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SLEEP IS PRESENT AND HOMEOSTATICALLY REGU-
LATED IN ALL ANIMAL SPECIES CAREFULLY STUDIED 
SO FAR. IN MAMMALS, THE BEST CHARACTERIZED 
marker of sleep homeostasis is slow wave activity (SWA), the 
power density in the electroencephalogram (EEG) between 
0.5 and 4 Hz during NREM sleep. SWA is high at sleep onset 
and declines during sleep, suggesting that it may reflect the ac-
cumulation of sleep pressure as a function of duration and/or 
intensity of prior waking.1,2 Why and how SWA should reflect 
sleep homeostasis, however, is still unclear.

We hypothesized that SWA is high at sleep onset because it re-
flects the occurrence, during waking, of widespread synaptic po-
tentiation in cortical and subcortical areas.3,4 This increase would 
be detrimental in the long term, because stronger synapses need 
more energy, space, and cellular supplies, and may lead to satu-
ration of the ability to learn. Sleep would thus be crucial to re-
normalize synaptic strength to an energetically sustainable level. 
Molecular and electrophysiological markers of synaptic potentia-
tion increase after waking in rat cortex and hippocampus, while 
markers of synaptic depression do so after sleep.5,6 Moreover, in 
rats and humans, procedures presumably leading to synaptic po-
tentiation or depression result in SWA increases and decreases, 
respectively.7-12 More specifically, a study in humans using high-
density EEG found that performing a visuomotor learning task 

produced a local increase in SWA during subsequent sleep.7 The 
increase was restricted to the right parietal cortical areas presum-
ably modified by learning.13 Moreover, it was specific for NREM 
sleep, reversible within the first 90 minutes of sleep, and correlat-
ed with the improvement in performance after sleep.7 However, 
there is no direct evidence that the motor adaptation task used in 
that study activates neurons in parietal cortex, nor that it causes 
synaptic potentiation specifically in that region.

Previous studies have suggested that activity-dependent genes 
activated during a specific waking experience may be reactivated 
during sleep, perhaps to potentiate the same synapses previously 
engaged during waking.14 Ribeiro and colleagues found that the 
exposure to a new environment for 3 hours15 results in the im-
mediate cortical and hippocampal induction, during waking, of 
plasticity-related gene zif-268,16 followed by its downregulation 
during NREM sleep, and then again by its increased expression 
during REM sleep (relative to NREM sleep). Intriguingly ~ 3 min 
of NREM sleep were enough to downregulate waking-induced 
zif-268 expression, and ~ 2 min of REM sleep were sufficient to 
detect its selective reinduction, even if both NREM and REM 
rats were awake during the last 30 min before sacrifice. Another 
study17 recently found, using fluorescent in situ hybridization, 
that the number of hippocampal CA1 neurons showing induction 
of Arc and/or Homer1a was similar during “rest” periods before 
and after the exploration of a new environment. However, more 
cells were active during both exploration and post-task rest than 
during exploration and pre-task rest. Based on these findings, it 
has been suggested that the induction of immediate early genes 
is one of the mechanisms by which sleep consolidates waking 
experience, perhaps by potentiating the same synapses previ-
ously engaged during waking.14 While intriguing, this hypothesis 
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remains untested. Specifically, the first study left unclear wheth-
er NREM and REM rats shared the same sleep/waking history 
(similar intensity of waking, or amount of NREM sleep, which 
can both affect gene induction10,18), and the second study did not 
test whether the rest period was actually quiet waking or sleep. 
Moreover, both studies measured only mRNA levels, but pro-
teins, rather than DNA or RNA, carry out most of the cellular 
functions.

Here we used the single pellet reaching task, which has been 
demonstrated to increase the strength of the horizontal connec-
tions in layers II-III of the trained motor cortex, and saturate the 
ability of this area to undergo further long-term potentiation.19-21 
We asked whether SWA shows a local increase in the trained 
motor cortex after learning to reach. Moreover, we examined 
whether skilled reaching increases the expression of Arc and 
Fos, 2 activity-dependent proteins involved in motor learn-
ing,22-24 and whether this activation is specific for the trained 
motor area relative to other cortical areas.

maTerial and meTHodS

animals

Long Evans rats (Charles River, Wilmington, MA) 3-4 months 
of age were maintained on a 12hr:12hr light-dark cycle (lights on 
at 10:00; room temperature 22-24°C) and were given food (Har-
lan Teklad Rat Diet, Madison, WI) and water ad libitum prior to 
habituation to the behavioral paradigm. All animal procedures 
followed the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals and facilities were reviewed and ap-
proved by the IACUC of the University of Wisconsin-Madison, 
and were inspected and accredited by AAALAC.

1. Electrophysiological Experiments: Local Field Potentials for 
regional analysis of SWa

Under deep isoflurane anesthesia (1.5% to 2% volume), rats 
were implanted for chronic electroencephalographic (EEG) 
recordings with bipolar concentric local field potential (LFP) 
electrodes (inter-electrode distance ranged from 0.5–1 mm; 
PlasticsOne Inc., Wallingford, CT; Rhodes Medical Instru-
ments, Summerland, CA) bilaterally in frontal cortex (from 
bregma: anteroposterior (AP) +2 mm, mediolateral (ML) ± 3 
mm) and parietal cortex (from bregma: AP −2.5 mm, ML ± 5.5 
mm), along with 2 reference epidural electrodes over the cer-
ebellum (Figure 2A). Electrodes were connected to stainless 
steel wires soldered to a plug and fixed to the skull with dental 
cement. Two stainless steel wires (diameter 0.4 mm) inserted 
into the neck muscles served to record the electromyogram 
(EMG). At least 1 week after surgery, rats (n = 33) were con-
tinuously recorded while undergoing the experimental protocol 
shown in Figure 1A. Rats were trained and tested on the behav-
ioral paradigm on sequential days (up to post-training day 4) 
and then sacrificed for histological analysis.

