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Abstract

Sleep deprivation impairs inhibitory control over reflexive behavior, and this impairment is commonly assumed to dissipate
after recovery sleep. Contrary to this belief, here we show that fast reflexive behaviors, when practiced during sleep deprivation,
is consolidated across recovery sleep and, thereby, becomes preserved. As a model for the study of sleep effects on prefrontal
cortex-mediated inhibitory control in humans, we examined reflexive saccadic eye movements (express saccades), as well as
speeded 2-choice finger motor responses. Different groups of subjects were trained on a standard prosaccade gap paradigm
before periods of nocturnal sleep and sleep deprivation. Saccade performance was retested in the next morning and again 24 h
later. The rate of express saccades was not affected by sleep after training, but slightly increased after sleep deprivation.
Surprisingly, this increase augmented even further after recovery sleep and was still present 4 weeks later. Additional
experiments revealed that the short testing after sleep deprivation was sufficient to increase express saccades across recovery
sleep. An increase in speeded responses across recovery sleep was likewise found for finger motor responses. Our findings
indicate that recovery sleep can consolidate motor disinhibition for behaviors practiced during prior sleep deprivation, thereby
persistently enhancing response automatization.
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Intr ion ) . o . .
troductio sleep-deprived conditions, thus favoring impulsive responding

Sleep is known to play an important role in the consolidation of
newly acquired memory (Rasch and Born 2013). Consequently,
the deprivation of sleep hampers memory consolidation. Yet
beyond this, deprivation of sleep impairs a number of other
cognitive functions. In particular, executive behavioral control
via inhibitory mechanisms seems to be largely weakened in

(Chuah et al. 2006; Drummond et al. 2006; Goel et al. 2009). It is
commonly assumed that such impulsivity disappears as soon
as sleep is recovered. However, although less efficient (Yoo
et al. 2007) the tired brain is still able to learn. Considering that
sleep consolidates newly acquired knowledge and skills, it
might be expected that recovery sleep ensuing sleep deprivation
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also enhances impulsive and reflexive behavior practiced during
the period of sleep deprivation.

Express saccades represent a simple model for the study of in-
hibitory control of reflexive behavior. They refer to distinct, very
fast, reflexive responses in the range of 70-130 ms that occur at a
certain rate during performance on visuo-motor tasks (Fischer
and Boch 1983; Fischer and Ramsperger 1984). Whereas the
onset of regular saccades is marked by 2 distinct bursts of activity
in superior colliculus neurons, express saccades follow a single
burst of activity in superior colliculus (Dorris et al. 1997) along
with enhanced activity in lateral intraparietal cortical neurons
(Chen et al. 2013), indicating that express saccades constitute a
separate entity at the neuronal level. Express saccades are usually
suppressed by prefrontal control: projections from the lateral pre-
frontal cortex to the superior colliculus seem to play an important
role, as revealed by single cell recordings in monkey (Tinsley and
Everling 2002) as well as human lesion studies (Braun et al. 1992;
Miiri et al. 1999). The deprivation of sleep as a state of diminished
prefrontal executive control is not only associated with faster re-
sponse times and increased impulsivity to negative stimuli
(Anderson and Platten 2011), but has also been linked to increased
occurrence of express saccades (Bocca and Denise 2006). Express
saccades cannot be performed at will initially; they occur natural-
ly. They can be learned, however, although this is a rather gradual
process requiring days of training (Fischer et al. 1984; Fischer and
Ramsperger 1986; Fischer and Weber 1993).

Here we investigated how express saccades profit from sleep
and sleep deprivation in healthy humans. We employed a stand-
ard prosaccade gap paradigm which, aside from regular saccades,
typically invokes a certain rate of express saccades (Fischer and
Ramsperger 1984). Regular saccades elicited by this paradigm
have been shown to be faster after posttraining sleep in a previ-
ous study (Gais et al. 2008). In the main experiment of the present
study (also comprising subjects of this previous study), we found
that the rate of express saccades in the prosaccade gap paradigm
is not increased by posttraining sleep per se. Surprisingly, how-
ever, sleep produced a long-lasting (4 weeks) increase in express
saccades after subjects had briefly performed the prosaccade
task in sleep-deprived conditions, suggesting that sleep depriv-
ation primes the learning of express saccades which become con-
solidated during ensuing recovery sleep. In addition, we show
that a similar priming by sleep deprivation can be achieved for
finger motor responses.

Materials and Methods
Subjects

Ninety-five healthy humans participated in the experiments (35
men, 60 women; mean age + standard deviation: 22.4 + 3.9 years).
Subjects were right-handed and did not take any medication at
the time of the experiments. A medical history questionnaire
and a routine physical examination were used to exclude volun-
teers with acute or chronicillness. They had a regular sleep-wake
rhythm for at least 6 weeks before the experiments. The subjects
participating in laboratory sleep conditions were familiarized
with the experimental setting by spending an adaptation night
in the laboratory that included the attachment of electrodes for
sleep recordings. Subjects were informed about general risks
originating from tiredness and inattentiveness after sleep depriv-
ation. Informed written consent was obtained from all partici-
pants prior to participation. The study was approved by the
local Ethics Committee of the University Liibeck and was con-
ducted in accordance with the Declaration of Helsinki.

Main Experiments—Express Saccades

Design and Procedures

Thirty subjects (14 men, 16 women, age 22.2 + 2.6 years) were ran-
domly assigned to a sleep and a sleep deprivation (S-Deprivation)
group (n=15 for each group). The sample included 19 subjects
from a previous study (Gais et al. 2008) and for the present
study was extended by 5 subjects for the Sleep group and 6 sub-
jects for the S-Deprivation group. Procedures and methods were
identical across all subjects. On the evening before Day 1, partici-
pants of both groups were first subjected to a pretest on a stand-
ard prosaccade gap paradigm between 20:00 and 20:30 h, and
then to 2 h of prosaccade training on the same task between
20:30 and 22:30 h. Subjects of the Sleep group then slept in the la-
boratory from 23:00 to 7:00 h the next morning. Because arousals
from SWS and REM sleep can influence subsequent recall due to
persisting sleep inertia (Stones 1973), subjects were typically
awakened from Stage 1 or Stage 2 sleep, although this procedure
may not entirely prevent such influence. Subjects were retested
on the prosaccade gap paradigm at 7:15h (Day 1) and ~24 h
later in the morning of the following day (Day 2). The S-Depriv-
ation group followed the same schedule, except that they stayed
awake the night after training and were only allowed to sleep
after 18:00 h the following evening (recovery sleep). During
sleep deprivation nights, subjects talked to the experimenter
and listened to music. Activities straining the eyes (e.g., reading,
watching TV) were not permitted. Subjects additionally were
asked to press a button every 10 min to ensure wakefulness.
After the retest on Day 1, subjects of both groups left the lab to fol-
low their regular daily activities while avoiding any mentally or
physically stressful activity (adherence to which was confirmed
by a final questionnaire). Additionally, actimetry (Actiwatch
AW2, Cambridge Neurotechnology Ltd., Cambridge, UK) was
used to confirm that subjects did not nap during daytime. On
the second night (before the retest on Day 2), subjects from
both groups slept at home.

