MOTOR LEARNING AND SLEEP SPINDLES

Motor Sequence Learning Increases Sleep Spindles and Fast Frequencies in

Post-Training Sleep

Amélie Morin, PhD"23; Julien Doyon, PhD?345; Valérie Dostie, BSc'2%; Marc Barakat, PhD?*; Abdallah Hadj Tahar, PhD?%; Maria Korman, PhD5;
Habib Benali, PhD?*; Avi Karni, MD, PhD®; Leslie G. Ungerleider, PhD?; Julie Carrier, PhD"23

!Centre d’étude du sommeil et des rythmes biologiques, Laboratoire de chronobiologie, Hopital du Sacré-Ceeur de Montréal, Montreal, Quebec,
Canada, *Functional Neuroimaging Unit, Institut Universitaire de gériatrie de Montréal, Montreal, Quebec, Canada, *Centre de recherche en
neuropsychologie et en cognition, Department of Psychology, Université de Montréal, Montreal, Quebec, Canada; *Unité Mixte de Recherche-S
678, Institut National de la Santé et de la Recherche Médicale/University of Paris 6, Centre Hospitalier Universitaire Pitié-Salpétriere, Paris,
France; *Laboratory for Functional Brain Imaging and Learning Research, The Brain-Behavior Center, University of Haifa, Mt Carmel, Israel;

®Laboratory of Brain and Cognition, NIMH, NIH, Bethesda, MD

Study Objectives: To investigate polysomnographic (PSG) sleep and
NREM sleep characteristics, including sleep spindles and spectral activ-
ity involved in offline consolidation of a motor sequence learning task.
Design: Counterbalanced within-subject design.

Setting: Three weekly visits to the sleep laboratory.

Participants: Fourteen healthy participants aged between 20 and 30
years (8 women).

Interventions: Motor sequence learning (MSL) task or motor control
(CTRL) task before sleep.

Measurements and Results: Subjects were trained on either the MSL
or CTRL task in the evening and retested 12 hours later the following
morning on the same task after a night of PSG sleep recording. Total
number and duration of sleep spindles and spectral power between 0.5
and 24 Hz were quantified during NREM sleep. After performing the
MSL task, subjects exhibited a large increase in number and duration
of sleep spindles compared to after the CTRL task. Higher sigma (o;

13 Hz) and beta (B; 18-20 Hz) spectral power during the post-training
night's sleep were also observed after the MSL task.

Conclusions: These results provide evidence that sleep spindles are
involved in the offline consolidation of a new sequence of finger move-
ments known to be sleep dependent. Moreover, they expand on prior
findings by showing that changes in NREM sleep following motor learn-
ing are specific to consolidation (and learning), and not to nonspecific
motor activity. Finally, these data demonstrate, for the first time, higher
fast rhythms (B frequencies) during sleep after motor learning.
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THE BENEFICIAL ROLE OF SLEEP IN MOTOR MEMORY
CONSOLIDATION IS NOW WELL DOCUMENTED. FOR
EXAMPLE, AMPLE EVIDENCE INDICATES THAT consol-
idation of a newly learned sequence of movements, defined as a
spontaneous (offline) improvement in performance that emerg-
es in the absence of any further practice, is sleep dependent.'
Indeed, our group* and others have demonstrated that delayed
gains on a sequential finger-tapping task are triggered only after
a night of sleep, whereas a comparable interval without sleep
provides no additional benefit.

Despite the accumulating evidence in support of sleep-de-
pendent motor skill consolidation, there is still no consensus
with respect to the sleep stages that are preferentially involved
in this memory phase.> Several studies support the hypothesis
that post-training REM sleep is required for efficient motor
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skill consolidation."”® Yet other recent investigations have
emphasized the importance of NREM sleep, including delta'
and stage 2 sleep.'> For example, Huber and colleagues'! have
shown that slow wave activity (< 4 Hz) in the right parietal
area during post-training sleep increases following practice on
a visuomotor adaptation task, while others have reported that
memory on a simple motor skill (i.e., the rotary pursuit task)
is vulnerable to stage 2 sleep deprivation but not to REM sleep
loss."”* Finally, Walker and colleagues® demonstrated that im-
proved overnight performance on a motor sequence learning
task is associated with the amount of stage 2 sleep in the last
quarter of the night.

