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Brain Rhythms During Sleep and Memory
Consolidation: Neurobiological Insights

Sleep can benefit memory consolidation. The characterization of brain regions
underlying memory consolidation during sleep, as well as their temporal inter-
play, reflected by specific patterns of brain electric activity, is surfacing. Here,
we provide an overview of recent concepts and results on the mechanisms of
sleep-related memory consolidation. The latest studies strongly impacting

future directions of research in this field are highlighted.

EEG; memory; oscillations; reactivation; sleep

Introduction

Memory formation encompasses both the learning
(encoding) of information and the consolidation of
learned content in long-term storage, with the con-
tents assessed by subsequent recall. Examples of
temporally graded retrograde amnesia spurned an
entire field of research demonstrating how mem-
ories undergo gradual processes of reorganization
at the system level, i.e., between brain regions. For
example, freshly encoded episodic memories (as
memories of events) stored in the hippocampus,
become hippocampal-independent over a period
of weeks to years, since they are represented in a
more permanent form within the neocortex (21,
78). The notion that sleep and memory consoli-
dation are associated has been around for a long
time, and a large quantity of research has
amassed compelling evidence that sleep partic-
ularly supports the consolidation of learned in-
formation into long-term memory (for reviews,
see Refs. 36, 103).

The relationship between memory consolidation
and sleep has been conceptualized under two ba-
sic overarching and non-exclusive concepts. One
focuses on the homeostatic regulation of synaptic
downscaling during sleep (128). This posits that
sleep, specifically the slow oscillations of non-rap-
id-eye-movement (NREM) sleep, function toward
global downscaling or synaptic renormalization.
Synapses recently and strongly potentiated during
prior waking, in contrast, are less prone to down-
scaling (reviewed in Ref. 129). This synaptic ho-
meostasis hypothesis is supported by a wealth of
molecular studies revealing the regulation of genes
and the expression of proteins indicative of synap-
tic weakening after a period of sleep, including
structural modifications to synapses as well as
electrophysiological measures of synaptic potenti-
ation (34, 129).
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The other concept relies on an active role of
sleep in the process of systems consolidation and
will constitute the focus of this review. This con-
cept originated following the observation that
retention was dependent on different propor-
tions of sleep stages (reviewed in Ref. 16). Exper-
iments depriving sleep during the first vs. the
second part of the night gave rise to the “dual-
process hypothesis” in which NREM-rich sleep
during the first part of the night was considered
beneficial for declarative memories, and REM-
rich sleep of the second half of the night was
considered beneficial for non-declarative or im-
plicit (e.g., procedural) memories (45, 73, 103,
106, 120). A further model, the “sequential hy-
pothesis,” underscored the relevance of the suc-
cession of processes occurring during NREM
sleep and REM sleep for memory consolidation
in both rodents (5) and humans (123).

To gain more elaborate insight regarding how
memory consolidation transpires during sleep, re-
searchers turned to studying electric activity of the
brain, i.e., electrical signals of mixed frequency and
amplitude resulting predominantly from neuronal
activity. Rhythms or oscillations in these signals
typically reflect the synchronized activity of large
populations of neurons and are considered to re-
flect facilitated communication between neural
populations (20, 86). Neural oscillations can be
measured using non-invasive scalp sensors [e.g.,
electroencephalography (EEG) and magnetoen-
cephalography (MEG)] or implanted intracranial
electrodes. The latter can also detect activity of
smaller neuronal populations and are used most
widely when recording from laboratory animals
and—to a lesser extent—in pre-surgical epileptic
patients. The characteristic neural oscillations are
used to define different stages in sleep (FIGURE 1).
In humans, polysomnography (EEG, EOG, and EMG)
is used to determine sleep stages. In laboratory

4 1548-9213/20 Copyright © 2020 Int. Union Physiol. Sci./Am. Physiol. Soc.

Downloaded from journals.physiology.org/journal/physiologyonline at UC San Diego Lib (137.110.034.206) on August 31, 2020.



animals, EEG or local field potentials (LFPs) are
measured. Although analysis of neural oscillations
solely using EEG provides exceptional temporal
resolution, a shortcoming of this approach is its
poor spatial resolution. To unravel the neuronal
processes that facilitate sleep-related memory con-
solidation, it is important to understand the brain
structures involved in the processes of encoding dur-
ing wakefulness and consolidation during sleep. In
humans, where localized invasive electric recordings
are limited, neuroimaging procedures [e.g., func-
tional magnetic resonance imaging (fMRI)] have
contributed greatly to determining the involvement
of the brain regions involved in sleep-associated
memory consolidation.

Mechanisms underlying sleep-related memory
consolidation differ depending on the specific
memory system. The two major long-term memory
systems are most frequently discerned as being
hippocampus-dependent (for humans, the term
“declarative” is used) or non-hippocampus-depen-
dent (“non-declarative” or “procedural”). Although
not exclusively, we will focus this review on mech-
anisms of hippocampus-dependent memories,
since a greater amount of studies on the neural
underpinnings and associated brain rhythms of
sleep-associated memory consolidation have in-
vestigated hippocampus-dependent memory cons-
olidation.

There are different experimental approaches to
investigate sleep-related memory consolidation.
The first is based on measuring the impact on
memory consolidation of partial sleep deprivation
(i.e., on deprivation of specific sleep stages), which
essentially gave rise to the dual and sequential
hypotheses, as mentioned above. Another ap-
proach, aimed at more specifically disclosing the
underlying neural mechanisms of sleep-associated
memory, is to correlate brain electric activity dur-
ing sleep with memory retention. Retention is typ-
ically measured as the difference in performance
between recall and learning. A similar approach is
to compare neural responses during sleep follow-
ing a learning vs. non-learning baseline or control
task.

In the 1990s, important studies on spatial learn-
ing and post-experience activity patterns of “place-
cell” ensembles in sleep led to the concept that
reactivation during sleep could represent a mech-
anism for sleep-associated memory consolidation.
Reactivation describes the process by which the
same neuronal networks that were active during
learning are re-activated during sleep in a pattern
that matches the relative sequence of original ac-
tivation (reviewed in Refs. 19, 111). Experience-
dependent reactivations were later observed in
human studies as well (94, 104).

The study of brain rhythms during sleep pro-
vides the clearest available approach to under-
standing the physiological processes involved in
sleep-related memory consolidation. This review
presents an outline of the literature generated to
date, including the emerging importance of temporal
coordination between different sleep rhythms, as
well as approaches to manipulate these rhythms to-
ward uncovering causal evidence for sleep-related
processes in memory consolidation. We will con-
clude this review with an outlook on future directions
of research on sleep oscillations and memory con-
solidation, and a speculative opinion.
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FIGURE 1. Characteristic features of sleep architecture and predomi-
nant neural oscillations across the sleep period in humans and rodents
Top: in both humans and rodents, a distinction is made between NREM and REM
sleep stages. In humans, NREM sleep is further divided into stages N1-N3, de-
pending on sleep depth. In rodents, a further subdivision of NREM sleep is un-
common due to the short duration of sleep episodes. Bottom: the traces show
representative recordings from human EEG over frontal (Fz) and parietal (Pz) loca-
tions, and mouse intracranial local field potentials (LFP) in frontal cortex (FC) and
dorsal hippocampus (HC). Discrete electrical events in NREM sleep are thalamo-
cortical sleep spindles (green), cortical slow oscillations (SO; blue), and hippocam-
pal sharp-wave ripples (SPWR; red). Sleep spindles (~10-16 Hz) are a hallmark of
NREM stage N2 sleep. They are generated through inhibition of thalamo-cortical
relay cells by the repetitive spike-bursting of GABAergic thalamic reticular neu-
rons (121). As sleep deepens, neural activity slows and synchronizes. Both slow-
wave activity (SWA; 0.5-4 Hz) and slow oscillations (~1 Hz) dominate. Slow
oscillations are cortically generated biphasic rhythms consisting of the alternation
between a hyperpolarizing state of neuronal silence (or “Down state”) and a de-
polarizing state (or “Up state”), which reflects enhanced activity of both excitatory
and inhibitory cortical neurons (88, 121). Note, the polarity of up and down states
is reversed between humans and rodents due to the depth LFP recording in ro-
dents. Sharp wave-ripples (SPWRs) are short-lasting (~50-100 ms), fast-oscillatory
events of ~100-250 Hz observed in the hippocampal formation during NREM
sleep (20), which are measured electrophysiologicaly by using invasive intracranial
electrodes. During REM sleep, low-amplitude EEG frequencies appear. In rodents,
continuous theta oscillations (~5-9 Hz) are clearly pronounced, with GABAergic
neurons of the medial septum relevant for theta pacing of the hippocampus and
other limbic cortical structures (20). In contrast to rodents, humans appear to have
multiple theta generators producing only short theta sequences during REM sleep
(24).
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Evidence Linking Brain Oscillations
During Sleep and Retention
Performance

Of the predominant neural oscillations across the
sleep period (FIGURE 1), sleep spindles (10-16 Hz)
have arguably been the most widely investigated.
The first line of evidence for a link between sleep
spindles and memory consolidation came from
studies correlating retention on a given memory
task (e.g., a word-pair association task) with con-
comitant EEG-derived spindle activity during a pe-
riod of sleep (either a full night or a daytime nap).
An increased occurrence of spindles during sleep
after learning in relation to increased retention
performance has been found in multiple studies of
human subjects (26, 27, 46, 116, 117). In particular,
associations between spindle activity and verbal
(26, 27, 46, 116, 117, 124) or visual declarative
memory (30), as well as motor procedural memory
(42, 43, 54, 68, 85, 89, 101), have been found. In-
terestingly, sleep spindles occurring during deep
NREM sleep (stage N3 sleep) have appeared to be
particularly responsible for potentiating declara-
tive memories (30), whereas procedural motor
learning could be specifically related to spindles
occurring in light NREM (N2) sleep (42, 47).

Investigations have similarly found relationships
between slow oscillations (~1 Hz)—as reflected by
EEG spectral power in the slow-wave frequency
band [slow-wave activity (SWA), 0.5-4 Hz]—and
learning in human participants. For instance,
learning on a visuo-motor task induced an increase
in SWA over parietal brain areas during subsequent
sleep, and this SWA change was positively corre-
lated with the enhancement of task performance
after sleep (55). Positive correlations between SWA
and overnight retention were also reported for a
procedural motor skill and a declarative task of
learning a word list (54).

Post-learning increases in sharp-wave ripple
(SPWR) density in rodents are likewise found and,
moreover, were also associated with improved re-
tention on a spatial memory and an odor-reward
association task (38, 48, 102). In pre-surgical epi-
leptic patients, numbers of ripples in rhinal cortex,
but not in hippocampus, were correlated with rec-
ognition memory performance (8).