Subjects of both groups were tested in a second experimental
session which took place 4 weeks later. This second session fol-
lowed the same procedure as the first session, except that accord-
ing to a cross-over design the subjects of the original Sleep group
underwent a night of sleep deprivation, whereas the subjects of
the original S-Deprivation group were tested in conditions of
regular sleep. Six subjects (3 in each group) dropped out and did
not participate in this second session. Figure 1A summarizes the
design of the main experiment.

Three additional control groups were run to disentangle con-
tributions of the pretest, the training, and the retest on Day 1 on
saccade performance in the S-Deprivation condition (Fig. 2, bot-
tom panel). The procedures for these groups were basically the
same as for the first session of the S-Deprivation condition, ex-
cept that the “No-Pretest/No-train” group (n=15, 5 men, 10
women, 21.2 +3.1 years) was neither pretested nor trained on
the evening before nocturnal sleep deprivation, but only under-
went the tests in the morning of Days 1 and 2. The “No-Train”
group (n=15, 7 men, 8 women, 25.3 + 7.5 years) was pretested be-
fore the nocturnal vigil but did not receive any training, and the
“No-Retest” group (n=15, 9 men, 6 women, 21.7 + 2.4 years) was
pretested and trained on the task before sleep deprivation, but
the retest on Day 1 was omitted.

Saccade Paradigm

A classic prosaccade gap paradigm with a fixation time (of a cen-
trally located dot) of 1000 + 200 ms and a gap of 200 ms was used.
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Figure 1. (A) Procedures for the Sleep and S-Deprivation groups for the original first session (left) and for the second session taking place 4 weeks later (right). Red lines—
Sleep group, thatis, subjects who had regular sleep on the original first session and were deprived of sleep on the second session; blue lines—S-Deprivation group, that is,
subjects who were deprived of sleep on the original first session and had regular sleep on the second session. Shapes of data points indicate actual condition, that s, circles
—regular sleep; squares—sleep deprivation. Times of pretest (on Day 0) and retests (on Day 1 and Day 2) are indicated. (B) Mean + SEM express saccade rates at the pretest
(on Day 0) and at retests (on Day 1 and Day 2) for the first and (C) second session. Sleep-deprived subjects were allowed to sleep already at 18:00 h but usually went to bed
later than that, that is, around 20:00 h, as indicated. Dashed line indicates an intervening night of sleep deprivation. *P<0.1, *P <0.05, **P <0.01 for paired tests between

conditions.

After the gap, the target stimulus appeared for 1250 + 250 ms at
the new position. Subjects were instructed to fixate the central
fixation dot and to look at the upcoming target as quickly and ac-
curately as possible. In test trials, the target was set back to the
central position right afterwards. In training trials at the end of
the target presentation, the subject’s eyes were led back to the
central position by smooth pursuit. The target amplitudes were
5°,10°, 15°, and 20° to the left and the right. During task perform-
ance, the subject sat in a quiet room in complete darkness, with
his/her head placed on a chin rest. Subjects sat 1.4 m in front of a
large translucent screen, onto which a red laser dot (used as fix-
ation dot and target, diameter 0.1°) was projected from the rear.

Pretest and retests contained 240 prosaccade trials, with the
sequence of target amplitudes and directions occurring in a rando-
mized order. A test contained 50 saccades each with target ampli-
tudes of 10° and 20° to the left and to the right, respectively, and 10
saccades each with target amplitudes of 5° and 15° to the left and
right, respectively. The training contained 10 blocks of 100 trials in
the same target direction with amplitudes randomized across
trials. Target direction during training was counterbalanced across
the subject’s 2 experimental sessions. In each block, 40 x 10°, 40 x
20°, 10 x 5°, and 10 x 15° saccades were presented.

Recordings and Analysis of Saccades

Saccade performance during pretest and retests was recorded
using a video-based Eyelink II-system (SR Research Ltd.,

Osgoode, ON, Canada) with a 500-Hz sampling rate. These data
were filtered with a 100 Hz Gaussian filter (-3db). During training,
eye movements were registered by electro-oculography (EOG):
Ag/AgCl electrodes were positioned supraorbital and infraorbital
of the left eye (for vertical movements) and at the outer corners of
both eyes (for horizontal movements). A ground electrode was
fixed on the forehead. EOG data were amplified by a DC amplifier
(Tonnies, Hochberg, Germany; low-pass filter 300 Hz; amplifica-
tion factor 50 uV/U).

Saccade data from test and training epochs were analyzed
semi-automatically. Saccadic eye movements were identified
based on an initial eye velocity of >30°/s and a peak velocity
reached within the succeeding 60 ms. The beginning and end of
a saccade were defined by the points at which velocity crossed
20°/s. All detected saccades were screened manually, and arti-
facts were excluded. Saccadic latency (i.e., the saccadic reaction
time), peak velocity, and accuracy (i.e., the gain defined by the
saccade amplitude divided by the target amplitude) were deter-
mined. Express saccades were defined by reaction times between
70 and 130 ms and thus separated from “regular saccades” with
latencies between 130 and 400 ms, which is a standard procedure
accounting for the bimodal distribution of reaction times typical-
ly obtained with the gap paradigm (Fischer and Ramsperger
1986). Only saccades that were in the correct direction and accur-
ate, that is, with gains between 0.5 and 1.5 (Gais et al. 2008), were
included in the analyses. We also analyzed so-called predictive
saccades, that is, anticipatory saccades with reaction times
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Figure 2. Mean + SEM express saccade rates at the pretest (on Day 0) and retests
(on Day 1 and Day 2) of the original S-Deprivation group (squares filled blue),
and 3 additional groups which, like the S-Deprivation group, were subjected to
sleep deprivation between Day 0 and Day 1. Of these groups (see bottom panel),
different from the original S-Deprivation group, the No-Pretest/No-train group
(grey asterisks) did neither perform the Pretest nor saccade training on Day 0,
the No-train group (triangles filled yellow) did not perform the training on Day
0, and the No-Retest group (diamonds filled green) did not perform the retest on
Day 1. Dashed lines indicate intervening night of sleep deprivation. (At pretest on
Day 0 express rates were quite similar for the respective groups, i.e., 8.94 + 2.49%
for the original S-Deprivation group, 8.69 + 1.83% for the No-Train group, and
8.80+1.86% for the No-Retest group; respective group differences are hardly
distinguishable.) *P <0.05, for the difference between performance of the No-
Retest group and performance of each of the other 3 groups at the retest on Day 2.

