a later test (926). Reduced freezing was likewise
observed in rats when sleep after context conditioning
was disturbed by a circadian desynchronization proto-
col, inducing fragmentation of non-REM and REM sleep
(935). Sleep compared with a 3-h period of sleep depri-
vation that followed extinction training also enhanced
contextual fear extinction memory in mice when tested
24 h later (925). The effects of sleep were independent
of the circadian phase.

Fear conditioning and extinction memories appear to
particularly profit from REM sleep (167, 422, 447, 448,
936-949). In mice, REM sleep deprivation following
tone-shock conditioning applied in a specific chamber
(context) diminished both cue and context conditioned
freezing responses at a test 22 h later (936). Notably,
these effects may be stronger in male than female ani-
mals (945). In parallel with the decrease in freezing, REM
sleep deprivation diminished signs of synaptic consoli-
dation, i.e., a reduced expression of AMPA receptors
containing the GIuR1 subcomponent as well as a
decrease in frequency and amplitude of miniature exci-
tatory postsynaptic currents (mEPSCs) in the thalamic-
amygdalar pathways. The impairing effect of REM sleep
deprivation on behavioral fear memory and associated
mEPSC activity could be reduced by intraperitoneal
injections of leptin (see also Ref. 950). The synchroniza-
tion of theta activity was enhanced in the ventral hippo-
campus and the lateral amygdala during post-fear
conditioning REM sleep, with theta phase shifts between
the regions predicting cued fear memory recall after
sleep (425). Activation of PKA in hippocampal regions
was found to be critical to the formation of contextual
fear memory during sleep (927). Notably, in mice
impaired context conditioned fear memory after REM
sleep deprivation at a remote test (30 days later) was
accompanied by increased Zif268 (a marker of neuronal
activity) expression in several regions known to be
involved in emotional processing, including the CA1sub-
region of the ventral hippocampus, the basolateral
amygdala, and the ventral orbitofrontal cortex (529).
Similar increases in neuronal activity patterns were
found with total sleep deprivation following fear condi-
tioning (930), altogether suggesting that REM sleep
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serves to downregulate emotional processing upon
recall of fear memory at the test. In parallel, REM sleep
may contribute to enhancing activity in regions that are
not specifically involved in the processing of emotional
aspects of the memory, like the dorsal hippocampus,
during context fear conditioning (951).

Findings on the effect of REM sleep deprivation have
been questioned, as many of these studies used the so-
called “flowerpot” technique, which induces stress
potentially and may confound memory processing. With
this technique, the animals are put on a small platform
surrounded by water that prevents them from com-
pletely relaxing their muscles, which would result in fall-
ing from the platform and waking. However, diminishing
effects of REM sleep deprivation on context conditioned
freezing responses and associated sings of synaptic
consolidation (e.g., impaired LTP induction) have also
been revealed with less stressful procedures of REM
sleep deprivation like “gentle handling,” where the
experimenter only slightly knocks at or inclines the ani-
mal cage to keep the animal awake (951).

A role of REM sleep in fear consolidation is also sug-
gested by evidence that, although not entirely consis-
tently, points to a promoting effect of fear conditioning
on subsequent REM sleep (389, 926, 938, 942-944,
952-956). For example, an increase in REM sleep was
found following foot shock conditioning compared with
nonshocked control animals, with REM sleep also being
predictive of developing PTSD-like symptoms 1 mo after
foot shock exposure (Ref. 937, see also Ref. 423).
Increased REM sleep in conjunction with an increased
density of PGO waves has also been observed following
context fear extinction training, especially in the rats
showing successful extinction (389). Although increases
in REM sleep may partly be a consequence of a nonspe-
cific stress response to the aversive shock stimulation,
this seems to support subsequent memory consolida-
tion. Using an escapable shock procedure in which mice
were trained to escape from a foot shock in one cham-
ber by moving to another through an opening door,
Machida et al. (938) observed more REM sleep episodes
following training in mice that had successfully learned
to escape compared with mice that had failed to learn to
escape. In line with this, other findings indicate that
stress itself, as induced, e.g., by inescapable shocks, is
followed by decreased REM sleep (939, 941-944, 957—
960). Conversely, the encoding of fear and fear extinc-
tion memory can promote SWS (953). For example,
Kumar and Jha (953) observed an increase in SWS after
cued fear conditioning in rats. Interestingly, this SWS
increase could be prevented when synaptic consolida-
tion processes were disrupted by amygdalar microinjec-
tions of the protein synthesis inhibitor anisomycin or
by blocking glial-neuronal glutamate transmission by
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administration of DL-a-amino-adipic acid. Also, contex-
tual fear conditioning increased neuronal firing in the
hippocampal CA1 region during subsequent SWS and
stabilized the functional connectivity pattern in these
networks (assessed by spike-timing clusters), although
these changes did not seem to be restricted to SWS
(923). There is also evidence from experiments combin-
ing behavioral experiments with in vitro whole cell
patch-clamp recordings in amygdala slice preparations
from rats, showing that cued fear memory recall is linked
to network slow oscillation power (0.1-3 Hz) (932).

A different line of research used stimulation techni-
ques, mainly optogenetic stimulation in mice, to manipu-
late sleep rhythms (like REM sleep theta) or to neuronally
reactivate emotional representations during sleep (235,
255, 420, 426, 501, 821, 933, 949, 961-965). For exam-
ple, optogenetically enhancing or decreasing hippocam-
pal theta activity during REM sleep consistently produced
respective enhancing and decreasing effects on subse-
quent context and cue conditioned fear memory (426).
Effects appeared to be independent of whether changes
in theta were induced through optogenetic silencing of
GABAergic neurons in the medial septum as a main gen-
erator of hippocampal theta (420) or via stimulation of the
basolateral amygdala (963). Amygdalar stimulation was
associated with an activation of basolateral amygdala
projections to hippocampal CA3 excitatory as well as
inhibitory neurons (for related results, see Ref. 501). An
enhancement of fear extinction memory was likewise
observed in rats following chemogenetic stimulation of
the dorsal hippocampus during REM sleep after extinction
training (933), whereas stimulation of hippocampal affer-
ents to the supramammillary nucleus during wakefulness
impaired fear extinction. In a discriminative auditory fear
conditioning task, optogenetic silencing of vasoactive
intestinal peptide-positive (VIP™) interneurons in the dorsal
PFC during REM sleep after conditioning diminished the
difference in freezing responses to the conditioned stimu-
lus (CS+) and the nonconditioned safety stimulus (CS—),
i.e., the mice showed a generalized freezing response to
both kinds of stimuli (949). Silencing parvalbumin-positive
(PV™) interneurons, conversely, increased this difference.
The effects appeared to be linked to the generally
increased activity of both types of interneurons during
REM sleep leading to a somato-dendritic decoupling of
cortical pyramidal cells (as PV interneurons inhibit the
soma and VIP™ cells mainly produce a disinhibition of the
dendrites of these cells). A study by Kumar et al. (961)
linked the REM sleep-dependent formation of context
conditioned fear memory to hippocampal neurogenesis.
In these experiments, young adult-born neurons in the
dentate gyrus spontaneously reactivated during REM
sleep following fear conditioning. Optogenetically silenc-
ing these neurons during REM sleep altered the structural
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remodeling of their dendritic spines and impaired fear
memory recall. Enhancing effects on conditioned fear
memory were likewise observed following optogenetic
manipulations of cortical representations (255, 965).
Using a TRAP (targeted recombination in active popula-
tion) that allows genetic labeling of neurons activated dur-
ing encoding for subsequent optogenetic stimulation,
Clawson et al. (255) showed that the optogenetic reactiva-
tion during sleep of primary visual cortex (V1) neurons that
encoded the cue of a visually conditioned fear memory
produced an increased cue representation in V1, whereas
optogenetic inhibition during postconditioning sleep dis-
rupted fear memory consolidation. Also, optogenetically
suppressing pyramidal neurons in the infralimbic medial
PFC, a key region that mediates fear extinction memory,
impaired fear extinction of an auditory-cued fear memory
when applied during REM sleep after training (948, 966).
In combination, these findings support the view that fear-
related memory is strengthened by REM sleep as well as
by neuronal reactivations of the respective representa-
tions in REM or non-REM sleep.

4.3.9. Reward-associated memory in rodents.

Most studies on the role of sleep in reward-associated
memory consolidation in rodents have employed variants
of operant conditioning tasks and indicate overall benefi-
cial effects of sleep on these memories (181, 261, 639,
967-972). Importantly, these studies also provided insights
into how reward during wake encoding could prioritize the
respective memories for undergoing consolidation during
subsequent sleep. Yang et al. (967) trained mice on an 8-
shaped maze where they received a water reward for alter-
nating between runs through the left or right circle
(FIGURE 9). During training, the mice exhibited reactivation
of the current spatial experience whenever they reached
the goal to drink the water, i.e., during reward consumption

A L B

Cell number

approximately one-third of detected hippocampal sharp-
wave ripples were found to be accompanied by replay of
place cell ensembles that were activated in the current run.
Importantly, during posttraining sleep sharp-wave ripples
primarily reactivated those events that were most often
replayed during sharp-wave ripples at reward con-
sumption, suggesting that the SW-Rs accompanying firing
replay represent a mechanism tagging the respective
representation for enhanced reactivation and consolida-
tion during subsequent SWS. Corroborating these find-
ings, disturbing cholinergic inputs to the hippocampus by
optogenetic stimulation of septal neurons during reward
consumption in mice that were trained on a reward-based
navigation task not only impaired behavioral memory per-
formance on the task but also reduced the occurrence of
sharp-wave ripples both during reward consumption at
training as well as during subsequent sleep (Ref. 968; for
a related review, see also Ref. 973). In addition to sharp-
wave ripples, dopaminergic release in response to
reward may contribute to determining which cell assem-
blies are reactivated during subsequent sleep (241, 881).
Although reward at training enhances memory consoli-
dation during sleep by increasing respective replay of
rewarded memory, it is currently less clear whether
the sleep-dependent consolidation of reward-associated
memories also requires the reactivation of neurons repre-
senting the reward. Initial studies found replay of neuro-
nal firing in hippocampal networks to precede replay in
the VTA, suggesting that the hippocampus drives replay
in reward-related regions (260, 974). In rats, hippocampal
SW-Rs accompanied the reactivation of reward-related
neurons in the nucleus accumbens during postencoding
sleep as well as during wakefulness (970). In addition, the
sleep-dependent consolidation of food reward-associ-
ated memory was found to be associated with increased
activity of dopaminergic neurons in the VTA during peri-
ods of SWS and quiet wakefulness after learning (261).
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FIGURE 9. Sleep-dependent replay of reward-associated memories. A: in an 8-shaped maze task, mice alternated between left (L) and right (R) arms
for water reward (blue droplets). B: raster plots of neuronal spikes, showing sharp-wave ripple (SW-R)-related reactivation that occurred when the ani-
mal stopped for water reward (left). This ripple-related reactivation during reward was a strong predictor for ripple-related reactivation during postex-
perience sleep (right). C: proportion of replays during pre- and postexperience sleep compared with shuffled data. Adapted from Yang et al. (Ref. 967).
Copyright 2024 by The American Association for the Advancement of Science. Reprinted with permission.
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Interestingly, in the latter study, mildly aversive stimuli
(food pellets containing 2% quinine) that did not demoti-
vate the starved animals were reactivated more often
than positive stimuli in the VTA, possibly related to amyg-
dalar interactions (e.g., Ref. 975). However, there is also
evidence that reward-related memory reactivations in
VTA neurons are diminished during posttraining SWS in
comparison with quiet wakefulness (261).

Noteworthy in this context is a study by de Lavilléon
et al. (181) showing that during SWS activation of reward-
related neurons in the medial forebrain bundle (MFB),
another key region mediating reward (976, 977), is suffi-
cient to form reward-associated spatial memories. The
authors first demonstrated that MFB stimulation applied
during increased firing of putative place cells in hippo-
campal CA1 while mice explored an arena can induce
reward-associated spatial memories, i.e., the mice pref-
erentially visited the arena locations associated with the
respective place cells in a subsequent test. In a second
experiment, the authors transferred this approach to
sleep. This means that the MFB during sleep was stimu-
lated whenever activity of a target place cell (identified
during prior wake recordings) exceeded a specific
threshold. This procedure led to a marked four- to five-
fold increase in the time the mouse spent in the reward-
associated place field of the arena during a test after
sleep. The majority of these paired MFB stimulations
during sleep were triggered upon place cell activation in
SWS, with more than one-third occurring during SW-Rs,
altogether suggesting that reward-associated memories
created during sleep are sufficient to form reward-asso-
ciated memories that guide behavior during wakeful-
ness (see also Ref. 978).

Overall, these studies indicate that reward enhances
SWS-associated consolidation processes, specifically by
enhancing neuronal reactivation of hippocampal and
associated reward-related circuitries. However, there
are also hints, like increased REM sleep following
reward-associated learning (979), suggesting that REM
sleep could also contribute to reward memory process-
ing in sleep, although findings are inconsistent in this
regard (980-982).

4.3.10. Conclusion.

Findings in humans and rodents converge to support the
view that sleep critically contributes to the consolidation
of emotional and reward-associated memory. This effect
pertains to memory both for aversive information, includ-
ing conditioned fear and extinction memory, as well as
for information of positive valence. In humans, prospec-
tive memories, related future plans, and intentions as well
as anticipated reward show particularly robust benefits
from sleep.
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Both human and rodent studies also converge in indicat-
ing a central role for REM sleep in the consolidation of
emotional memory, although more recent findings point to
contributions of non-REM as well, which likely reflects the
nature of emotional memory as a composite of contextual
episodic content and an associated emotional response
that are preferentially processed during non-REM and
REM sleep, respectively. Context conditioned fear mem-
ory, for example, appears to profit from neuronal reactiva-
tions of its context aspects in hippocampal networks
during non-REM sleep and with regard to the associated
emotional response from amygdalar reactivations during
REM sleep. The consolidation of reward-associated memo-
ries appears to be similarly mediated by an enhanced neu-
ronal reactivation of the episodic content in hippocampal
networks during SWS, whereas the role of reactivations of
reward-related circuitry, e.g., in the VTA, as well as the role
of REM sleep in the consolidation process are currently
not clear. The study of reward-associated memory has
identified hippocampal sharp-wave ripples and associated
neuronal replay at learning during wakefulness as one
mechanism tagging memories for subsequent reactivation
and consolidation during sleep. It is conceivable that SW-
Rs accompanying wake replay also mediate the preferen-
tial consolidation of emotional memory during sleep.

4.4. Sleep-Dependent Forgetting

In psychological terms, forgetting refers to the decay
of memory traces over time or to retroactive interfer-
ence. Retroactive interference refers to the fact that
older memory traces are not accessible anymore for
retrieval because the encoding of new, more or less
similar, information has produced traces that superim-
pose, damage, or even erase the respective old mem-
ory traces. Indeed, the enhancing effect of sleep on
memory consolidation has been initially explained by
sleep protecting newly encoded memories from retro-
active interference (7, 11, 115), and there is no doubt
that part of the enhancing effect of sleep on memory
is due to the fact that sleep is a period of largely dimin-
ished encoding of new information that potentially
interferes with the consolidation of information encoded
before sleep (9, 983). In this vein, numerous studies have
shown that sleep, in comparison with wakefulness or any
kind of sleep restriction, protects memory from forgetting
(e.g., Refs. 984—-992) or even leads to an “inverse forget-
ting” (i.e., it makes episodes that were weakly encoded
more accessible; e.g., Ref. 993). In addition, research of
the last three decades has accumulated evidence that
sleep, beyond passively protecting new memories from
interference, actively promotes the consolidation of these
newly encoded memories, with the neuronal replay of
newly encoded representations representing the core
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mechanism supporting such an active systems consolida-
tion process (28, 108). Accordingly, sleep was proposed
to “sculpt” memory by concurrent processes of consoli-
dation and forgetting (511, 994—997). Although the gist of
experienced episodes is consolidated, the memory for
details might be actively erased (134). Thus, the question
arises whether sleep, alongside actively strengthening
some memories, also actively contributes to the weaken-
ing and forgetting of others. Indeed, that sleep favors an
active forgetting of irrelevant and “noisy” information
encoded during the wake period is also an assumption
derived from SHY, posing that sleep downregulates and
“renormalizes” synapses, in particular those that were
rarely activated during prior wakefulness (112, 113).

4.4.1. Behavioral studies.

Although the idea of sleep supporting an active forget-
ting process appears conceptually compelling, there is
so far little behavioral evidence supporting it. Assuming
that sleep-dependent forgetting may particularly occur
in conditions of high memory load, a study in humans
tested memory for large numbers of word pairs to be
learned before periods of sleep or wakefulness (514).
Indeed, whereas a sleep-dependent benefit on word
pair memory was revealed after learning 160 word pairs,
recall after sleep tended to be even worse than after
wakefulness when the participants had learned 320
word pairs. However, a subsequent experiment testing
memory for even more, i.e., 640, word pairs did not con-
firm a forgetting effect of sleep, inasmuch as recall was
closely comparable between the sleep and wake condi-
tions (Ref. 515, see also Ref. 541). Very similar results
were obtained with the DRM paradigm. If sleep induced
an active forgetting of episodic details in favor of
strengthening the gist, sleep would be expected to lead
to a reduced recall of veridical memories for the many
words to be learned in this paradigm. However, with
some exceptions, most studies using this or similar para-
digms did not find the recall of veridical memory to be
significantly worse when encoding was followed by
sleep in comparison with a wake control condition (132,
175,176, 537-540, 547-549, 551, 565).

With regard to procedural memory, a daytime nap
was found to deteriorate motor adaptation skills on a
complex gross motor task, i.e., riding a bicycle with an
inverse steering device (748). The accuracy of slalom
riding was significantly reduced when the training was
followed by a nap in comparison with a wake period.
However, this impairing effect of sleep on the same
gross motor adaptation task was not confirmed in a fol-
low-up study testing the effects of nocturnal sleep
(rather than a nap) in adults and adolescents (746, 747).
Overall, these few behavioral findings do not support

the view that sleep contributes to an active forgetting of
explicitly learned declarative or procedural tasks.

4.4.1.1. FORGETTING OF EMOTIONAL AROUSAL. The
putative forgetting function of sleep might pertain to spe-
cific aspects of memory, like its emotional tone. The “sleep
to remember, sleep to forget” (SRSF) hypothesis proposes
that, rather than promoting the forgetting of details of indi-
vidual experienced episodes, sleep reduces the emotional
arousal associated with an episode, with this downtoning
of the emotional response mainly taking place during REM
sleep (998). Accordingly, impairments of REM sleep and
associated decoupling of the emotional reactivity associ-
ated with an episodic memory are expected to favor the
development of chronic anxiety and PTSD. In line with the
SRSF hypothesis, overnight sleep, for example, reduced
facial blushing when participants watched a previously
recorded video of their own singing in a karaoke paradigm
(999). Also, TMR of emotional memories during REM sleep,
but not SWS, selectively suppressed arousal associated
with the emotional memories (464). There is also evidence
that sleep can reduce the dependency of memories on
the state of mood in which they were acquired (Ref. 645;
see related Refs. 635, 646, 1000). However, contrary to
the “sleep to forget, sleep to remember” hypothesis, there
are also a substantial number of studies that failed to show
that sleep diminishes psychophysiological measures of the
emotional response to aversive or positively valenced
stimulus materials (1001) (see sect. 4.3 for an in-depth
discussion).

4.4.1.2. DIRECTED FORGETTING. “Directed forgetting”
can be considered a special type of forgetting with dis-
tinct underlying physiological mechanisms. In this para-
digm, participants are simply instructed to forget or retain
information that was encoded before. Two methods are
typically used: In the “list method,” after presentation of a
list (e.g., of words) participants are asked to remember or
forget the list. In the “item method,” participants are
instructed to remember or forget particular items immedi-
ately after their presentation. There is ample evidence
that directed forgetting indeed reduces retrievability of
to-be-forgotten memories in comparison with to-be-
remembered memories (1002-1004). When participants
were instructed to remember one half and forget the
other half of a word pair list, an early study failed to show
an enhancing effect of postencoding sleep on the forget-
ting of to-be-forgotten memories (1005). On the contrary,
late nocturnal REM-rich sleep even improved recall of to-
be-forgotten word pairs in comparison with early SWS-
rich sleep. Subsequent studies comparing experimental
sleep versus wake conditions overall remained inconclu-
sive with regard to a possible enhancing effect of sleep
on the forgetting of to-be-forgotten memory (492, 645,
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653, 871,1006-1008), and the same holds true for studies
combining directed forgetting with TMR approaches
(1009-1011). Note that the interpretation of these overall
mixed results is further complicated based on theoretical
issues: The directed forgetting paradigm, beyond learn-
ing of the item associations, requires the memorization of
the task instruction, as a form of prospective memory.
Accordingly, the paradigm does not allow for clearly dis-
sociating effects of sleep on the memory for the task from
that for the item associations.

4.4.2. SWS-associated mechanisms of forgetting.

Although behavioral evidence supporting an active role
of sleep in processes of forgetting is scarce, a number of
mechanisms have been proposed that could promote for-
getting during SWS as well as REM sleep. At the neuronal
level, spontaneous forgetting is assumed to be primarily
driven by the depotentiation or erasure of synapses in
ensembles that used to store the respective memories.

