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Abstract
The development of fast and reproducible motor behavior is a crucial human capacity. The aim of the present study was to
address the relationship between the implementation of consistent behavior during initial training on a sequential motor
task (the Finger Tapping Task) and subsequent sleep-dependent motor sequence memory consolidation, using functional
magnetic resonance imaging (fMRI) and total sleep deprivation protocol. Our behavioral results indicated significant offline
gains in performance speed after sleep whereas performance was only stabilized, but not enhanced, after sleep deprivation.
At the cerebral level, we previously showed that responses in the caudate nucleus increase, in parallel to a decrease in its
functional connectivity with frontal areas, as performance became more consistent. Here, the strength of the competitive
interaction, assessed through functional connectivity analyses, between the caudate nucleus and hippocampo-frontal areas
during initial training, predicted delayed gains in performance at retest in sleepers but not in sleep-deprived subjects.
Moreover, during retest, responses increased in the hippocampus and medial prefrontal cortex in sleepers whereas in sleepdeprived subjects, responses increased in the putamen and cingulate cortex. Our results suggest that the strength of the
competitive interplay between the striatum and the hippocampus, participating in the implementation of consistent motor
behavior during initial training, conditions subsequent motor sequence memory consolidation. The latter process appears
to be supported by a reorganisation of cerebral activity in hippocampo-neocortical networks after sleep.
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performance became more consistent [2]. More particularly, the
implementation of this preferential performance mode which
eventually ensured the consistency of sequential motor output was
related to functional interactions within striato-frontal and
hippocampo-neocortical networks during early learning [2]. The
potential impact of these early representations on the subsequent
consolidation of motor sequence memory is an important issue
that remains unexplored.
Memory consolidation represents the protracted process by
which fresh, initially labile, memories are reorganized into stable
memories [7]. At the behavioral level, motor skill consolidation is
often characterized either by a reduction in the vulnerability of a
recently acquired ability to the acquisition of a novel, interfering
skill or by a spontaneous improvement in performance observed
between practice sessions in the absence of further training [8,9].
In motor sequence learning, substantial offline gains in performance have been reported several hours after training [10,11]. In
some cases, these performance gains are observed only if the
interval contains a period of sleep [10,12–14]. At the cerebral

Introduction
The acquisition of reproducible motor sequence behavior
represents a crucial human capability that is part of our everyday
life activities (e.g., typing on a computer keyboard). Performance
changes have been related to transitions between two types of
processing modes: an initial and controlled mode followed
eventually by a more automatic mode [1–3]. More particularly,
consistency of performance, i.e. movement reproducibility, has
been described to follow a specific time course during initial motor
sequence learning and to reflect the implementation of a
preferential, more effective and automatic performance mode
[1,2]. While cerebral correlates of motor sequence learning have
been extensively studied and mainly involve cerebello-striatocortical networks [2,4–6], neural correlates of performance
variability during motor sequence learning have only recently
been explored. We previously demonstrated that, during initial
motor sequence learning, responses in the caudate nucleus
increased, whereas responses in the precuneus decreased, as
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assessed using both sleep diaries and wrist actigraphy (Cambridge
Neuroscience, Cambridge, UK).

level, sleep-dependent motor sequence memory consolidation has
been associated with changes in activity in cortical networks
including prefrontal, motor and parietal areas [12,14], as well as
the striatum [15]. More specifically, using an oculomotor serial
reaction time task [16], we showed that hippocampal and striatal
responses during initial training predicted the overnight, possibly
sleep-dependent, gain in performance observed 24 hours after
training, but not the improvement of performance observed over
the day, 30 minutes or 5 hours after training [5]. These early
hippocampal responses may act as a tag for the neuronal
populations that participate in offline memory processing during
subsequent sleep. Interestingly, the competitive interaction
observed during initial training between the striatum and the
hippocampus turned to a cooperative interplay overnight, but not
over the day, and may participate in the optimization of motor
sequence behavior when the memory trace is consolidated [5].
The aim of the present study was to address the relationship
between the implementation of reproducible motor behavior
during initial training and subsequent sleep-dependent motor
sequence memory consolidation. We hypothesized that the early
representations underlying the achievement of consistent motor
behavior influence subsequent sleep-dependent motor sequence
memory consolidation. In addition, we took into account recent
research suggesting that the sleep-dependent performance gains
observed in motor sequence learning are influenced by a gradual
buildup of fatigue over the course of massed practice [17,18]. This
can negatively affect performance during late training and lead to
the overestimation of overnight performance changes. When
fatigue is controlled for, the sleep enhancement effect is
substantially reduced, suggesting that sleep does not enhance but
only stabilizes motor performance. Importantly, this does not rule
out a differential effect of sleep and sleep deprivation on
performance and its neural correlates.
Using functional magnetic resonance imaging (fMRI), regional
cerebral activity of participants was recorded during training on a
sequential finger tapping task (Figure 1A). Subjects were divided in
two groups after training depending on whether they slept (Sleep
Group, SG) or were totally sleep-deprived (Sleep Deprived Group,
SDG) during the first post-training night. In all cases, subjects slept
as usual during the second and third post-training nights. Three
days after training, during a second fMRI session, participants
were retested on the motor task (Figure 1B). The impact of sleep
and sleep deprivation on motor memory consolidation was
indirectly revealed by changes in neural representation of motor
memories during the retest session three days later.

Task and General Experimental Design
Subjects were scanned during two separate sessions referred to
as the training and retest sessions (Figure 1B) while they performed
a finger tapping task (FTT) coded in Cogent2000 (http://www.
vislab.ucl.ac.uk/cogent.php) and implemented in MATLAB
(Mathworks Inc., Sherbom, MA). Results related to the training
session were reported in a previous paper [2]. The FTT required
the subjects to tap on a keyboard, with their (left) non-dominant
hand, a 5-element finger sequence as rapidly and as accurately as
possible (Figure 1A). The sequence to perform was explicitly
known by the participants, constantly displayed on the screen and
was one of two types: trained (T, 4 1 3 2 4) and untrained (U, 2 3 1
4 2). Training consisted of 14 successive practice blocks of the
trained sequence separated by 15-second rest periods (Figure 1C).
The task was coded to keep track of the number of key presses
within a block (maximum 60 key presses). After 60 key presses, the
‘‘practice block’’ automatically turned into a ‘‘rest block’’ (fixation
cross). Consequently, the duration of the practice blocks
progressively decreased with learning as subjects became faster
performing the 60 key presses (12 possible sequences). This
protocol controlled for the number of movements executed per
block to ensure that observed differences in cerebral responses
were not contaminated by any change in motor output during
practice.
After training, subjects were randomly assigned to one of two
groups according to whether they were allowed to sleep (SG) or
were totally sleep deprived (SDG) during the first post-training
night (Figure 1B). Participants were informed of their assignment
to the SG or the SDG only after the end of the training session. In
the SG, subjects went home after the training session and slept
regularly, as imposed by their constant sleep schedule, during the
three post-training nights. In the SDG, subjects stayed awake in
the laboratory during the first post-training night (from 11.00 p.m.
to 7.00 a.m.). During this night, subjects remained under the
constant supervision of experimenters and their physical activity
was maintained as low as possible. Light was kept below 30 lux.
Every hour, subjects were allowed to stand up and eat a small
standardized snack. During the following day, subjects were
instructed not to sleep and to continue their usual activities. They
slept at home during the two remaining nights.
The retest session took place 72 h after training for subjects of
both groups (SG and SDG) allowing two recovery nights for sleep
deprived subjects (Figure 1B). Subjects were retested at different
times of day ranging from 8 a.m. to 7 p.m. but training and retest
sessions were conducted at the same time of day for each subject in
order to account for possible circadian fluctuations in performance
within subjects. The retest session consisted of 20 blocks, with 14
blocks of trained and 6 blocks of untrained sequences (Figure 1C).
Two blocks of trained sequence were separated by one block of
untrained sequence as follows (T T U T T U T T U T T U T T U
T T U T T).
Motor skill performance was measured in terms of speed (block
duration to perform 60 key presses), error rates (mean number
of errors per block) and variability. Variability of performance
was computed as the standard deviation of the residuals with
respect to a single power-law fit that was calculated over the whole
training session (i.e., over a maximum of 168 points representing
the time to perform each correct sequence (12 possible correct
sequences) over the 14 blocks of training) and the first two blocks
of retest (i.e., over a maximum of 24 points in the first two blocks
of retest). This method of variability analysis, adapted from

Materials and Methods
Ethics Statement
All participants gave their written informed consent to take part
in the study, which was approved by the Ethics Committee of the
Faculty of Medicine of the University of Liège.