2. Molecular Biology Experiments: Epidural Screw Electrodes

For molecular studies rats were implanted for chronic poly-
graphic recordings as for the electrophysiological experiments, 

but, to limit the risk of tissue damage, epidural EEG screw elec-
trodes were used (bilaterally over parietal cortex, along with 2 
reference epidural electrodes over the cerebellum). At least 1 
week after surgery, rats (n = 19) were continuously recorded 
(monopolar EEG recordings referenced to one of the 2 avail-
able “neutral” cerebellar screw electrodes) while undergoing 
the experimental protocol shown in Figure 1A. All animals 
were sacrificed following training on the single pellet reaching 
task either immediately (waking group: n = 8) or after approxi-
mately 1 hr of sleep (sleep group: n = 11, average sleep time = 
65.2 ± 3.32 min).

eeg analysis

After surgery all rats were housed individually in transparent 
Plexiglas cages (36.5 × 25 × 46 cm), and kept in soundproof 
recording boxes for the duration of the experiment. At least 7 
days were allowed for recovery after surgery, and the training 
protocol began only after the sleep/waking cycle had fully nor-
malized. Rats were connected by means of a flexible cable to a 
commutator (Airflyte, Bayonne, NJ) and recorded continuously 
for 2–4 weeks using a Grass electroencephalograph (mod. 8, 
Grass Instruments, West Warwick, RI). Video recordings were 
performed continuously with infrared cameras (OptiView Tech-
nologies Inc., Potomac Falls, VA) and stored in real time (AVer-
Media Technologies Inc., Milpitas, CA).

EEG (LFP and screw electrodes) and EMG signals were 
filtered (EEG, high-pass filter at 0.1 Hz; low-pass filter at 35 
Hz; EMG, high-pass filter at 5 Hz; low-pass filter at 70 Hz). 
All signals were sampled and stored at 128 Hz resolution. EEG 
power spectra were computed by a fast Fourier transform (FFT) 
routine for 4-s epochs within the frequency range of 0.25 to 
20 Hz. Sleep stages were scored off-line by visual inspection 
of 4-s epochs (SleepSign, Kissei, Matsumoto, Japan). Wakeful-
ness was characterized by a low-voltage, high-frequency EEG 
pattern and high EMG activity. NREM sleep was characterized 
by the occurrence of high-amplitude slow waves, spindles, and 
low tonic EMG activity. During REM sleep, instead, the EEG 
was similar to that during waking, but only heart beats and oc-
casional twitches were evident in the EMG signal. Sleep scor-
ing was performed based on a minimum of 2 LFP derivations. 
Epochs containing artifacts, predominantly during active wak-
ing, were excluded from spectral analysis. Vigilance state could 
always be determined.

Behavioral Testing: the Single Pellet Reaching Task

Following recovery from surgery, rats were food-restricted to 
85% to 90% of their free feeding weight (water was provided ad 
libitum). Rats were first habituated to 45 mg dustless precision 
sucrose pellets (Bioserve Inc., Frenchtown, NJ) in their home 
cage to familiarize them with the novel food, and then familiar-
ized with the reaching chamber. During baseline and training 
the reaching chamber was placed inside the home (recording) 
cage, so that rats were never removed from their cages and EEG 
recordings were never interrupted. The reaching chamber (34 × 
13 × 24cm) had a 1-cm wide opening in the front wall through 
which a 2-cm wide shelf, mounted 3 cm from the bottom of the 
chamber on the outside of the front wall, could be accessed. 
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The shelf had 2 indentations centered on the 1-cm opening in 
the front wall of the reaching chamber for placement of sucrose 
pellets. The shelf indentations were placed such that only the 
contralateral paw could access the sucrose pellet (as previously 
described by Whishaw et al., 1990).

Baseline, determination of preferred paw, training (Exps. 1 
and 2), and post-training sessions (Exp.1 only) occurred on suc-
cessive days (Figure 1A). During baseline, sucrose pellets were 
sprinkled on the floor and shelf of the chamber and baseline 
LFP recordings were collected. Once animals were familiarized 
to the chamber, sucrose pellets were placed only in the indenta-
tions on the shelf and the preferred limb for reaching was de-
termined (20 left and 13 right pawed). Training consisted of 
shaping a rat to approach the opening in the front of the cham-
ber, determine whether a sucrose pellet was available on the 
shelf and, if one was present, to reach through the opening and 
retrieve it with its preferred paw. Following an attempt to obtain 
a sucrose pellet, whether successful or not, rats were required to 
go to the back of the chamber and approach the front again be-
fore another pellet was presented. This sequence of behaviors, 

defined as a trial, forced the rat to reposition its body to obtain 
a sucrose pellet. A trial was considered completed every time a 
rat made an attempt to retrieve a sucrose pellet, whether or not 
it was successful. Thus, consuming a sucrose pellet or knocking 
it off the shelf would both be considered the endpoint of a trial. 
The training session ended after a rat performed 20 trials in 10 
minutes twice, or in any case after 1.5 hours. For Experiment 1, 
on subsequent post-training days each rat was only allowed to 
perform the same number of trials as during the training day.

