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Abstract

Sleep’s effect on memory may not become evident for several days or weeks after learning, especially
for motor skills and schema-related learning. Here, we propose a potential mechanism which may be
underlying the slow enhancement of skills and schemas by examining the biological events which take
place during NREM and REM sleep. We suggest that the immediate benefits of sleep are mainly due
to reactivation during NREM sleep, while the delayed effects are mainly due to plasticity-related
changes occurring at the molecular, cellular and system levels, and which require long periods of time
to occur. There is increasing evidence that these events may take place preferentially during REM
sleep, thus shedding further light on the function of this sleep stage.
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Highlights
e Reactivation in NREM facilitates capture of plasticity-related products into synapses;
e Reactivated dendritic spines undergo remodelling during REM sleep;
e Sleep facilitates myelination, memory corticalization and reorganization;

o These slowly evolving processes may be important for motor skills and schemas.
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Introduction

It is well established that sleep plays an important role in memory consolidation (see [1] for a review).
While great emphasis has been placed on the relationship between NREM sleep specifically and
memory (see [2] for a review), REM sleep’s contribution continues to be largely neglected.
Furthermore, an increasing body of evidence suggests that some forms of sleep-dependent memory
consolidation might require extended periods of time to unfold and emerge as quantifiable changes
in behaviour, particularly motor skills [3] and schemas [4] (see Box 1 for more details).

Recently, a new model integrating NREM and REM functions in synaptic plasticity has been proposed
[5] (see steps 1 and 2 below for more details). In parallel, REM sleep has been implicated in myelination
[6] and memory corticalization [7]. Here, we integrate these findings in an attempt to explain the
mechanism underlying the slowly evolving consolidation of memories, particularly motor skills and
schemas. We examine the complementary contributions of NREM and REM sleep in molecular, cellular

and systems consolidation and shed further light on REM sleep’s function.

Box 1. Sleep-related enhancement of skills and schemas unfolds gradually over time

A widely accepted model of motor skill consolidation suggests that procedural memories undergo two
stages of consolidation: an initial process of stabilization, which does not necessarily require sleep,
and a late process of sleep-dependent enhancement, which can take several days or even weeks [8].
This idea is well supported by experimental evidence from studies in rhesus monkeys [9,10], rats [11]
and humans [3,12-14]. In addition to motor skill learning, sleep may also be required for motor skill
generalisation [15].

Schema formation can be broadly defined as the ability to organize a group of facts or experiences
and extract their core gist, thus facilitating integration of new information into pre-existing knowledge
and the repurposing of pre-existing knowledge in novel situations [16]. Just like with motor skills, the
formation and updating of schemas requires time [4,17] and benefits from sleep [4,15,18-21],
particularly REM sleep [18] and sleep spindles [19].

The fact that both motor skills and schemas require time, potentially even weeks, to develop, could
explain why some studies in humans examining motor sequence learning [22], generalization [23],
extraction of hidden regularities (reviewed in [24]), problem-solving [25] or insight [26] have failed to
find an overnight sleep effect. Such higher order forms of memory reorganization and/or schema
updating may require longer periods of time and multiple sleep opportunities to unfold.

Synaptic and myelin plasticity events during sleep enhance skills and schemas

We propose that the slowly evolving sleep-dependent enhancement of memories, particularly skills
and schemas, is achieved through a series of four steps integrating neuronal and myelin plasticity
leading to molecular, cellular and systems consolidation. According to the new model by Seibt & Frank,
the first step encompasses synaptic tagging and capture of plasticity-related products (PRPs). Synaptic

tagging is mainly accomplished during wakefulness while synaptic capture of PRPs is thought to occur
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as a consequence of reactivation events during NREM sleep, leading to an immediate stabilization of
memories [5]. The second step concerns synaptic plasticity and includes PRP translation, spine
formation and pruning. These events are thought to rely on REM sleep and can occur within a few
hours of learning [5]. The third and fourth steps, myelin plasticity and memory corticalization &
reorganization, require a longer period of time to unfold, ranging from days to weeks. These two steps
could explain the delay observed between learning and performance enhancement. Further details