Taken together so far, correlational evidence de-
tailed relationships between more efficient sleep-
related memory consolidation and greater densities
of sleep spindles, SPWRs, and/or slow oscillations,
separately. Importantly, however, spindles and slow
oscillations do not only occur independently but of-
ten synchronously, reflecting a unified thalamo-cor-
tical generating system in which spindles tend to be
nested within slow oscillations (28, 84). Indeed, in
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mice, concomitantly occurring slow oscillations and
sleep spindles revealed increased calcium signaling
(compared with the separate events), which is con-
sidered a potential prerequisite for processes of neu-
roplasticity, compared with isolated slow oscillations
and sleep spindles (88). SPWRs are temporally asso-
ciated with slow oscillations as well as spindles (72,
83, 119, 135) (but see Ref. 126 for extensive review).
Methodologically, the application of cross-frequency
coupling (CFC) analyses to neural oscillations (23)
has greatly improved the ability to quantify interac-
tions between sleep rhythms underlying sleep-re-
lated memory consolidation. For instance, phase-
amplitude CFC determines the phase of a low-
frequency component at which the amplitude of a
high frequency is maximum. The phase at which
spindles couple to the slow oscillation changes with
age, and this phase has been associated with differ-
ences in memory consolidation (53, 80). In addition,
the strength of coupling, i.e., its consistency across
trials, can be quantified.

The actual interplay of neural oscillations is un-
doubtedly more complex. For instance, in humans,
there are strongly pronounced differences between
slow and fast sleep spindles; their occurrence
within the slow oscillation differs, with fast spin-
dles occurring during the slow oscillation Up state
and slow spindles during the Up to Down slope,
and coupling to the slow oscillation is stronger for
the fast spindles (32, 82). It also has been observed
that changes in fast sleep spindles after learning
were correlated with the overnight consolidation
of motor sequence learning, whereas slow spin-
dles did not appear to be involved (9). It is thus
possible that, in humans, the different types of
spindles (slow or fast) contribute differentially to
the consolidation of memory types. Moreover,
there are indications that the function of sleep
spindles during light (N2) and deep NREM sleep
may differentially interact with processes of
memory consolidation (35, 47). However, this
field is relatively young, and more systematic
evidence is required before a comprehensive
model can be formulated.

Reactivation and Reorganization

Recordings from multiple brain regions, e.g., using
simultaneous EEG and fMRI in humans, have re-
vealed a topographic specificity of activity during
memory consolidation, in particular in relation to
spindle activity. Prior learning of face-scene associa-
tions has been shown to promote stronger coupling
(covariance) between sleep spindle amplitude and
neural activity in face scene-selective regions of the
ventral visual cortex and hippocampus (13). An in-
creased activation of the fusiform gyrus, critical for
face recognition, was found temporally locked to fast
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spindles during sleep following learning a face se-
quence declarative memory task compared with a
control night (56). Importantly, in both studies, the
coupling between spindle activity and fMRI re-
sponses was topographically restricted to regions
that were activated during prior learning, and the
extent of coupling was correlated either with learning
performance before sleep (13) or with recall perfor-
mance after sleep (56). Similar results have been
shown for motor learning, and a reorganization of
neural activity between brain structures often occurs
during sleep-related procedural memory consolida-
tion. Activity in the rostrodorsal striatum (an associa-
tive area) recruited during training on motor
sequence tasks has been shown to subsequently
transform to activity in the caudoventral subregion of
the striatum (a sensorimotor area) post-learning (41,
69). This reorganization was also correlated with
spindle-related reactivation of the putamen during
sleep, the extent of which also related to overnight
gains in performance (41). By using EEG source lo-
calization on the same data set, it was demonstrated
that the coherence (functional binding) of cortical
and subcortical brain activity during sleep spindles
was related to post-learning gains in motor learning
consolidation (17). Functional MRI studies in hu-
mans also showed that an interaction between stri-
atal and hippocampal activity during training on a
motor sequence predicted future gains in perfor-
mance on a retest after sleep during retest (4). Fur-
ther investigations should achieve a more consistent
picture on the reorganization during sleep of mem-
ory representations post-learning (3).

A reorganization over time of post-experience
neural activity may similarly be concluded from
findings in rodents subsequent to a reward-search-
ing task. The reactivation of ventral striatal firing
was temporally associated with hippocampal rip-
ple activity during NREM sleep, yet reactivation
decayed slower in the ventral striatum than had
been found for hippocampal reactivation (99). In
general, sleep research is taking on the question of
how and when memory systems centered on ac-
tivity within different brain structures (e.g., relying
on hipocampus, amygdala, and striatum) may in-
teract during NREM sleep to consolidate memories
(40, 134).

Investigations on electrophysiological brain ac-
tivity emphasize the central role of hippocampal
SPWRs in the coordination of network reactiva-
tions among distributed brain regions during
NREM sleep after learning. Comparisons of neural
activity during encoding and subsequent NREM
sleep have revealed temporally coordinated activ-
ity between SPWRs and neural activity patterns
that code for spatial or self-motion related infor-
mation within the parietal (136) and entorhinal
cortex (91). Reactivation associated with SPWRs
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was, however, also found in regions involved in
encoding the location of material possessing a spe-
cific positive or negative valence, not only in brain
regions involved in spatial processing. For in-
stance, reactivation of both reward-related activity
in the ventral striatum (99) and the basolateral
amygdala encoding the location of an aversive air-
puff on a running track (49) were modulated by
hippocampal SPWRs during post-learning sleep.
Typically, hippocampal reactivation is strongest for
experiences or events of greatest salience (25), yet
novelty of the fore-going experience may also con-
tribute to greater reactivation or post-experience
neuronal activity during sleep (38, 44, 66). The role
of such factors as valence, salience, and emotional
significance suggest that coordinated reactivations
are particularly relevant for future adaptive behav-
ior. SPWRs also serve a modifying function, as re-
flected in the above-mentioned study by Girardeau
et al. (49) on coordinated reactivation of hippocam-
pus and amygdala, in which stronger reactivations
were measured for subgroups of amygdala cells rep-
resenting the aversive stimulus. Also, in a study em-
ploying a sound-guided memory task in rats,
reactivation of specific auditory cortex activity was
shown to precede and follow SPWRs and even be
capable of influencing SPWR content (109). Techno-
logical advancements, for instance, enabling paired
recording and intervention at the level of neuronal
populations in vivo (58, 125), bring novel possibilities
to measure localized activity in parallel from multiple
brain areas. If focused during distinct time periods,
such as the occurrence of spindles or SPWRs, re-
search is bound to reveal a clearer picture of inter-
actions between different brain areas during sleep
that are relevant for post-task memory consolidation.

Bidirectional and Intraregional
Interactions

Many of the investigations described above were
based on the physiological “two-stage” model of
memory formation, which posits that new memo-
ries are initially encoded within the hippocampus
and subsequently transferred to the neocortex for
long-term storage (21, 78). The concept of a two-
way interaction during sleep between hippocam-
pus and cortex is, however, evolving. For instance,
recent results of interactions at the cortical level
have found neurons in the anterior cingulate (ACC)
firing both before and after hippocampal SPWRs.
All ACC neurons during sleep demonstrated in-
creased activity ~200 ms before SPWR activity and
correlated positively with SPWR amplitude. Pre-
ripple activation of the majority of ACC neurons
were not present during the awake state, which
supports a functional distinction between SPWRs
occurring during sleep and waking (133). There is
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further evidence suggesting the existence of a rapid
cortico-hippocampal-cortical loop (109). Stimuli
delivered during NREM sleep to rats following a
sound-guided task elicited neuronal ensemble pat-
terns within the auditory cortex that predicted the
occurrence of hippocampal SPWRs. In turn, firing
rates of cells in the auditory cortex were strongly
modulated during hippocampal SPWRs.

Alongside communication between the hip-
pocampus and (sub)cortical regions, intraregional
interactions within the cortex have also proven
relevant for sleep-associated memory consolida-
tion. For example, non-hippocampus-dependent
perceptual memory has been demonstrated to de-
pend on top-down intracortical activity during
NREM sleep. Here, opto-inhibition of the projec-
tion axons from the secondary motor cortex to
primary somatosensory cortex within post-task
hour 1 (but not post-task hours 6-7) of NREM sleep
reduced duration of retention for tactile memory.
Retention appeared to rely on the synchronous
activation of these cortical regions mediated by the
secondary motor cortex projections. In fact, reten-
tion performance could be prolonged by photo-
stimulation inducing synchronous activation in
the two cortical regions (81). These latter findings
on neuronal interactions may contribute to how
neocortical schemas affect the rate or efficiency of
consolidation, as previously described in models of
memory consolidation (77, 90, 130).
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Experimental Modulations of Brain
Oscillations During Sleep and
Related Impacts on Memory
Consolidation

As indicated in FIGURE 2, various techniques have
now been developed to modulate brain oscillations
during sleep, with an attempt to influence memory
recall post-sleep and highlight the causal impor-
tance of these rhythms in consolidation processes.
One approach employed has been pharmacologi-
cal modulation. Inducing an elevated spindle
activity through selective serotonin or noradr-
enaline uptake blockers improves procedural
memory performance on finger sequence tap-
ping and mirror tracing tasks, despite supressing
REM sleep, challenging originally held views on
the beneficial effect of REM-rich sleep on proce-
dural memory consolidation (105). Increasing
spindle density with the gamma-amino-butyric
acid (GABA)-A receptor agonist zolpidem increased
recall performance on a declarative word-pair task
but worsened performance to a perceptual dis-
crimination task and had no effect on a motor
sequence learning task (79). However, decreased
spindle activity after administrating the anticon-
vulsant tiagabine (39) had no negative effect on
declarative memory recall (39). Importantly, in
all these studies, pharmacological reduction of
spindle density also increased slow oscillations and
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FIGURE 2. Active systems consolidation and reactivation

Top: different experimental designs have been created to assess the effect of sleep on systems consolidation of memory.
These include providing a sleep opportunity between learning and recall testing, or a sleep opportunity paired with an
intervention (pharmacological administration, acoustic stimulation, weak electrical currents, optogenetics, or targeted
memory reactivation). Middle: information enters the hippocampus during learning, where it is temporarily stored. Reacti-
vation of this information during sleep is presumed to transfer the memory representation, reorganizing the learned infor-
mation. Bottom: the concept of active systems consolidation, the transfer of information during sleep from a temporary
representation in the hippocampus to a permanent representation in the neocortex, is schematized.
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SWA. Therefore, the reported effects on memory
consolidation or lack thereof cannot be solely at-
tributed to either a decrease in spindle activity or
an increase in slow oscillations. Beyond the diffi-
culties in modulating one type of brain oscillation
specifically without inversely affecting the others,
these pharmacological approaches are limited by
both their spatial and temporal imprecision—that
is, they cannot be targeted to specific brain regions
or time points in the sleep period.