As in previous studies,25,26 multiple behavioral outcomes 
were scored, including trials, reaches, and successes. Trials 
were defined as above. A reach was defined as the use of the 
preferred paw to reach through the opening in the front wall in 
an attempt to obtain a sugar pellet. Successes were defined as 
a successful retrieval and consumption of a sucrose pellet with 
the preferred paw, regardless of the number of reach attempts. 
Since results using each of the 3 behavioral outcomes were 
similar, we only show the data expressed as absolute amount of 
trials and successes, or the ratio of successes/trials performed 
during each session.

Motor Learning and Sleep Intensity—Hanlon et al
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Figure 1—A. Schematic of the experimental protocol. Rats were kept in a 12:12 light-dark schedule with lights on at 10:00. White and 
black bars indicate the light and dark period, respectively. The grey area after light onset indicates the ~1-hour period each day when rats were 
exposed to the behavioral paradigm. For electrophysiological experiments (Exp. 1), EEG recordings were performed continuously during all 7 
experimental days (from B to PT4), while rats used for molecular biology experiments (Exp. 2) were killed after the first training session. Grey 
arrows denote time of sacrifice. Abbreviations are as follows: B, Baseline; PP, Preferred Paw; Tr, Training Day; PT1-PT4, Post-Training Days 
1-4. B-C. Learning the single pellet reaching task. Example of one rat that learned the task in 50 min (see Methods for definition of trials and 
successes). At the beginning of the session the rat was only obtaining 1 pellet in the first 10 min, but the number increased to ~ 20 pellets/10 
min later in the session. All animals used for EEG analysis in experiment 1 (n = 15) learned the task, as measured by a significant increase in 
successes (D) or in the successes/ trials ratio (E) on the training day relative to baseline. Note that most learning occurs on the first training day. 
Values are mean ± SEM, expressed as the difference from the previous session. *P < 0.05, **P < 0.001 (relative to baseline); # P < 0.001.
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to the frontal agranular field, were easy to identify based on 
the lack of a granular layer IV, while those of caudal half, 
which also includes granular cortex, were manually delimited 
as spanning from +1 mm to +4 mm medial/lateral from breg-
ma.29 Two to 4 parietal sections spanning an area from −2.3 
to −4.52 mm anterior/posterior and +1 mm to +4 mm medial/
lateral from bregma, were also examined in 7 of the 8 wak-
ing animals. Cell counting was performed manually under 20x 
magnification. Cresyl violet staining following Fos staining 
clearly showed that very few Fos positive cells were present 
in layers I and IV, making it easy to group stained cells as be-
longing to layers II/III or layers V/VI. Fos positive cells were 
identified as dark punctuate staining within the nucleus of the 
cell; since the great majority of Fos positive cells were darkly 
stained and easy to identify from background staining, all 
cells were counted and included in the analysis. In each sec-
tion Fos positive cells were manually counted from the medial 
to the lateral border of the motor cortex, first in layers II-III, 
and then in layers V/VI. Analysis for these 2 groups was kept 
separate because it has been previously reported that plastic 
changes can occur to different extent in supra- and infragranu-
lar layers.19-21,30-32 Arc positive cells were clearly identifiable 
as a strong cytoplasmic staining that occasionally extended 
into the most proximal dendrites, and in most cases were ob-
served in layers V/VI. All sections were manually counted at 
least 2 times (reported values are the average), with a margin 
of error of less than 5% between the 2 measurements, giving 
us confidence that the counting procedure was reproducible. 
In all cases the experimenter was blind to the origin of the 
samples (behavioral state and trained hemisphere).

reSUlTS

Electrophysiological Experiments

Figure 1A summarizes the experimental protocol, which 
included 7 days (see Methods for details). Rats are nocturnal 
animals and thus sleep mainly during the light period. The task 
was performed at the same time every day, soon after light on-
set (at around 10:00), i.e., before the beginning of the major 
sleep phase. To maintain the amount of motor activity constant, 
rats performed the same number of trials on the training day and 
on each of the 4 post-training days.

All 33 animals effectively learned the task in one session 
(see below). Eighteen of these rats, however, were not used for 
EEG analysis, either because good LFP recordings from at least 
2 electrodes (left and right, frontal and parietal) were not avail-
able across several experimental days, or because their indi-
vidual sleep pattern was not consistent across days (i.e., varying 
amounts of waking for the 3-6 h preceding behavioral task per-
formance across the experimental days). The latter is an impor-
tant issue, because SWA at sleep onset is significantly affected 
by the sleep/waking history of the previous 3-6 h.33-35 Thus, the 
final analysis focused on 15 rats that on each day had similar 
amounts of sleep and waking in the last 3-6 h before perform-
ing the task (Table 1A). Of these 15 rats, all were used for the 
trained frontal SWA analysis, 8 for the untrained frontal, and 12 
for both trained and untrained parietal SWA analysis (exclusion 
was due to the presence of recording artifacts).

data analysis

Comparisons in EEG power spectrum (Exp. 1 only) were as-
sessed by paired t-tests for single frequency bins (bin size 0.25 
Hz) and frequency bands (e.g., 0.5–4 Hz). Behavioral outcomes 
and gene expression differences were tested with paired t-tests. 
Regression analysis was performed with the Pearson correla-
tion method.