on each one of these steps are described below and illustrated in figure 1.
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Figure 1. Mechanisms of sleep-dependent slow enhancement of skills and schemas. During wake,
synapses recruited during learning are tagged and plasticity-related products (PRPs) are transcribed.
Consolidation at the molecular and cellular levels within the first sleep episode stabilizes the new
engram. Reactivation events during NREM sleep trigger PRP capture into tagged synapses. Then,
during REM sleep, PRPs are translated and synapses are remodelled. Over the course of the next few
days to weeks, myelin plasticity, memory corticalization & reorganization events during sleep continue
to unfold, ultimately leading to enhanced performance.

Step 1: Neuronal priming: memory reactivation, synaptic tagging and capture
Metaplasticity concerns how neural changes may influence the capacity for future synaptic plasticity
(i.e. “plasticity of synaptic plasticity”). Metaplasticity happens at the neuronal level by modulating
neuronal excitability, and at the synaptic level, through synaptic tagging and capture (STC). According
to the STC hypothesis, synapses are ‘tagged’ at the time of encoding during wakefulness for later

remodelling (strengthening or pruning) [27]. The exact nature of the ‘tags’ is still under investigation
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but it is believed that they can be positive or negative. For example, AMPA receptor internalization
may act as a negative tag, while AMPA receptor insertion or activation may act as a positive tag [5].
Another molecule, Homerla, has been proposed as a negative tag, which is supported by experimental
evidence implicating it in the homeostatic downscaling of excitatory synapses during sleep [28].

Once synapses have been positively and negatively tagged, they are primed for the capture of PRPs.
PRPs are involved in the stabilization of functional and structural changes to dendritic spines and
include synapse-related immediate early genes such as bdnf as well as proteins like PSD95 and the

kinase PKMzeta [5,27].

It has been suggested that metaplasticity could be the molecular bridge between plasticity-related
changes occurring in wakefulness and sleep [5]. During wakefulness, experience-dependent
transcription and transport of PRPs to the vicinity of dendrites occurs in a neuron-specific manner,
while positive and negative synaptic tagging accomplishes priming in a synapse-specific manner. The
next step — PRP capture into tagged synapses — must occur within the lifetime of the tag (which ranges
from minutes to hours), so that functional and structural plasticity can be initiated. Seibt and Frank
propose that PRP capture is accomplished during NREM sleep and more specifically, during memory
reactivation [5]. Thus, in this model memory reactivation is an essential pre-requisite for subsequent
plasticity events to take place and if this is the case, it should correlate with memory consolidation.
Zhang and colleagues recently supported this notion using intracranial EEG in presurgical epilepsy
patients by observing a link between spontaneous cortical reactivation and memory consolidation
[29]. Moreover, superior performance on a diverse range of memory tasks has been consistently
observed when reactivation is experimentally triggered using targeted memory reactivation (TMR)

during sleep in humans [30-33].

Existing data relate mainly to motor skill tasks [34,35], but could reactivation also reorganize
experiences, thus favouring schema formation through gist extraction and generalization? Liu and
colleagues argue that the answer is yes, as evidenced by the non—invasive detection of human replay
representing the abstract structure of a previously learned sequences of objects [36]. In addition,
replay may even facilitate creative insight, since ‘replay’ of never-experienced potential shortcuts has
been observed after rats explored a new environment [37]. Reactivation has been mostly observed
during NREM sleep [29,38] and wake [39] however, there is evidence that it could also occur during
REM [40-43], and the latter has been shown to predict generalization and schematization of
information [44,45]. Seibt and Frank’s model might therefore benefit from an extension to include a