A contribution of non-REM sleep to forgetting is sug-
gested by results in human studies that indicated a posi-
tive correlation between sleep spindle activity and
decreases in recall performance across experimental
sleep periods (492, 653, 748, 1006). Also, in patients with
accelerated forgetting due to epilepsy, unlike in healthy
control subjects, the time spent in SWS was positively
correlated with the decrease in overnight retention of
word pairs (1012). In rats, increases in SWS observed after
training on a “delayed non-match to place” working mem-
ory task (requiring the animal to maintain a position in
space acquired during the sample phase for only 15 s)
with minor long-term memory demands were taken to
suggest that non-REM sleep and SOs are involved in the
forgetting of irrelevant information required only for short-
term decisions (1013). By contrast, training on a reference
memory task, requiring the animal to retain spatial memo-
ries over several days, produced an increase in spindles
and REM sleep in this study.

According to these correlational findings, all of the three
oscillatory events hallmarking SWS, i.e., SWA, spindles,
and ripples, could contribute to forgetting. For spindles,
however, a direct causal role in forgetting is unlikely in
light of evidence that, rather than with synaptic depoten-
tiation, spindles are associated with signs of synaptic
potentiation and enhanced plasticity as well as an
increased excitation in respective neocortical circuits (165,
284, 310-313). In fact, mechanisms causing forgetting and
synaptic depotentiation during SWS appear to be primarily
linked to slow oscillatory activity. Accordingly, the SHY
proposes that SWA during non-REM sleep mediates a
widespread downregulation of synapses that manifests
itself primarily in a decrease in excitatory glutamatergic
AMPA receptor signaling including, beyond a profound
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decease in AMPA receptors containing the GluA1 subunit,
also structural changes such as the shrinking and erasure
of synaptic buttons (Refs. 112, 113; sect. 2.2). A comparison
of effects of total sleep deprivation and selective REM
sleep deprivation indicated that the decrease in synaptic
AMPA receptor expression is induced by SWS, with no
additional contributions by REM sleep (162, 163). However,
it is presently not clear whether and how the electrical
activity associated with SWA translates into the molecular
changes underlying the reduction in synaptic AMPA
receptor expression: Immediate early genes, particularly
Homer1and Arc, as well as type 1 metabotropic glutamate
receptor 1/5 (mGIuR1/5) signaling are important scaling fac-
tors implicated in weakening synapses during sleep to
restore synapse homeostasis (145, 1014—1017). During
wake, Homer! and Arc are expressed in neurons in
response to increased firing activity. Whereas homeria is
prevented from entering synaptic buttons during wake,
because of high noradrenaline levels, it binds to mGIuR1/5
at the synapse during sleep and thus initiates a sleep-type
signaling that promotes broad synaptic downscaling.
Specific patterns of phosphorylation at the individual syn-
apse, in combination with arc expression, may offer a
mechanism that selectively influences the strength of sin-
gle synapses. However, it is unclear how these possible
mechanisms relate to specific sleep stages and their brain
activity patterns.

Another unresolved issue arises from contrary find-
ings indicating that SOs, in particular when they nest
spindles in their up-state, are associated with signs of
increased excitation and synaptic plasticity (e.g., Refs.
311, 312, 1018) and, in humans, have been found to pre-
dict increased memory strength rather than forgetting
(174, 352, 357). These opposing findings have led to the
suggestion of the presence of two different kinds of slow
oscillatory waves in the 0.5-4 Hz frequency band, one
supporting memory consolidation as reflected by the clas-
sical >1-Hz SO and another one, with perhaps a slightly
higher frequency content, that supports depotentiation
and forgetting (105, 106). This idea of competitive func-
tions of two kinds of slow waves on the consolidation and
forgetting of memory is strongly supported by a study in
rats by Kim et al. (Ref. 333; see also Ref. 1019; FIGURE 10).
The authors trained rats on a brain-machine interface
(BMI) reward-learning task to control the activity of one or
two target neurons in the motor cortex. During the 1-h
period of sleep following training, they recorded the reacti-
vations of those motor neuron ensembles that encoded
the task at training. Importantly, to disturb these neuronal
reactivations, closed-loop optogenetic stimulation was
applied whenever the online analysis of the recording
identified an up-state (i.e., the depolarizing phase of the
oscillation) of either a SO or a delta wave, with delta waves
defined by a lack of the pronounced negative down-state
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FIGURE 10. Slow oscillations (SOs) support consolidation; delta
waves support forgetting on a brain-machine interface (BMI) motor
task. A: BMI motor task. Rats learned direct neural control of a feed-
ing tube. Successful trials required movement from P; to P> (via the
angle 0) within 15 s. After posttraining sleep, retrieval performance
was tested. B: up-states of SOs and delta waves both nest spindles
and are associated with reactivations of firing patterns in motor cor-
tex neuron ensembles. The strength of reactivations decreased
when they occurred during delta waves but was preserved when
they occurred during SOs. C: in the experiments, reactivations were
disrupted either during SO or delta wave up-states. Disruptions of
reactivations during SO up-states reduced the proportion of spin-
dles nested to SOs relative to spindles nested to delta waves and
subsequently diminished BMI task performance [increase in task
time from training (T) to retrieval (R)]. Conversely, disruption of reacti-
vations during delta waves increased the proportion of spindles
nested to SOs relative to spindles nested to delta waves and subse-
quently increased BMI task performance. Adapted from Kim et al.
(Ref. 333). Copyright 2019 by Elsevier. Reprinted with permission.

peak that is typical for SOs. Compared with no stimulation
or random stimulation as control conditions, disturbing the
firing activity during SO up-states decreased overall neu-
ronal reactivations during sleep and, at a postsleep test,
impaired BMI task performance. By contrast, disturbing
activity during the up-state of delta waves increased the
number of reactivations during sleep and increased BMI
task performance at the subsequent test. The findings
thus link SO-associated firing activity to the consolidation
of the acquired memory and delta wave-associated firing
to the forgetting of the memory.

A contribution of hippocampal sharp-wave ripples to
forgetting has been suggested by experiments in mice
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where ripples during SWS triggered a long-lasting syn-
aptic depression in CA1 neuron ensembles as indicated
by reduced slopes of excitatory postsynaptic potentials
(EPSPs) to single-pulse electrical field stimulation (202).
This spontaneous synaptic depression did not occur
after optogenetically silencing the sharp-wave ripples.
Interestingly, silencing hippocampal sharp-wave ripples
in mice during sleep following the encoding phase of a
standard object-place recognition (OPR) task did not
improve, but impaired, recall of the spatial memories at
the later test phase, indicating that the ripple-triggered
synaptic depression in hippocampal ensembles does
not translate into forgetting of the spatial memory on the
behavioral level. The finding of a ripple-triggered synap-
tic depression seemingly conflicts also with evidence
indicating that hippocampal spatial representations
reactivated during ripples are particularly stable over
time (1020, 1021). However, an assessment of place-field
and object-related firing during an OPR task in rats
revealed that extended periods of SWS following OPR
encoding were associated with an increased occurrence
of hippocampal ripples and, consequently, led to a
stronger decorrelation of firing activity in hippocampal
place cells. As a result, this enhanced the degree of
remapping in hippocampal place cells during the test
phase of the OPR task, triggered by the novel spatial
arrangement of the two objects in this phase (1021).
Thus, the ripple-triggered synaptic depotentiation and
decorrelation of activity in hippocampal place cell
ensembles seem to enhance the flexibility of hippocam-
pal networks for encoding novel spatial information. A
tempting speculation is that hippocampal ripples accom-
panying place cell reactivations, on one side, enhance
systems consolidation by supporting the transmission of
reactivated memory information toward extrahippocam-
pal, mainly neocortical, sites serving as long-term store
for these memories. On the other side, ripples through
synaptic depression may contribute to the decay of the
memory representation, specifically in hippocampal net-
works, thereby enhancing the network’s flexibility to
encode new information.

4.4.3. REM sleep-associated mechanisms of
forgetting.

REM sleep has been proposed to be involved in so-called
“targeted” forgetting, which refers to the depotentiation
and erasure of synapses to enable the incorporation of
new information into established cognitive schemata
(996). Such updating of schema memory has in fact been
found to be associated with increased time spent in REM
sleep in several studies in humans (e.g., Refs. 437, 628).
The concept of targeted forgetting derived from early
studies in rodents showing that hippocampal place cells
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are reactivated during REM sleep in the peaks of the
theta oscillation as long as the encoded environment is
novel but reactivations shift to the troughs of the theta
oscillation once the environment becomes familiar. The
reactivations during theta troughs are assumed to depot-
entiate synapses and thus to weaken respective memory
(408, 410, 1022). In this view, the transfer of memory infor-
mation mainly during spindle-rich periods of non-REM
and, in rodents, pre-REM sleep helps establish represen-
tations outside the hippocampus, with the hippocampal
representation fading in parallel because of the reactiva-
tion of correlated firing patterns during the throughs of
the theta cycle. These effects of REM sleep on the hippo-
campus may additionally depend on input from melanin
concentrating hormone (MCH)-producing neurons in the
lateral hypothalamus that are specifically active during
REM sleep (495, 1023). Activating (or inhibiting) a subpo-
pulation of these MCH neurons projecting to the dorsal
hippocampus impaired (or enhanced) hippocampus-
dependent memory on a NOR task in mice (1023). The
forgetting effect appeared to be mediated by an
increased inhibition of dorsal hippocampal pyramidal
cell firing.

Another important precondition of synaptic depoten-
tiation occurring during theta activity in hippocampal cir-
cuitry is the minimum norepinephrinergic activity with
periods of sustained silence of the LC, which is unique
to REM sleep (996, 1024—-1026). Indeed, periods of LC
silence in combination with ongoing theta activity may
not only support synaptic depotentiation in hippocampal
circuitry keeping spatial representations but likewise
contribute to the weakening of emotional response
associations mediated via amygdalar circuitry (416, 852,
853). And they might also play a role in shaping cortical
circuitry: In juvenile mice, auditory-cued fear condition-
ing as well as monocular deprivation caused rapid spine
elimination in layer V pyramidal cell dendrites in primary
visual and frontal cortex areas, respectively, which was
distinctly reduced after total sleep deprivation as well as
after selective REM sleep deprivation (167). The effect
on spine elimination appeared to be mediated through
dendritic calcium spikes that substantially increased dur-
ing REM sleep and could be blocked by administering
the NMDA receptor blocker MK801. Similarly, REM sleep
in mice increased elimination of new dendritic spines in
layer V motor cortex neurons that were formed during
prior training on a rotarod motor task (168). REM sleep in
these experiments did not affect the elimination rate of
old spines that were present already before training.
The increased elimination of newly formed spines dur-
ing REM sleep appeared to facilitate subsequent forma-
tion of new spines when the training was shifted to a
different motor task (from backward to forward running
on the rotarod).
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4.4.4. Conclusion.

During both non-REM and REM sleep, mechanisms are at
work that mediate synaptic depotentiation and erasure of
spines. The mechanisms associated with SWA appear to
act globally, inducing depotentiation in widely distributed
networks, whereas the mechanisms associated with hip-
pocampal ripples and REM sleep theta activity appear to
be more “targeted,” pertaining to the weakening of synap-
ses and the elimination of spines that were newly formed
during a prior learning period. This overall robust evi-
dence for mechanisms serving the global or targeted
downregulation of synapses during sleep stands in stark
contrast with the lack of any behavioral evidence for an
active forgetting function of sleep. This might be owing to
the administration of insufficient behavioral paradigms
that do not sensitively reflect any forgetting of “noisy”
information. However, in light of the heterogeneity of
behavioral paradigms applied so far, it might likewise be
justified to conclude that sleep simply does not contribute
to forgetting, in behavioral terms (see also Ref. 1027).
Given this, it is probably misleading to simply equate
behavioral forgetting with a more or less extended weak-
ening of synaptic connections. Rather, processes of syn-
aptic pruning appear to primarily help maintain and shape
the newly encoded memories and integrate them with
preexisting memories, and such shaping may be optimally
achieved during sleep [see Sara response to Poe (2017),
Ref. 1026]. Note that in this view memory consolidation
and strengthening during sleep also do not necessarily
equate to a linear upscaling of contributing synapses.

5. SLEEP AND MEMORY FORMATION
ACROSS THE LIFE SPAN

Over the past decade, the number of publications
addressing the link between sleep and memory across
early development and aging has grown remarkably.
This partly reflects the great relevance of the topic for
society, which started to perceive sleep as a means to
enhance memory function, e.g., in school settings during
early life, and to preserve memory function in later life.
However, studies at both ends of the life span can also
contribute to the basic understanding of the link
between sleep and memory, in showing to what extent
the development of memory during early life depends
on a parallel development of sleep and its memory-rele-
vant features. Similarly, such studies may show that
memory failure during aging is critically linked to the loss
of specific signatures of sleep, and in this way validate
the functional importance of these signatures for mem-
ory formation.
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5.1. Sleep and Memory during Early Development

During infancy and childhood humans, like other mam-
mals, spend much more time asleep than during adult-
hood. In parallel, they also form an incredible amount of
new memories that eventually guarantee effective adap-
tation to complex environmental conditions in later life.
This apparent parallelism in the amounts of sleep and
learning has stimulated the idea that sleep in children
may be a particularly sensitive model to analyze the func-
tion of sleep for forming memory (108). Implicitly, this idea
assumes that sleep-dependent memory formation during
early life is the same as in adults but stronger, i.e., directly
comparing children and adults is expected to reveal a
stronger enhancing effect of sleep on memory in chil-
dren. Beyond quantitative differences, however, sleep
and memory processes likely also differ in quality as well,
especially since sleep physiology in infancy is quite differ-
ent from that of older children and adults.

5.1.1. Development of sleep and oscillatory
signatures of memory processing.

Sleep as a brain state distinct from wakefulness is not
present from early on but gradually develops in parallel
with the emergence of synchronized activity in cortical
and hippocampal networks (1028). Human infants before
the age of 3 mo do not display consolidated periods of
non-REM and REM sleep. Indeed, REM sleep is quite dif-
ficult to discriminate in human infants at this age as it
occurs often right after sleep onset, including also low-
frequency EEG waves, with less pronounced muscle
atonia, and often interrupted by small movements and
muscle twitches (1029). Reflecting these qualitative dif-
ferences, sleep stage classification in humans at this
age based on polysomnography differentiates between
“quiet” and “active” sleep as precursor states of non-
REM and REM sleep, respectively. In subsequent life
periods sleep also undergoes massive changes. Total
sleep time decreases, and there is a change from poly-
phasic to monophasic distribution of sleep phases, with
humans typically stopping napping during the day
around the age of 3 yr (1030-1032). In parallel with total
sleep time, the time in non-REM and REM sleep also
decreases from infancy to early adulthood, with REM
sleep commonly thought of as a state particularly
involved in the regulation of synaptic plasticity during
early life (168, 1033).

The EEG signatures putatively mediating processes of
memory consolidation likewise show distinct and par-
tially protracted developmental trajectories during early
life, with these trajectories being roughly comparable
between humans and rodents (108, 1034-1036). Sleep
spindles appear first and, in humans, typically before the

third week after birth. Spindles at this time may also
intrude into REM-like periods of active sleep (1037,
1038). At roughly the same age, brushes of slow oscilla-
tory activity occur, with mature forms of consolidated
SWA and SOs, not emerging until 4-5 mo of age. During
the subsequent development, both spindles and SWA
show different trajectories, with spindle density reaching
an intermediate minimum between the age of 1.7 and
3.0 yr (1037, 1039) whereas SWA shows an inverted
U-shaped trajectory with peak values reached at early
adolescence. The trajectory of SWA likely reflects paral-
lel changes in cortical synaptic connectivity and white
matter microstructure (1040-1043). Importantly, although
spindles and SOs emerge already early during infancy,
these early activities do not constitute mature, adultlike
kinds of the oscillatory events (1042). Thus spindles
show, within the first year, a topographical shift from
frontopolar to central regions, then shift again toward
anterior regions during childhood, and reach their adult-
like predominance over central-parietal cortical areas
only during adolescence (1044). SO activity during the
first 1.5 yr, unlike in older children and adults, appears to
dominate over posterior cortical regions, whereas slow-
wave amplitudes over frontal cortical regions are rather
low (1045-1049). The precise phase-coupling of spin-
dles into the up-state of the SO is another EEG oscilla-
tory signature that has been linked to effective memory
consolidation during sleep in adults and adolescents
(352, 353, 356). In light of the distinct developmental tra-
jectories of spindles and SWA during sleep, it might sur-
prise that a significantly enhanced SO-spindle co-
occurrence has been detected already in 6-mo-olds
(1050) although not in 3-mo-olds (Ref. 1049; FIGURE 11).
However, the spindles co-occurring around SO events
at this early stage are not precisely phase-locked to the
SO up-state, and thus probably less effective in consoli-
dating memory.

The development of hippocampal SW-Rs has been
exclusively studied in rodents. In the hippocampus, “sharp
wave burst” can be detected at the end of the first post-
natal week in rats as a first organized harbinger event,
whereas SW-Rs in combination with place cell firing reacti-
vation patterns do not emerge before the end of the sec-
ond postnatal week (1051-1053). During early develop-
ment, i.e., before weaning [at postnatal day (PD)21], the
activity of place cells during SW-Rs mainly reflects single
locations that the animal had recently visited. Only later in
development (PD32), at an age roughly corresponding to
midchildhood in humans, does the activity of place cells
during SW-Rs become more complex and capable of
“stitching” separate locations together into ordered trajec-
tories in space (1051). The coordinate replay of sequential
firing patterns in hippocampal place cell ensembles in the
presence of SW-Rs during sleep appears to be one of the
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FIGURE 11. Memory formation during early life. A: time-frequency representations (TFRs) of EEG power (at Cz) time-locked to SO events in
infants (/eft) and toddlers (center left) and difference TFR (center right), indicating the presence of significant phase-amplitude coupling of 12-16
Hz spindle activity to the SO up-state (300—800 ms) in toddlers but not in infants over frontal and central regions [right; adapted from Kurz et al.
(Ref. 1049). Reprinted with permission by the author’s copyright]. B: developmental trajectory of SO-spindle coupling of spindles with hippocam-
pal ripples as obtained from studies in rats, indicating that spindle-ripple coupling develops only during adolescences. Ages roughly comparable
to humans are additionally indicated on x-axis [adapted from Fechner et al. (Ref. 1046). Reprinted with permission by the author’s copyright]. PD,
postnatal day. C, top: rat pups exposed to discrete spatial experiences during their early childhood (PD18, PD20, PD22, PD24) show improved
memory performance on an object place recognition (OPR) task when tested during adulthood. The improvement is abolished when the rats are
sleep deprived (SD) for 2 h after the childhood experiences or activity of the limbic region of the mPFC is suppressed at adulthood OPR testing
(bottom). This indicates that postencoding sleep during childhood supports formation of a contextual spatial memory representation in mPFC,
###P < 0.001, ##P < 0.005, t test against chance level, **P < 0.005 for differences between groups [adapted from Contreras et al. (Ref. 525).
Reprinted with permission by the author’s copyright]. See GLOSSARY for additional abbreviations.

latest emerging signatures of hippocampal activity during
early development, possibly reflecting the late postnatal
maturation in excitatory synaptic plasticity in hippocampal
networks (1054, 1055). Fitting with these findings, sig-
nificant phase-amplitude coupling of hippocampal rip-
ples to the excitable troughs of the spindle oscillation
was not present in rats at PD26 and PD32, i.e., times
roughly corresponding to early (1-2 yr) and later (9—10 yr)
human childhood, but only in adult animals (Ref. 1046,
FIGURE 11B). This lack of precise ripple-spindle phase-
coupling suggests that the transfer of replayed hippocam-
pal memory information to extrahippocampal regions is
still not optimally functioning during childhood (108, 360).
However, the rat pups at both time points, PD26 and
PD32, exhibited significant phase-coupling of spindles to
the SO up-state, altogether suggesting that childhood
sleep affects memory representations more strongly
through the synchronized processing within thalamo-cort-
ical networks than through the synchronization of mem-
ory information replayed in hippocampal networks.

5.1.2. Development of memory systems.

Research on how memories develop during early life has
traditionally focused on the episodic memory system. This
is partly owed to the phenomenon of “infantile amnesia,”
meaning that adults normally cannot remember individual
episodes they experienced before the age of 3—4 yr.
However, there is also evidence suggesting that infantile
memories can be reinstated after they are forgotten later
in life by presenting appropriate reminders (1056—1059).
In humans, the presence of harbingers of episodic-like
memory has been demonstrated in infants as young as 9
mo (1060-1062). However, during infancy the temporal
and spatial resolution of such memories as well as their
persistence are rather low. The task paradigm most often
used to assess episodic-like memory in infants is the
deferred imitation task, which assesses the infant’s ability
to reproduce a puppet’s actions previously performed by
an experimenter. On this task, 12-mo-olds, but not 6-mo-
olds, were able to reproduce a sequence of three actions
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shown by the experimenter after a significant delay
(1063). The presence of allocentric spatial memory,
another harbinger of episodic memory, has been demon-
strated in toddlers before the age of 2 yr, who were able
to find hidden objects based on distal environmental cues
(1064, 1065).

