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Systems/Circuits
Sleep Consolidation Potentiates Sensorimotor Adaptation
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Contrary to its well-established role in declarative learning, the impact of sleep on motor memory consolidation remains a subject of
debate. Current literature suggests that while motor skill learning benefits from sleep, consolidation of sensorimotor adaptation
(SMA) depends solely on the passage of time. This has led to the proposal that SMA may be an exception to other types of memories.
Here, we addressed this ongoing controversy in humans through three comprehensive experiments using the visuomotor adaptation
paradigm (N =290, 150 females). In Experiment 1, we investigated the impact of sleep on memory retention when the temporal gap
between training and sleep was not controlled. In line with the previous literature, we found that memory consolidates with the
passage of time. In Experiment 2, we used an anterograde interference protocol to determine the time window during which
SMA memory is most fragile and, thus, potentially most sensitive to sleep intervention. Our results show that memory is most
vulnerable during the initial hour post-training. Building on this insight, in Experiment 3, we investigated the impact of sleep
when it coincided with the critical first hour of memory consolidation. This manipulation unveiled a benefit of sleep (30% memory
enhancement) alongside an increase in spindle density and spindle-SO coupling during NREM sleep, two well-established neural
markers of sleep consolidation. Our findings reconcile seemingly conflicting perspectives on the active role of sleep in motor learning
and point to common mechanisms at the basis of memory formation.
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Significance Statement

While there is compelling evidence that sleep improves declarative memory, its role in the consolidation of motor memories
remains a long-standing debate. For example, it is currently established that sensorimotor adaptation (SMA) consolidates
with the passage of time, irrespective of sleep. This has led to the proposal that SMA may be an exception to other types
of memories. Our findings indicate that SMA memories may indeed consolidate with both the passage of time and sleep,
depending on the proximity between training and bedtime. Our work sheds light on this controversy and points to the
existence of common mechanisms supporting consolidation across memory domains. Furthermore, it may impact rehabilitation
programs, expediting motor injury recovery by aligning training sessions with sleep.
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Introduction Talamini et al., 2008; Payne et al., 2012). In contrast, the contribution
of sleep to procedural motor learning is more equivocal and, at first
sight, appears to vary remarkably with the experimental paradigm.
Motor learning encompasses skill acquisition, the incorporation
of new motor programs for precise movement execution, and
sensorimotor adaptation, the ability to recalibrate pre-existing
motor programs under changing environmental or internal con-
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Sleep consistently enhances memory retention across various declara-
tive learning paradigms such as face recognition, free recall, paired
associates, and others (Tucker et al., 2006; Wagner et al., 2007;
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studied by imposing visual or proprioceptive perturbations that
alter the sensorimotor coordination while the subject reaches tar-
gets (Shadmehr and Mussa-Ivaldi, 1994; Pine et al., 1996;
Krakauer et al., 1999, 2000; Smith and Shadmehr, 2005;
Gonzalez Castro et al., 2014; Villalta et al., 2015; Lerner et al,,
2020). Substantial evidence underscores the significance of non-
rapid eye movement (NREM) sleep in the stabilization of motor
sequence learning (Rickard et al., 2008; Brawn et al, 2010;
Nettersheim et al., 2015) or in the emergence of overnight
offline gains when the sequence is encoded explicitly
(Robertson et al., 2004; Nishida and Walker, 2007; Doyon et
al., 2009; Diekelmann and Born, 2010; Albouy et al, 2013;
Breton and Robertson, 2017). In contrast, the available evidence
on SMA paradigms suggests that the consolidation of this type of
motor memory is independent of sleep. Specifically, Donchin et
al. (2002) have demonstrated that sleep deprivation after
force-field adaptation spares memory retention, while Thiirer
et al., (2018) found no differences in overnight memory retention
after a period of wake or sleep. Likewise, Doyon et al. (2009) and
Debas et al. (2010) have shown similar levels of memory reten-
tion when visuomotor adaptation is followed by an equivalent
period of sleep or wakefulness. Based on these findings, it has
been argued that, unlike MSL, the consolidation of SMA relies
exclusively on the passage of time (Brodt et al., 2023).

At first sight, this discrepancy between declarative learning
and MSL, on one side, and SMA, on the other side, suggests
the presence of different mechanisms supporting memory
consolidation depending on the memory system and/or the
experimental paradigm. It is noteworthy, however, that the
majority of the studies reviewed above focused on tracking mem-
ory retention after a time interval that includes—or not—a
period of sleep but tended to overlook the temporal gap between
training and bedtime as a relevant factor. The close proximity
between these events is indeed a strong modulator of declarative
and motor sequence memories (Barrett and Ekstrand, 1972;
Benson and Feinberg, 1977; Gais et al., 2006; Talamini et al,,
2008; Doyon et al., 2009; Van Der Werf et al., 2009; Holz et al,,
2012; Payne et al., 2012; Truong et al., 2023). Thus, it is possible
that SMA also benefits from sleep when it occurs closely after
training, while the memory trace is still in a fragile state.

To test this hypothesis, we conducted a series of experiments
(Fig. 1) using a well-established SMA paradigm involving adap-
tation to an optical rotation, known as visuomotor adaptation
(Villalta et al., 2015; Lerner et al., 2020; Albert et al., 2022). In
Experiment 1, we investigated the impact of sleep on SMA
when the time interval elapsed between training and bedtime is
not experimentally controlled, consistent with the approach
implemented by previous studies (Donchin et al., 2002; Doyon
et al., 2009; Debas et al., 2010; Thiirer et al., 2018). We predicted
that sleep would not benefit SMA under these conditions. Next,
in Experiment 2, we used an anterograde interference approach
to determine the time window during which SMA memory
would be most vulnerable and, thus, potentially most sensitive
to sleep intervention in a controlled experimental setting.
Based on the results of Experiment 2, in Experiment 3, we inves-
tigated the impact of sleep on SMA when the time interval
elapsed between training and bedtime was experimentally con-
trolled to either coincide with this sensitive time window or fall
outside of it. Furthermore, to ascertain whether sleep operates
through an active mechanism—as opposed to merely protecting
against interference—we used EEG to quantify neural markers of
consolidation well-established in the declarative and MSL litera-
ture, namely, the density of fast sleep spindles and their coupling
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with slow oscillations (Barakat et al., 2011; Ramanathan et al.,
2015; Maingret et al,, 2016; Ladenbauer et al., 2017; Boutin et
al,, 2018; Helfrich et al., 2018; Muehlroth et al., 2019; Navarro-
Lobato and Genzel, 2019; Silversmith et al., 2020). We predicted
that NREM sleep would benefit SMA through an active mecha-
nism only when it overlaps with the sensitive time window dur-
ing which memory remains in a fragile state.

Materials and Methods
Participants
A total of 290 human participants (150 females; mean+SD=24.3+4
years old) with no known history of neurological or psychiatric dis-
orders were recruited from the School of Medicine of the University
of Buenos Aires. Subjects were right-handed as assessed by the Edinburgh
Handedness Questionnaire (Oldfield, 1971) and were asked to maintain a
regular sleep schedule before and during the study. This was monitored
through self-recorded spreadsheets provided by the researcher

All volunteers signed the informed consent approved by the Ethics
Committee of the Hospital de Clinicas (University of Buenos Aires),
which complies with the Declaration of Helsinki in its latest version,
and with the national law on the protection of personal data.

Experimental paradigm
Sensorimotor adaptation was studied using a visuomotor adaptation task
(VMA), which has been previously described in detail elsewhere (Lerner
et al., 2020; Solano et al., 2022a) and is briefly summarized here. As illus-
trated in Figure 1a, participants performed a center-out task involving
moving a cursor from a starting point at the center of a computer screen
to one of eight visual targets arranged concentrically, using a joystick
controlled with the thumb and index finger of the right dominant
hand. The vision of the hand was occluded throughout the task. Visual
feedback for the cursor was continuously provided from the onset of
each trial until the cursor crossed the virtual circle containing the targets,
where it remained for 200 ms. Afterward, both the cursor and target dis-
appeared for 1,500-2,000 ms (with temporal jitter) before a new target
appeared. Participants were instructed to execute a shooting movement
toward one of the eight targets as soon as it appeared on the screen. Each
cycle consisted of eight trials, one per target, presented in a pseudoran-
domized order. In turn, 11 cycles composed one block. To prevent online
corrections that would lead to submovements, the joystick’s gain was set
to 1.4, such that a 1 cm displacement of the joystick tip resulted in a
1.4 cm movement of the cursor on the screen (Villalta et al., 2015).
Three types of trials were presented throughout the study, which varied
depending on the experiment (Experiment 1 through 3), the group (exper-
imental or control), and the session (training or test). During null trials, in
which no perturbations were applied, the movement of the cursor directly
mapped onto the joystick’s movement. During perturbed trials, a counter-
clockwise (CCW) or a clockwise (CW) optical rotation of 30° (in 14/15
groups of Experiments 1 through 3) or 45° (in one control group of
Experiment 3) was applied to the cursor, deviating its trajectory. During
error-clamp trials (EC), the cursor trajectory was manipulated to provide
fake “straight” paths to the target that mimicked those generated during
correct trials. The latter was accomplished by projecting the actual move-
ment of the cursor to the straight line between the start point and the target,
with some controlled variability (10° standard deviation). These trials
allowed us to measure memory retention without the confound of learning
from error (Criscimagna-Hemminger and Shadmehr, 2008). The SMA
task was implemented in MATLAB (The MathWorks) using the
Psychophysics Toolbox v3 (Brainard, 1997).