There has been increasing attention to the possible contribu-
tion of sleep spindles to memory processes.'* Spindles are an
essential feature of stage 2 sleep that also appear throughout
the depolarizing phase of slow wave sleep oscillation (<1 Hz).
Generated by reticular thalamic neurons, they constitute syn-
chronous waveforms between 12-16 Hz that propagate in the
thalamocortical loop.?® They are therefore thought to provide
proper conditions for synaptic changes?' and to elicit long-term
potentiation,?” a cellular mechanism known to be involved in
learning.”® Recently, in a study on motor procedural learning,
increased density of sleep spindles and duration of stage 2 sleep
following intensive training on several motor skills (including
ball-n-cup, rotor pursuit, direct tracing, and logic operation
game) were reported.” Interestingly, the authors found a cor-
relation between increased spindle density and overall task per-
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formance improvement. Despite these findings, however, sleep
spindle activity could not be related to the nighttime offline
consolidation process per se, because the training and retest
sessions were conducted one week apart. Moreover, as no mo-
tor control condition was presented, changes in sleep architec-
ture following motor skills acquisition could be associated with
nonspecific motor activity generated by the tasks themselves.
In summary, the electroencephalographic (EEG) characteris-
tics of post-training NREM sleep involved in sleep-dependent
motor consolidation remain largely unknown. Thus, the pres-
ent study aimed to identify the sleep characteristics underlying
offline motor memory consolidation. In particular, we sought
to compare NREM sleep—including sleep spindles and spec-
tral power activity—following a motor sequence learning task
known to result in significant overnight delayed gains* and af-
ter training on a motor control task involving equivalent mo-
tor activity but with no expected learning or consolidation. We
predicted that sleep following motor sequence learning (MSL)
would show higher spectral activity—especially in § (< 4 Hz)
and o frequency bins (12-15 Hz)—and greater number of sleep
spindles than in sleep after the motor control task (CTRL).

METHODS
Participants

A total of 14 healthy participants aged between 20 and 30
years (mean age: 23.6 £+ 3.2 years; 8 women) took part in this
study. All subjects were strongly right-handed, as assessed by
the Edinburgh Handedness Inventory.>® All subjects also re-
ported sleeping regularly for 7-9 hours per night. Participants
reported using no medications, had no significant medical or
sleep complaints, and no psychiatric or neurological illness. All
subjects had a body mass index < 27. Extreme evening- and
morning-type individuals, regular nappers, and smokers were
excluded. Each participant underwent a PSG screening night
at the sleep laboratory 7 days prior to testing to confirm the
absence of sleep disorders. Presence of sleep disturbances such
as < 85% sleep efficiency, > 30 min sleep latency, sleep apnea,
hypopnea, or periodic leg movements (> 5 events per hour)
were also used as exclusion criteria. All subjects scored be-
low 4 on the short version of the Beck Depression Scale,?® and
all women were tested in the follicular phase of the menstrual
cycle. Subjects who worked night shifts or who had gone on a
transmeridian trip within 3 months prior to the study were ex-
cluded. Finally, musicians were excluded to avoid subjects with
previous experience on motor sequence tasks. Subjects were
required not to consume alcohol or caffeine for > 12 h prior to
each testing. This study was approved by the Ethics Commit-
tee at the Hopital du Sacré-Coeur de Montréal, and all subjects
signed an informed consent form. Subjects received financial
compensation for their participation.

Procedure

Subjects were instructed to maintain a regular sleep schedule
and adhere to their preferred bedtime and wake time (+ 30 min)
for 7 days prior to and during the study. Compliance was veri-
fied by sleep diaries. The research protocol was then scheduled
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according to the subject’s habitual sleep-wake cycle. After an
adaptation/screening night, subjects came to the sleep labora-
tory for 2 visits, one week apart. The 2 motor tasks (MSL and
CTRL) were administrated in counterbalanced order across the
2 visits. Subjects were required to arrive at the laboratory by
19:00 for application of EEG recording electrodes. At around
21:00 (mean time: 21:39 + 0:48), subjects were trained on ei-
ther the MSL or CTRL task. A retest session on the respective
motor task was conducted 12 h later, on the morning following
a night of PSG sleep recording. Morning sessions began 2 h af-
ter the subject’s habitual wake time, as determined by the sleep
diaries (mean time: 09:39 + 0:48).