The diminished capability of forming episodic long-
term memory during early childhood has been mainly
ascribed to the protracted maturation of major contribut-
ing structures, i.e., the hippocampus and the PFC (1066).
Myelinization of neuron axons in these regions continues
into adulthood (1067). Neurogenesis, i.e., the recruitment
of young neurons, is at a very high level in hippocampal
networks, reaching minimum levels only some time after
infancy (1068—-1070). Soon after birth, GABA-A receptors,
forming the major inhibitory system of the mature brain,
show a gradual functional switch from conveying mem-
brane depolarization to hyperpolarization, which appears
to go in parallel with the emergence of ripples in hippo-
campal networks (1051, 1071). Glutamatergic excitatory
NMDA receptors, which are widespread in the brain and
essential for the induction of synaptic long-term potentia-
tion and synaptic plasticity, undergo distinct changes in
their composition of subunits, with the GIUN2B subunit
being predominant during infancy and the GIuN2A sub-
unit becoming predominant later (1072—1074). Such
changes are presumably linked to qualitative changes in
memory processing and how representations are formed
during infancy and early childhood. They may also mark
“critical periods,” i.e., time windows at certain stages of
development during which plasticity in response to expe-
rience is heightened in specific brain circuits to enable
maturation and the formation of longer-lasting adaptive
representations (1075, 1076). Accordingly, the switch
toward predominant expression of NMDA receptors with
the GIUN2A subunit marks the closure of the critical
period for ocular dominance plasticity during infancy
(1077, 1078). Furthermore, the switch may be likewise
implicated in a critical period of hippocampal plasticity
during which it gains capabilities to form long-term mem-
ory (1057, 1079, 1080). Overall, these changes suggest
that sleep-associated memory consolidation during the
early postnatal period, i.e., human infancy and toddler-
hood, also differs in quality from that during later child-
hood and adulthood.

5.1.3. Episodic memory and sleep during
development.

5.1.3.1. INFANTS AND TODDLERS. To characterize the
effect of sleep on the consolidation of episodic memory,
Seehagen and colleagues (1081-1084) performed a
series of studies using different versions of a deferred imi-
tation paradigm. They assessed memory for a puppet’s

actions modeled by the experimenter in 6- and 12-mo-old
infants. Only infants who had napped (i.e., >30 min of
continuous sleep) in a 4-h retention interval showed a sig-
nificant memory at testing, i.e., imitated more target
actions after cuing than control infants who had not
napped (1081). The effects of postlearning napping were
observed at a 24-h delay and independently of the
infant’s age. A test at a 4-h delay in the 12-mo-old infants
with a novel puppet differing (in color) from that used dur-
ing the demonstration phase revealed signs of enhanced
memory generalization in the infants of the nap group
(1082), and the same sleep-dependent enhancement in
memory generalization was observed with a slightly dif-
ferent learning procedure (using instead of 1 puppet 3 dif-
ferent puppets) (634). The enhancing effect of a nap on
deferred imitation was confirmed in another study in
9-mo-olds who habitually took two naps, a morning and
an evening nap (1085). The study compared memory
retention in two conditions, one in which the infants had
their habitual morning and afternoon naps (Nap-Nap) and
the other in which they stayed awake during the time of
the morning nap and napped unrestricted during the
afternoon (Wake-Nap). Imitation memory tended to be
lower after the morning wake interval, and also retention
across the afternoon nap was worse after the missing
morning nap. SWA during the afternoon nap positively
predicted memory retention across this nap in the Nap-
Nap condition but not in the Wake-Nap condition.
Altogether this suggests that not only a nap itself but also
the distribution of naps across daytime plays a role in the
memory effect of sleep during infancy. A study in older
infants aged 15 and 24 mo showed that imitation memo-
ries depend on anticipated relevance and reward (1084).
During the learning phase, the experimenter first demon-
strated an action on an experimental device that was irrel-
evant for achieving a desirable outcome (accessing a toy)
and then an action that was relevant for achieving it. At
the test 24 h later, the relevant actions were imitated
more often than irrelevant actions and the 24-mo-olds
imitated more than the 15-mo-olds. However, contrary to
expectations, napping here did not enhance imitation
memory, possibly because of the generally high rates of
action imitation and associated ceiling effects.

5.1.3.2. CONFOUNDS. In studies of infants, sleep is typi-
cally not directly manipulated but learning and consolida-
tion periods are adapted to the habitual sleep schedule
such that the learning phase occurs either before (“nap
condition”) or after (“no-nap” condition) the infant’s habit-
ual napping time, i.e., a procedure possibly confounding
effects of (prior) sleep on encoding with those of (posten-
coding) sleep on consolidation. Such a confound, how-
ever, was excluded by studies concentrating on the
effects of sleep on encoding. For example, high sleep
quality (i.e., a low number of short awakenings) on the
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night before the demonstration phase in a deferred imita-
tion task was positively associated with a high reproduc-
tion of target actions on a test immediately following the
experimenter’s demonstration in 6-mo-olds and not in
12-mo-olds (1083). This effect suggests that prior sleep
supports memory encoding, and in a ho-nap control con-
dition of an experiment testing consolidation effects it
would likely enhance rather than diminish the consolida-
tion of imitation memories.

Habitual sleep is another potential confound of infant
studies, especially when the nap and no-nap control
groups are separated on the basis of a minimum posten-
coding nap duration (>30 min). Indeed, longer habitual
sleep duration was positively associated with memory
recall in a deferred imitation task in 6-mo-olds (Ref.
1086; for similar results, see Ref. 1087). In 10-mo-old
infants, the frequency of nocturnal awakenings during
the week before testing was negatively and the duration
of daytime naps positively correlated with the general-
ization of a modeled event sequence to an analog ver-
sion of the sequence that was perceptually distinct from,
but functionally identical to, the modeled sequence
(1088). In ~21-mo-olds, forgetting of imitated actions
over a period of 1 mo correlated with poor sleep quality
as reported by the parents (1089). Despite the unique
difficulties of experimentation with infants, the overall
evidence supports the view of an enhancing effect of
postencoding sleep on episodic memory representa-
tions as assessed in deferred imitation tasks.

5.1.3.3. PRESCHOOLERS AND SCHOOL CHILDREN. Studies
in children used a greater variety of tasks and revealed
overall more mixed results. Often, they were performed
in laboratory conditions but some also in more natural
preschool and school settings. In 3- to 5-yr-old pre-
schoolers, in comparison with a wake control condition,
in-class naps distinctly enhanced the retention of spatial
memories for the location of pictures presented on a
grid (1090), and similar nap-dependent enhancements
were found at this age for recognition memories of
objects and animals (1091). Memory benefits were great-
est for children who napped habitually (1090). Significant
associations between habitual napping, sleep duration,
as well as hippocampal volume and the capability to
retain contextual memory (about whether certain facts
were taught by a teacher or a puppet) over 1 wk were
likewise found in 4- to 6-yr-old preschoolers (1092).

As in preschoolers, a benefiting effect of postlearning
sleep on episodic kinds of memory has also been consis-
tently revealed in school-aged children, for longer naps in
natural school settings (1093, 1094) as well as in labora-
tory conditions (1095-1097) (for a review, see Ref. 1098).
In 7- to 12-yr-olds, nocturnal sleep significantly enhanced
the consolidation of associations between (drawings of)
artificial “nonobjects” and their functions (e.g., “with this
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object you can open any door”) (1096). Notably, the sleep
effect in children was more robust than in adult control
subjects, who did not show significant memory enhance-
ment after sleep compared with a daytime wake condi-
tion (for related results, see Refs. 1099, 1100). MEG
recordings in children of similar age (8—12.5 yr) tested on
basically the same learning task revealed signs of a rapid
memory reorganization induced by sleep after encoding
(1101). New learning of the associations initially triggered
enhanced magnetic responses in hippocampal and para-
hippocampal regions. However, retrieval after a posten-
coding 90-min nap was accompanied by increased
responses from prefrontal and parietal cortices. In con-
trast, retrieval after a wake control condition continued to
primarily involve hippocampal and parahippocampal
regions. Similar signs of sleep promoting the redistribu-
tion of memory representations toward cortical and, in
particular, prefrontal cortical regions have been observed
in adults (e.g., Refs. 120, 122). In comparisons with those
findings, however, the sleep-dependent neocorticaliza-
tion of memory representations in children appeared to
proceed at a distinctly faster pace.

The notion of a rapid reorganization of memory repre-
sentations during sleep in children is also supported by
findings by Wilhelm et al. (608). They trained children
(~10 yr of age) on a SRTT requiring them to press,
repeatedly and as fast as possible, an eight-element
sequence of buttons (each lighting up when to be
pressed). Training followed an implicit order, i.e., the chil-
dren did not know the order of buttons to be pressed
and when asked immediately after the training they
were still largely unaware of the underlying button press
sequence. However, when asked after a posttraining
period of nocturnal sleep, almost all children showed
explicit knowledge of the entire eight-element sequence,
whereas no such gains in explicit sequence knowledge
emerged after a postencoding daytime wake interval. The
sleep-dependent gains of explicit sequence knowledge in
children were significantly greater than in sex-matched
adult control subjects. Moreover, explicit sequence knowl-
edge at retrieval was positively correlated with EEG SWA
during posttraining sleep, which was much higher in the
children than the adults. fMRI of the children at retrieval
testing revealed that the sleep-dependent increase in
sequence knowledge involved enhanced activity in poste-
rior hippocampal as well as neocortical regions, i.e., the
superior frontal gyrus and cuneus.

In contrast to these findings, there are also studies
showing comparable benefits of sleep for children and
adults or even superior benefits for adults (1102, 1103). In
8- to 12 yr-olds, sleep-dependent consolidation of epi-
sodic memory on a what-where-when task was compa-
rable to that in adults when retrieval of the original
episode was tested, i.e., of exactly the event (in this
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case, individual faces) as experienced in a specific spa-
tiotemporal context (1095). Sleep-dependent gains in
this study also did not differ between children and adults
for a separate assessment of the spatial component
(correct “where” responses) of episodic memory and
were unrelated to postencoding SWS. Overall, these
findings suggest that benefits of sleep on episodic mem-
ory in children are not superior to those in adults when
retrieval involves genuinely episodic aspects, such as
binding the memory of an event to its unique spatiotem-
poral context. However, children may outperform adults
when retrieval specifically involves aspects of memory
generalization emerging from the hypothesized transfor-
mation of the representation during sleep, which is
thought to unbind event features from the hippocam-
pally represented context of the experienced episode
(533). Indeed, functional imaging data (608, 1096, 1101)
suggest that the transformation of episodic memories
during sleep in schoolchildren is associated with the
redistribution of the representation toward neocortical,
particularly prefrontal cortical, regions and is linked to
SWS. It is thus similar to that in adults but, overall,
appears to be more effective.

5.1.3.4. COMPARABLE MEMORY AFTER SLEEP AND
WAKEFULNESS. Notably, there are also an increasing
number of studies in children that failed to reveal a supe-
rior effect of postencoding sleep on declarative memory
when performance was compared with an equivalent
postencoding period of wakefulness (567, 568, 1104,
1105). For example, in 5- to 9-yr-old healthy children and
age-matched children with primary snoring and OSA,
cued recall of spatial memories did not differ between
the postencoding nighttime sleep and daytime wake
conditions (1104). Spindle power during N2 of the noctur-
nal sleep period was positively correlated with memory
consolidation in the sleep condition but also in the wake
condition. Similarly, in 7- to 11-yr-old children, recall of
object-location memories (for card pairs showing the
same object) was improved after postencoding noctur-
nal sleep, in comparison with a daytime wake interval,
only when these memories were associated with a high
reward. Such negative findings do not necessarily
exclude a specific role for sleep in memory formation
but suggest that memories can also be consolidated
during wakefulness, although through different mecha-
nisms (e.g., Refs. 234, 568). The mechanisms specifically
acting during wake consolidation are presently unclear
but may also be more effective in children than adults.

5.1.4. Language-related memory.

A number of studies have addressed the question of to
what extent sleep supports language learning during
development. In theory, language learning during infancy

is thought of as a process sharing basic features with the
acquisition of declarative memory, where more gener-
alized semantic categories and grammatical rules are
abstracted across multiple episodes of audiovisual lan-
guage experience the infant is exposed to. However, once
language representations are well established, the process-
ing of purely verbal stimuli may predominantly rely on lan-
guage centers of the brain and may lose its strong
reference to the basic hippocampus-dependent episodic
memory system, putting the individual’s experience into a
unique spatiotemporal context. Thus, whereas in infants
and toddlers recall of memories from a verbal task may
strongly engage the hippocampal memory system (e.g.,
Ref. 1106), in older children and adults hippocampal engage-
ment may be very transient and the recall of verbal materi-
als primarily engage extrahippocampal areas (238, 1107).

To investigate the influence of sleep on language-
related memory formation in a very early developmental
stage, specifically in 3-mo-olds, Bastian et al. (1108) com-
pared an EEG evoked mismatch response to the word
“baby” spoken by an unfamiliar female voice with that to
the same word spoken by the mother. The study was
based on the assumption that infants at this age already
possess long-term memory for their mother’s voice.
Although in the beginning both voices evoked strongly
different mismatch responses, the response to the novel
voice became similar to that to the mother’s voice when
the infants had been familiarized with the novel voice
(by reading a story) and subsequently slept for, on aver-
age, 64 min. Specifically, after sleep, the response to the
familiarized voice, similar to the response to the moth-
er’'s voice, exhibited a pronounced frontocortical late
positivity ~850 ms after stimulus onset. This response
may suggest that a more persistent memory representa-
tion for the novel voice had been formed. Interestingly,
not only nap duration but also spindle activity during the
nap were positively correlated with the increase in simi-
larity between both kinds of mismatch responses after
sleep.

Studies in older infants and toddlers most often tested
the retention of words, nouns and verbs, and their mean-
ing and consistently found a benefit from sleep (1109-1111).
In studies involving nouns, children were typically pre-
sented with pairs of visually displayed objects and acousti-
cally presented words during encoding. Multiple similar
objects were associated with a single word, effectively
labeling a category. Recall testing evaluates whether
familiar object-word associations are correctly recognized
and, in addition, whether the recognition response gener-
alizes to novel object exemplars of a category that the
child had not seen during the encoding session. With
such an approach, the examination of ERPs and eye
movement responses (“preferential looking”) showed that
a postencoding nap not only enhanced memory for the
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familiar object-word associations that were presented dur-
ing encoding, in infants between 6 and 16 mo, but also
enhances the generalization of words to novel object
exemplars. In 6- to 9-mo-old infants, only those who
napped for >30 min during a 1.5-h retention interval after
encoding showed ERP signs of generalization, i.e., an
enhanced N400 component to the novel object exem-
plars. This semantic generalization was linked to an
increased sleep spindle activity during the postencoding
nap. A similar association between spindle activity and
semantic generalization was observed in slightly older
infants (9—16 mo) (133). Moreover, enhanced central-parie-
tal spindle activity was also observed during a nap follow-
ing the encoding of new object-word associations in
infants (586), indicating an adjustment of sleep spindle
activity to new learning similar to that in adults (1112).

5.1.4.1. TODDLERS. Sleep likewise supports the forma-
tion of word categories in toddlers. Werchan and
coworkers (569, 1113) examined the effects of daytime
naps in combination with subsequent nocturnal sleep in
29- to 36-mo-olds on forming new word-object catego-
ries. Of note, during the encoding session of this study
the different object exemplars for a category word were
presented, on each occasion, in a different context
(background color, isolated or in combination with other
objects). Accordingly, successful word category abstrac-
tion tested at retrieval required not only generalization
across similar objects but also an abstraction of the simi-
lar objects from the different contexts in which they
were experienced, which is difficult at this age (1114).
Thus, when asked at a test immediately after the encod-
ing session to identify novel exemplars for a given cate-
gory, the toddlers did not succeed. They did, however,
show successful generalization of a category word to
novel object exemplars when tested after a 24-h reten-
tion interval including the postencoding nap and night-
time sleep. Word category generalization at this test was
superior to that in toddlers who did not nap after encod-
ing but still had normal nighttime sleep. Similar results
were obtained in studies of 3- to 4-yr-old preschoolers
using nouns instead of verbs (613). These findings over-
all support the view that naps, in conjunction with a
period of nighttime sleep, are most effective in forming
generalized semantic long-term representations for
words and their meanings (Ref. 471; but see Ref. 623).
Paradoxically, directly comparing the effects of only a
single postencoding nap during a 4-h retention interval,
Werchan and Gomez (569) found that only toddlers who
stayed awake were able to generalize learned word-
object associations to similar new object exemplars,
pointing to the presence of consolidation processes
also during the wake state. Such wake consolidation,
relying to a lesser extent on hippocampal reactivations
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than consolidation during sleep (1106), might strengthen
memories for an event independent from the contextual
background in which it is experienced (135, 234, 237,
107) and thereby facilitate the generalization across
objects experienced in different contexts. In contrast,
sleep, as seen in the nap study by Werchan and Gomez
(569), may initially hinder the separation of an object
from its context by reactivating and strengthening the
hippocampus-dependent contextual background fea-
tures on which the objects had been presented. This
reinforcement could, in turn, impair the ability to general-
ize to similar objects successfully. Indeed, consolidation
during sleep may involve two waves of plasticity, with a
first wave acting locally in the hippocampus to confer
context specificity and a second acting to stabilize
abstracted generalized memory representations in neo-
cortical regions (1115). This concept could well explain
that successful generalization of category words to new
object exemplars is achieved in toddlers only during
nocturnal sleep that follows a midday nap (1113) as well
as findings suggesting that napping itself preferentially
strengthens the context-bound episodic memory for
word-object associations in toddlers (1116). Indeed,
napping may preferentially strengthen contextual epi-
sodic over more generalized representations already
in younger infants (1117).

5.1.4.2. GRAMMAR LEARNING. A few studies have
explored how sleep affects grammar learning in young
children, mainly building on early findings by Rebecca
Gomez’s group. These studies demonstrated that in
15-mo-olds, naps following exposure to language (audi-
tory strings of artificial words) promoted memory for the
abstract grammatical relationship between the first and
last word of the strings. Remarkably, infants were able to
generalize to strings that maintained a similar structure
but contained different words (1118, 1119). The same group
showed in 6.5-mo-olds that sleep, after listening to con-
tinuous speech in an artificial language, enhanced the
infants’ capabilities to abstract and retain words from this
language based on the transitional probabilities of the
words (1120). Retention correlated, among others, with
greater fronto-central SWA. Using ERP responses in con-
junction with artificial strings of words, similar to those
used by Gomez et al. (1118, 1119), another study demon-
strated that 6-mo-olds showed capabilities to abstract
memories for nonadjacent grammatical dependencies
from similar artificial word strings (1117). However, in this
study, the effect was independent of whether the infants
had napped or stayed awake after exposure to the
strings, consistent with the notion that, in a first wave,
consolidation during a nap may mainly act hippocampally
to confer contextual specificity and in turn hampers the
generalization across different contexts (1115).
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5.1.4.3. OLDER CHILDREN. Studies in older preschoolers
and schoolchildren provided hints toward enhancing
effects of sleep on various aspects of language learning,
including forming memories for grammatical rules in spo-
ken sentences of a foreign language (1121) and supporting
multisensory-motor training designed to improve reading
fluency (1122). However, the bulk of these studies focused
on the effect of sleep on learning novel words and their
meanings and integration into preexisting lexical networks.
Based on the learning of object-word associations, these
studies overall confirmed an improving effect of sleep after
learning on explicit knowledge of words (1123-1126).
Henderson et al. (1126), for example, used a more naturalis-
tic approach in which 5- to 7-yr-olds were read a story con-
taining 12 novel words with illustrations by their parents,
either at bedtime or 3-5 h before. The children’s memory
for the words was tested immediately after reading the
story and on the following morning with a cued recall pro-
cedure, i.e., prompting the child to recall the word by pro-
viding the initial syllable as a cue (test of word production),
and a recognition task where the child was presented with
the spoken word and had to select out of four different pic-
tures the one illustrating the associated object (test of word
comprehension). In comparison with immediate recall per-
formance, the children showed overnight improvements in
both word production and comprehension tests, with the
improvements being larger for reading 3—5 h before than
immediately before bedtime. Overnight improvements in
word production and word comprehension were likewise
observed in 8- to 12-yr-old children (1127). How these mem-
ory benefits were linked to EEG signatures of memory
processing during postencoding sleep remained obscure,
with one study reporting a positive correlation with spindle
density (1123) and others with SWA and REM sleep duration
(1124, 1125). In 5- to 7-yr-olds, the beneficial effect was larger
in children with larger preexisting vocabulary (1126), sug-
gesting that sleep influences the integration of novel words
into lexical long-term stores. However, in older children the
sleep effect was independent of, or even negatively
correlated with, the child’s prior knowledge of vocabu-
lary (1127, 1128).