Population
Thirty-four young (mean age: 2363 years) right-handed [19]
healthy volunteers were recruited by advertisement. They had no
history of medical, neurological or psychiatric disease and none
were on medication at the time of testing. No participants had ever
played a musical instrument nor were trained as a typist. The
quality of their sleep was normal as assessed by the Pittsburgh
Sleep Quality Index questionnaire [20]. They followed a three-day
constant sleep schedule (according to their own rhythm 61 hour)
before the first visit and kept the same schedule for three more
days until their second visit. Compliance to the schedule was
PLOS ONE | www.plosone.org
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Figure 1. Experimental protocol. A- Finger Tapping Task, FTT. B- Experimental groups. Subjects were scanned during training and were divided in
two groups according to the sleep condition on the first post-training night (SG: Sleep Group, SDG: Sleep Deprived Group). All the subjects were
retested in the scanner three days later. C- Experimental design. Training and retest sessions consisted of 14 and 20 blocks respectively, each block
consisting in 60 key presses. The untrained (U) sequence was proposed during retest, mixed with trained (T) sequence.
doi:10.1371/journal.pone.0059490.g001

Adi-Japha and collaborators [1], was used in our previous study
[2] and implies that estimates of performance variability are
orthogonal from performance speed estimates.
Supplemental fine-grained analyses on speed to perform each
sequence within each block (mean response time between two key
presses within a correct sequence [17]) were performed to assess
possible fatigue effects. For this particular analysis, only the first 10
correct sequences (out of 12 possible correct sequences per block)
were considered, because it represented, on average, the number
of sequences that participants completed accurately (see accuracy
paragraph in the results section).

within block. Planned-comparisons were computed to test for the
difference in response times between the first 5 sequences vs. the
last 5 sequences on particular practice blocks (blocks 8, 13 and 14
of training and blocks 1 and 2 of retest, see Results section). To
control for the possible influence of fatigue on the expression of
between-session gains in performance, an ANOVA on blocks
(average of response times on the first 5 sequences of the last two
blocks of training vs. average of response times on the first 5
sequences of the first two blocks of retest) as a within-subjects
factor and group (SG vs. SDG) as a between-subjects factor was
computed.

Behavioral Data Analyses

fMRI Data Acquisition and Analysis

Speed, error rates and variability were computed for both
training and retest sessions. A repeated-measures analysis of
variance (ANOVA) on performance with block as a withinsubjects factor and group (SG vs. SDG) as a between-subjects
factor assessed the practice-related changes in performance during
the training session. Another ANOVA on performance speed at
the end of training was computed with block (average performance
of the second last two blocks vs. average of the last two blocks of
training) as a within-subjects factor and group (SG vs. SDG) as a
between-subjects factor to test the saturation effect of learning at
the end of training.
Between-session changes in performance, i.e. the offline gain in
performance between the end of training and the beginning of
retest, were tested with an ANOVA with block (average of
performance on the last two blocks of training vs. average of the
first two blocks of retest) as a within-subjects factor and group (SG
vs. SDG) as a between-subjects factor.
Fatigue effects were explored by conducting repeated-measures
ANOVAs on mean individual response times within a correct
sequence [17] with block (14 practice blocks) and repetition of the
trained sequence (10 sequences per block) as within-subjects
factors and group (SG vs. SDG) as a between-subjects factor.
Subsequent ANOVAs were conducted separately on each practice
block in order to explore the effect of repetition of the sequence

Functional MRI-series were acquired using a head-only 3T
scanner (Siemens, Allegra, Erlangen, Germany). Multislice T2*weighted fMRI images were obtained with a gradient echo-planar
sequence using axial slice orientation (TR = 2130 ms, TE = 40 ms,
FA = 90u, 32 transverse slices, 3 mm slice thickness, 30% interslice gap, FoV = 2206220 mm2, matrix size = 64664632, voxel
size = 3.463.463.0 mm3). Training and retest sessions consisted of
271637 and 340635 scans, respectively. A structural T1weigthed 3D MP-RAGE sequence (TR = 1960 ms, TE = 4.43 ms,
TI = 1100 ms, FA = 8u, 176 slices, FoV = 2306173 mm2, matrix
size = 25661926176, voxel size = 0.960.960.9 mm3) was also
acquired in all subjects. Head movements were minimized using a
vacuum cushion.
The three initial scans were discarded to allow for magnetic
saturation effects. Functional volumes were pre-processed and
analysed using SPM2 (http://www.fil.ion.ucl.ac.uk/spm/
software/spm2/; Wellcome Department of Imaging Neuroscience, London, UK). Pre-processing included the realignment of
functional time series, the co-registration of functional and
anatomical data, a spatial normalization to an EPI template
conforming to the Montreal Neurological Institute space, and a
spatial smoothing (Gaussian kernel, 8 mm full-width at halfmaximum, FWHM).
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significant PPI indicated a change in the regression coefficients
(i.e. a change in the strength of the functional interaction) between
any reported brain area and the reference region (caudate
nucleus), related to performance variability changes during
training. These results are reported in our previous paper [2].
As the neural correlates of performance variability during initial
motor sequence acquisition had never been characterized before, a
separate paper has been published on this particular topic [2]. The
results reported in the present study are original findings linking
the implementation of reproducible performance and subsequent
motor sequence memory consolidation. We then performed an
analysis assessing the relationship between the functional connectivity of the caudate nucleus, in proportion to performance
variability during training, and the subsequent gain in performance on the trained sequence (controlled or not for fatigue
effects) observed between training and retest sessions. We then
regressed the contrast images of the individual functional
connectivity of the caudate nucleus modulated by variability of
performance against the offline gain in performance on the trained
sequence (controlled or not for fatigue effects), separately for each
group (SG and SDG). A final two sample t test compared these
regressions between the two groups (SG vs. SDG).
For the retest session, one sample t tests were run separately for
each group. A first analysis characterized the main effect of
practice of the trained sequence in both groups (SG and SDG). A
conjunction analysis based on a conjunction null hypothesis
characterized brain areas jointly activated in both groups (SG and
SDG).
A final analysis compared the main effect of practice of the
trained sequence between sessions (retest vs. training) for each
group. This analysis characterized the changes in brain responses
to the trained sequence between training and retest sessions.
Exclusive masks (EM) were used to isolate the effects specific to
each group.
The resulting set of voxel values for each contrast constituted a
map of the t statistic [SPM(T)], thresholded at p,0.001
(uncorrected for multiple comparisons). Statistical inferences were
performed at a threshold of p,0.05 after correction for multiple
comparisons over either the entire brain volume or over small
spherical volumes (10 mm radius), located in structures of interest,
reported by published work on motor learning.