<70 ms that occur at random in either the right or wrong direc-
tion, to separate effects of express saccades from those of other
types of saccades (see Supplementary Table 1 including legend).

Sleep

Recordings of sleep during adaptation and experimental nights
were based on standard polysomnography, including electroen-
cephalographic (EEG) recordings from C3 and C4 (referenced to
electrodes attached to the mastoids) as well as vertical and hori-
zontal EOG and EMG recordings (from electrodes over the left and
right musculus mentalis). Signals were amplified (Brain Amp,
Brain Products, Germany) and digitized, with the signals sampled
at a rate of 500 Hz and a resolution of 0.1 and 0.5 uV for EEG and
EOG, respectively. The EEG was filtered between 0.16 and 250 Hz;
EOG signals were DC-recorded. Sleep stages were determined off-
line for subsequent 30-s recording epochs following standard cri-
teria (Rechtschaffen and Kales 1968). Total sleep time (TST) and
the time spent in the different sleep stages [wake; Stages 1, 2, 3,
and 4; and rapid eye movement (REM) sleep] were calculated in
minutes and percentage of TST. SWS was defined as the sum of
time spent in Stages 3 and 4 sleep. Latencies of SWS and REM
sleep were assessed with reference to sleep onset.

Supplementary Experiments—Finger Press
Responses

Subjects, Procedure, and Design

To compare sleep deprivation-related effects on express sac-
cades with those in other motor systems, in a supplementary
study 20 additional subjects (age 22.0+2.0 years, all female)
were tested on a simple 2-choice finger motor task. The subjects
were randomly allocated to a Sleep (n=10) and an S-Deprivation
group (n=10). Subjects of both groups first performed the finger
motor task in the morning of Day 1 after a night of regular
sleep or a night of sleep deprivation depending on their group
without any pretesting or training before this night (correspond-
ing to the No-Pretest/No-Train condition of the main experi-
ments). Design and procedures were otherwise identical to
those of the main experiment (Fig. 3A). Each subject was tested
only at 1 session.

Two-Choice Finger Motor Task

The task required the subject to fixate a white circle of 1° diam-
eter on a black background in the center of the screen which dis-
appeared after 1250 + 250 ms. Following a blank period of 200 ms
(gap), the circle reappeared with the right or the left half filled,
and the subject was asked to press the corresponding left or
right button with the ipsilateral index finger as fast and as accur-
ately as possible. Four hundred milliseconds after the button
press, the screen turned blank (black) for 1650 + 150 ms. During
task performance, the participant satin a quiet room in complete
darkness, 0.6 m in front of a computer monitor. The head
was placed on a chin rest; index fingers were each placed on a
response button. To ensure correct fixation and absence of sac-
cades during testing, eye movements were recorded as described
for the main experiments.

Reaction time on Days 1 and 2 was assessed in 4 blocks of 60
trials each with left and right response trials occurring in pseudo-
random order. Erroneous button presses were rare (0.92 + 0.19%)
and were discarded from analyses. Corresponding to the differ-
entiation of regular and express saccades, we defined finger
motor responses with latencies >275ms as “regular” finger
presses, and responses with latencies between 150 and 275 ms
as very fast “express-like finger responses.” This criterion ex-
cludes physiologically impossible responses <130 ms that
would have to be classified as premature and matches the <1.25
standard deviations from the mean cut-off typically accounting
also for express saccades. None of the responses included in
the analysis were faster than 172 ms.

Statistical Analyses

For the first experimental session, statistical significance was
assessed using analyses of variance with the between-subject
factor “Group” (e.g., Sleep vs. S-Deprivation), and the repeated-
measures factor “Test” (pretest, retest on Day 1, retest on Day
2). Data of the second session in the main experiment were ana-
lyzed separately, because there were obvious effects of sleep de-
privation that persisted and affected already pretest performance
in the second session. Also, due to dropouts, sample size was
reduced in this second session. Because data failed to show
normality (Shapiro-Wilk tests for normality), we conducted ex-
ploratory Friedman tests on the 3 testing points of the second
session, separately for the 2 groups. Subsequent analysis of vari-
ance and nonparametric post hoc tests (Wilcoxon'’s signed rank
test) were focused on the pretest and testing on Day 2, that is,
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Figure 3. (A) Procedures for the Sleep and S-Deprivation groups of the
supplementary study on finger motor responses. Times of the first test (on Day 1)
and the retest (on Day 2) are indicated. (B) Mean + SEM percentage of very fast
responses (latencies 150-275 ms) at the test on Day 1 and at the retest on Day 2
between the groups. *P<0.1, *P<0.01, for t-test between groups and test
conditions, respectively. (C) Reaction times (in ms) for regular responses
(latencies >275 ms) for each of the 4 blocks during the test and the retest for the
Sleep (black lines) and S-Deprivation groups (gray lines). Sleep-deprived subjects
were allowed to sleep already at 18:00 h but usually went to bed later, that is,
around 20:00 h, as indicated.

the time points with the clearest effect in the first session and the
direct test of a sleep effect. Degrees of freedom were corrected
using the Greenhouse-Geisser procedure where appropriate.
Pairwise comparisons were done using Student’s t-tests unless

otherwise reported. A P-value of <0.05 was considered significant.
Ages are reported as mean = standard deviation, other data as
mean + standard error of the mean.