More thorough examinations indeed show that sleep
supports the integration of novel words into preexisting
lexical networks (e.g., Refs. 1123, 1129-1131). Lexical integra-
tion in some of these studies was measured by probing
“lexical competition”: When, for example, the participant
had learned to associate the novel word “biscal” with a
certain object, in the later test session this object was then
presented together with another known object with a pho-
nologically similar name, e.g., “biscuit.” Participants were
then asked to “click on the biscuit” as fast as possible. It is
assumed that once a fully fledged representation of the
novel words, integrating phonological and semantic fea-
tures, has been developed in the lexical store, competition

and interference with responses to well-integrated known
words arises, which in turn slows the response to these
known words. In 7- to 8-yr-olds, lexical competition effects
emerged already after the learning session, but the effect
was distinctly increased on the next day after a period of
overnight sleep and even superior to that seen in a group
of adult participants (1123). Very similar results with signs of
sleep-dependent lexical integration being stronger than in
adults were obtained in several foregoing studies (1129—
1132). The enhancing effect of sleep on lexical integration,
emerging with some delay after encoding, has been taken
to propose that word learning in children follows the same
active systems consolidation process as described for epi-
sodic memory formation (1132, 1133), where the encoding
of a new word rapidly leads to the formation of a hippo-
campal memory trace and, over time and particularly
during sleep, a longer-term representation is strength-
ened and formed within the neocortical lexical network.
However, there are also findings pointing to specificities
in the processing of word materials during sleep in chil-
dren (632) as well as studies that failed to show an
improving influence of sleep, in comparison with posten-
coding periods of wakefulness, on memory for verbal
materials (e.g., Refs. 567, 1134).

5.1.5. Emotional memory and procedural skills.

Emotional memory has often been examined in clinically
oriented studies comparing typically developing (school)
children and children with various pediatric diseases,
like attention deficit hyperactivity disorder (ADHD) and
autism spectrum disorder (ASD). For typically developing
children, these studies revealed enhancing effects of
postencoding sleep in quite different tasks, such as the
recognition of affective pictures, rewarded memories in
an object-location learning task, and the recognition of
emotion-expressing faces (1099, 1105, 1135). However,
there are also a considerable number of studies that
failed to reveal sleep-dependent improvements in mem-
ory for emotional materials (e.g., Refs. 567, 1102, 1134).
For example, opposing findings in adults, in 8- to 12-yr-
olds recognition memories for more or less pleasant
odor stimuli appeared to weaken across a nocturnal
sleep period compared with a wake control condition
(1102, 1136). Additionally, sleep in 8- to 12-yr-olds did not
affect the emotional enhancement in memory on an
affective picture recognition task (567, 864).

As to the arousal response to emotional stimuli, find-
ings point to a deceasing effect of sleep, although with
some inconsistency across studies (864, 1137). Typically
developing adolescents between 10 and 18 yr showed a
decrease in ratings of arousal to negative imagery after
a period of nocturnal sleep, which was not seen in age-
matched control subjects with PTSD (1138). In 8- to 11-yr-
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olds, arousal ratings and signs of emotional processing
in the evoked brain response to aversive pictures were
decreased after a period of postencoding nocturnal
sleep in comparison with a daytime wake period (864).
However, in this study heart rate deceleration responses
to the aversive stimuli were increased after sleep. As
memory for the pictures was generally enhanced after
sleep, the increased “automatic” emotional heart rate
deceleration response might be considered a conse-
quence of the strengthened “cognitive” content memory
for the respective pictures.

Sleep-dependent offline gains on motor skills observed
in schoolchildren are rather similar to those in adults (615,
677, 680, 692, 754, 1139, 1140). Benefits, e.g., in finger
sequence tapping, were independent of the circadian
phase and greater for younger children (677, 692).
However, there were also aspects that appeared to be
specific to children: Unlike in adults, in 10-yr-olds only
accuracy, and not speed, in the finger sequence tapping
depended on posttraining sleep (680). Compared with
adults, 9-yr-olds showed a more rapid stabilization of fin-
ger tapping skills during the wake period immediately fol-
lowing the training, making the acquired skill less sensitive
to interference learning (1139, 1140). In 8- to 12-yr-old chil-
dren long-term training benefits after 1 wk were unrelated
to improvements after the night following the first training
(615). Also, the benefit of sleep after observational learning
on a motor task appeared to be less pronounced in 9- to
12-yr-olds than in adults (684). Overall, sleep-wake com-
parisons of finger sequence tapping skills indeed point to
differences in skill consolidation between children and
adults. However, these differences appear to be more
related to differences in wake consolidation processes,
e.g., a more rapid stabilization of skill memory during the
posttraining wake period in children, than to the consolida-
tion during sleep.

Also on other skill tasks, the pattern of sleep effects in
children resembled that in adults. For example, as in
adults (e.g., Ref. 731), sleep did not induce behavioral
gains on tasks requiring simple or complex motor adapta-
tion in 10- to 14-yr-old children (746, 750). Nevertheless, in
10- to 12-yr-olds, a motor adaptation task (motor rotation),
trained before sleep, induced greater proactive interfer-
ence on learning of a new task (performed immediately
after testing the old task), indicating a strengthening
effect of sleep on these memories (750). Sleep in children
likewise enhanced cognitive skills (1141, 1142). On an
n-back working memory task, sleep after training in 10- to
12-yr-old children induced the same performance gain as
in adults when measured in absolute terms (i.e., the differ-
ence in performance at test minus performance at the
end of training) (1142). However, because of the lower
baseline working memory performance in children, gains
in children were greater than those in adults if expressed
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as percent changes in performance at the end of the
training, which illustrates the general difficulty of directly
comparing behavior in children with that in adults.

5.1.6. Mechanisms of sleep-dependent
consolidation during early development.

5.1.6.1. STUDIES IN HUMANS. Findings in human partici-
pants link memory formation during sleep to the expres-
sion of spindles from early on. For example, in 3-mo-olds,
signs of memory formation (for a newly acquired female
voice) during a nap correlated with parameters of spindle
activity over frontocortical regions (1108). Similar positive
correlations have been reported for older infants, tod-
dlers, preschoolers, and schoolchildren and in vastly dif-
fering memory tasks, with spindle density and amplitude
overall representing the spindle parameters most sensi-
tively linked to the memory function (e.g., Refs. 614, 615,
680, 1090, 1104, 1143). Although spindle activity in most of
these studies was assessed during the experimental
postencoding sleep period, the increased spindle activ-
ity accompanying enhanced memory formation partly
reflects a more enduring traitlike condition in the chil-
dren (1104, 1144). In 5- to 9-yr-olds, spindle power during
N2 sleep was positively correlated with enhancements
in spatial memory not only in the sleep condition but
after the postencoding wake interval (1104). Beyond sup-
porting consolidation of specific memories, sleep spin-
dles during early development probably also support
the maturation of respective memory systems (614).

Parameters of slow oscillatory activity were not consis-
tently linked to behavioral measures of memory consolida-
tion, but SOs appear to mainly contribute to memory
consolidation in children when they occur together with
spindles (177, 353, 568, 1143, 1145). The phase-coupling of
spindles into the SO up-state becomes increasingly pre-
cise throughout childhood and adolescence, along with
an increased capability to form memories for word pairs
and procedural juggling skills across sleep (353, 1145).
Similarly, in schoolchildren across a wide age range (7—
15 yr) recall of word lists after a period of postencoding
sleep was better when spindles were strongly phase-
coupled to the SO up-state (568). Notably, this relationship
occurred independent of the children’s age, supporting
the view that at this age phase-locking of spindles to the
SO up-state is firmly established as a mechanism of mem-
ory consolidation. In younger 5- to 6-yr-old preschool chil-
dren, SO-spindle coupling was less precise and not
significantly related to episodic memory formation for
object-scene associations (1146). Indeed, these studies in
humans suggest that the development of precise SO-spin-
dle coupling is closely connected to the maturation of fast
spindles and starts to effectively support consolidation
processes only around school age.

an
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There is, moreover, indirect evidence from fMRI stud-
ies in sleeping toddlers that episodic memory formation
during sleep at this age, as in adults, also involves hippo-
campal activation (1147, 1148). In these studies, 2-yr-olds
were familiarized with different rooms in which they
played with different toys while listening to specific
songs serving as further contextual stimuli. They were
later asked where and in the presence of which toy they
heard the song. During a fMRI session on a subsequent
day, a TMR procedure was applied, i.e., while the child
was sleeping they were presented with 20-s blocks of
the learned and a novel song. The learned song pro-
duced a distinctly greater hippocampal activation than
the novel song, and this activation was higher in the tod-
dlers who did remember the episode where they had
heard the song (1148). These findings were confirmed in
a second study using a different task (tablet games),
with the song-induced hippocampal reactivations in the
sleeping toddlers correlating in particular with temporal
order aspects of the recalled episode (1149).

5.1.6.2. STUDIES IN RODENTS. There are only a handful
of studies in developing animals that which relate
behavioral indicators of memory consolidation during
sleep to underlying neurophysiological mechanisms.
The findings corroborate the importance of sleep spin-
dles for the consolidation process. Garcia-Pérez et al.
(1150) tested rat pups on PD26, PD28, PD30, and PD32
(i.e., a time roughly corresponding to the range from tod-
dlerhood to later childhood in humans) on a hippocam-
pus-dependent OPR task using a longer than usual 3-h
delay between encoding and retrieval testing. On this
task, the pups exhibited persistent OPR memory only
after PD28. The increased memory with increasing age
was paralleled by an increase in spindle density and SO-
spindle coupling strength. The data, however, did not
allow for separation of the maturational effect of age
itself from that of memory-related neuronal processing.
To what extent sleep-dependent memory consolida-
tion in developing rodents involves hippocampal ripples
and their coupling with thalamo-cortical spindles and SOs
is currently not clear (1046). Hints at hippocampal contri-
butions are provided by findings indicating that the rip-
ple-related activities can be enhanced by discrete prior
experience (1151). In these experiments, juvenile rats were
exposed for 5-min periods to changes in the spatial con-
figuration of two identical objects on PD25, PD27, and
PD29. When tested on an OPR task, with a 3-h delay
between encoding and test, on PD31, these rats showed
significant memory, whereas rats of a control group with-
out the prior spatial experiences did not form any signifi-
cant OPR memory. Importantly, analysis of sleep during
the 3-h delay on the OPR task indicated that OPR mem-
ory formation in rats with prior spatial experience was

412

accompanied by an increased percentage of hippocam-
pal ripples coupled to parietal SO-spindle complexes as
well as enhanced ripple-spindle phase-locking during the
retention sleep. Overall, these findings support the idea
that experience promotes the functional maturation of
the hippocampus-dependent episodic memory system
during development by enhancing the finely timed proc-
essing of memory information in hippocampal and neo-
cortical networks during sleep.

Such synchronized processing in hippocampal and
neocortical networks may ultimately serve the transfor-
mation of episodic representations into long-term repre-
sentations residing in neocortical networks, in particular
mPFC areas. Rats that were exposed, on four different
days during their infancy, to discrete spatial experience
(@ change in the configuration of 2 objects) showed
enhanced capabilities to form spatial representations at
a test in adulthood compared to control rats without
such infantile experience (Ref. 525; FIGURE 11C). The
beneficial effect of the infantile experience was abol-
ished when the rats were kept awake during the 2 h
after the experience. Further experiments showed that
the adult rats’ improved spatial capabilities were mainly
based on memory for spatial context information that
was formed during the infantile experiences in the pre-
limbic mPFC rather than the hippocampus. Accordingly,
inhibiting the prelimbic mPFC at testing during adult-
hood abolished the enhancing effect of infantile experi-
ence. The spatial experiences benefited adult learning
capabilities only when they occurred during a sensitive
period of infancy but not when occurring later during
childhood. Collectively, these findings are in line with
the notion that sleep transforms memories of new
encoded episodes into more abstract representations
that essentially involve the mPFC and can be used as
generalized reference facilitating behavioral adaptation
in similar contexts during later life. During early develop-
ment, this transformation appears to occur at a more
rapid rate than in adulthood, a conclusion that has been
likewise drawn based on findings in humans (1101).

Sleep, indeed, appears to particularly enhance synap-
tic plasticity in neocortical networks during early devel-
opment (167, 168, 1152). In juvenile 1-mo-old mice, sleep
after motor training promoted the formation of dendritic
filopodia and their conversion into new spines in layer 5
pyramidal neurons of the primary motor cortex (1152).
Interestingly, sleep after a second motor training pro-
moted formation of new spines more directly, i.e., with-
out prior emergence of dendritic filopodia. Monocular
deprivation in mice at the same juvenile age produced
rapid spine elimination in the visual cortex, which was
distinctly reduced after REM sleep deprivation (167). A
similar REM sleep-dependent increase in spine elimina-
tion was observed in frontal cortex areas after cued fear
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conditioning. The elimination mainly pertained to sub-
sets of synapses newly formed after the experimental
experiences and thereby probably helps shape the
respective memory representations (168). Overall, these
findings in the juvenile brain align with the view pro-
posed for adulthood regarding a fundamental division of
labor in synapse regulation: SWS supports the experi-
ence-dependent formation of new synapses in the neo-
cortex, whereas REM sleep facilitates the experience-
dependent pruning of established synaptic connections.

5.1.7. Song learning in birds.

Song learning in juvenile birds is considered a model of
human language learning and has also been found to
depend on sleep, although some findings question the
contributions of sleep (1153). Birds like zebra finches
develop their song in two steps between 30 and 90 days
after hatching. First, a template of a tutored song is formed.
Second, the bird learns the song by imitation and auditory
feedback. Song learning is accompanied by an increased
sleep need (31, 1154). A dependency of song learning on
sleep was first demonstrated by Derégnaucourt et al.
(1155). The juvenile zebra finches of that study improved
their song quality during the day because of intense prac-
tice, but unlike procedural skills in children (1142), song
structure and quality deteriorated across nocturnal sleep.
However, the birds with the strongest song deterioration
after sleep were the best learners in the long run. An
acutely deteriorating effect of sleep on song quality
has been confirmed in more recent studies (e.g., Refs.
1156, 1157).

The mechanisms underlying the sleep-dependent
dynamics in song learning are presently not clear. Memory
consolidation during sleep in birds, as in mammals,
appears to originate from neuronal reactivations of newly
encoded song representations during sleep. Song proc-
essing in birds centrally involves three brain structures, i.e.,
1) the caudomedial nidopallium (NCM), which has been
considered the avian equivalent of the Wernicke area, and
2) the so-called high vocal center (HVC), which is a premo-
tor-association region thought of as an analog to the
human Broca area and which projects to motor pathways
via the 3) robust nucleus of the arcopallium (RA) (1158). The
NCM is assumed to contain the neural template for the
tutored song (1159). After tutor song experience, a small
subset of NCM neurons exhibit highly selective audi-
tory responses to the tutor song, which is decreased
after sleep or blockade of GABAergic inhibition (1156).
Reactivations of song-related firing patterns during
sleep have been identified in the RA, probably driven
by reactivations in HVC neurons (195, 1160-1162). Such
bursting activity in RA neurons during sleep presum-
ably reflects an integration of the tutored song with
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auditory feedback information from the bird’s own sing-
ing. Thus, greater mismatch between the tutored song
and the feedback from the bird’s own singing has been
proposed as an explanation of the acutely deteriorating
effects of sleep on song quality, which is most pro-
nounced in the beginning of the learning period.
Reactivations during sleep may primarily stabilize inhib-
itory neuron ensembles. This is suggested by studies
of HVC neuron ensembles involved in song production
in adult zebra finches, where activity in excitatory neu-
ron ensembles displayed particularly strong changes
across sleep periods whereas activity in ensembles
dominated by inhibition remained unchanged (1163).
Beyond that, the sleep-dependent systems consolida-
tion process may promote the formation of a more later-
alized representation to the left NCM (1164) and of
separate supraordinate song representation down-
stream from the initial NCM representation (31, 1165).
Interestingly, signs of song reactivations during sleep
were also found in suboscines, i.e., birds developing
their song innately without the need for acoustic models
or auditory feedback, suggesting that neuronal reactiva-
tions during sleep evolved as a basic mechanism of
behavioral maintenance independent of the amount of
new learning required (Ref. 1166, but see Ref. 1167).

5.1.8. Conclusion.

Whereas the number of studies on the early develop-
ment of sleep and memory was rather small up until
10 years ago (5), the interest in this topic rapidly grew in the
last years. The bulk of these studies confirmed that sleep
promotes the formation of long-term memory and underly-
ing plasticity also during early development. This effect may
even be superior to that in adulthood. Findings in rodents
and humans suggest that sleep during early development
particularly promotes the fast emergence of more abstract
representations in the neocortex, mainly mPFC networks. In
stark contrast, the underlying hippocampal and neocortical
circuitry appears to be functionally immature, specifically
with regard to the fine-tuned interaction between these
structures. This functional immaturity in conjunction with
the, in certain aspects even superior, memory formation
during sleep challenges the view that during early develop-
ment active systems consolidation during sleep is estab-
lished in basically the same way as in adulthood. Instead,
memory processing in the developing brain may be organ-
ized more in parallel at hippocampal and neocortical levels.
This organization, driven by a generally increased sleep-
dependent plasticity, produces stronger transformations at
the neocortical level. There are also a notable number of
sleep-wake comparisons that failed to reveal superior mem-
ory effects of sleep, particularly in older children. Such find-
ings may point to a greater relevance of consolidation
processes taking place during wakefulness in children, with
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the mechanisms differing from those during sleep. Also,
memory processing may differ at different ages during
development. Thus, the central question to be solved in
future research is to what extent memory formation during
sleep (and possibly also during wakefulness) in infants relies
on distinct mechanisms, and at what age these mecha-
nisms become comparable with active systems consolida-
tion processes as observed in adults.

5.2. From Adulthood to Old Age

Although the memory function of sleep has been most
extensively researched in younger healthy adults (18-35
yr), it is middle-aged (35-60 yr) and especially older
(usually >60 yr) individuals who suffer most from sleep
loss and are most affected by cognitive decline. Sleep
disturbances and cognitive impairment are common in
older adults (1168-1178), and many studies have docu-
mented specific deficits in declarative and procedural
memory formation in these individuals (for reviews, see
Refs. 1179-1184). In addition, a growing body of research
suggests that sleep disturbances in older adults contrib-
ute to the effects of age-related long-term memory
impairment (903, 904, 1185-1210).

5.2.1. Alterations of sleep in aged individuals.

Compared with younger individuals, sleep in older
healthy adults is characterized by macrostructural altera-
tions (1211), including shorter overall sleep durations, lon-
ger sleep latencies, more fragmented sleep, more wake
after sleep onset (WASO), and, importantly, less time in
SWS (1211-1215). These changes often co-occur with
excessive daytime sleepiness and increased daytime
naps in older adults (1216). The age-related decrease in
SWS depends on sex, with men (<55 yr) showing a
more than threefold decrease in the amount of SWS
compared with women of the same age (1217, 1218).

The reduction in SWS is further associated with an
age-related reduction in amplitude, density, and slope of
slow waves (1219, 1220), with the largest decreases in
slow-wave amplitude and density observed over frontal
cortical areas (1219) (FIGURE 12). Accordingly, significant
reductions in SWA and delta power have also been
seen in middle-aged and, especially, older adults (1214,
1221-1224). Also, sleep spindles undergo significant
changes during aging. Spectral EEG power in the sleep
spindle frequency range (12—-15 Hz) is reduced in mid-
dle-aged and older adults relative to younger adults
(1214, 1223-1226), with the strongest decline also occur-
ring over frontal cortical areas (1225, 1227, 1228). In
addition, the number, duration, peak, and mean ampli-
tude of sleep spindles were found to be decreased in
older adults (1225, 1227-1229), with spindle duration
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FIGURE 12. Summary of structural brain changes and age-related
impairments in non-REM sleep oscillations. Top and middle: age-
related deficits in non-REM slow-wave amplitude and density are
significantly associated with the degree of reduced gray matter (GM)
volume and thickness (middle; blue regions) in the medial prefrontal
cortex (mPFC), middle frontal gyrus (mFG), and insula (INS) in older
(orange) relative to younger (green) adults. Impairments in non-REM
sleep spindle duration and density (bottom right bar graph) reduc-
tions in older (orange) relative to younger (green) adults are associ-
ated with the magnitude of decreased hippocampal (HC) GM
volume and white matter (WM) integrity within the body and sple-
nium of the corpus callosum (CC) (middle; red regions, lower image).
See GLOSSARY for additional abbreviations. Figure from Mander et al.
(Ref. 1211). Copyright 2017 by Elsevier. Reprinted with permission.

decreasing more in posterior than anterior EEG (1228)
(FIGURE 12).

REM sleep parameters are altered as well in aged
people, although these changes appear to be more
subtle and mostly occur at very old age (>80 yr) (1215,
1223, 1230). A meta-analysis identified the percentage
of REM sleep time and REM sleep latency to slightly, but
significantly, decrease during aging (1215). EEG theta
power as well as coherence, as a measure of functional
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connectivity between distant brain areas, during REM
sleep appeared to be increased with age (1226). In
another study, the EEG during REM sleep in older com-
pared with younger participants displayed lower propor-
tions of rhythmic theta (as well as alpha) activity, and this
decrease was associated in both age groups with dimin-
ished dream recall (1231). Increased EEG theta power
during REM sleep was linked to better subjective sleep
quality and a diminished (wake) LC activity in older but
not in younger adults, suggesting that the increase in
theta activity in older people marks a more consolidated
form of REM sleep (1202).