role for wake and REM reactivation.
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Step 2: Synaptic plasticity: PRP translation, spine formation and pruning
According to Seibt and Frank, PRPs which were transcribed to mRNA during wake and captured into
synapses during NREM sleep are translated into proteins during REM sleep. This process provides the
protein synthesis required for bidirectional structural plasticity (pruning negatively tagged synapses
and strengthening positively tagged synapses) [5]. In line with this hypothesis, REM sleep has been
observed to play a specific role in pruning, strengthening and maintaining newly formed dendritic
spines in mouse pyramidal neurons following motor learning [46]. This step takes place during the late
phase of skill acquisition, as evidenced by a study in rats using the skilled reaching task showing that
even though reaching accuracy had already improved after 3 days of training, synaptogenesis in the
motor cortex was not detectable until 7 days of training had passed, at which point a further significant

increase in performance was observed [11].

In the future, it might be interesting to build on Seibt and Frank’s model to include evidence
implicating NREM sleep in dendritic spine plasticity [47—49] and homeostatic downscaling [50], as well
as experimental findings linking REM sleep to epigenetic changes [51], gene expression [51] and

microRNA expression [52].

Step 3: Glial and myelin plasticity
Building on the literature relating to steps 1 and 2 [5,27], we propose that myelination could be the
next step underlying the slow sleep-dependent consolidation and transformation of memories over
time, particularly motor skills and schemas, since: i) both motor and schema learning are slowly
acquired and can benefit from sleep (see Box 1), ii) myelination is triggered after motor [53,54] and
schema learning [55] (see Figure 2), iii) both myelination and improvements in performance occur on

a similar time scale [56] and iv) myelin formation is facilitated during sleep [57].
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Figure 2. Myelination and learning. Experience-dependent activity triggers myelin remodelling over a
period ranging from hours to weeks, and these changes correlate with behaviour improvements in
skill acquisition. Figure reproduced from [58].

Myelination and sleep

Sleep facilitates myelin production [57] and oligodendrocyte activity [59]. Conversely, chronic sleep
loss in mice results in reduced myelin thickness, an alteration that is not reversed after ~32 h of
recovery sleep, given the time-consuming nature of myelin plasticity events [60]. Genes involved in
the synthesis and maintenance of membranes, including myelin, have increased expression during
sleep in rodents [57]. Myelin is produced by oligodendrocytes, which are also responsible for
supporting axonal metabolism. Sleep has been suggested to represent the optimal time window for
the active upkeep of axonal integrity following learning, since oligodendrocytes are less burdened by
the need to support sustained axonal firing in sleep (reviewed in [59]). Studies in mice suggest that
REM sleep and its characteristic high cholinergic tone may favour oligodendrocyte precursor cells
(OPC) proliferation and survival (reviewed in [6]). However, more studies are needed to determine

whether sleep’s overall involvement in myelin plasticity can be attributed to REM sleep specifically or

to other more general features of this brain state.

Step 4: Corticalization and reorganization
In addition to PRP capture [5] and dendritic spine remodelling [46], we believe that REM sleep plays

an important role in memory corticalization and reorganization [7]. Multiple plasticity waves occur in
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the days and weeks after a learning episode, probably initiated by NREM reactivations in the
hippocampus and propagated towards the neocortex during REM, leading to memory trace
stabilization [7]. In line with this hypothesis, brain-wide changes in blood volume in rats have been
observed during REM sleep after bursts of theta and gamma hippocampal activity and the trajectory
of these hemodynamic patterns tends to begin in the thalamus, proceed to the hippocampus and then

finally reach the cortex [61].

The slow process of corticalization may be accompanied by a reorganization of information, evidenced
by formation of associations, gist extraction, generalization and updating of internal models [62]. As
such, a motor skill study in rats showed that, despite significant improvements in performance after 3

days of training, motor map reorganization was not detectable until after 10 days of training [11].

