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Abstract

For the past two decades, it has generally been accepted that sleep benefits motor memory
consolidation processes. This notion, however, has been challenged by recent studies and thus the sleep
and motor memory story is equivocal. Currently, and in contrast to the declarative memory domain, a
comprehensive overview and synthesis of the effects of post-learning sleep on the behavioral and neural
correlates of motor memory consolidation is not available. We therefore provide an extensive review of
the literature in order to highlight that sleep-dependent motor memory consolidation depends upon
multiple boundary conditions, including particular features of the motor task, the recruitment of relevant
neural substrates (and the hippocampus in particular), as well as the specific architecture of the
intervening sleep period (specifically, sleep spindle and slow wave activity). For our field to continue to
advance, future research must consider the multifaceted nature of sleep-related motor memory

consolidation.
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1. Introduction

Sleep has long been thought to play a beneficial role in memory consolidation, the process by which
newly acquired, relatively labile memories are transformed into enhanced and more stable memory
traces [e.g., see (Diekelmann et al., 2009; Frankland and Bontempi, 2005; McClelland et al., 1995) for
reviews]. Although the role of sleep in memory consolidation was traditionally associated with the
declarative memory system, a plethora of studies has extended these findings into the procedural, and
more specifically motor, memory domain [e.g., (Fischer et al., 2002; Karni et al., 1994; Maquet, 2000;
Plihal and Born, 1997; Smith and MacNeill, 1994; Walker et al., 2003)]. The influence of post-learning
sleep on both the behavioral and neural correlates of motor memory consolidation is the focus of the
current review.

Motor learning is known to not only take place online (i.e., during task practice) but also offline (i.e.,
between training sessions) in the absence of any further practice (Karni et al., 1998, 1995). This offline
period is thought to offer a privileged time window for motor memory consolidation to occur. It has
been approximately 20 years since the earliest studies demonstrated that post-learning sleep benefited
motor memory consolidation processes (Plihal and Born, 1997; Smith and MacNeill, 1994). Since these
seminal experiments, research examining the relationship between sleep and motor memory
consolidation has continued to increase. This beneficial effect of post-learning sleep has been frequently
replicated in subsequent experiments; however, there have also been numerous studies demonstrating
no such sleep-related enhancement. Moreover, examinations into the roles of REM and NREM sleep —
and specific sleep features such as spindles and slow wave activity — on motor memory processing have
also produced inconsistent findings. Thus, the sleep and motor memory story is currently equivocal.

Accordingly, the overarching aim of this paper is to offer an exhaustive review of the effect of sleep on
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motor memory consolidation at both the behavioral and neural levels. A point of emphasis in this review
is the multifaceted nature of sleep-dependent memory consolidation, as whether or not sleep affords
performance benefits is heavily influenced by particular features of the motor task, the involvement of
specific task-related neural substrates and post-training sleep characteristics.

Given that the effects of sleep on motor memory consolidation vary based on the motor task (see Inset 1
for a brief overview of the various motor learning paradigms), our review, when possible, will
decompose the available literature based on the motor task examined. It is critical to emphasize that the
vast majority of sleep and motor memory studies are based on variants of motor sequence learning

paradigms and thus our review and primary conclusions reflect this lack of balance in the literature.

- INSERT INSET 1 ABOUT HERE -

2. Influence of sleep on the behavioral correlates of motor memory
consolidation

2.1. Does sleep enhance performance as compared to wakefulness?

In this section, we describe how sleep and wake periods after initial training on various motor learning
tasks influence performance at delayed retests (see Inset 2 for a description of the different
experimental designs). We only report the studies in which the effect of sleep was statistically compared
to the effect observed in a matched-control wake group. Thus, assessing whether or not a sleep group
exhibited performance enhancement or maintenance from the end of the initial training session to the
post-sleep retest provides little valuable information (when not compared to an appropriate wake

control group), as it has recently been argued that such within-group statistical comparisons are
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confounded by non-learning and -memory related factors such as the averaging of performance across
multiple blocks, fatigue, etc. [see (Adi-Japha and Karni, 2016; Pan and Rickard, 2015; Rickard and Pan,
2017) for detailed discussion of these issues]. Consequently, sleep-enhanced consolidation here refers to
an advantage in performance (i.e., either enhancement or maintenance) or by a reduction in the
susceptibility to interfering experiences (i.e., stabilization; see Section 2.2.2) after a period of sleep as
compared to an equivalent period of wakefulness.

Please note that the purpose of this first section is simply to provide a systematic review of the effect of
sleep, as compared to wakefulness, on subsequent motor behavior and thus predominantly discusses
the literature in terms of whether or not a sleep-related benefit was demonstrated (i.e., a binary
decomposition). This initial section is vital for readers to assess the state of the sleep and motor memory

literature before proceeding to the more integrated perspectives presented in subsequent sections.

2.1.1. Motor sequence learning
It has been proposed that consolidation processes differ based on the awareness of the sequential
material to learn (Robertson et al., 2004b); thus, we will review findings separately for explicit and

implicit motor sequence learning (MSL) tasks.

2.1.1.1. Explicit motor sequence learning

A beneficial effect of sleep as compared to wakefulness on motor performance has predominantly been
observed for explicit finger sequence learning tasks (Debas et al., 2010; Doyon et al., 2009b; Fischer et
al., 2005, 2002; Fischer and Born, 2009; Gregory et al., 2014; Korman et al., 2003; Nettersheim et al.,
2015; Nishida and Walker, 2007; Rickard et al., 2008; Robertson et al., 2004b; Schonauer et al., 2015,
2014; Siengsukon and Al-Sharman, 2011; Spencer et al., 2007; Tucker et al., 2016; Wilson et al., 2012). A

similar beneficial effect of sleep was also observed for grosser explicit MSL involving sequential

4
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movements of the hand (Kvint et al., 2011), the arms (Kempler and Richmond, 2012; Malangré et al.,
2014) as well as the whole body (Genzel et al., 2012a). This positive impact of sleep on motor sequence
memory consolidation was demonstrated with a variety of tasks (i.e., finger tapping tasks, finger
opposition tasks, serial reaction time tasks) and experimental designs, including diurnal and nocturnal
sleep (as compared to matched wake control groups).

It should be emphasized that a smaller number of studies using finger (Albouy et al., 2013c; Backhaus et
al., 2016; Cai and Rickard, 2009; Genzel et al., 2015; Landry et al., 2016; Schénauer et al., 2014) as well as
grosser [i.e., arm movements; (Gudberg et al., 2015)] explicit MSL tasks did not replicate such a
beneficial effect of sleep on consolidation processes. Among the cited studies, it has been argued that
this lack of an effect could be attributed to subsequent sleep episodes occurring between the
sleep/wake manipulation and the retest [i.e., 2 post-sleep-deprivation recovery nights before retest;
(Albouy et al., 2013c)], the time window during which sleep occurs after learning [(Cai and Rickard,
2009), but see Section 2.1.2 below], the duration of the sleep episode [i.e., 3h vs. 8h; (Schénauer et al.,
2014)] or the intake of oral contraception (Genzel et al., 2015). Collectively, however, the majority of
studies on explicit sequence learning including both fine and grosser tasks show a positive effect of sleep

on consolidation processes as compared to wakefulness.

2.1.1.2. Implicit motor sequence learning

The picture is less clear regarding implicit motor sequence learning. While some studies report a
beneficial effect of sleep on consolidation processes (Albouy et al., 2006; Ertelt et al., 2012; Spencer et
al., 2007, 2006), others show no differential influence of sleep and wake on changes in motor sequence
performance (Borragan et al., 2015; Nemeth et al., 2010; Robertson et al., 2004b; Song et al., 2007;

Urbain et al., 2013). It is worth noting however, that studies showing positive effects of sleep on implicit
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motor sequence memory consolidation often used specific versions of the serial reaction time task
including: (a) a greater spatial component in which the sequence of ocular movements followed a
pattern of spatial locations in two dimensions (Albouy et al., 2006); (b) a contextual dimension where a
sequence of color-cued movements was presented in the context of a sequence of spatial locations
(Spencer et al., 2007, 2006); or, (c) a modulation of the declarative component of learning, as
participants simultaneously completed a declarative word pair association and sequence learning tasks
(Ertelt et al., 2012). Interestingly, these three aspects are thought to trigger sleep-related consolidation
processes due to their dependency on the hippocampal system (see Sections 2.2.5 and 3.1.3). Based on
these latter results, it appears that sleep-dependent consolidation can be observed for implicit motor
sequence learning for specific task variants (but see Section 3.1 for additional discussion of this issue).
Thus, certain features of the task, rather than solely the traditional explicit vs. implicit dissociation
appear to influence the contribution of sleep in motor memory consolidation processes. The remaining
sections in this review will predominantly collapse across implicit and explicit sequence learning

paradigms; but, for the sake of completeness, we will note the type of task employed.

2.1.2. Motor adaptation
The seminal paper by Plihal and Born (1997) was one of the first to demonstrate that sleep following an
initial session of a motor adaptation (MA) task (mirror tracing) increased performance in a subsequent
retest. Moreover, their results indicated that this effect was specific to sleep towards the end of a night,
which consists of a higher proportion of REM as compared to NREM sleep (see Inset 3). Since this first
formative study, the beneficial effect of sleep on MA consolidation has been replicated on multiple
occasions with different task variations and experimental designs (Albouy et al., 2013d; Backhaus and

Junghanns, 2006; Huber et al., 2004; Javadi et al.,, 2011; Mantua et al., 2015; Schénauer et al., 2015;
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Seeck-Hirschner et al., 2010). However, and analogous to implicit motor sequence learning, sleep-
dependent enhancements following MA have not been consistently replicated as multiple studies
reported no differences between sleep and wake control groups (Backhaus et al., 2016; Debas et al.,

2010; Donchin et al., 2002; Doyon et al., 2009b; Tucker et al., 2006).

It is worth mentioning that the majority of previous research that has employed a mirror tracing task has
indeed demonstrated sleep-dependent performance enhancements [(Backhaus and Junghanns, 2006;
Javadi et al., 2011; Mantua et al., 2015; Plihal and Born, 1997; Schénauer et al., 2015; Seeck-Hirschner et
al., 2010); but see (Tucker et al., 2006) for no effect of sleep]. As the mirror completely flips the available
visual information and adults typically have ample prior experience in their daily lives with mirrors,
performance may depend, at least partially, on a cognitive or explicit strategic component of the task. It
is possible that the consolidation of this cognitive or declarative component underlying performance on
the mirror drawing task is facilitated by post-learning sleep. However, this explanation is speculative, as
no research to date has attempted to disentangle the various components of this specific task. The
mechanisms underlying sleep-dependent consolidation of mirror tracing are thus not yet understood
and future research should attempt to investigate why mirror tracing seems to be more sleep-dependent

relative to other adaptation paradigms.

Only one study to date has examined the role of sleep on MA consolidation with a gross motor task
(Hoedlmoser et al., 2015). Participants were trained to ride a bicycle with an inverted steering handle;
results demonstrated that a midday nap decreased performance during slalom riding in a same-day
retest. Although this result is inconsistent with the research on fine motor adaptation tasks reported
above, the authors suggested that post-adaptation sleep in this context served to protect the more

ecologically valid and stable motor memory of riding a normal bicycle at the expense of the newly
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acquired and less relevant memory specific for riding an inverted steering bicycle. This is consistent with
research demonstrating that sleep selectively targets memories of increased relevance (Wilhelm et al.,
2011 and see Section 2.2.5.4). Nonetheless, investigations into the role of sleep on MA consolidation for

gross motor tasks are sparse and should be a focus of future research.

2.1.3. Continuous tracking
The majority of sleep studies to date that used continuous tracking tasks either did not contain a wake
control group or failed to report the appropriate statistical comparisons. The remaining research is
inconsistent as to whether sleep offers benefits to memory consolidation processes following motor
tracking. Using sleep deprivation protocols, there is evidence that post-learning sleep enhances
consolidation (Maquet et al., 2003; Smith and MacNeill, 1994). Using other experimental designs, two
more recent studies did not replicate these earlier results (Borich and Kimberley, 2011; Rieth et al.,
2010). There are, unfortunately, too few studies to attempt to systematically explain these discrepant

results.

2.1.4. Additional tasks
A small subset of studies has investigated the role of sleep on motor memory consolidation using less
commonly employed tasks. Gais and colleagues (2008) employed a sleep deprivation protocol and an
oculomotor saccade task and revealed offline improvements only following a sleep episode. Results from
Morita et al. (2016, 2012) demonstrated that a post-learning nap improved performance on a juggling
task. And, Brawn and collaborators (2008) provided evidence that sleep facilitated offline maintenance,
as compared to deterioration, in performance following learning a first-person shooter video game,
representing a complex, multimodal sensorimotor skill. These additional studies build on top of the

research presented earlier demonstrating that sleep can indeed facilitate memory consolidation of

8
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motor skills.

2.1.5. Summary: sleep and motor performance
The results presented above suggest that post-learning sleep tends to exert a beneficial effect on
consolidation processes following explicit versions of motor sequence learning and specific task variants
of implicit motor sequence learning. Altogether, it appears that sleep-dependent consolidation processes
can be triggered if learning occurs under conditions known to elicit hippocampal activation during
training (this issue will be discussed in more detail in Sections 2.2.5 and 3.1.3.). It is also important to

note however that results are more heterogeneous for other motor tasks.