In an alternative approach, various types of sen-
sory stimulation have been used to modify brain
oscillations during sleep. For example, a recent
study used a rocking bed to induce a continuous
rhythmic sensory stimulation that increased slow
oscillations and spindles during deep NREM sleep
(100). Importantly, this stimulation also improved
the overnight consolidation of a declarative mem-
ory task, which was positively correlated to the
increase in spindle activity (100). More precise and
targeted control over neural oscillations during
sleep is possible by using stimuli—especially
acoustic—that can be applied on an event-by-
event basis. Acoustic stimulation was for instance
timed to selectively suppress slow oscillations dur-
ing NREM sleep, which prevented the improve-
ment of procedural motor (65) and declarative
(131) memories after sleep. More recently, closed-
loop acoustic stimulation paradigms, in which
stimulation occurred dependent on the ongoing
activity of the signal to be targeted by the stimula-
tion, have allowed automatically delivery of sounds
in phase with the Up state of slow oscillations.
These paradigms resulted in an enhancement of
slow oscillations, an increase in spindle activity
(113) and an improved retention of declarative
memories during sleep compared with a control
condition consisting of either sham (92, 97) or out-
of-phase (87) stimulations. In addition, changes in
memory performance were correlated with in-
creases in slow oscillations (87, 93, 97) and/or spin-
dle activity (87) associated with the in-phase
stimulation. Together, these findings provide
strong support for slow oscillations and sleep spin-
dles in memory consolidation, and moreover for
their concurrent enhancement to effectively im-
prove cognitive perfomance (137, 138).

Over the past decade, a series of studies have
been published using targeted memory reactiva-
tion (TMR) during sleep to enhance memory con-
solidation. In this paradigm, subtle cues (e.g.,
auditory or olfactory), which have previously been
associated with specific learning during wakeful-
ness, are presented during subsequent sleep.
These studies have consistently reported an im-
proved memory recall of the associated learned
information, for both declarative and procedural
motor memories, during the post-sleep assessment
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following TMR (22, 68, 95, 118). Interestingly, the
timing of these cues in relation to neural oscilla-
tions of sleep appears to strongly influence the
effects of TMR on memory recall. For instance, the
beneficial effects of TMR for a declarative memory
task appeared to be predicted by the phase of the
cortical slow oscillation at the time of stimulus
presentation, specifically the cortical Up state (11).
Furthermore, TMR can yield significant increases
in sleep spindle amplitude and frequency, the ex-
tent of which has been shown to mediate memory
retention of a motor sequence task (68). In report-
ing a refractory period for spindles (i.e., spindles
are more likely to occur 3-6 s after a previous
spindle), one study found that TMR cues presented
outside compared with inside this spindle refrac-
tory period were associated with a greater memory
recall following sleep (6). This was suggested to
reflect a potentiality for memory reactivation that
is dependent on the temporal occurrence of spin-
dles. These findings detailing the particular traits
of TMR have painted an overall picture of complex
interactions between sleep-state neural oscilla-
tions and memory consolidation, furthering the
understanding of how memory consolidation may
be processed during sleep.

Sensory (e.g., acoustic, olfactory) stimulation
can be given with high temporal precision, yet
these stimuli affect both subcortical and cortical
structures. The application of weak electric cur-
rents to the scalp or cortex aims in contrast to
primarily affect ongoing neocortical activity. Con-
stant and oscillating weak electric currents applied
via electrodes are capable of modulating ongoing
brain electric activity and affecting memory con-
solidation. Frontal-to-mastoid weak electric stim-
ulation during the transition to deep NREM sleep
distinctly increased the retention of word pairs
compared with sham stimulation, and enhanced
temporal coupling between slow oscillations and
spindles (64, 74, 76). In rats, a similar electrode
configuration likewise improved post-sleep perfor-
mance (14, 15). A reduced performance in a declar-
ative but not procedural memory task could be
observed after decreasing both frontal EEG spindle
power and slow oscillations during NREM sleep by
theta-frequency transcranial direct current stimu-
lation (tDCS) in a later study (75). Although studies
with contrasting results have since been reported
(e.g., Ref. 98; reviewed in Refs. 137, 138), recent
studies indicate that, due to the subthreshold char-
acter of the stimulation, covert interactions be-
tween the applied stimulation, inter-individual
confounds and content can play a decisive role in
the efficiency of oscillatory weak electric stimula-
tion (57, 62).
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In rodents, reinforcing the temporal coordina-
tion of cortical delta waves and spindles using
SPWR-triggered electrical stimulation resulted in
a reorganization of spatio-temporal spiking pat-
terns of prefrontal pyramidal neurons, along
with subsequent increased recall performance
relative to controls (72). However, during sleep,
studies have shown that endogenous neuro-
modulators interact with neural oscillations (7,
52, 114). For instance, optogenetically driven ac-
tivation of cholinergic neurons influences the
theta-to-slow oscillation ratio (132), and norad-
renergic neurons fire phasically time-locked to
the slow oscillation (37). These interdependen-
cies may help explain why imposing a stereo-
typed external rhythm may not always be
functionally efficient (61).

Targeted manipulation of oscillatory activity
has also been conducted using optogenetic
methods in rodents. For example, Latchoumane
and colleagues induced a spindle-like rhythm in
the thalamus of mice, either during the Up or
Down state of ongoing cortical slow oscillations,
and could thereby improve SPWR-slow oscilla-
tion coupling and memory consolidation
(67).

Overall, the specific modulation of brain oscil-
lations of sleep to impact memory consolidation
is a relatively new area but provides substantial
potential in unravelling the role of neural oscil-
lations in the process of memory consolidation
at both systems and cellular levels.

Neural interplay

The Role of Brain Oscillations for
Sleep-Related Memory
Consolidation: Interactions
Between Models and Future
Directions

In this review, we emphasize that the major con-
cept through which active systems memory con-
solidation takes place during sleep is by a fine
temporal relationship between neural oscillations
associated with sleep and reactivation, namely the
Up and Down states of the slow oscillation,
thalamo-cortical sleep spindles, hippocampal
sharp wave-ripples, and coordinated activity of
other brain regions (FIGURE 3). There are indeed
indications that systems consolidation requires the
coordination of multiple brain structures. The es-
sential component of active systems consolidation
theory posits that, over time, (episodic) memory
representations lose their dependence on the hip-
pocampus. For memories to become hippocam-
pus-independent, the hippocampus must “train”
the cortical associations during an offline period
when no external influence can disturb memory
representations to strengthen and stabilize these
into “self-sustaining” representations. Sleep spin-
dles originating from the thalamus may specifically
serve to ensure this offline environment. In hu-
mans, brain responses to acoustic stimulation
were profoundly dampened when presented in
concurrence with an ongoing sleep spindle (29,
33). Thalamic gating of external sensory stimuli

A ,/\\/V\W Slow oscillation
'WW\WWWWM
A
14

Sleep spindle

Sharp waves ripple
(SPWR)

Ripple

(fast frequency
component of
the SPWR)

FIGURE 3. Neural oscillations of memory consolidation in sleep

Figurative model of the interplay of neural oscillations/brain rhythms during NREM sleep. Slow oscillations (A) in the
neocortex temporally group neural activity in other brain structures such as thalamocortical spindles (B) and hip-
pocampal sharp wave ripples (C). The timing of spindles relative to the phase of the slow oscillation and the coordi-
nated reactivation of hippocampal SWPRs underlie the transfer of previously learned information on the memory
representation to the neocortex, reorganizing, consolidating, and possibly generalizing the memory content as it
becomes hippocampus independent (cp. FIGURE 2). During ongoing spindles, the thalamus performs sensory gat-
ing, thereby reducing external sensory input to the neocortex. Note, oscillations (A-C) are not scaled.
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during spindles might contribute to protect the
sleeping brain from external disuption, thereby fa-
ciliating internal reprocessing and integration,
such as during memory consolidation.

Several lines of study, however, underscore the
need for a more complex view. First, although the
concept of active systems consolidation was devel-
oped for hippocampus-dependent (declarative)
memories, the hippocampus may also be critical
for forming “non-hippocampal” long-term memo-
ries, e.g., hippocampal inactivation impaired
sleep-related consolidation on a non-hippocam-
pus-dependent novel object recognition memory
task (115). In addition, only few studies have inves-
tigated the specific role of REM sleep for retention
of hippocampus-dependent memories (2). Indeed,
most studies indicating an involvement of neural
activity during REM sleep for memory consolida-
tion have used behavioral paradigms of contextual
fear or other emotional material or contexts (12, 60,
107). However, structures found to be activated
during REM sleep (limbic structures, including the
retrosplenial cortex) have all been implicated in
hippocampus-dependent spatial memory (70). In
fact, the relevance for memory consolidation of
theta rhythm during REM sleep was demonstrated
by using optogenetic techniques. Optogenetic si-
lencing of medial septum GABAergic neurons in
mice both selectively attenuated theta activity dur-
ing REM sleep and impaired consolidation on two
hippocampus-dependent tasks (18).

Second, there has been an emerging discussion
on how the type of sleep-related memory repre-
sentations may shift over time (108, 122). For in-
stance, the memory for differently shaped single
items was enhanced 10 h after learning, with a
post-learning sleep period. Yet, testing the same
subjects 1 year later showed that subjects who had
slept after an initial encoding revealed improve-
ment on more generalized knowledge, i.e., on a
prototype memory of shapes (71). The specific
mechanisms of sleep for such extraction of gist
from specific information to form generalized
schemas are an ongoing research focus. Discerning
these mechanisms may also contribute to under-
standing how semantic memories are forged from
episodic experiences.

Third, results from weak electric stimulation inter-
ventions show the greater need to focus on inter-
individual response variability (61, 62). Advances
in analysis procedures have facilitated the applica-
tion of tools to measure features of neural oscilla-
tions, such as the phase coupling between slow
oscillations and sleep spindles, at the individual sub-
ject level. Cox and colleagues revealed consistent
inter-individual “fingerprints” of coupling phases be-
tween slow oscillations and both fast and slow sleep
spindles (31). A future direction is the use of such

Downloaded from journals.physiology.org/journal/physiologyonline at UC San Diego Lib (137.110.034.206) on August 31, 2020.

analytic tools together with customized intervention
procedures for investigating the causality of neural
oscillations and sleep-related memory consolidation,
with a stronger focus on inter-individual differences
in responsiveness.