Histology

At the end of behavioral testing, all animals were deeply 
anesthetized with isoflurane anesthesia (3% in oxygen) and 
perfused transcardially with saline immediately followed by 
4% solution of paraformaldehyde (PFA) in 0.1 M sodium phos-
phate, pH 7.2. Brains were post-fixed overnight in 4% PFA, 
cryoprotected in increasing concentration of sucrose (15%, 
20%, 30%) in phosphate buffered saline, and rapidly frozen on 
dry ice. For Experiment 1, brains were cut into 40-µm serial 
coronal sections, stained with cresyl violet, and placement of 
LFP electrodes was determined using light microscopy. In all 
cases, electrodes were in the targeted cortical regions and did 
not extend to the white matter below layer VI. For Experiment 
2, brains were cut into 40-µm serial coronal sections and pro-
cessed for Fos and Arc immunohistochemistry. No excessive or 
unexpected tissue damage was noted.

Fos and Arc Immunolabeling

Sections were washed in Tris buffered saline (TBS) and in-
cubated in 0.3% hydrogen peroxide in TBS for 30 min to block 
endogenous peroxidase activity, and then in blocking solution 
(TBS, 0.25% Triton, normal blocking serum) for 2 h. Next, 
sections were incubated with the respective primary antibody; 
anti-Fos (rabbit polyclonal antibody,1:15,000, Calbiochem, 
San Diego, CA) at 4°C for 48 h; anti-Arc (goat polyclonal an-
tibody, 1:100, Santa Cruz Biotechnology, Santa Cruz, CA) at 
room temperature overnight. After 6 rinses in TBS, sections 
were incubated with the secondary antibody (anti-rabbit for 
Fos, anti-goat for Arc) in TBS and 0.25% Triton for 2 h at room 
temperature, rinsed 3 times in TBS, and then placed in the avid-
in-biotin-horseradish complex for 1 h (ABC kit, Vector Labora-
tories, Burlingame, CA). After 3 rinses in TBS, the peroxidase 
was visualized with a 3,3’ –diaminobenzidine substrate (DAB) 
with nickel chloride enhancement (Vector Laboratories, Burl-
ingame, CA). To limit variability due to background staining 
all sections were treated with DAB for the same amount of time 
and sections from a waking animal and a sleep animal were 
always processed simultaneously. Sections were then washed in 
TBS, mounted onto slides, air dried, dehydrated through graded 
alcohols, cleared in Xylene, and coverslipped with Permount.

Analysis for both Fos and Arc was performed on at least 12 
frontal sections per animal (collected at ~ 500 µm intervals), 
spanning an area from +3.7 to −1.88 mm anterior/posterior 
to bregma. This area includes the motor cortex as defined 
both functionally and cytoarchitecturally,27,28 and its boundar-
ies were confirmed in a subset of sections stained with cresyl 
violet (10x magnification): the medial/lateral borders of the 
rostral half of the motor cortex, which closely corresponds 
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3-5 days.20 In all cases, most of the learning occurred within the 
first 2 to 4 days. In our experiment rats were trained in a single 
session to concentrate most of the training in one day, and thus 
maximize our ability to detect SWA changes after learning. In-
deed, we were able to train all 33 rats in one session, which 
lasted from 30 to 90 min (mean 56.3 min). The learning curve 
of one representative animal is presented in Figure 1B-C, which 
shows the number of performed trials and successful retriev-
als of single pellets, as well as the successes/trials ratio on the 
training day. Figure 1D-E shows the combined behavioral data 

Single Pellet Reaching Task

The task requires a specific region of the frontal cortex called 
the motor-sensory forelimb area.36-38 During training the rat 
learns to approach a small opening in the front of the recording 
chamber, determine whether a sucrose pellet is available on the 
shelf and, if so, reach through the opening to retrieve the pel-
let with its preferred paw. In some previous studies rats were 
trained in short (10-15 min) daily sessions across 1-2 weeks.21,39 
In other studies, instead, 1-h training sessions were repeated for 

Motor Learning and Sleep Intensity—Hanlon et al

Figure 2—A. Electrodes placement centered over frontal and parietal cortices (grey circles; not drawn to scale). The motor-sensory forelimb 
region is delimited by a box. B-E. Effects of motor learning on the EEG power spectrum. B. EEG power spectrum during NREM sleep 
in the trained motor cortex during baseline (grey line) and after training (black line). All data are mean ± SEM (n = 15 rats) for the first hour 
after sleep onset. For each frequency bin (0.25 Hz), values are expressed as % of the NREM EEG power spectrum relative to 24 h of baseline 
(BSL). C. Time course of post-training change in SWA relative to baseline in the trained motor cortex: a significant increase was observed in 
the first 30 (P = 0.006) and 60 (P = 0.01) min of sleep. D-E. EEG power spectra during REM sleep and waking in the trained frontal cortex 
during the first 3 hours after sleep onset (n = 14 rats; one rat was excluded due to the high number of EEG artifacts). Three hours after sleep 
onset were used for this analysis, to obtain sufficiently reliable data for each of these behavioral states. Values are expressed as % of REM or 
waking EEG power spectrum relative to 24 h of baseline. F. NREM power spectrum in motor cortex during baseline (to be trained, black 
line; to be untrained, grey line). All data are mean ± SEM (n = 8 rats) for the first hour after sleep onset. For each frequency bin (0.25 Hz), 
values are expressed as % of the respective NREM EEG power spectrum across the 24 h of baseline.
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effects of motor learning on regional SWa