Experimental design

Experiment 1: determine the effect of sleep on SMA when the temporal
gap between training and bedtime is not controlled. To investigate the
impact of sleep on SMA when the gap between training and bedtime
was not fixed, we first characterized the time course of memory decay
based on the temporal evolution of memory retention throughout wake-
fulness (Fig. 1b, top panel). This time course allowed us to determine an
asymptotic measure of retention without intermediate sleep, which
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served as an unbiased reference to establish whether a night of sleep
enhanced, stabilized, or rather impaired motor memory.

To characterize the memory decay, 111 participants were randomly
assigned to five groups defined by the time elapsed between the end of
training and the test session: 15 min (n=22), 1 h (n=25), 3h (n=22),
5.5h (n=22), and 9 h (n=20). All participants underwent one block of
null trials (baseline) and were then exposed to six blocks of a 30° CCW
rotation. Memory decay was estimated based on the time course of mem-
ory retention assessed at the test session through two cycles of EC trials. To
determine the effect of sleep on SMA under conditions where the temporal
gap between training and bedtime was not controlled, the asymptotic level
of memory retention derived from the decay curve was contrasted to the
memory retention observed in a group of participants undergoing a full
night of sleep (n=23) and tested 24 h post-learning. Critically, all partic-
ipants trained at different times throughout the day (Table 1), thereby
eliminating any consistency in the training schedule.

Experiment 2: determine the optimal time window for sleep interven-
tion in a controlled experimental setting. To determine the time window
during which SMA memory would be most vulnerable and, thus, poten-
tially most sensitive to sleep intervention, in Experiment 2, we examined
the time course of memory consolidation during wake using an antero-
grade interference protocol (Lerner et al, 2020). This information was
critical to assess the effect of sleep on SMA when the temporal gap between
training and bedtime was experimentally controlled (Experiment 3).

To this aim, we analyzed unpublished data acquired as part of a larger
study aimed at characterizing the effect of anterograde interference on
SMA, some of which we reported recently (Lerner et al., 2020). In our pre-
vious work, we showed that adaptation to an optical rotation hinders the
ability to adapt to the opposite rotation within a 6 h window. Unlike ret-
rograde interference protocols, which have mostly failed at unveiling the
time course of memory consolidation in sensorimotor adaptation
(although see Brashers-Krug et al., 1996; Shadmehr and Brashers-Krug,
1997 for exceptions), we showed that the use of an anterograde interfer-
ence protocol yielded a gradual pattern of release from interference.
This suggests that our approach may be a good alternative to track mem-
ory consolidation in SMA and, thus, address the aim of Experiment 2.

To track memory consolidation during wake, we implemented an
anterograde interference protocol consisting of sequentially adapting to
two opposing optical rotations (A and B) separated by different time inter-
vals from 5 min to 24 h; memory retention was assessed 24 h post-learning
(Fig. 1b, middle panel). Specifically, after performing one block of baseline
without perturbation, four groups of participants were sequentially
exposed to six blocks of a 30-degree CCW optical rotation (A) followed
by 6 blocks of a 30° CW optical rotation (B) separated by either 5 min
(n=15), 1h (n=20), 6 h (n=19), or 24 h (n=18). A fifth group, which
acted as control (n=20), trained only on rotation B. All volunteers
returned 24 h after adaptation to B for the test session, during which
they were exposed to two EC cycles to quantify long-term memory reten-
tion. Participants were instructed not to nap between adaptation sessions.
Table 1 depicts the time of day at which training took place for each group.
The variation in the time interval between perturbations A and B allowed
us to assess how learning on A impacted the consolidation of B, and thus,
infer the level of fragility/vulnerability of the memory trace.

Control experiment. In our prior study (Lerner et al., 2020), we dem-
onstrated that the 5 min and 1 h groups exhibited slower learning rates due
to anterograde interference, resulting in less time spent training at the
asymptote compared with the other groups. To address the possibility
that this lesser amount of “overlearning” (Krakauer et al., 2005; Shibata
et al, 2017; Mooney et al., 2021) may influence long-term memory reten-
tion and, thus, act as a potential confound, we included an additional group
of participants (1 =20) who trained at the asymptote for a duration similar
to the average between the 5 min and 1 h groups and was also tested 24 h
post-training. For practicality, we refer to this group as the “overlearning”
group. To establish the training protocol for the overlearning group, we first
quantified the amount of overlearning on B for the 5 min, the 1 h, and the
control groups as the number of training cycles completed after reaching
95% of asymptotic performance. This estimation was based on 3%t
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(7 = the time constant), derived from a single exponential fit applied to
the pointing angle, where 7=1/b and b represents the learning rate (see
below, Data analysis). Note that the units of 7 are training cycles. The num-
ber of cycles spent training at the asymptote was then computed by sub-
tracting 3 * 7 from the total amount of training cycles. Then, the average
amount of overlearning across the 5 min and 1 h groups was subtracted
from the overlearning of the control group. Finally, this difference in cycles
was in turn subtracted from the 66 cycles of the standard training protocol.
This adjustment ensured that the amount of overlearning of the additional
group matched that of the 5 min and 1 h groups.

Experiment 3: determine the effect of sleep on SMA when the temporal
gap between training and bedtime is controlled. In Experiment 3, we
investigated the impact of sleep on SMA when the time interval elapsed
between training and bedtime was experimentally controlled to either
coincide with the time window during which SMA memory is most vul-
nerable (determined in Experiment 2) or fall outside of it. We hypothe-
sized that sleep intervention would be most effective when the memory
trace is still in a fragile state.

Two different groups of participants were trained on the VMA task
(Fig. 1b, bottom panel). One group trained in the morning (n=23)
and thus slept outside the optimal time window, while the other group
trained at night (n =21) and went to sleep during the optimal time win-
dow. Memory retention in both groups was assessed 24 h after training.
We will refer to the former group as AM/AM because volunteers under-
went training and testing in the morning and to the latter as PM/PM
because participants in this group were trained and tested at night (see
Table 1 for details on training time).

All participants were explicitly instructed to refrain from daytime
napping. The VMA training session consisted of one baseline block of
null trials followed by six blocks of perturbed trials in which a 30° CW
optical rotation was imposed on the cursor. During the test session, par-
ticipants were exposed to two cycles of EC trials to assess memory reten-
tion. In addition, participants from both the AM/AM and PM/PM
groups underwent a polysomnographic (PSG) recording through the
full night of sleep (see detailed description below). Only subjects fulfilling
the criteria for good sleep quality based on the Pittsburgh Sleep Quality
Questionnaire (Buysse et al., 1989) and the Epworth Drowsiness Scale
(Johns, 1991) were included in the experiment.

To control for a potential circadian modulation associated with the
time of the test, two additional groups of participants were included in
the statistical analysis. An AM/PM group (n=20) was trained in the
morning on a 30° CW rotation and tested the same night (~9 h later)
without intermediate sleep, whereas a PM/AM group (n=10) was
trained at night and tested the next morning (~9 h later), after a night
of sleep. Data from the PM/AM group are part of a previously published

Table 1. VMA training time

Experiment 1 Mean SD Min Max
15 min 01:53 P.M. 02:28 09:46 A.M. 05:58 P.M.
1h 01:53 P.M. 02:03 11:06 AM. 05:02 P.M.
3h 12:05 P.M. 01:25 09:45 AM. 02:49 P.M.
55h 11:06 AM. 01:35 08:39 AM. 02:43 P.M.
9h 08:21 AM. 01:06 06:59 A.M. 10:46 AM.
24h 02:10 P.M. 02:20 09:38 AM. 05:56 P.M.
Experiment 2
5 min 03:25 P.M. 02:24 11:34 AM. 07:29 P.M.
1h 03:40 P.M. 02:16 10:31 AM. 07:20 P.M.
6h 11:38 AM. 02:06 07:45 AM. 03:05 P.M.
24h 02:27 P.M. 02:55 09:53 AM. 07:34 P.M.
Control 02:44 P.M. 02:29 10:32 AM. 06:49 P.M.
Experiment 3
PM/PM 10:48 P.M. 00:14 10:30 P.M. 11:18 P.M.
PM/AM 09:48 P.M. 00:16 09:28 P.M. 10:28 P.M.
AM/AM 09:14 AM. 00:41 08:31 AM. 11:16 AM.
AM/PM 08:21 AM. 01:06 06:59 A.M. 10:46 AM.

Shown are the mean, standard deviation (SD), and earliest and latest time of day expressed in the format hh:mm,
corresponding to the initiation of VMA learning for each group and each experiment.