The analysis of fMRI data, based on a mixed effects model, was
conducted in two serial steps, accounting respectively for fixed and
random effects. For each subject, changes in brain regional
responses were estimated by a model including the responses to the
trained sequence and their linear modulations by performance
speed (mean time to perform a correct sequence by block,
Figure 2A, right panel, Mean) and variability (standard deviation
of the residuals with respect to a single power-law fit, per block,
Figure 2A, right panel, Std). Variability was orthogonalized with
respect to speed, to account for potential colinearity. Any
significant brain region revealed by parametric modulation
analyses by performance variability will present a dynamical
BOLD response that is linearly (1st order polynomial expansion)
related to the (non-linear) pattern of performance variability
changes (see Figure 2A, right panel, Std, to appreciate this nonlinear dynamics). These regressors consisted of box cars convolved
with the canonical hemodynamic response function. Movement
parameters derived from realignment of the functional volumes
were also included as covariates of no interest. High-pass filtering
was implemented in the design matrix using a cut-off period of 128
seconds to remove slow drifts from the time series. Serial
correlations in fMRI signal were estimated using an autoregressive
(order 1) plus white noise model and a restricted maximum
likelihood (ReML) algorithm.
For the training session, contrasts tested the main effect of
practice of the trained sequence and its linear modulation by
performance variability. Modulation by performance variability
identified regions where response amplitude increased as motor
behavior became more consistent (i.e., less variable) across
training.
For the retest session, a linear contrast tested the main effect of
practice of the trained sequence. Finally, a linear contrast tested
the main effect of session (retest vs. training) on the practice of the
trained sequence. These linear contrasts generated statistical
parametric maps [SPM(T)]. The resulting contrasts images were
then further spatially smoothed (Gaussian kernel 6 mm FWHM)
and entered in a second-level analysis, corresponding to a random
effects model, accounting for inter-subject variance.
Regarding second level analyses, for the training session, onesample t tests were run on the data of all the subjects as this session
was identical for both groups. A first analysis characterized the
main effect of practice of the trained sequence. A second analysis
characterized the temporal dynamics of brain responses during
training, based on their linear modulation by performance
variability. Results related to this particular analysis are reported
in a previous paper [2]. The fitted BOLD responses modulated by
performance were estimated to illustrate the block by block
temporal dynamics of cerebral responses in areas showing
modulation of activity by performance variability (Figure 3A,
caudate nucleus, adapted from [2]).
Psychophysiological interaction (PPI) analyses were computed
to test the functional connectivity of the right caudate nucleus with
the rest of the brain, in proportion to performance variability
changes during training. New linear models were generated at the
individual level, using three regressors. One regressor represented
the practice of the learned sequence modulated by performance
variability. The second regressor was the activity in the reference
area. The third regressor represented the interaction of interest
between the first (psychological) and the second (physiological)
regressors. To build these regressors, the underlying neuronal
activity was first estimated by a parametric empirical Bayes
formulation, combined with the psychological factor and subsequently convolved with the hemodynamic response function [21].
The design matrix also included movement parameters. A
PLOS ONE | www.plosone.org

Coordinates of Areas of Interest Used for Spherical Small
Volume Corrections
Coordinates used for spherical small volume corrections were
located in areas already reported for their involvement in motor
sequence learning and consolidation (striatum, hippocampus,
cerebellum, as well as motor, cingulate, frontal, temporal and
parietal cortices). The papers from which these coordinates of
interest were extracted are listed below with some indication on
the task and the type of design used:
[5], Task: Serial oculomotor reaction time task, Design:
Training session followed by retest sessions occurring either
30 min, 5 h or 24 h after initial training; [22], Task: Audio-paced
finger tapping task, Design: Training session with different
movement complexity and frequency; [23], Task: Timed motor
sequence learning task, Design: Training session with learned,
isochronous and perceptual sequences; [14], Task: Finger Tapping
Task, Design: Training session followed by regular sleep or sleep
deprivation and a 48 h retest session; [24], Task: Timed motor
sequence learning task, Design: Training session on learned and
isochronous sequences (day 1), retest session after 5 days of
practice (day 5) and recall after four weeks; [25], Correction for
the MPFC activation, described for sleep-dependent consolidation
4
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Figure 2. Behavioral results. Whiskers represent SEM. A- Left panel: Performance (mean block duration) improvement during training did not
differ between the two groups. Middle panel: A significant ((*), p,0.05) offline gain in performance is observed in sleepers but not in sleep deprived
subjects between the end of training (Tr) and the beginning of retest (Re). Right panel: Dynamics of mean time to perform a correct sequence (Mean,
upper panel) and the standard deviation of difference between the data points (time to perform each correct sequence) and their power-law fit (Std,
lower panel) computed over all subjects. Note that variability of performance follows a specific dynamics during training which does not parallel
mean performance [2]. B- Left panel: Mean response time (RT) between two elements within a correct sequence for the first 10 correct sequences by
block during both training and retest sessions. Note that the repetition effect is heterogeneous across blocks and that a significant fatigue effect
manifests in block 8. Right panel: Between-session gains in performance are due to a rapid increase in RT during the retest session rather than to a
slow-down in performance at the end of the training session ((*), p,0.05; (o), p.0.05).
doi:10.1371/journal.pone.0059490.g002

frontal gyrus 212 36 56 mm [24], 214 26 54 mm, 232 14
50 mm [23]; right superior frontal gyrus 44 15 46 mm [5], 32 54
22 mm, 18 40 46 mm, 14 26 54 mm [23]; right medial frontal
cortex 48 28 46 mm [5]; Temporal cortex locations: right medial
temporal gyrus 62 28 228 mm [23]; inferior temporal gyrus 642
28 238 mm [24], 54 222 216 mm [23]; Motor cortex locations:
sensorimotor cortex 636.263.0 222.364.6 57.066.1 mm [22];
supplementary motor area +/22 22 70 mm; primary motor
cortex 214 220 74 mm, 10 222 58 mm; left premotor cortex
212 0 74 mm [23]; Parietal cortex locations: right parietal cortex 50
254 42 mm [23]; right intraparietal sulcus 30 254 70 mm [5].

of declarative memories, Task: Emotional memory, Design:
Encoding of neutral or emotional images followed by a regular
night of sleep or total sleep deprivation and a 72 h memory retest;
[26], Task: Serial reaction time task, Design: Implicit or explicit
sequence learning followed by generation tasks testing the
awareness of the sequence.
The coordinates selected from these studies are listed below:
Striatal locations: right ventral putamen 26 4–24 mm; right
caudate nucleus 18 8 20 mm [5]; left posterior putamen
224.663.6 20.665.9 3.469.0 mm [22]; Cerebellar locations: left
cerebellar hemisphere 222 264 226 mm [23], 218 244
218 mm [14], right cerebellar hemisphere 22 238 236 mm
[5]; Hippocampal locations: left anterior hippocampus 216 214
228 mm, 234 210 220 mm [5]; right posterior hippocampus 42
234 212 mm, 26 234 24 mm [5]; Cingulate cortex: posterior
cingulate 24 248 34 mm [24]; anterior cingulate cortex 2 48
12 mm [23]; Frontal cortex locations: medial prefrontal cortex 26 60
2 mm, 10 50 14 mm [25], 24 36 28 mm [26]; left superior
PLOS ONE | www.plosone.org
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Population
Four subjects were discarded from the analyses because of large
movements during the acquisition (1 in each group) or because
they practiced a wrong sequence in the scanner (1 in each group).
5
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Figure 3. Functional imaging results for the training session. Functional results are displayed at puncorrected,0.001 over the mean structural
image of all subjects. In the insets, whiskers represent SEM. CN: Caudate Nucleus, HC: Hippocampus. A- Linear modulation of brain responses by
performance consistency. Caudate nucleus responses increased during training in parallel to performance reproducibility. The dynamics of caudate
activity follows a similar non-linear pattern as performance consistency during training. The functional connectivity between the caudate nucleus and
frontal areas is proportional to performance variability during training [2]. B- Regression analysis between cerebral areas functionally connected with
the caudate nucleus, in proportion to performance variability and gain in performance in the SG. Left panel: The strength of the functional
connectivity (competitive interaction) between the caudate nucleus and hippocampo-cortical areas is correlated with the subsequent gains in
performance on the learned sequence in the SG. Right panel: Regression plot of the strength of the functional connectivity (competitive interaction)
between the caudate nucleus and the hippocampus related to performance variability against the gains in performance in the SG (block duration (s))
on the learned sequence. Each data point represents a single subject of the SG.
doi:10.1371/journal.pone.0059490.g003