Fourth, although the two concepts of sleep-re-
lated memory consolidation—namely the synaptic
homeostasis hypothesis and the concept of active
systems consolidation—seem in opposition, sev-
eral recent findings suggest a convergence in the
cellular mechanisms associated with both theories.
Optogenetic studies investigating the specific func-
tion of slow oscillation Up vs. Down states suggest
that Up states may contribute to a selective down-
scaling of subthreshold inputs (10, 50). Indeed,
when active Up-state firing in the primary motor
cortex was optogenetically suppressed, the rescal-
ing (downscaling of “indirect” neurons non-caus-
ally related to a task) was prevented, and post-
sleep task behavior, namely for rats to control the
angular velocity of a feeding tube, was impaired
(51). These findings support a rescaling of task-
related activity, as proposed by the synaptic ho-
meostasis hypothesis, yet not as a passive but as an
active (i.e., activity-dependent) process. These
findings furthermore suggest that downscaling
may operate locally and not globally, as initially
hypothesized by the synaptic homeostasis hy-
pothesis. Local modulations in neuroplasticity
during sleep and activity-dependent local sleep-
regulation are also indicated by local sleep-re-
lated synthesis of plasticity-related proteins (1).
The concept of local sleep regulation emerged
from findings that local use-dependent increases
in cytokines and other sleep regulatory molecu-
lar components can affect local neuronal/glial
network activity, and the theory posits that cel-
lular events can induce effects at higher levels of
tissue organization (63).

Finally, although our review has focused on neu-
ronal interactions on memory, the process of sleep
also involves systematic changes in non-neuronal
cellular activity (e.g., astrocytes) and chemical neu-
romodulatory sytems that have been shown to af-
fect cellular neuroplasticity and memory (63, 96,
112). New technologies enabling improved parallel
monitoring of cellular and systems level activity
patterns will definitely shed new light on the con-
tributions of these elements to sleep-related mem-
ory consolidation. In fact, the identification of
post-experience neuronal cell ensemble activity
during systems consolidation has become possible
by the recent combination of transgenic, optoge-
netic, pharmacogenetics, and optical imaging ap-
proaches. Findings indicate that such “engram
cells” in both medial prefrontal cortex and hip-
pocampus are formed rapidly on learning of con-
text-fear conditioning but that medial prefrontal
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cortex engrams have to undergo maturation over
time with aid of hippocampal engram cells before
they can be used for recall (59, 110) (for a review,
see Ref. 127). However, until now, the fate of en-
gram cells in different brain regions and their in-
teraction has only been demonstrated for context-
fear conditioning in laboratory rodents and has not
been explicitly investigated in relation to sleep. For
future research, it would be desirable to combine
the above-mentioned methodological approaches
with electrophysiology, and possibly the manipu-
lation of sleep oscillations, to gain more insight
into sleep-related memory consolidation at the en-
gram cell level.

Taken together, it is essential for research on
sleep and memory consolidation to uphold an in-
tegrative view ranging from systems to cellular lev-
els, and from local to global levels. We believe
neural oscillations during sleep reflect, on the one
hand, previous “learning-related activity.” On the
other hand, results from studies on weak electric
current stimulation indicate that neural oscilla-
tions per se can affect neuroplasticity. Learning-
related activity is expressed at a multitude of levels
(e.g., neuronal engram cells, with their activity-
dependent intracellular molecular machinery; re-
sulting dendritic spine dynamics; activity-dependent
cellular release of cytokines; changes in neuromodu-
latory activity, possibly reflecting the learning mate-
rials’ reward value for the individual subject; etc.),
and each level is characterized by specific temporal
dynamics. Which rules may govern communication
within the brain? It is conceivable that these large-
scale neural oscillations during sleep emerge from
local use-dependent activity and in turn affect all
ongoing local learning-related activity in a tempo-
rally coherent manner. The achieved effect is depen-
dent on the specific learning-related history of the
local network.

Science is accelerating the development of
tools that can potentially narrow the gap be-
tween systems, network, cellular, and molecular
level functions, and link online and offline neuronal
activity to sleep-associated behavior. Future research
should utilize these tools to scrutinize present and
newly evolving concepts of memory consolidation. ®

This work was supported by the Deutsche Forschungs-
gemeinschaft [DFG SPP1665 (MA2053/4-2)] and U.S.-Ger-
man Collaboration in Computational Neuroscience (NSF/
BMBF Grant 01GQ1706) to L.M.T. T.D.V. is supported by
the Natural Sciences and Engineering Research Council of
Canada (RGPIN 436006-2013), the Canadian Institutes of
Health Research (MOP 142191, PJT 153115, and PJT
156125), the Fonds de Recherche du Québec-Santé, the
Canada Foundation for Innovation, the Centre de Recher-
che de [l'institut Universitaire de Gériatrie de Montréal
(CRIUGM), and Concordia University. N.C. is supported by
a scholarship from Fonds de Recherche du Québec-Santé
and the Canadian Sleep and Circadian Network.

PHYSIOLOGY e Volume 35 ¢ January 2020 ® www.physiologyonline.org

No conflicts of interest, financial or otherwise, are de-
clared by the author(s).

L.M., N.C., S.B., and T.D.-V. prepared figures; L.M. and
T.D.-V. drafted manuscript; L.M., N.C., S.B., and T.D.-V.
edited and revised manuscript; L.M. and T.D.-V. approved
final version of manuscript.

References

1. Abel T, Havekes R, Saletin JM, Walker MP. Sleep, plasticity
and memory from molecules to whole-brain networks. Curr
Biol 23: R774-R788, 2013. doi:10.1016/j.cub.2013.07.025.

2. Ackermann S, Rasch B. Differential effects of non-REM and
REM sleep on memory consolidation? Curr Neurol Neurosci
Rep 14: 430, 2014. doi:10.1007/511910-013-0430-8.

3. Albouy G, King BR, Maquet P, Doyon J. Hippocampus and
striatum: dynamics and interaction during acquisition and
sleep-related motor sequence memory consolidation. Hip-
pocampus 23: 985-1004, 2013. doi:10.1002/hipo.22183.

4. Albouy G, Sterpenich V, Vandewalle G, Darsaud A, Gais S,
Rauchs G, Desseilles M, Boly M, Dang-Vu T, Balteau E, Deg-
ueldre C, Phillips C, Luxen A, Maquet P. Interaction between
hippocampal and striatal systems predicts subsequent con-
solidation of motor sequence memory. PLoS One 8: €59490,
2013. doi:10.1371/journal.pone.0059490.

5. Ambrosini MV, Langella M, Gironi Carnevale UA, Giuditta A.
The sequential hypothesis of sleep function. IIl. The structure
of postacquisition sleep in learning and nonlearning rats.
Physiol Behav 51: 217-226, 1992. doi:10.1016/0031-9384(92)
90134-N.

6. Antony JW, Piloto L, Wang M, Pacheco P, Norman KA, Paller
KA. Sleep spindle refractoriness segregates periods of mem-
ory reactivation. Curr Biol 28: 1736-1743e4, 2018. doi:10.
1016/j.cub.2018.04.020.

7.  Atherton LA, Dupret D, Mellor JR. Memory trace replay: the
shaping of memory consolidation by neuromodulation.
Trends Neurosci 38: 560-570, 2015. doi:10.1016/j.tins.2015.
07.004.

8.  Axmacher N, Elger CE, Fell J. Ripples in the medial temporal
lobe are relevant for human memory consolidation. Brain
131: 1806-1817, 2008. doi:10.1093/brain/awn103.

9. Barakat M, Doyon J, Debas K, Vandewalle G, Morin A, Poirier
G, Martin N, Lafortune M, Karni A, Ungerleider LG, Benali H,
Carrier J. Fast and slow spindle involvement in the consoli-
dation of a new motor sequence. Behav Brain Res 217: 117-
121, 2011. doi:10.1016/j.bbr.2010.10.019.

10. Bartram J, Kahn MC, Tuohy S, Paulsen O, Wilson T, Mann EO.
Cortical Up states induce the selective weakening of sub-
threshold synaptic inputs. Nat Commun 8: 665, 2017. doi:10.
1038/541467-017-00748-5.

11. Batterink LJ, Creery JD, Paller KA. Phase of spontaneous
slow oscillations during sleep influences memory-related pro-
cessing of auditory cues. J Neurosci 36: 1401-1409, 2016.
doi:10.1523/JNEUROSCI.3175-15.2016.

12. Benedict C, Scheller J, Rose-John S, Born J, Marshall L.
Enhancing influence of intranasal interleukin-6 on slow-wave
activity and memory consolidation during sleep. FASEB J 23:
3629-3636, 2009. doi:10.1096/].08-122853.

13. Bergmann TO, Mélle M, Diedrichs J, Born J, Siebner HR.
Sleep spindle-related reactivation of category-specific corti-
cal regions after learning face-scene associations. Neuroim-
age 59: 2733-2742, 2012. doi:10.1016/j.neuroimage.2011.
10.036.

14. Binder S, Berg K, Gasca F, Lafon B, Parra LC, Born J, Marshall
L. Transcranial slow oscillation stimulation during sleep en-
hances memory consolidation in rats. Brain Stimul 7: 508-
515, 2014. doi:10.1016/j.brs.2014.03.001.

15. Binder S, Rawohl J, Born J, Marshall L. Transcranial slow
oscillation stimulation during NREM sleep enhances acquisi-
tion of the radial maze task and modulates cortical network
activity in rats. Front Behav Neurosci 7: 220, 2014. doi:10.
3389/fnbeh.2013.00220.

16. Born J, Wilhelm I. System consolidation of memory during
sleep. Psychol Res 76: 192-203, 2012. doi:10.1007/s00426-
011-0335-6.

Downloaded from journals.physiology.org/journal/physiologyonline at UC San Diego Lib (137.110.034.206) on August 31, 2020.


https://doi.org/10.1016/j.cub.2013.07.025
https://doi.org/10.1007/s11910-013-0430-8
https://doi.org/10.1002/hipo.22183
https://doi.org/10.1371/journal.pone.0059490
https://doi.org/10.1016/0031-9384(92)90134-N
https://doi.org/10.1016/0031-9384(92)90134-N
https://doi.org/10.1016/j.cub.2018.04.020
https://doi.org/10.1016/j.cub.2018.04.020
https://doi.org/10.1016/j.tins.2015.07.004
https://doi.org/10.1016/j.tins.2015.07.004
https://doi.org/10.1093/brain/awn103
https://doi.org/10.1016/j.bbr.2010.10.019
https://doi.org/10.1038/s41467-017-00748-5
https://doi.org/10.1038/s41467-017-00748-5
https://doi.org/10.1523/JNEUROSCI.3175-15.2016
https://doi.org/10.1096/fj.08-122853
https://doi.org/10.1016/j.neuroimage.2011.10.036
https://doi.org/10.1016/j.neuroimage.2011.10.036
https://doi.org/10.1016/j.brs.2014.03.001
https://doi.org/10.3389/fnbeh.2013.00220
https://doi.org/10.3389/fnbeh.2013.00220
https://doi.org/10.1007/s00426-011-0335-6
https://doi.org/10.1007/s00426-011-0335-6

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Boutin A, Pinsard B, Boré A, Carrier J, Fogel SM,
Doyon J. Transient synchronization of hip-
pocampo-striato-thalamo-cortical networks dur-
ing sleep spindle oscillations induces motor
memory consolidation. Neuroimage 169: 419-
430, 2018. doi:10.1016/j.neuroimage.2017.12.
066.