4 - J. Neurosci., September 4, 2024 - 44(36):0325242024 Solano et al. e Sleep Potentiates Sensorimotor Adaptation

a Experimental paradigm Early e

adaptation adaptation

Target @ Cursor

Baseline

b Experimental design

e Experiment 1:
Effect of sleep on SMA when the temporal gap between training and bedtime is not controlled

. y Type of trial
training time interval 8 . test N = null
(IN+6A) 15min|1h|3h|55h|9h|[24h " (EC) A= CCW rotation

B = CW rotation
EC = error clamp

e Experiment 2:
Determine the optimal time window for sleep intervention in a controlled experimental setting

training time interval 2 _ training 24 h3 . test
(IN+6A) 5min|1h|6h|24h G- "~ (€O
Control ' training 24h3 . test
group (1N +6B) "~ (EC)

e Experiment 3:

Effect of sleep on SMA when the temporal gap between training and bedtime is controlled

training 24h 3 . [iEsk
AMAN (IN +6B) g -
training 24 h7  test
PMIPM (IN + 6B) "~ (O
training 9hE  ‘ftest
AMIPM \Ban+68) " (EQ)
training 9hy | test
PMIAM (IN +6B) " (EC)
WAKE SLEEP WAKE
8'AM 10PM 8AM 10 PM

Figure 1.  Experimental paradigm and experimental design. a, VMA experimental paradigm. Subjects sat on a chair and performed center-out movements to one of eight visual targets
displayed concentrically around the start point, using a cursor controlled with a joystick operated with their right dominant hand. One cycle was composed of eight trials (one per target),
and one block was composed of 11 cycles. The vision of the hand was occluded. The inset depicts the visual display of the computer screen, illustrating the relationship between the
hand manipulating the joystick (unseen) and the trajectory of the cursor (seen) during null trials (Baseline) and during early and late phases of adaptation to an optical CW rotation (a).
b, Experimental design. Three experiments were conducted to address the aims of the study in which different sets of subjects trained on the VMA paradigm, and adapted to a CCW (A)
and/or a (W (B) rotation. In Experiment 1, we assessed the effect of sleep when the temporal gap between training and bedtime was not controlled. Six different groups of participants
trained on A (one block of null trials followed by six blocks of A) at different time points throughout the daytime (between 7 AM. and 6 P.M.), and their memory retention was tested after
a variable time interval post-learning: 15 min, 1 h, 3 h, 5.5 h, 9 h, or 24 h (note that only the 24 h group underwent a full night of sleep). In Experiment 2, we determined the optimal time
window for sleep intervention in a controlled experimental setting. Four groups of participants underwent an anterograde interference protocol to determine the time course of memory
consolidation and, thus, the time point at which the motor memory was most fragile. Subjects adapted sequentially to A and B, separated by either 5 min, 1 h, 6 h, or 24 h, and memory
retention was assessed 24 h after training on B. A control group trained only on B. In Experiment 3, we assessed the effect of sleep when the temporal gap between training and bedtime was
controlled based on the results of Experiment 2. Two groups of volunteers trained on B and polysomnographic EEG recordings were performed overnight. One group trained in the morning and
thus slept outside the optimal time window (AM/AM), while the other group trained at night and went to sleep during the optimal time window (PM/PM). Memory retention in both groups was
assessed 24 h after training. To control for a possible circadian effect due to the time of test, two additional groups were tested at the opposite circadian time (AM/PM and PM/AM).
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study in which subjects were exposed to a 45° optical rotation (Solano et
al., 2022a).

PSG recording

Eleven surface EEG electrodes were placed over the prefrontal, motor,
and parietal areas (FC1, FC2, FC5, FC6, C3, C4, P3, and P4) and over
the midline (Fz, Cz, and Pz). Electrodes were mounted following the
standard 10-20 arrangement (modified combinatorial nomenclature;
Qostenveld and Praamstra, 2001). Both mastoids were used as refer-
ences. In addition to EEG electrodes, two electrodes were placed over
the periorbital area of both eyes and two additional electrodes over the
chin to measure electrooculography (EOG) and electromyography
(EMQG), respectively. All signals were acquired at 200 Hz, using the
Alice 5 (Philips Respironics) or BWMini (Neurovirtual) devices.

EEG processing

EEG, EOG, and EMG signals were bandpass-filtered to facilitate sleep
scoring (EEG, 0.5-30 Hz; EOG, 0.5-15 Hz; EMG, 20-99 Hz). All PSG
recordings were sleep-staged manually, according to standard criteria
(Iber, 2004). Namely, 30 s epochs were classified as either wake (W), non-
rapid eye movement (NREM1, NREM2, and NREM3), or rapid eye
movement (REM) stage. After stage classification, sleep architecture
was determined based on the following measures, expressed in minutes:
total sleep time, sleep latency (latency to NREM1), REM latency, total
wake time, wake after sleep onset (WASO), and time in NREMI,
NREM2, NREM3, and REM. Sleep efficiency was also computed as the
percentage of total sleep time relative to the time interval between lights
off and lights on (%). Movement artifacts on the filtered EEG signal were
detected by visual inspection and manually rejected.

Slow oscillations (SOs, 0.5-1.25 Hz) and sleep spindles (10-16 Hz)
were automatically identified from the EEG signal corresponding to
the stages NREM2 and NREM3 by using previously reported algorithms
(see below).

Detection of SOs. The algorithm implemented to detect SOs was based
on that reported by Molle et al. (2011) and Antony and Paller (2017), and it
is the same that we used in previous works (Solano et al., 2022a,b). The EEG
signal was bandpass-filtered between 0.5 and 1.25 Hz. To quantify SOs, we
first identified zero crossings of the EEG signal and labeled them as
positive-to-negative (PN) or negative-to-positive (NP). Those EEG seg-
ments between two NP zero crossings were considered SOs if they lasted
between 0.8 and 2 s. Next, we computed the peak-to-peak (P-P) amplitude
as the difference between the positive peak and the negative peak. Finally,
we determined the median of the P-P amplitudes for each channel and each
subject and retained those SOs with a P-P amplitude greater than the
median value (Mizrahi-Kliger et al., 2018).

Sleep spindle detection. The algorithm implemented to detect sleep
spindles was based on that reported by Ferrarelli et al. (2007) and Molle
et al. (2011), and it is the same that we used in previous works (Solano
et al,, 2022a,b). The algorithm was run for each channel and each subject.
First, the EEG signal was bandpass-filtered between 10 and 16 Hz before
calculating the instantaneous amplitude (IA) and instantaneous frequency
by applying the Hilbert transform (Tort et al., 2010). The IA was used as a
new time series and was smoothed with a 350 ms moving average window.
Next, those segments of the IA signal that exceeded an upper magnitude
threshold (90th percentile of all IA points) were labeled as potential spin-
dles. The beginning and end of potential spindles were defined as the time
points at which the signal dropped below a lower threshold (70th percentile
of all IA points). Putative spindles with a duration between 0.5 and 3 s were
labeled as true spindles. Finally, only fast spindles with a mean frequency
>12 Hz (Molle et al., 2011; Cox et al., 2017) were included in further anal-
ysis, as they have been linked to memory consolidation during sleep
(Barakat et al., 2011; Ladenbauer et al, 2017, Helfrich et al, 2018;
Muehlroth et al.,, 2019; Navarro-Lobato and Genzel, 2019; Solano et al.,
2022a,b).

Coupling between SOs and spindles. After identifying spindles and
SOs, we looked for spindles that occurred during a SO. We quantified
spindle-SO couplings according to the following criterion: if a spindle
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had its maximum P-P amplitude within +1.2 s around the trough of a
SO, it was counted as a spindle-SO coupling (Muehlroth et al., 2019;
Kurz et al., 2021; Solano et al., 2022a). This algorithm was applied to
each channel of each session.

Data analysis

Behavior. Behavioral performance was assessed based on the point-
ing angle, which was computed for each trial as the angle of motion of the
joystick relative to the line segment connecting the start point and target
position (Lerner et al., 2020; Solano et al., 2022a). Trials in which the
pointing angle exceeded 120° or deviated by more than 45° from each
cycle’s median were excluded from further analysis. Trial-by-trial data
was next converted to cycle-by-cycle time series by computing the
median pointing angle across the eight trials of a cycle, for each subject.
For graphical representation, the pointing angle was normalized when
required. We empirically quantified each subject’s learning rate by fitting
a single exponential function (y(t) = a * exp(—b*t) +c) to the sequence
of pointing angles, where y(f) represents the pointing angle on cycle t;
a and c the initial bias and the asymptote of the exponential, respectively;
and parameter b represents the learning rate.

To assess memory retention, the median pointing angle correspond-
ing to each EC cycle was computed and expressed for each subject as a
percentage of the asymptotic pointing angle, calculated based on the
median of the last block of learning. Finally, the percentage measure
was averaged across EC cycles.

Memory decay. To characterize the memory decay of VMA as a
function of time, we fitted a single exponential function (y(t)=ax*
exp(—b*t)+c) to the memory retention values across individual sub-
jects from the five groups of Experiment 1 trained and tested without
intermediate sleep. Here, y(t) represents memory retention at minute
t. Parameter a represents the initial retention value, b is the rate of mem-
ory decay, and ¢ is the asymptote of the function. Exponential functions
have been previously used to characterize forgetting in force-field adap-
tation (Criscimagna-Hemminger and Shadmehr, 2008) and also in
declarative tasks (Wixted, 2004).

Electroencephalographic signal. As described above, SOs and spindles
were automatically identified from the EEG signal previously classified as
NREM2 and NREM3, corresponding to the first cycle of sleep. We com-
puted the density of fast spindles during NREM sleep (number of fast spin-
dles per minute of NREM sleep) and the density of fast spindles coupled
with an SO (number of spindle-SO couplings per minute of NREM sleep).

In our previous work (Solano et al., 2022a), we found that visuomotor
adaptation increased the overall density of fast spindles and fast spindles
coupled with an SO rather locally, over the hemisphere contralateral to
the trained hand (left hemisphere in our experiment). In that work, all
volunteers underwent two PSG recordings, one after a control session
in which subjects performed the VMA task in the absence of the optical
rotation and another after a VMA learning session in which an optical
rotation was applied. The strong interhemispheric modulation of the
sleep metrics mentioned above was revealed after computing the percent
change of these metrics in the experimental session relative to the control
session. In the present study, however, participants in the PM/PM and
AM/AM groups underwent a unique PSG recording after a VMA learn-
ing session. Thus, to assess the effect of learning on the density of sleep
spindles and the spindle-SO coupling for the PM/PM and AM/AM
groups, we computed their interhemispheric percent change according
to the function (left hemisphere — right hemisphere) / right hemisphere
+100. This function was applied for each subject across corresponding
EEG electrodes (FC1-FC2, FC5-FC6, C3-C4, and P3-P4). To illustrate
the spatial distribution of the percentage difference between hemi-
spheres, we report the results in topographic maps (MNE-Python;
Gramfort 2013).