and after the training session) where subjects followed a constant
sleep schedule. A repeated-measures ANOVA on actigraphic
activity with nights (6 nights) as a within-subjects factor and group
(SG vs. SDG) as a between-subjects factor showed significant main
effects of group (F(1,28) = 43.88, p,0.001) and night
(F(5,140) = 76.79, p,0.001) as well as a group by night interaction
(F(5,140) = 67.41, p,0.001). The activity during the first three
nights did not differ between groups (all ps .0.3). Sleep duration,
estimated jointly with sleep diaries and actigraphic recordings, did
not differ during the night preceding the training session (SG, 7 h
56 min 60 h 54 min, SDG 8 h 00 min 60 h 48 min, unpaired t
test t(28) = 0.00, p = 1.00, see also ‘‘Subjective assessment of sleep duration
and quality’’ paragraph). As expected, the activity was larger in the
SDG than in the SG during the deprivation night
(SG = 38.87633.59 activity units, SDG = 274.52697.04 units,
F(1,28) = 78.98, p,0.001). Actigraphic and sleep diaries data
indicated that subjects of the SG slept, at home, an average 8 h
56 min 61 h 16 min during the first post-training night (sleep
duration ranging from 7 to 10 hours). During the first recovery
night, activity in the SDG tended to be lower than in the SG,
suggesting a rebound of sleep after sleep deprivation
(SG = 34.52613.77
units,
SDG = 25.04614.33
units,
F(1,28) = 3.40, p = 0.07). Sleep duration also tended to be larger
in the SDG as compared to the SG (SG, 8 h 44 min 61 h 18 min;

Eventually, 30 subjects were included in the analyses, 15 subjects
in each group (SG: mean age = 2362.2 years, 7 females; SDG:
mean age = 23.662.8 years, 8 females).

Subjective Assessment of Sleep Duration and Quality
The groups did not differ in mean sleep duration (SG, 8 h
12 min 61 h 07 min; SDG, 7 h 42 min 642 min; unpaired t test,
t(28) = 1.37, p = 0.18) or in the median Pittsburgh Sleep Quality
Index (PSQI) score (SG, 3; SDG, 4; unpaired t test, t(28) = 0.38,
p = 0.70) over the month preceding the recordings. Sleep duration
and quality, subjectively assessed using the St. Mary’s Hospital
sleep questionnaire [from very poor (1) to good (5)], did not differ
between groups during the night preceding the training session
(Duration: SG, 7 h 30 min 657 min; SDG, 7 h 42 min 656 min;
unpaired t test t(28) = 20.39, p = 0.69; Quality: SG, 4; SDG, 4;
unpaired t test t(28) = 0.68, p = 0.50) or during the night preceding
the retest session (Duration: SG, 7 h 45 min 61 h 19 min; SDG,
8 h 09 min 61 h 18 min; unpaired t test t(28) = 20.89, p = 0.37;
Quality: SG, 3; SDG, 4; unpaired t test t(28) = 21.70, p = 0.10).

Actigraphic Data
Actigraphic data were collected by wrist actigraphy (Cambridge
Neuroscience, Cambridge, UK) during 6 days (three days before
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SDG, 9 h 4661 h 34 min, unpaired t test t(28) = 21.96, p = 0.06).
These effects were not present on the second recovery night, which
preceded the retest session (Activity, SG = 37.47621.38 units,
SDG = 31.00617.52 units, F(1,28) = 0.82, p = 0.37; Sleep duration, SG, 8 h 22 min 61 h 19 min; SDG, 8 h 1661 h 28 min,
unpaired t test t(28) = 0.19, p = 0.84, see also ‘‘Subjective assessment of
sleep duration and quality’’ paragraph), suggesting that two nights
were sufficient to recover from the effects of the sleep deprivation.
Actigraphic data during daytime (5 days) showed no significant
main effects of group (F(1,28) = 0.41, p = 0.83) and day
(F(4,112) = 1.88, p = 0.11) as well as no group by day interaction
(F(4,112) = 0.06, p = 0.99). The activity during the day following
the sleep deprivation did not differ between groups
(SG = 347.93699.88
units,
SDG = 350.236103.37
units,
F(1,28) = 0.003, p = 0.95), suggesting that sleep deprived subjects
maintained the same level of activity than sleepers the day after the
sleep deprivation.

by group interaction (F(13,364) = 0.62, p = 0.83), indicating that
subjects of both groups had similar error rates during training.
Between-session
gains
in
performance
accuracy. Between session effects were computed comparing

the average of the last two blocks of the training session against the
first two blocks of the retest session in order to assess offline
improvement. The ANOVA revealed no significant effect of
session (F(1,28) = 0.16, p = 0.68), no significant group effect
(F(1,28) = 0.62, p = 0.43) and no group by session interaction
(F(1,28) = 0.75, p = 0.39). Furthermore, planned comparison did
not show any significant effect of session in both the sleep and sleep
deprived groups (SG: F(1,14) = 0.40, p = 0.53; SDG:
F(1,14) = 0.46, p = 0.50).
Performance variability during training session. For the
training session, a repeated-measures ANOVA conducted on the
variability of the power law fit residuals with block as a withinsubjects factor and group (SG vs. SDG) as a between-subjects
factor showed a main effect of block (F(13,364) = 5.68, p,0.0001),
indicating that performance variability significantly changed
across training blocks. In contrast, there was no significant group
effect (F(1,28) = 1.45, p = 0.23) or significant repetition by group
interaction (F(13,364) = 0.96, p = 0.48), indicating that subjects of
both groups had similar changes in performance variability during
training. As shown in Figure 2A (right panel, Std) performance
became progressively more consistent for all subjects across blocks
(i.e., standard deviation decreased), except during blocks 5 to 7
during which behavior became temporarily more variable. This
precise time course, detailed in our previous paper [2], is strikingly
similar to the change in performance consistency reported for the
finger opposition task by Adi-Japha and colleagues [1] and
occurred independently of concurrent changes in performance
speed (Figure 2A, right panel, Mean).

Behavioral Results
Training consisted of 14 blocks of practice of the trained
sequence. The retest session took place 72 hours later and
consisted of 20 blocks, with 14 blocks of trained interleaved with 6
blocks of untrained sequences (see Methods and Figure 1C). In the
following paragraphs, we focus on performance speed, accuracy,
variability as well as the influence of fatigue.
Performance speed during training session. For the
training session, an ANOVA conducted on performance speed
with blocks of trained sequence (14 practice blocks) as a withinsubjects factor and group (SG vs. SDG) as a between-subjects
factor showed a main effect of block (F(13,364) = 52.04, p,0.0001)
whereby block duration decreased with practice in both groups. In
contrast, there were no significant group effect (F(1,28) = 0.57,
p = 0.45) and no significant repetition by group interaction
(F(13,364) = 1.14, p = 0.32), indicating that subjects of both groups
similarly improved on the trained sequence during training
(Figure 2A, left panel).
Between-session gains in performance speed. Betweensession effects were computed comparing the average of the last
two blocks of the training session against the first two blocks of the
retest session in order to assess offline improvement. The ANOVA
revealed a significant main effect of session (F(1,28) = 5.01,
p = 0.03), but no significant group effect (F(1,28) = 0.0001,
p = 0.9) or group by session interaction (F(1,28) = 1.35, p = 0.25).
However, planned comparison showed a significant effect of
session in the sleep group (F(1,14) = 6.72, p = 0.02), indicating that
subjects who slept after training presented significant offline
improvement. The delayed gain observed in sleepers is not likely
to be due to a continuation of the initial learning process as
asymptotic performance was reached at the end of training: The
ANOVA testing the saturation effect did not reveal significant
improvement over the last four blocks of training (F(1,14) = 1.38,
p = 0.25). In contrast, no significant effect of session was observed
in the sleep deprived group (F(1,14) = 0.50, p = 0.48), indicating
that subjects who were sleep deprived during the first post-training
night did not present any significant offline improvement
(Figure 2A, middle panel).
Accuracy during training session. For the training session,
an ANOVA conducted on the number of errors per block (i.e.
error rate) with repetition of the trained sequence (14 blocks of
trained sequence) and group (SG vs. SDG) as factors did not show
significant main effects of repetition (F(13,364) = 1.04, p = 0.40), as
the mean number of errors remained stable and low (1.0561.32
errors per blocks) throughout training. There were no significant
group effect (F(1,28),0.001, p = 0.98) and no significant repetition
PLOS ONE | www.plosone.org