Motor Tasks

A computerized version of the sequential finger-tapping
task initially developed by Karni et al.?” was used in the pres-
ent study to measure motor sequence learning. This task was
chosen because it shows robust sleep-dependent consolida-
tion effects.”® Four numeric keys arranged ergonomically
on a standard computer keyboard were used (key-to-number
assignment: B[1], F[2], D[3], Z[4]). Subjects were asked to
repeat an explicitly known sequence of 5 finger movements
using the left (nondominant) hand. Introductory trials were
used to familiarize subjects with the sequence (4-1-3-2-4),
which was displayed on a computer screen. Visual feedback
was provided after each response using green and red dots to
indicate whether subjects had respectively produced “correct”
or “wrong” responses. Once 3 consecutive correct sequences
were executed, the introductory block ended, and subjects got
ready for the training session. The latter session consisted of
12 trial blocks of 30-sec each. With no visual feedback, sub-
jects had to repeat the sequence as quickly and accurately as
possible. Trial blocks were separated by 30-sec rest periods,
for a total training session duration of 12 min. In the retest ses-
sion, subjects were required to perform five 30-sec trial blocks
of the same sequence with 30-sec rest periods between blocks.
For each block, subjects were given an audible “Start” signal.
They then continuously tapped the sequence until they heard
the “Stop” signal. No visual feedback was provided during the
retest session.

A CTRL task was also administered to control for nonspe-
cific motor activity, using the same 4 numeric keys placed er-
gonomically on a standard computer keyboard. Unlike the se-
quence task, subjects were instructed to press the response key
corresponding to a number (1 to 4) displayed on the computer
screen. Numbers were presented in random order. Subjects had
to respond as quickly and accurately as possible using the fin-
gers of the left (nondominant) hand. Once the subject respond-
ed (correctly or not), the screen stimulus was replaced by the
next one. No practice session was provided prior to training.
The training session in this condition consisted again of twelve
30-sec trial blocks with 30-sec rest periods between blocks (12
min duration total), while the retest comprised five 30-sec trial
blocks with 30-sec rest periods between them.

Key-press responses were recorded on both tasks. The num-
ber of correctly typed sequences (or the number of correct re-
sponses on the CTRL task) per 30-sec trial block and average
speed per block were calculated. Proportion of errors to correct
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sequences (or correct responses) per 30-sec block (accuracy)
was also recorded and used as a dependent variable.

Polysomnographic Recording

EEG electrodes were applied to the subject’s head according
to the International 10-20 System, using a referential montage
with linked ears, a right and left electrooculogram (EOG), and
a bipolar montage EMG recording (to which we added a third
chin electrode, in case one of the originals was lost). Signals
were recorded using a digital ambulatory sleep recorder (Vita-
port-3 System; TEMEC Instruments, Kerkrade, Netherlands).
EEG signals were filtered at 70 Hz (low pass) with 1-s time
constant and digitized at a sampling rate of 256 Hz using com-
mercial software (Columbus).

Sleep Data Analysis

Sleep stages were visually scored according to standard cri-
teria and modified to 20-sec epochs® using an EEG layout (C3
derivation) displayed on a computer screen (Luna, Stellate Sys-
tem, Montreal, Canada). Sleep spindles were visually identified
in epochs scored as NREM sleep (stages 1, 2, 3, and 4) at sites
FZ, CZ, and PZ by a single experienced technician who was
unaware of the nature of the study. Criteria for sleep spindle de-
tection included 12-16 Hz frequency, 0.5-2.5 sec duration, and
fusiform (waxing and waning amplitude) with typical spindle
morphology. Total number and duration (sec) of sleep spindles
were calculated per third of night of sleep.

Spectral (uWV*Hz) analyses were performed on Fpl, Fp2,
F3, F4, FZ, C3, C4, CZ, P3, P4, PZ, O1, 02, and OZ (linked
ears) during NREM sleep (excluding stage 1) using a commer-
cial software package (Harmonie, Stellate System, Montreal,
Canada) to compute fast Fourier transforms on 4-sec epochs
with a cosine-window tapering and a spectral resolution of 0.25
Hz. EMG artifacts were automatically detected and excluded
from analysis. Further artifacts were eliminated by visual in-
spection. Artifact-containing epochs were regarded as missing
data in order to preserve sleep continuity. Five 4-sec spectral
epochs were averaged to maintain correspondence with the 20-
sec sleep scoring windows. Spectral activity was then averaged
for all NREM epochs during the night,” and analyses were per-
formed per 1 Hz frequency bin ranging from 1.0 to 24.0 Hz
(identified by their lower boundary value), and between 0.5 and
1.0 Hz.