Statistical analysis

Parametric statistics were used to analyze all metrics of interest. Analyses
were carried out using R (version 3.6.3; R Core Team, 2017) in RStudio
(RStudio Team, 2020). Statistical differences were assessed at the 95%
level of confidence (« =0.05).
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For between-subjects statistical comparisons, we used one-way or
two-way ANOVA. The variables of interest were either memory reten-
tion, the rate of learning (b parameter of the exponential function
fitted to the pointing angle), or the median pointing angle from the
last block of adaptation. The fixed factors were the group and the condi-
tion associated with the proximity between learning and sleep.

For the sleep metrics, we fitted a linear mixed model (LMM) in which
random intercepts were estimated for each subject to take into account
the repeated measures. The variable of interest was the interhemispheric
percent change of the sleep metrics computed for all corresponding EEG
electrodes (FC1-FC2, FC5-FC6, C3-C4, and P3-P4), and the fixed fac-
tor was the group. To assess the statistical significance of the fixed factor,
we used F tests with Kenward-Roger’s approximation of the degrees of
freedom to obtain p-values (Halekoh and Hojsgaard, 2014).

We used Dunnett’s test or ¢ tests corrected for multiple comparisons
using Bonferroni, for post hoc assessment.

Results

Sleep does not benefit sensorimotor adaptation when the
temporal gap between training and bedtime is not controlled
In contrast to declarative and motor sequence learning, the consol-
idation of SMA memory has consistently been shown to depend
exclusively on the passage of time (Donchin et al., 2002; Doyon
et al,, 2009; Debas et al., 2010; Thiirer et al., 2018). In this study,
we hypothesized that the apparent lack of a sleep benefit found
in the literature can be attributed to the considerable temporal
gap elapsed between training and bedtime.

To this aim, we compared the asymptotic level of VMA mem-
ory retention attained during wake (derived from the five groups
trained and tested without intermediate sleep) with that of a
group undergoing a full night of sleep (Fig. 1b, top panel).
Critically, training in all groups occurred throughout the day
without any consistency in the training schedule. We found
that all volunteers learned to compensate for the optical rotation
by the end of training as depicted in Figure 2a. Learning was
similar across groups as indicated by the rate of adaptation
(F(s,128)=0.85, p=0.52) and the level of performance attained
during the last block of training (Fs128)=1.22, p=0.30). As
depicted by Figure 2b, memory retention during wake declined
progressively over time (F(4106) = 13.51, p <0.001; mean + SEM,
15 min =79.6 + 3.1%; 1 h=66.8+3.9%; 3h=53.6+4.7%;
5.5h=44.1+4.2%; 9 h=42.0 £5.6%). This pattern of forgetting
conformed to a single exponential function y(t) =a * exp(—b* t)
+c (Fig. 2¢), typically observed in declarative and force-field adap-
tation tasks (Criscimagna-Hemminger and Shadmehr, 2008;
Murre and Dros, 2015). Specifically, VMA memory decayed
with a time constant of 2.25h (b=044 h™') and reached an
asymptote (c=40.97%) at approximately 5.5h post-learning
(retention at 5.5 h vs ¢, f31)=0.74, p=0.94, whereas retention at
3hvs ¢, tp1)=2.68, p=0.028, adjusted for multiple comparisons
based on Bonferroni).

A direct comparison between the asymptotic level of VMA mem-
ory retention attained during wakefulness, as identified by the expo-
nential fit, and that of the group undergoing a full night of sleep (24 h
group) yielded no statistical difference (Fig. 2d; mean +SEM,
24 h=40.5+ %4.1%; retention at 24 h vs ¢, tz)=—0.122, p=0.90),
suggesting no benefit of sleep in this context.

Altogether, these findings show that sensorimotor adaptation
does not benefit from a full night of sleep when the temporal prox-
imity between training and bedtime is not controlled for. Note that,
under these experimental conditions, our results are in line with the
prevailing literature supporting the notion that SMA memory con-
solidates with the passage of time (Donchin et al., 2002; Doyon et al.,
2009; Debas et al., 2010; Thiirer et al., 2018).
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The optimal time window for sleep intervention in a
controlled experimental setting is ~1 h

In Experiment 1, we showed that sleep is ineffective when the tem-
poral gap between training and bedtime is not taken into account.
To determine the optimal time window for sleep intervention in a
controlled experimental setting, in Experiment 2, we used an anter-
ograde interference protocol to track the integrity of VMA memory
through wake consolidation and, thus, estimate the level of vulner-
ability of the memory trace (Wigmore et al,, 2002; Tong and
Flanagan, 2003; Sing and Smith, 2010; Leow et al., 2014).

Four groups of participants (n=15-20 per group) adapted
sequentially to two 30° opposing optical rotations (A= CCW fol-
lowed by B = CW) separated by one of four possible time intervals:
5 min, 1 h, 6 h, or 24 h (Fig. 1b, middle panel). In addition, a con-
trol group (n =20) only adapted to B. Long-term memory for all
groups was assessed 24 h after training on B. Visual inspection
of the learning curves depicted in Figure 3a suggests that all par-
ticipants learned to compensate for perturbation A to a similar
extent (refer to Lerner et al.,, 2020, for corresponding statistics
regarding the rate of adaptation and achieved level of asymptote).
In contrast, anterograde interference significantly affected adapta-
tion to B; while all groups reached asymptotic performance, the
5 min and 1 h groups were significantly slower than the control
group (refer to Lerner et al., 2020 for corresponding statistics).

Memory consolidation during wake was inferred based on the
pattern of retention after anterograde interference. As depicted by
Figure 3b, we found that memory retention was significantly
hindered by anterograde interference (F(457=7.61, p<0.001;
mean + SEM, 5min=18.0+4.3%; 1h=19.1£4.5%; 6 h=38.6+
5.9%; 24 h =41.0 £ 4.8; control =48.3 +4.5%). Specifically, a strong
deficit in memory retention was observed at 5min and 1h
(Dunnett’s test; 5min vs control, p<0.001; 1h vs control,
P <0.001), which dissipated by 6 h (Dunnett’s test; 6 h vs control,
p=0.41; 24 h vs control, p=0.65). This temporal pattern, which
resembles that observed for memory encoding, is consistent with
a release from interference (Brashers-Krug et al., 1996; Shadmehr
and Brashers-Krug, 1997).

In sum, Experiment 2 revealed that sensorimotor adaptation
memories consolidate through wakefulness within a 6-hour win-
dow. Furthermore, and critical to the aim of Experiment 2, we
found that memory remained most vulnerable during the initial
hour post-training, providing relevant information to guide sleep
intervention under the controlled experimental setting of
Experiment 3.

Sleep benefits sensorimotor adaptation when the temporal gap
between training and bedtime is controlled

Building on the findings of Experiment 2, in Experiment 3, we
investigated the impact of manipulating the temporal gap
between training and sleep on long-term memory and the neuro-
physiological markers of sleep consolidation. Our working
hypothesis posited that sleeping early within the memory consol-
idation window, while the memory remains fragile, would
enhance memory retention through an active mechanism.

To test this hypothesis, two groups of volunteers (n =21 and
n=23) trained on the VMA task and slept either within the opti-
mal time window identified in Experiment 2 (<1 h) or way out-
side the 6 h consolidation window (~14 h). We refer to the first
group, trained and tested at night (~10 P.M.), as PM/PM, and to
the second group, trained and tested in the morning, as AM/AM.
Polysomnography recordings were acquired during sleep for
these two groups. Two additional control groups were included
to control for a potential circadian effect at the time of testing,
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Figure 2. Experiment 1. Sleep does not benefit SMA when the temporal gap between training and bedtime is not controlled. a, Learning curves. Shown are the median + SEM of the

normalized pointing angle (in arbitrary units) during visuomotor adaptation for all six groups. b, Time course of memory retention. Memory retention was evaluated during the test session
and expressed as % of learning. Shown are the mean + SEM for each group and the individual data superimposed as dots. **%*p < 0.001 indicates the result of the one-way ANOVA test across
groups. ¢, Characterization of VMA memory decay. Shown is the individual level of memory retention displayed on b, where the abscissa scale represents the true time interval elapsed between
the end of training and test (15 min through 9 h). Superimposed is the curve resulting from fitting a single exponential function: y(t) = a  exp(—b % t)+¢, with a = 42.30%, b=0.44 h™", and
¢=140.97%. The dotted line represents the asymptote c. Memory decay stabilized ~6 h after training. *p < 0.05; n.s., nonsignificance indicates the result of the ¢ test between the 3 hand 5.5 h
groups versus ¢ adjusted for multiple comparisons based on Bonferroni. d, Effect of sleep on VMA memory retention. Shown is the mean + SEM of memory retention for the group that

underwent a full night of sleep (24 h group). The dashed line represents the asymptote of memory decay during wakefulness (c). No significant difference was observed between the level
of retention attained after a night of sleep and c.

a b
. 2
kkk  koksk °
[ ]
H
- S
> — N—
s S 5
@ o =
g 0- I I I T T 1 E I vl T | I T I 8
< 23 34 45 56 67 77| o |78(/,/89 100 111 122 133 144 @
=2 e >
£ = S
g 5
=
°
[ ]
-204
[ ]
-1 L]
Number of cycles Group
Groups EEN5 min 1 h BEN6h BEN24 h Control
(time Interval) ontro