Between-session
changes
in
performance
variability. Between-session effects were computed comparing

averaged performance variability of the last two blocks of training
against the first two retest blocks. The ANOVA revealed no
significant main effect of session (F(1,28) = 1.47, p = 0.23), no
significant group effect (F(1,28) = 0.94, p = 0.33) and no group by
session interaction (F(1,28) = 0.04, p = 0.82), indicating that
movement reproducibility was maintained from training to testing
in both groups.
Fatigue effects during training session. Fine-grained
analyses of performance speed were conducted for each sequence
within each block in order to determine the influence of fatigue on
between-session gains in performance speed.
An ANOVA conducted on performance speed (i.e., mean
response time between two elements within a correct sequence
[17]) with block (14 practice blocks) and repetition of the trained
sequence (10 sequences per block) as within-subjects factors and
group (SG vs. SDG) as a between-subjects factor showed
significant effects of block (F(13,338) = 54.41, p,0.001) and
sequence (F(9,234) = 1.88, p = 0.05) as well as a significant block
by sequence interaction (F(117,3042) = 2.74, p,0.001). The effect
of group was not significant (F(1,26) = 0.91, p = 0.34). The
repetition effect was heterogeneous across blocks (Figure 2B, left
panel). Indeed, subsequent ANOVAs conducted on each practice
block showed that performance speed improved across sequences
within each block during the first four training blocks (all
F(9,252).2.27, all p,0.02). In contrast, no repetition effects (all
F(9,252) ,1.71, all p.0.05) were observed in the other training
blocks of the session (blocks 5–7 and 9–14), except on block 8
during which performance speed worsened across sequence
repetition, suggesting an effect of fatigue in this block
(F(9,252) = 1.9, p = 0.05, Figure 2B, left panel, Block 8). Planned
7
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possible circadian fluctuations in performance within subjects.
From the 30 subjects included in the analyses, 15 were tested
during the morning (from 8 to 12 a.m, 8 in the SG, 7 in the SDG)
and 15 during the afternoon (from 1 to 7 p.m., 7 in the SG, 8 in
the SDG). Unpaired t-tests indicated that the average time of
testing did not differ between groups (SG: 13 h 13 min 60 h
51 min and SDG: 13 h 55 min 60 h 58 min, unpaired t-test
t(28) = 20.53, p = 0.59).
Nevertheless, time of testing was entered as a covariate in an
ANCOVA examining the effects of session (average of the last two
blocks of training vs. first two blocks of retest session, not
controlled for fatigue) and group (SG vs. SDG). No significant
covariate (F(1,27) = 0.46, p = 0.49) or covariate by session effects
(F(1,27) = 1.60. p = 0.21) were observed. The session by group
interaction remained non-significant (F(1,27) = 1.60, p = 0.21) but
within group analyses still indicated significant gains in performance in the SG (p = 0.019) that were not observed in the SDG
(p = 0.49). These results indicate that the changes in performance
speed that were observed between training and retest sessions in
both groups were not significantly modulated by the time of
testing.

comparison within this block indicated that this fatigue effect
occurred in the second half of the block whereby a significant
deterioration of performance (F(1,27) = 5.46, p = 0.02) was observed between the first 5 vs. the last 5 sequences.
In conclusion, our data do not show a consistent worsening of
performance due to repetition of 10 sequences within the last
training blocks. These results could suggest that the repetitive
practice of the motor task did not induce any significant fatigue
effect at the end of training. On the other hand, a more probable
explanation is that the potentially detrimental effects of fatigue on
performance during late training result in stabilization of
performance speed (as opposed to the improvement in speed
observed within the early blocks that are less affected by fatigue).
This explanation could not be distinguished from a practicedependent plateau-effect.
Between-session gains in performance controlled for
possible fatigue effects. Despite the absence of clear effects

of fatigue on performance during training, between-session gains
in performance were re-computed with the sequences that are not
affected by possible fatigue effects (5 first sequences within each
block).
The ANOVA revealed neither a significant main effect of
session (F(1,28) = 2.03, p = 0.16), nor a significant group effect
(F(1,28) = 0.0009, p = 0.98) nor a significant group by session
interaction (F(1,28) = 1.52, p = 0.22). These results confirm the
recent behavioral studies [17,18] reporting that delayed gains in
performance are less robust when controlled for fatigue than
otherwise. Nevertheless, planned comparisons still showed a
significant effect of session in the sleep group (F(1,14) = 4.50,
p = 0.05) but no significant effect of session in the sleep deprived
group (F(1,14) = 0.014, p = 0.90). These results suggest that the
significant between-session improvement in performance observed
in sleepers is not entirely explained by a passive dissipation of
fatigue.
Further analyses showed that the overall overnight gains in
performance were more due to a significant improvement on the
last 5 sequences during the first two retest blocks than to a
worsening on the last 5 sequences of the last two training blocks
(Figure 2B, right panel). Indeed, for the last two blocks of training,
performance on the last 5 sequences did not differ from
performance on the first 5 sequences (SG, F(1,14) = 0.82,
p = 0.37 and SDG, F(1,14) = 1.84, p = 0.18, Figure 2B, right
panel). In contrast, on the first two retest blocks, performance on
the last 5 sequences was significantly better that on the first 5
sequences (SG, F(1,14) = 19.24, p,0.001 and SDG,
F(1,14) = 24.65, p,0.001, Figure 2B, right panel), indicating a
strong improvement in performance within the first two retest
blocks.
To conclude, the data suggest that in this case, no significant
worsening in performance, usually considered as the expression of
fatigue [17,18], was observed at the end of the training session.
However, our results cannot dismiss the influence of fatigue as it
could manifest itself at the end of training by a stabilization rather
than an impairment of within-block performance. Importantly,
gains in performance remained significant in the SG after
controlling for fatigue, indicating that this specific effect was due
to an active mnemonic process rather than to a passive dissipation
of fatigue [17,18]. Interestingly, these fine grained analyses also
showed that the overnight gain in performance seems to be due to
a strong increase in performance within the first blocks of the retest
session.
Time of testing. Training and retest sessions were conducted
from 8 a.m. to 7 p.m. across participants and were performed at
the same time of day for each subject in order to account for
PLOS ONE | www.plosone.org