2.2. Characteristics of sleep-dependent motor memory consolidation

2.2.1. Is there a temporal window during which sleep should occur to enhance consolidation?
The notion that sleep must occur in a critical time window following initial encoding in order to enhance
memory consolidation processes was first proposed by Smith (1985). In the motor domain, this
hypothesis has received particular attention for (explicit) motor sequence memory tasks. It has even
been argued that the lack of beneficial effects of sleep on motor performance reported in some studies
could be attributed to the fact that sleep occurred after this sensitive time window (Cai and Rickard,
2009). However, the literature does not firmly support the view that such a window exists. Indeed, the
studies that have suggested this notion either were not designed to address such a question (Fischer et
al., 2002) or were limited to a sample of female adolescents (Holz et al., 2012). Of note, the results in
Holz et al. (2012) may also be at least partially explained by potential pre-sleep differences in
performance related to time-of-day effects [see (Sheth et al.,, 2008)]. Two additional studies that

formally tested for an influence of a time window did not demonstrate such a result. In Doyon et al.
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(2009), the immediate and delayed (5h) post-training napping conditions exhibited comparable
subsequent offline changes in explicit motor sequence performance. Furthermore, Schénauer and
collaborators (2015) showed similar performance improvements when sleep occurred immediately or up
to 24h after initial training of an explicit sequence task. These findings are consistent with numerous
additional studies — although admittedly not designed to test for an effect of sleep time window — that
reported similar performance improvements in both fine and gross motor learning tasks irrespective of
the timing of the sleeping episode [i.e., similar post-sleep improvement when sleep occurred
immediately vs. 12h after learning (Blischke et al., 2008; Genzel et al., 2012b; Kempler and Richmond,
2012; Korman et al., 2003; Lewis et al., 2011; Malangré et al., 2014; Spencer et al., 2007, 2006; Walker et
al,, 2003)]1. It is important to note, however, that there have been specific examples of a time-
dependent window for sleep-facilitated consolidation. Consolidation of motor sequence learning by
observation, in contrast to active practice, was shown to require an early sleep window [i.e., sleep
occurring 12h after initial observation did not improve performance at retest (Van Der Werf et al.,
2009)]. Similarly, Schénauer and collaborators (2015) showed that sleep had to occur during a certain
time window for the consolidation of motor adaptation, and mirror tracing in particular. The authors
speculated that the neural networks recruited during mirror tracing may have a lower capacity to
maintain the memory trace during wakefulness and therefore require an early sleep window for
consolidation to occur (Schonauer et al., 2015).

Altogether, the extant literature suggests that sleep does not have to occur in a specific time window

1Although all these reported studies employed tasks that fall under the broad umbrella of motor sequences, it is
nonetheless important to distinguish between task variants. Participants in these experiments completed explicit
motor sequence tasks of the fingers (Blischke et al., 2008; Korman et al., 2003; Spencer et al., 2007, 2006; Walker
et al.,, 2003), an implicit, contextual-dependent finger sequence task (Spencer et al.,, 2007, 2006), bimanual
(Kempler & Richmond, 2012) or unilateral (Malangre et al., 2014) sequences of arm movements, a sequence of
dance movements (Genzel et al., 2012) and a temporal finger tapping sequence task (Lewis et al., 2011).

10
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after initial motor sequence learning to trigger efficient consolidation processes. Whether this is also true

for other type of tasks necessitates additional research.

2.2.2. Does sleep help protect a learned skill from competing material?
Motor memory consolidation is not only characterized by enhancement (or maintenance) in
performance over an interval including no further practice (see Section 2.1.), but also by a reduction in
fragility of a motor memory trace after its initial acquisition [see (Robertson, 2012) for review]. The
consolidation of a newly learned motor skill (i.e., skill A) can indeed be disrupted if an individual is
trained on a competing task (i.e., skill B) immediately after initial learning. This is commonly referred to
as retroactive or retrograde interference, as the learning of a task B interferes with the consolidation of
the previously learned task A. Importantly, a post-training time-window of approximately 4 to 6 hours
for sensitivity to such retrograde interference has been described for both motor sequence learning [e.g.,
(Korman et al., 2007; Walker et al., 2003), but see (Goedert and Willingham, 2002)] and motor
adaptation [e.g., (Brashers-Krug et al., 1996; Krakauer et al., 2005; Shadmehr and Brashers-Krug, 1997),
but see (Caithness et al.,, 2004; Goedert and Willingham, 2002)]. Surprisingly, research investigating
whether post-learning sleep influences interference processes is scarce. An earlier study using explicit
motor sequence learning showed that a napping episode immediately after initial learning effectively
protected the memory trace against the deleterious effect of retroactive interference caused by a
competing task (Korman et al., 2007). In a subsequent follow-up examination that again employed an
explicit sequence learning paradigm, the protective effect of napping against interference was only
shown to be transitory [i.e., within the same testing day, as any group-level differences were abolished
after a full night of sleep, see (Albouy et al., 2016)]. These findings suggest that post-learning sleep may

play a role in the short-term (i.e., same day) reduction in fragility of an explicit motor sequence memory

11
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trace, but it is unclear whether such a benefit extends over longer time scales.

The preceding paragraph highlighted instances when a second and competing motor task was used to
potentially interfere with an earlier learned motor skill. Interestingly, these interference effects are not
strictly limited to within the motor system. In a seminal line of research, Brown & Robertson (2007)
demonstrated that a declarative memory task interfered with procedural memory consolidation (i.e.,
implicit sequence learning), and vice versa, over wake but not over sleep. The results suggest that sleep

can help protect a memory from potential interfering effects even if the two tasks differ in nature.

2.2.3. Does post-learning sleep facilitate or hinder subsequent performance on a related skill?
There is limited evidence to suggest that sleep facilitates knowledge transfer from learned to unlearned
material. Specifically, sleep has been shown to favor the consolidation of previously learned - as
compared to new - sequential pattern in a variety of tasks including implicit sequential tracking (Maquet
et al., 2003), implicit serial oculomotor sequence learning (Albouy et al., 2008, 2006) and explicit finger
sequence learning (Korman et al., 2003). However, an elegant and recent study has shown that transfer
effects could be facilitated by sleep in certain cases [i.e., when learning takes place by imagination and
with a particular practice schedule, see (Debarnot et al., 2015)]. The specific combination of (a) variable -
as compared to constant - motor sequence practice by imagination and (b) subsequent sleep facilitated
between-sequence (i.e., learned/unlearned) transfer processes at retest. It is tempting to speculate that
the benefits of variable practice on transfer processes might be attributed to the development of
generalized motor “schemas” that are known to favor transfer processes (Schmidt, 1975). The link
between sleep and the development of motor schemas will also be discussed in Section 2.2.5.3. Finally,
although research is relatively scarce, the transfer of grosser motor sequential knowledge (from one

dancing choreography to another) seems to depend on time rather than sleep per se (Genzel et al.,

12
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2012b).

Altogether, it appears that sleep facilitates the consolidation of specifically learned motor sequential
material and therefore does not simultaneously facilitate knowledge transfer from learned to unlearned
material (except under certain circumstances that will be developed further in the next sections). Based
on these observations, it has been argued that sleep would favor proactive interference processes (i.e.,
that the specific knowledge of a consolidated skill would interfere with the learning of a new skill after
sleep, but not after wakefulness). A recent study by Borrogan and colleagues (2015) exploring the effect
of sleep on proactive interference failed, however, to report such effect. This lack of a sleep-dependent
result may not be that surprising given that the consolidation of this task variant (i.e., traditional implicit

serial reaction time task) may not be sleep-dependent (Section 2.1.1).

2.2.4. Influence of pre-sleep performance levels
There is evidence to suggest that motor sequence performance levels achieved at the end of initial
training session - and prior to a sleep / wake interval - influence subsequent sleep-dependent
consolidation (Albouy et al., 2008; Wilhelm et al., 2012). Such a result also appears to extend to children
(Wilhelm et al., 2012) and older adults (King et al., 2016). It is tempting to speculate that the lack of a
sleep effect on the consolidation of tasks more difficult to encode (e.g., probabilistic sequence, gross
motor adaptation) could be attributed to an insufficient amount of practice during training as compared
to more easily learned tasks (e.g., deterministic sequence, mirror tracing; see Section 2.2.5.5 below for a
discussion on task complexity and sleep-facilitated consolidation). This explanation, however, is
hypothetical and future studies should manipulate the amount of practice, and thus the performance
levels achieved, during initial training in order to assess the influence on sleep-facilitated consolidation in

these more complex or difficult tasks.
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2.2.5. What does sleep consolidate?
As reviewed above, it appears that the effect of sleep on the consolidation of motor learning is not
systematic across all motor tasks and protocols. This raises the question of why the consolidation of
some tasks (or task features) requires sleep whereas the consolidation of others does not. This issue has
received increased attention in the last decade. In this section, we will review studies investigating the
boundary conditions for sleep-dependent motor memory consolidation. Similar to preceding sections,

research into this question has predominantly employed motor sequential tasks.

2.2.5.1. Consolidation of sequential information

It has been posited that a boundary condition for sleep-dependent memory consolidation is the
presence of sequential information in the motor engram (Blischke et al., 2008). This suggestion is in line
with behavioral studies showing sleep-dependent improvement of performance on sequential, as
compared to random, material (Robertson et al., 2004b; Spencer et al., 2006). This is also supported in
part, by neuroimaging data showing “reactivation” of sequence learning-specific brain regions during
post-training sleep [(Peigneux et al., 2003), see Section 3] as well as the established role of the
hippocampal system - known to be involved in sleep-dependent consolidation - in the processing of
sequential information (Ergorul and Eichenbaum, 2006; Kalm et al., 2013; Kumaran and Maguire, 2006).
However, given that the consolidation of traditional implicit sequence learning tasks has not consistently
been shown to be sleep-dependent (Borragan et al., 2015; Nemeth et al., 2010; Robertson et al., 2004b;
Song et al.,, 2007; Urbain et al.,, 2013) and that there are multiple instances of sleep-dependent
consolidation in non-sequence tasks such as motor adaptation (Albouy et al.,, 2013d; Backhaus and
Junghanns, 2006; Huber et al., 2004; Javadi et al., 2011; Mantua et al., 2015; Plihal and Born, 1997;

Schénauer et al.,, 2015; Seeck-Hirschner et al., 2010), it is reasonable to conclude that sequential
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information is not a sufficient criterion to trigger sleep-dependent consolidation processes.

2.2.5.2. Consolidation and extraction of explicit knowledge

The idea that motor memory consolidation processes are influenced by the awareness of the material to
learn was first introduced by Robertson and collaborators (2004). Using both implicit and explicit
versions of a serial reaction time task, the authors showed that explicit sequence learning undergoes
sleep-dependent consolidation processes whereas consolidation of the implicit version of the task is
time-dependent. These results were predominantly confirmed in a subsequent study from another
group (Spencer et al., 2006), although it should be again emphasized that sleep has nonetheless been
shown to benefit implicit motor sequence learning under certain experimental conditions (e.g., see
Sections 2.1.1.2). Sleep appears to not only consolidate motor sequence learning that has been acquired
explicitly, but sleep also favors the extraction of sequence awareness (i.e., explicit knowledge) when the
sequence was introduced to the participants in an implicit manner. Fischer and collaborators (2006)
demonstrated that when implicit sequence learning was followed by sleep, as compared to wakefulness,
there was an increase in explicit sequence knowledge during retest,. This effect was also confirmed in a
later study (Wilhelm et al., 2013) and more recently has been shown to be enhanced by Targeted
Memory Reactivation (TMR, see Section 4.2.1) during the post-learning sleep episode (Cousins et al.,

2014; Diekelmann et al., 2016).

2.2.5.3. Consolidation of abstract information

The acquisition of a new motor skill requires learning different aspects of the task simultaneously. It has
been proposed that sequence learning encompasses at least two processes that have been named
“spatial” and “motor” (Hikosaka et al., 2002). The spatial representation of learning, also referred to as

the perceptual (Nemeth et al.,, 2009), abstract (Grafton et al.,, 1998) or effector-independent
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representation (Bapi et al., 2000), represents the goal of the series of movements that need to be
executed under allocentric (Cohen et al., 2005) or extrinsic (Witt et al., 2010) coordinates (i.e., in an
external frame of reference). By contrast, the motoric representation (Willingham, 1999) constitutes a
more intrinsic (Witt et al., 2010), effector-dependent (Grafton et al., 1998) and movement-based skill
realized under egocentric coordinates (Cohen et al., 2005). Cohen and collaborators (2005) were the first
to introduce the idea that these distinct aspects of an implicit motor sequence task could undergo
different consolidation processes that differentially depend on sleep and wakefulness. In their influential
study, the authors showed that the consolidation of the motoric representation is wake-dependent,
whereas the consolidation of the spatial component depends on sleep. These results have been
confirmed and extended in later studies using similar designs and showing that not only nocturnal (Pace-
Schott and Spencer, 2013) but also diurnal sleep (Albouy et al., 2015, 2013a) enhances the consolidation
of a goal-based (spatial), but not a movement-based (motor), representation for both implicit (Pace-
Schott and Spencer, 2013) and explicit (Albouy et al., 2015, 2013a) sequence learning. Moreover, there is
evidence to indicate that the enhanced consolidation of the goal-based representation over sleep
intervals may actually hinder the consolidation of the movement-based representation overnight,
suggesting that the consolidation processes of these two representations interact (Pace-Schott and
Spencer, 2013). In line with these observations, it has also been shown that sleep favors the transfer of
the extrinsic (spatial) (Witt et al., 2010), but not the intrinsic (motor) (Hallgaté et al.,, 2012),
representation of explicit motor sequence learning.

Interestingly, this link between the abstract/spatial representation of motor sequence learning and
sleep-related consolidation processes has been corroborated and extended by several studies using a

variety of behavioral paradigms. First, sleep-related consolidation processes have been described to
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promote the development of effector-independent representations of explicit sequence learning [e.g.,
sequence knowledge that can be transferred between hands, (Korman et al., 2003)]. Second, results
from motor imagery and observation studies have shown that imagined or observed sequential
movements — that are therefore effector-independent by definition — are also consolidated by sleep
(Debarnot et al., 2009; Van Der Werf et al.,, 2009). Third, consolidation of the perceptual aspect of
sequential learning (e.g., monitoring a temporal sequence) is facilitated by sleep (Lewis et al., 2011,
Verweij et al., 2016). Fourth, results from Song and colleagues (2014) indicated that sleep preferentially
favors the consolidation of ordinal (i.e., the position of the elements within the sequence) rather than
transitional (i.e., the series of actual motor movements to perform) properties of motor sequence
learning. Ordinal learning consists of binding an event to a spatio-temporal context and is therefore
described as a goal-oriented process (Song and Cohen, 2014). Fifth, the manipulation of the practice
schedule, thought to favor the development of abstract motor “schema” during initial training (Schmidt,
1975), triggers sleep-related consolidation processes following explicit motor sequence learning
(Debarnot et al., 2015). Last, it has been shown that sleep-related consolidation can be boosted when
sounds associated with the sequence learning process are presented during post-training sleep [(Antony
et al., 2012; Cousins et al., 2016, 2014; Schénauer et al., 2015); see Section 4.2.1]2, suggesting that the
perceptual component of learning can be reinforced during sleep.