Figure 3.  Experiment 2. Time course of SMA memory consolidates during wake. a, Learning curves. Shown are the median = SEM of the normalized pointing angle (in arbitrary units) for all

groups as a function of the training session in which participants adapted sequentially to two opposing optical rotations (A followed by B) separated by one of four possible time intervals. In
addition, a control group only adapted to B. b, Time course of memory retention. Memory retention was evaluated during the test session by quantifying the pointing angle through two
error-clamp cycles, expressed as a percentage of the asymptotic performance on B. Shown are the mean + SEM of memory retention for each group, with individual data superimposed
as dots. ***p < 0.001 indicates those groups that differed significantly from the control group according to Dunnett’s test.

a PM/AM group that trained in the evening but was tested in the
morning (with an intermediate sleep period) and an AM/PM
group that trained in the morning but was tested in the evening

rate of learning (F370)=1.46, p=0.23) and the achieved asymp-
totic performance (F;0)=0.860, p=0.461). Critical to our
manipulation, and in alignment with our hypothesis, we observed

(without an intermediate sleep period) (Fig. 1, bottom panel).
All four groups adapted similarly to the optical rotation regard-
less of the time of training (Fig. 4a), as determined based on the

a 31% increase in memory retention (Fig. 4b) in the groups that
trained immediately before sleep (PM/PM and PM/AM) com-
pared with the groups that trained distant from sleep (AM/AM
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during which memory remains fragile. a, Learning curves. Shown are the median + SEM
of the normalized pointing angle (in arbitrary units) corresponding to the AM/AM and
PM/PM groups and their circadian controls (AM/PM and PM/AM). b, Memory retention.
Memory retention was evaluated during the test session by quantifying the pointing angle
through two error-clamp cycles, which was expressed as a percentage of the asymptotic per-
formance level. Shown are the mean + SEM of the memory retention attained by each group;
individual data are superimposed as dots. ***p < 0.001 indicates the result of the two-way
ANOVA for the main effect of time of training on memory retention.

and AM/PM) (two-way ANOVA; significant main effect of train-
ing time: Fj70)=5.52, p=0.02; mean+SEM: PM/PM =555+
4.4%; PM/AM =55.9 £10.5%; AM/AM =42.9 +4.3%; AM/PM =
41.8+5.6%). EEG analysis based on the onset of NREM 1
confirmed that volunteers in the PM/PM and PM/AM groups
fell asleep within ~20 min post-training (mean+SEM =219+
2.8 min), confirming a good overlap between sleep and the optimal
time window. Critical to the specificity of our results, memory
enhancement observed in the groups that trained close to bedtime
cannot be explained by the time of test (two-way ANOVA; non-
significant effect of time of test: F(; 79)=0.18, p=0.67), ruling out
a circadian modulation at the level of retrieval.

Notably, the level of memory retention achieved by the AM/AM
group was comparable to that of the 24 h group from Experiment 1
(Fig. 2d), which trained sparsely during wakefulness without
controlling the temporal gap between training and sleep (mem-
ory retention, mean + SEM, AM/AM =42.9 +4.3%; 24 h group
from Experiment 1=40.5+4.1%; f435)=0.40, p=0.3). This
finding confirms that the observed benefit of sleep in memory
retention represents a net enhancement of long-term memory.

Our findings indicate that sleeping early during the stabiliza-
tion window potentiates SMA memory. We hypothesized that
this effect reflects, at least in part, an active role of sleep in the
consolidation of newly acquired information. To test this
hypothesis, we assessed the effect of our manipulation on two
well-established neural markers of sleep consolidation, which
have been consistently observed across species and learning
paradigms (Maingret et al, 2016; Ladenbauer et al, 2017;
Helfrich et al., 2018; Muehlroth et al., 2019; Navarro-Lobato
and Genzel, 2019). We and others have shown that motor learn-
ing increases the density of fast spindles and the SO-spindle cou-
pling during NREM sleep (Kim et al., 2019; Silversmith et al.,
2020; Hahn et al., 2022; Solano et al.,, 2022a,b). In our previous
studies (Solano et al., 2022a,b), we found that this modulation
predominantly occurs over the left hemisphere, contralateral to
the trained hand, and predicts overnight long-term memory.
Here we analyzed the EEG recordings from the AM/AM and
PM/PM groups obtained during the night following SMA
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learning and contrasted these sleep metrics. We predicted that
if sleep actively contributes to the consolidation of newly
acquired SMA memory, it should increase the density of sleep
spindles and SO-spindle couplings specifically over the contra-
lateral hemisphere only in the PM/PM group.

As illustrated in Figure 5a, we found that training close to
bedtime increased the spindle density over the left contralateral
hemisphere (left/right hemisphere % change of fast spindle den-
sity, mean + SEM, PM/PM =12.1 £ 1.6%, AM/AM =1.6 +1.5%;
F,3887)=6.48, p=0.015, followed by ¢ test vs zero; PM/PM,
taose =41, p=0.001; AM/AM, tqgs =053, p=1). Likewise,
Figure 5b shows that our manipulation also enhanced the spin-
dle-SO coupling over the left hemisphere (left/right hemisphere
% change of fast spindle-SO density, mean+ SEM, PM/PM =
14.8 + 1.6%, AM/AM = 1.6 + 1.1%; F(; 37.74) = 6.02, p=0.019, fol-
lowed by ¢ test vs zero; PM/PM, t(195) = 3.5, p=0.004; AM/AM,
t19.2)=0.52, p=1). No significant differences were found in sleep
architecture across groups suggesting that our results may not be
attributed to differences in the quality or duration of sleep
(Table 2).

In sum, Experiment 3 indicates that sleep potentiates long-
term memory when it occurs early during the window of memory
stabilization. The fact that the observed behavioral gain cannot
be attributed to circadian effects, along with the specific contra-
lateral modulation in spindle density and spindle-SO coupling in
the group that trained close to bedtime, strongly suggests that
sensorimotor adaptation undergoes consolidation during sleep.

Control experiment: overlearning does not impact memory
retention
A potential confound to our findings from Experiment 2 is the
possibility that the amount of training at the asymptote (aka
overlearning) may have impacted memory retention, confound-
ing the results from Experiment 2. This is because despite reach-
ing the same level of asymptotic performance by the end of
training on B, the two groups undergoing the strongest antero-
grade interference (5 min and 1h groups) exhibited a slower
rate of learning and, thus, spent relatively less amount of time
training at the asymptote than the 6 h, 24 h, and the control
(B only) groups. To explore the possibility that this lesser amount
of “overlearning” (Krakauer et al., 2005; Shibata et al., 2017;
Mooney et al, 2021) may explain the pattern of anterograde
interference depicted in Figure 3b, we tested an additional group
of subjects (n=20) that trained a similar amount of time at the
asymptote as the 5 min and 1 h groups. We hypothesized that
if the observed decrease in memory retention was due to a lesser
amount of overlearning rather than an impairment of the mem-
ory consolidation process, then the overlearning group should
exhibit a similar level of retention as the 5 min and 1 h groups.

The amount of overlearning yielded by each group was as fol-
lows: (mean + SEM) 5 min group=28.2+4.2 cycles; 1 h group=
274+45 cycles; 6 h group=36+4.1 cycles; 24 h group=31.3+
4.5 cycles; and control group =43.33 +3.3. Given that all groups
in Experiment 2 trained for six blocks on B (6x 11 cycles =66
cycles), and considering that the 5min and 1h groups spent
approximately two fewer blocks than the control group (~22 cycles)
training at the asymptote, we exposed the new overlearning group
to four blocks (44 cycles) of training on B. Figure 6a indicates that
this manipulation was successful in matching the amount of over-
learning of the 5 min and 1 h groups (mean+SEM =24.1+2.4;
Fs2)=0.326, p=0.72).

Note that, although the overlearning group spent less time
training at the asymptote than the control group (Fig. 64,
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spindles (a) and the fast spindle—SO couplings (b) during NREM of the first cycle of sleep for the PM/PM and the AM/AM groups. The interhemispheric change in these metrics was computed
according to the function (left hemisphere — right hemisphere) / right hemisphere % 100, applied across corresponding EEG electrodes. Barplots on the right depict the statistical quantification of

these metrics across groups obtained based on LMMs. Superimposed on the bar plots is the estimated grand average for each subject (illustrated as dots).

F test across groups.

Table 2. Sleep architecture for AM/AM and PM/PM groups from Experiment 3

AM/AM PM/PM t test

Measure Mean SEM  Mean SEM T p

Total Sleep Time (min) 43307 701 43459 444 010 092
Sleep Efficiency (%) 9032 078 90.93  0.76 031 076
Sleep latency (min) 1812 1.04 2602 3.01 139 0417
REM latency (min) 1752 539 9954 448 14 0.17
Total Wake Time (min) 4774 404 4323 359 —046  0.65
Wake After Sleep Onset (min) 2071 2.89 1559 196 —080 043
NREM1 (min) 5002 298 3664 154 =176  0.09
NREM2 (min) 15219 451 160.88  5.29 069 049
NREM3 (min) 1795 389 12723 371 095 035
REM (min) 11290 469 10983 347 029 077

Shown are the mean and SEM corresponding to the sleep measures listed in the first column corresponding to the
AM/AM and PM/PM groups from Experiment 3. The last columns depict the statistics and p-values yielded from
comparing the two groups with ¢ tests. All measures are depicted in minutes except for sleep efficiency, defined as
the percentage of total sleep time relative to the time interval between lights off and lights on (%). As observed,
no differences were observed in sleep architecture across groups.