Brain Imaging Data
Practice of the learned sequence during training and retest
sessions recruited a large cerebello-cortical network as reported in
Table 1.
Modulation of cerebral activity by performance
variability during training. During training, performance

variability was considered as a potentially important modulator
of brain responses because it quantifies the ability to maintain a
reproducible performance level within a block [2]. Modulation
analyses show that the amplitude of the cerebral responses
increased in the right caudate nucleus as performance became
more consistent, i.e., as variability of the residuals with respect to
the power law fit decreased (Table 2–1, results reported in [2]).
The time course of responses in this area followed a non-linear
pattern that closely paralleled the evolution of performance
variability and was characterized by a decrease in activity at
mid-training (Figure 3A left panel, adapted from [2]). Furthermore, functional connectivity analyses revealed that the activity in
the right caudate nucleus was coupled with a set of frontal areas, in
proportion to performance variability. This result implies that the
striato-frontal interaction was strong when performance was
variable, diminished in proportion to the decrease in performance
variability and was transiently strengthened at mid-training when
performance was more variable (Figure 3A right panel, Table 2–2,
results reported in [2]).
Regarding the specific caudate recruitment and its functional
interactions with the rest of the brain, we assessed whether its
functional connectivity modulated by performance variability
observed during initial training could be correlated with the
subsequent gains in performance emerging after sleep but not after
sleep deprivation. This regression analysis showed that the
strength of the negative functional connectivity (competitive
interaction) between the caudate nucleus and numerous cortical
areas was linearly related to the delayed gain in performance speed
in sleepers, and more so in sleepers than in sleep deprived subjects
in whom no such regression was observed. This cerebral network
consisted of a set of cortical areas including the superior frontal
cortex, the medial prefrontal cortex, the middle frontopolar cortex,
the anterior cingulate cortex, the inferior temporal gyrus and the
hippocampus (Table 2–3). Figure 3B (left panel) shows the
connectivity maps of the caudate nucleus, in proportion to the
implementation of reproducible motor behavior, and in relation to
8
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Table 1. Functional results for the practice of the trained sequence during training and retest sessions.

Area

x mm

y mm

z mm

Z

p

Right Motor Cortex

36

218

62

Inf

0.000

Left Motor Cortex

250

224

48

6.75

0.000

232

26

68

6.55

0.000

260

6

28

9.53

0.000

218

250

226

Inf

0.000

24

258

212

7.69

0.000

24

260

224

7.43

0.000

Right Globus Pallidus

16

26

28

5.20

0.005

Left Globus Pallidus

216

28

24

4.87

0.021

Left Intraparietal Sulcus

226

252

68

5.44

0.002

Right Intraparietal Sulcus

32

250

72

5.82

0.000

Right Cingulate Motor Area

2

2

56

6.20

0.000

Practice of the trained sequence during training

Left Cerebellar Lobule V/VI

Right Cerebellar Lobule V/VI

Conjunction of SG and SDG for the practice of the trained sequence during retest
Left Cerebellar Lobule V

216

250

222

7.18

0.000

Left Cerebellar Lobule V/VI

24

250

212

6.92

0.000

Left Cerebellar Lobule VI

220

262

222

5.99

0.000
0.000

Right Motor Cortex

36

218

70

6.24

50

222

60

6.24

0.000

40

232

70

6.05

0.000

Only significant brain responses after correction over the entire volume are reported.
doi:10.1371/journal.pone.0059490.t001

responses were not observed in the SDG (exclusive mask, Table 3).
In contrast, in sleep-deprived subjects, responses increased at
retest, relative to training, in the ventral putamen and both
anterior and posterior cingulate cortices (Figure 4B, Table 3).
These effects were not observed in sleepers (exclusive mask,
Table 3).

subsequent gains in performance observed in the SG as compared
to the SDG. The right panel of the figure shows how the strength
of the functional connectivity (competitive) between caudate and
hippocampus (area chosen, for display purposes, among all the
structures activated in this analysis, see Table 2–3) is correlated
with subsequent gains in performance in the SG. This regression
analysis indicates that increased strength of the competitive
interaction between the caudate nucleus and this cerebral network,
including hippocampo-cortical areas, when performance is variable, results in increased overnight gain in performance. After
sleep deprivation, this relationship fails to predict subsequent
performance gains.
We performed the same regression analyses with gain in
performance computed with the first 5 sequences, which are
deemed unaffected by fatigue. Remarkably, the significant
regression between the strength of the negative connectivity
(competitive interaction) between caudate nucleus and hippocampo-cortical areas, modulated by performance variability, and
gains in performance remains significantly better in sleepers
relative to sleep deprived subjects even when controlling for
possible fatigue effects (Table 2–4). In other words, even if fatigue
effects are accounted for, at the individual level, the participants
who presented the most important competitive interaction
between caudate and hippocampo-cortical areas to control for
performance variability had the largest gains in performance speed
after sleep.

Discussion
In this study, we aimed at characterizing the relation between
performance variability during initial training and subsequent
sleep-dependent motor sequence memory consolidation. We
previously showed that activity in the caudate nucleus is
correlated with the implementation of performance consistency
during initial motor sequence learning [2]. Importantly, the
setting of an effective performance mode appears to be driven
by a tight interaction between caudate nucleus and frontal areas
[2]. Here, using functional connectivity analyses and regression
with subsequent changes in performance, we show that the
strength of the competitive interaction between the caudate
nucleus and a hippocampo-cortical network during initial
training can predict subsequent delayed gains in performance
after sleep but not after sleep deprivation. This relationship
holds irrespective of whether fatigue effects during training are
considered in the computation of the overnight changes in
performance. After sleep deprivation, the strength of the
functional connectivity between these areas no longer predicts
later gains in performance, suggesting that these responses are
functionally related to memory processing occurring during
sleep. We propose that the dynamic large-scale interactions
between the striatum and hippocampo-cortical networks, ensuring the reproducibility of sequential motor output during

Between-session changes in cerebral response on the
learned sequence. In the SG, brain responses increased at

retest, relative to training, in the left anterior hippocampus, but
also in the right posterior hippocampus (but with a more
permissive threshold, 38 224 220 mm, Z = 2.33, psvc = 0.078)
and in polar medial prefrontal cortex (Figure 4A, Table 3). These
PLOS ONE | www.plosone.org
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Table 2. Functional results for the training session.

Area

x mm

y mm

z mm

Z

psvc

1- Cerebral areas where responses increase in proportion to decrease in variability [2]
Right Caudate Nucleus

22

12

18

3.64

0.004

Right Motor Cortex

10

224

56

3.98

0.003

0.003

2- Functional connectivity of the right caudate nucleus modulated by performance variability [2]
Right Superior Frontal Gyrus

Left Superior Frontal Gyrus

22

38

54

4.05

18

34

58

3.25

0.030

220

26

62

3.18

0.036

234

18

58

3.39

0.021

3- Regression between functional connectivity of caudate nucleus modulated by performance variability and overnight gain in performance
SG
Right Superior Frontal Gyrus

22

26

60

3.80

0.006

Left Medial Prefrontal Cortex

210

36

22

4.07

0.003

Right Anterior Cingulate Cortex

4

50

6

3.17

0.038

4

40

8

3.14

0.041

Right Posterior Hippocampus

40

238

26

3.79

0.006

Right Middle Frontopolar Gyrus

24

58

14

3.48

0.037

Right Inferior Temporal Gyrus

54

214

222

3.45

0.018

SDG
No Significant Responses
SG – SDG
Left Medial Prefrontal Cortex

210

36

22

3.74

0.007

Left Motor Cortex

226

212

64

3.41

0.020

Left Premotor Cortex

28

24

74

3.41

0.020

Right Posterior Hippocampus

32

236

24

3.18

0.037

SDG – SG
No Significant Responses
4- Regression between functional connectivity of caudate nucleus modulated by performance variability and overnight gain in performance
controlled for possible fatigue effects
SG
22

26

60

4.25

0.001

20

32

58

3.92

0.004

Right Medial Frontal Gyrus

52

18

46

3.95

0.004

Left Medial Prefrontal Cortex

28

36

22

4.18

0.002

Right Medial Prefrontal Cortex

6

42

12

3.55

0.013

Right Inferior Temporal Gyrus

54

214

222

3.84

0.005

Right Superior Frontal Gyrus

Right Cerebellar Lobule V

30

234

236

3.54

0.014

Left Cerebellar Lobule IV

218

234

228

3.28

0.029

212

242

212

3.36

0.023

Right Middle Frontopolar Gyrus

26

58

14

3.64

0.010

Right Posterior Hippocampus

40

238

28

3.54

0.014

Left Anterior Hippocampus

222

216

232

3.15

0.040

Left Putamen

Left Motor Cortex

224

22

22

3.24

0.033

226

2

210

3.14

0.042

234

226

70

3.17

0.039

SDG
No Significant Responses
SG – SDG
Left Anterior Hippocampus

222

218

232

3.55

0.013

Right Parietal Cortex

58

250

38

3.48

0.017

Right Superior Frontal Gyrus

50

18

44

3.35

0.024
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Table 2. Cont.

