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Abstract

The consolidation of memories in a variety of learning processes benefits from post-training sleep,
and recent work has suggested a role for sleep slow wave activity (SWA). Previous studies using a
visuomotor learning task showed a local increase in sleep SWA in right parietal cortex, which was
correlated with post-sleep performance enhancement. In these as in most similar studies, learning
took place in the evening, shortly before sleep. Thus, it is currently unknown whether learning a task
in the morning, followed by the usual daily activities, would also result in a local increase in sleep
SWA during the night, and in a correlated enhancement in performance the next day. To answer this
question, a group of subjects performed a visuomotor learning task in the morning and was retested
the following morning. Whole night sleep was recorded with high-density EEG. We found an increase
of SWA over the right posterior parietal areas that was most evident during the second sleep cycle.
Performance improved significantly the following morning, and the improvement was positively
correlated with the SWA increase in the second sleep cycle. These results suggest that training-
induced changes in sleep SWA and post-sleep improvements do not depend upon the time interval
between original training and sleep.
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1. Introduction

Many behavioral studies have shown that performance in a variety of tasks improves following
sleep [1-8]. Moreover, sleep deprivation impairs learning memory formation and inhibits
plastic processes such as long-term potentiation [9,10]. For at least some learning tasks, sleep-
dependent improvement relies on sleep slow wave activity (SWA, the EEG power during
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NREM sleep between 0.5 and 4.5 Hz) [11-17], which reflects slow oscillations in the membrane
potential of cortical neurons [18]. Sleep SWA is homeostatically regulated, generally
increasing with the time spent awake, and decreasing with the time spent asleep [19,20]. Recent
evidence indicates that sleep SWA is also regulated locally, and that changes in SWA may be
related to synaptic plasticity. Specifically, procedures leading to local strengthening of
synapses in wakefulness induce a local increment in SWA during sleep [3,21-23]. Conversely,
behavioral or instrumental manipulations leading to synaptic depression in specific brain region
produce a local decrease in SWA [21,22,24]. These findings suggest a direct link between the
synaptic plasticity triggered by waking activities and the homeostatic regulation of sleep.

So far, studies investigating the role of sleep SWA in learning and memory in humans have
placed the initial learning session shortly before sleep. This choice has the advantage of
minimizing potential interference caused by subsequent waking activities and maximizing the
chance of detecting learning-induced changes in brain activity during subsequent sleep. On the
other hand, if sleep SWA plays an important role in learning and memory, it should be possible
to document local changes in sleep SWA following learning, and such changes should be
correlated with performance improvement the next day, irrespective of other daily activities.
To evaluate this possibility, we took advantage of an implicit visuomotor learning task that
showed sleep-dependent improvements related to a local change in sleep SWA [3].
Specifically, subjects who engaged in a rotation adaptation task in the evening before sleep
showed a local increase in sleep SWA over the right posterior parietal region during the first
thirty minutes of NREM sleep. Moreover, the next day subjects’ performance improved in a
way that was correlated with the amount of SWA during the first sleep cycle. The present work
repeats the paradigm employed in the previous study. However, subjects performed the rotation
adaptation task in the morning, and were left free to pursue their routine activities during the
day. We then used high-density EEG to record sleep activity patterns with sufficient
topographic resolution for the entire night, and not just the first hour. We asked whether
morning training also triggered local changes in sleep SWA over the right posterior parietal
area, and whether there would be a correlated enhancement in performance the next day.

2. Materials and Methods
Subjects and study design

Fourteen subjects (age = 20-38 years, mean: 28.4 years, eight men) were studied. Participants
were right-handed, healthy, and had no history of psychiatric or neurological diseases or sleep
disorders, as assessed in a preliminary screening visit. All subjects signed an informed consent
form before participating in the study which was approved by the ethical committees of the
participant institutions.

All subjects were tested in two sessions, separated by at least one week:

1. Learning session: In the morning, around 9 am, they were trained in a visuomotor
adaptation task [3,25-27] for about one hour. Thereafter, they left the laboratory to
pursue their usual daily activities. Twelve hours later, around 9 pm, they returned to
the sleep lab, where EEG activity was recorded during undisturbed sleep. The
following morning, thirty minutes after waking up, they were retested.

2. Control session: After a day of usual activities, subjects arrived in the sleep lab about
one hour before their habitual bedtime and EEG during sleep was recorded for the
entire night.