F371=5.78, p=0.001; followed by Dunnett’s test, 5 min vs
control, p=0.02; 1 h vs control, p=0.006; overlearning group
vs control, p<0.001), both groups attained a similar level of
memory retention (Fig. 6b; F(371)=20.04, p<0.001; followed
by Dunnett’s test, 5min vs control, p<0.001; 1 h vs control,
p <0.001; overlearning vs control, p=0.44). Collectively, these
results confirm that the temporal pattern of SMA memory con-
solidation unveiled in Experiment 2 is not confounded by the
amount of time training at the asymptote.

*p < 0.05 indicates the result of the

Discussion

While there is compelling evidence that sleep improves different
types of memories, its role in motor memory consolidation
remains a topic of contention. Current work suggests that motor
skill memory requires sleep to consolidate while sensorimotor
adaptation is consolidated with the passage of time, irrespective
of sleep. This evidence has led to the proposal that the latter
may be an exception to other types of memories (Brodt et al.,
2023). In the present study, we addressed this ongoing debate
through a series of three meticulously designed experiments. In
line with previous work, we show that SMA memory consolidates
with the passage of time when training is distributed throughout
the daytime. However, when the time interval between learning
and bedtime is manipulated to ensure that sleep takes place while
the memory trace is still in a fragile state, a significant memory
enhancement becomes apparent. This marked improvement in
long-term memory was accompanied by specific modulation of
neural markers of sleep consolidation, including an increase in
spindle density and spindle-SO coupling during NREM, thereby
providing support for an active role of sleep behind the beha-
vioral benefit.

Our work contributes to reconciling conflicting viewpoints
regarding the mechanisms involved in the consolidation of
motor memories, namely, MSL versus SMA. It is important to
note that while numerous studies on SMA have provided
supporting evidence for the hypothesis that both visuomotor
and force-field adaptation memories consolidate over time
(Donchin et al.,, 2002; Doyon et al., 2009; Debas et al., 2010;
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Figure 6. The time course of SMA memory retention is not explained by the time spent

training at the asymptote. Shown are the mean = SEM of the number of cycles training at the
asymptote (a) and the level of memory retention (b) corresponding to the 5 min, 1 h, and
control groups from Experiment 2 and to the overlearning group. *p < 0.05, **p < 0.01,
**%p < 0.007; n.s., nonsignificance, indicates the result of the Dunnett's test for each group
compared against the control.

Thirer et al., 2018), other research conducted by Tononi and col-
leagues has pointed to a distinct advantage of sleep in the context
of visuomotor adaptation (Huber et al., 2004; Landsness et al.,
2009). These apparent disparities can be resignified in light of
our current results. While in the former set of studies, partici-
pants were trained sparsely throughout the daytime, in
Tononi’s work volunteers learned the motor task immediately
before bedtime. Notably, in none of these studies, the temporal
gap between learning and sleep was deliberately considered. By
systematically manipulating this gap here, we demonstrate a
net benefit of sleep on motor memory of approximately 30%.
Our findings help settle the above controversy and suggest
that, like motor skill learning and declarative learning, sensori-
motor adaptation undergoes sleep consolidation.

Is the sleep-related memory benefit we observe herein the out-
come of a passive or an active mechanism? There are currently
two main hypotheses supporting an active role of NREM sleep
in memory consolidation. According to the systems consolida-
tion hypothesis, newly encoded memories, initially stored in hip-
pocampal networks, are reactivated during slow-wave sleep and
gradually integrated with existing memory traces at the level of
the neocortex. This process is thought to depend on the close
synchrony between slow oscillations, sleep spindles, and hippo-
campal ripples (Rasch and Born, 2007; Diekelmann and Born,
2010; Buzsaki, 2015; Maingret et al, 2016; Ladenbauer et al.,
2017; Latchoumane et al., 2017; Helfrich et al., 2018; Muehlroth
et al,, 2019; Navarro-Lobato and Genzel, 2019). Another—not
mutually exclusive—account of memory consolidation is the
synaptic homeostasis hypothesis (SHY), according to which
synaptic weights potentiated during learning are downscaled by
sleep, improving their signal-to-noise ratio (Tononi and Cirelli,
2003, 2006). In line with the systems consolidation hypothesis,
here we show that training specifically increased the spindle-SO
coupling over the contralateral hemisphere, solely when it occurs
immediately before bedtime, supporting an active role of sleep in
SMA memory consolidation. Nevertheless, it remains plausible
that sleep actively promotes consolidation while also providing
passive protection from interference. Although our study was
not aimed at testing this possibility, it is a topic of relevance worth
future investigation. Note that our experimental design precluded
us from directly examining whether our findings align with SHY
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(but refer to Solano et al., 2022a, for prior evidence from our lab-
oratory supporting both theoretical accounts).

Our findings from Experiment 2 build upon our earlier work,
showing that anterograde interference impairs the ability to learn
within a 6-hour window (Lerner et al., 2020). Here we show fur-
ther that anterograde interference also hinders long-term mem-
ory retention following a similar time course, suggesting that the
same biological substrates may support both learning and mem-
ory stabilization (Della-Maggiore et al., 2015), a hypothesis in
line with the modern concept of an engram (Josselyn and
Tonegawa, 2020). Interestingly, SMA memory decay unveiled
by Experiment 1, followed a similar temporal evolution to mem-
ory stabilization, leveling off ~6 h post-learning, a finding that is
in line with work from force-field adaptation (Criscimagna-
Hemminger and Shadmehr, 2008). This temporal alignment
opens the possibility that the amount of forgetting may depend
on the stability of the motor memory trace (Frankland et al.,
2013; Davis and Zhong, 2017) so that more stable memories
are less likely to undergo forgetting. Further studies in which
these behavioral metrics could be tracked in the same partici-
pants would be needed to explore this interplay.

Why might the temporal proximity between learning and sleep
play a crucial role in the overnight consolidation of SMA memory?
While many studies from the declarative and nondeclarative mem-
ory fields have reported the beneficial effects of aligning learning
with sleep (Gais et al.,, 2006; Talamini et al., 2008; Doyon et al.,
2009; Van Der Werf et al,, 2009; Holz et al., 2012; Payne et al.,
2012; Inostroza et al.,, 2013; Sawangjit et al., 2018, 2020; Truong
etal., 2023), the precise mechanism/s underlying this phenomenon
remain/s elusive. Emerging evidence suggests that the coupling
between sleep spindles and slow oscillations (SOs) observed
during NREM sleep may promote the occurrence of hippocampal
sharp-wave ripples (SWRs), a high-frequency oscillation (~90 Hz)
directly implicated in memory reactivation (Ngo et al., 2020;
Brodt et al,, 2023; Staresina et al, 2023). Notably, this triad
(SO-spindle-SWR) has been observed in rodents during the early
phases of motor skill learning (Kim et al., 2023). Converging evi-
dence from our lab underscores the involvement of the human
hippocampus during the initial phase of MSL and SMA up to
30 min post-training (Jacobacci et al., 2020; Deleglise et al., 2022;
Della-Maggiore et al., 2023). One possibility is that, like declarative
learning, the hippocampus enables sleep-dependent motor mem-
ory consolidation. However, this process may be initiated only
when sleep closely follows learning, ensuring the hippocampus
remains actively engaged. Alternatively—but not exclusively—
the neurochemical and/or neuromodulatory milieu of sleep may
favor the activation of mechanisms associated with memory con-
solidation (Diekelmann and Born, 2010; Rasch and Born, 2013),
such as synaptic homeostasis (Tononi and Cirelli, 2003, 2006,
2014) or de novo protein synthesis and gene expression, key for
synaptic plasticity (Ramm and Smith, 1990; Nakanishi et al.,
1997; Ribeiro et al., 1999; Mackiewicz et al., 2007; Seibt et al.,
2012). Rigorous biological interventions would be essential to
empirically test these hypotheses that at this stage remain
speculative.

In conclusion, our findings indicate that consolidation of SMA
depends both on the passage of time and sleep. Specifically, we
showed that when training is distributed throughout the daytime
and the temporal proximity between learning and sleep is not guar-
anteed, consolidation proceeds independently of sleep. Conversely,
when sleep is strategically scheduled to overlap with the memory
stabilization window while the memory trace is still in a fragile
state, SMA memory is enhanced along with a distinct modulation
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of the neural markers of sleep consolidation. Our work advances
research at the basic and translational levels. At the basic level, it
contributes to resolving a long-standing debate concerning the
role of sleep in SMA memory consolidation. Furthermore, it opens
the possibility of common mechanisms supporting consolidation
across different memory domains. Finally, at the translational level,
it may impact rehabilitation programs, potentially expediting
motor injury recovery by aligning training sessions with the sleep
cycle or incorporating strategic nap interventions.

References

Albert ST, Jang ], Modchalingam S, ‘t Hart BM, Henriques D, Lerner G,
Della-Maggiore V, Haith AM, Krakauer JW, Shadmehr R (2022)
Competition between parallel sensorimotor learning systems. eLife 11:1-81.

Albouy G, Fogel S, King BR, Laventure S, Benali H, Karni A, Carrier J,
Robertson EM, Doyon ] (2015) Maintaining vs. enhancing motor
sequence memories: respective roles of striatal and hippocampal systems.
Neuroimage 108:423-434.

Albouy G, Fogel S, Pottiez H, Nguyen VA, Ray L, Lungu O, Carrier J,
Robertson E, Doyon J (2013) Daytime sleep enhances consolidation of
the spatial but not motoric representation of motor sequence memory.
PLoS One 8:e52805.

Antony JW, Paller KA (2017) Using oscillating sounds to manipulate sleep
spindles. Sleep 40:1-8.

Barakat M, et al. (2011) Fast and slow spindle involvement in the consolida-
tion of a new motor sequence. Behav Brain Res 217:117-121.

Barrett TR, Ekstrand BR (1972) Effect of sleep on memory: III. Controlling for
time-of-day effects. ] Exp Psychol 96:321-327.