Area

x mm

y mm

z mm

Z

psvc

Left Primary Motor Cortex

26

220

70

3.48

0.017

Left Supplementary Motor Area

28

24

74

3.47

0.017

Right Supplementary Motor Area

16

26

76

3.26

0.031

Left Medial Prefrontal Cortex

210

36

22

3.46

0.018

Right Medial Prefrontal Cortex

14

60

6

3.24

0.033

Right Intraparietal Sulcus

26

262

66

3.42

0.020

Right Medial Frontal Gyrus

48

20

44

3.23

0.033

Right Posterior Hippocampus

32

236

24

3.15

0.040

SDG – SG
No Significant Responses
Significant brain responses after correction over small volume of interest (svc) are reported here. SG: Sleep Group; SDG: Sleep Deprived Group. Results presented in
points 1- and 2- of this table have already been reported in [2].
doi:10.1371/journal.pone.0059490.t002

training, may predict subsequent, and possibly sleep-dependent,
motor sequence memory consolidation. Finally, changes in
responses between training and testing, taken as an indication of
offline memory processing, are detected in similar hippocampocortical areas after sleep, but not after sleep deprivation.

Behavior
Our results confirm the effects of sleep and lack of sleep on the
consolidation of a recently learned motor sequence [10,12,14,27].
Performance on the trained motor sequence significantly improved at retest when sleep was allowed, but not if it was hindered,
on the first post-training night. These results suggest the existence
of a particular time-window [28–31], here ranging from about 5 to
15 hours after initial training, within which sleep should occur to
favor gains in performance. In contrast, sleep taking place, on
average, 30 hours after the end of the initial training session
(during the second and third post-training nights) does not
enhance motor performance. However, one should note the
absence of a significant difference in performance gains between
groups that may be accounted for by a small, non-significant but
continued improvement related to the two recovery nights in the
SDG [27], which effectively reduced the sensitivity of the statistics.
Furthermore, one limitation of our study in inferring that gains in
performance are sleep-dependent is the lack of polysomnographic
recordings in the SG.
Our results also confirm that delayed changes in performance
are less robust when possible fatigue effects are controlled
[17,18]. However, in our case, the effects of fatigue did not
consist in a worsening of performance at the end of training, as
reported by Rickard, Brawn and colleagues. Our results still
cannot rule out the fact that repetitive practice of the motor
task did not induce any fatigue effects at the end of training,
which seems unlikely. They rather suggest that fatigue build up
during practice may offset the learning effect at the end of
training. Importantly, gains in performance remained significant
in the SG after controlling for fatigue, indicating that this
specific effect was due to an active mnemonic process rather
than to a passive dissipation of fatigue [17,18]. Finally, during
the first retest blocks, the absence of fatigue allowed within
block improvements in performance that did not differ between
groups (i.e., similar to the early training). However, and
importantly, average performance speed still significantly
improved from training to testing only if sleep was allowed on
the first post-training night.
The dynamics of performance variability in this task was
detailed in our previous paper [2] and does not progress
monotonically during initial training as observed by Adi-Japha
and colleagues [1]. The evolution of performance consistency has
been described to reflect the implementation of preferential

Table 3. Functional results for the main effect of session on
the trained sequence (Retest – Training).

Area

y
x mm mm z mm Z

psvc

SG
Left Superior Frontal Cortex

216

46

50

3.65

0.014

Left Anterior Hippocampus

218

214 228

3.53

0.019

Left Medial Prefrontal Cortex

28

66

3.27

0.039

Right Medial Temporal Cortex

58

28 224

3.18

0.048

Left Cerebellar Lobule V/VI

218

256 224

3.19

0.047

8

SDG
Right Ventral Putamen

24

4

3.78

0.009

Left Posterior Cingulate Cortex

28

242 46

3.27

0.035

50

4

3.54

0.017

52

Right Anterior Cingulate Cortex 8

220

SG (EM SDG)
Left Medial Frontal Cortex

220

42

Left Anterior Hippocampus

218

214 228

3.41

0.039

3.53

0.019

Left Medial Prefrontal Cortex

28

66

3.27

0.039

Right Medial Temporal Cortex

56

28 226

3.15

0.051

Left Cerebellar Lobule V/VI

218

256 224

3.19

0.047

8

SDG (EM SG)
Right Ventral Putamen

24

4

3.78

0.009

Left Posterior Cingulate Cortex

28

244 42

3.27

0.035

50

3.54

0.017

Right Anterior Cingulate Cortex 8

220

4

Significant brain responses after correction over small volume of interest (svc)
are reported here. EM: Exclusive Mask; SG: Sleep Group; SDG: Sleep Deprived
Group.
doi:10.1371/journal.pone.0059490.t003
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Figure 4. Functional imaging results of the main effect of session on the learned sequence according to the sleep condition (Retest
- Training). Functional results are displayed at puncorrected,0.001 over the mean structural image of all subjects. Mean parameter estimates on the
trained sequence during training and retest sessions (arbitrary units: a.u.) are presented in the insets where bars represent SEM. HC: Hippocampus,
MPFC: Medial Prefrontal Cortex, VP: Ventral Putamen, PCC: Posterior Cingulate Cortex, ACC: Anterior Cingulate Cortex. A- Between-session effects in
SG: In sleepers, responses increased in the HC and the MPFC at retest as compared to training. B- Between-session effects in SDG: In sleep-deprived
subjects, responses increased from training to retest in the VP and in ACC and PCC.
doi:10.1371/journal.pone.0059490.g004

finding is consistent with the view that the caudate nucleus,
involved in associative learning [32,33], is related to the
implementation of preferential performance modes which ensure
the reproducibility of sequential motor output during initial
training, and is further optimized through practice [34]. Interestingly, the interaction observed between the caudate nucleus and
frontal areas was tighter when performance variability was high.
Indeed, learning is usually thought to be associated with a
progressive shift from the cortical control system to the automatic
striatal system, resulting in a systematic and consistent decrease in
activity in the controlled network with practice [3]. Accordingly,
strong fronto-striatal interactions when performance is highly
variable, during early learning, would materialize the influence of
sequence representations elaborated in cortical circuits upon
striatal representations. A reproducible motor behavior would
then be associated with a decrease of cortical weight upon the
striatum [2].

performance modes [1]. Interestingly, performance reproducibility
was maintained from training to retest in both groups. These
results suggest that the performance mode reached during training
represented the sequence of movements in motor memory [1,2].
The coherent representation specific to the well-mastered
sequence created during training was maintained in both groups
but triggered gains in performance speed in sleepers but not in
sleep deprived subjects.