Table 1B shows that in the 15 rats used for EEG analysis the 
duration of total, NREM and REM sleep in the first 1, 3, and 6 
hours following the task did not change significantly relative to 
baseline. Thus, motor learning does not affect sleep quantity. To 
measure the effects of training on sleep intensity we measured 
the EEG power spectrum using intracortical LFP electrodes. The 
latter, in contrast to epidural screw electrodes, record neuronal 
activity from a restricted brain region, and thus can potentially 
detect local EEG changes specific to the cortical area involved 
in motor learning. For each rat the “trained” motor cortex was 
defined as the one contralateral to the preferred forelimb (the 
limb used to reach), while the “untrained” motor cortex was the 
one ipsilateral to the preferred forelimb. In the rat, the forelimb 
representation within the motor cortex spans an area from + 
3.7 mm anterior to −1.88 mm posterior to bregma and from 
the midline to +4 mm laterally.27,40 Thus, only the frontal, but 
not the parietal LFPs were located within the targeted forelimb 
region (Figure 2A).

Figure 2B shows the NREM relative power spectrum during 
the first hour after sleep onset (defined as the first sleep epoch 
after the end of training) for the trained frontal cortex, during 
the baseline recording (after habituation to the sugar pellets) 
and following the first training session. The power spectrum 
in all frequency bins between 1 and 4.5 Hz, which encompass 
SWA, was higher after training relative to baseline, and only 
few other frequency bins, between 5 and 6 Hz, also showed sig-
nificant changes. No changes were seen in the spindle frequency 
range (12-15 Hz). When averaged across the entire SWA band 
(0.5–4.0 Hz) the relative NREM power spectrum increased 
significantly from 138 ± 5 during baseline (mean ± SEM, %, 
relative to the 24-hour value) to 195 ± 21 after training (P = 
0.0103). Since all rats used for this analysis were awake for a 
similar amount of time prior to learning the task (Table 1A) the 
post-training increase in SWA cannot be due to differences in 
the previous sleep/wake history.

The SWA increase after learning occurred during the first 60 
min after sleep onset, but no longer reached significance after 
90 or 120 min (Figure 2C). The effect was specific for NREM 
sleep, as it did not occur during REM sleep or waking. In fact, 
as shown in Figure 2D-E, when the power spectra of the first 
3 h after sleep onset was analyzed, no significant differences 
between baseline and training day, in any frequency bin, were 
observed during REM sleep or waking. Also, the post-training 
SWA increase in the trained cortex did not build upon a pre-ex-
isting asymmetry in SWA, because during baseline the relative 
NREM sleep power spectrum of the left and right hemisphere 
did not differ in the SWA frequency range (the only difference 
was between 10 and 12 Hz; Figure 2F). The latter analysis, 
however, was performed in only 8 of the 15 rats, those with 
artifact-free EEG signal from both left and right motor LFPs, 
but similar results (no relative baseline SWA asymmetry) were 
found in 3 additional animals not used in this study. Thus, 
the observed increase in SWA power is reversible, specific to 
NREM sleep, and only occurs after training.

The increase in SWA was significantly different from base-
line after the first training session and PT1, but not on post-
training days 2-3 (PT2: P = 0.1154; PT3; P = 0.0914; Figure 

for the 15 animals in which LFP data were analyzed (similar re-
sults were obtained for all 33 rats, data not shown). In these 15 
animals, on the training day, the number of successes increased 
from 0 to 33.6, and the successes/trials ratio increased from 0 
to 0.38 (both P < 0.001), indicating that these animals did learn 
the task. Figure 1D-E also shows that the improvement that oc-
curred on post-training days 1-4 was minimal, although still 
significant on PT1 (successes, P = 0.0334; ratio, P = 0.029). 
Moreover, the increase in behavioral measures observed on the 
training day was significantly larger than that observed on PT1 
(P < 0.001 for successes and successes/trials ratio). It should 
also be noted that each animal performed the exact same num-
ber of trials on each day (the training day and PT1-PT4), with 
the average number of trials performed across all animals be-
ing 89.2 ± 4.3. Similarly, the number of reaches performed by 
each rat did not significantly differ in the training day relative to 
PT1-PT4 (average across all rats, Tr: 174.7 ± 12.9; PT1: 165.9 
± 12.0; PT2: 154.5 ± 13.3; PT3: 144.1 ± 15.1; PT4: 154.7 ± 
17.1).
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Table 1—Experiment 1