The diminished expression of SWS hallmarking sleep in
healthy older adults is partly a consequence of a diminished
homeostatic sleep regulation in these individuals (1211, 1232,
1233). Typically, longer periods of wakefulness produce a
rebound in SWA during subsequent sleep, which declines
across the night in young adults, reflecting a homeostatic
dissipation of the sleep pressure (1234). In older adults, this
homeostatic increase in SWA subsequent to longer periods
of wakefulness (or SWS disruption) is distinctly weaker (1221,
1235, 1236), and also the slope of the subsequent decline in
SWA across the night is more shallow (1214, 1221).

Signs of impaired sleep and a diminished homeostatic
sleep regulation in the aged brain are likewise observed in
animal models such as Drosophila (e.g., Ref. 1237), with
older flies (35 days old) showing more fragmented sleep
and reduced total sleep time than younger (8 days) flies. In
conditions of chronic sleep restriction (3 h per night for mul-
tiple nights), older flies recovered much less sleep than
younger flies. Similarly, older mice (18—24 mo) showed a
slower decline in SWA rebound following sleep deprivation
in comparison with younger mice (6 mo) (1238). However,
as to the homeostatic regulation of sleep, studies in mice
also revealed noticeable differences from humans (1232,
1239, 1240). For example, aging in mice was associated
with an increased rather than decreased sleep duration, as
well as with higher EEG SWA during non-REM sleep (1238—
1241), suggesting that in mice, unlike in humans, aging is
associated with an increased need to sleep (1238, 1239).

Beyond a reduced homeostatic sleep regulation, sev-
eral other mechanisms have been linked to the decline
of sleep quality during aging. The number of neurons in
the hypothalamic preoptic area expressing the inhibitory
neuropeptide galanin, known to play a critical role in
maintaining sustained sleep (1242, 1243), was found to
decline with age in humans (1244). The severity of the
decline predicted the severity of sleep fragmentation.
Hypocretin/orexin-expressing neurons in the lateral
hypothalamus may also play a role. These neurons con-
tribute to maintaining wake states (1242) and appear to
undergo a comparable age-dependent deterioration in
rodents as well as humans (1245-1247). Several studies
in humans have linked the reduced sleep quality in older
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individuals to a thinning of cortical gray matter (Ref.
1248; see also Refs. 1220, 1222, 1249-1251).

5.2.2. Sleep-dependent episodic memory
consolidation in older adults.

Given the marked alterations in sleep, it does not come
as a surprise that the consolidation of memory is overall
diminished in older age. In fact, a growing body of
research suggests a connection between poor sleep and
memory formation in the aging population, with most
studies focusing on the hippocampus-dependent epi-
sodic memory system. But, noteworthy, there are also a
few reports of stronger sleep effects in older compared
with younger adults. For example, sleep in comparison
with a postencoding wake period enhanced memory for
stories and personal events in both young (19-29 yr) and
older (69-80 yr) adults, with total sleep time being predic-
tive of the sleep benefit only in the older adults (1252).
Similarly, sleep produced a benefit for the consolidation
of episodic memory in a what-where-when task in both
young (~22 yr) and older (~69 yr) adults, with the benefit
in older participants being even superior to that in
younger ones (1253). Older adults showed a significant
enhancement in the recall not only of factual elements of
the to-be-remembered episodes but also of associated
details and contextual information as well as in the
amount of feature binding in the task.

The majority of findings, however, indicate a less effec-
tive memory consolidation during sleep in older in com-
parison to younger adults (1254—-1256). For example, in
older adults (~69 yr) postencoding sleep, in comparison
with wakefulness, had a weaker enhancing effect on the
retention of visuospatial object-location associations than
in young adults (1254). In another study (1255), recall of
word-picture associations 1wk after encoding was lower
in older (65—75 yr) than young (18—30 yr) adults, and only
in the older participants did recall performance correlate
negatively with the number of self-reported awakenings
during nighttime sleep. Studies of daytime naps likewise
indicated a less effective memory consolidation in older
adults. Scullin et al. (1256), for example, report an enhanc-
ing effect of a 90-min daytime nap over an equivalent
period of quiet wakefulness on the retention of words
only in young (18—29 yr) and not in community-dwelling
older (58-83 yr) adults. The difference was independent
of whether the words were instructed to be remem-
bered or to be forgotten (see sect. 4.4). Although these
behavioral findings appear to be overall rather consist-
ent, conclusions nevertheless need to be drawn with
caution because older adults differ from younger adults
also in regard to encoding and retrieval functions. These
confounds hamper the straightforward dissociation of
age-dependent changes in the consolidation process.
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5.2.2.1. THE ROLE OF SWS. As SWS is mostly affected by
aging, many studies have focused on the link between
memory consolidation and SWS-related measures.
However, the findings overall provide a rather mixed pic-
ture. Some studies, indeed, found significant associations
of signs of diminished SWS with impaired sleep-depend-
ent memory consolidation in the elderly (e.g., Refs. 1257,
1258). For example, in one study (1257) the percentage of
SWS was positively correlated with enhanced memory for
word lists only in older adults (mean age 70 yr) who
actually displayed SWS. In participants who did not show
SWS, overnight memory consolidation was associated
with slow oscillatory power during non-REM sleep, but
only in the first sleep cycle. In middle-aged (48-55 yr)
adults, reduced time spent in SWS during the first half of
the night following learning of word pairs was linked to a
worse retrieval of word pairs compared with young adults
(1258). A 90-min nap (mainly containing non-REM sleep)
following training on the Tower of Hanoi problem-solving
task enhanced subsequent performance in young (20—
35 yr) but not older (60-85 yr) participants (662). fMRI
indicated that the nap led to a transformation of the task
representation in hippocampal and neocortical networks
only in younger study participants.

However, other studies failed to find the link to SWS
parameters in older adults (e.g., Refs. 1222, 1259-1262).
For instance, one study (1259) reported a positive correla-
tion between the percentage of SWS and the retention of
word pair memories for young study participants, but this
relationship did not emerge in the older participants
(mean age 71yr). Very comparable results were obtained
in a study examining postencoding daytime naps in older
adults (60-75 yr) (1260). In the older participants of this
study, memory recall after the nap was associated with a
stronger functional connectivity between hippocampus
and PFC. Yet there are also opposite findings pointing to
a reduced hippocampal-PFC functional connectivity in
connection with impaired word pair retention across sleep
in older adults (mean age 72 yr) (1222). In this study, the
memory impairment in the older participants was addition-
ally associated with the extent of gray matter atrophy in
the mPFC (for related results, see Ref. 1261). In the DRM
paradigm, longer time spent in SWS in older adults (~67
yr) was not positively but negatively correlated with the
recognition of critical lures, i.e., gist memory (538). This
negative association, however, is not specific to older
people but was likewise observed in younger participants
in DRM-like tasks, and possibly reflects specificities
related to the abstraction of gist memory required in such
tasks (Refs. 175, 177, 538, 551, see sect. 4.2.1).

As to the microarchitecture of non-REM sleep, findings
were more consistent. Decreases in SWA, especially
over anterior cortex regions, during nighttime sleep in
healthy older adults were robustly correlated with

impaired overnight consolidation of word pair and three-
dimensional (3-D) spatial memories (1222, 1249), and
such correlations were likewise observed in older adults
with mild cognitive impairment (1263). Also, changes in
spindle dynamics appear to be relevant: Sleep spindles
are temporally clustered after an infraslow ~0.02 Hz
rhythm, which likely reflects fluctuations in noradrener-
gic activity of the brain stem LC (376, 377, 1264). In
healthy adults between 35 and 69 yr the amplitude of
this rhythm, i.e., the proportion of clustered spindles,
decreased with increasing age. Although this decrease
with age was unrelated to non-REM sleep fragmentation
or microarousals, the diminished size of the spindle clus-
ters in the older participants appeared to be linked to a
diminished consolidation of visuo-spatial memory (1265).
Also, in older adults spindles are less closely coupled to
the SO up-state, and this uncoupling of spindles, in sev-
eral studies, was robustly linked to a diminished consoli-
dation across sleep for word pair memories (352, 1266,
1267). Note that, although less precise, the strength of
the SO-spindle coupling itself is still a predictor of mem-
ory consolidation during sleep in older age (1267).
Beyond predicting a decline in memory consolidation,
the age-associated uncoupling of spindles to SOs was
also linked to signs of mPFC atrophy and a diminished
thalamus volume (352, 1267).

Factors at encoding might modulate the effect of age
on the consolidation process. For example, the differ-
ence between young (19-28 yr) and older (63-74 yr)
adults in maintaining scene-word pair memory was
greatest for associations that were encoded with a
medium strength (as determined by an immediate recall
test), whereas there was no difference between the age
groups for poorly encoded memories (1268). In addition,
this study found an association between the impaired
memory maintenance across sleep and reduced SWA,
SOs, fast and slow spindles in older adults, as well as
reductions in gray matter in the mPFC, thalamus, ento-
rhinal cortex, and hippocampus. In this context, traits are
also to be considered like generally high or low cogni-
tive capabilities that are associated with higher or lower
spindle activity. Such traits can interact with memory
processing at encoding and consolidation and thereby
modulate the effect of age on the consolidation process
(e.g., Refs. 1269, 1270). For example, in high-performing
older adults (50-79 yr) showing higher initial recall per-
formance at a test before the experimental sleep and
wake retention periods, sleep stabilized newly encoded
visuo-spatial memories against interference to a similar
extent as in young participants. Notably, this stabilizing
effect was not obtained in the low-performing older
adults.

5.2.2.2. THE ROLE OF REM SLEEP. Of the studies in older
adults considering the role of REM sleep in episodic
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memory consolidation (905, 1254, 1256, 1258, 1259, 1271—
1273), many failed to find any link between REM sleep and
memory consolidation (1254, 1256, 1258, 1259). The few
hints at a contribution of REM sleep to age-related deficits
in memory consolidation during sleep were mostly of an
indirect nature. An early study found a positive correlation
between overnight memory retention in a word pair learn-
ing task and the duration of non-REM-REM sleep cycles in
older adults (61-75 yr) (1273), suggesting that rather than
non-REM sleep alone, the sequence of non-REM and REM
sleep contributes to the consolidation process in older
adults (see sect. 3.3). In line with this view, strengthening
by sleep of memory for visuo-spatial associations in high-
performing older adults (50—79 yr) was specifically related
to REM sleep occurring during the early SWS-rich part of
the night, whereas in the young participants memory
gains were linked to non-REM sleep (1270). There are also
findings pointing to a role of REM sleep in an age-depend-
ent decline of the consolidation of prospective memories
during sleep (872). In participants aged between 18 and
84 yr, the age-related decline in sleep-associated pro-
spective memory performance was most strongly associ-
ated with age-related decreases in REM sleep duration
(with no additional contributions of delta power, SOs, or
spindle density). However, such a role of REM sleep in
prospective memory consolidation is not well supported
by other studies, although in these studies the age-related
decline in prospective memory consolidation during sleep
was a rather robust finding (904, 906—908).

Increases in REM sleep after administration of the ace-
tylcholinesterase inhibitor donepezil in 58- to 78-yr olds
were positively correlated with retention of word lists
(1271). However, these findings could not be confirmed
when REM sleep periods in older adults (60—-82 yr) were
augmented either by administration of donepezil or by
inducing a REM sleep rebound after temporarily depriv-
ing the participants from REM sleep (1272). Overall, the
picture argues against a substantial role of REM sleep
per se in mediating age-dependent declines in memory
consolidation during sleep.

5.2.3. Sleep and emotional and procedural
memory formation in older adults.

5.2.3.1. EMOTIONAL MEMORY. A preferential sleep-
dependent consolidation of emotionally salient (nega-
tive) memories as seen in young participants (sect. 4.3)
was found to be preserved in middle-aged participants
(46-65 yr), with positive correlations between emotion-
ally salient memory and spindle activity being present
across the whole age range (491). Others (786), how-
ever, report an enhancing effect of sleep on consolida-
tion of negative picture memories only in young (18—30
yr) and not middle-aged (35-50 yr) adults. Studies
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comparing effects on positive versus negative informa-
tion point to a stronger sleep-dependent enhancement
of positive memory in aged individuals (830, 831, 1274,
1275). For example, in a group of older adults (50-80 yr)
sleep after encoding preserved memory for positive but
not negative pictures, whereas in younger adults sleep,
conversely, preserved memory for negative rather than
positive pictures (1275). The memory for positive pic-
tures was positively correlated with percentage of early-
night SWS in older adults only. Similarly, another study
revealed a facilitating effect of sleep on the consolida-
tion of positive pictures in older adults (58-78 yr),
whereas in young adults the enhancing effect of sleep
was specific to neutral pictures (830). Interestingly, in a
recent study (1276) the preferential consolidation of pos-
itive over negative memory was systematically related
to SO-spindle coupling during sleep: Whereas in young
adults the SO-spindle coupling strength was predictive
of negative but not positive emotional memory perform-
ance, in older adults (~62 yr) the coupling strength pre-
dicted recall of positive but not negative memories after
sleep. On a related note, older participants (60-79 yr)
upon sleep disruption (by periodical telephone calls)
showed a stronger impairment in the consolidation of
picture memories than younger control subjects (18—29
yr), but mood rating indicated that they were much less
negatively affected by the sleep disruptions (855).
Taken together, these findings suggest a consolidation
bias in sleep among older adults, leading to a relatively
stronger enhancement of positive memories compared
to negative ones.

5.2.3.2. PROCEDURAL MEMORY. The few studies in the
elderly addressing procedural memories rather consis-
tently report a decline in sleep-dependent consolidation of
skills with increasing age, which in some studies appeared
to be even stronger than for declarative tasks (e.g., Ref.
1277). For example, sleep-dependent gains in skills on
both explicit and implicit versions of motor sequence learn-
ing tasks are typically lacking or less pronounced in older
in comparison with young participants (Refs. 483, 1277,
1278, for a review see, e.g., Ref. 1279). Age-dependent
decline in sleep-dependent motor skill consolidation, inde-
pendent of the initial training level (1278), was also
observed in a motor adaptation task (1280). Additionally,
this decline was consistently found to be related to
changes in spindle activity. For example, on a motor
sequence learning task, reduced sleep-dependent gains
observed in older (55-75 yr) in comparison with younger
(2035 yr) adults were accompanied by a reduction of
sleep spindle duration and frequency in the older partici-
pants (483). fMRI during the participants’ task performance
moreover revealed an association between sleep spindle
density and increased striatal activity from training to retest
after sleep, with this activity being increased in young but
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reduced in older adults. Others, however, found sleep-
dependent improvements in finger sequence tapping in
older adults (>55 yr) to be likewise linked to increased
(rather than decreased) activity in motor networks, includ-
ing the putamen, but also hippocampal regions (1281). In
these participants, activations in the putamen, cerebellum,
and parietal cortex during initial motor sequence learning
were moreover predictive of the gains in sleep-dependent
consolidation. The age-dependent decline in sleep-
dependent motor memory consolidation has also been
linked to a thinning of gray matter in the relevant struc-
tures. Whereas in young participants sleep-dependent
gains in motor sequence skills were, beyond correla-
tions with spindle activity, positively correlated with gray
matter volume in the hippocampus and cerebellum, in
older adults (55-69 yr) gray matter volume in these
structures was generally smaller and did not correlate
with offline performance changes (1250). This altogether
suggests that structural changes in motor networks
including thalamo-cortical, striatal, and also hippocampal
networks and associated differences in sleep spindle
activity may explain the age-related decline in proce-
dural memory consolidation during sleep (1282, 1283).

A few studies have provided hints that the decline with
age in sleep-dependent motor skill consolidation depends
on specific task characteristics (1272, 1284). For example,
a group of 50-to 85-yr-old healthy adults showed sleep-
dependent gains in a motor sequence task version that
involved whole hand movements but not in the classical
finger sequence tapping task, whereas the young partici-
pants of this study showed a converse pattern (682), sug-
gesting a dependency of age-related changes on the
kinematic demands. Nevertheless, the findings collectively
support the view that sleep in older adults predominantly
weakens the efficacy of motor skill consolidation during
sleep, with this change involving functional changes in
spindle activity that possibly originate from structural
changes in the contributing motor networks.

5.2.4. Animal models.

Very few studies have examined sleep effects in aged ani-
mals (1285-1288). Sleep deprivation after context fear con-
ditioning impaired memory in young adult (2 mo old) as
well as aged (22—-23 mo old) mice at a test 1 day after con-
ditioning. Sleep deprivation induced comparable changes
in the hippocampal expression of a number of genes
related to sleep, circadian regulation, and synaptic plasticity
in both ages (1285). However, at a test 1 mo after condition-
ing, the impairing effect of sleep deprivation on the condi-
tioned fear response was only maintained in young but not
aged mice, reflecting the generally faster decay of remote
memory in aged mice. In another study (1286), a 5-h post-
encoding period of sleep deprivation, followed by recovery

sleep, impaired consolidation of spatial memory on an OPR
task in young mice (10—24 wk). Surprisingly, old mice (60—
76 wk) showed significant OPR memory only in the sleep
deprivation condition and not in the sleep condition.
Significant OPR memory at the test was, independent of
the animals’ age, associated with increased spindle counts
during pre-REM sleep epochs. Analyses of hippocampal
place cell activity, moreover, revealed that the expression
of significant OPR memory was linked to place-field remap-
ping at the test session, and older mice showed a greater
number of cells with instable place fields than young ani-
mals. Noteworthy is a study in gray mouse lemurs (i.e., non-
human primates) suggesting that the impairing effects of
sleep deprivation on the consolidation of spatial memory
can be alleviated, in both young (2-3 yr) and aged (6—7 yr)
animals, by the administration of the acetylcholinesterase
inhibitor donepezil or of the NMDA receptor agonist mem-
antine (1287, 1288), i.e., drugs approved for the sympto-
matic treatment of Alzheimer’s disease.

5.2.5. Enhancing sleep-dependent memory
formation in aged individuals.

There are a rapidly growing number of studies that aim to
relieve memory decline in aging by manipulating sleep,
using different stimulation techniques like tDCS, CLAS,
and targeted memory reactivation (TMR) (for reviews, see
Refs. 1289-1290; sect. 7). For example, compared with a
sham control condition, tDCS at a slow frequency (0.75
Hz) during an afternoon nap increased SWA during the
nap and, at a test 1wk later, improved recall of word pairs
learned before the nap in older (65-85 yr) adults (1291).
tDCS over fronto-central cortical areas during a posten-
coding nap likewise enhanced picture-location associa-
tions in 50- to 80-yr-olds (1292). The enhancing effect was
accompanied by increased amplitude of frontal SO and
fast spindle activity. However, in this study not all memo-
ries benefited from tDCS, with word pair memories, for
example, remaining unchanged after tDCS in the aged
individuals (see Ref. 359 for related findings in patients
with mild cognitive impairment). Positive effects were like-
wise observed with CLAS. Applied to the SO up-state,
CLAS typically increased SO amplitudes and spindle num-
bers not only in the young but also in the older partici-
pants with and without mild cognitive impairment, and
these increases were found to be paralleled by enhancing
effects on the consolidation of various types of declarative
memory (pictures, word pairs, etc.) (1293-1296).
Noteworthy are animal experiments in the common
degu (Octodon degus) showing a benéeficial effect of
transcranial magnetic stimulation (TMS) in different mem-
ory tasks, i.e., the radial arm maze, Barnes maze, and
NOR (1297). TMS was applied for 2 h at a frequency of 60
Hz (dorsally and ventrally to the skull) to sleep-deprived
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young (18 mo) and older (40—-60 mo) female degus, which
slept most of the time during administration. Whereas in
the young degus memory was improved already after a
single 2-h TMS session, old degus showed distinct
improvements in recall only after multiple days of treat-
ment, suggesting that the reduced responsivity of the
aged brain to acute stimulation may be compensated by
a prolonged administration of the stimulation (for related
results, see Ref. 1298).

There are also, however, an increasing number of stud-
ies that failed to find beneficial effects of stimulation in
older (human) adults (1299-1302). Bifrontal anodal tDCS
during early non-REM sleep did not affect consolidation
of word pair or finger tapping skill memories in older
adults (~69 yr) (1299). Instead, the participants spent
more time awake and less in stage 3 non-REM sleep dur-
ing stimulation-free intervals. tDCS over the frontal cortex
likewise failed to induce any beneficial effect on the con-
solidation of word pair or finger tapping memories in a
group of healthy older (50-80 yr) adults (1300). In fact,
stimulation even impaired the consolidation of visuo-spa-
tial picture-location memories in the older participants.
Negative results have also been reported with CLAS. For
example, CLAS during SWS over several nights in older
adults (mean age 69 yr) remained without any beneficial
effect on their performance on a face-occupation associa-
tive memory task (1302). Despite the absence of behav-
ioral memory effects, CLAS in these studies reliably
produced increases in spindle- and SWA-related parame-
ters, although these were of overall lower magnitude in
the older participants (1301, 1302).