Benson K, Feinberg I (1977) The beneficial effect of sleep in an extended
Jenkins and Dallenbach paradigm. Psychophysiology 14:375-384.

Boutin A, Pinsard B, Boré A, Carrier ], Fogel SM, Doyon J (2018) Transient
synchronization of hippocampo-striato-thalamo-cortical networks dur-
ing sleep spindle oscillations induces motor memory consolidation.
Neuroimage 169:419-430.

Brainard DH (1997) The psychophysics toolbox. Spat Vis 10:433-436.

Brashers-Krug T, Shadmehr R, Bizzi E (1996) Consolidation in human motor
memory. Nature 382:252-255.

Brawn TP, Fenn KM, Nusbaum HC, Margoliash D (2010) Consolidating the
effects of waking and sleep on motor-sequence learning. J Neurosci 30:
13977-13982.

Breton J, Robertson EM (2017) Dual enhancement mechanisms for overnight
motor memory consolidation. Nat Hum Behav 1:1-7.

Brodt S, Inostroza M, Niethard N, Born J (2023) Sleep—a brain-state serving
systems memory consolidation. Neuron 111:1050-1075.

Buysse DJ, Reynolds CF III, Monk TH, Berman SR, Kupfer DJ (1989) The
Pittsburgh Sleep Quality Index: a new instrument for psychiatric practice
and research. Psychiatry Res 28:193-213.

Buzsaki G (2015) Hippocampal sharp wave-ripple: a cognitive biomarker for
episodic memory and planning. Hippocampus 25:1073-1188.

Cox R, Schapiro AC, Manoach DS, Stickgold R (2017) Individual differences
in frequency and topography of slow and fast sleep spindles. Front Hum
Neurosci 11:1-22.

Criscimagna-Hemminger SE, Shadmehr R (2008) Consolidation patterns of
human motor memory. ] Neurosci 28:9610-9618.

Davis RL, Zhong Y (2017) The biology of forgetting—a perspective. Neuron
95:490-503.

Debas K, et al. (2010) Brain plasticity related to the consolidation of motor
sequence learning and motor adaptation. Proc Natl Acad Sci U S A
107:17839-17844.

Deleglise A, Donnelly-Kehoe PA, Yeffal A, Jacobacci F, Jovicich J, Amaro E Jr,
Armony JL, Doyon ], Della-Maggiore V (2022) Human motor sequence
learning drives transient changes in network topology and hippocampal
connectivity early during memory consolidation. Cereb Cortex 33:6120-
6131.

Della-Maggiore V, Villalta JI, Kovacevic N, McIntosh AR (2015) Functional
evidence for memory stabilization in sensorimotor adaptation: a 24-h
resting-state fMRI study. Cereb Cortex 27:bhv289.

Della-Maggiore V, Jacobacci F, Griffa G, Deleglise A (2023) Unveiling the role
of the hippocampus in procedural motor learning. IBRO Neurosci Rep 15:
S44.

J. Neurosci., September 4, 2024 « 44(36):20325242024 - 11

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

Donchin O, Sawaki L, Madupu G, Cohen LG, Shadmehr R (2002) Mechanisms
influencing acquisition and recall of motor memories. ] Neurophysiol 88:
2114-2123.

Doyon ], Korman M, Morin A, Dostie V, Tahar AH, Benali H, Karni A,
Ungerleider LG, Carrier ] (2009) Contribution of night and day sleep
vs. simple passage of time to the consolidation of motor sequence and
visuomotor adaptation learning. Exp Brain Res 195:15-26.

Ferrarelli F, Huber R, Peterson MJ, Massimini M, Murphy M, Riedner BA,
Watson A, Bria P, Tononi G (2007) Reduced sleep spindle activity in schi-
zophrenia patients. Am J Psychiatry 164:483-492.

Frankland PW, Kéhler S, Josselyn SA (2013) Hippocampal neurogenesis and
forgetting. Trends Neurosci 36:497-503.

Gais S, Lucas B, Born ] (2006) Sleep after learning aids memory recall. Learn
Mem 13:259-262.

Gonzalez Castro LN, Hadjiosif AM, Hemphill MA, Smith MA (2014)
Environmental consistency determines the rate of motor adaptation.
Curr Biol 24:1050-1061.

Gramfort A (2013) MEG and EEG data analysis with MNE-Python. Front
Neurosci 7:1-13.

Hahn MA, Bothe K, Heib D, Schabus M, Helfrich RF, Hoedlmoser K (2022)
Slow oscillation-spindle coupling strength predicts real-life gross-motor
learning in adolescents and adults. eLife 11:1-21.

Halekoh U, Hojsgaard S (2014) A Kenward-Roger approximation and para-
metric bootstrap methods for tests in linear mixed models - the R package
pbkrtest. J Stat Softw 59:1-32.

Helfrich RF, Mander BA, Jagust WJ, Knight RT, Walker MP (2018) Old
brains come uncoupled in sleep: slow wave-spindle synchrony, brain atro-
phy, and forgetting. Neuron 97:221-230.e4.

Holz ], Piosczyk H, Feige B, Spiegelhalder K, Baglioni C, Riemann D, Nissen C
(2012) EEG sigma and slow-wave activity during NREM sleep correlate
with overnight declarative and procedural memory consolidation.
J Sleep Res 21:612-619.

Huber R, Felice Ghilardi M, Massimini M, Tononi G (2004) Local sleep and
learning. Nature 430:78-81.

Iber C (2004) Development of a new manual for characterizing sleep. Sleep
27:190-192.

Inostroza M, Binder S, Born J (2013) Sleep-dependency of episodic-like
memory consolidation in rats. Behav Brain Res 237:15-22.

Jacobacci F, Armony JL, Yeffal A, Lerner G, Amaro E, Jovicich J, Doyon J,
Della-Maggiore V (2020) Rapid hippocampal plasticity supports motor
sequence learning. Proc Natl Acad Sci U S A 117:23898-23903.

Johns MW (1991) A New method for measuring daytime sleepiness: the
Epworth sleepiness scale. Sleep 14:540-545.

Josselyn SA, Tonegawa S (2020) Memory engrams: recalling the past and
imagining the future. Science 367:eaaw4325.

Karni A, Meyer G, Rey-Hipolito C, Jezzard P, Adams MM, Turner R,
Ungerleider LG (1998) The acquisition of skilled motor performance:
fast and slow experience-driven changes in primary motor ¢ ortex. Proc
Natl Acad Sci U S A 95:861-868.

Kim J, Gulati T, Ganguly K (2019) Competing roles of slow oscillations and delta
waves in memory consolidation versus forgetting. Cell 179:514-526.e13.

Kim J, Joshi A, Frank L, Ganguly K (2023) Cortical-hippocampal coupling
during manifold exploration in motor cortex. Nature 613:103-110.

Krakauer JW, Ghez C, Ghilardi MF (2005) Adaptation to visuomotor trans-
formations: consolidation, interference, and forgetting. ] Neurosci 25:
473-478.

Krakauer JW, Ghilardi M-F, Ghez C (1999) Independent learning of internal
models for kinematic and dynamic control of reaching. Nat Neurosci 2:
1026-1031.

Krakauer JW, Hadjiosif AM, Xu J, Wong AL, Haith AM (2019) Motor learn-
ing. Compr Physiol 9:613-663.

Krakauer JW, Pine ZM, Ghilardi M-F, Ghez C (2000) Learning of visuomotor
transformations for vectorial planning of reaching trajectories. ] Neurosci
20:8916-8924.

Kurz E-M, Conzelmann A, Barth GM, Renner TJ, Zinke K, Born J (2021) How
do children with autism spectrum disorder form gist memory during
sleep? A study of slow oscillation-spindle coupling. Sleep 44:1-14.

Ladenbauer J, Ladenbauer J, Kiilzow N, de Boor R, Avramova E, Grittner U,
Floel A (2017) Promoting sleep oscillations and their functional coupling
by transcranial stimulation enhances memory consolidation in mild cog-
nitive impairment. ] Neurosci 37:7111-7124.



12 « J. Neurosci., September 4, 2024 « 44(36):¢0325242024

Landsness EC, et al. (2009) Sleep-dependent improvement in visuomotor
learning: a causal role for slow waves. Sleep 32:1273-1284.

Latchoumane C-FV, Ngo H-VV, Born J, Shin H-S (2017) Thalamic spindles
promote memory formation during sleep through triple phase-locking of
cortical, thalamic, and hippocampal rhythms. Neuron 95:424-435.¢6.

Leow LA, Hammond G, de Rugy A (2014) Anodal motor cortex stimulation
paired with movement repetition increases anterograde interference but
not savings. Eur ] Neurosci 40:3243-3252.

Lerner G, Albert S, Caffaro PA, Villalta JI, Jacobacci F, Shadmehr R,
Della-Maggiore V (2020) The origins of anterograde interference in
visuomotor adaptation. Cereb Cortex 30:4000-4010.

Mackiewicz M, Shockley KR, Romer MA, Galante R], Zimmerman JE, Naidoo
N, Baldwin DA, Jensen ST, Churchill GA, Pack AI (2007) Macromolecule
biosynthesis: a key function of sleep. Physiol Genomics 31:441-457.

Maingret N, Girardeau G, Todorova R, Goutierre M, Zugaro M (2016)
Hippocampo-cortical coupling mediates memory consolidation during
sleep. Nat Neurosci 19:959-964.

Mizrahi-Kliger AD, Kaplan A, Israel Z, Bergman H (2018) Desynchronization
of slow oscillations in the basal ganglia during natural sleep. Proc Natl Acad
Sci U S A 115:E4274-E4283.