Boyce R, Glasgow SD, Williams S, Adamantidis A.
Causal evidence for the role of REM sleep theta
rhythm in contextual memory consolidation. Sci-
ence 352: 812-816, 2016. doi:10.1126/science.
aad5252.

Buhry L, Azizi AH, Cheng S. Reactivation, replay,
and preplay: how it might all fit together. Neural
Plast 2011: 203462, 2011. doi:10.1155/2011/
203462.

Buzséki G. Rhythms of the Brain. Oxford, UK:
Oxford University Press, 2006. doi:10.1093/
acprof:0s0/9780195301069.001.0001.

Buzsaki G. Two-stage model of memory trace
formation: a role for “noisy” brain states. Neuro-
science 31: 551-570, 1989. doi:10.1016/0306-
4522(89)90423-5.

Cairney SA, Lindsay S, Sobczak JM, Paller KA,
Gaskell MG. The benefits of targeted memory
reactivation for consolidation in sleep are contin-
gent on memory accuracy and direct cue-mem-
ory associations. Sleep (Basel) 39: 1139-1150,
2016. doi:10.5665/sleep.5772.

Canolty RT, Ganguly K, Kennerley SW, Cadieu
CF, Koepsell K, Wallis JD, Carmena JM. Oscilla-
tory phase coupling coordinates anatomically
dispersed functional cell assemblies. Proc Natl
Acad Sci USA 107: 17356-17361, 2010. doi:10.
1073/pnas.1008306107.

Cantero JL, Atienza M, Stickgold R, Kahana MJ,
Madsen JR, Kocsis B. Sleep-dependent theta os-
cillations in the human hippocampus and neocor-
tex. J Neurosci 23: 10897-10903, 2003. doi:10.
1523/JNEUROSCI.23-34-10897.2003.

Cheng S, Frank LM. New experiences enhance
coordinated neural activity in the hippocampus.
Neuron 57: 303-313, 2008. doi:10.1016/j.neuron.
2007.11.035.

Clemens Z, Fabé D, Halész P. Overnight verbal
memory retention correlates with the number of
sleep spindles. Neuroscience 132: 529-535,
2005. doi:10.1016/j.neuroscience.2005.01.011.

Clemens Z, Fabé D, Halész P. Twenty-four hours
retention of visuospatial memory correlates with
the number of parietal sleep spindles. Neurosci
Lett 403: 52-56, 2006. doi:10.1016/j.neulet.2006.
04.035.

Contreras D, Destexhe A, Sejnowski TJ, Steriade
M. Control of spatiotemporal coherence of a tha-
lamic oscillation by corticothalamic feedback. Sci-
ence 274: 771-774, 1996. doi:10.1126/science.
274.5288.771.

Cote KA, Epps TM, Campbell KB. The role of the
spindle in human information processing of high-
intensity stimuli during sleep. J Sleep Res 9: 19—
26, 2000. doi:10.1046/j.1365-2869.2000.00188.x.

Cox R, Hofman WF, Talamini LM. Involvement of
spindles in memory consolidation is slow wave
sleep-specific. Learn Mem 19: 264-267, 2012.
doi:10.1101/Im.026252.112.

Cox R, Mylonas DS, Manoach DS, Stickgold R.
Large-scale structure and individual fingerprints
of locally coupled sleep oscillations. Sleep (Basel)
41: 41, 2018. doi:10.1093/sleep/zsy175.

Cox R, Schapiro AC, Manoach DS, Stickgold R.
Individual ditferences in frequency and topogra-
phy of slow and fast sleep spindles. Front Hum
Neurosci 11: 433, 2017. doi:10.3389/fnhum.
2017.00433.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

A A

Dang-Vu TT, Bonjean M, Schabus M, Boly M, 50. Gonzalez-Rueda A, Pedrosa V, Feord RC, Clopath
Darsaud A, Desseilles M, Degueldre C, Balteau E, C, Paulsen O. Activity-dependent downscaling of
Phillips C, Luxen A, Sejnowski TJ, Maquet P. In- subthreshold synaptic inputs during slow-wave-sleep-
terplay between spontaneous and induced brain like activity in vivo. Neuron 97: 1244-1252.e5, 2018.
activity during human non-rapid eye movement doi:10.1016/j.neuron.2018.01.047.
sleep. Proc Natl Acad Sci USA 108: 15438- . .
15443, 2011. doi:10.1073/pnas.1112503108. 51. Gulati T, Guo L, Ramanathan DS, Bodepudi A,
Ganguly K. Neural reactivations during sleep de-
de Vivo L, Bellesi M, Marshall W, Bushong EA, termine network credit assignment. Nat Neuro-
Ellisman MH, Tononi G, Cirelli C. Ultrastructural sci 20: 1277-1284, 2017. doi:10.1038/nn.4601.
evidence for synaptic scaling across the wake/ . .
sleep cycle. Science 355: 507-510, 2017. doi:10. 52. Hasselmo ME. Neuromodulation: acetylcholine and
1126/science.aah5982. memory consolidation. Trends Cogn Sci 3: 351-359,
1999. doi:10.1016/51364-6613(99)01365-0.
Dehnavi F, Moghimi S, Sadrabadi Haghighi S, . .
Safaie M, Ghorbani M. Opposite effect of moti- ~ 53. Helfrich RF, Mander BA, Jagust WJ, Knight RT,
vated forgetting on sleep spindles during stage 2 Walker MP. Old brains come uncoupled in sleep:
and slow wave sleep. Sleep (Basel) 42: zsz085, slow W?VS'SP'"&G synchrony, brain atrophy,.and
2019. doi:10.1093/sleep/zs2085. forgetting. Neuron 97: 221-230e4, 2018. doi:10.
1016/j.neuron.2017.11.020.
Diekelmann S, Born J. The memory function of . . .
sleep. Nat Rev Neurosci 11: 114-126, 2010. doi: ~ 54. Holz J, Piosczyk H, Feige B, Spiegelhalder K,
10.1038/nrn2762. Baglioni C, Riemann D, Nissen C. EEG X and
slow-wave activity during NREM sleep correlate
Eschenko O, Magri C, Panzeri S, Sara SJ. Norad- with overnight declarative and procedural mem-
renergic neurons of the locus coeruleus are ory consolidation. J Sleep Res 21: 612-619,
phase locked to cortical up-down states during 2012. doi:10.1111/j.1365-2869.2012.01017..x.
sleep. Cereb Cortex 22: 426-435, 2012. doi:10.
1093/cercor/bhr121. 55. Huber R, Ghilardi MF, Massimini M, Tononi G.
Local sleep and learning. Nature 430: 78-81,
Eschenko O, Ramadan W, Mélle M, Born J, Sara 2004. doi:10.1038/nature02663.
SJ. Sustained increase in hippocampal sharp- .
wave ripple activity during slow-wave sleep after ~ 56. Jegou A, Schabus M, Gosseries O, Dahmen B,
learning. Learn Mem 15: 222-228, 2008. doi:10. Albouy G, Desseilles M, Sterpenich V, Phillips C,
1101/Im.726008. Magquet P, Grova C, Dang-Vu TT. Cortical reacti-
vations during sleep spindles following declara-
Feld GB, Wilhelm I, Ma Y, Groch S, Binkofski F, tive learning. Neuroimage 195: 104-112, 2019.
Mélle M, Born J. Slow wave sleep induced by doi:10.1016/j.neuroimage.2019.03.051.
GABA agonist tiagabine fails to benefit memory .
consolidation. Sleep (Basel) 36: 1317-1326,2013.  57. Jones AP, Choe J, Bryant NB, Robinson CSH,
doi:10.5665/sleep.2954. Ketz NA, Skorheim SW, Combs A, Lamphere ML,
Robert B, Gill HA, Heinrich MD, Howard MD,
Ferbinteanu J. Memory systems 2018 - Towards Clark VP, Pilly PK. Dose-dependent effects of
a new paradigm. Neurobiol Learn Mem 157: 61— closed-loop tACS delivered during slow-wave os-
78, 2019. doi:10.1016/j.nIm.2018.11.005. cillations on memory consolidation. Front Neuro-
sci 12: 867, 2018. doi:10.3389/fnins.2018.00867.
Fogel S, Albouy G, King BR, Lungu O, Vien C,
Bore A, Pinsard B, Benali H, Carrier J, Doyon J. 58. Kampasi K, English DF, Seymour J, Stark E, McK-
Reactivation or transformation? Motor memory con- enzie S, Voroslakos M, Buzséki G, Wise KD, Yoon
solidation associated with cerebral activation time- E. Dual color optogenetic control of neural pop-
locked to sleep spindles. PLoS One 12: e0174755, ulations using low-noise, multishank optoelec-
2017. doi:10.1371/journal.pone.0174755. trodes. Microsyst Nanoeng 4: 10, 2018. doi:10.
1038/s41378-018-0009-2.
Fogel SM, Smith CT. Learning-dependent
changes in sleep spindles and Stage 2 sleep. J 59. Kitamura T, Ogawa SK, Roy DS, Okuyama T,
Sleep Res 15: 250-255, 2006. doi:10.1111/j. Morrissey MD, Smith LM, Redondo RL, Tone-
1365-2869.2006.00522.x. gawa S. Engrams and circuits crucial for systems
consolidation of a memory. Science 356: 73-78,
Fogel SM, Smith CT, Cote KA. Dissociable learn- 2017. doi:10.1126/science.aam6808.
ing-dependent changes in REM and non-REM
sleep in declarative and procedural memory sys- 60. Koike BDV, Farias KS, Billwiller F, Almeida-Filho
tems. Behav Brain Res 180: 48-61, 2007. doi:10. D, Libourel PA, Tiran-Cappello A, Parmentier R,
1016/j.bbr.2007.02.037. Blanco W, Ribeiro S, Luppi PH, Queiroz CM. Elec-
. trophysiological evidence that the retrosplenial
Foster DJ, Wilson MA. Reverse replay of behav- cortex displays a strong and specific activation
ioural sequences in hippocampal place cells dur- phased with hippocampal theta during paradox-
ing the awake state. Nature 440: 680-683, 2006. ical (REM) sleep. J Neurosci 37: 8003-8013,
doi:10.1038/nature04587. 2017. doi:10.1523/JNEUROSCI.0026-17.2017.
Fowler MJ, Sullivan MJ, Ekstrand BR. Sleep and 61. Koo PC, Marshall L. Neuroscience: a sleep
memory. Science 179: 302-304, 1973. doi:10. rhythm with multiple facets. Curr Biol 26: R813-
1126/science.179.4070.302. R815, 2016. doi:10.1016/j.cub.2016.07.027.
Gais S, Mélle M, Helms K, Born J. Learning-de- 62, Koo PC, Mélle M, Marshall L. Efficacy of slow
pendent increases in sleep spindle density. J oscillatory-transcranial direct current stimulation
Neurosci 22: 6830-6834, 2002. doi:10.1523/ on EEG and memory - contribution of an inter-
JNEUROSCI.22-15-06830.2002. individual factor. Eur J Neurosci 47: 812-823,
Genzel L, Kroes MC, Dresler M, Battaglia FP. 2018. doi:10.1111/ejn.13877.
Light sleep versus slow wave sleep in memory 63. Krueger JM, Nguyen JT, Dykstra-Aiello CJ, Taishi
consolidation: a question of global versus local P. Local sleep. Sleep Med Rev 43: 14-21, 2019.
processes? Trends Neurosci 37: 10-19, 2014. doi:10.1016/j.smrv.2018.10.001.
doi:10.1016/j.tins.2013.10.002.