Findings after TMR in older adults are likewise mixed.
In 50- to 80-yr-olds, TMR applied during a daytime nap
after training improved performance on a sensorimotor
task, i.e., throwing balls with the nondominant hand at a
target (1303). However, TMR did not support the general-
ization of the skill to a similar task (dart throwing). In 62- to
83-yr-olds, TMR benefited consolidation of paired word
associates (1304). But, in a group of 50- to 74-yr-olds,
TMR during sleep failed to improve performance on a
motor sequence learning task (1305), Together, these
mixed findings suggest that tDCS, CLAS, and TMR may in
certain conditions lead to improvements in memory con-
solidation in older adults as well, although overall these
seem to be smaller and less robust than in young partici-
pants, possibly reflecting the generally reduced physio-
logical responsiveness to stimulation of the older brain.

5.2.6. Conclusion.

Whereas early research in older humans, partly because
of the limited number of studies, remained inconclusive
(5), the body of more recent studies now rather consis-
tently documents a decline in the sleep-dependent
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memory consolidation with increasing age, for both
episodic and procedural types of memories. Notably,
as to emotionally valenced memory, sleep in older
adults appears to induce a bias toward a preferential
enhancement of positive over negative memory. The
changes in sleep-dependent memory consolidation
appear to be linked to age-related changes in non-REM
sleep, rather than REM sleep, fitting with the fact that
declines in REM sleep with age are much less pro-
nounced than those in SWS sleep. Among the SWS-
related parameters, decreases in spindle activity as
well as the precise coupling of spindles with SOs
appear to be the markers most closely linked to
declines in the sleep-dependent memory consolidation
in aged individuals. Inconsistencies in the findings are
likely related to the rather broad age spectrum covered
by the different studies and associated differences in
overall memory performance (i.e., low- vs. high-per-
forming older adults). Stimulation techniques like tDCS
and CLAS can increase spindle- and SO-related activity
in older adults as well, although with reduced respon-
sivity. Parallel effects of stimulation on behavioral
measures of memory consolidation in the older adults
are rather mixed, challenging the view that decreases
in oscillatory signatures of memory processing, like
spindles, represent the primary cause of the age-
related decline in sleep-dependent consolidation.
Nevertheless, more robust behavioral improvements in
memory may be achieved with refined methods of
brain stimulation or targeted reactivation techniques in
future research.

6. SLEEP-DEPENDENT MEMORY FORMATION
IN PATIENTS WITH INSOMNIA

Sleep is crucial for memory formation in healthy individuals.
Conversely, impairments in sleep-dependent memory for-
mation have been found in many diseases that are accom-
panied by distinct disturbances of sleep, for example in
neurodegenerative diseases such as Alzheimer’s disease
(1306-1308), neuropsychiatric diseases such as posttrau-
matic stress disorder (PTSD) (1309), and neurodevelopmen-
tal diseases such as attention deficit hyperactivity disorder
(ADHD) (1310, 1311) and autism spectrum disorder (ASD)
(1312). However, it is difficult to disentangle whether the
observed impairments in sleep-dependent memory forma-
tion are a result of specific sleep disturbances or of more
general cognitive impairments accompanying these pathol-
ogies. Therefore, here we restrict our review to studies in
patients with primary insomnia disorder, representing a dis-
order of the sleep process itself (1313).

Insomnia, also known as sleeplessness, is a highly
prevalent sleep disorder occurring in up to one-third of
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the adult population worldwide and up to 50% of primary
care patients. It is characterized by a “sleep continuity dis-
turbance,” including increased sleep onset latency,
increased number of awakenings and WASO, decreased
total sleep time (affecting both non-REM and REM sleep),
and decreased sleep efficiency. These sleep disturban-
ces are associated with daytime complaints related
to, e.g., cognition, sleepiness, and fatigue (1314-1317).
Notably, subjective sleep complaints are often reported
in the absence of clear changes in the sleep macroarchi-
tecture (1318, 1319). Some more fine-grained analyses
have revealed an increase in power in the EEG beta fre-
quency range during sleep in insomnia patients and a
decrease in spindle density, commonly interpreted in
terms of a “hyperarousal” due to enhanced activity of the
noradrenergic LC, as a key factor in the pathophysiology
of the disease (853, 1225, 1264, 1320-1330). Insomnia is
typically diagnosed when sleep is disrupted for 30 min or
more or if sleep efficiency is below 85% (1331). According
to the International Classification of Sleep Disorders
(ICSD-3), chronic insomnia is diagnosed when sleep con-
tinuity disturbance occurs at least three times per week
for >3 mo. Indeed, studies of memory functions have
been almost exclusively performed in patients with
chronic insomnia, often with a history of taking sleep
medications.

6.1. Memory Impairments in Insomnia Patients

6.1.1. Altered cognitive and emotional processing
in insomnia patients.

Patients with insomnia suffer from multiple cognitive
impairments that can affect perception, working mem-
ory, and executive functions (1329, 1332), all of which
alter the encoding of new stimuli as well as their
retrieval. However, insomnia does not uniformly impair
the performance in all memory tasks. For instance,
insomnia patients showed enhanced use-dependent
plasticity, assessed by TMS, likely due to chronic norad-
renergic hyperarousal (1328). Additionally, there are
also hints that over shorter wake intervals insomnia
patients retain memories better than control subjects
with good sleep (556, 557, 913, 914). Compared with
good sleepers, insomnia patients showed superior per-
formance on a prospective memory task (913) and
increased free recall of gist word memory on a DRM
task when memory was tested immediately after task
encoding (556, 557).

In contrast to these findings, the processing of emo-
tional stimuli seems to be impaired in insomnia patients,
which likely also relates to their increased risk for anxi-
ety disorders. For example, insomnia patients are more
likely to misinterpret angry faces as fearful (778), retain

positive and neutral stimuli less well over 30 min than
negative stimuli (1333), and show an increased anterior
cingulate response to shameful stimuli (1334). In addi-
tion, dream activity during REM sleep has been charac-
terized to be more negative in individuals with insomnia
(1335, 1336). It has been mainly suggested that impair-
ments such as these are a consequence of chronic frag-
mentation of REM sleep and associated dysfunctional
activity in limbic regions (1326). However, alterations of
cognitive processing during wakefulness in insomnia
patients are also expected to distinctly change the way
in which patients encode and retrieve stimuli from mem-
ory, thereby confounding the effect of sleep on memory
consolidation.

6.1.2. Sleep-dependent consolidation of episodic
and procedural memory in insomnia
patients.

The few studies that have investigated the role of sleep
in episodic memory formation rather consistently showed
an impaired consolidation in insomnia patients compared
with healthy control subjects (1313, 1337, 1338). For exam-
ple, insomnia patients are worse in retaining verbal mate-
rials (texts, word pairs) overnight than healthy control
subjects (1339-1342). Patients who were tested in these
studies also reported lower sleep quality and exhibited
lower total sleep time, less time in SWS, more awaken-
ings, as well as a reduced number of non-REM sleep spin-
dles, compared to healthy control subjects. Notably, an
early study (1339) found that in insomnia patients word
pair retention was linked to REM sleep duration (unlike in
healthy control subjects, where it was linked to SWS dura-
tion) and that impaired memory retention overnight was
associated with elevated blood cortisol levels during early
nighttime sleep (see Ref. 1342 for similar results). Other
studies attempted to model the effects of transient insom-
nia in healthy humans based on the so-called “first-night
effect,” i.e., sleeping the first time in an unfamiliar environ-
ment, which produces sleep disturbances similar to those
in insomnia patients (1342). There was no sleep-depend-
ent benefit for word pair memories in healthy participants
showing a strong first-night effect on the experimental
night with a >10% decrease in total sleep time. Moreover,
overnight memory retention in these participants was
associated with REM sleep parameters (percentage of
REM sleep, total number of REMs) rather than non-REM
parameters, mirroring the findings in insomnia patients.
Studies of sleep-dependent procedural memory consoli-
dation in insomnia patients overall remain inconclusive.
Testing mirror tracing skills, Nissen et al. (1343) found a
weaker overnight improvement in insomnia patients than
in healthy control subjects, although the groups did not dif-
fer in their sleep architecture (for related findings, see Ref.

Physiol Rev -VOL 106 - JANUARY 2026 . www.prv.org

Downloaded from journals.physiology.org/journal/physrev at Helmholtz Zentrum Muenchen (146.107.213.240) on October 17, 2025.


http://www.prv.org

¢) SLEEP’'S CONTRIBUTION TO MEMORY FORMATION

1340). In Backhaus et al. (1339), on the other hand, over-
night gains in the skill did not differ between groups,
although the insomnia patients spent less time in sleep
and in SWS than the healthy control subjects during the
experimental night. Similarly, testing sequential finger
tapping skills revealed sleep-dependent gains only in
healthy control subjects and not in insomnia patients
(1344). This difference was accompanied by a shorter
total sleep time and increased WASO in the patients.
However, the groups of this study already differed at
training before sleep, and in another study overnight
gains in finger tapping skills were revealed to be com-
parable between insomnia patients and control sub-
jects (1341). Together, these studies confirm reduced
episodic memory formation during sleep in insomnia
patients that is likely due to disturbed non-REM sleep-
related memory processing. Furthermore, some find-
ings suggest a compensatory role of REM sleep in epi-
sodic memory consolidation in insomnia patients.
There is no solid evidence for an impaired procedural
memory consolidation due to insomnia.

6.1.3. Emotional and gist memory.

Emotional memory processing during sleep in insomnia
patients has been studied with a focus on fear extinction
memory. Patients with chronic insomnia typically show
stronger responses (e.g., SCRs) during the conditioning of
fear, consistent with a persistent hyperarousal and plastic-
ity during wakefulness in these patients (798, 853, 1328,
1345). On top of this, in chronic insomnia patients postex-
tinction sleep led to a weaker, less effective extinction
memory compared to healthy control subjects when fear
extinction was performed right after the conditioning ses-
sion (798). The impaired extinction memory recall on the
day after the experimental nightin the patients was asso-
ciated with increased time in REM sleep and longer REM
sleep epochs. In the good sleepers, the average length of
continuous REM sleep epochs as well as frontal EEG theta
power were associated with improved extinction memory
recall. As fear conditioning and extinction procedures in
this study were performed in the same session before the
experimental sleep period, itis unclear whether the asso-
ciations with REM sleep parameters reflected enhancing
effects on the original conditioned fear memory or on the
extinction memory. However, in similar experiments that
performed fear conditioning and extinction training on the
same day, individuals with insomnia displayed ongoing
activation of fear-related brain areas (such as insula, dor-
sal anterior cingulate cortex, and amygdala) during extinc-
tion training as well as during extinction memory recall on
the day after nocturnal sleep compared to good sleepers
(1345). This suggests that the diminished extinction mem-
ory recall observed ininsomnia patients is, at least partly,
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a consequence of diminished efficacy of the extinction
training in these patients, rather than a consequence of
impaired sleep-dependent consolidation.

Differences in the efficiency of stimuli encoding may
likewise contribute to the changes in the sleep-associated
formation of gist memory observed in insomnia patients.
For example, when tested in the DRM task insomnia
patients showed a global increase of gist memory recall
compared to good sleepers, which may be a result of
lower source monitoring capabilities (557). Notably, when
DRM task learning was followed by either 8 h of sleep or
wakefulness, insomnia patients also showed a pattern
opposite to good sleepers, i.e., increased gist memory
recall after wakefulness compared to sleep (558). In com-
bination, the available findings do not provide convincing
evidence for a direct impact of the sleep disturbances in
insomnia patients on the sleep-associated formation of
emotional and gist memory. The respective memory
changes observed in insomnia patients more likely reflect
changes in wake processing, i.e., in encoding and retrieval
of the respective task materials.

6.1.4. Animal models of insomnia.

A few animal models of insomnia have been used to
study mechanisms underlying insomnia-associated mem-
ory impairments. In Drosophila melanogaster, manipula-
tion of genes inducing insomnia-like symptoms (prolonged
sleep onset, increased sleep fragmentation and awak-
enings, reduced total sleep time) produced decreases
in short-term memory for a conditioned avoidance
response (aversive phototaxic suppressor assay) and
underlying neuronal plasticity (1346). Specifically,
increasing faf and decreasing hiw genes in wake-pro-
moting large ventral clock neurons of the flies induced
sleep loss, with decreasing hiw also impairing short-
term memory performance. Knocking down another
gene, RdI, protected the flies from sleep loss-induced
short-term memory impairments in the absence of
changes in synaptic growth. Knocking down both hiw
and Rd/ in mushroom bodies also protected against
negative effects of sleep deprivation. It is presently
unclear, however, to what extent these findings trans-
late to sleep-dependent consolidation processes.

Like the human first-night effect, in rats “sleep in an
unfamiliar environment” has been used to model insomnia
symptoms. Rats spent less time in sleep and in SWS and
REM sleep in an experimental cage when they had less
familiarization with the cage during prior habituation ses-
sions (178, 424). Accordingly, sleep-dependent consolida-
tion of spatial memories (in an object place recognition
task and in a Morris water maze) was found to be dimin-
ished when the rats were less habituated to the experi-
mental cage and sleeping conditions. The sleep changes

421

Downloaded from journals.physiology.org/journal/physrev at Helmholtz Zentrum Muenchen (146.107.213.240) on October 17, 2025.


http://www.prv.org

422

¢) LUTZ ET AL.

in unfamiliar conditions were particularly pronounced dur-
ing the first hour after encoding in these experiments (see
Refs. 423, 1347 for related findings on rodent models of
PTSD that included insomnia as a diagnostic criterion).

6.2. Improving Sleep-Dependent Memory
Consolidation in Insomnia Patients

Pharmacological treatment with GABA agonists like
benzodiazepines and the so-called Z drugs (e.g., zol-
pidem) is the most common treatment of insomnia.
Studies examining sleep-dependent memory forma-
tion after administration of these substances in insom-
nia patients overall remain inconclusive (see Ref. 1348
for a review). In fact, although in healthy participants
the nonbenzodiazepine zolpidem in particular showed
improving effects on sleep-dependent memory con-
solidation (e.g., Refs. 314, 1349-1352; see sect. 7.3), no
sleep-dependent consolidation-specific effects have
been investigated in insomnia patients, and early
studies investigating effects on overall memory per-
formance found mixed results (1353-1355). Notably,
however, in a rodent insomnia model a more recent
study (1356) found a beneficial effect of the novel hyp-
notic drug DORA-22 (a dual orexin receptor antago-
nist) on sleep-dependent memory consolidation in a
Morris water maze task that was accompanied by atte-
nuated wakefulness and increased times spent in
non-REM and REM sleep during the retention interval
following learning compared with vehicle treatment.

A few studies have tested experimental treatments
(e.g., noninvasive brain stimulation) with regard to their
effects on sleep-dependent memory consolidation in
patients with insomnia symptoms (1357-1359). Schabus
et al. (1357) trained patients with primary insomnia to
increase 12- to 15-Hz EEG activity over the sensorimotor
cortex using a visual online feedback procedure.
Compared with sham training, the sensorimotor rhythm
training increased EEG activity in the target frequencies
and improved sleep, indicated by a reduction of awak-
enings, increased SWS, and enhanced subjective sleep
quality in the patients. Importantly, in patients respond-
ing to the training, the training-induced enhancement in
EEG sensory motor rhythms was positively correlated
with the overnight consolidation of word pair memories.
Another study employed CLAS to acutely enhance SOs
during non-REM sleep in patients with chronic insomnia
(1358). Whereas SO activity was indeed enhanced by
the stimulation, EEG spindle and delta activity were
reduced and, importantly, sleep-dependent word pair
memory consolidation did not differ between the CLAS
and sham stimulation control conditions (for related find-
ings with TMR in patients with nightmare disorder or
PTSD, see also Refs. 1360, 1361).

6.3. Conclusion

Altogether, the findings in insomnia patients and models
of the disease support the view that specific sleep distur-
bances characterizing insomnia acutely hamper the con-
solidation of episodic types of memories. However, as to
the formation of emotional, gist, and procedural memory,
the available studies remain inconclusive, which appears
to be mainly due to the fact that chronic insomnia is asso-
ciated with distinct alterations of stimulus processing dur-
ing wakefulness. The patients are in a traitlike state of
hyperarousability that also changes the way they encode
and retrieve task stimuli, and it is presently unknown how
these changes at encoding during wakefulness interact
with consolidation processes during sleep.

7. TECHNIQUES FOR ENHANCING MEMORY
FORMATION DURING SLEEP IN HUMANS

Growing understanding of the mechanisms behind
memory formation during sleep has inspired research
into ways to manipulate these processes, aiming to
amplify sleep’s impact on memory in both healthy indi-
viduals and those with pathological conditions. Indeed,
a very rapidly growing number of studies have tested
the potentially improving effects on memory of different
techniques in recent years, specifically, brain stimula-
tion, TMR, and pharmacological treatments, in healthy
young (discussed in this section) and old (sect. 5.2.5)
people and patients with impaired sleep and memory
functions (sect. 6.2). Most of these studies aimed at alter-
ing memory processing during non-REM sleep.

7.1. Enhancing Sleep by Noninvasive Brain
Stimulation

Several brain stimulation techniques have been tested
to improve sleep-dependent memory functions, includ-
ing electrical, electromagnetic, auditory, vestibular, and
somatosensory stimuli, which were administered in
either an open- or closed-loop manner. Closed-loop
stimulation refers to a presentation of the stimuli time-
locked to the occurrence of a specific physiological tar-
get event, e.g., the occurrence of an SO in the real time-
analyzed EEG signal.

7.1.1. Electrical and electromagnetic stimulation.

Electrical stimuli have been administered as tDCS or
transcranial alternating current stimulation (tACS). The
stimulation is assumed to induce broad electrical field
potential changes in the underlying brain tissue, with the
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efficacy of the stimulation depending on multiple factors
such as the applied current strength, the size of the stim-
ulation electrodes, their location over the cortex, the
polarity of the applied current, the stimulus shape, fre-
quency, etc. (1362, 1363). A major issue in the field con-
cerns the accurate prediction of the local field potential
that is induced in the brain by an electrical stimulus
(1364-1369).

In one of the first studies (329) in young, healthy humans,
tDCS applied at 0.75 Hz (~SO frequency) in 30-s intervals
during non-REM sleep effectively induced SO-like poten-
tials, enhancing overnight retention of declarative word
pair memories (FIGURE 13A; see Refs. 1370, 1371 for similar
results in rats). Subsequent studies reported improving
effects of tDCS on the retention of different kinds of memo-
ries, in conjunction with increased SO activity and SO-spin-
dle coupling, in healthy young adults (1372, 1373), older
adults with and without mild cognitive and memory decline
(359, 1291, 1292), patients with temporal lobe epilepsy
(1374), as well as children with ADHD (1375). Noteworthy, in
healthy participants tDCS also facilitated insight into tempo-
ral rules, with the likelihood of detecting such regularities
increasing with the number of stimulations a participant
received during the night (588) (see also sect. 4.2).

Beneficial effects on sleep-dependent memory con-
solidation (1376, 1377) and generalization (1378, 1379)
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were likewise found with tACS. For example, a spindle-
like tACS waveform applied with electrodes over the
frontal and central cortex enhanced motor memory con-
solidation in conjunction with increased spindle activity
(1380). Conversely, tACS applied bilaterally over the
frontal cortex at a SO-like frequency of 0.75 Hz reduced,
rather than enhanced, SO activity in the 0.7-4 Hz range,
and this disruption was associated with an impaired
overnight consolidation of declarative word pair memo-
ries (1381). However, there are also a number of studies
that failed to reproduce effects of tDCS on memory con-
solidation (e.g., Refs. 732, 1299, 1300, 1382-1385),
despite some of them showing effects on associated
EEG oscillatory signatures (1300, 1383, 1384). Likewise,
tACS in the theta range, applied in combination with
TMR (sect. 7.2) during non-REM sleep, did not affect
oscillatory activity or consolidation of word pair memo-
ries (1386). On the contrary, this tACS protocol even
blocked the TMR-induced memory benefits during
sleep. Such inconsistencies may partly reflect interindi-
vidual differences in the sensitivity to electrical stimula-
tion. In line with this, tDCS improved memory retention
specifically in participants with high baseline perform-
ance on the memory task (1387) and those with strong
SO-spindle coupling (368) (for reviews, see also Refs.
1388, 1389).