Altogether, results from different research groups and with different experimental manipulations
converge toward the notion that sleep consolidates the abstract, effector-independent representation of
the motor sequences to perform, an effect that has been observed across both explicit and implicit

learning paradigms. Whether the link between consolidation of abstract representations of learning and

% Whereas all cited studies employed motor sequence paradigms, Antony et al. (2012) employed an explicit,
melodic sequence task. Cousins et al., (2016, 2014) used implicit SRT tasks and Schénauer and colleagues (2015)
adopted an explicit motor sequence protocol.
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sleep is unique to motor sequences or whether it is a general process observed across various motor

tasks still remains unknown and should be investigated further.

2.2.5.4. Consolidation of relevant information

Fischer & Born (2009) showed that sleep-dependent consolidation is greater for explicitly learned motor
sequences that were associated with monetary reward during training, an effect that was not observed
after wakefulness. This result suggests that sleep preferentially consolidates motor sequence memories
that have been reinforced, or “tagged” (Frey and Morris, 1997; Moncada et al., 2015) as relevant during
initial training. The same group demonstrated that the expectancy of an explicitly acquired motor
sequence will be retested following a night of sleep (even without associated reward) also enhanced
sleep-related consolidation processes (Wilhelm et al.,, 2011). However, this latter finding was not
replicated in a more recent investigation using an explicit MSL paradigm (Wamsley et al., 2016); thus,

additional research is still necessary.

2.2.5.5. Consolidation of more complex motor tasks

The effect of sleep on motor memory consolidation also seems to be influenced by the complexity of the
learned motor tasks. Kuriyama and colleagues (2004) demonstrated larger overnight enhancements in
performance when the motor sequence that was explicitly learned was longer and performed
bimanually, as compared to a shorter and unimanual sequence. A motor imagery study confirmed this
finding and showed greater sleep-dependent enhancement in performance for more complex motor
sequences involving bimanual coordination (Debarnot et al., 2012). In the same vein but using implicit
motor sequence learning, greater enhancements in performance were observed overnight for bimanual,
as compared to unimanual, responses and for probabilistic rather than deterministic sequences (Meier

and Cock, 2014). Last, although not testing for complexity per se, a sleep-facilitated effect was observed
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with a first person shooter video game employed to represent a more complex sensorimotor skill (Brawn
et al.,, 2008). Altogether, these results suggest that sleep favors the consolidation of more complex
motor behaviors, particularly in the context of sequence learning. Similar research with other motor

tasks is unfortunately sparse.

2.2.6. Summary: characteristics of sleep-dependent motor memory consolidation
Altogether, studies reviewed in this section show that the effect of sleep on motor memory
consolidation varies based on specific task features. Whereas results are heterogeneous for motor
adaptation and continuous tracking tasks, sleep seems to consolidate features of motor sequence
learning, including explicit, abstract and complex information. Interestingly, all these features have been
shown or are thought to depend on the hippocampus, a point that will be the focus of Section 3.1.3. Last,
sleep appears to not only enhance consolidation of these specifically learned sequential movements, but
also to temporarily protect them against the negative effect of interference mediated by competing

declarative and motor memories.

- INSERT INSET 2 ABOUT HERE -

3. Influence of sleep on the neural correlates of motor memory
consolidation

The neural correlates of sleep-related motor memory consolidation processes have been investigated
with different techniques, including PET (Positron Emission Tomography), fMRI (functional Magnetic
Resonance Imaging), MEG (Magnetoencephalography) as well as non-invasive brain stimulation (NIBS).

With neuroimaging techniques (PET, fMRI and MEG), these neural correlates can be investigated
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directly, with the measure of cerebral activity during post-learning sleep, but also indirectly with the
measure of changes in task-related brain activity after periods of sleep (as compared to wakefulness).
NIBS techniques have been used to enhance or disrupt activity in specific cortical areas at different time
points during the learning and consolidation process in order to infer the functional role of the specific
target. The section that follows will merge the results from these different techniques in order to provide
a review of the neural correlates of sleep-related motor memory consolidation. Consistent with the
earlier sections, the majority of research to date has employed motor sequential tasks; however, we will
briefly detail the small subset of studies that investigated the neural underpinnings of sleep-facilitated

consolidation following motor adaptation and continuous tracking.

3.1. Motor sequence learning

As results from Section 2 presented above suggest that sleep-dependent effects are observed for explicit
as well as specific task variants of implicit motor sequence learning tasks, the following section will
collapse across these two paradigms (but will note the type of task employed for the purposes of
completeness). It is also worth mentioning that the brain areas discussed in the following section were
shown to be specifically linked (or not) to sleep-dependent consolidation processes. Therefore, this
section does not discuss the involvement of areas known to play a role in learning and consolidation
processes but for which the effect of sleep has not been revealed [e.g., the cerebellum and the parietal

cortex; see (Doyon et al., 2009a)].

3.1.1. Primary motor cortex (M1)
While the role of M1 in long-term motor memory retention is well characterized [e.g., (Karni et al.,
1998)], the specific influence of sleep on this process is less clear. Some studies have shown that both

M1 task-related activity (Steele and Penhune, 2010) and learning-related changes in resting-state
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functional connectivity (Gregory et al., 2014) are correlated with next-day improvements in performance
in temporal synchrony and explicit motor sequence tasks, respectively. However, the specific effect of
sleep in this process was not tested in these studies. Research formally testing for this effect reported
discrepant results. Using explicit motor sequence paradigms, increases in M1 activity were observed
after both sleep and wakefulness (Fischer et al., 2005); however, other studies reported a sleep-
dependent increase in activity (Walker et al., 2005) as well as a significant relationship between changes
in M1 activity and the amplitude of post-learning sleep spindles (Barakat et al., 2013) - which are known
to participate in sleep-dependent memory consolidation [(Fogel and Smith, 2011); see Section 4]. The
results of NIBS studies converge on the idea that M1 does not support sleep-dependent consolidation
processes. For example, Robertson and colleagues (2005) applied transcranial magnetic stimulation
(TMS) over M1 after implicit motor sequence learning and showed that M1 inactivation through TMS
disrupted overday, but not overnight, consolidation processes, a result that was subsequently confirmed
by another group in an explicit task variant (Hotermans et al., 2008). In line with these observations,
performance enhancements on a sequential visual isometric force pinch task triggered by M1
transcranial Direct Current Stimulation (tDCS) during task practice developed over time rather than over
periods of sleep (Reis et al.,, 2015). It is worth acknowledging that all three of these NIBS studies
employed the stimulation in the wake state; thus, any conclusion about the impact of such interventions
on sleep-dependent consolidation is indirect. Nonetheless, these results are in line with our recent
findings showing that M1 supports the motoric representation of learning (Albouy et al., 2015), the
consolidation of which does not depend on sleep [see previous section and (Albouy et al., 2015, 2013a;
Cohen et al., 2005; Cohen and Robertson, 2007; Hallgato et al., 2012; Witt et al., 2010)]. The available

literature thus collectively suggests that M1 does not play a prominent role in sleep-dependent motor
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sequence memory consolidation processes.

3.1.2. Striatum

The role of the striatum in motor sequence memory consolidation is well established [see (Doyon et al.,
2009a) for a review]. There is also increasing evidence that the striatum is involved in sleep-related
consolidation of motor sequence memories. Specifically, striatal activity (Albouy et al., 2008) and
functional connectivity (Albouy et al.,, 2013c) during initial implicit and explicit motor learning,
respectively, has been shown to be critical for the subsequent emergence of performance gains
observed after sleep as compared to wakefulness. Furthermore, greater striatal activity and striato-
cortical connectivity were observed in retest sessions with explicit motor sequence task variants
following a night of sleep as compared to after similar periods of wakefulness (Debas et al., 2014, 2010;
Walker et al., 2005). Three studies extended these findings by showing that these sleep-related increases
in striatal activity were linked to post-training NREM sleep spindle activity (Barakat et al., 2013; Fogel et
al.,, 2014) and SWS duration (Cousins et al., 2016) for explicit and implicit MSL tasks, respectively.
Moreover, our most recent neuroimaging study suggests that striatal activity participates in motor
memory stabilization (i.e., reduction of vulnerability to interference) following explicit MSL and that this
process is transiently facilitated by sleep as compared to wake (Albouy et al., 2016). Finally, an increase
in functional connectivity between the striatum and reactivated cortical areas was observed during REM
sleep after implicit probabilistic motor sequence learning (Peigneux et al., 2003). One should note that
this latter result must be interpreted with caution as the consolidation of such a traditional version of
implicit motor sequence learning is not thought to depend on sleep (see Section 2.1.1.2.) and that no
waking control group was included in this study (but see Section 3.1.5. for further discussion).

On the other hand, a series of studies have demonstrated that striatal activity also increases after the
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simple passage of time, irrespective of sleep or wakefulness. Indeed, striatal activity has been shown to
increase monotonically during the day (i.e., 30 minutes and 5 hours post-training), reaching significant
and maximal activity 24 hours after implicit oculomotor sequence learning (Albouy et al., 2008). While
concluding about the specific effects of sleep versus time per se is impossible with such a time-variant
design (see also Inset 2), these findings are consistent with two sleep deprivation studies. Indeed, these
studies showed that explicit motor sequence task-related increases in activity in the putamen were
evident even when sleep during the first post-training night was prevented (Albouy et al., 2013c; Fischer
et al., 2005). It is worth noting though that these studies cannot rule out the possibility that the increase
in striatal activity emerged during the sleep afforded during recovery night(s) before retest. However,
evidence that the striatum is involved in wake-related processes is also in line with a recent
neuroimaging study indicating that the striatum (together with M1) supports the motoric component of
explicit motor sequence learning, the consolidation of which does not specifically depend on sleep
(Albouy et al., 2015). In summary, in contrast to the numerous studies listed above, this smaller subset of
studies suggest that sensorimotor networks including the striatum and M1 are involved in time- rather
than sleep-dependent motor sequence memory consolidation processes.

Based on the mixed results regarding the influence of sleep on striatal activity, we argue that the
striatum may not directly trigger sleep-dependent consolidation processes, but that it may interact with
other brain areas during initial learning and subsequent sleep intervals to further facilitate the
consolidation process. This point will be developed further in Section 3.1.3.3 and see Albouy (2013b) for

areview.
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3.1.3. Hippocampus

3.1.3.1. Hippocampal activity and connectivity during initial motor learning forecasts subsequent

sleep-related consolidation

The involvement of the hippocampus in both implicit and explicit motor sequence learning is now well
accepted and documented (Albouy et al., 2015, 2012, 2008; Cousins et al., 2016; Fernandez-Seara et al.,
2009; Fletcher et al., 2005; Gheysen et al., 2010; Lewis et al., 2011; Rieckmann et al., 2010; Rose et al.,
2011; Schendan et al., 2003). Moreover, the link between hippocampal activity and sleep-dependent
motor memory consolidation processes has received considerable attention, and by our group in
particular. Albouy and colleagues (2008) showed that, during initial training of an implicit oculomotor
sequence task, learning-related hippocampal activity was correlated with subsequent gains in
performance observed overnight, but not over the day (i.e., 30 minutes or 5 hours after the end of
training). It was proposed that hippocampal activity during initial training might tag the memory trace to
be consolidated during subsequent sleep periods. Interestingly, these data are in agreement with other
studies in our group demonstrating that sleep specifically favors the consolidation of an abstract, spatial
representation (see Section 2.2.5.3) of an explicitly learned motor sequence (Albouy et al., 2013a), which
depends on hippocampo-cortical activity (Albouy et al.,, 2015). These neuroimaging findings
demonstrating a link between hippocampal activity during learning and subsequent sleep-dependent
consolidation processes are consistent with numerous behavioral studies that employed variants of
motor tasks susceptible to recruit the hippocampal formation. First, implicit sequence learning was
improved after a night of sleep only when learning was based on the formation of contextual
associations [(Spencer et al., 2006); see Section 2.1.1.2), a process thought to rely on the hippocampus
(Chun and Phelps, 1999). Second, sleep preferentially favored the consolidation of ordinal (i.e., the

position of the elements within the sequence) properties of a motor sequence (Song and Cohen, 2014),

24



King, Hoedlmoser et al.
Sleep and Motor Memory Consolidation

the formation of which involves binding between an event and a spatio-temporal context and also
thought to rely on the hippocampus (Manns et al., 2007). Third, employing explicit MSL paradigms, sleep
has been shown to consolidate relevant information, made pertinent by reward (Fischer and Born, 2009)
or expectancy (Wilhelm et al., 2011), a process that has been proposed to involve the recruitment of the
prefrontal cortex together with the hippocampus (Miller and Cohen, 2001). Last, sleep contributes to the
consolidation of complex (i.e., bimanual vs. unimanual; probabilistic vs. deterministic) motor sequential
skills (Debarnot et al., 2012; Meier and Cock, 2014), the development of which necessitates more
cerebral control resources in prefrontal regions (Chein and Schneider, 2005), which, together with the
hippocampus (Albouy et al., 2013b), code an abstract representation of an explicitly learned sequence.
Altogether, these findings indicate that activity in the hippocampus during initial motor learning is a
prerequisite to trigger subsequent sleep-related consolidation processes.

Recent studies have suggested that the dynamical activation patterns of the hippocampus as well as its
functional connectivity with the striatum were both crucial determinants of subsequent consolidation
processes. In particular, we have shown that a competitive functional interaction exists between the
hippocampus and the striatum during initial implicit and explicit motor sequence learning, whereby
activity in the hippocampus decreases in parallel to an increase in striatal activity and responses in these
two structures are anti-correlated (Albouy et al., 2015, 2012, 2008). Critically, this competitive pattern is
predictive of subsequent gains in explicit motor sequence performance occurring after sleep, but not
after sleep deprivation (Albouy et al., 2013c). In contrast, cooperation between these structures - as
illustrated by parallel increases in activity in both structures as a function of initial learning - does not
seem to support such processes. Such a cooperative pattern has been observed in elderly subjects

(Rieckmann et al., 2010) and young slow learners (Albouy et al.,, 2008), two participant groups that
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demonstrated no benefit of sleep on motor memory consolidation following implicit (Albouy et al., 2008)

and explicit (Fogel et al., 2014) MSL tasks, respectively.