Statistical Analysis

For each motor task, the amount of learning during the initial
training session was evaluated using paired #-tests to compare
performances between the first and last blocks of practice. In
order to assess when asymptotic performance was reached dur-
ing training for each motor task, one-way analyses of variance
(ANOVAs) with repeated measures (blocks) on performance
were used, starting with the last pair of blocks, and going back-
ward by adding one block at a time to the ANOVA until the
effect of block became significant. The final 3 trials of the train-
ing session and the first 3 trials of the retest session were used
to evaluate memory consolidation for each motor task using a

SLEEP, Vol. 31, No. 8, 2008

2-way ANOVA (2 moments [post-training, retest] x 3 blocks).
A P value < 0.05 was considered significant.

PSG parameters (including sleep spindles) and spectral data
that did not distribute normally (Shapiro-Wilks W test) were
log transformed for statistical analysis. Paired #-tests were used
to compare differences in PSG sleep parameters after practicing
the MSL and CTRL tasks. Total number and duration of sleep
spindles per third of night were analyzed using 3-way ANO-
VAs for repeated measures (task x third of night x derivation).
Simple effect analysis was used to decompose significant inter-
actions. Degrees of freedom were corrected (Huynh-Feldt) for
sphericity of variables with more than 2 levels, although origi-
nal degrees of freedom are reported. All-night NREM spectral
EEG activity was assessed using 2-way ANOVAs for repeated
measures (task x midline derivation) on each 1-Hz bin. In view
of the multiple comparisons, significance level was set at 0.01
for these analyses. Two-way ANOVAs for repeated measures
(task x hemisphere) were also carried out for all-night NREM
sleep to examine hemispheric differences across topographic
regions. To explore possible relationships between delayed
performance gains and sleep, Pearson product-moment correla-
tions were carried out between overnight gains in the MSL task
and sleep changes (spindles at each derivation, spectral power
at 13 Hz, and B band [18-20 Hz] at each derivation) between
the MSL and CTRL tasks. One participant in the MSL task
showed no learning progress in the initial training session and
was excluded from all statistical analyses. Another subject was
excluded from the sleep analyses because he did not attend the
second visit (CTRL task) at the laboratory.

RESULTS

Behavioral Measures

Initial Training Session

Learning curves for the MSL and the CTRL tasks are illus-
trated in Figures 1A and 1B. In the initial learning session, a
72% improvement in performance speed was seen from block
1 to block 12 in the MSL task (11.4 to 19.6 sequences/block;
ly, =-6.02,P<0. 0001), while a small yet significant 19% im-
provement was observed in the CTRL task (35 to 41 correct
responses/block; £, = -4.64, P < 0.001). It should be noted,
however, that asymptotic performance at the end of the training
session was reached faster in the CTRL than the MSL task, as
demonstrated by the absence of performance speed improve-
ment in the last 8 practice blocks of the CTRL task (F =
1.13, P =0.35), in contrast to the last 4 blocks of the MSL task
(Fi5.36=0.67,P=0.58).

Consolidation Effects

When subjects were retested on the MSL task following a night
of sleep, performance speed (number of correct sequences per
30-sec trial block) spontaneously improved by a significant 14%
+ 2.2% (last 3 blocks in post-training: 19.50, SD = 3.61 vs. first
3 blocks in retest: 22.15, SD =4.07). Indeed, a 2-way ANOVA (2
moments [post-training; retest] x 3 blocks) showed a significant
effect of moment on the MSL task, as measured by the number of
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Figure 1—Learning curves expressed in (A) as speed (= number of correct sequences per 30-sec trial block on the MSL task) and in (B) as
speed (= number of correct response per 30-sec trial block on the CTRL task). Performance levels are shown across the initial training ses-
sion and the retest session, which was performed 12 hours later, after sleep. (A) In the MSL task, a 72% improvement in performance speed
was seen from block 1 to block 12, with asymptotic level reached in the last 4 blocks. No within-session improvement was found in the retest
session. (B) In the CTRL task, a 19% improvement was observed and asymptotic level was reached by the end of the training, as measured
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correct sequences in 30-sec blocks (£, |, = 41,381, P <0.0001).
A 4% + 1.8% gain in the number of correct responses per 30 sec
was also observed at retest on the CTRL task (last 3 blocks in
post-training: 40.4 correct answers in 30 sec, SD = 4.2 vs. first 3
blocks in retest: 41.9 correct answers in 30 sec, SD 2.9). A 2-way
ANOVA (2 moments [post-training; retest] x 3 blocks) showed a
significant effect of moment on the CTRL task, as measured by
the number of correct responses per 30 sec blocks (F), n=721,
p = 0.02). No significant effect of block or interaction between
block and moment was found for the MSL task and the CTRL
task. Finally, effect size analyses revealed greater significance
of delayed improvement in performance speed in the MSL (d =
2.54) than the CTRL (d = 1.39) task.