The order of the two sessions was randomized. Subjects were instructed to maintain their usual
sleep-wake schedule for at least one week before the sessions. During the two days of testing,
they were required to go to sleep and to wake up at their habitual times. In addition, they were
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to abstain from daytime napping; wrist actigraphic recordings (Actiwatch 64, MiniMitter;
Bend, Oregon) were used to ascertain that none of the subjects napped during the day.

Motor task and analysis

The motor task has been described in details elsewhere [3,25-27]. Briefly, subjects moved a
handheld cursor on a digitizing tablet. An opaque shield prevented them from seeing their arm
and hand at all times. They were instructed to execute out-and-back movements from a central
starting point to one of eight radially-arranged targets (distance of 4.2 cm), which appeared
randomly on a computer screen together with the cursor position. Unbeknownst to the subjects,
the direction of cursor movement on the screen was progressively rotated counterclockwise or
clockwise relative to the hand movement by a total of 60° in four incremental steps of 15°.
Each step comprised 3 blocks of 90 movements, for a total of 1080 movements. To prevent
fatigue, trial blocks were separated by 1-2 minute resting periods.

For each movement, we computed several kinematic parameters as reported previously [25],
including amplitude of peak velocity, reaction time, directional error at the peak velocity and
movement duration. Adaptation at the end of training was measured as the decrease in
percentage of the directional error at the peak velocity in a separate block [3,26,27].
Improvement at retest was computed as the difference in adaptation between the training and
the testing sessions.

EEG recordings and analysis

EEG was recorded with a 256-channel EEG amplifier (Electrical Geodesic, Inc., Eugene,
Oregon), sampled at 500 Hz and referenced to Cz. Electrode impedances were set below 50
kO. Offline, the EEG was down sampled to 128 Hz, band-pass filtered between 0.5 Hz and 50
Hz, and average-referenced after rejection of bad channels and epochs.

Sleep EEG was recorded for the entire night. For the analysis, sleep stages were visually scored
in 20-s epochs according to standard criteria [28]. Matlab (The MathWorks, Natick, MA) and
public license toolbox EEGLAB were used for data analysis. For a quantitative analysis of
sleep EEG, we performed a spectral analysis of consecutive 20-s epochs (power spectral density
estimate calculated applying a Welch's average modified periodgram with a Hanning window,
based on averages of five consecutive 4-s epochs) for all included channels after visual and
semiautomatic artifact removal based on the power in 0.75-4.5 Hz and 20-40 Hz bands [3].
Power spectra were calculated for NREM sleep, and the power of the two main EEG rhythms
of NREM sleep, namely SWA (1-4.5 Hz) and sleep spindles (12-15 Hz) were used for analysis.

To assess significant topographic differences in sleep EEG power between the conditions, we
applied statistical nonparametric mapping using a suprathreshold cluster analysis for multiple
comparisons [3,29]. For all other comparisons, t-tests, appropriate designs of the analysis of
variance (ANOVA), and post hoc tests (Tukey's HSD) were applied to determine the sources
of the significant effects. Kinematic measures were correlated (Pearson) with EEG power
density values for individual electrodes and for the mean of all scalp electrodes for each
frequency bin. Statistical analyses were computed with Matlab and SPSS for Windows 17
statistical program.

3. Results

Morning learning is followed by performance enhancement after a night of sleep

During the training in the morning, subjects adapted their movements to the imposed rotation
of 60° by progressively decreasing the mean directional error and its variance across each
successive incremental step of 15°. As shown in Fig. 1, the decrements of mean directional
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error across blocks and steps were significant (Block: F(2,167)=18.93, p<0.0001; Step: F
(3,167)=35.70, p<0.0001; Block X step: F(6,167)=0.11, p=0.99). As previously reported, with
the exception of the first 15° step, the directional error at the end of each step was progressively
higher than the corresponding baseline values. At the last block of the 60° step, there was a
residual error of approximately 10°, which was significantly greater than the baseline mean
directional error (2.95°, Fig. 1, F(1,28)= 40.63 p=<0.0001). On the other hand, reaction time,
movement duration and peak acceleration at the end of the training were not different from
baseline (Fig. 2). After training, the degree of learning achieved was tested in a separate
movement block. On average, subjects showed an adaptation of 55.31% (Fig. 1). These results
are similar to those we previously reported for different groups of subjects with adaptation
rates ranging from 50 and 60% [3,27].