FIGURE 13. Techniques for enhancing memory consoli-
dation during sleep in humans. A: noninvasive brain stimu-
lation: For transcranial direct current stimulation (tDCS) and
/ transcranial alternating current stimulation (tACS) 2 scalp

_— e ——— — -

-—— electrodes are used to apply currents to the brain, for

transcranial magnetic stimulation (TMS) a coil is used to
induce electromagnetic fields, and sensory stimulation
~ techniques like closed-loop auditory stimulation (CLAS)
N refer to presentation of (e.g., auditory) stimuli mostly in a
\ closed-loop manner, i.e., time-locked to specific events,
like SOs. B: targeted memory reactivation (TMR). During
encoding (top), some materials are associated with a par-
ticular odor (odor cuing; e.g., the smell of a rose) or sounds
(auditory cuing; e.g., “meow” or the sound of a “whistle”),
whereas other materials are presented with an odorless
vehicle or a different sound, respectively. Re-presentation
of the odor or sound cues during sleep reactivates and
thereby enhances consolidation of the cued in comparison
with the uncued materials (bottom). See GLOSSARY for addi-
tional abbreviations.
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7.1.1.1. TRANSCRANIAL MAGNETIC STIMULATION.
Transcranial magnetic stimulation (TMS) has been used as
another noninvasive technique to induce electrical fields
in the sleeping brain. Compared with the direct application
of electrical stimuli, the electromagnetic method allows for
a much more focused stimulation and the manipulation of
excitability within restricted cortical areas (FIGURE 13A)
(158, 1390-1392). However, the application of TMS during
sleep is practically difficult, given the bulky stimulation coil
and the efforts to be made to prevent changes in head
position during the stimulation, as well as confounding
effects of acoustic clicks accompanying the stimulation.
This explains that TMS in sleeping subjects has only been
rarely used so far. An early study by Massimini et al. (1393)
used TMS to trigger slow waves and sleep spindles during
sleep. Repeated TMS pulses administered at a <1 Hz rate
induced local high-amplitude slow waves spreading over
the cortex, thereby overall increasing SWA, i.e., effects
likely contributing to synaptic plasticity underlying sleep-
dependent memory effects (1394, 1395). Notably, TMS
applied during wakefulness alleviated the adverse effects
of sleep deprivation on memory in humans (1396-1398) as
well as in different animal species (1297, 1298). In waking
humans, TMS was also used as a tool to locally disrupt
ongoing memory processing, thereby allowing dissection
of the contribution of specific regions to sleep-dependent
memory formation. For example, posttraining disruption of
dorsolateral prefrontal cortex activity by TMS in waking
participants induced improvements in SRTT performance,
mimicking those after a night of sleep (1399). Similarly,
TMS was used to disrupt activity in either the primary
motor cortex (M1) or the inferior parietal lobule (IPL) imme-
diately after training, thereby demonstrating that sleep-
dependent offline improvements on an SRTT rely on IPL,
but not M1, circuits (1400).

Although promising, the diverse and inconsistent
findings highlight that the use of electrical and electro-
magnetic stimulation to enhance memory formation
during sleep remains in its early stages of develop-
ment. Generally, more robust memory enhancements
might be achieved by individually adjusting the stimu-
lation parameters, including the exact location and fre-
quency of the stimulation. Additionally, trait factors
may generally reduce a person’s sensitivity to stimula-
tion. Moreover, both electrical and electromagnetic
stimulation do not allow for a targeted stimulation of
relevant deeper brain structures, like the thalamus
and hippocampus, a disadvantage that may be over-
come by a more recently developed technique, i.e., trans-
cranial focused ultrasound stimulation (TUS; Refs. 1401,
1402). TUS can alter neuronal activity in subcortical struc-
tures with high precision and also activity during non-
REM sleep in humans (1403, 1404), but so far it has not
been used to study memory processing during sleep.

7.1.2. Auditory, vestibular, and somatosensory
stimulation.

Different from electrical (and ultrasound) stimulation, these
stimulation techniques take advantage of the natural
existing receptor systems of the different sensory modal-
ities, making these techniques physiologically more “nor-
mal,” but less flexible, for experimental purposes. The
broader application of these techniques is fostered by the
recent development of devices allowing for a home-
based ambulatory administration, particularly of auditory
stimulation, during sleep (e.g., Refs. 1405, 1406).

7.1.2.1. AUDITORY STIMULATION. Auditory stimulation
has been mainly administered in a closed-loop manner
(i.e., CLAS; FIGURE 13A). In a first study by Ngo et al.
(330) two auditory stimuli (short bursts of pink noise) were
timed to the respective up-phases of a first, online-
detected SO and a second, succeeding SO while partici-
pants were in non-REM sleep. The stimulation enhanced
SOs as well as phase-coupled spindle activity and, more-
over, improved consolidation of declarative word memo-
ries. Similar effects were obtained with CLAS that was
based on slightly different SO (or K-complex) detection
criteria and applied during a daytime nap (1407-1410). A
closed loop-based randomized presentation of stimuli or
presentation of the stimuli in a fixed sequence, by con-
trast, tends to suppress SWS and lacks the improving
effects on memory, indicating that synchronizing of the
stimulation to the natural dynamics of the brain oscilla-
tions is of importance for the efficacy of the stimulation
(1411, 1412). Attempts to increase efficacy of CLAS by
increasing the stimulus rate (i.e., presenting >2 stimuli in
a row) failed, probably because of the refractoriness of
thalamic spindle generators (370). Also, the direct CLAS
of spindles (by several clicks in a row) failed to produce
enhancements of spindle activity or memory (1413).
Although CLAS in the majority of studies robustly
increased slow oscillatory and phase-coupled spindle
activity, a parallel improvement in memory consolidation
was not always observed (e.g., Refs. 1414—-1417), suggest-
ing that the memory effect of CLAS depends on further
modulatory factors, like the kind of memory task (1289,
1418—-1422) and individual traits. For example, sensitivity
to CLAS is decreased in old people (1294, 1301), espe-
cially in those showing low SWA responses to the stimula-
tion (1423) (sect. 5.2.5). In children, CLAS improved the
retention of reward memory only in typically developing
children and not in children with ADHD, although both
groups exhibited increased SO activity with CLAS (886).
To be effective, the CLAS protocols developed in young
healthy participants might need to be better fine-tuned
to the specific conditions in older people or in disor-
dered conditions (1122, 1289, 1295, 1358, 1418, 1420,
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1424-1426), e.g., with regard to the exact phase of stim-
ulus presentation during the SO cycle (1122, 1427-
1429). However, there might also be yet-to-be-identi-
fied conditions in which CLAS does not work.

7.1.2.2. GENTLE ROCKING AND SOMATOSENSORY
STIMULATION. Gentle rocking has been known to pro-
mote sleep in babies for centuries. Experiments in adults
showed that gentle rocking (in an ~0.25-Hz rhythm) facili-
tates the transition from wakefulness to sleep and boosts
endogenous SOs and spindles during naps as well as
nighttime sleep (331, 1430, 1431). The procedure also
strengthened sleep maintenance and, crucially, enhanced
overnight memory consolidation. Although rocking stimu-
lation did not affect SO-spindle coupling, both SOs and
spindles showed a temporal clustering relative to the
rocking cycle (331), suggesting that rocking entrains spon-
taneous neural oscillations. Similar effects of rocking on
sleep (at a faster 1.0-Hz rhythm) were observed in mice
(1432), with the procedure accelerating sleep onset,
increasing time spent in non-REM sleep, and shortening
intermittent wake episodes. However, in mice, unlike in
humans, SO and spindle activity remained unchanged.
The effects of rocking are mediated by the vestibular sys-
tem, as rocking did not affect sleep in transgenic B6.Cg-
Otopttlt/J tilted mice, which cannot encode linear acceler-
ation because of the lack of functional otoliths (1432).
Enhancing effects on SWS, SWA, and declarative memory
comparable with those after gentle rocking were also
observed with closed-loop somatosensory stimulation,
i.e., weak vibrations on the wrists that were synchronized
with the heartbeat (1433).

7.2. Targeted Memory Reactivation

The neuronal replay of newly encoded memory repre-
sentations mainly occurring during SWS is considered a
key feature mediating the consolidation of representa-
tions into long-term memories (Refs. 79, 80; sects. 2.1
and 3.1.7). Based on this concept, numerous studies
in humans have aimed at experimentally inducing reacti-
vations of newly encoded memories by presenting
reminder cues to the participant during sleep after mem-
ory encoding, i.e., a technique termed targeted memory
reactivation (TMR; FIGURE 13B; Refs. 1434, 1435).
Typically, reminder cues, such as odors or auditory stim-
uli, are paired with the to-be-memorized materials during
the encoding session and then repeatedly presented
during subsequent sleep, at a low intensity to avoid
sleep disruptions. As spontaneous neuronal memory
replay in the hippocampus almost exclusively occurs
during SWS, TMR is typically applied during SWS with
the aim to enhance hippocampus-dependent episodic
memories. However, TMR has also been used to modify
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emotional and procedural memory and occasionally
applied during REM sleep.

7.2.1. Hippocampus-dependent episodic memory.

The first TMR study in humans (26) used odors for cuing
(the smell of rose) because odors do not arouse the
sleeper. The odor was presented as a contextual cue
during the participants’ learning of object locations and
was then repeatedly reintroduced during SWS following
the learning phase. At a later test, object location memo-
ries were significantly enhanced in comparison with con-
trol conditions where odor cues were applied while the
participant was waking or in REM sleep. A subsequent
study (203) showed the efficacy of TMR with sounds to
enhance object location memories that were cued dur-
ing non-REM sleep (see also Ref. 1436). TMR was like-
wise effective in enhancing spatial memories in rats and
honeybees (1437, 1438).

Studies using TMR to foster integration and abstrac-
tion processes during the systems consolidation of epi-
sodic-like memory revealed mostly negative outcomes
(505, 573, 729, 1439-1443). Cuing of newly learned
words during non-REM sleep did not improve the inte-
gration of the words into their phonological neighbor-
hood (505) and also failed to enhance memory for gist
words in a DRM paradigm (Ref. 1439; sect. 4.2.1). TMR
during SWS even abolished beneficial effects of sleep in
a statistical learning paradigm requiring the explicit rec-
ognition of tone sequences (729). However, auditory
TMR improved the abstraction of rules in visual problem-
solving tasks when applied during REM sleep, with the
effect emerging with a delay of 1 wk (630). However,
others failed to find such improvements in problem-solv-
ing with TMR during REM sleep (661). Some findings sug-
gest that TMR facilitates pattern separation during
sleep-dependent memory processing (1444). When par-
ticipants learned object-location associations before
sleep periods rich in SWS and during subsequent SWS
were cued with similar previously learned associations
(same objects but at different locations) instead of the
newly encoded ones, this did not lead to interference or
impair the consolidation of the newly encoded memories
(1444). However, cuing of the interfering associations
seemed to enhance the separation of the memories in
that it led to fewer intrusions of the interfering materials at
a later test. By associating the reminder cue with an
instruction to “forget,” TMR has also been used to dimin-
ish strength of a memory (1009).

7.2.2. Emotional and procedural memories.

Non-REM sleep appears to mainly support the contex-
tual episodic content of an emotional memory, whereas
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the effect of REM sleep is more closely linked to the
emotional response (see sect. 4). Consistent with this
view, TMR during SWS facilitated memory consolidation
for spatial locations associated with emotional pictures
(493) but did not affect the recognition of emotional pic-
tures themselves (1445) (see also Ref. 1446). Similarly,
TMR during non-REM sleep, but not during REM sleep,
enhanced memory for associations between words and
emotional pictures (1447). Conversely, TMR during REM
sleep, but not SWS, reduced the emotional response in
terms of subjective arousal to negative stimuli encoded
before sleep (464). Furthermore, the effect of TMR dur-
ing SWS on the amygdalar response to emotional stimuli
at a recall was stronger when the participants had spent
more time in REM sleep (1448).

TMR-like procedures have also been used to modify
fear responses in classical fear conditioning paradigms,
with an overall inconsistent outcome (235, 816, 817, 820,
821). In mice, repeatedly re-presenting the auditory tone
stimulus, used for conditioning before the experimental
sleep interval, weakened the fear memory at a later test
when the cue was administered during non-REM sleep
but not during REM sleep (964). By contrast, in two other
studies in mice and rats, respectively, cuing with the
conditioned stimuli (odor or olfactory bulb stimulation)
during postconditioning SWS led to an enhanced freez-
ing response to the conditioned stimulus at the later test
(235, 821). In two human studies, cuing with the condi-
tioned tone stimulus and a contextual odor stimulus,
respectively, produced a diminished fear response to
the conditioned stimulus (816, 817). The reasons for
these discrepant results are not clear (820). Noteworthy,
in humans, cuing with a contextual tone stimulus during
SWS also did not enhance but diminished the effect of
prior fear-extinction learning (236). However, two clinical
studies in patients with spider phobia (818) and social
anxiety disorder (819) were unable to find augmenting
effects of olfactory or auditory cuing during sleep on
therapy-induced extinction of fears.

TMR has been similarly employed to update the emo-
tional response to aversive memories (854, 1449). When
cues to older aversive memories were paired (before
sleep) with positive words and then re-presented during
subsequent non-REM sleep, this counterconditioning
procedure triggered an updating process that effectively
reduced negative affective judgments of the older mem-
ories. TMR during non-REM sleep has been similarly
combined with counterconditioning procedures to per-
sistently modify implicit racial and gender biases in
social judgments (1450, 1451).

Procedural types of memory overall consistently prof-
ited from TMR (465, 472, 706, 714, 723, 1452, 1453). For
example, the repeated re-presentation of auditory cues
associated with the key presses on a finger sequence

tapping task during sleep after the training strengthened
the tapping skill, with the effects restricted to those fin-
ger transitions that were actually cued during sleep
(1452). Comparable improvements in motor sequence
skills, which were linked to increases in spindle activity,
were obtained with TMR selectively administered during
non-REM sleep (706, 714, 764). Comparable enhance-
ments were observed also for more complex skills,
like the control of myoelectric activity in specific arm
muscles to move a computer cursor (722, 1453), with
potential relevance for the use in rehabilitation train-
ing. Benefits emerged also after TMR during REM
sleep (465) and, in one study, only slowly evolved
over the course of several weeks (723).

7.2.3. Factors modulating efficacy of TMR: cue
specificity, timing, and memory strength.

TMR effectively enhanced memories only when the
same cue (e.g., odor) as during learning was presented
during non-REM sleep and not with presentations of a
highly distinct control odor (1454). Presentation of odor
cues during non-REM sleep to one of the two nostrils
produced a greater memory enhancement for visual
stimuli that were presented to the same (ipsilateral)
hemisphere at encoding (1455). TMR with verbal cues
was not effective when the sex of the voice was
changed for presentations during non-REM sleep (1456).
Indeed, TMR studies using verbal materials suggest that
the brain is capable of discriminating rather complex
stimuli during non-REM sleep. Cuing newly encoded
Dutch-German vocabulary by presenting the Dutch
words as cues enhanced the vocabulary in native
German speakers (1457), although this effect was not
reproduced in adolescents (1458). Noteworthy, in a com-
parison between cuing with complete versus incomplete
word reminders (first syllable of a word), the complete
reminders appeared to be less effective than the incom-
plete word reminders in enhancing sleep-dependent
consolidation of sound-word associations (1459). The
authors argued that incomplete reminders induced a
mismatch, potentially enhancing the processing of the
reactivated memories. Memory-enhancing effects of
TMR were also observed in field studies with less con-
trolled cuing conditions, such as vocabulary learning in
school (1460, 1461).

The timing of TMR is another factor that might deter-
mine its efficacy. Enhancing effects of TMR on episodic
types of memory have been observed mainly with appli-
cation of the cues during non-REM sleep (26, 203, 493,
573, 1436, 1447, 1454-1456, 1462-1466), although occa-
sionally effects were revealed with TMR during REM
sleep (465, 467, 628, 630). With TMR applied during non-
REM sleep, the exact timing of cuing during the SO cycle
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is of additional relevance. As spontaneous replay occurs
during the SO up-state (Refs. 125, 128, 130, 357; sect. 3.1),
it is reasonable to assume that cuing during the depolariz-
ing SO up-states is more effective in enhancing memory
than cuing during SO down-states, which was indeed
confirmed by analyses of the timing of TMR cues used for
enhancing object-location, word-image, and social mem-
ories (1451, 1467, 1468). Similarly, cues presented during
down-to-up-state transitions of SOs were more likely to
elicit classifiable memory reactivation response in the
EEG signal (1469). However, others failed to find differen-
tial effects on memory after cuing during SO up- or down-
states (1470). Also, enhancing low acetylcholine levels (by
physostigmine) with the aim to suppress efficacy of hip-
pocampal replay (see BOX 2, sect. 7.3.2) did not abolish
the enhancing effect of odor cuing on the consolidation
of spatial object-location memories (1462).

Whether the effect of TMR depends on the strength of
the encoded association is presently unclear, with some
studies pointing to a stronger cuing benefit for less well-
encoded associations (1463) and others for more
strongly encoded associations (1464, 1471, 1472).

7.2.4. Does TMR induce memory reactivation?

Bendor and Wilson (1438) were the first to show that
memory cuing during SWS increases neuronal replay of
the cued memory in rats. The experiments used a spatial
operant conditioning procedure where the rats learned to
discriminate between two sounds indicating whether
going into the left or right of two tracks would be rein-
forced. Cuing with one of the sounds during postlearning
SWS biased neuronal replay events in hippocampal place
cell ensembles toward enhancing the spatial memory
associated with that cue, whereas overall replay of both
tracks and associated hippocampal ripples remained
unchanged. In humans, evidence for TMR-induced mem-
ory reactivations is more indirect. fMRI revealed odor
cuing of spatial (object-location) memories during SWS to
evoke signs of reactivations in hippocampal as well as
posterior cortical areas (26, 1473), and TMR effects were
absent in patients with selective bilateral hippocampal
sclerosis (1465). Several studies used decoding proce-
dures to successfully identify signs of reactivation from
EEG and fMRI responses to the cues presented during
non-REM sleep (199, 315, 1474, 1475). In a study by Cairney
et al. (315), participants learned two types of associations,
adjective-object and adjective-scene associations, and
these memories were cued during a subsequent 90-min
nap by presenting the adjectives during periods of non-
REM sleep. Based on EEG activity during cuing-induced
spindle activity, the type of associative memory reacti-
vated by the respective adjective could be reliably
decoded. Moreover, the fidelity of this decoding was pre-
dictive of the behavioral memory benefit produced by the
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TMR procedure. Memory categories reactivated by
TMR could be likewise discriminated by decoding
fMRI responses from ventromedial PFC to odor cuing
during non-REM sleep (1474).

Beyond memory reactivations upon TMR, cuing during
SWS has been consistently found to evoke increases in
SWA and spindle activity in response to the cue presenta-
tion (e.g., Refs. 315, 723, 818, 1447, 1454, 1455, 1457,
1476-1478), in line with a bottom-up influence of hippo-
campal memory reactivations on oscillations originating
from the neocortex and thalamus. Thus, odor cuing of
spatial memories evoked widespread temporal and spa-
tially coordinated enhancements of spindles, SOs, and
coupled SO-spindle events (1478) and an increase in con-
nectivity between the mnemonically relevant cortical and
hippocampal regions (1479). Successful cuing during non-
REM sleep was moreover accompanied by increases in
parietal theta power (1457). The effect of TMR on memory
(for sound-word associations), however, did not depend
on whether the cues were applied during SWS or N2
sleep, although oscillatory cue responses distinctly dif-
fered between the two sleep stages (1476), suggesting
that these cortical EEG responses to the cues are only of
secondary relevance to the cuing-dependent enhance-
ment of the consolidation process (for similar results, see
Ref. 1480).

7.3. Pharmacological and Hypnotic Treatment

Pharmacological studies on sleep-dependent memory
consolidation in healthy humans have been per-
formed to probe mechanisms supporting memory for-
mation but also to enhance memory retention. For
instance, drugs like benzodiazepines, which improve
sleep in clinical conditions, might be expected to
improve memory consolidation in healthy subjects as
well. Additionally, substances have been tested to
assess the contribution to memory consolidation of,
e.g., specific neuromodulators and neurohormones
like NE and cortisol that are known to be involved in
the regulation of brain states at the network level, with
presumable primary effects on systems consolidation
processes. Finally, pharmacological substances have
also been used to probe memory processing during
sleep at the synaptic level, thus focusing on synaptic
consolidation processes during sleep. Although such
pharmacological approaches have undoubtedly deep-
ened our understanding of the mechanisms underly-
ing sleep-dependent memory formation, many of the
tested substances show multiple side effects and
have not been studied enough to establish dose-
response relationships, which often complicates draw-
ing straightforward conclusions from the findings
(882,1481,1482).
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7.3.1. Drugs improving sleep.

Benzodiazepines, together with the so-called Z drugs,
i.e., nonbenzodiazepines like zolpidem, zopiclone, zale-
plon, and eszopiclone, represent the class of drugs most
widely used to treat insomnia (sect. 6). All of these sub-
stances increase GABAergic transmission via binding
GABA type A receptors, which ultimately facilitates falling
asleep and the emergence of consolidated non-REM
sleep, with enhanced sleep spindle activity (1481). Effects
on memory consolidation were less consistent, with ben-
zodiazepines like zaleplon (1483) and triazolam (1484)
yielding no or even impairing effects on memory (1481).
Most robust effects on memory were observed with the
nonbenzodiazepine zolpidem (1349, 1485). Zolpidem
improved nonemotional and emotional types of episodic
memory, in conjunction with signs of enhanced non-REM
sleep and SWS, including enhancements in spindle activ-
ity and SO-spindle coupling (314, 1349-1351). The effects
of zolpidem are possibly mediated by increased hippo-
campal ripple occurrence driving memory reactivations
during sleep. In a rat study comparing effects of zolpidem
and eszopiclone, both drugs increased spindle activity
(1486). However, only zolpidem increased density of hip-
pocampal ripples and memory formation during sleep (see
Refs. 1487, 1488 for related findings in schizophrenic
patients). Fitting with the enhancing effects on signs of hip-
pocampal reactivations in rats, zolpidem enhanced the
effects of memory reactivations that were induced by TMR
during non-REM in healthy humans (1352). The combined
zolpidem-TMR administration was moreover accompanied
by an increased coupling of fast spindles and theta activity
to SOs. Noteworthy are findings with the GABA reuptake
inhibitor tiagabine, which, unlike zolpidem (and benzodiaze-
pines), leads to a general nonselective activation of synaptic
GABA receptors. In healthy humans, tiagabine profoundly
increased slow oscillatory activity, with this effect, however,
occurring in the absence of any improvements in memory
consolidation or SO-spindle coupling (1489). In combination
with the distinct effects observed after zolpidem, these find-
ings point to a particular importance of GABA type A in
mediating the memory effects through a specific action on
spindles. However, the precise profile of GABAergic
actions that produce the strongest memory effects during
sleep is still unclear (1490).