Results

In the main experiments, 2 groups of subjects, a Sleep and an
S-Deprivation group, were tested according to procedures illu-
strated in Figure 1A. For each test and retest, the subject’s propor-
tion of express saccades was determined.

Sleep Deprivation Followed by Recovery Sleep Promotes
Persistent Increase in Express Saccades

The proportion of express saccades was strongly affected de-
pending on whether subjects slept or stayed awake on the
night after training (F; 4, 35.8=6.7, P =0.008, for Group x Test inter-
action, Fig. 1B). In the Sleep group, the rate of express saccades re-
mained unchanged across the 3 test occasions, that is, across
pretest and the retests on Days 1 and 2 (F 23 =0.6, P=0.55). In con-
trast, the subjects of the S-Deprivation group displayed a slight
increase in the proportion of express saccades on Day 1 right
after the wake night in comparison with the pretest level
which, however, did not reach significance (t(4=-1.9, P=0.074).
Interestingly, this increase was followed by a further significant
increase in express saccades across the ensuing night of recovery
sleep (tn4y=—2.6,P=0.019, for retest on Day 1vs. Day 2; t;4=-3.1,
P=0.008, for pretest vs. retest on Day 2; F; 317.9=28.0, P<0.008,
across the 3 tests). As the S-Deprivation group tended to exhibit
a higher rate of express saccades already at the pretest (tg=1.9,
P =0.063), analyses were performed additionally on express rates
controlling for baseline levels (i.e., on individual differences with
reference to pretest performance). In these analyses, the increase
in express saccades for the S-Deprivation group, compared with
the Sleep group, was significant on Day 1 (t5 = 2.2, P=0.048) and
for Day 2 (t,5=2.9, P =0.006).

Sleep-Dependent Learning of Express Saccades
Persists 4 Weeks Later

Four weeks after the initial experimental session, Sleep and
S-Deprivation groups were again tested following basically the
same procedures, except that sleep and sleep deprivation condi-
tions were exchanged (cross-over design): that is, subjects who
previously slept after training stayed awake, and the subjects who
had previously stayed awake now slept on the night after the train-
ing phase. In the subjects of the original S-Deprivation group, rates
of express saccades at the pretest of this second session, although
on average slightly (but nonsignificantly) lower than at retest on
Day 2 of the first experimental session (t(11)=0.8, P =0.45), were
still significantly enhanced if compared with the initial pretest of
thefirstsession (t;1)=—2.6,P = 0.026,Fig. 1C). Nosuch enhancement
was seenin the original Sleep group (t;1)=—0.6, P = 0.59, for pretests
of the first vs. second experimental session). Moreover, express
saccade rates at retest on Day 2 of the initial experimental session
predicted the rate of express saccades at the pretest 4 weeks later
for both the original S-Deprivation group (r =0.88, P <0.001) and
the original Sleep group (r=0.75, P = 0.005).

Like in the initial experimental session, during this second ses-
sion, subjects (of the original S-Deprivation group) who now slept
regularly before all tests showed comparable rates of express sac-
cades on these tests (all P >0.39). In contrast, the subjects (of the
original Sleep group) who on this second session were deprived
of sleep after training showed a distinct increase in express
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saccade rates across pretest and retests reaching significance for
the comparison between pretest and retest on Day 2 (P <0.01, for
Wilcoxon’s signed rank test, Fig. 1C). A Friedman’s test on the 3
testings of each group (P > 0.12) as well as a respective Group x Test
ANOVA interaction effect (directly comparing pretest vs. retest on
Day 2) failed to reach significance (F; 2o =2.4, P =0.14), which was
probably partly due to the reduced sample size at this second ses-
sion (n =24, 6 subjects dropped out) and to the fact that data of the
Sleep group were not normally distributed.

Sleep and Regular Saccades

Sleep in the laboratory after saccade training was normal
(Table 1). Polysomnographic data indicated that both the Sleep
group and the S-Deprivation group (sleeping on the second ses-
sion 4 weeks later) comprised homogenous samples of good slee-
pers. There were no differences in sleep parameters between the
groups, and none of the sleep parameters on the posttraining
night showed any significant correlation with express saccade
rates on Day1 (all P>0.31). Confirming our previous report (Gais
et al. 2008), regular saccades (130-400 ms) increased in speed
after nocturnal sleep compared with sleep deprivation in the
first experimental session (F 56 =5.68, P =0.005, for Group x Test
interaction), with the Sleep group showing the greatest gains
in response times from pretest to the retest on Day 1 (t4)=3.4,
P =0.004; Day 1 vs. Day 2: n.s.), whereas the S-Deprivation group
showed the greatest gains in response times from Day 1 to Day 2
(taa) =4.4, P<0.001). The respective mean + SEM response times
for the Sleep group were 199.8 + 7.6 ms at the Pretest, 185.7 +4.7 ms
on Day 1, and 190.0 + 6.1 ms on Day 2. For the S-Deprivation group,
response times were 190.6 + 5.6 ms at the Pretest, 188.7 £ 5.9 ms on
Day 1, and 174.0 + 3.8 ms on Day 2.

Short Saccade Testing After Sleep Deprivation Is
Sufficient to Trigger Sleep-dependent Gain in Express
Saccades

The persistent increase in express saccades after sleep depriv-
ation being even further enhanced after ensuing recovery sleep

Table 1 Sleep parameters

Parameter First session Second session
TST [min] 460.0+10.7 456.3+8.4
Sleep onset [min)] 4.02+1.00 3.08+1.09
SWS latency [min] 17.17+2.34 20.88+3.36
REM latency [min] 94.17 £6.77 90.83+12.8
WASO [%)] 3.08+1.08 8.16 £4.25
Stage 1 [%] 9.47£1.70 8.68+1.49
Stage 2 [%] 41.03+2.80 42.79+3.68
Stage 3 [%] 10.51+0.93 10.18 +0.90
Stage 4 [%] 12.00 £ 1.51 8.68+2.05
REM sleep [%] 21.13+1.29 19.01+2.00
MT [%] 2.76 £0.31 2.05+0.36
home TST [min] 569.33+26.4 567.33+28.3