We have previously shown that performance in this visuomotor adaptation task improves after
a night of sleep [3]. As expected, upon retesting the next morning, adaptation significantly
improved by 11.6 £ 0.9% (mean * SE, p < 0.0001) an effect of similar magnitude as that
observed when the training was performed just before going to sleep (11.3% [3]). In addition,
as in previous works, this effect was specific for directional error, as there were no significant
changes after sleep in either reaction time, movement duration or peak velocity compared to
the training session.

Morning learning leads to local SWA increase during sleep

High-density EEG was recorded during sleep both 12 hours after the motor learning task and
in the control session, after usual daily activities. All subjects had at least three complete sleep
cycles in both sessions, and which did not differ in sleep latency, total sleep time, sleep
efficiency or amount of NREM or REM sleep (Tablel).

The two sessions were also similar in other respects. First, there was no difference in the mean
SWA averaged across all the electrodes computed for each cycle (p>0.05). Second, the
temporal evolution of SWA, computed across the three cycles, showed the same homeostatic
decline in both sessions (main effect for cycle: F(1,13)= 65.42, p< 0.001). Third, the SWA
topographical distribution was similar in the two conditions: the average power spectra in the
SWA range computed for each electrode for both the entire night and the three sleep cycles
separately showed a typical anterior predominance for SWA [30], which was similar across
subjects, cycles and sessions (Fig. 3a).

In previous studies we found a significant increment in SWA in the right parietal region after
training with this visuomotor task [3]. To ascertain whether the two sessions differed in the
local distribution of SWA, we used a region of interest (ROI) approach. We thus focused the
SWA analysis on the right parietal region, which included ten electrodes (81, 130, 131, 132,
142,143, 144,154, 155, 184). SWA values of these electrodes were averaged, and the resulting
means were used for comparison of the two sessions. Paired t-tests revealed significant
differences between the conditions for the entire night of recording (p<0.05). Moreover, when
we analyzed the individual sleep cycles, we found a significant increase of SWA for both the
first and the second sleep cycle after the learning session compared to the control session
(p<0.05 in both cases).

We then assessed the spatial specificity of the SWA increase found in the ROI using statistical
nonparametric mapping (SnPM) with a suprathreshold cluster analysis for multiple
comparisons. The SWA analysis was performed both for the entire night and for the first thirty
minutes of each sleep cycle separately. After the visuomotor learning task, we found a
significant SWA increase during the second sleep cycle over a cluster of five right parietal
electrodes (p<0.01, SnPM, Fig. 3b). The peak increase in SWA, which across subjects varied
in location within the cluster, was +35% (+/-17%, p<0.005, paired t-test). By means of a
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infrared positioning system (Nexstim, Helsinki, Finland), we co-registered electrode scalp
positions overlaid onto each subject's MRI and localized the changes found in SWA to
Brodmann's areas 7 and 40 (electrodes 143, 155, 184 and electrodes 154 and 163, respectively).
These areas have been previously shown to be active during the task [25].

Finally, we determined if the SWA increase over the five right parietal electrodes was limited
to just the SWA frequency band. We therefore computed the percentage change between the
two sessions across the entire power spectrum (up to 40 Hz). This analysis confirmed that the
increment was significant for the SWA and sigma ranges (Fig. 4). Changes in the spindles
range, however, failed to reach significance when tested topographically using SnPm.

In previous studies, we have found that the local increment in SWA during the first sleep cycle
predicted the degree of post-sleep performance improvement [3]. In the present study, such
correlation for the entire night recording or for the first 30 minutes of the first sleep cycle was
not significant. However, we found a significant correlation in the first 30 min of the second
sleep cycle between the degree of performance improvement and SWA increase for the
electrode showing peak increment (r=0.44) as well as for the electrode cluster selected for the
ROI analysis (r=0.47, p<0.05 in both cases).

4. Discussion

The present work shows that learning a visuomotor task in the morning induced a regional
increase in sleep SWA the following night. In addition, the following morning performance
improved, and the improvement was correlated with the local increase in sleep SWA. These
results are remarkably similar to those obtained when the learning session occurred in the
evening, closer to sleep time [3], suggesting that both training-induced changes in sleep SWA
and post-sleep improvement in performance do not depend upon the time interval between
original training and sleep.