REM sleep has been implicated in memory reorganization (reviewed in [16]) and REM dreams might
provide an interesting opportunity to sneak a peek into this process [16,63]. According to the Trace-
Spur model, the bizarreness of REM sleep dreams results from synaptic strength modulations allowing
for hyper-associative mental activity, which in turn might set the stage for the restructuring of
experiences [63]. This idea is supported by a dream study in patients suffering from complicated grief,
in which repeated appearance of familiar characters was interpreted as an attempt to reorganize
relational cognitive schemas in order to readjust to the loss [64]. If indeed REM sleep dreams represent
a window from which we can witness the slowly evolving process of memory reorganization, this
might also explain the dream-lag effect, wherein personally significant events are only incorporated

into dreams approximately a week after their occurrence [65].

It is worth mentioning that, while this model places great emphasis on the role of time in memory
consolidation, our main focus pertains to the function of each sleep stage, rather than the time of day
when they occur and thus the potential influence of circadian rhythm on each one of the 4 steps

outline above remains to be investigated in future studies.

Box 2. Brain regions involved in the slow consolidation of skills as proposed in our model

Motor skill memory consolidation is known to rely on a cortico-striato-cerebellar network, as well as
the hippocampus [66]. In line with step 1 of our model, reactivation of ensembles recruited for motor
skill learning has been detected in humans in the striatum [67,68], the motor cortex, the hippocampus
and the cerebellum [68], as well as in the rat motor cortex [69,70] during NREM sleep. Furthermore,
in line with step 2 of our model, REM-related plasticity changes have been found in the rat motor
cortex [71] and REM-related dendritic spine pruning and maintenance has been observed in the
mouse motor cortex [46]. Interestingly, expression of zif-268, a gene involved in synaptic plasticity,
has been detected in the amygdala, entorhinal and auditory cortices in the first REM sleep episode,
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propagating to somatosensory and motor cortices in subsequent REM episodes [71]. Taken together,
these findings highlight not only NREM and REM’s contribution to motor memory consolidation in the
relevant brain regions, but also the benefit accrued from successive iterative cycles of each of these
sleep stages [72]. Finally, as proposed in step 3 of our model, after 11 days of training on a new motor
skill, changes in myelination were observed in the rat motor cortex, and these correlated with learning
rate [53].

Conclusion

We build on prior models suggesting that NREM and REM sleep play complementary roles in memory
consolidation [5] and reorganization [7], particularly of motors skills and schemas. Specifically, we
argue that NREM may take the lead in the first few minutes to hours after learning by stabilizing
engrams through reactivation and capture of plasticity-related products while REM may then be in
charge of PRP synthesis, spine formation and pruning in the short run (hours-days). Over the course
of next few days to weeks after learning, sleep also supports myelination, memory corticalization and
reorganization. Initial evidence points toward an involvement of REM sleep in these time consuming

processes, however a causal link between the two remains to be established.
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Reference Annotations

[5] e* A review proposing a model to explain how different plasticity events underlying molecular and
cellular consolidation may be distributed across brain states and how they related to each other.

[7] e A review proposing a role of REM sleep in the corticalization of memories within the framework
of contextual fear learning in rats

[36] ¢ A MEG study in humans showing that memory replay during wake can facilitate the
reorganization of experiences.

[46] e* An animal study in mice showing that REM sleep is involved in pruning and strengthening of
newly formed synapses after motor learning, using a selective sleep deprivation paradigm.

[55] ee The first study showing that schema learning is accompanied by an increase in newly formed
oligodendrocyte progenitor cells an in myelin strength in the anterior cingulate cortex.

[60] * An animal study showing that 5 days of chronic sleep restriction in mice leads to a reduction in
myelin thickness.

[61] * An animal study in rats using functional ultrasound imaging concurrently with recordings of
local-field potentials to show that hippocampal fast gamma activity precedes hemodynamic patterns,

which tended to begin in the thalamus and proceed to the hippocampus and finally the cortex.
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