3.1.3.2. Task-related changes in hippocampal activity and connectivity after sleep

There is now increasing evidence that the hippocampus not only conditions subsequent sleep-related
consolidation processes, but also that sleep influences subsequent activity in this structure. Indeed,
implicit and explicit motor sequence task-related increase of hippocampal activity has been shown to
emerge after sleep periods (Albouy et al., 2013c, 2008; Fogel et al., 2014; Lewis et al., 2011; Steele and
Penhune, 2010; Walker et al., 2005) — and more precisely in proportion to time spent in SWS (Cousins et
al., 2016) but not after periods of wakefulness (Albouy et al., 2008; Fogel et al., 2014; Lewis et al., 2011;
Walker et al., 2005) or sleep deprivation (Albouy et al., 2013c). These findings also concur with two
studies using intracranial recordings of hippocampal activity in patients with epilepsy that associated the
hippocampal formation with sleep-dependent processing of explicit (Moroni et al., 2008) and implicit (De
Lucia et al., 2011)® motor sequence learning. Collectively, results suggest that the hippocampus plays an
important role in the retrieval of learned sequences (Ross et al., 2009). Interestingly, it has also been
proposed that sleep participates in the reorganization of the functional connectivity of the hippocampus.
Albouy et al. (2008) showed that the competitive functional interaction observed between the
hippocampus and the striatum during implicit oculomotor sequence learning was transformed into a
cooperative interplay after a night of sleep. In line with these results, sleep-related increase in functional
connectivity was recently observed between the hippocampus and the caudate nucleus for implicitly

learned motor sequences that were reactivated during the post-training night using targeted memory

3 Similar to our discussion of Peigneux et al., 2003 above, results from De Lucia et al., 2011 should be interpreted
with caution as the consolidation of such a traditional version of implicit motor sequence learning is not thought to
depend on sleep and that no waking control group was included in this study.
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reactivation procedures [(Cousins et al., 2016); see also Section 4.2). These findings suggest that not only
hippocampal activity, but also its functional connectivity, is reorganized after sleep and perhaps more
importantly, reinforces the connection between the hippocampal formation and sleep-related motor

sequence memory consolidation processes.

3.1.3.3. Hippocampal activity during post-learning sleep

Reactivation of hippocampal activity during post-learning sleep (i.e., recordings while participants sleep)
has long been described to play a crucial role in the consolidation of hippocampal-dependent declarative
memory (Peigneux et al., 2004; Rasch et al., 2007). Cerebral activity during sleep following hippocampal-
mediated motor learning has never been investigated to our knowledge and such evidence is therefore
lacking. However, based on the extant literature, it is tempting to speculate that the information
developed in hippocampal systems during motor sequence training (i.e., spatial, explicit, ordinal,
contextual information) would be reactivated during sleep through hippocampal activity. It has been
shown in rats that joint reactivations in both hippocampal and striatal ensembles can occur during sleep
(Lansink et al., 2008; Pennartz et al., 2004), and that hippocampal activity can lead ventral striatal replays
during consolidation of place-reward associations (Lansink et al., 2009). Based on this evidence, we
argue that hippocampal replays during sleep may trigger striatal reactivations and facilitate the
consolidation of motor sequence memories in both hippocampo-cortical and striato-cortical networks
[see (Albouy et al., 2013b) for alternative hypotheses]. Critically, this interplay between hippocampo-
and striato-cortical networks overnight may also contribute to the shift from competitive to cooperative
interaction between the two networks discussed in the previous section. Nonetheless, it should be

stressed that this potential explanation is speculative and should be the focus of future research.
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3.1.3.4. Summary: sleep, hippocampus and MSL

The findings reported in this section highlight the crucial contribution of the hippocampus in sleep-
related motor sequence memory consolidation processes. We have proposed that the hippocampus
participates in the learning of motor sequences to perform and that this hippocampal-dependent
information will undergo consolidation during sleep, potentially via reactivation processes. Based on the
literature reviewed above, it could be speculated that task-dependent hippocampal engagement is a
prerequisite for sleep-dependent motor sequence memory consolidation. Thus, a lack of involvement of
the hippocampus for a given task may preclude the emergence of sleep-dependent enhancements in
performance and thus may contribute to the heterogeneous behavioral findings across various motor
tasks (e.g., motor adaptation and continuous tracking) and experimental protocols reported in Section 2.
Indeed, although imaging studies are limited, there is no evidence demonstrating a critical involvement

of the hippocampus in the learning process for motor adaptation or continuous tracking.

3.1.4. Prefrontal cortex

It has been proposed that, together with the hippocampus, the prefrontal cortex codes an abstract
representation of the temporal order of the motor sequence rehearsed during learning (Ashe et al.,
2006). The decrease in prefrontal activity usually observed as performance becomes more automatic
during initial learning has been interpreted as a reduction in the need to consciously regulate and self-
monitor the ongoing movements [see (Albouy et al., 2013b) for a review]. The prefrontal cortex has also
been described as a cornerstone in the interaction between the striatal and hippocampal systems during
motor sequence learning (Albouy et al., 2012) that is known to condition subsequent sleep-related
consolidation (Albouy et al., 2013c).

Specifically regarding consolidation processes, while one group has shown that prefrontal activity during
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explicit motor sequence learning continues to decrease after sleep periods (Fischer et al., 2005), other
studies have shown sleep-related increases in prefrontal activity, paralleling hippocampal activity, after
sleep periods (Albouy et al., 2013c; Steele and Penhune, 2010; Walker et al., 2005)4. We have proposed
that, together with the hippocampus, the prefrontal and parietal cortices participate in the building of
the spatial map of motor sequences during early learning. This map would be consolidated during
subsequent sleep in hippocampo-frontal networks that would in turn be activated again during retest so
that the consolidated spatial map of movements can be optimally transformed into fast and accurate

movements [see also (Albouy et al., 2013b) for additional hypotheses].

3.1.5. Cuneus
In a seminal study, Maquet and collaborators (2000) used PET to record brain activity of participants
during both the practice of an implicit serial reaction time task and the subsequent REM sleep episode.
Results show that, together with the premotor cortex, the cuneus was re-activated during post-learning
REM sleep. Importantly, the same group showed a link between reactivation of the cuneus and the level
of performance reached at the end of training on the motor sequential task (Peigneux et al., 2003),
suggesting that consolidation-related neuronal processes during sleep are modulated by the learning
experience. In the same study, it was also demonstrated that the reactivated cuneus was connected to
the striatum during post-training REM sleep. As mentioned earlier, these results might appear surprising
as the consolidation of traditional version of the implicit SRT such as the one used in these studies is
thought to be sleep-independent (see Section 2.1.1.2). However, a recent study has shown that sleep-
dependent modulation of cerebral activity can be observed even in the absence of behavioral effects

(Urbain et al., 2013). Interestingly, the same study has confirmed that the cuneus is involved in sleep-

4 Albouy et al. (2013c) and Walker et al. (2005) employed explicit motor sequence tasks whereas Steele and
Penhune (2010) used a temporal synchronization tapping task.
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dependent motor memory consolidation processes, as results demonstrated sleep-dependent
modulation of cuneus activity and functional connectivity with the hippocampus after implicit
probabilistic motor sequence learning (Urbain et al.,, 2013). The involvement of the cuneus in sleep-
related motor memory consolidation processes may appear surprising, as it has typically been associated
with visual rather than motor processes. However, it is worth noting that the serial reaction time task
used in this research includes a highly visuospatial component and that the cuneus is particularly
recruited for the processing of spatial attributes (Haxby et al., 1991). Furthermore, and of interest to this
review, parts of the occipital cortex including the cuneus have recently been described to code actions at
a more abstract level than motor areas (Wurm and Lingnau, 2015). Based on this recent evidence and on
the pattern of functional interaction between the cuneus and two crucial nodes of motor memory
consolidation processes (i.e., the striatum and hippocampus), it is tempting to speculate that the cuneus
together with the hippocampus supports the abstract representation of motor sequences but also
interacts with the motoric component in order to optimize the implementation of consolidated

movements.

3.1.6. Premotor cortex, supplementary motor area (SMA) and pre-SMA
Similar to results observed in the cuneus, Maquet and collaborators (2000) showed that the premotor
cortex, which was activated during initial implicit motor sequence learning, was activated again during
the subsequent REM sleep episode after which an improvement in motor performance was observed.
Follow-up studies have shown that the implicit motor sequence learning experiences taking place during
wakefulness modulated not only cerebral activity, but also functional connectivity, of the premotor
cortex during sleep. In particular, it was demonstrated that the reactivated premotor cortex was part of

a network including the left posterior parietal cortex and bilateral pre-supplementary motor areas
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(Laureys et al., 2001). The involvement of the premotor cortex in sleep-dependent motor sequence
memory consolidation has been confirmed in a later study using NIBS. Nitsche and colleagues (2010)
showed that tDCS-induced excitation of the premotor cortex during post-learning REM sleep enhanced
consolidation processes on an implicit serial reaction time task (however, see discussion on implicit SRT
and sleep in Section 3.1.5.). In line with these results, a recent study has shown that implicit MSL-related
activity in the premotor cortex was correlated with REM sleep duration during the post-training night
(Cousins et al., 2016). Another group also showed decreased activity in the premotor cortex during
performance of an explicit MSL task after sleep, interpreted as a reduced need to monitor and control
movements after consolidation (Fischer et al., 2005). Finally, the premotor cortex has recently been
shown to play a role in the sleep-facilitated process of resistance to interference observed over the
course of explicit motor sequence memory consolidation (Albouy et al., 2016). Regarding the role of the
SMA in sleep-dependent consolidation process, a recent MEG study showed increased delta and sigma
fast oscillations over this area during post-explicit MSL sleep as compared to a baseline night (Tamaki et
al., 2013). Importantly, this increase in activity was correlated with between-session changes in
performance (see Section 4.1.2).

Altogether, it appears the premotor cortex together with the SMA and pre-SMA play an important role in
sleep-related motor memory consolidation processes. Interestingly, Hikosaka and colleagues (2002,
1999) proposed that the premotor cortex and the pre-SMA were crucial nodes ensuring the
communication between sensorimotor and associative networks for the implementation of optimal
motor behavior. Specifically, the premotor cortex would ensure, during early learning, the
transformation between the different coordinate frames (i.e., spatial and motor), a process coordinated

by the SMA and the pre-SMA. Based on the experimental evidence described above and the role of the
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premotor cortex during early learning, we argue that the coordinate transformation maps developed in
the premotor cortex during early sequence learning are consolidated by sleep to optimize overnight

motor sequential behavior.

3.1.7. Summary: sleep and the neural correlates of MSL
In conclusion, sleep appears to differently influence brain activity depending on the nature of the
information supported by each particular brain area (see Figure 1). In line with our recent work (Albouy
et al.,, 2015), it appears that abstract representation of motor sequence learning, supported by
hippocampo-cortical networks, requires sleep for optimal consolidation. In contrast, the motoric
representation of motor sequence learning, supported by sensorimotor networks including M1 and
striatum, seems to undergo time-dependent consolidation processes. These observations suggest that
activity in sensorimotor networks does not necessarily trigger sleep-related motor sequence
consolidation processes but does not exclude the possibility that sleep could facilitate consolidation of
the motoric representation through functional interaction with other sleep-dependent cerebral
networks. We suggest that the between-representation transformation maps developed during initial
training in the premotor as well as in the prefrontal cortices undergo sleep-dependent consolidation and
facilitate the interaction between the sensorimotor and abstract representations of motor sequence
learning over sleep intervals in order to optimize motor behavior. This explanation, however, is

speculative and necessitates further investigation.

- INSERT FIGURE 1 HERE -
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3.2. Motor adaptation

Although research is relatively sparse, a few studies have investigated the neural correlates of sleep-
related consolidation following motor adaptation. Utilizing fMRI, Debas et al. (2010) reported no
differences in cerebral activity between an overnight sleep group compared to wake controls, a result
that was in line with the lack of differences observed at the behavioral level. In a subsequent
experiment, participants who were sleep-deprived after an initial adaptation session exhibited increased
activation in cerebello-cortical networks during a 3-day post-test (Albouy et al., 2013d). The authors
argued that the sleep-deprived participants, who exhibited deteriorated performance relative to the end
of initial adaptation, were more dependent on substrates typically involved in earlier learning stages.
This potentially suggests that post-learning sleep facilitated a reorganization of task—dependent activity.
Last, previous research with polysomnographic recordings during post-learning sleep demonstrated that
both slow wave activity and sleep spindles were altered in frontal and parietal cortices [(i.e., task-specific
regions known to be involved in acquiring a novel visuomotor mapping); (Doyon et al., 2009a)] following
the initial learning session (Huber et al., 2004; Landsness et al., 2009; Tamaki et al., 2009, 2008).
Moreover, the increase in slow wave activity in the parietal cortex was significantly correlated with

overnight performance improvements (Huber et al., 2004; Landsness et al., 2009).

3.3. Continuous tracking

To our knowledge, only one study to date has investigated the neural substrates underlying sleep-related
consolidation following a continuous tracking task (Maquet et al., 2003). Results revealed that those
participants who experienced a night of sleep, as compared to sleep deprivation, following initial
learning of a sequential tracking task demonstrated: (a) increased activation in the superior temporal

sulcus; (b) increased connectivity between the dentate nucleus of the cerebellum and the superior
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temporal sulcus; and, (c) increased connectivity between the supplementary and frontal eye fields during
a tracking retest session 3 days later. The authors suggested that post-learning sleep facilitated activity
and connectivity in regions critical for the eye movements necessary to effectively perform the manual
tracking task. Moreover, these results build on top of the findings from the MA and MSL literature

showing sleep-dependent plasticity in task-dependent neural networks.

4. Sleep features involved in motor memory consolidation processes

To describe the sleep features involved in motor memory consolidation processes (see Inset 3 for a
description of sleep assessment methods and sleep architecture), we will first review studies examining
the relationship between motor memory consolidation and sleep characteristics / stages. We will
subsequently review experimental work providing a more causal link between sleep and motor memory
processes, i.e., studies in which sleep and its features are actively manipulated via targeted memory

reactivation, brain stimulation or pharmacological interventions during the post-training night.

- INSERT INSET 3 ABOUT HERE -

4.1. Relationship between sleep features and motor memory consolidation

4.1.1. Motor sequence learning
Similar to Section 3 above, the following section will predominantly collapse across implicit and explicit

motor sequence paradigms (but will note the type of task employed for the purposes of completeness).