Local changes in sleep SWA induced by a learning session twelve hours earlier

In our previous study using the rotation adaptation protocol and high-density EEG [3], we
found that when the subjects went to sleep shortly after a training session in the evening, there
was a local increase in sleep SWA over the right parietal cortex, a region known to be activated
during this task [3,25]. This local increase in SWA can be considered as an electrophysiological
trace of previous learning, which is apparent in the spontaneous activity of cortical neurons
during NREM sleep. Such increase in sleep SWA may be a reflection of an increased
reactivation of cortical circuits that have undergone plastic changes. Indeed, a stronger
“reactivation” of neural circuits involved in learning has been described in both the
hippocampal system and in the cerebral cortex [31-33]. Recent work has shown that the level
of SWA is positively correlated with the mean firing rate of neurons during the UP state of the
sleep slow oscillation [34], suggesting that increased SWA may reflect increased
“reactivation”. Since the local increase in SWA after learning was positively correlated with
the degree of performance enhancement the next morning, the intensity of local reactivation
may facilitate memory consolidation [35,36].

In our previous study, the local increase in SWA was maximal at the beginning of sleep and
had dissipated by thirty minutes into the first NREM cycle, in agreement with other reports
that found the strongest changes at the beginning of sleep [3,22-24,37]. Unit recording studies
also indicate that sleep “reactivation” is short-lasting, abating within 30-40 minutes [38,39].
Thus, it was an open question whether a training session occurring twelve hours before would
still produce a detectable electrophysiological trace during the subsequent sleep episode.
Moreover, neuronal changes induced by forty-minutes of morning training might conceivably
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be obfuscated by the accruing of other cellular changes in the course of twelve additional hours
of waking, which likely included activities calling for visuomotor plasticity.

In this context, the present results provide straightforward evidence that morning learning
produces local changes in SWA during sleep the following night, thus demonstrating that a
clear electrophysiological trace of learning can be detected during sleep more than twelve hours
after training, and that such trace is not obfuscated by additional changes that might have
occurred during subsequent wakefulness. Moreover, the local increase in sleep SWA occurs
over the same cluster of right parietal electrodes that had been involved in the previous study.
Finally, just as in that study, the local increase in sleep SWA correlates positively with the
enhancement in performance the next morning, in line with a facilitating effect of SWA on
memory consolidation [11-17].

A difference between the present results and those of our previous study should nevertheless
be noted. In the current study, the local increase in sleep SWA over right parietal cortex was
most significant during the second sleep cycle. We also found that only SWA in the first thirty
minutes of the second sleep cycle, and not during the first cycle, was significantly correlated
with the post-sleep improvement in performance. In our previous study, we found a significant
increase in sleep SWA during the first cycle, lasting for only thirty minutes, which predicted
the degree of the post-sleep improvement [3]. Unfortunately, in that study, because of technical
limitations, we could only record slightly more than one hour of sleep using high-density EEG,
so we have no information concerning EEG changes later in the night. Moreover, that study
used a kinematically-equivalent control condition [3,27] that was important in lending
significance to the correlation between post-sleep and SWA increment in the first cycle [3].
Despite these caveats, the evidence from the current and the previous studies raises the
intriguing possibility that plastic events occurring closer to sleep time have a larger influence
on SWA at the beginning of sleep, during the first sleep cycle. By contrast, plastic events
occurring at an earlier time during the waking day may be more detectable at a later time in
sleep SWA, as in the second sleep cycle. Such a temporally inverted recapitulation of memory
traces could occur, for instance, if the most recent synaptic changes, perhaps by being stronger,
were especially effective in driving sleep reactivation, yielding high local SWA early in sleep.
In turn, sleep reactivation would produce overall synaptic depression, as suggested by recent
molecular and electrophysiological evidence [40-42], and presumably greater synaptic
depression at those synaptic circuits that were activated the most. As a consequence, the relative
weakening of the most recent memory traces would then unmask traces accrued earlier in the
day, which would be reflected in higher SWA later in sleep. Further experiments addressing
systematically the relationship between time of learning and the detectability of memory traces
in spontaneous neural activity will be necessary to evaluate this possibility and to help
understand which circuits are reactivated during sleep, at what time, and through which
mechanisms.