. . L 64. Ladenbauer J, Ladenbauer J, Kiilzow N, de Boor
Girardeau G, Cei A, Zugaro M. Learning-induced R, Avramova E, Grittner U, Fléel A. Promoting
plasticity regulates hippocampal sharp wave-rip- sleep oscillations and their functional coupling by
ple drive. J Neurosci 34: 5176-5183, 2014. doi: transcranial stimulation enhances memory con-
10.1523/JNEUROSCI.4288-13.2014. solidation in mild cognitive impairment. J Neuro-
Girardeau G, Inema |, Buzsaki G. Reactivations of 8;283'7218117 7124, 2017. doii10.1523/INEUROSCI.
emotional memory in the hippocampus-amygdala ’ ’
system during sleep. Nat Neurosci 20: 1634-1642,

2017. doi:10.1038/nn.4637.
PHYSIOLOGY e Volume 35 ® January 2020 ® www.physiologyonline.org 13

Downloaded from journals.physiology.org/journal/physiologyonline at UC San Diego Lib (137.110.034.206) on August 31, 2020.


https://doi.org/10.1016/j.neuroimage.2017.12.066
https://doi.org/10.1016/j.neuroimage.2017.12.066
https://doi.org/10.1126/science.aad5252
https://doi.org/10.1126/science.aad5252
https://doi.org/10.1155/2011/203462
https://doi.org/10.1155/2011/203462
https://doi.org/10.1093/acprof:oso/9780195301069.001.0001
https://doi.org/10.1093/acprof:oso/9780195301069.001.0001
https://doi.org/10.1016/0306-4522(89)90423-5
https://doi.org/10.1016/0306-4522(89)90423-5
https://doi.org/10.5665/sleep.5772
https://doi.org/10.1073/pnas.1008306107
https://doi.org/10.1073/pnas.1008306107
https://doi.org/10.1523/JNEUROSCI.23-34-10897.2003
https://doi.org/10.1523/JNEUROSCI.23-34-10897.2003
https://doi.org/10.1016/j.neuron.2007.11.035
https://doi.org/10.1016/j.neuron.2007.11.035
https://doi.org/10.1016/j.neuroscience.2005.01.011
https://doi.org/10.1016/j.neulet.2006.04.035
https://doi.org/10.1016/j.neulet.2006.04.035
https://doi.org/10.1126/science.274.5288.771
https://doi.org/10.1126/science.274.5288.771
https://doi.org/10.1046/j.1365-2869.2000.00188.x
https://doi.org/10.1101/lm.026252.112
https://doi.org/10.1093/sleep/zsy175
https://doi.org/10.3389/fnhum.2017.00433
https://doi.org/10.3389/fnhum.2017.00433
https://doi.org/10.1073/pnas.1112503108
https://doi.org/10.1126/science.aah5982
https://doi.org/10.1126/science.aah5982
https://doi.org/10.1093/sleep/zsz085
https://doi.org/10.1038/nrn2762
https://doi.org/10.1093/cercor/bhr121
https://doi.org/10.1093/cercor/bhr121
https://doi.org/10.1101/lm.726008
https://doi.org/10.1101/lm.726008
https://doi.org/10.5665/sleep.2954
https://doi.org/10.1016/j.nlm.2018.11.005
https://doi.org/10.1371/journal.pone.0174755
https://doi.org/10.1111/j.1365-2869.2006.00522.x
https://doi.org/10.1111/j.1365-2869.2006.00522.x
https://doi.org/10.1016/j.bbr.2007.02.037
https://doi.org/10.1016/j.bbr.2007.02.037
https://doi.org/10.1038/nature04587
https://doi.org/10.1126/science.179.4070.302
https://doi.org/10.1126/science.179.4070.302
https://doi.org/10.1523/JNEUROSCI.22-15-06830.2002
https://doi.org/10.1523/JNEUROSCI.22-15-06830.2002
https://doi.org/10.1016/j.tins.2013.10.002
https://doi.org/10.1523/JNEUROSCI.4288-13.2014
https://doi.org/10.1038/nn.4637
https://doi.org/10.1016/j.neuron.2018.01.047
https://doi.org/10.1038/nn.4601
https://doi.org/10.1016/S1364-6613(99)01365-0
https://doi.org/10.1016/j.neuron.2017.11.020
https://doi.org/10.1016/j.neuron.2017.11.020
https://doi.org/10.1111/j.1365-2869.2012.01017.x
https://doi.org/10.1038/nature02663
https://doi.org/10.1016/j.neuroimage.2019.03.051
https://doi.org/10.3389/fnins.2018.00867
https://doi.org/10.1038/s41378-018-0009-2
https://doi.org/10.1038/s41378-018-0009-2
https://doi.org/10.1126/science.aam6808
https://doi.org/10.1523/JNEUROSCI.0026-17.2017
https://doi.org/10.1016/j.cub.2016.07.027
https://doi.org/10.1111/ejn.13877
https://doi.org/10.1016/j.smrv.2018.10.001
https://doi.org/10.1523/JNEUROSCI.0260-17.2017
https://doi.org/10.1523/JNEUROSCI.0260-17.2017

A

71.

72.

73.

74.

75.

76.

77.

78.

79.

Landsness EC, Crupi D, Hulse BK, Peterson MJ,
Huber R, Ansari H, Coen M, Cirelli C, Benca RM,
Ghilardi MF, Tononi G. Sleep-dependent im-
provement in visuomotor learning: a causal role
for slow waves. Sleep 32: 1273-1284, 2009. doi:
10.1093/sleep/32.10.1273.

Larkin MC, Lykken C, Tye LD, Wickelgren JG,
Frank LM. Hippocampal output area CA1 broad-
casts a generalized novelty signal during an ob-
ject-place recognition task. Hippocampus 24:
773-783, 2014. doi:10.1002/hipo.22268.

Latchoumane CV, Ngo HV, Born J, Shin HS. Tha-
lamic spindles promote memory formation dur-
ing sleep through triple phase-locking of cortical,
thalamic, and hippocampal rhythms. Neuron 95:
424-435e6, 2017. doi:10.1016/j.neuron.2017.06.
025.

Laventure S, Fogel S, Lungu O, Albouy G, Sévi-
gny-Dupont P, Vien C, Sayour C, Carrier J, Benali
H, Doyon J. NREM2 and sleep spindles are in-
strumental to the consolidation of motor se-
quence memories. PLoS Biol 14: €1002429, 2016.
doi:10.1371/journal.pbio.1002429.

Lehéricy S, Benali H, Van de Moortele PF, Pélé-
grini-Issac M, Waechter T, Ugurbil K, Doyon J.
Distinct basal ganglia territories are engaged in
early and advanced motor sequence learning.
Proc Natl Acad Sci USA 102: 1256612571, 2005.
doi:10.1073/pnas.0502762102.

Luppi PH, Billwiller F, Fort P. Selective activation
of a few limbic structures during paradoxical
(REM) sleep by the claustrum and the supramam-
millary nucleus: evidence and function. Curr Opin
Neurobiol 44: 59-64, 2017. doi:10.1016/j.conb.
2017.03.002.

Lutz ND, Diekelmann S, Hinse-Stern P, Born J,
Rauss K. Sleep supports the slow abstraction of
gist from visual perceptual memories. Sci Rep 7:
42950, 2017. doi:10.1038/srep42950.

Maingret N, Girardeau G, Todorova R, Goutierre
M, Zugaro M. Hippocampo-cortical coupling me-
diates memory consolidation during sleep. Nat
Neurosci 19: 959-964, 2016. doi:10.1038/nn.
4304.

Maquet P. The role of sleep in learning and mem-
ory. Science 294: 1048-1052, 2001. doi:10.1126/
science.1062856.

Marshall L, Helgadéttir H, Mdlle M, Born J.
Boosting slow oscillations during sleep potenti-
ates memory. Nature 444: 610-613, 2006. doi:
10.1038/nature05278.

Marshall L, Kirov R, Brade J, Mélle M, Born J.
Transcranial electrical currents to probe EEG
brain rhythms and memory consolidation during
sleep in humans. PLoS One 6: 16905, 2011.
doi:10.1371/journal.pone.0016905.

Marshall L, Mélle M, Hallschmid M, Born J. Trans-
cranial direct current stimulation during sleep im-
proves declarative memory. J Neurosci 24: 9985—
9992, 2004. doi:10.1523/JNEUROSCI.2725-04.
2004.

McClelland JL. Incorporating rapid neocortical
learning of new schema-consistent information
into complementary learning systems theory. J
Exp Psychol Gen 142: 1190-1210, 2013. doi:10.
1037/a0033812.

McClelland JL, McNaughton BL, O'Reilly RC.
Why there are complementary learning systems
in the hippocampus and neocortex: insights from
the successes and failures of connectionist mod-
els of learning and memory. Psychol Rev 102:
419-457, 1995. doi:10.1037/0033-295X.102.3.
419.