4.1.1.1. NREM —stage N2 sleep

Walker and colleagues (2002) were the first to demonstrate a preferential role of N2 sleep in motor

memory consolidation processes using an explicit MSL task. The authors reported a correlation between
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improvements in performance and the percentage of N2 sleep, an effect that was especially prominent
in the last quarter of the night. Several subsequent studies, using explicit sequence tasks, also
demonstrated a similar relationship between consolidation processes and N2 sleep parameters (Bottary
et al., 2016; Korman et al., 2007; Nishida and Walker, 2007; Tucker and Fishbein, 2009). Perhaps most
interestingly, the consolidation of the abstract representation of an explicitly acquired motor sequence
tended to correlate with time spent in stage N2 sleep during the post-training night (Witt et al., 2010). As
reviewed in Sections 2 and 3 above, such an abstract representation of a sequence is thought to be
dependent on a hippocampo-cortical network that appears to be tightly linked to sleep-dependent
consolidation processes (Albouy et al., 2015).

Using a partial sleep deprivation paradigm (see Inset 3 for details), Genzel et al. (2009) deprived
participants of SWS or REM sleep as compared to a night of undisturbed sleep. Neither SWS nor REM
sleep deprivation had an effect on consolidation following an explicit motor sequence learning paradigm.
The authors therefore concluded that motor sequence learning is predominantly dependent on N2 sleep.
Debarnot et al. (2011) reported similar findings, as both short (including at least 10 minutes of N2 sleep)
as well as long nap intervals (including both SWS and REM sleep) resulted in similar improvements on an
explicit motor sequence learning task. These data suggested - albeit indirectly - that N2 sleep facilitates

motor memory consolidation independent of SWS or REM sleep.

4.1.1.2. NREM — stage N3 sleep, SWS (S3 and 54)

Tucker & Fishbein (2009) were the first to suggest a preferential involvement of SWS in motor sequence
memory consolidation processes. They demonstrated that the first 3.5 hours of sleep, which are
dominated by SWS, conferred similar performance enhancement on explicit MSL as when additional

hours of sleep (total of 7.5h) were afforded. In line with these results, Wilhelm and colleagues (2011)
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described an increase in post-training NREM S4 duration when there was expectancy of a retest, a
process that was shown to trigger supplemental overnight gains in performance. Further, an elegant
study by Tamaki et al. (2013) showed that oscillations in the delta (0.5-4Hz) frequency range (as well as
fast-sigma (14Hz), see next section) in the SMA contralateral to the trained hand not only significantly
increased during post-training SWS, but were significantly correlated with post-sleep performance
improvements on an explicit sequence task. The authors suggested that delta oscillations operate to
connect or disconnect distant brain regions in order to ensure global plasticity during the consolidation
process.

Altogether, the majority of the available literature suggests that SWS plays a critical role in explicit motor
sequence memory consolidation processes [but see (Genzel et al., 2009) for negative results]. These
results have largely been confirmed but also extended to implicit MSL with recent targeted memory

reactivation studies that will be described in detail in Section 4.2.

4.1.1.3. NREM - Sleep spindle activity

Sleep spindles, a hallmark of NREM and known to be critical in declarative memory consolidation
processes [for a review, see (Luthi, 2013)], have also received considerable attention in the procedural
memory domain. Correlations between post-learning sleep spindle measures (i.e., density, amplitude,
number, sigma power, see Inset 3 for more information) and motor sequence memory consolidation
were first detailed by Tucker and colleagues (2009). Overnight performance gains were significantly
correlated with the absolute power in both the sleep spindle (sigma, 12-15 Hz) and theta (4-8Hz)
frequency ranges during the first half of a night of sleep. The relationship between spindle activity and
motor memory consolidation also appears to be specific to the learned material. The difference in

spindle density in the learning hemisphere (i.e., contralateral to the hand that performed the motor task)
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and the non-learning hemisphere was correlated with between-session improvements on an explicit
motor sequence task (Nishida and Walker, 2007). Subsequent research has continued to build on top of
these earlier findings by demonstrating not only an influence of sleep spindles on explicit motor
sequence consolidation processes (Albouy et al., 2013a; Barakat et al., 2013, 2011; Fogel et al., 2014;
Wilhelm et al., 2011), but also an influence of motor learning on spindle activity recorded during the
subsequent night (Morin et al., 2008). Specifically, the number and duration of sleep spindles as well as a
sigma and beta (18-20 Hz) power were greater during post-training NREM sleep after explicit motor
sequence learning compared to a control task (Morin et al., 2008).

Recently, there has been increased attention to potentially differentiating the precise roles of fast (13-
15Hz) and slow (11-13Hz) sleep spindles (but see limitations in Inset 3). Barakat and colleagues (2011)
revealed that an increase in fast spindle density was positively correlated with overnight performance.
These findings were replicated in a later study of this group (Barakat et al., 2013); however, significant
correlations between performance improvements and spindle amplitude were revealed for both spindle
types. Interestingly, increases in BOLD signal in the cortico-striatal system (see Section 3 for more details)
were correlated positively with the sleep spindle amplitude for both fast and slow spindles (Barakat et
al., 2013; Fogel et al., 2014), providing a link between sleep spindles and cerebral activity in MSL-relevant
regions. Last, employing simultaneous magnetoencephalography and polysomnography during sleep,
Tamaki et al. (2013) provided evidence that the increase of fast-spindle activity (as well as delta activity,
see previous section) in the SMA during post-training SWS (but not stage N2 sleep) were correlated with
post-sleep performance improvements.

The literature highlighted above suggests a critical role of sleep spindles in motor sequence memory

consolidation. However, it should also be noted that the relationship between sequence learning and
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sleep spindle activity can be modulated by a multitude of factors, including the hormones / phase of
menstrual cycle in females (Genzel et al., 2012a), the expectancy of motor memory retrieval (Wilhelm et

al., 2011) as well as the hand used to perform the task (Cousins et al., 2014; Nishida and Walker, 2007).

4.1.1.4. Stage REM sleep

Maquet and colleagues (2000) were the first to demonstrate a preferential role of REM sleep in (implicit)
motor sequence memory consolidation processes. In this elegant study, the authors showed that certain
cerebral areas that were active during learning were reactivated during subsequent post-learning REM
sleep. Further imaging studies built on top of this seminal research and demonstrated a preferential link
between activity in the premotor cortex and REM sleep during consolidation of implicit motor sequence
memory [(Cousins et al., 2016; Laureys et al., 2001; Maquet et al., 2000; Nitsche et al., 2010); see Section
3 for more details but also Section 2.1.1.2. for additional discussion on the link between sleep and the
consolidation of such implicit motor sequence tasks].

At the behavioral level, offline improvements on an explicit motor sequence task have been related to
post-learning REM sleep duration (Fischer et al., 2002); moreover, this effect appears to be specific to
the circadian phase in which the REM sleep occurs. Cajochen and colleagues (2004) investigated the
circadian modulation of motor sequence learning by the experimental variation of sleep pressure. A
constant routine protocol affording the comparison of high and low sleep pressure conditions (i.e., sleep
deprivation vs. multiple nights to attain sleep satiation, respectively) was employed. The relationship
between REM sleep duration and overnap MSL performance improvements was only found when the
nap occurred between 10:00 and -16h:00 (Cajochen et al., 2004). It was concluded that REM sleep only
in certain circadian phases contributed to motor memory consolidation (see Section 2.1.1.2. for

additional discussion on the link between sleep and the consolidation of implicit motor sequence
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learning). Last, but inconsistent with evidence that the abstract representation of a motor sequence is
preferentially linked to NREM sleep [(Albouy et al., 2015, 2013a; Witt et al., 2010); see Section 2],
overnight performance improvements on the spatial representation of an implicitly learned motor
sequence were positively correlated with the total percentage of REM sleep (Cohen et al., 2005).

In contrast, a series of studies have shown that REM sleep does not play a critical role in motor sequence
memory consolidation processes. Korman and colleagues (2007) showed that subjects who failed to
reach REM sleep during a post-training nap still showed significant delayed performance gains on an
explicit MSL task. In this vein, Tucker and Fishbein (2009) found that the second part of the night, which
is dominated by REM sleep, did not support any additional improvements. Further, and as reported
above, partial REM sleep deprivation had no effect on explicit motor sequence consolidation (Genzel et
al., 2009).

Altogether, the literature is inconclusive with respect to the involvement of REM sleep in motor
sequence memory consolidation. Interestingly, the majority of studies showing a relationship between
REM sleep and memory consolidation employed an implicit sequence learning task, whereas those
exhibiting a relationship between NREM sleep and behavior used predominantly explicit tasks. We are
hesitant to put too much emphasis on this observation, as this dissociation has never been explicitly
tested. Furthermore, there are numerous instances when no relationships between sleep features and
consolidation have been found [e.g., (Albouy et al., 2016; Backhaus et al., 2016; Fischer et al., 2002; Holz
et al., 2012; Nettersheim et al., 2015)] and there is evidence based on targeted memory reactivation
studies (Section 4.2.1 below) showing a link between implicit learning and SWS. Nonetheless, it is
possible that REM sleep may be more critical for implicit motor sequence learning due to the nature of

the task. According to Smith and colleagues (Peters et al., 2007; Smith et al., 2004), REM sleep is more
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important for more complex tasks. Given that implicit task versions are often more complex than explicit
versions in order to prevent awareness of the repeating sequence [e.g., use of a probabilistic rule (see
Section 2.2.5.5)], perhaps REM sleep is more vital for these paradigms. This explanation, however, is

certainly speculative.

4.1.2. Motor adaptation

In comparison to motor sequence learning, studies investigating the involvement of specific post-
learning sleep features in the consolidation of motor adaptation tasks are limited. Huber and colleagues
(2004) reported a correlation between local slow wave (1-4Hz) activity in the right parietal lobe (a task-
relevant region) during NREM sleep and performance improvements on a visuomotor adaptation task. In
addition, there is also evidence indicating that adaptation learning influences characteristics of
subsequent sleep. As compared to control conditions, adaptation paradigms have resulted in increased
slow wave activity in task-relevant regions (Huber et al., 2004), larger fast sleep spindle amplitude
(Tamaki et al., 2009) as well as increased REM density (Fogel et al., 2007).

In summary, there is limited but existing evidence that both REM and NREM sleep play a role in motor
adaptation consolidation processes. However, it is important to note that these sleep features have also
been shown to have a deleterious effect on consolidation processes. Indeed, employing a gross motor
adaptation task (i.e., learning to ride an inverted steering bicycle), HoedImoser et al. (2015) revealed that
sleep spindle activity and time spent in REM sleep during a post-training nap were negatively correlated
with changes in performance. It is worth noting that in this study a midday nap actually hindered
performance at retest, a result that was interpreted as sleep serving to protect the more ecologically
valid motor memory of riding a normal bicycle (see Section 2). This negative influence of sleep is

inconsistent with previous studies that employed fine motor adaptation tasks [e.g., (Albouy et al., 2013d;
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Backhaus and Junghanns, 2006; Huber et al., 2004; Javadi et al., 2011; Mantua et al., 2015; Schénauer et

al., 2015; Seeck-Hirschner et al., 2010)].

4.1.3. Continuous tracking
In one of the first sleep and motor learning studies, Smith and McNeill (1994) used a variation of four
sleep manipulations in comparison to a control night to investigate the impact of different sleep stages
on the consolidation of a pursuit rotor task. Results collectively suggested that stage N2 — but not REM -
sleep was important for consolidation of pursuit rotor learning. A subsequent study expanded on this
finding and revealed that N2 sleep spindle density during the night immediately after initial learning was
correlated with performance improvements observed one week later (Fogel and Smith, 2006). In line
with these results, it has also been shown that learning a continuous tracking task resulted in increased
stage N2 sleep, sleep spindle density and duration as well as slow sleep spindle power (Fogel et al., 2007,
Fogel and Smith, 2006). Interestingly, the influence of learning on subsequent sleep architecture appears
to be dependent on skill levels obtained during the initial training period (Peters et al., 2008).
Participants who obtained high levels of skill demonstrated a significant increase in subsequent N2
spindle density; and, spindle density was significantly correlated with performance one week later. In
contrast, there was a significant correlation between changes in REM density and performance on the
pursuit rotor task during retest one week later in low-skill participants, although the actual increase in
REM density failed to reach significance in this group. This finding may also be related to the beneficial
effects of REM sleep for the consolidation of more complex tasks discussed in Section 4.1.1.4 above

(Peters et al., 2007; Smith et al., 2004).

4.1.4. Additional tasks

As described in Section 2.1.4, a subset of studies has examined the effects of sleep features on less
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commonly employed motor tasks. In a three-ball cascade juggling task, performance was shown to
improve after a post-training nap and SWS duration was greater after learning compared to a baseline
nap (Morita et al., 2012). In addition to these macroscopic changes in sleep architecture, slow oscillation,
delta, sigma and slow sigma (12-14Hz) power significantly increased during post-training NREM sleep.
These EEG power changes were especially dominant during slow wave, but not stage N2, sleep (Morita
et al., 2012). Conversely, REM sleep duration was found to increase over a 13-week training on a new
and complex trampoline pattern, but not after dancing or soccer (Buchegger et al., 1991). Last, sleep
spindle number and sigma power were shown to significantly predict performance on the ball-and-cup
task following a nap, but only for those individuals who habitually take naps (Milner et al., 2006). These
results indicate a link between sleep features and motor memory consolidation, but there are too few

studies to draw any major conclusions.

4.1.5. Summary: correlation between sleep features and motor memory consolidation

Taken together and with respect to motor sequence learning in particular, NREM sleep, including N2,
SWS and sleep spindles, have been shown to be involved in memory consolidation processes. The
picture, however, is less clear for REM sleep. It is important to acknowledge that several studies did
report statistically non-significant correlations between specific sleep parameters and motor memory
consolidation [e.g., (Albouy et al., 2016; Backhaus et al., 2016; Fischer et al., 2002; Holz et al., 2012;
Nettersheim et al., 2015)]. Moreover, there are likely many additional publications that did not report
results from correlational analyses if nothing was revealed to be significant; thus, results from this type
of approach should be interpreted with caution.