Learning, memory consolidation and the time of initial training

Irrespective of the role of sleep SWA, the present study shows that, for rotation adaptation,
post-sleep learning gains do not depend on the time interval between training and sleep.
Subjects' performance after a night of sleep was significantly better than the previous day
immediately after training, and the degree of improvement was comparable whether training
occurred inthe morning or, as in a previous study, in the evening [3]. This result is in agreement
with many studies of motor learning showing that even delayed post-learning sleep can enhance
performance [1,43-45]. As in those studies, performance gains in rotation adaptation are
presumably due to sleep and not to the mere passage of time, since they occur after sleep but
not after a waking episode of similar duration [3,26].
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Moreover, the present results indicate that, at least with respect to rotation adaptation, the time
at which training takes place - in the morning or in the evening -does not have appreciable
effects on the rate of adaptation during training or on the total performance gain. The adaptation
achieved by the end of the initial training in the morning was in the same range as that of
subjects trained in the evening [3,27]. The visuomotor adaptation in the rotation task is a form
of implicit learning since, while reaching for targets, subjects are not aware of the distortion
and unconsciously adapt to subliminal rotations imposed on the perceived trajectory. It is not
known whether this lack of sensitivity to time of day may be a general feature of implicit
learning. The few studies on the development of procedural skills employed motor sequence
learning tasks, which often include declarative components [46], and were inconclusive about
the modulation of performance and learning during the day [47]. The influence of time of day
on performance and the rate of learning of new material have more frequently been investigated
using declarative tasks engaging cognitive strategies and executive functions, with a heavy
load on attention and working memory buffers. At variance with our finding with rotation
learning, in such declarative learning tasks, performance and rate of learning are usually
influenced by the time of day, and the best time for a fast acquisition is during the morning
hours (for a review see [47]). Whether neural circuits involved in implicit or motor learning
may be less susceptible to saturation of synaptic traces, neuronal fatigue, or other mechanisms
reducing learning efficiency remains to be determined.
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Figure 1.

Performance improves after sleep. (A) Learning curves for the rotation adaptation task in the
morning training. The mean directional error for each block of movements is plotted. Points
are means across subjects and bars represent standard errors (n=14). (B) Percentage of
adaptation achieved in the morning, after training, and the next day, at test.
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Figure 2.

Other kinematic variables do not change after sleep. Mean reaction time (A) is plotted for each
movement block (left) as well as for the morning training blocks and for the following day test
block. Mean movement time (B) and Peak velocity (C) are plotted as per (A).
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Figure 3.

Morning learning leads to a SWA increase in the right parietal region. (A) Topographic
distribution of average EEG NREM power density at 1-4.5 Hz (n=14 subjects) in the control
(left) and rotation learning (center) sessions for the entire night. The ratio between the learning
and the control session is illustrated on the right. Absolute values color-coded (1V/2/0.25 Hz),
plotted at the corresponding position on the planar projection of the scalp surface, and
interpolated (biharmonic spline) between electrodes. (B) Topographic distribution for the
average EEG NREM power density of the ratio between the learning and the control sessions.
White dots indicate the five electrodes showing significantly (SnPM, p<0.01) increased SWA
in the second sleep cycle 12 hours after visuomotor learning (electrodes 143, 155, 184, 154
and 163).
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Figure 4.

Frequency specificity of power changes in the right parietal region. EEG power density
spectrum for the first thirty minutes of NREM sleep in the second sleep cycle for 5 electrodes
in the right parietal region. Values represent the percentage change after the learning session
with respect to the control session (mean + s.e.m. for 0.25-Hz bins, n=14). Bottom bars indicate
frequency bins for which power in the learning condition differed significantly (paired t-test,
p<0.05, n=14) from that in the control condition.
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Table 1
Sleep architecture
Control night  Learning night  Statistics
Sleep latency 2119 min 16 £ 9 min NS*
Total sleep time 419+70min 440 +52 min NS™*
Sleep efficiency 89 +5.7% 91% £ 7.1% NS*
Duration of the 1st cycle 88 + 20 min 104 + 37 min Duration of the cycles
% of 15 Cycle that is NREM 78+ 7% 72:+10% o E A 2801, 10,05
Duration of the 2 cycle 18x52min  SLE28MN  Congiion  Cycle: F(2 26)23.2374, p>0.05
% of 2" Cycle that is NREM 72+ 17% 72+15%
Duration of the 3rd cycle 99 + 28 min 101 + 28 min
% of 3" Cycle that is NREM 79 + 15% 79 +13%

Values expressed as mean * standard deviation.

*
Non-significant (p>0.05, paired t-test)
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