Means + SEM total sleep time (TST), latencies of sleep onset (with reference lights
off), of SWS and rapid eye movement (REM, with reference to sleep onset), as well
as percentages (with reference to TST) of wake time after sleep onset (WASO), of
non-REM sleep Stages 1-4, SWS (i.e., the sum of time in Stage 3 and 4 sleep), rapid
eye movement (REM) sleep, and movement time (MT), for the first experimental
session of the Sleep group (n=15) and the second experimental session of the
initial S-Deprivation group (n=12) which was tested on the sleep condition 4
weeks later. The bottom line shows TST for recovery sleep after sleep
deprivation, measured by actigraphy at the subject’s home. There were no
significant differences in sleep parameters between groups.

was an unexpected finding of the main experiment and suggests
that sleep deprivation favors an oculomotor learning process that
evolves during subsequent sleep. To examine the possible contri-
butions of pretesting, presleep deprivation training, and retesting
after nocturnal sleep deprivation, 3 additional groups of subjects
were tested in conditions that systematically varied the S-Depriv-
ation condition of the original main study (Fig. 2). 1) The No-Pre-
test/No-Train group was not presented with the task before
nocturnal sleep deprivation but underwent the tests in the morn-
ing of Days 1 and 2. 2) The No-Train group was pretested before
the nocturnal wake but did not receive any training before this
night. 3) The No-Retest group was pretested and trained on the
task before sleep deprivation but the retest on Day 1, under
sleep-deprived conditions, was omitted.

Surprisingly, the No-Pretest/No-Train group, which was only
subjected to a brief (240 trials) test on Day 1 after nocturnal sleep
deprivation, showed an increase in the rate of express saccades on
Day 2 after recovery sleep which was quite comparable with that
seen in the original S-Deprivation group (Fig. 2, P> 0.73, for direct
comparisons between these groups, t(;4)=—3.3, P=0.005, for Day 1
vs. Day 2 in the No-Train/No-Pretest group). The No-Train group
showed systematic increases in the rate of express saccades across
pretest and retests which were similar to that seen in the original
S-Deprivation group (all P> 0.42, for direct comparisons between
the groups), with the exception that the increase in express sac-
cades at retest on Day 1 was practically missing (P > 0.56). The in-
crease in express saccades across recovery sleep in this group,
however, was quite pronounced and significant in comparison
to the pretest performance level (t4 = —3.1,P = 0.007) and to the re-
test on Day 1 (tq4)=—2.6, P=0.02; F;,5=5.9, P=0.004 across all 3
tests). Importantly, the No-Retest group which performed saccade
pretesting and training before the wake night, but was not sub-
jected to a retest on Day 1 in sleep-deprived conditions, did not
show any increase in the rate of express saccades when tested
on Day 2 after recovery sleep (P> 0.9, for pretest vs. retest on Day
2). Performance differences on Day 2 of this group (with reference
to the first testing of this group) were at a significantly lower level
in comparison with all other groups, that is, the original S-Depriv-
ation, the No-Pretest/No-Train group, and the No-Train group (all
P <0.03). In combination these results reveal that brief practice of
the saccade task (240 trials) during the test on Day 1 in sleep-
deprived conditions is essential for a persistent sleep-dependent
increase in express saccades to occur on Day 2.

Learning During Sleep Deprivation Also Produces
Increases in Very Fast Finger Motor Responses After
Recovery Sleep

We asked whether the sequence of a brief training in condi-
tions of sleep deprivation followed by recovery sleep can also ac-
celerate responses in other motor systems. To this end, in a
supplementary study 2 groups of subjects, a Sleep and an
S-Deprivation group were tested on a simple 2-choice finger
motor reaction task sharing basic features of the oculomotor
task of the main study. Like the No-Pretest/No-Train groups of
the main study, subjects of both the Sleep and S-Deprivation
group performed the finger motor task the first time in the morn-
ing of Day 1 after a night of regular sleep or sleep deprivation,
respectively, without any pretesting or training before this
night (Fig. 3A). The second test took place 24 h later (Day 2)
after either regular sleep and recovery sleep. Finger motor re-
sponses with latencies >275 ms were defined as regular finger
presses; responses with latencies between 150 and 275 ms as
very fast “express-like finger responses.”
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In the S-Deprivation group, the percentage of very fast finger
responses increased from Day 1 (after sleep deprivation) to Day 2
(after recovery sleep) on average by ~5%, that is, from 3.0 + 0.8% to
7.9 +1.8% (t) = —3.6, P = 0.006, Fig. 3B). In the Sleep group, the cor-
responding increase in very fast finger responses was marginal
(0.6%) and failed to reach significance (Day 1: 1.5 + 0.3%, Day 2: 2.1
+0.6%, P=0.39; F115=8.5, P=0.009, for Group x Test interaction).
Regular responses were also faster on Day 2 than on Day 1 (by
~30 ms) in the S-Deprivation group (355.9 +4.8 vs. 384.9 + 9.1 ms,
te =4.3, P=0.002) but not in the Sleep group (381.9 + 8.3 vs. 387.7
+7.1,P=0.39; F;, 13=6.2, P=0.023 for Group x Test interaction).
Percentages of express finger responses on Day 1 were slightly
higher in the S-Deprivation than in the Sleep group (tus=1.8,
P=0. 094). Latencies of regular response on Day 1 were compar-
able between the groups (t1 =0.2, P=0.81). There were also no
significant time-on-task effects across the 4 blocks on reaction
times (P> 0.9, Fig. 3C).