The correlational results highlighted above present somewhat of a blurry picture, as various sleep stages

and features have been shown to be related to motor memory consolidation processes. Rather than
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viewing these heterogeneous findings as simply conflicting, it is possible that they represent a complex,
multi-stage, sequential memory consolidation process that proceeds over the various sleep stages [e.g.,
(Sara, 2017; Sonni and Spencer, 2015; Stickgold et al., 2000)]. Specifically, optimal motor memory
consolidation may depend on sequential processing that occurs over NREM-REM (or even stage N2 and
SWS within NREM) cycles, rather than on one distinct sleep stage or feature. Such a sequential
hypothesis has received more attention in the declarative memory domain [e.g., (Sara, 2017; Sonni and
Spencer, 2015)] and additional research is certainly necessary in the context of motor memory

consolidation.

4.2. Active manipulation of post-learning sleep

Although many studies have found robust correlations between behavior and certain sleep features
(especially for motor sequence learning, see Section 4.1), the causal relationship between sleep and
motor memory consolidation still remains an open question. To address this knowledge gap, researchers
have aimed to actively manipulate and modulate sleep features (e.g., sleep architecture, slow
oscillations, sleep spindle activity) in order to investigate the causal impact of such modulations on
consolidation, as reflected by post-sleep performance. Currently, there are three primary approaches
reported in the literature to investigate memory consolidation mechanisms by actively modulating post-
learning sleep: (a) olfactory or auditory targeted memory reactivation (TMR), (b) transcranial electrical
stimulation (TES), and (c) administration of pharmacological drugs. We will address the effect of each of
these manipulations in the subsequent sections. Consistent with the majority of sleep and motor

memory literature, the majority of these studies have employed motor sequence learning paradigms.

4.2.1. Targeted memory reactivation

A classic way to evoke reactivation of learned material is to link it to specific stimuli during acquisition
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(i.e., conditioning experimental designs). Afterwards, the presentation of the stimuli alone presumably
triggers the processing of the associated memory (i.e., triggering a “replay” of the respective neuronal
activation patterns). This process, referred to as TMR, can be triggered during post-learning wakefulness
as well as sleep [for review, see (Oudiette and Paller, 2013)]. Olfactory or auditory associated stimuli are
most commonly used because they can be presented without disrupting ongoing sleep (Carskadon and
Herz, 2004). Moreover, odor in particular seems to be a promising stimulus to modulate hippocampus-
dependent memories, as primary olfactory processing areas directly project to higher-order regions like
the hippocampus while circumventing the thalamus (Carlson, 2004). TMR during sleep has previously
and extensively been shown to enhance declarative memory (Diekelmann et al., 2011; Guerrien et al.,
1989; Rasch et al., 2007; Rihm et al., 2014; Rudoy et al., 2009; Schreiner and Rasch, 2015; Sterpenich et
al., 2014; van Dongen et al., 2012). It was only in 2007 that TMR approaches were utilized to investigate
motor memory consolidation mechanisms, and with motor sequence learning paradigms specifically.
Rasch et al. (2007) presented specific odors during explicit motor sequence learning and re-exposed the
subjects to the olfactory cue during either SWS or REM sleep. Neither condition elicited a benefit in
motor performance during retest (but see the limitations imposed by such multi-task design in Inset 4).
Given the robust relationship between N2 sleep and motor sequence memory consolidation (see Section
4.1.1.3), Laventure et al. (2016) recently investigated the contributing role of N2 sleep - with a specific
interest in sleep spindles - on explicit motor sequence learning with a similar olfactory TMR protocol.
Results showed that performance at retest was better in the N2 sleep cued group as compared to the
REM sleep cued group and as compared to controls (not conditioned). Moreover, N2 cueing led to an
increase of parietal sleep spindle frequency, amplitude as well as duration. Taken together, these results

provide evidence that olfactory TMR during N2 (Laventure et al., 2016), but not SWS or REM sleep (Rasch
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et al., 2007), effectively influences the microstructure of sleep - and sleep spindles in particular - and
thereby enhances subsequent sequential motor performance.

In the same vein but employing an acoustic TMR paradigm, Antony and colleagues (2012) sought to
boost the ability to produce a sequence of finger movements associated to a melody that was
subsequently replayed (i.e., “cued”) during post-training SWS. The results indeed showed that
performance was better at retest for motor sequences that were cued, compared to those that were
non-cued, during subsequent sleep. Using a similar design, Cousins et al. (2014) showed that not only
motor performance, but also the explicit knowledge of the otherwise implicitly learned sequence, at
retest was better for motor sequences associated to the melody that was cued during the post-training
SWS. Moreover, the number of recalled items was correlated with slow oscillation power. Although the
presentation of the tones did not seem to actively increase power during SWS, together with lateralized
fast spindle density at central electrodes, SWS power might be predictive for the effectiveness of
acoustic cueing. Schonauer et al. (2014) built on top of these findings and found that, while TMR during
sleep reduced the duration of SWS (but not total sleep time), it improved later motor performance.
Additionally, 3 hours of sleep with reactivation was as beneficial as a whole night’s sleep without
auditory cues. The authors concluded that the availability of sufficient reactivation during sleep (i.e., via
cueing or longer periods of sleep) is important for motor memory consolidation. Finally, a very recent
study by Cousins et al. (2016) showed that acoustic TMR during post-training SWS not only enhanced
implicit motor sequence performance, but also modulated brain activity and connectivity in
consolidation-relevant networks during retest (see Section 3 for more details).

In summary, TMR studies have not only suggested a preferential role of NREM sleep in motor sequence

memory consolidation processes, but also offer the unique evidence for a causal relationship between a
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certain sleep feature or stage and motor memory consolidation. Furthermore, earlier research has
demonstrated that sensory processing and cortical responses to external stimuli during NREM sleep are
strongly influenced by the phase of slow oscillation at which stimuli were delivered. Specifically, the
brain is more responsive during the positive slope of the slow oscillation, whereas lower sensory
processing was revealed during a spindle and the descending phase of the slow oscillation (Bergmann et
al., 2012; Massimini et al., 2003; Schabus et al., 2012). Therefore, future TMR research should focus on
this specific time window (positive ongoing phase of slow oscillation) for the stimulation to offer the
greatest boost to memory consolidation processes (Oudiette et al., 2013). Note that our literature search
did not highlight any TMR studies using motor adaptation or continuous tracking and that future

research should focus on these tasks.

4.2.2. Transcranial electrical stimulation

An alternative approach to investigate the causal relationship between sleep and motor memory
consolidation and to “boost” motor skill learning is the utilization of NIBS techniques. Transcranial
electrical stimulation (TES) is one of these techniques (Nitsche and Paulus, 2011) and allows the
modulation of brain activity by inducing a low current into the brain via two electrodes (anode and
cathode) placed on the scalp. Three main TES techniques - based on the nature of the current
administered - are commonly used (Herrmann et al., 2013): (a) transcranial direct current stimulation
(tDCS, constant current), (b) transcranial alternating current stimulation (tACS, alternating currents at a
certain frequency), and (c) oscillatory tDCS (otDCS, combination of alternating and direct currents).
Critically for the purposes of this review, these approaches can be applied during sleep in order to
influence cortical excitability in distinct sleep stages.

Marshall and colleagues (2004) were the first to apply frontal anodal tDCS during sleep to boost
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endogenous slow oscillation activity and thereby attempt to enhance sleep-associated memory
consolidation. Subjects were trained on both a declarative (word pair association) and a motor task
(mirror tracing) and stimulation commenced when subjects reached SWS. tDCS positively affected
declarative performance compared to a sham stimulation as well as a wake control group. Interestingly,
mirror tracing performance was not affected after tDCS. In subsequent follow-up studies with altered
stimulation paradigms (tACS and otDCS), stimulation of the frontal cortex during sleep offered no offline
benefits following mirror tracing or explicit motor sequence tasks (Antonenko et al., 2013; Marshall et
al., 2011, 2006). In summary, whereas the enhancement of slow wave activity by frontal TES appears to
enhance declarative memory consolidation, the influence on motor memory is limited.

In contrast, there is evidence that TES during sleep can offer some benefits if applied in a more selective
manner. For example, Nitsche et al. (2010) applied anodal (i.e., excitatory) tDCS over the premotor
cortex during the second REM sleep phase after subjects practiced an implicit serial reaction time task.
Recall of the learned sequences was significantly improved after anodal - as compared to sham - tDCS
immediately after the stimulation but not after a whole night of sleep. Besides highlighting the
importance of stimulating task-relevant regions, these results favor the relevance of REM sleep, as
anodal tDCS resulted in increased REM density, which in turn showed a trend for a positive correlation
with memory consolidation (but see Section 2.1.1.2. for some considerations on sleep-dependent
consolidation of implicit motor sequence learning). Second, Lustenberger et al. (2016) effectively
boosted motor memory consolidation by employing fronto-central TES during sleep with a novel
feedback-controlled, and thus individually-adjusted, stimulation protocol. Specifically, an EEG-feedback-
controlled approach that employed 12Hz-tACS and selectively targeted sleep spindles in real time was

employed. This stimulation protocol - as compared to a sham condition - boosted subsequent fast sleep
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spindle activity (without modulating other sleep rhythms or sleep architecture) and enhanced sleep-
dependent consolidation of an explicit motor sequence task. This elegant study not only provides
evidence for a causal role of fast sleep spindles in motor memory consolidation, but also suggests that
the modulation of brain oscillations during NREM sleep with TES is a promising approach to boost sleep-
associated motor memory consolidation.

Note that TES during sleep over the frontal cortex does not appear to enhance consolidation processes
for motor adaptation tasks such as mirror tracing (Marshall et al., 2011, 2006, 2004), a result may be
attributed to the fact that adaptation is dependent on different neural substrates and thus the
stimulation may not have been suited for the particular task. Our literature search did not reveal any TES

studies using tracking tasks and future research should address this knowledge gap.

4.2.3. Pharmacological drug administration
In order to investigate REM-related reactivation and consolidation mechanisms of explicit motor
sequence learning and motor adaptation (i.e., mirror tracing), Rasch et al. (2009) administered two
antidepressant drugs known for suppressing REM sleep (i.e., fluvoxamine and reboxetine) in healthy
subjects. As expected, both substances, in comparison to a placebo condition, reduced the amount of
time spent in REM sleep, increased the amount of time spent awake and in stage N1 sleep, but exerted
no influence on SWS. Moreover, reboxetine increased the amount of time spent in stage N2 sleep, as
well as sleep spindle number and the density of fast spindles. While mirror tracing performance
remained unchanged after drug administration, performance on the MSL task was enhanced.
Interestingly, the difference in MSL improvements in accuracy between active treatment and placebo
conditions was positively correlated with the change in fast sleep spindle number and density. These

results not only support the numerous reports of the positive relationships between spindle activity and
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overnight gains in sequence learning, but also suggest that REM sleep does not seem to facilitate
consolidation of motor sequence learning (see also Section 4.1). Nevertheless, the results of studies
using pharmacological methods to manipulate sleep-related memory consolidation have to be
interpreted with caution as (a) pharmacological REM sleep suppression might not be equal to natural
one, (b) the location of action of the administered substances cannot be determined exactly and (c)
pharmacological drugs are active throughout the whole sleep period and thus not necessarily specific to

a sleep stage or feature.

4.2.4. Summary: active manipulation of sleep and motor memory consolidation
Taken together, results from research approaches which directly manipulate sleep stages and features
converge on the notion that NREM sleep, including stage N2 sleep and sleep spindles, play a critical role
in the motor sequence memory consolidation processes. Moreover, these approaches have been shown
to be powerful tools that can enhance motor (sequence) memory consolidation processes at both the
behavioral and neural levels. The development of tools to optimize motor behavior certainly offers
important applicative value, as similar investigations may be employed to offset age- or pathology-
related declines in motor performance. But, critically, the results highlighted in this section are
remarkably consistent with the literature reviewed in Section 4.1, in which NREM sleep was shown to be

correlated with motor sequence memory consolidation processes at the behavioral level.

4.3. Summary: sleep features involved in motor memory consolidation

The studies reviewed above converge toward the notion that NREM sleep - and sleep spindles and slow-
waves in particular - is critically involved in memory consolidation processes, and motor sequence

memory consolidation in particular. In this section, we will attempt to merge the findings reviewed in
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Section 4 on sleep features with the behavioral and neural processes supporting motor memory
consolidation processes presented earlier and provide potential cellular mechanisms supporting these
processes when applicable. Based on the evidence that sleep spindles are (1) time-locked with
hippocampal activity in humans (Andrade et al., 2011; Schabus et al., 2007) as well as hippocampal
replay (Fogel and Smith, 2011; Siapas and Wilson, 1998) and hippocampal local field potential features
called “sharp wave ripples” (Kudrimoti et al., 1999) in animals; and (2) associated with increased activity
within (Clemens et al., 2011; Schabus et al., 2007) as well as functional connectivity between (Andrade et
al., 2011) the hippocampus and the prefrontal cortex, it is tempting to speculate that spindle activity
supports the consolidation of hippocampal-cortical-mediated motor memory traces. Specifically, the
temporal synchronization of hippocampal ripples and cortical spindles is believed to facilitate the
transfer of encoded sequential information from the hippocampus to the neocortex (Born et al., 2006).
In line with these observations, it has been demonstrated at the cellular level that sleep spindles provoke
a massive Ca”" influx into cortical pyramidal neurons and might therefore “open the door for subsequent
long-term changes in cortical networks” (Sejnowski and Destexhe, 2000, p. 220). Similarly, it was shown
that the exact pattern of spindle-associated spike discharges can reliably induce long-term potentiation
in neocortical neurons in vitro (Rosanova and Ulrich, 2005).

The link between sleep spindles and hippocampal-cortical mediated motor memory traces is consistent
with the observation that spindles are involved in the consolidation of abstract, hippocampal-dependent
representation of motor sequences (Albouy et al., 2015, 2013a). We propose that the spatial maps of
motor actions - and motor sequences specifically - encoded in hippocampo-cortical networks during
learning are strengthened during spindle events. It has been previously suggested that hippocampal

replay during the night could indirectly trigger the reinforcement of striatal-mediated motor memory
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traces through cooperative interaction between these two memory systems over the night (Albouy et al.,
2013b). This notion is also consistent with studies linking sleep spindles to striatal activity (Barakat et al.,
2013; Caporro et al., 2012; Fogel et al., 2014; Tyvaert et al., 2008). We thus propose that sleep spindles
may be involved in localized plasticity processes (Tamaki et al., 2013) beneficial for the consolidation of
abstract hippocampo-cortical representations of learning, which in turn can trigger consolidation of
motoric striato-cortical representations. In contrast and based on the suggestion that slow oscillations
support longer range global plasticity processes (Tamaki et al.,, 2013), we argue that slow waves
travelling from the frontal cortex to more posterior areas (Massimini et al., 2004; Murphy et al., 2009;
Riedner et al., 2011), including the hippocampus (Nir et al., 2011), facilitate the interaction between the
sensorimotor and abstract representations of learning (see Figure 1). Altogether, these processes of local
and longer-range plasticity would ensure consolidation within and between the specific components of
motor learning and forecast optimized motor behavior overnight. This explanation, however, remains
hypothetical and certainly deserves more attention in future research.