Sleep Quality

As depicted in Table 1, PSG parameters—sleep latency,
sleep efficiency, total sleep time, and amount of sleep stages—
showed no significant differences following training on either
MSL or CTRL tasks.

Sleep Spindles in Post-Training NREM Sleep

A highly significant task X third of night interaction was ob-
served for both the total number (£, = 25.64, P <0.0001) and
duration (F, ., = 14.47, P <0. 0001) of sleep spindles. Contrast
analyses revealed that, compared to the CTRL task, number and
duration of sleep spindles after training on the MSL task were
significantly higher in all 3 thirds of night (all P values <0.001).
As shown in Figure 2A, the difference between MSL and CTRL
nights in the total number of sleep spindles was smaller in the
last third of night than in the first and second third of night. As
illustrated in Figure 2B, the difference between MSL and CTRL
nights in the duration of sleep spindles was larger in the second
tier, followed by the third and first third of night, respectively.
Total number and duration of sleep spindles increased across
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Table 1-—Means (SD) of EEG Sleep Parameters

Following motor
sequence learning task

Following motor
control task

Sleep latency (min)* 9.51(7.7) 11.08 (10.08)
Total sleep time (min) 449.4 (26.1) 4443 (27.5)
Sleep efficiency (%)* 93.9 (2.7) 93.8 (5.4)
Stage 1 (min)* 24.7 (11.4) 28.3(21.2)
Stage 2 (min) 279.3 (29.3) 273.3 (25.7)
Stage 3 (min) 33.5(20.6) 32.7(19.7)
Stage 4 (min)* 5.28(5.4) 5.28 (6.5)
REM sleep (min) 106.6 (22.9) 104.7 (28.3)

*Indicates Log transformation [Log 10(variable)] performed be-
fore analysis. All P values from #-tests are nonsignificant (P >
0.4).

all 3 sleep tiers (Fzss) 41.85 for total number, F, = 88.44
for duration; all P values < 0.0001 for the main effect of third of
night of sleep). Finally, the total number of sleep spindles pre-
sented a centroparietal prevalence (F 033 = 4.1, P=0.03 for the
main derivation effect). No significant interaction (derivation
x task) was found. No significant correlation between spindles
increases at each derivation and overnight gains were found.
Spindle density in stage 2 sleep (number of spindles per min-
ute) for the entire sleep episode was also calculated. A paired-
samples #-test showed an average increase of 0.814 per minute
from CTRL (M = 1.11, SD = 0.94) to SEQ (M =1.93, SD =
1.44) (¢, = 3.85,P < 0.05).

EEG Spectral Power in Post-Training NREM Sleep

As illustrated in Figure 3, spectral power during post-training
sleep was significantly higher after the MSL than the CTRL task
at 13 Hz and in the 18-20 Hz range (Task main effects; F,
< 8.31, all P values < 0.01). No significant interaction (task X
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midline derivation) was found for any of the frequency bins.
As tasks were executed with the left hand, we also explored
potential hemispheric differences (HEM: right side versus left
side) at each topographic region (prefrontal, frontal, central, pa-
rietal, and occipital) for separate frequency bins that previously
showed significant task effect (13 Hz, 18 to 20 Hz). Activity
between 18 and 20 Hz was summed and defined as the B band.
Significant ANOVA results (HEM x task) are summarized in
Table 2. Only one significant task x HEM interaction was found
for the 13-Hz bin (F(1,22) =474, P = 0.04). In contrast to the
CTRL task, higher spectral power in the parietal area in the
MSL task was observed on the right side only (P4 derivation:
P = 0.003). Higher spectral power in the 13-Hz bin was also
found in the MSL compared to the CTRL task in the prefrontal
(F(m) =7.54,P=0.01), frontal (F(1,22) =9.54,P=0.005), central
(F1 5= 8.62, P = 0.008), and parietal (F|,,, = 6.12, P = 0.02)
areas, but not in the occipital region. For the B band, the main
effect of task reached significance in the central (F|, ,, = 4.45,
P = 0.047), parietal (F|,,, = 12.68, P = 0.002), and occipital
(F, ., =4.54,P=0.046) regions. A trend toward higher spectral