Molle M, Bergmann TO, Marshall L, Born J (2011) Fast and slow spindles
during the sleep slow oscillation: disparate coalescence and engagement
in memory processing. Sleep 34:1411-1421.

Mooney RA, Bastian AJ, Celnik PA (2021) Training at asymptote stabilizes
motor memories by reducing intracortical excitation. Cortex 143:47-56.

Muehlroth BE, Sander MC, Fandakova Y, Grandy TH, Rasch B, Shing YL,
Werkle-Bergner M (2019) Precise slow oscillation-spindle coupling pro-
motes memory consolidation in younger and older adults. Sci Rep 9:1940.

Murre JMJ, Dros J (2015) Replication and analysis of Ebbinghaus’ forgetting
curve. PLoS One 10:1-23.

Nakanishi H, et al. (1997) Positive correlations between cerebral protein synth-
esis rates and deep sleep in Macaca mulatta. Eur ] Neurosci 9:271-279.

Navarro-Lobato I, Genzel L (2019) The up and down of sleep: from molecules
to electrophysiology. Neurobiol Learn Mem 160:3-10.

Nettersheim A, Hallschmid M, Born J, Diekelmann S (2015) The role of sleep
in motor sequence consolidation: stabilization rather than enhancement.
] Neurosci 35:6696-6702.

Ngo H-V, Fell ], Staresina B (2020) Sleep spindles mediate hippocampal-
neocortical coupling during long-duration ripples. eLife 9:¢57011.

Nishida M, Walker MP (2007) Daytime naps, motor memory consolidation
and regionally specific sleep spindles. PLoS One 2:e341.

Oldfield RC (1971) The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia 9:97-113.

Oostenveld R, Praamstra P (2001) The five percent electrode system for high-
resolution EEG and ERP measurements. Clin Neurophysiol 112:713-719.

Payne JD, Tucker MA, Ellenbogen JM, Wamsley EJ, Walker MP, Schacter DL,
Stickgold R (2012) Memory for semantically related and unrelated declara-
tive information: the benefit of sleep, the cost of wake. PLoS One 7:1-7.

Pine ZM, Krakauer JW, Gordon J, Ghez C (1996) Learning of scaling factors
and reference axes for reaching movements. Neuroreport 7:2357-2362.

Ramanathan DS, Gulati T, Ganguly K (2015) Sleep-dependent reactivation of
ensembles in motor cortex promotes skill consolidation. PLoS Biol 13:
€1002263.

Ramm P, Smith CT (1990) Rates of cerebral protein synthesis are linked to
slow wave sleep in the rat. Physiol Behav 48:749-753.

Rasch B, Born J (2007) Maintaining memories by reactivation. Curr Opin
Neurobiol 17:698-703.

Rasch B, Born ] (2013) About sleep’s role in memory. Physiol Rev 93:681-766.

R Core Team (2017) R: a language and environment for statisti- cal computing.
Vienna, Austria: R Foundation for Statistical Computing. https:/www.R-
project.org/

Ribeiro S, Goyal V, Mello CV, Pavlides C (1999) Brain gene expression during
REM sleep depends on prior waking experience. Learn Mem 6:500-508.

Rickard TC, Cai DJ, Rieth CA, Jones J, Ard MC (2008) Sleep does not enhance
motor sequence learning. ] Exp Psychol Learn Mem Cogn 34:834-842.

Robertson EM, Pascual-Leone A, Press DZ (2004) Awareness modifies the
skill-learning benefits of sleep. Curr Biol 14:208-212.

RStudio Team (2020) RStudio: integrated development for R. Boston, MA:
RStudio, PBC. http://www.rstudio.com/

Sawangjit A, Oyanedel CN, Niethard N, Born J, Inostroza M (2020)
Deepened sleep makes hippocampal spatial memory more persistent.
Neurobiol Learn Mem 173:107245.

Solano et al. e Sleep Potentiates Sensorimotor Adaptation

Sawangjit A, Oyanedel CN, Niethard N, Salazar C, Born J, Inostroza M
(2018) The hippocampus is crucial for forming non-hippocampal long-
term memory during sleep. Nature 564:109-113.

Seibt J, Dumoulin MC, Aton SJ, Coleman T, Watson A, Naidoo N, Frank MG
(2012) Protein synthesis during sleep consolidates cortical plasticity in
vivo. Curr Biol 22:676-682.

Shadmehr R, Brashers-Krug T (1997) Functional stages in the formation of
human long-term motor memory. ] Neurosci 17:409-419.

Shadmehr R, Mussa-Ivaldi F (1994) Adaptive representation of dynamics
during learning of a motor task. ] Neurosci 14:3208-3224.

Shibata K, Sasaki Y, Bang JW, Walsh EG, Machizawa MG, Tamaki M, Chang
L-H, Watanabe T (2017) Overlearning hyperstabilizes a skill by rapidly
making neurochemical processing inhibitory-dominant. Nat Neurosci
20:470-475.

Silversmith DB, Lemke SM, Egert D, Berke JD, Ganguly K (2020) The degree
of nesting between spindles and slow oscillations modulates neural syn-
chrony. ] Neurosci 40:4673-4684.

Sing GC, Smith MA (2010) Reduction in learning rates associated with anter-
ograde interference results from interactions between different timescales
in motor adaptation. PLoS Comput Biol 6:61000893.

Smith MA, Shadmehr R (2005) Intact ability to learn internal models of Arm
Dynamics in Huntington’s disease but not cerebellar degeneration.
] Neurophysiol 93:2809-2821.

Solano A, Riquelme LA, Perez-Chada D, Della-Maggiore V (2022a) Motor
learning promotes the coupling between fast spindles and slow oscilla-
tions locally over the contralateral motor network. Cereb Cortex 32:
2493-2507.

Solano A, Riquelme LA, Perez-Chada D, Della-Maggiore V (2022b) Visuomotor
adaptation modulates the clustering of sleep spindles into trains. Front
Neurosci 16:1-8.

Staresina BP, Niediek J, Borger V, Surges R, Mormann F (2023) How cou-
pled slow oscillations, spindles and ripples coordinate neuronal pro-
cessing and communication during human sleep. Nat Neurosci 26:
1429-1437.

Talamini LM, Nieuwenhuis ILC, Takashima A, Jensen O (2008) Sleep directly
following learning benefits consolidation of spatial associative memory.
Learn Mem 15:233-237.

Thiirer B, Weber FD, Born J, Stein T (2018) Variable training but not sleep
improves consolidation of motor adaptation. Sci Rep 8:15977.

Tong C, Flanagan JR (2003) Task-specific internal models for kinematic
transformations. ] Neurophysiol 90:578-585.

Tononi G, Cirelli C (2003) Sleep and synaptic homeostasis: a hypothesis.
Brain Res Bull 62:143-150.

Tononi G, Cirelli C (2006) Sleep function and synaptic homeostasis. Sleep
Med Rev 10:49-62.

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

Tort ABL, Komorowski R, Eichenbaum H, Kopell N (2010) Measuring
phase-amplitude coupling between neuronal oscillations of different fre-
quencies. ] Neurophysiol 104:1195-1210.

Truong C, Ruffino C, Gaveau J, White O, Hilt PM, Papaxanthis C (2023)
Time of day and sleep effects on motor acquisition and consolidation.
NPJ Sci Learn 8:30.

Tucker M, Hirota Y, Wamsley E, Lau H, Chaklader A, Fishbein W (2006) A
daytime nap containing solely non-REM sleep enhances declarative but
not procedural memory. Neurobiol Learn Mem 86:241-247.

Van Der Werf YD, Van Der Helm E, Schoonheim MM, Ridderikhoff A, Van
Someren EJW (2009) Learning by observation requires an early sleep win-
dow. Proc Natl Acad Sci U S A 106:18926-18930.

Villalta JI, Landi SM, Fl6 A, Della-Maggiore V (2015) Extinction
interferes with the retrieval of visuomotor memories through a
mechanism involving the sensorimotor cortex. Cereb Cortex 25:1535-
1543.

Wagner U, Kashyap N, Diekelmann S, Born J (2007) The impact of post-
learning sleep vs. wakefulness on recognition memory for faces with dif-
ferent facial expressions. Neurobiol Learn Mem 87:679-687.

Wigmore V, Tong C, Flanagan JR (2002) Visuomotor rotations of varying size
and direction compete for a single internal model in motor working mem-
ory. ] Exp Psychol Hum Percept Perform 28:447-457.

Wixted JT (2004) The psychology and neuroscience of forgetting. Annu Rev
Psychol 55:235-269.


https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
http://www.rstudio.com/

	 Introduction
	 Materials and Methods
	Outline placeholder
	 Participants
	 Experimental paradigm
	 Experimental design
	 Experiment 1: determine the effect of sleep on SMA when the temporal gap between training and bedtime is not controlled
	 Experiment 2: determine the optimal time window for sleep intervention in a controlled experimental setting
	 Control experiment
	 Experiment 3: determine the effect of sleep on SMA when the temporal gap between training and bedtime is controlled

	 PSG recording
	 EEG processing
	 Detection of SOs
	 Sleep spindle detection
	 Coupling between SOs and spindles

	 Data analysis
	 Behavior
	 Memory decay
	 Electroencephalographic signal

	 Statistical analysis


	 Results
	 Sleep does not benefit sensorimotor adaptation when the temporal gap between training and bedtime is not controlled
	 The optimal time window for sleep intervention in a controlled experimental setting is ∼1 h
	 Sleep benefits sensorimotor adaptation when the temporal gap between training and bedtime is controlled
	 Control experiment: overlearning does not impact memory retention

	 Discussion
	 References