The picture is far less clear for the physiological processes during REM sleep, which might be important
for motor memory consolidation. Based on animal studies by Datta and Patterson (2003) linking REM
sleep and synaptic plasticity in rats, Smith and colleagues (2004) proposed that REM sleep duration (i.e.,
minutes spent in REM sleep) and density (i.e., number of rapid eye movements per REM period) are
linked to consolidation processes occurring within the cortico-cerebellar motor system, as REM sleep
deprivation leads to cellular changes within the cerebellum (i.e., reductions of brain-derived
neurotrophic factor and intra-cellular calcium, which are known to be relevant for synaptic plasticity).
Given that the consolidation following motor sequence learning is heavily dependent on the cortico-

hippocampal and cortico-striatal — and less so on the cortico-cerebellar — system [e.g., (Albouy et al.,
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2013b; Doyon et al., 2009a)], this may also help explain why REM sleep does not appear to be critical for

this specific process.

5. Conclusions and future directions

Although some important methodological issues - that need to be considered in future research (see
Inset 4) - could, at least partially, explain why the sleep and motor memory picture has been a bit blurry
over the last years; we believe that the diversity of results reported in the present paper reflects the
multifaceted nature of the sleep-related motor memory consolidation process. The ensemble of studies
reviewed here indeed indicates that the positive influence of post-motor learning sleep on memory
consolidation is not universally observed. Rather, the effects appear to depend on specific factors,
including the characteristics of the motor task, the nature of the learned information, the cerebral areas
recruited during learning, as well as the features of post-learning sleep. This view is in line with the
“consolidation complexity hypothesis” recently contested (at least with respect to explicit motor
sequence learning paradigms) by Rickard and Pan (2017) in response to Adi-Japha and Karni (2016). It is
important to note that it is difficult to draw too many comparisons between the results in Rickard and
Pan (2017) and our review due to differences in approaches employed (i.e., quantitative meta-analysis
vs. qualitative review) as well as the scopes of the two papers (i.e., emphasis on explicit sequence
learning only vs. multiple motor tasks and task variants, strictly behavioral results vs. relationships
among behavior, neural correlates and specific sleep features). Nonetheless, our exhaustive and
qualitative literature review identified that sleep tends to offer benefits following explicit sequence
learning, specific variants of implicit sequence learning tasks and mirror tracing visuomotor adaptation.

Sleep appears to enhance motor sequence consolidation when the task is more dependent on cortico-
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hippocampal networks; for example when explicit, spatial, abstract, or more complex information is
learned. Conversely, the role of sleep in the consolidation of non-hippocampal-mediated tasks remains
less clear. Last, NREM sleep, including sleep spindles and slow waves more particularly, appears to be
critically involved in sleep-dependent motor sequence memory consolidation processes. Importantly,
these specific sleep features can be manipulated during post-learning sleep to optimize motor sequence
memory consolidation processes.

Although research over the last 20 years has produced incredible insight into the role of sleep in motor
memory consolidation, several critical knowledge gaps remain to be addressed. For example, and as
reviewed above, the vast majority of literature to date has examined the influence of sleep on the
consolidation following motor sequence learning tasks. Comparatively less is known about sleep’s role
following other motor learning paradigms, including motor adaptation, continuous tracking or more
gross complex and ecological motor tasks, including elite athletic performance [e.g., (Yarrow et al.,,
2009)]. No study, to our knowledge, has decomposed these tasks in an effort to determine if sleep
selectively benefits specific task features. Based on the multifaceted nature of the sleep-related motor
memory consolidation process highlighted in this review, we argue that such an effort will help explain
discrepant results in the literature. Second, investigations into sleep-dependent consolidation processes
across the lifespan (i.e., in children, adolescents and older adults) are of interest due to the robust age-
related changes in both motor memory consolidation [e.g., (Adi-Japha et al., 2014; Ashtamker and Karni,
2013; Brown et al., 2009; King et al., 2013; Nemeth and Janacsek, 2010; Roig et al., 2014)] as well as
sleep duration and architecture [e.g., (Landolt and Borbely, 2001; Marcus et al., 1992; McClain et al.,
2016; Montgomery-Downs et al., 2006; Ohayon et al., 2004)]. Although considerable progress has been

made in this research area [e.g., (Bottary et al., 2016; Desrochers et al., 2016; Fogel et al., 2014; King et
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al., 2016; Sonni and Spencer, 2015; Wilhelm et al., 2013, 2012)], additional research is still necessary to
further elucidate lifespan changes in the role of sleep on motor memory consolidation. Third, there has
been increased interest recently in memory consolidation processes following the reactivation or
retrieval of a previously acquired motor memory trace, a process often referred to as reconsolidation
(Censor et al., 2016, 2014; Dayan et al., 2016; de Beukelaar et al., 2016, 2014; Hardwicke et al., 2016;
Sandrini et al., 2015; Wymbs et al., 2016). The role of post-reactivation sleep on reconsolidation is still
poorly understood and necessitates further investigation, as such reactivations are common when
learning a motor skill over multiple days / training sessions. Fourth, future research should attempt to
clarify the precise roles of specific sleep features in motor memory consolidation. Based on the literature
reviewed above, NREM sleep - with sleep spindles and slow waves in particular - appears to play a critical
role in memory consolidation processes, particularly following motor sequence learning but also motor
adaptation (Huber et al., 2004) and less commonly employed tasks such as juggling (Morita et al., 2016,
2012). However, whether these sleep features are supporting the consolidation of specific task
components, how these features potentially interact to influence consolidation processes, and the
relationship between these features and relevant neural networks (i.e., cortico-striatal and cortico-
hippocampal) are all open questions. Finally, we believe that the identification of the specific
neurophysiological pre-requisites for sleep-related motor memory consolidation processes will open
new and exciting avenues in the field of memory optimization. Modulating these neurophysiological
processes [e.g., with brain stimulation, see (Lustenberger et al., 2016)] is an innovative way to optimize
the motor memory consolidation process and has high applicative value for populations showing deficits
in consolidation processes (e.g., elderly), but also in the context of neurorehabilitation (e.g., after

stroke).
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- INSERT INSET 4 HERE -
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Insets

Inset 1: Motor learning tasks

The effect of sleep on motor learning has been investigated using a multitude of motor tasks involving
different requirements and constraints on the motor system, different effectors as well as different
movement amplitudes and levels of complexity. In this inset, we review and classify the three dominant
motor tasks (Figure 11) used in research investigating the influence of sleep on motor memory
consolidation. Previous research has employed additional tasks that fall outside of these primary
paradigms, but these are discussed in the corresponding sections on a case-by-case basis.

Motor sequence learning (MSL) represents the incremental acquisition of sequential movements into a
well-articulated behavior (Karni et al., 1995; Nissen and Bullemer, 1987). The most frequently used fine
MSL task involves unilateral sequential finger movements according to a short (5 to 8 elements in
general) and explicitly known sequence provided to the participant prior to practice. The finger
movements may be in opposition to the thumb [e.g., (Fischer et al., 2005; Karni et al., 1998)] or tapping
on a keyboard [see Figure I1A where subject tap buttons of a response box in a fixed sequential order;
e.g., (Albouy et al.,, 2013a; Walker et al.,, 2003)]. Note that, even if less frequent, bimanual [e.g.,
(Kuriyama et al., 2004)], imagination [e.g., (Debarnot et al., 2012)] and observation [e.g., (Van Der Werf
et al., 2009)] versions of the tasks can be found in the sleep and memory literature. The learning of
sequential finger movements has also been extensively investigated using the Serial Reaction Time Task
[e.g., (Robertson et al., 2004b; Song et al., 2007)] that requires the participants to type a unimanual or
bimanual sequence of finger movements according to a pattern displayed on the screen (i.e., visually
cued as opposed to self-initiated). The pattern to reproduce can be of different nature (e.g., sequential
or random), follow different rules [deterministic, see (Robertson et al., 2004b) or probabilistic, see (Song
et al., 2007)] and be accessible or not to awareness [explicit or implicit, see (Robertson et al., 2004b)].
Similarly, the learning of sequential ocular movements has been investigated with the Serial Ocular
Reaction Time Task [e.g., (Albouy et al., 2008, 2006)]. Although the majority of MSL studies involves
finger movements, the effect of sleep on more gross sequence learning has been investigated using
simple unilateral or bilateral arm movements in an unconstrained manner [e.g., (Gudberg et al., 2015)]
or with constraints applied to the plane of movement [e.g., (Kempler and Richmond, 2012; Malangré et
al., 2014)]. Generally, the instructions provided to the participants for all task variants are to move as
fast and as accurately as possible.

Motor performance for sequence tasks is most often assessed in terms of speed (e.g., time to perform
the task) and accuracy (e.g., number of correct sequences) but can also be measured with combined
speed-accuracy scores [e.g., (Dan et al., 2015; King et al.,, 2016; Rumpf et al., 2017)]. Changes in
performance between the end of the initial training session and the beginning of the subsequent retest
session (taking place after sleep or wakefulness, for example) are often taken as indicators of
consolidation processes. It is to note that the magnitude of these offline (i.e., inter-session) changes in
performance must be interpreted carefully as it can be confounded by several factors, including an
increase in fatigue as a result of training or the specific computation employed to assess offline change
[e.g., number of blocks/trials included; see (Adi-Japha and Karni, 2016; Pan and Rickard, 2015; Rickard
and Pan, 2017)].

Motor adaptation (MA) represents the capacity to modify motor behavior in response to changes in the
environment or organism [e.g., (Cunningham and Welch, 1994; Shadmehr and Mussa-lvaldi, 1994)]. The
majority of MA paradigms consist of reaching tasks involving unilateral movements of the upper limb

56



King, Hoedlmoser et al.
Sleep and Motor Memory Consolidation

(i.e., the hand, wrist and/or arm) with various end effectors, including, for example, a computer mouse
(Albouy et al., 2013d), joystick (Debas et al., 2010) or robotic manipulandum (Donchin et al., 2002).
These changes are applied in laboratory settings in a dynamic or kinematic (shown in Figure 11B) manner
in order to perturb the actual (e.g., application of an external force) or perceived movements (e.g.,
application of a visuomotor rotation), respectively (Robertson et al., 2004a). For example, mirror tracing,
a commonly employed version of kinematic motor adaptation, requires participants to execute
movements (e.g., tracing a star-shaped pattern with a pen) with only inverted visual feedback of
workspace and task performance available through a mirror. In all adaptation task versions, the
participants need to compensate for these actual or perceived changes in order to complete the initially
intended reaching movement. Participants are instructed to be as accurate as possible while completing
the movement within specified temporal or speed constraints. Although less common, the influence of
sleep on grosser kinematic MA paradigms has been examined by asking participants to ride a bicycle with
an inverted steering wheel (Hoedlmoser et al., 2015).

Performance on MA tasks is generally assessed in terms of speed (e.g., time to reach the
target/complete the task) or accuracy (e.g., directional error at peak velocity, number of deviations from
desired trajectory, root mean squared error (RMSE)) but can also be measured with combined speed-
accuracy scores [e.g., (Debas et al.,, 2010)]. MA memory consolidation processes have typically been
assessed by savings in performance, represented by the change in performance between the first trials
of delayed testing relative to initial training [e.g., (Albouy et al., 2013d; Donchin et al., 2002)]. Similar to
MSL, the influence of sleep on offline changes in performance between the end of training and start of
retest has also been investigated in MA [e.g., (Albouy et al., 2013d; Huber et al., 2004)].

Continuous tracking (CT) tasks include motor learning tasks in which participants continuously track a
moving visual stimulus with an end effector [e.g., pursuit rotor task, see (Fogel and Smith, 2006)]. The
moving stimulus typically follows a predictable, but sometimes complex, pattern [(Maquet et al., 2003);
Figure 11C] and participants are instructed to track the stimulus as accurately as possible.

Performance is generally assessed in terms of accuracy (e.g., time on target, RMSE) and consolidation
processes are most frequently measured via changes in performance between the training and retest
sessions [e.g., (Rieth et al., 2010; Smith and MacNeill, 1994)].