(1,22)

power in the prefrontal region was also found (¥ 122 =428, P=
0.05). No correlations emerged between ¢ (13 Hz) or § power
increases (18-20 Hz) at each derivation and overnight gains in
the MSL task.

DISCUSSION

Compared to the CTRL task, the MSL task showed more
sleep spindles of longer duration in post-training sleep. More-
over, ¢ (13 Hz) and B (18-20 Hz) spectral power were higher in
NREM sleep following the MSL task than the control task. Im-
portantly, these changes cannot be explained by differences in
time spent in specific sleep stages, as the sleep architecture was
similar after both tasks. Likewise, since we used a counterbal-
anced within-subject design, sleep modifications are unlikely to
be attributable to inter-individual differences or a night effect.
Overall, these results thus provide evidence that sleep spindles
are involved in offline consolidation of a new sequence of fin-
ger movements, which is known to be sleep-dependent.>* Fur-
thermore, our data extend prior findings by demonstrating that

Table 2—Significant effects of Task x Hemisphere ANOVAs for Spectral Power in 13-Hz bin and  Band in Each Topographic Region

NS indicates nonsignificant.

Topographic region 13-Hz Beta band (18-20 Hz)
Task effect Task x HEM interaction Task effect Task x HEM interaction

F1,22 P F1,22 P Fl,22 P F1,22 P
Prefrontal (FP1/FP2) 7.5 0.01 - NS 4.28 0.05 - NS
Frontal (F3/F4) 9.54 0.005 - NS - NS - NS
Central (C3/C4) 8.62 0.008 - NS 4.45 0.047 - NS
Parietal (P3/P4) 6.12 0.02 4.74 0.04 12.68 0.002 - NS
Occipital (01/02) - NS - NS 4.54 0.046 - NS
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changes in NREM sleep following motor learning are specific
to the consolidation process and not to nonspecific motor activ-
ity. Finally, these results demonstrate that 3 frequencies (18-20
Hz) during sleep are greater after motor learning, although they
are not significantly correlated with motor memory consolida-
tion.

Our aim was to compare sleep after 2 highly comparable
motor tasks involving similar motor outputs. We hypothesized
that, in contrast to the MSL task, the CTRL task would not elicit
an overnight consolidation effect. Surprisingly, the results re-
vealed slow learning improvement on the CTRL task, as well
as small but significant offline gains in the retest session. Due
to the higher gain effect on the MSL compared to the CTRL
task, however, it seems reasonable to assume that the MSL
task showed superior offline consolidation compared with the
CTRL task. As some learning (and consolidation) in the present
study took place in the CTRL task, we cannot exclude the fact
that other factors linked to the nature of the 2 motor tasks, e.g.,
the level of complexity, might have contributed to the overall
changes in the physiological characteristics of sleep. For exam-
ple, a study by Kuriyama et al.' showed a relationship between
difficulty of a learned task and improvement of performance
after a night of sleep, suggesting that the more difficult is a task,
the more it will benefit from sleep. Another study by Schmidt et
al.”® showed that the level of difficulty in encoding verbal mate-
rial is critical for eliciting sleep spindle changes in post-training
sleep. Because asymptotic performance was reached after only
4 blocks of practice in the CTRL task, while learning progress
persisted until the ninth block in the MSL task, this would sug-
gest that the CTRL task was easier (i.e., less complex) than the
MSL task. Accordingly, it is possible that the higher complexity
of the MSL task influenced subsequent sleep features, which
would explain why consolidation-related sleep spindle changes
were seen in greater numbers and of longer duration after mo-
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tor sequence learning than following the random production of
finger movements.