Discussion

Sleep has been shown to benefit very different kinds of memory
including procedural memory for visual discrimination, motor,
and oculomotor skills (Karni et al. 1994; Gais et al. 2000; Walker
et al. 2003; Walker 2005; Albouy et al. 2006; Albouy et al. 2008;
Gais et al. 2008). Contrasting with these findings, here sleep
after training on a standard prosaccade gap task did not enhance
the occurrence of very fast saccades, that is, express saccades, in
comparison with a posttraining period of nocturnal wakefulness.
Importantly, however, express saccade rates were enhanced in
the retest after the nocturnal vigil, and only recovery sleep after
this retest performed in sleep-deprived conditions produced a
significant overnight gain in express saccades, as revealed at
the second retest (on Day 2). This gain in express saccades was
long lasting and still significant 4 weeks later (in the beginning
of the second session). Additional experiments confirmed that
itis indeed the short period of prosaccade practice during the re-
test in sleep-deprived conditions that plays a causal role for the
overnight gain in express saccades across recovery sleep. Also,
we showed a similar increase across recovery sleep in very fast
“express-like” finger press responses after a brief training in
sleep-deprived conditions, suggesting that the sequence of train-
ing in sleep-deprived conditions followed by recovery sleep can
be used to produce very fast responses also in other motor
systems. We postulate that sleep deprivation relieves motor be-
havior from prefrontal cortical inhibition. Short practice in this
sleep-deprived condition apparently suffices to trigger sleep-
dependent plastic synaptic changes that consolidate response
pathways bypassing prefrontal cortical suppressive control.
Why did sleep following saccade training not produce the
expected overnight gain in express saccades? One factor could
have been the presleep rate of express saccades in the Sleep
group which tended to be lower than in the other groups, al-
though subjects were randomly assigned to the groups. We can
only speculate about the origin of this difference which might re-
flect nonspecific effects like anticipations regarding the following
night (to be spent asleep or awake) or pure chance. However, this
differences was unexpected, statistically not significant, and
most importantly, the central study results remained the same
after controlling data for this baseline difference. Nevertheless,
overnight gains in motor skill indeed have been found to strongly
depend on the presleep performance level, with the most pro-
nounced overnight gains induced at an intermediate skill level
(Hauptmann et al. 2005; Albouy et al. 2008; Stickgold 2009;
Wilhelm et al. 2012). Also, in line with this reasoning the

S-Deprivation group showed significant increases across recov-
ery sleep, as the level of express saccades in this group before re-
covery sleep was indeed distinctly higher than that during the
pretest of the Sleep group. Finally, the Sleep group did exhibit a
sleep-associated increase in express saccade rates in the second
session after express saccade rates were elevated due to prior
sleep deprivation. On the other side, compared with performance
of the Sleep group, reaction times in the 2-choice finger motor
task in the S-Deprivation group were distinctly faster only after
the night of recovery sleep, whereas reaction times at the initial
training were closely comparable between groups (Fig. 3). This
pattern suggests that gains in very fast responses across recovery
sleep can basically evolve also in the absence of an immediate
speeding of responses in sleep-deprived conditions.

While the present data do not allow to decide whether an in-
crease in basal rates of express saccades itself is sufficient to pro-
voke sleep-dependent gains in express saccades, the data
demonstrate that such gains occur when express saccade levels
are enhanced as a consequence of deprived sleep. Indeed, our
findings confirm that sleep deprivation enhances the production
of express saccades (Bocca and Denise 2006), and this enhance-
ment was independent of whether subjects had or had not exten-
sively trained prosaccades on the evening before nocturnal sleep
deprivation. Our control experiments on the effects of sleep de-
privation revealed the No-Retest group to be the only one that
did not show an increase in express saccade levels across ensuing
recovery sleep, and this group was also the only one that was not
retested on the day after the nocturnal vigil. This finding rules out
sleep deprivation as the only factor enabling overnight gains in
express saccades during recovery sleep in a nonspecific manner.
On the contrary, the finding identifies brief saccade practicing
(i.e., 240 trials) during the test phase as a factor causally contrib-
uting to the overnight gain. How sleep deprivation primes the
oculomotor system to enable enduring sleep-dependent en-
hancements in express saccades, and whether this perhaps in-
volves activation of stress systems (Schwabe and Wolf 2013), is
in need of further experimentation.

Although with the 2-choice finger motor task we have pro-
vided evidence that the sequence of training in sleep-deprived
conditions followed by recovery sleep cannot only be used to in-
crease the rate of express saccades but also of very fast finger re-
sponses, we caution against a premature generalization of this
phenomenon across motor domains. Indeed, reaction times in
the delayed 2-choice finger motor task normally do not show
the bimodal distribution that is typically observed for saccades
in the prosaccade gap paradigm (Ross and Ross 1981; Fischer
et al. 1984; Bekkering et al. 1996). Also, to the best of our knowl-
edge, there is no evidence for a distinct neuronal system involved
in very fast compared with regular finger reaction times in such
tasks, unless the response is incorrect. However, incorrect or
grossly inaccurate responses on both the 2-choice finger motor
task and the prosaccade gap paradigm, respectively, were very
rare and excluded from the analyses. For safe generalization
across motor domains, the comparability of specific task features
appears to also be of importance, such as to what extent the pro-
duction of very fast responses depends on the gap between fix-
ation and target stimulus and on the complexity of the decision
associated with the target stimulus (Mayfrank et al. 1986; Iwasaki
1990; Fischer and Weber 1993; Machado-Pinheiro et al. 1998;
Machado-Pinheiro et al. 2003).

Our data indicate that practicing motor tasks in sleep-
deprived conditions promotes consolidation processes during
ensuing recovery sleep that specifically favor the generation of
very fast “express” responses on the task. We can only speculate
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about the underlying neural mechanisms of this phenomenon.
Two major streams are discerned that interactively control sac-
cades: a posterior one that mainly involves the visual cortex
(V1, V2) and lateral intraparietal sulcus and reaches the brain-
stem oculomotor nuclei via the superior colliculus, and an anter-
ior one that involves the frontal and medial eye fields and directly
accesses brainstem oculomotor centers (Tinsley and Everling
2002; Schiller and Tehovnik 2005; Everling and Johnston 2013). Ex-
press saccades are generated via the posterior stream. Unlike
regular saccades, their execution critically relies on the superior
colliculus. Moreover, neurons in the lateral intraparietal cortex
selectively increase activity during express saccades (Chen
et al. 2013). Lesions to the anterior processing stream, specifically
to the frontal eye fields, appear to primarily interfere with target
selection and thereby indirectly modulate express saccade rates
without suppressing them (Schiller et al. 1987; Rivaud et al. 1994).
The major suppressive influence on express saccades originates
from the lateral prefrontal cortex, lesions of which markedly in-
crease their production, leaving regular saccades unaffected
(Braun et al. 1992; Miiri et al. 1999). Whether this suppressive
control reflects a top-down neuronal inhibitory control over the
superior colliculus or a regulatory routing of different visual pro-
cessing pathways is controversial, as the major influence of lat-
eral prefrontal cortex on the oculomotor system seems to be
excitatory in nature (Guan et al. 2012; Everling and Johnston
2013; Johnston et al. 2014). Regardless of this issue, in this
model the lateral prefrontal cortex appears to be the candidate
structure conveying the disinhibiting influence of sleep depriv-
ation on express saccade production. Prefrontal inhibitory con-
trol over motor responses is well known to be highly sensitive
to the detrimental effects of sleep deprivation (Muzur et al.
2002; Griffith and Rosbash 2008; Goel et al. 2009). Thus, sleep de-
privation by impairing lateral prefrontal inhibitory control might
enable learning of direct routing of visual information to motor
output formations through the posterior stream, bypassing pre-
frontal inhibitory circuitry. This explanation is, of course, tenta-
tive as direct evidence for this mechanism, for example, by
experimentally inactivating respective lateral prefrontal neuron
networks, is lacking.