Mednick SC, McDevitt EA, Walsh JK, Wamsley E,
Paulus M, Kanady JC, Drummond SP. The critical
role of sleep spindles in hippocampal-dependent
memory: a pharmacology study. J Neurosci 33:
4494-4504, 2013. doi:10.1523/JNEUROSCI.3127-
12.2013.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Mikutta C, Feige B, Maier JG, Hertenstein E, Holz
J, Riemann D, Nissen C. Phase-amplitude cou-
pling of sleep slow oscillatory and spindle activity
correlates with overnight memory consolidation.
J Sleep Res. In press. doi:10.1111/jsr.12835.

Miyamoto D, Hirai D, Fung CC, Inutsuka A, Oda-
gawa M, Suzuki T, Boehringer R, Adaikkan C,
Matsubara C, Matsuki N, Fukai T, McHugh TJ,
Yamanaka A, Murayama M. Top-down cortical
input during NREM sleep consolidates percep-
tual memory. Science 352: 1315-1318, 2016. doi:
10.1126/science.aaf0902.

Mélle M, Bergmann TO, Marshall L, Born J. Fast
and slow spindles during the sleep slow oscilla-
tion: disparate coalescence and engagement in
memory processing. Sleep (Basel) 34: 1411-
1421, 2011. doi:10.5665/SLEEP.1290.

Molle M, Eschenko O, Gais S, Sara SJ, Born J. The
influence of learning on sleep slow oscillations
and associated spindles and ripples in humans
and rats. Eur J Neurosci 29: 1071-1081, 2009.
doi:10.1111/j.1460-9568.2009.06654..x.

Mélle M, Marshall L, Gais S, Born J. Grouping of
spindle activity during slow oscillations in human
non-rapid eye movement sleep. J Neurosci 22:
10941-10947, 2002. doi:10.1523/JNEUROSCI.
22-24-10941.2002.

Morin A, Doyon J, Dostie V, Barakat M, Hadj
Tahar A, Korman M, Benali H, Karni A, Unger-
leider LG, Carrier J. Motor sequence learning
increases sleep spindles and fast frequencies in
post-training sleep. Sleep 31: 1149-1156, 2008.

Musall S, von Pfostl V, Rauch A, Logothetis NK,
Whittingstall K. Effects of neural synchrony on
surface EEG. Cereb Cortex 24: 1045-1053, 2014.
doi:10.1093/cercor/bhs389.

Ngo HV, Martinetz T, Born J, Mdlle M. Auditory
closed-loop stimulation of the sleep slow oscilla-
tion enhances memory. Neuron 78: 545-553,
2013. doi:10.1016/j.neuron.2013.03.006.

Niethard N, Ngo HV, Ehrlich I, Born J. Cortical
circuit activity underlying sleep slow oscillations and
spindles. Proc Natl Acad Sci USA 115: E9220-E9229,
2018. doi:10.1073/pnas.1805517115.

Nishida M, Walker MP. Daytime naps, motor
memory consolidation and regionally specific
sleep spindles. PLoS One 2: €341, 2007. doi:10.
1371/journal.pone.0000341.

Olafsdéttir HF, Bush D, Barry C. The role of hip-
pocampal replay in memory and planning. Curr
Biol 28: R37-R50, 2018. doi:10.1016/j.cub.2017.
10.073.

Olafsdéttir HF, Carpenter F, Barry C. Coordi-
nated grid and place cell replay during rest. Nat
Neurosci 19: 792-794, 2016. doi:10.1038/nn.
4291.

Ong JL, Lo JC, Chee NI, Santostasi G, Paller KA,
Zee PC, Chee MW. Effects of phase-locked
acoustic stimulation during a nap on EEG spectra
and declarative memory consolidation. Sleep
Med 20: 88-97, 2016. doi:10.1016/j.sleep.2015.
10.016.

Ong JL, Patanaik A, Chee NIYN, Lee XK, Poh JH,
Chee MWL. Auditory stimulation of sleep slow
oscillations modulates subsequent memory en-
coding through altered hippocampal function.
Sleep (Basel) 41: zsy031, 2018. doi:10.1093/
sleep/zsy031.

Oudiette D, Antony JW, Creery JD, Paller KA.
The role of memory reactivation during wakeful-
ness and sleep in determining which memories
endure. J Neurosci 33: 6672-6678, 2013. doi:10.
1523/JNEUROSCI.5497-12.2013.

Oudiette D, Paller KA. Upgrading the sleeping
brain with targeted memory reactivation. Trends
Cogn Sci 17: 142-149, 2013. doi:10.1016/j.tics.
2013.01.006.

PHYSIOLOGY e Volume 35  January 2020 ® www.physiologyonline.org

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Padmashri R, Suresh A, Boska MD, Dunaevsky A.
Motor-skill learning is dependent on astrocytic
activity. Neural Plast 2015: 938023, 2015. doi:10.
1155/2015/938023.

Papalambros NA, Santostasi G, Malkani RG,
Braun R, Weintraub S, Paller KA, Zee PC. Acous-
tic enhancement of sleep slow oscillations and
concomitant memory improvement in older
adults. Front Hum Neurosci 11: 109, 2017. doi:
10.3389/fnhum.2017.00109.

PaBmann S, Kiilzow N, Ladenbauer J, Antonenko
D, Grittner U, Tamm S, Fléel A. Boosting slow
oscillatory activity using tDCS during early noc-
turnal slow wave sleep does not improve mem-
ory consolidation in healthy older adults. Brain
Stimul 9: 730-739, 2016. doi:10.1016/j.brs.2016.
04.016.

Pennartz CM, Lee E, Verheul J, Lipa P, Barnes
CA, McNaughton BL. The ventral striatum in off-
line processing: ensemble reactivation during
sleep and modulation by hippocampal ripples. J
Neurosci 24: 6446-6456, 2004. doi:10.1523/
JNEUROSCI.0575-04.2004.

Perrault AA, Khani A, Quairiaux C, Kompotis K,
Franken P, Muhlethaler M, Schwartz S, Bayer L.
Whole-night continuous rocking entrains sponta-
neous neural oscillations with benefits for sleep
and memory. Curr Biol 29: 402-411.e3, 2019.
doi:10.1016/j.cub.2018.12.028.

Peters KR, Smith V, Smith CT. Changes in sleep
architecture following motor learning depend on
initial skill level. J Cogn Neurosci 19: 817-829,
2007. doi:10.1162/jocn.2007.19.5.817.

Ramadan W, Eschenko O, Sara SJ. Hippocampal
sharp wave/ripples during sleep for consolida-
tion of associative memory. PLoS One 4: e6697,
2009. doi:10.1371/journal.pone.0006697.

Rasch B, Born J. About sleep’s role in memory.
Physiol Rev 93: 681-766, 2013. doi:10.1152/
physrev.00032.2012.

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

Rasch B, Pommer J, Diekelmann S, Born J. Phar-
macological REM sleep suppression paradoxi-
cally improves rather than impairs skill memory.
Nat Neurosci 12: 396-397, 2009. doi:10.1038/
nn.2206.

Rauchs G, Desgranges B, Foret J, Eustache F.
The relationships between memory systems and
sleep stages. J Sleep Res 14: 123-140, 2005.
doi:10.1111/].1365-2869.2005.00450.x.

Ravassard P, Hamieh AM, Joseph MA, Fraize N,
Libourel PA, Lebarillier L, Arthaud S, Meissirel C,
Touret M, Malleret G, Salin PA. REM sleep-depen-
dent bidirectional regulation of hippocampal-based
emotional memory and LTP. Cereb Cortex 26: 1488—
1500, 2016. doi:10.1093/cercor/bhu310.

Robertson EM. Memory instability as a gateway
to generalization. PLoS Biol 16: e2004633, 2018.
doi:10.1371/journal.pbio.2004633.

Rothschild G, Eban E, Frank LM. A cortical-hip-
pocampal-cortical loop of information processing
during memory consolidation. Nat Neurosci 20:
251-259, 2017. doi:10.1038/nn.4457.

Roy DS, Arons A, Mitchell TI, Pignatelli M, Ryan
TJ, Tonegawa S. Memory retrieval by activating
engram cells in mouse models of early Alzhei-
mer’s disease. Nature 531: 508-512, 2016. doi:
10.1038/nature17172.

Sadowski JH, Jones MW, Mellor JR. Ripples
make waves: binding structured activity and plas-
ticity in hippocampal networks. Neural Plast
2011: 960389, 2011. doi:10.1155/2011/960389.

Santello M, Toni N, Volterra A. Astrocyte func-
tion from information processing to cognition
and cognitive impairment. Nat Neurosci 22: 154—
166, 2019. doi:10.1038/s41593-018-0325-8.

Downloaded from journals.physiology.org/journal/physiologyonline at UC San Diego Lib (137.110.034.206) on August 31, 2020.