- INSERT FIGURE 11 HERE -
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Inset 2: Experimental designs

A variety of experimental designs have been employed to examine the effect of sleep on motor memory
consolidation [Figure 12; also see (Pan and Rickard, 2015)]. Critically, in each of these designs,
participants complete an initial learning session of a motor skill and at least one retest following a
retention interval that includes diurnal or nocturnal sleep (as compared to waking control groups). First,
in an evening/morning design, also called PM/AM design [e.g., (Walker et al., 2002); Figure 12A],
participants learn a motor task either in the morning or the evening and then are retested following an
interval of 12 hours. Thus, learning is followed by 12h of wakefulness or 12h including a night of sleep.
The advantage of this design is that the sleep vs. wake comparison includes a full night of sleep without
disrupting participants’ regular sleep schedules. However, it has the obvious disadvantage that the two
experimental groups complete both the initial learning as well as the subsequent retests at different
times of the day; thus, circadian variations may present a confound. Second, a Nap/No Nap
experimental design [e.g., (Korman et al., 2007); Figure 12B] requires participants to complete both
initial training and at least the first retest in the same day; the retention interval then includes
wakefulness or both diurnal sleep and wakefulness. Critically, in this paradigm, the two experimental
groups do not differ with respect to the times of day of the training and retest sessions and these
sessions are separated by less than 4h in the early afternoon, which thus prevents the potential
between- and within-group circadian influences, respectively. The drawback, however, is that the
intervening sleep episode consists of only diurnal sleep; thus, sleep duration is obviously shorter,
participants may have difficulties falling asleep and later sleep stages such as slow wave or REM sleep
are less likely to be reached. Third, in sleep deprivation protocols, participants must remain awake
either for the full night following initial learning of a motor skill [total sleep deprivation, e.g., (Maquet et
al., 2003), see Figure 12C], or for only a part of the night [partial sleep deprivation, e.g., (Plihal and Born,
1997)] as compared to control subjects who receive normal sleep during this period. In total sleep
deprivation protocols, participants are then typically retested 2-3 days after initial training, thus allowing
nights of recovery for those who were sleep deprived. As the retest is usually at the same time of day as
initial training, this design avoids time of day effects, but does necessitate that participants stay awake
for more than 24 consecutive hours. Partial sleep deprivation protocols can target continuous chunks of
sleep [e.g., first vs. second halves of the night as in (Plihal and Born, 1997)] or selectively target particular
sleep stages [e.g., specific online disruption of SWS or REM sleep based on PSG recordings; (Genzel et al.,
2009)]. This protocol presents important limitations as training and retest take place at different time of
the day/night, (e.g., 11pm/3am and 3am/7am for early vs. late sleep groups, respectively). It is important
to note that, altogether, sleep deprivation protocols present the disadvantage that the lack of sleep is
paralleled by secondary (possibly confounding) effects, such as stress or alteration of hormonal release
(Joo et al., 2012). Fourth, with time-variant designs [e.g., (Albouy et al., 2008); Figure 12D), the retest for
each experimental group is completed after different retention interval durations, which may or may not
include sleep. For example, participants may be retested 6 or 24 hours after initial training, and only the
latter group experienced sleep during the retention interval. This protocol examines the influence of a
full night of sleep, as compared to a non-matched wake control group, on memory consolidation.
Therefore, such designs cannot differentiate the effects of time from the effects of sleep without the
inclusion of additional experimental controls. It is worth mentioning that in a comprehensive meta-
analyses on the influence of sleep on offline performance enhancements for explicit motor sequence
tasks, Pan & Rickard (2015) discuss these various designs and suggest the following recommendations: a)
PM / AM designs should not be employed due to the confounding influence of varying testing times;
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and, b) the Nap/No Nap and time-variant designs are favorable (but see more complete discussion in Pan
& Rickard, 2015).

Last, we wish to briefly emphasize that many studies have employed a design in which all participants
are retested after an interval including sleep (i.e., 24h retest) and results are discussed in the context of
the intervening sleep period. If information on sleep characteristics was obtained via polysomnography
(see Inset 3), then researchers can relate changes in behavior to specific sleep features (Section 4). If no
such information was recorded, then interpretations of these results with respect to sleep-related
benefits are limited due to the lack of appropriate wake control groups (see Inset 4).

- INSERT FIGURE 12 HERE -
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Inset 3: Assessment of sleep and motor-memory related sleep features

Polysomnography (PSG), an electrophysiological technique measuring electrical activity of the brain
(with electroencephalography (EEG)) as well as ocular and muscular activity (with electrooculography
(EOG) and electromyography (EMG), respectively) is considered the gold standard for the objective
assessment of sleep (Carskadon and Dement, 2017). Human sleep can be divided into 4 stages by the
monitoring of these physiological activities: stage N1 (NREM 1), stage N2 (NREM 2), stage N3 (NREM 3 —
also used to indicate the original sleep stages 3 and 4 (Rechtschaffen and Kales, 1968) and Stage R (REM).
We will describe below the different sleep stages and specific sleep features that have been associated
with motor memory consolidation processes.

Stage N2 sleep is characterized by the presence of K-complexes and sleep spindles. The physiology of K
complexes will not be described here, as we did not find any report in the literature involving K
complexes in motor memory consolidation processes. Spindle oscillations, consisting of 11-16Hz (0.5—
3sec) waxing and waning field potentials, are electrographic landmarks of N2, but also occur during N3.
Spindles are generated by thalamic and cortico-thalamic networks, superimposed with slow oscillations
(Clemens et al., 2007; Mdlle et al., 2002) or temporally locked to a K-complex [for reviews, see (De
Gennaro and Ferrara, 2003; Sejnowski and Destexhe, 2000)]. The neurophysiological mechanisms of
spindle generation have been widely delineated at the cellular level and in animal models, but less so in
humans. The functions of sleep spindles are still highly speculative [for review, see (Luthi, 2013)];
however, two major functions have been proposed: the preservation of sleep [by suppressing the
thalamic transmission of external sensory stimuli to cortical regions; (Cote et al., 2000; Dang-Vu et al.,
2011; Elton et al., 1997; Schabus et al., 2012) and - of high interest for the present review - the
consolidation of newly acquired memories [for reviews, see (Astori et al., 2013; Rasch and Born, 2013)].
Two different types of sleep spindles have been described: slow (<13Hz) and fast spindles (>13Hz) that
are predominant over frontal and centro-parietal regions, respectively [e.g., (Anderer et al., 2001; Jobert
et al., 1992; Schabus et al.,, 2007)]. The sources of these slow and fast spindles are predominantly
thought to be located in frontal and temporo-parietal regions [e.g., (Anderer et al., 2001; Del Felice et al.,
2014)], respectively. In line with these findings, a combined EEG-fMRI study by Schabus et al. (2007)
demonstrated that, whereas both spindle types share common activity patterns (e.g., thalamic
activation), each type of spindle is additionally associated with activity in “type-specific” areas. Most
interestingly, fast but not slow spindles are accompanied by hippocampal activity, pointing to the
possibility of a specific function for the fast spindle in memory consolidation. It is worth noting that the
precise definitions (i.e., frequency ranges) of slow and fast spindles are not always consistent and these
analyses may often be conducted post-hoc. Thus, interpretation of results differentiating between slow
and fast spindles must be made with caution.

Stage N3 is defined by slow wave activity (SWA): waves with a frequency between 0.5 - 2Hz and a peak-
to-peak amplitude >75 pV, measured over anterior regions. These highly synchronous oscillations
indicate that large populations of neurons within the cortex fire together. SWA is homeostatically
regulated (Borbély and Achermann, 1999): it increases after prolonged wakefulness or sleep deprivation.
Each slow oscillation consists of a hyperpolarized “down-state” that is characterized by neuronal silence,
and a depolarized “up-state” associated with high rates of cortical activity [for reviews, see (Riedner et
al., 2011; Steriade et al., 1993)]. In the human EEG, slow oscillations have a spectral peak frequency of
~0.8 Hz (Achermann and Borbély, 1997), originating from distinct cortical regions with hotspots
neighboring the lateral sulci [e.g., the insula, superior temporal gyri) and travelling predominantly along
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the anterior-posterior axis of the brain; (Massimini et al., 2004; Murphy et al., 2009; Riedner et al.,
2011)], often from the prefrontal cortex to the medial temporal lobe and the hippocampus (Nir et al.,
2011). According to the active system consolidation hypothesis, slow oscillations orchestrate the
hippocampal-to-cortical information transfer during sleep and play a critical role in systems
consolidation. Slow oscillations are suggested to exert a top-down synchronizing influence on
hippocampal sharp wave-ripple complexes, sleep spindles and on faster cortical beta and gamma activity
(Born and Wilhelm, 2012; Diekelmann and Born, 2010; Rasch and Born, 2013). Besides this theory, slow
oscillations are further argued to be critically involved in synaptic downscaling, ensuring the desaturation
of synapses potentiated as a result of learning during prior wakefulness [i.e. the synaptic downscaling
hypothesis; (Tononi and Cirelli, 2014, 2006, 2003). Please note that these theoretical models mainly build
on findings in the declarative memory domain.

REM sleep regularly appears 60 to 90min after sleep onset. Oscillatory properties within REM sleep
resemble those of wakefulness and oxygen consumption in extrastriate cortical areas is even higher than
during waking [see (Dang-Vu et al., 2010) for a review]. Therefore, this stage was formerly indicated as
“paradoxical sleep”. EEG activity during REM consists of low-voltage EEG activity, periods of alpha waves,
slightly slower than during wakefulness and “sawtooth waves" (2-6Hz) observed in short bursts over
frontal leads or vertex. Sharp, frequent ocular potentials are evident and muscle activity measured by
EMG shows atonia with only transient phasic activity (i.e., transient bursts of eye movements, myoclonic
twitches and irregular vegetative activity). The physiological function of REM sleep is still largely unclear.
Evidence linking REM to aspects of memory consolidation has been obtained using techniques such as
statistical correlation, pharmacology, and REM sleep deprivation (Diekelmann et al., 2011; Rasch et al.,
2009; Stickgold, 2005). However, whether REM has a direct role in learning and memory remains
controversial and causal evidence is still missing [for review, see (Rasch and Born, 2015)].

The metrics that have been used to put sleep in relation to motor memory processes are (a) sleep stage
duration and (b) measures of particular sleep features. For example, measures reflecting sleep spindles
are spindle number, density, amplitude, duration, “activity” (i.e., mean spindle duration * mean spindle
amplitude) but also EEG sigma power (12-15 Hz). Slow wave activity is commonly assessed through the
analysis of EEG delta (< 4Hz) and slow oscillations power (< 1Hz). REM activity is typically assessed
through density of rapid eye movements.

While PSG is considered the gold standard to record and characterize sleep stages, actigraphy can also
be used as an alternative to objectively assess sleep patterns [e.g., (Appleman et al., 2016)]. Actigraphs
(or actimeters) are wristwatches composed of an accelerometer recording limb movement over long
periods of time (up to several weeks) and allow the estimation of activity-inactivity patterns in humans.
While the estimation of sleep-wake patterns based on limb movement has some important limitations,
actigraphy is a convenient, cheap and portable method that does not disturb sleep and can be very
valuable in populations showing less tolerance to PSG (e.g., children and elderly). Finally, sleep quality
and duration can be assessed subjectively with self-administered questionnaires like the Pittsburgh
Sleep Quality Index (Buysse et al., 1989) or sleep diaries [e.g., (Carney et al., 2012)].

Note that Section 4 of the present review mainly focuses on PSG experiments but some of the studies
reported in the other sections (in particular studies using PM/AM, sleep deprivation and time variant
designs) made use of questionnaires and actigraphy.
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Inset 4: Methodological considerations for future research

This inset offers methodological considerations that are critical for future sleep and motor memory
experiments. Although some of these may seem trivial or even obvious, our review of the literature
revealed that a more detailed discussion of these particular issues is necessary. Adherence to such
methodological guidelines will decrease the inconsistent results in the literature and help continue to
propel research on sleep and motor memory consolidation forward. Please see Pan & Rickard (2015) for
discussion of additional methodological considerations.

Wake control group: If one of the primary research questions is whether post-learning sleep offers
benefits to motor memory consolidation, it is vital to include a waking control group and to conduct
appropriate between-group statistical comparisons in order to make valid conclusions about the
influence of sleep. Our review of the literature revealed numerous instances when authors made
conclusions about the role of post-learning sleep without having an appropriate control group.
Moreover, even if an appropriate wake control group was included, there were several occasions in
which the sleep and wake groups were not statistically compared. Authors would erroneously conclude
that a significant between-session improvement within the sleep group and a non-significant between-
session change within the wake group was evidence for a sleep-dependent effect [see (Nieuwenhuis et
al., 2011) for a discussion of this issue].

Post-training test: There is growing evidence that if a post-test is administered shortly after (e.g., 10-30
minutes) the initial learning of a sequential motor skill, a spontaneous boost in performance is observed
that then disappears after longer periods (i.e., several hours) of wakefulness (Hotermans et al., 2006;
Landry et al., 2016; Nettersheim et al., 2015). Critically, when such a post-test is employed, there are no
additional significant performance enhancements when participants were retested after longer
consolidation intervals that included sleep (Landry et al., 2016; Nettersheim et al., 2015). Although these
results suggest that sleep may not enhance performance relative to the post-training test in the form of
spontaneous offline gains, they do not indicate that sleep fails to contribute to motor memory
consolidation processes, as there is still evidence of sleep-dependent benefit relative to wake control
groups [e.g., (Nettersheim et al.,, 2015; Rickard et al., 2008)]. Importantly, the temporary boost in
performance evident 10-30 minutes after training is thought to be related to memory processes as it
predicts subsequent overnight consolidation (Hotermans et al., 2006). Thus, if the goal of a post-training
test is to establish more stable and reliable estimates of post-learning performance (that are less likely
influenced by confounding variables such as fatigue or decreased attention), we argue that such test
should take place immediately after training (rather than after a delay of 30 minutes during which
mnemonic processing has already commenced). Although the immediate post-training test is beneficial
for the interpretation of within-group, across-session performance changes (i.e., performance
enhancements vs. maintenance vs. deterioration), the inclusion of the wake control group and the
appropriate statistical comparisons (see above) are still vital for assessing the influence of sleep on
motor memory consolidation.

Interference between tasks: Future experimental designs should be restricted to the assessment of the
influence of sleep on memory consolidation of a single task. Our literature review revealed numerous
studies in which participants were trained and tested on both motor and declarative memory tasks, for
example, before and after the sleeping episode. It has been about 10 years since Robertson and
colleagues demonstrated that procedural and declarative memory systems interact during the
consolidation process (Brown and Robertson, 2007) and there is also recent evidence of interference
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during subsequent recall (Gagné and Cohen, 2016). Interpretation of data following such mixed design is
therefore limited and such multiple testing should be avoided in future research.

Adherence to constant sleep schedule prior to learning: As sleep quality prior to an initial learning
session is thought to influence encoding of the motor skill (Appleman et al., 2016), future studies should
require participants to adhere to a regular sleep schedule prior to participation. Moreover, via low-cost
approaches such as actigraphy (see Inset 3), questionnaires or sleep diaries, it would be beneficial for
future research to report data on the participants’ sleep quantity and quality prior to the first
experimental session.
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Figure 1: Neural correlates of sleep and time-dependent motor sequence memory consolidation

processes. See Section 3.1.7. for a detailed description.

64



King, Hoedlmoser et al.
Sleep and Motor Memory Consolidation

A. Motor Sequence B. Motor Adaptation C. Continuous Tracking
7 Vertical Axis
isual FB Rotation ‘
O @ y / \ \"/“/‘ N
_
@) Horizontal Axis Time
- Resulting 2D Track
@) (@) R
o U

Sequence
=4 1.3 04

Figure I1: Exemplar depictions of variants of the three primary motor tasks used to assess the influence
of sleep on motor memory consolidation processes. Inset B adapted with permission from Albouy et al.,

2013d.
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Figure 12: Exemplar depictions of the four primary experimental designs used to assess the influence of

sleep — as compared to wake — on motor memory consolidation processes. L=initial learning episode. R=

retest.
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