Inhibitory behavioral control belongs to the cardinal execu-
tive functions mediated by the prefrontal cortex (Munakata
et al. 2011; Bari and Robbins 2013), and there is evidence from
studies of go/nogo tasks and fear extinction learning that sleep
might support such inhibitory function (Hussaini et al. 2009;
Datta and O’Malley 2013; Borquez et al. 2014). However, whereas
those previous studies demonstrate a strengthening of inhibitory
control by sleep, this study shows that sleep can help learn to di-
minish inhibitory control. Indeed, this finding appears to stand in
contrast with concepts assuming that sleep, specifically slow
wave sleep (SWS), preferentially supports consolidation of mem-
ories involving the prefrontal-hippocampal system during
encoding (Marshall and Born 2007; Inostroza and Born 2013).
However, it could be argued that, rather than SWS, it is mainly
a function of REM sleep to promote memory for fast automatized
behaviors that occur in the absence of executive inhibitory con-
trol (Plihal and Born 1997). Also, reducing behavioral inhibition
during prosaccade performance does not necessarily imply a
complete disengagement of prefrontal control, but the prefrontal
cortex might still remain involved in an attentional routing of
task stimuli. Beyond these open questions, the astonishing find-
ings that the sequence of brief practice of simple motor re-
sponses in sleep-deprived conditions followed by recovery
sleep produces a speeding of the practiced response calls for test-
ing possible beneficial applications, especially since the speeding

effect can be quite long lasting, as shown here for express sac-
cades. For example, the procedure might be applicable to speed
skills relevant for expert performances of certain sports or for vis-
ual monitoring of safety relevant systems, that is, where ex-
tremely quick responses without a crucial loss of accuracy are a
“wanted” effect. From an evolutionary perspective, excluding
frontal cortical control from saccade generation might aid to rec-
ognize and escape certain dangers more quickly (Dorris et al.
1997). Yet, express saccades and very fast motor responses basic-
ally represent an impulsive behavior that can be beneficial in
some conditions but can also be detrimental and then represent
an “unwanted” effect. In this regard, our findings suggest that
repeated instances of sleep deprivation and sleep curtailment
also bear the risk of developing unwanted trait-like patterns of
impulsive behaviors escaping executive control, as observed in
disorders like the attention deficit hyperactivity syndrome and
substance abuse.
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Funding

This work was supported by the Deutsche Forschungsge-
meinschaft (TR-SFB 654). Funding to pay the Open Access publi-
cation charges for this Article was provided by the Deutsche
Forschungsgemeinschat.

Notes

We thank Elaina Bolinger for language editing the manuscript.
Conflict of Interest: None declared.

References

Albouy G, Ruby P, Phillips C, Luxen A, Peigneux P, Maquet P. 2006.
Implicit oculomotor sequence learning in humans: time
course of offline processing. Brain Res. 1090:163-171.

Albouy G, Sterpenich V, Balteau E, Vandewalle G, Desseilles M,
Dang-Vu T, Darsaud A, Ruby P, Luppi P-H, Degueldre C, et al.
2008. Both the hippocampus and striatum are involved in con-
solidation of motor sequence memory. Neuron. 58:261-272.

Anderson C, Platten CR. 2011. Sleep deprivation lowers inhibition
and enhances impulsivity to negative stimuli. Behav Brain
Res. 217:463-466.

Bari A, Robbins TW. 2013. Inhibition and impulsivity: behavioral
and neural basis of response control. Prog Neurobioly.
108:44-79.

Bekkering H, Pratt J, Abrams RA. 1996. The gap effect for eye and
hand movements. Percept Psychophys. 58:628-635.

Bocca ML, Denise P. 2006. Total sleep deprivation effect on disen-
gagement of spatial attention as assessed by saccadic eye
movements. Clin Neurophysiol. 117:894-899.

Borquez M, Born J, Navarro V, Betancourt R, Inostroza M. 2014.
Sleep enhances inhibitory behavioral control in discrimin-
ation learning in rats. Exp Brain Res. 232:1469-1477.

Braun D, Weber H, Mergner T, Schulte-Monting J. 1992. Saccadic
reaction times in patients with frontal and parietal lesions.
Brain. 115(5):1359-1386.

Chen M, Liu Y, Wei L, Zhang M. 2013. Parietal cortical neuronal ac-
tivity is selective for express saccades. ] Neurosci. 33:814-823.


http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhv115/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhv115/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhv115/-/DC1

4618 | Cerebral Cortex, 2015, Vol. 25, No. 11

Chuah YM, Venkatraman V, Dinges DF, Chee MW. 2006. The neur-
al basis of interindividual variability in inhibitory efficiency
after sleep deprivation. ] Neurosci. 26:7156-7162.

Datta S, O'Malley MW. 2013. Fear extinction memory consolida-
tion requires potentiation of pontine-wave activity during
REM sleep. ] Neurosci. 33:4561-4569.

Dorris MC, Pare M, Munoz DP. 1997. Neuronal activity in monkey
superior colliculus related to the initiation of saccadic eye
movements. ] Neurosci. 17:8566-8579.

Drummond SP, Paulus MP, Tapert SF. 2006. Effects of two nights
sleep deprivation and two nights recovery sleep on response
inhibition. ] Sleep Res. 15:261-265.

Everling S, Johnston K. 2013. Control of the superior colliculus by
the lateral prefrontal cortex. Philos Trans R Soc Lond B Biol Sci.
368:20130068.

Fischer B, Boch R. 1983. Saccadic eye movements after extremely
short reaction times in the monkey. Brain Res. 260:21-26.
Fischer B, Boch R, Ramsperger E. 1984. Express-saccades of the
monkey: effect of daily training on probability of occurrence

and reaction time. Exp Brain Res. 55:232-242.