https://doi.org/10.1093/sleep/32.10.1273
https://doi.org/10.1002/hipo.22268
https://doi.org/10.1016/j.neuron.2017.06.025
https://doi.org/10.1016/j.neuron.2017.06.025
https://doi.org/10.1371/journal.pbio.1002429
https://doi.org/10.1073/pnas.0502762102
https://doi.org/10.1016/j.conb.2017.03.002
https://doi.org/10.1016/j.conb.2017.03.002
https://doi.org/10.1038/srep42950
https://doi.org/10.1038/nn.4304
https://doi.org/10.1038/nn.4304
https://doi.org/10.1126/science.1062856
https://doi.org/10.1126/science.1062856
https://doi.org/10.1038/nature05278
https://doi.org/10.1371/journal.pone.0016905
https://doi.org/10.1523/JNEUROSCI.2725-04.2004
https://doi.org/10.1523/JNEUROSCI.2725-04.2004
https://doi.org/10.1037/a0033812
https://doi.org/10.1037/a0033812
https://doi.org/10.1037/0033-295X.102.3.419
https://doi.org/10.1037/0033-295X.102.3.419
https://doi.org/10.1523/JNEUROSCI.3127-12.2013
https://doi.org/10.1523/JNEUROSCI.3127-12.2013
https://doi.org/10.1111/jsr.12835
https://doi.org/10.1126/science.aaf0902
https://doi.org/10.5665/SLEEP.1290
https://doi.org/10.1111/j.1460-9568.2009.06654.x
https://doi.org/10.1523/JNEUROSCI.22-24-10941.2002
https://doi.org/10.1523/JNEUROSCI.22-24-10941.2002
https://doi.org/10.1093/cercor/bhs389
https://doi.org/10.1016/j.neuron.2013.03.006
https://doi.org/10.1073/pnas.1805517115
https://doi.org/10.1371/journal.pone.0000341
https://doi.org/10.1371/journal.pone.0000341
https://doi.org/10.1016/j.cub.2017.10.073
https://doi.org/10.1016/j.cub.2017.10.073
https://doi.org/10.1038/nn.4291
https://doi.org/10.1038/nn.4291
https://doi.org/10.1016/j.sleep.2015.10.016
https://doi.org/10.1016/j.sleep.2015.10.016
https://doi.org/10.1093/sleep/zsy031
https://doi.org/10.1093/sleep/zsy031
https://doi.org/10.1523/JNEUROSCI.5497-12.2013
https://doi.org/10.1523/JNEUROSCI.5497-12.2013
https://doi.org/10.1016/j.tics.2013.01.006
https://doi.org/10.1016/j.tics.2013.01.006
https://doi.org/10.1155/2015/938023
https://doi.org/10.1155/2015/938023
https://doi.org/10.3389/fnhum.2017.00109
https://doi.org/10.1016/j.brs.2016.04.016
https://doi.org/10.1016/j.brs.2016.04.016
https://doi.org/10.1523/JNEUROSCI.0575-04.2004
https://doi.org/10.1523/JNEUROSCI.0575-04.2004
https://doi.org/10.1016/j.cub.2018.12.028
https://doi.org/10.1162/jocn.2007.19.5.817
https://doi.org/10.1371/journal.pone.0006697
https://doi.org/10.1152/physrev.00032.2012
https://doi.org/10.1152/physrev.00032.2012
https://doi.org/10.1126/science.1138581
https://doi.org/10.1038/nn.2206
https://doi.org/10.1038/nn.2206
https://doi.org/10.1111/j.1365-2869.2005.00450.x
https://doi.org/10.1093/cercor/bhu310
https://doi.org/10.1371/journal.pbio.2004633
https://doi.org/10.1038/nn.4457
https://doi.org/10.1038/nature17172
https://doi.org/10.1155/2011/960389
https://doi.org/10.1038/s41593-018-0325-8

113.

114.

115.

116.

117.

118.

119.

120.

121.

Santostasi G, Malkani R, Riedner B, Bellesi M,
Tononi G, Paller KA, Zee PC. Phase-locked loop
for precisely timed acoustic stimulation during
sleep. J Neurosci Methods 259: 101-114, 2016.
doi:10.1016/j.jneumeth.2015.11.007.

Sara SJ. Locus Coeruleus in time with the making
of memories. Curr Opin Neurobiol 35: 87-94,
2015. doi:10.1016/j.conb.2015.07.004.

Sawangjit A, Oyanedel CN, Niethard N, Salazar
C, Born J, Inostroza M. The hippocampus is cru-
cial for forming non-hippocampal long-term
memory during sleep. Nature 564: 109-113,
2018. doi:10.1038/541586-018-0716-8.

Schabus M, Gruber G, Parapatics S, Sauter C,
Klésch G, Anderer P, Klimesch W, Saletu B, Zeitl-
hofer J. Sleep spindles and their significance for
declarative memory consolidation. Sleep 27:
1479-1485, 2004. doi:10.1093/sleep/27.7.1479.

Schmidt C, Peigneux P, Muto V, Schenkel M,
Knoblauch V, Miinch M, de Quervain DJ, Wirz-
Justice A, Cajochen C. Encoding difficulty pro-
motes postlearning changes in sleep spindle
activity during napping. J Neurosci 26: 8976—
8982, 2006. doi:10.1523/JNEUROSCI.2464-06.
2006.

Schénauer M, Geisler T, Gais S. Strengthening
procedural memories by reactivation in sleep. J
Cogn Neurosci 26: 143-153, 2014. doi:10.1162/
jocn_a_00471.

Siapas AG, Wilson MA. Coordinated interactions be-
tween hippocampal ripples and cortical spindles dur-
ing slow-wave sleep. Neuron 21: 1123-1128, 1998.
doi:10.1016/50896-6273(00)80629-7.

Smith C. Sleep states and memory processes in
humans: procedural versus declarative memory
systems. Sleep Med Rev 5: 491-506, 2001. doi:
10.1053/smrv.2001.0164.

Steriade M, McCarley RW. Brain Control of
Wakefulness and Sleep. New York: Springer,
2005, p. 728.

122.

123.

124.

125.

126.

127.

128.

129.

130.

A A

Stickgold R, Walker MP. Sleep-dependent mem- 131. Van Der Werf YD, Altena E, Schoonheim MM,
ory triage: evolving generalization through selec- Sanz-Arigita EJ, Vis JC, De Rijke W, Van Someren
tive processing. Nat Neurosci 16: 139-145, 2013. EJ. Sleep benefits subsequent hippocampal func-
doi:10.1038/nn.3303. tioning. Nat Neurosci 12: 122-123, 2009. doi:10.
1038/nn.2253.

Stickgold R, Whidbee D, Schirmer B, Patel V,

Hobson JA. Visual discrimination task improve- 132. Vandecasteele M, Varga V, Berényi A, Papp E,
ment: A multi-step process occurring during Barthé P, Venance L, Freund TF, Buzsaki G. Op-
sleep. J Cogn Neurosci 12: 246-254, 2000. doi: togenetic activation of septal cholinergic neu-
10.1162/089892900562075. rons suppresses sharp wave ripples and

. . enhances theta oscillations in the hippocampus.
Tamminen J, Payne JD, Stickgold R, Wamsley EJ, Proc Natl Acad Sci USA 111: 13535-13540, 2014.
Gaskell MG. Sleep spindle activity is associated doi:10.1073/pnas.1411233111.
with the integration of new memories and exist-
ing knowledge. J Neurosci 30: 14356-14360, 133. Wang DV, lkemoto S. Coordinated Interaction
2010. doi:10.1523/JNEUROSCI.3028-10.2010. between Hippocampal Sharp-Wave Ripples and

Anterior Cingulate Unit Activity. J Neurosci 36:
Tingley D, Buzsaki G. Transformation of a spatial 10663-10672, 2016. doi:10.1523/JNEUROSCI.
map across the hippocampal-lateral septal cir- 1042-16.2016.
cuit. Neuron 98: 1229-1242e5, 2018. doi:10.
1016/j.neuron.2018.04.028. 134. White NM, Packard MG, McDonald RJ. Dissocia-
. . tion of memory systems: The story unfolds. Be-
Todorova R, Zugaro M. Hippocampal ripples as a hav Neurosci 127: 813-834, 2013. doi:10.1037/
mode of communication with cortical and subcor- 20034859.
tical areas. Hippocampus. In press. doi:10.1002/
hipo.22997. 135. Wierzynski CM, Lubenov EV, Gu M, Siapas AG.
. . State-dependent spike-timing relationships be-
Tonegawa S, Morrissey MD, Kitamura T. The role tween hippocampal and prefrontal circuits dur-
of engram cells in the systems consolidation of ing sleep. Neuron 61: 587-596, 2009. doi:10.
memory. Nat Rev Neurosci 19: 485-498, 2018. 1016/j.neuron.2009.01.011.
doi:10.1038/s41583-018-0031-2.

i Lo . 136. Wilber AA, Skelin I, Wu W, McNaughton BL. Lam-
Tononi G, Cirelli C. Slee.p and synaptic homeo- inar Organization of Encoding and Memory Re-
stasis: a hypothesis. Brain Res Bull 62: 143-150, activation in the Parietal Cortex. Neuron 95:
2003. doi:10.1016/j.brainresbull.2003.09.004. 1406-1419e5, 2017. doi:10.1016/j.neuron.2017.
Tononi G, Cirelli C. Sleep and the price of plas- 08.033.
ticity: from synaptic and cellular homeostasis to 137. Wilckens KA, Ferrarelli F, Walker MP, Buysse DJ.
memory consolidation and integration. Neuron Slow-Wave Activity Enhancement to Improve
81: 12-34, 2014. doi:10.1016/j.neuron.2013.12. Cognition. Trends Neurosci 41: 470-482, 2018.
025. doi:10.1016/j.tins.2018.03.003.

Tse D, Takeuchi T, Kakeyama M, Kajii Y, Okuno 138. Zhang Y, Gruber R. Can Slow-Wave Sleep En-
H, Tohyama C, Bito H, Morris RG. Schema-de- hancement Improve Memory? A Review of Cur-
pendent gene activation and memory encoding rent Approaches and Cognitive Outcomes. Yale
in neocortex. Science 333: 891-895, 2011. doi: J Biol Med 92: 63-80, 2019.
10.1126/science.1205274.

PHYSIOLOGY e Volume 35 ® January 2020 ® www.physiologyonline.org 15

Downloaded from journals.physiology.org/journal/physiologyonline at UC San Diego Lib (137.110.034.206) on August 31, 2020.


https://doi.org/10.1016/j.jneumeth.2015.11.007
https://doi.org/10.1016/j.conb.2015.07.004
https://doi.org/10.1038/s41586-018-0716-8
https://doi.org/10.1093/sleep/27.7.1479
https://doi.org/10.1523/JNEUROSCI.2464-06.2006
https://doi.org/10.1523/JNEUROSCI.2464-06.2006
https://doi.org/10.1162/jocn_a_00471
https://doi.org/10.1162/jocn_a_00471
https://doi.org/10.1016/S0896-6273(00)80629-7
https://doi.org/10.1053/smrv.2001.0164
https://doi.org/10.1038/nn.3303
https://doi.org/10.1162/089892900562075
https://doi.org/10.1523/JNEUROSCI.3028-10.2010
https://doi.org/10.1016/j.neuron.2018.04.028
https://doi.org/10.1016/j.neuron.2018.04.028
https://doi.org/10.1002/hipo.22997
https://doi.org/10.1002/hipo.22997
https://doi.org/10.1038/s41583-018-0031-2
https://doi.org/10.1016/j.brainresbull.2003.09.004
https://doi.org/10.1016/j.neuron.2013.12.025
https://doi.org/10.1016/j.neuron.2013.12.025
https://doi.org/10.1126/science.1205274
https://doi.org/10.1038/nn.2253
https://doi.org/10.1038/nn.2253
https://doi.org/10.1073/pnas.1411233111
https://doi.org/10.1523/JNEUROSCI.1042-16.2016
https://doi.org/10.1523/JNEUROSCI.1042-16.2016
https://doi.org/10.1037/a0034859
https://doi.org/10.1037/a0034859
https://doi.org/10.1016/j.neuron.2009.01.011
https://doi.org/10.1016/j.neuron.2009.01.011
https://doi.org/10.1016/j.neuron.2017.08.033
https://doi.org/10.1016/j.neuron.2017.08.033
https://doi.org/10.1016/j.tins.2018.03.003