1A: Preceding Sleep
  Waking NREM REM
3 h   
 Baseline 149.9 ± 3.98 26.6 ± 3.40 1.68 ± 0.56
 Training 161.6 ± 4.90 15.2 ± 3.82 1.85 ± 0.83
 PT1 156.2 ± 6.07 20.6 ± 5.09 1.73 ± 0.65
 PT2 139.2 ± 12.32 33.3 ± 9.47 5.45 ± 2.34
 PT3 146.1 ± 5.61 27.8 ± 4.86 4.19 ± 0.92
6 h   
 Baseline 216.9 ± 9.11 115.9 ± 7.15 20.9 ± 2.46
 Training 231.1 ± 9.34 103.1 ± 7.47 19.7 ± 2.11
 PT1 218.6 ± 9.70 112.8 ± 7.51 22.4 ± 2.41
 PT2 204.4 ± 9.52 124.8 ± 7.12 24.2 ± 2.38
 PT3 199.3 ± 13.3 127.4 ± 10.3 26.6 ± 3.35

1B: Following Sleep
1 h   
 Baseline 10.5 ± 2.46 42.7 ± 1.81 6.8 ± 0.85
 Training 10.4 ± 2.27 45.0 ± 1.97  4.6 ± 0.44
 PT1 15.7 ± 2.28 38.9 ± 1.88 5.4 ± 0.78
 PT2 12.4 ± 3.35 41.6 ± 2.80 6.0 ± 0.81
 PT3 14.3 ± 4.12 40.4 ± 3.21 5.3 ± 0.99
3 h   
 Baseline 33.4 ± 3.75 124.2 ± 3.13 22.4 ± 1.24
 Training 35.6 ± 6.01 122.9 ± 5.02 21.4 ± 1.37
 PT1 44.0 ± 6.99 116.5 ± 5.68 19.5 ± 1.92
 PT2 38.1 ± 5.77 119.5 ± 5.29 22.5 ± 1.31
 PT3 40.1 ± 9.41 119.0 ± 7.80 20.9 ± 1.83
6 h   
 Baseline 107.0 ± 5.13 209.9 ± 4.29 43.1 ± 1.70
 Training 119.8 ± 11.21 203.7 ± 9.01 36.5 ± 2.51
 PT1 125.3 ± 16.44 198.2 ± 13.73 36.5 ± 3.72
 PT2 128.9 ± 14.11 191.33 ± 11.11 39.8 ± 3.33
 PT3 108.2 ± 11.24 211.1 ± 8.48 40.7 ± 3.14

Minutes of waking, NREM, and REM sleep during (A) the last 3 
or 6 hours prior to the experimental procedure (habituation, train-
ing, or post-training), and (B) the first 1, 3, or 6 hours following 
performance. Values are mean ± SEM (n = 15).
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reaches. We also examined whether changes in SWA during the 
first hour of sleep could predict improvement in performance in 
the following days, but found no positive correlation. This result 
is perhaps not surprising, since in this task most of the learning 
and improvement in performance occurred during the first train-
ing day, with little change afterward.

Molecular Biology Experiments

The experimental protocol included 3 days (Figure 1A), and 
rats were killed immediately after training (waking group) or 
after ~1 h of post-training sleep (sleep group). The immediate 
early gene c-fos is induced within minutes of many forms of 
extracellular stimulation, and its protein product Fos is amply 
used as a cellular marker of neuronal activation.41 The activ-
ity-regulated cytoskeleton-associated protein Arc accumulates 
in the portions of the dendritic tree activated by the induction 
of LTP,42,43 and Arc sustained expression controls LTP main-
tenance in vivo.44,45 Thus, Fos and Arc immunocytochemistry 
was used to determine the extent to which skilled reaching acti-
vates neurons within the motor cortex, whether such induction 
is stronger in the trained relative to the untrained motor cortex, 
and whether it subsides during the post-learning sleep.

Fos Staining

In the waking group (n = 8), as expected, Fos nuclear stain-
ing was consistently observed throughout the cerebral cortex, in-
cluding the entire motor cortex as previously defined27,40 (Figure 
5A). In the frontal areas of both sides Fos positive cells were 
mostly seen in layers II-III and V-VI, although a few cells were 
also present in layers I and IV (Figure 5B). Sections were first 
divided into 5 groups spanning the entire rostrocaudal extension 
of the motor cortex (4 sections/group, from + 3.7 to – 1.88 mm 
relative to bregma). Since previous reports have suggested that 
plastic changes may affect differently layers II-III than layers V/
VI,19-21,50-51 Fos expression was measured separately for supra- 

3A). Moreover, SWA significantly increased post-training rela-
tive to baseline in the untrained frontal cortex (P = 0.017), but 
the increase was smaller (Trained: +56%; Untrained: +46%; 
Figure 3B). There was no significant change in SWA in either 
left or right parietal cortex (Parietal, trained side: P = 0.1364; 
Parietal, untrained side: P = 0.1199; Figure 3C-D). Thus, the in-
crease in SWA observed in the frontal cortex following training 
appears to be region-specific.