Based on evidence in rodents that suggests that micro-
bial products like muramyl dipeptide can induce sleep by
triggering an immune response, proinflammatory cyto-
kines, like interleukin-1 (IL-1) and tumor necrosis factor-o
(TNF-0) have been studied as immune signals that glob-
ally induce non-REM sleep and are disturbed by sleep
deprivation (1491-1496). Within the brain, these cytokines
are mainly released from microglia exerting diverse
effects on synaptic plasticity. Contrary to expectations
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derived from rodent studies, in healthy men the suppres-
sion of IL-1 activity by administration of the IL-1 receptor
antagonist anakinra increased SWA during non-REM
sleep (1497). The increase, however, was not associated
with an improved consolidation on different verbal mem-
ory tasks. Increases in SWA and non-REM sleep were
also observed in healthy men following administration of
the anti-inflammatory antibiotic minocycline, and in this
study the increase was paralleled by an improved epi-
sodic memory consolidation (1498). In rats, similarly,
minocycline alleviated the impairing effects of sleep
deprivation on spatial memory performance (1499),
and comparable effects were observed in mice when
neuroinflammatory activity was attenuated by activat-
ing dopamine D2 receptors (1500). The few findings
so far suggest that, indeed, reducing proinflammatory
signaling deepens non-REM sleep in healthy humans,
although it remains to be substantiated whether this
effect also improves memory formation.

7.3.2. Neuromodulators and neurohormones
involved in sleep stage regulation.

Sleep stages are characterized by specific neuromodu-
latory milieus (BOX 2). Non-REM and SWS are character-
ized by particularly low levels of acetylcholine in the
presence of intermediate levels of NE, whereas during
REM sleep cholinergic activity is at a minimum while NE
activity in the brain reaches high, wakelike levels.

7.3.2.1. ACETYLCHOLINE. The main sources of acetyl-
choline are the basal forebrain and the mesopontine
tegmentum. High acetylcholinergic activity, as present
during wakefulness, reduces output from the hippocam-
pus toward the neocortex via presynaptic inhibition of
CA1 principal cells (242). Accordingly, low levels of ace-
tylcholine during non-REM sleep lead to a release of this
inhibition, thereby facilitating the hippocampal-to-neo-
cortical transmission of reactivated memory information.
Additionally, the low acetylcholinergic tone during sleep
appears to favor the emergence of ripples and memory
replay in hippocampal networks (968, 1501) and to con-
tribute to the emergence of functional slow waves that
enable plastic changes in cortical networks during non-
REM sleep (1502, 1503). Concurring with this view, in an
early study in healthy humans increasing acetylcholiner-
gic activity during SWS-rich early nocturnal sleep, by
administration of the cholinesterase inhibitor physostig-
mine, impaired the consolidation of declarative (word
pair) memories (470). Conversely, suppressing choliner-
gic transmission during wakefulness in humans, by com-
bined administration of muscarinergic (scopolamine)
and nicotinergic (mecamylamine) receptor antagonists,
shifted memory processing toward a non-REM-sleep-
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like mode with distinctly improved consolidation of
declarative memory but impaired capabilities to encode
new information (243). Low cholinergic tone during
sleep was likewise revealed to be important for the con-
solidation of motor memories (rotarod walking, single-
pellet reaching task) in mice (Ref. 1504; see also Ref.
1505 for related results in humans). However, stimulating
or blocking muscarinic or nicotinic acetylcholine recep-
tors did not affect performance of the mice in this study.
Also, physostigmine administered during SWS-rich sleep
in humans remained without effects on TMR-induced
reactivations of spatial (object-location) memories (Ref.
1462; sect. 7.2).

Targeting the high cholinergic tone during REM
sleep, administration of the anticholinergic antide-
pressant amitriptyline in healthy humans profoundly
suppressed REM sleep and specifically impaired per-
ceptual skill learning but not motor skill or declarative
learning (1506).

7.3.2.2. NOREPINEPHRINE. NE activity plays a crucial
role in shaping the sleep microarchitecture underlying
memory formation, with its short-term dynamics essen-
tially contributing to regulating the generation of micro-
arousals (and associated awakenings), spindle activity,
and the maintenance of non-REM sleep (1264, 1507). In
healthy humans, the intravenous infusion of clonidine,
an ox-adrenoceptor agonist that blocks NE release from
LC neurons, abolished the sleep-dependent benefit of
emotional over neutral memory (Ref. 1508; sect. 4.3).
Similarly in rats, clonidine administration impaired
the consolidation of food-location memories, and this
impairment was likewise seen after administration of
the B-adrenoceptor blocker propranolol (1509). The
effect of clonidine was associated with a reduction in
SOs, spindles, as well as SO-spindle coupling, and both
clonidine and propranolol significantly reduced the num-
ber of hippocampal ripples. Findings related to cloni-
dine, however, need to be taken with caution, given the
clear dose dependency of effects of ay-adrenoceptor
agonists (e.g., Ref. 1510). Diverging from these findings,
increasing NE activity by optogenetic LC stimulation dur-
ing sleep in rats interfered with the consolidation of
food-location memories (293), with the decrease in
memory being correlated with decreases in sleep spin-
dles, the coupling of spindles with hippocampal ripples,
SWA during non-REM, as well as theta activity during
REM sleep. Taken together, these findings indicate that
both enhancing as well as suppressing LC NE activity
can disrupt consolidation and its associated electro-
physiological signatures during non-REM sleep, which
supports the view that the precise timing of NE bursts
and transient silent peaks, rather than the NE levels
themselves, is the crucial factor influencing the consoli-
dation process.
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7.3.2.3. DOPAMINE. Dopamine signaling is implicated
in the emergence of REM sleep (e.g., Refs. 1511-1514)
and, in addition, key to the so-called reward system,
which integrates the VTA, striatal regions, and sev-
eral other areas to mediate reinforcement learning.
Moreover, findings in rodents support the view that
dopaminergic activity during wake reward learning
promotes neuronal ensemble replay during subse-
quent non-REM sleep periods that also captures
reward-processing regions like the VTA (see sect.
4.3.7). In humans, activation of dopamine D2-like
receptors by pramipexole eliminated the preferential
consolidation of high- versus low-rewarded memo-
ries during sleep (882), which is consonant with this
view that dopaminergic activity during sleep medi-
ates the preferential consolidation of reward mem-
ory. However, in a follow-up study, reward memories
remained unchanged after administration of the
dopamine receptor antagonist sulpiride (890).

7.3.2.4. GLUCOCORTICOIDS. The adrenal stress hor-
mone cortisol (corticosterone in rats) is also released in
a sleep-specific manner, reaching minimum level during
early SWS-rich sleep and maximum levels during late
REM-rich sleep, with this temporal dynamic controlled
by an interaction of circadian and sleep-related factors
(e.g., Refs. 101, 1515). Cortisol is known to act back on the
brain to impact sleep-dependent consolidation through
mineralocorticoid and glucocorticoid receptors that are
expressed at highest density in limbic and hippocampus
regions (866, 1516—1520). Elevating cortisol levels during
postencoding sleep consistently impaired consolidation
of hippocampus-dependent episodic types of memory
in humans (i.e., the temporal sequence of events in a
story), and a similar impairment (of spatial memory) was
observed in rats after intrahippocampal injection of gluco-
corticoids (825, 827). These findings are in line with the
view that the natural inhibition of cortisol release during
early nocturnal SWS serves the efficient consolidation of
these memories in hippocampal networks (866, 868,
1520). Notably, administration of corticosteroids during a
postencoding wake interval, conversely, enhanced con-
solidation in both species (see also Ref. 1521). The disrupt-
ing effect of cortisol is mediated via an enhanced
activation of glucocorticoid receptors during sleep (867)
and seems to spare emotional memory. For example,
blocking the natural increase in cortisol during late REM
sleep by metyrapone (an inhibitor of cortisol production)
increased the emotional enhancement in memory, i.e,,
the difference in recall of emotional versus neutral texts
(1519). In a more recent study, however, a similar emo-
tional enhancement in (picture recognition) memory
likewise emerged after persistent elevation of cortisol
levels (by administration of hydrocortisone) before
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postencoding sleep (869). Notably, at the same time,
the emotional response, i.e., amygdalar activation to
the recalled emotional pictures, was reduced after
hydrocortisone. Overall, the findings so far indicate a
robust impairing effect of cortisol on hippocampus-
mediated episodic memory consolidation that is
mediated through the preferential activation of glu-
cocorticoid receptors during non-REM sleep. The
effects on emotional memory are more complex,
depending probably not only on the acute balance
between mineralocorticoid and glucocorticoid recep-
tor activation during postencoding REM sleep but
also on that during encoding (865, 1342).

7.3.2.5. INSULIN. Among the many other hormones
potentially impacting sleep-dependent memory consolida-
tion, insulin is the only one that has been more systemati-
cally tested. The pancreas serves as the primary source of
insulin, and significant levels of insulin are found in human
cerebrospinal fluid. Additionally, insulin receptors are
widely expressed across various brain regions, with partic-
ularly high densities in the hippocampus (1522-1524). In
experiments in humans, insulin is typically administered
intranasally to enable the direct access of the large pep-
tide to the brain compartment (1525) and to avoid side
effects like hypoglycemia. Initial findings from an 8-wk
subchronic intranasal insulin administration suggest a ben-
eficial effect on the overnight retention of declarative
memories, such as word lists (1524, 1526). This aligns with
evidence linking increased insulin resistance during sleep
to memory impairment and neurodegeneration (1527).
Signs of enhanced declarative memory (for word pairs)
and procedural finger tapping skills were observed follow-
ing acute intranasal insulin administration before a single
night of sleep (1528), although the effect size was only
moderate.

7.3.3. Probing synaptic consolidation.

LTP of glutamatergic synapses is considered the key
mechanism underlying synaptic consolidation (1529),
which is mainly mediated via activation of postsynaptic
NMDA and AMPA receptors (882, 1530). Put in simpli-
fied terms, in this concept the AMPA receptor transmits
neuronal activation from one neuron to the other, and
the NMDA receptor enables plastic changes at the syn-
apse, i.e., the strengthening of the connection between
the neurons. In initial studies involving healthy individu-
als, blocking NMDA receptors (by administration of
ketamine) nullified sleep-dependent gains in percep-
tual skill learning (on a texture discrimination task; Ref.
1531). Such impairments were not observed in later
experiments testing declarative memory (1532). In
these experiments, neither ketamine nor administration
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of the AMPA receptor blocker caroverine induced any
change in the consolidation of word pair memories,
suggesting a minor role of glutamatergic transmission
for hippocampal memory processing during sleep.
However, substances like ketamine and caroverine
that can be used in humans are, by far, less specific
blockers of the respective glutamate receptors than
those typically used in animal models and have numer-
ous side effects. Indeed, the NMDA coagonist D-cyclo-
serine, which has fewer side effects, enhanced the
consolidation of word pairs when given before a post-
encoding sleep period, and this effect was not found
when D-cycloserine was administered before a posten-
coding wake control interval (1532). At a test after con-
solidation sleep, D-cycloserine also enhanced the
learning of new, more or less interfering word pairs
(1533). Besides the ionotropic (NMDA, AMPA) recep-
tors, mGIluRs have also been probed, among which
mGIuRb5 appears to be most essentially involved in reg-
ulating synaptic plasticity. However, the mGIuR5
blocker fenobam did not affect the sleep-dependent
consolidation of declarative or procedural types of
memory (1534), although it produced massive changes
in sleep architecture, including a suppression of spin-
dles, augmented non-REM delta waves, and sup-
pressed theta activity in REM sleep. Despite the overall
strong side effects of the substances used to probe
glutamatergic transmission in humans, the findings to
date, especially the memory-enhancing effects of the
NMDA coagonist D-cycloserine, highlight the impor-
tance of glutamatergic transmission in sleep-depend-
ent consolidation processes.

7.3.4. Hypnotic treatment.

Although so far no systematic attempts have been made
to assess the suggestive effects of placebo on sleep-
dependent memory consolidation, a related approach
uses hypnotic suggestion as a method aiming to gen-
erally deepen sleep, thereby enhancing memory con-
solidation (1535-1542). However, although hypnotic
suggestions (“to sleep deeper” embedded in a meta-
phor of a fish swimming deeper and deeper, spoken in
a calming voice) proved effective in distinctly increas-
ing SWS and SWA during a nap (1535) and nocturnal
sleep (1542), they did not enhance sleep-dependent
consolidation of declarative (word pairs) or procedural
(sequence finger tapping) memories. Notably, clear hyp-
nosis-induced increases in SWS were only observed in
the more suggestible participants (low-hypnotizable par-
ticipants even showed a decrease in SWS; Ref. 1543),
and the treatment did not increase spindles or SO-spin-
dle coupling, potentially explaining the lack of effects on
memory (1537).
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7.4. Conclusion

Techniques for enhancing memory formation during
sleep have rapidly advanced over the past decade. In
addition to established methods like tDCSAACS and
TMS, CLAS stands out as a widely applicable, easy-to-
implement technique that robustly increases SO and
spindle activity, capable of improving postsleep memory
performance. Overall, evidence also supports benefits
of TMR for memory consolidation, with first findings sug-
gesting that TMR might be effective also during REM
sleep, particularly for emotional and procedural memory.
However, outcomes across studies for all of these tech-
niques appear to be rather variable. This may be owing
to the sensitivity to respective stimulations that likely dif-
fers depending on factors such as the individual’s age,
memory capabilities, and specific sleep characteristics
and highlights the need for further investigation into the
underlying mechanisms and individually tailored proto-
cols. The efficacy of TMR protocols might particularly
depend on an optimized timing of stimulus presenta-
tions. Pharmacological treatments can likewise produce
enhancements in memory formation during sleep, which
may be mediated via enhancing effects on oscillatory
signatures of memory processing, decreased acetylcho-
line levels, or increased levels of NE or dopamine.
However, the exact mechanisms as well as dose-
response relationships remain to be established in fur-
ther studies.

8. CONCLUDING REMARKS AND FUTURE
DIRECTIONS

This review aims to provide a comprehensive update on
research into memory formation during sleep since 2013
(5). In this time, the field has faced an impressive growth
of research, particularly in humans. Whereas the fore-
going research focused on establishing an active role of
sleep in memory formation, this role is now widely
acknowledged. The work since 2013 overall confirms
the basic notion that sleep is a brain state optimally
suited for forming long-term memory. Also, the majority
of findings are well in line with the two major concepts
describing the underlying mechanisms of the consolida-
tion process, i.e., the active systems consolidation con-
cept and the synaptic homeostasis hypothesis (sect. 2).
Both concepts highlight the particular importance of
non-REM sleep-related oscillatory events in promoting
memory consolidation, specifically of slow oscillations
and spindles generated in the thalamocortical system
and of ripples primarily originating from hippocampal
networks. Findings supporting that processes of active
systems consolidation and synaptic homeostasis can
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coexist and complement each other represent a major
development in the field.

The review, however, has also identified gaps and areas
with highly heterogeneous and partly opposing findings,
pointing to unsolved issues in the field. A deep and
detailed understanding has emerged from this research
about the function of non-REM sleep-related processes for
long-term memory consolidation, but the functions of REM
sleep are presently much less clear. Similarly, behavioral
assessments have provided overall highly consistent evi-
dence that episodic kinds of memories are strengthened
by sleep, in particular profiting from neuronal replay occur-
ring during non-REM sleep. Conversely, it is currently not
clear how sleep, particularly REM sleep-related processes,
contributes to emotional memory formation and the regu-
lation of the emotional response associated with these
memories (sect. 4.3).

Episodic memory consolidation implicates a hippo-
campal-to-neocortical redistribution of the involved neu-
ronal representations, enabling the transformation of the
originally encoded memory into more abstract schema-
like representations. In the last decade, findings have
provided convergent evidence that sleep can support
this transformation. However, behavioral assessments
are overall inconsistent as to the question of what kind
of information is abstracted in this process (sect. 4.2). It
remains to be clarified to what extent effects on memory
abstraction are domain specific, e.g., stronger for spatial
compared to verbal tasks with related task-specific tem-
poral dynamics. On one hand, there is no behavioral evi-
dence for an active forgetting induced by sleep (sect.
4.4). On the other hand, this research has clearly identi-
fied neuronal replay and the temporally linked occur-
rence of ripples, spindles, and slow oscillations as main
physiological drivers of the transformation process.
There are, moreover, first hints as to how the memories
are consolidated into neocortical long-term stores at the
synaptic level. Evidence that REM sleep promotes the
selective pruning of subsets of synapses that were
newly formed during training is intriguing in that it points
to a basic function of REM sleep in synaptically shaping
the neocortical representations (sects. 2.2 and 3.3.2).
Yet, future experiments need to substantiate this view
and, importantly, show how such synaptic shaping trans-
lates into behavioral changes at memory retrieval.

Notably, over the past decade, there has been a dis-
proportional increase in studies that failed to reveal bene-
ficial effects of sleep on memory consolidation compared
with the effects of a postencoding wake period. Rather
than challenging the memory effect of sleep, these find-
ings show that sleep is not the only brain state that forms
long-term memory and that, depending on the assess-
ment, memories may be as persistent after sleep as after
a wake-associated consolidation process. Importantly,
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there is also first confirmation of the notion that consoli-
dation during sleep and during wakefulness differ in qual-
ity, i.e., rely on different mechanisms (sect. 4). These
differences remain to be studied in more detail, as well as
the question of which of the two kinds of consolidation
processes eventually produces the more persisting
representations.

A comparable issue has emerged from investigations
of sleep-dependent memory formation during early life
(sect. 5.1). Originally motivated by the hypothesis that
the deeper sleep in children produces quantitatively
stronger effects on memory, the research of the last
years also has revealed a number of findings that con-
tradict the active systems consolidation concept as
derived from research on mature brains. Considering
the immaturity of the hippocampo-prefrontal system dur-
ing infancy, a central question to be addressed in future
is whether memory consolidation during sleep in infancy
relies on the same mechanisms of active systems con-
solidation as those in adults. Conversely, research in
older people (sect. 5.2), like that in insomnia patients
(sect. 6), has been largely clinically oriented, i.e., moti-
vated by the wish to compensate for age-related deficits
in sleep and associated memory functions. Although the
findings during the last decade confirm such deficits,
attempts to alleviate deficits by sleep-related interven-
tions have yielded only modest success so far.

The growing knowledge about the mechanisms of
memory consolidation during sleep has sparked extended
research in humans on the development of techniques
(sect. 7) like closed-loop auditory stimulation and targeted
memory reactivation that may help to enhance memory
consolidation during sleep in healthy as well as disordered
conditions. The overall mixed outcome of these studies
should not discourage but calls for a more thorough
examination of the mechanisms mediating the stimulat-
ing effect of such procedures. Although firm evidence
that stimulation procedures, like targeted memory reac-
tivation, enhance memory consolidation during sleep via
enhancing the spontaneous neuronal replay of memo-
ries is indeed lacking, future research in this regard may
take advantage, to a much greater extent, from the
study of rodent models.

GLOSSARY

ACC  Anterior cingulate cortex

ADHD Attention deficit hyperactivity disorder

AMPA a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid

ASC  Active systems consolidation

ASD  Autism spectrum disorder

ATN  Anterior thalamic nucleus

BMI Brain-machine interface
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CLAS Auditory closed-loop stimulation

DRM  Deese—Roediger—McDermott (paradigm)
ERP Event-related response

fMRI  Functional magnetic resonance imaging
HRD  Heart rate deceleration

IPL Inferior parietal lobule

LC Locus coeruleus

LFP Local field potential

LPP Late positive potential

LTD Long-term depression

LTP Long-term potentiation

M1 Primary motor cortex

MCH  Melanin concentrating hormone (neurons)
MEG Magnetoencephalography

mEPSC Miniature excitatory postsynaptic current
MFB  Medial forebrain bundle

mGIuR Metabotropic glutamate receptor
(m)PFC (Medial) prefrontal cortex

NE Norepinephrine

NMDA N-methyl-D-aspartate

NOR  Novel object recognition (task)

OPR  Object-place recognition (task)

OSA  Obstructive sleep apnea

PD Postnatal day

PGO  Ponto-geniculo-occipital (wave)

PTSD Posttraumatic stress disorder

REM  Rapid eye movement

SCR Skin conductance response

SHY  Synaptic homeostasis hypothesis

SO Slow oscillation

SRTT Serial reaction time task

SWA  Slow-wave activity

SW-R  Sharp-wave ripple

SWS Slow-wave sleep

tACS Transcranial alternating current stimulation
tDCS Transcranial direct current stimulation
TMR  Targeted memory reactivation

TMS  Transcranial magnetic stimulation

TRN Thalamic reticular nucleus

Vi1 Primary visual cortex

VTA  Ventral tegmental area

WASO Wake after sleep onset
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