Fischer B, Ramsperger E. 1984. Human express saccades: ex-
tremely short reaction times of goal directed eye movements.
Exp Brain. 57:191-195.

Fischer B, Ramsperger E. 1986. Human express saccades: effects of
randomization and daily practice. Exp Brain Res. 64:569-578.

Fischer B, Weber H. 1993. Express saccades and visual attention.
Behav Brain Sci. 16:553-567.

Gais S, Koster S, Sprenger A, Bethke ], Heide W, Kimmig H. 2008.
Sleep is required for improving reaction times after training
on a procedural visuo-motor task. Neurobiol Learn Mem.
90:610-615.

Gais S, Plihal W, Wagner U, Born J. 2000. Early sleep triggers mem-
ory for early visual discrimination skills. Nat Neurosci.
3:1335-1339.

Goel N, Rao H, Durmer JS, Dinges DF. 2009. Neurocognitive conse-
quences of sleep deprivation. Semin Neurol. 29:320-339.

Griffith LC, Rosbash M. 2008. Sleep: hitting the reset button. Nat
Neurosci. 11:123-124.

Guan S, Liu Y, Xia R, Zhang M. 2012. Covert attention regulates
saccadic reaction time by routing between different visual-
oculomotor pathways. ] Neurophysol. 107:1748-1755.

Hauptmann B, Reinhart E, Brandt SA, Karni A. 2005. The predict-
ive value of the leveling off of within session performance for
procedural memory consolidation. Brain Res. 24:181-189.

Hussaini SA, Bogusch L, Landgraf T, Menzel R. 2009. Sleep depriv-
ation affects extinction but not acquisition memory in honey-
bees. Learn Mem. 16:698-705.

Inostroza M, Born J. 2013. Sleep for preserving and transforming
episodic memory. Annu Rev Neurosci. 36:79-102.

Iwasaki S. 1990. Facilitation of reaction-times with gap paradigm
- comparison of manual and saccadic responses. Ergonomics.
33:833-850.

Johnston K, Koval MJ, Lomber SG, Everling S. 2014. Macaque
dorsolateral prefrontal cortex does not suppress saccade-
related activity in the superior colliculus. Cereb Cort.
24:1373-1388.

Karni A, Tanne D, Rubenstein BS, Askenasy JJ, Sagi D. 1994. De-
pendence on REM sleep of overnight improvement of a per-
ceptual skill. Science. 265:679-682.

Machado-Pinheiro W, Gawryszewski LG, Pereira A Jr. 2003.
Manual responses to visual stimuli: early and late facilitatory

effects due to the offset of a peripheral cue. Arquivos
Brasileiros de Oftalmologia. 66:105-113.

Machado-Pinheiro W, Gawryszewski LG, Ribeiro-do-Valle LE.
1998. Gap effect and reaction time distribution: simple vs
choice manual responses. Braz ] Med Biol Res. 31:1313-1318.

Marshall L, Born J. 2007. The contribution of sleep to hippocam-
pus-dependent memory consolidation. Trends Cogn Sci.
11:442-450.

Mayfrank L, Mobashery M, Kimmig H, Fischer B. 1986. The role of
fixation and visual attention in the occurrence of express sac-
cades in man. Eur Arch Psychiat Neurol Sci. 235:269-275.

Munakata Y, Herd SA, Chatham CH, Depue BE, Banich MT,
O’Reilly RC. 2011. A unified framework for inhibitory control.
Trends Cogn Sci. 15:453-459.

Miiri RM, Rivaud S, Gaymard B, Ploner CJ, Vermersch Al, Hess CW,
Pierrot-Deseilligny C. 1999. Role of the prefrontal cortex in the
control of express saccades. A transcranial magnetic stimula-
tion study. Neuropsychologia. 37:199-206.

Muzur A, Pace-Schott EF, Hobson JA. 2002. The prefrontal cortex
in sleep. Trends Cogn Sci. 6:475-481.

Plihal W, Born J. 1997. Effects of early and late nocturnal sleep on de-
clarative and procedural memory. ] Cogn Neurosci. 9:534-547.

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

Rechtschaffen A, Kales A. 1968. A manual of standardized
terminology, techniques and scoring system for sleep stages
of human subjects. Washington (DC): US Government Print-
ing Office, US Public Health Service.

Rivaud S, Miiri RM, Gaymard B, Vermersch AI, Pierrot-
Deseilligny C. 1994. Eye movement disorders after frontal
eye field lesions in humans. Exp Brain Res. 102:110-120.

Ross SM, Ross LE. 1981. Saccade latency and warning signals: ef-
fects of auditory and visual stimulus onset and offset. Percept
Psychophys. 29:429-437.

Schiller PH, Sandell JH, Maunsell JH. 1987. The effect of frontal eye
field and superior colliculus lesions on saccadic latencies in
the rhesus monkey. ] Neurophysiol. 57:1033-1049.

Schiller PH, Tehovnik EJ. 2005. Neural mechanisms underlying
target selection with saccadic eye movements. Prog Brain
Res. 149:157-171.

Schwabe L, Wolf OT. 2013. Stress and multiple memory systems:
from ‘thinking’ to ‘doing’. Trends Cogn Sci. 17:60-68.

Stickgold R. 2009. How do I remember? Let me count the ways.
Sleep Med Rev. 13:305-308.

Stones MJ. 1973. The effect of prior sleep on rehearsal, recoding
and memory. Brit ] Psychol. 64(4):537-543.

Tinsley CJ, Everling S. 2002. Contribution of the primate prefront-
al cortex to the gap effect. Prog Brain Res. 140:61-72.

Walker MP. 2005. A refined model of sleep and the time course
of memory formation. Behav Brain Sci. 28:51-64; discussion
64-104.

Walker MP, Brakefield T, Hobson JA, Stickgold R. 2003. Dissociable
stages of human memory consolidation and reconsolidation.
Nature. 425:616-620.

Wilhelm I, Metzkow-Meszaros M, Knapp S, Born J. 2012. Sleep-de-
pendent consolidation of procedural motor memories in chil-
dren and adults: the pre-sleep level of performance matters.
Dev Sci. 15:506-515.

Yoo SS, Hu PT, Gujar N, Jolesz FA, Walker MP. 2007. A deficitin the
ability to form new human memories without sleep. Nat
Neurosci. 10:385-392.