Changes in SWA and Behavioral Outcomes

Correlation analyses were performed to determine whether the 
performance improvement in the reaching task could predict the 
following increase in SWA. Indeed, in the trained frontal cortex, 
we found a positive correlation between increase in successes 
and subsequent increase in SWA during the first hour of sleep 
post-task (n = 15, P = 0.048, r2 = 0.0796; Figure 4). By contrast, 
no significant correlation between these parameters was observed 
in the untrained motor cortex (n = 8, P = 0.548), or in the parietal 
cortices (n = 12, P = 0.757 and P = 0.744), and similar nega-
tive results were observed using other behavioral outcomes (i.e., 
ratio scoring; data not shown). Thus, animals that showed the 
greatest improvement in obtaining sucrose pellets on the train-
ing and post-training days also exhibited, during the following 
NREM sleep, the highest increases in SWA in the trained motor 
cortex. Importantly, rats performed the same number of trials and 
a similar number of reaches during the training day and each of 
the post-training days, suggesting that the observed increases in 
SWA reflect learning, as measured by the number of successes, 
rather than simply “use,” as measured by the number of trials or 
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Figure 3—Regional changes in SWA after training. A. Changes 
in SWA in the trained frontal cortex during the first hour of sleep. 
For each testing day SWA (mean ± SEM) is expressed as percent 
increase relative to the 24 h of baseline (BSL). The increase is 
significant following the first training session and PT1 but not on 
the following post-training days (PT2-3). *P < 0.05 (relative to 
baseline); # P < 0.01 (Tr vs. PT1). B-D. Same as in A, but for the 
untrained motor cortex (n = 8), and for the parietal cortex of both 
sides (n = 12). The number of rats contributing to the analysis for 
each day was as follows: Trained frontal = Tr = 15, PT1 = 14, PT2 
= 11, PT3 = 9; Untrained frontal = Tr + PT1 = 8, PT2 + PT3 = 6; 
Trained parietal = Tr = 12, PT1 = 11, PT2 = 9, PT3 = 7 ; Untrained 
parietal = Tr = 12, PT1 = 11, PT2 = 9, PT3 = 8.
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Figure 4—Correlation analysis. Correlation between improve-
ment in performance (measured as difference in successes rela-
tive to the previous session), and subsequent increases in SWA 
(relative to the 24 h of baseline, BSL) for the first hour of sleep 
post-task. The plot includes 49 data points from 15 rats across 4 
days, from training day to post-training day 3 (9 rats contributed 4 
points, 2 rats contributed 3 points, 3 rats contributed 2 points, and 
one rat contributed one point).
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cantly reduced Fos expression in the entire cerebral cortex, 
including the motor cortex. This is consistent with previous 
evidence that the increased expression of Fos protein observed 
during waking returns to low levels after one hour of sleep.46 
Moreover, as seen in Figure 5D, there was no asymmetry in Fos 
expression between the trained and untrained side in any part 
of the motor cortex. Also, no asymmetry was present when data 
from all layers and groups of sections were combined (Figure 
5D). In the same animals (n = 11) no asymmetry was observed 
in parietal cortex, neither in layers II-III or V-VI, nor when all 
layers were combined (data not shown).

Similar negative results (no asymmetry in layers II/III or V/
VI) were obtained when sleeping animals were divided into 2 
groups of low (< 3%) or high (> 9%) REM sleep, based on the 
percentage of time spent in this behavioral state during the first 

and infragranular layers. As shown in Figure 5C, in all 5 groups 
of sections Fos expression in both layers II-III and layers V-VI 
was higher in the trained relative to the untrained motor cortex, 
although the difference was only significant at some levels. Over-
all, the asymmetry was significant when all groups of sections 
were pooled for layers II-III (trained vs untrained, P = 0.0003), 
layers V-VI (P = 0.016), and all layers (total, P = 0.001; Figure 
5C). We also examined Fos expression in parietal cortex (n = 
7, in one waking animal parietal sections were not available); 
sections were divided into 5 groups (from −2.3 to −4.52 from 
bregma, 2 sections/group). No asymmetry in Fos expression was 
observed in any group, when all groups of sections were pooled 
for layers II-III, V-VI, or all layers (data not shown).

Sleeping animals (n = 11) slept on average 65.2 min (± 3.32 
SEM), and all showed, relative to the waking group, signifi-
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Figure 5—Fos and Arc expression after training. A. Photomicrograph of Fos staining in a representative waking animal (motor cortex, layers 
II/III; scale bar = 20µm) B. Photomicrograph of Fos and cresyl violet double staining used to identify cortical layers (scale bar = 500 µm). C. 
Number of Fos expressing cells in the trained (black) and untrained (grey) hemispheres for the waking group. Each level (e.g., 3.7/2.2) repre-
sents 4 sections. Numbers of cells is given for layers II-III, layers V-VI, and for all layers across the entire motor cortex. D. Same as B for the 
sleep group. All data are mean ± SEM for waking (n = 8) and sleep (n = 11) groups. E. Photomicrograph of Arc staining in a representative 
waking animal (motor cortex, layers V-VI; scale bar = 20µm). F. Photomicrograph of Arc and cresyl violet double staining used to identify 
cortical layers (scale bar = 500 µm). G-H. Number of Arc expressing cells for each level (4 sections/level as for Fos) and for all layers across 
the entire motor cortex. All data are mean ± SEM for the waking (n = 8) and sleep (n = 11) groups.
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tions used so far had been proven to cause synaptic potentiation 
of cortical circuits.

To directly test the hypothesis that changes in sleep SWA are 
caused by synaptic potentiation during prior waking we used 
a skilled reaching task, because several studies in vitro and in 
vivo have demonstrated that learning to reach induces synap-
tic potentiation in the trained motor cortex, and saturates the 
ability of this area to undergo further potentiation.19-21,32 Spe-
cifically, training on the single pellet reaching task produces 
an increase in dendritic branching in layers II-III and V,30,31 en-
hances the strength of the horizontal intra-cortical connections, 
increases response size, partially occludes further LTP in lay-
ers II-III of the trained cortex,19-21 and increases dendritic spine 
density within layer I of the same area.32 A difference between 
the present and the aforementioned studies is the number and 
duration of the training sessions. In the previous studies, train-
ing occurred over multiple brief sessions (i.e., five 10-min ses-
sions) and asymptotic responding occurred in the later sessions. 
Instead, we trained animals in one single session that lasted 
approximately 1 h, during which significant learning occurred 
(Figure 1). Thus, our data strongly suggest that the local chang-
es in SWA are driven by synaptic potentiation and learning.