Interestingly, the large increase in the number and duration of
sleep spindles was combined with increased EEG power in the
o frequency (13 Hz) on the MSL task, but not on the CTRL task.
However, no significant correlation emerged between overnight
gains in the MSL task and the spindles or ¢ power changes. In
contrast, Milner et al.* recently reported correlations between
high o activity (13.5-15 Hz) and motor performance on a ball-
n-cup task performed after a short nap. However, the authors
only used 2-min samples from each sleep stage, a measure that
is not representative of overall sleep activity. Alternatively, the
absence of correlation in the present study can be attributed to
the small number of subjects as well as intersubject variability
in spindles. Part of this variability might be due to visual scor-
ing of spindles. Completely reproducible detection could be
reach in future studies with the use of programmed algorithms.

Our finding of increased sleep spindles density after the MSL
task is consistent with previous observations in humans which
demonstrated that spindle density increases following intensive
training on simple motor tasks®* and as a consequence of spa-
tial®' or verbal'®'® learning. Moreover, the relationship between
memory processing and spindle density has recently been dem-
onstrated in animals as increased learning-related spindles have
been reported after an odor-reward association task in rodents.*
Together, these findings support the hypothesis that learning-
related activity before sleep can selectively modulate the brain
activity involved in sleep spindle generation. It has been dem-
onstrated that spindle-related spike discharges can induce long-
term potentiation in neocortical cells.? Based on our findings,
sleep spindles would be the ideal physiological mechanism to
facilitate the neuronal plasticity related to motor memory con-
solidation processes per se. Some authors have suggested that
slow spindles (<13 Hz) and fast spindles (>13 Hz) may play
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a different role in learning/cognition.'* Future studies should
evaluate possible differential impact of learning on fast and
slow spindles.

Compared to the CTRL task, sleep after the MSL task also
revealed higher NREM spectral power in the § band. Import-
antly, and similar to spindles, fast rhythmic activity is known to
occur selectively over the depolarizing phase of the slow oscil-
lations® and to modulate plasticity.?' Increased  power during
post-training NREM sleep might therefore be related to similar
synaptic processes than spindles. Yet the  augmentation could
also reflect general cognitive processes related to the MSL task,
since in humans, an association has been reported between fast
oscillations (B/y frequencies) and cognitive activity,™*** and a
relation has been proposed between 3 EEG activity during sleep
in patients with insomnia and cognition (e.g., attention, sensory
process).* Finally, with respect to motor sequence learning, 3
activity (21-23 Hz) during wakefulness has been linked to dif-
ficulty of transitions (i.e., level of complexity) between sequen-
tial finger movements.* As the latter study demonstrated that
B rhythm changes in EEGs occurred in the absence of motor
memory load, our present findings on p frequencies might also
reflect the complexity of movements in the MSL task rather
than memory process-related changes.

The absence of effect on slow wave activity in the MSL task
observed in the present study is in line with a recent study by
Marshall and colleagues,” who demonstrated that sleep-asso-
ciated offline performance gains in a similar procedural finger-
sequence task were not increased by slow oscillation stimulation.
However, it argues against the results of Huber et al.,' who found
a selective increase in slow wave activity during the night follow-
ing learning of a motor adaptation skill. Although it is also possi-
ble that the small overnight gains seen after practicing the CTRL
task masked changes in slow wave activity, these discrepancies
between studies suggest that the specific role of sleep stages in
motor learning consolidation may be influenced by the nature
(sequence vs adaptation task) of the newly learned skill.

In the present study, a spectral power increase in ¢ activity
(13 Hz) in both hemispheres was observed in the prefrontal,
frontal, central, and parietal regions, but not in occipital areas.
These results are in accord with previous imaging studies that
demonstrate the contribution of the premotor cortex, primary
motor region,* and superior parietal area® to sleep-dependent
consolidation of motor sequence learning. Furthermore, our re-
sults reveal that higher o power (13 Hz) changes were observed
in the contralateral right parietal region after the MSL task. This
pattern was also expected for the right central region, but was
not significant. Nevertheless, our findings are in line with those
of Huber et al.,"" who demonstrated sleep changes located ex-
clusively within the parietal region following motor adaptation.
They are also in accord with more recent works demonstrat-
ing a local association between sleep spindles and the type of
memory task.*!'*!3

In conclusion, our findings expand on the understanding of of-
fline consolidation of motor learning and demonstrate that sleep
spindle activity plays a possible role in motor memory consolida-
tion. Beta oscillations also appear to be a relevant marker of the
synaptic plasticity that underlies cognitive processes. However,
further studies are needed to investigate whether this rhythm is
related to motor memory processes as well.
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