Brain Responses Modulated by Decrease in Performance
Variability [2]
Before exploring the possible relationship between the
implementation of consistent motor behavior during initial
training and subsequent motor sequence memory consolidation,
we characterized the neural correlates of performance variability
during motor sequence acquisition, which had never been done
before. For the sake of clarity, these particular results were part
of a full and separate publication whose main conclusions are
summarized in the following paragraph.
After a fast and substantial increase in consistency during the
first part of training, performance suddenly became more variable,
followed by a steady decrease in variability during the second part
of training [1,2]. We previously showed that responses in the
caudate nucleus were correlated with the particular dynamics of
performance consistency such that activity in this area increased as
performance became more consistent during initial training. This
PLOS ONE | www.plosone.org

The Strength of the Competitive Interaction between the
Caudate Nucleus and Hippocampo-cortical Areas
Predicts Subsequent Delayed Gains in Performance after
Sleep but not Sleep Deprivation
The strength of the competitive interaction, assessed with
functional connectivity analyses, between the caudate nucleus and
hippocampo-cortical areas that may participate in the implemen-
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tation of available performance modes early during learning, is
linearly related to subsequent gains in performance observed after
sleep but not after sleep deprivation. Importantly, this regression
was preserved even after controlling for fatigue effects. Collectively, our results show for the first time, that it is not only activity in
hippocampus and striatum [5], but the functional connectivity
between these structures that may implement optimal learning and
act as a predictor of subsequent, and presumably, sleep-dependent
motor sequence memory consolidation.
On one hand, our data indicate that the functional connectivity,
which is proportional to performance variability, between caudate
nucleus and medial prefrontal cortex (MPFC)/anterior cingulate
cortex (ACC) seems to be a predictor of subsequent overnight
motor sequence memory consolidation. Recruitment of the
MPFC/ACC has already been described in the explicit processing
of motor sequential material [26,35] and in the different processes
engaged in sequence generation such as sequence expectation
[36], action planning, performance monitoring and error processing, i.e. when there is a need for performance adjustments [37].
More particularly, functional connectivity between the caudate
nucleus and the MPFC has been observed in such a way that
ACC/MPFC exerts control on the activity of the caudate nucleus
during generation of explicitly learned sequences [26]. Early
during training, when performance is variable, the MPFC might
interact competitively with the caudate nucleus in order to
optimize performance monitoring by explicit processes, while the
caudate nucleus would progressively implement automatisation
under implicit processes [26]. Our results are in line with these
findings and further indicate that the strength of the competitive
interplay between the MPFC/ACC and the caudate nucleus
would participate in the implementation of reproducible motor
behavior. Interestingly, our results suggest that these early striatofrontal interactions would also condition offline processes that
occur during sleep and induce subsequent gains in performance.
On the other hand, the strength of the competitive interaction
between the caudate nucleus and the hippocampus also predicts
subsequent overnight motor sequence memory consolidation. We
previously showed that activity in the hippocampus during initial
oculomotor sequence learning could predict gains in performance
occurring overnight but not over the day [5]. We argued that
activity in the hippocampus may act as a tag during initial training
that would condition subsequent offline processing during sleep
[5]. Furthermore, we observed a competitive interaction between
the striatum and the hippocampus during initial oculomotor
sequence learning [5]. Here we showed that the strength of the
competitive interaction between striatum and hippocampus is
proportional to performance variability during initial training and
conditions the subsequent motor sequence memory consolidation
occurring after sleep. The functional significance of the hippocampal responses during initial training has already been discussed
in our previous papers [2,5]. Specifically, these responses may
reflect the ability of the hippocampus to associate sequential events
during the early phase of training, as already described for motor
sequence learning [5,38]. Furthermore, based on an analogy with
spatial memory [39], the recruitment of the hippocampus during
early learning would participate in the creation of an allocentric
representation of the sequence that is processed during a
subsequent sleep period, leading to sleep-dependent enhancement
in performance. This hypothesis potentially unifies and explains
previous results. First, it would account for the sleep-dependent
gains in performance observed if the material to learn requires
contextual associations, a process assumed to rely on the
hippocampal formation [40]. Second, skill enhancement in an
allocentric coordinate frame, i.e. the goal of the sequence, has
PLOS ONE | www.plosone.org

been known to develop over a period of sleep whereas skill
enhancement within an egocentric coordinate frame, i.e. the
movements of the sequence, develops independently of sleep
[41,42]. We postulate that the hippocampal-dependent allocentric
representation of the sequence might be processed during a
subsequent sleep period leading to sleep-dependent enhancement
in performance.
In sum, our findings suggest that the dynamical functional
interactions between caudate nucleus and hippocampo-cortical
areas, ensuring the development of consistent motor behavior
during early training, act as a tag for the neuronal populations
recruited during learning that contribute to subsequent offline
memory processing presumably taking place during sleep of the
first post-training night. The nature of the tag is presently
unspecified. Some would argue that the increase in synaptic
potentiation induced by learning in the hippocampus would
require synaptic strength to be downscaled to a baseline level
during subsequent (non rapid eye movement) sleep, a mechanism
that would eventually consolidate memory [43]. Another hypothesis would assume that hippocampal neuronal ensembles, the
connectivity of which was reinforced during training, would
participate in memory consolidation by reinforcing synaptic
connections with neocortical [44,45] and striatal [46] structures
through experience-dependent replay of neuronal activity during
post-training sleep [47–50].

Impact of Sleep and Sleep Deprivation on Offline
Cerebral Response Changes
Overnight changes in performance in sleepers where accompanied by increased brain responses at retest, relative to training, not
only in the hippocampus, but also in the MPFC. We have already
reported the involvement of the hippocampus in overnight
retrieval of an oculomotor sequence learning task [5], indicating
that the hippocampus not only participates in initial motor
sequence learning but also in motor sequence memory retention.
Our present data confirm that the hippocampus might be involved
in overnight motor sequence memory consolidation. On the other
hand, the recruitment of the MPFC has already been described in
the explicit processing of motor sequential material [26,35].
Furthermore, motor sequence consolidation can be accompanied
by an overnight enhancement of sequence planning and building
in the MPFC [12]. Remarkably, both hippocampus and MPFC
showed competitive interaction with the caudate nucleus in
proportion to performance variability during initial training; the
strength of this interaction predicts subsequent and presumably
sleep-dependent motor sequence memory consolidation. These
findings suggest that the functional interaction of these areas with
the caudate nucleus during initial training forecasts processes that
could possibly occur during sleep of the first post-training night
and induce an increase in their activity during retest when
performance is improved. These results also suggest that these
processes specifically occurring during sleep might favor sequence
mapping and building at retest through activity in hippocampocortical networks. The implication of the MPFC is a novel finding
in procedural memory consolidation but this area has been
implicated in the early consolidation stages of declarative
memories [25,51,52]. Our results support the hypothesis that
neuronal ensembles, including the hippocampus, tagged during
training according to their functional interactions, participate in
consolidation of motor sequence memories during subsequent
sleep through a reorganization of memories across hippocampal
and neocortical areas. This mechanism was previously suspected
to underlie consolidation of declarative memories [25,51,52] but
not procedural memories.
13
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In contrast, for sleep-deprived subjects, in whom motor
sequence performance was not enhanced but only stabilized,
responses increased at retest, relative to training, in the ventral
putamen and both anterior and posterior cingulate cortices. This
network is classically described in the long-term retention of motor
sequential skills [4]. In line with a study showing increase in taskrelated putaminal activity after sleep deprivation [14], our results
suggest that activity in the striato-cortical network may not depend
on sleep. However, our results are not consistent with a recent
fMRI study, using a sleep/wake protocol, showing an increase in
striatal activity in the sleep group, as compared to the wake group,
during the course of motor sequence memory consolidation [15].
It is possible that, in the present study, these striato-cortical
networks benefit from the two recovery nights in sleep deprived
subjects but our data still suggest that the increase in striatocortical activity during retest is not dependent on the sleep of the
first post-training night. Rather, our data suggest that this striatocortical network is engaged as a parallel process which stabilizes
motor sequence memories over time [8] and prevails when sleep
deprivation follows training.

Conclusions
Motor sequence acquisition implies dynamic large scale
interactions between distributed cerebral areas including the
striatum, the hippocampus and the prefrontal cortex. Remarkably,
these early representations, ensuring the implementation of
reproducible motor behavior during initial learning, have a major
predictive impact on subsequent, possibly sleep-dependent, motor
sequence memory consolidation. Future research should specifically characterize the distinct roles of these two essential structures
(hippocampus and striatum) in motor sequence memory consolidation.
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