We found no SWA asymmetry between right and left frontal 
cortex during baseline, consistent with a recent analysis of the 
effects of handedness on EEG asymmetry.53 That study, how-
ever, did find a minor increase in NREM EEG power between 
3.5 and 6 Hz in the frontal cortex contralateral to the preferred 
paw,53 while we did not. One reason may be that, before train-
ing, we did not select rats based on a strong paw preference. 
Also, we did not use screw electrodes, which can sample a 
larger area of motor cortex. Interestingly, the same study found 
that, after rats were forced to use their preferred paw for 2 h 
to reach for food, the NREM sleep EEG in the contralateral 
frontal cortex showed a widespread increase in most frequen-
cies > 1.5 Hz.53 Also, the NREM EEG power between 2 and 9 
Hz was positively correlated with paw use.53 Instead we found 
that, after learning the reaching task, increases in relative power 
spectra from baseline were specific for SWA, and the changes 
could not be accounted for by the prior use of the paw. Thus, 
asymmetric motor activities such as those due to handedness 

30 min of sleep post-training (i.e., from 60 to 30 min before sac-
rifice; Table 2). Furthermore, no significant asymmetry in Fos 
expression was observed in any layer in the 7 rats (out of 11) 
that had REM bouts of 90 seconds or longer 50–60 min before 
sacrifice (average time 55.7 min). Of note, 4 of the sleeping rats 
stayed awake longer after training than the other rats (67 ± 35 
vs 15 ± 3 min). These animals did show an asymmetry in Fos 
expression between trained and untrained cortex (across all sec-
tions, layers II/III trained vs. untrained: P = 0.05; total trained 
vs. untrained: P = 0.026).

arc Staining

Arc staining was most consistently observed in the proximal 
dendrites of neurons in layer V of the cerebral cortex, although 
some cells were detected also in layer VI (Figure 5E-F). In the 
waking group, when all sections across the entire motor cortex 
were pooled, the number of Arc positive cells was significantly 
higher in the trained relative to the untrained motor cortex (P 
= 0.034; Figure 5G). In contrast to Fos, however, this differ-
ence was mainly due to the asymmetric expression of Arc at 
the most rostral levels (Figure 5G). The waking-induced asym-
metric expression of Arc (in favor of the trained cortex), was no 
longer present in the sleeping animals, either when all rats were 
grouped together (Figure 5H) or when they were separated into 
2 groups based on amount of REM sleep during the first 30 min 
of sleep post-training. Similar negative results were observed 
when considering only the 7 animals with a 90 sec REM bout 
approximately 1 h before sacrifice. As for Fos, however, the 4 
rats that stayed awake longer after training showed an asymme-
try in Arc expression (total; P = 0.016). The overall number of 
Arc labeled cells was not significantly lower in the sleep group 
relative to the waking group, consistent with the fact that once 
induced, Arc expression can take up to 6 h to decline.47,48

diSCUSSion

We found that motor learning in rats induces a local increase 
in SWA in the cortical area directly involved in learning the 
task, but not in parietal areas not implicated in skilled reach-
ing. The SWA increase in the trained motor cortex did not just 
reflect motor activity, but was also positively correlated with 
the improvement in performance during the prior training ses-
sion, while no correlation was present in the untrained motor 
area. These results lend support to the notion that sleep is not 
only a global phenomenon, and that its intensity can be regu-
lated at a regional level.49 Consistent with this, previous studies 
in humans found that intermittent vibration of one hand pro-
duces a transient and small increase in SWA in the contralateral 
somatosensory cortex,50 while whisker stimulation in rodents 
produces an increase in SWA in the contralateral somatosen-
sory cortex.51,52 Increases in SWA also occur in circumscribed 
cortical areas after learning a rotational adaptation task,7 after 
TMS-induced stimulation of motor cortex,9 or following paired 
associative stimulation within sensorimotor cortex,11 while arm 
immobilization decreases SWA.8 Overall, this evidence was 
consistent with synaptic potentiation driving SWA increases, 
and synaptic depression SWA decreases.3,4 Yet, a direct test of 
this hypothesis was still missing, because none of the manipula-
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Table 2— Experiment 2: Sleep Architecture

  Waking NREM REM
Entire Sleep (%)   
 All Sleep 28.49 ± 4.59  58.58 ± 3.34 10.37 ± 1.41
 Low REM 32.74 ± 3.91 56.03 ± 2.17 8.78 ± 1.82
 High REM 14.57 ± 2.15 68.52 ± 2.09 14.33 ± 0.46
First 30 min (%)   
 All Sleep 41.41 ± 7.35 49.34 ± 5.63 6.74 ± 1.65
 Low REM 52.72 ± 7.42 41.29 ± 5.89 3.99 ± 1.37
 High REM 16.95 ± 4.36 67.51 ± 3.37 12.51 ± 1.33

Percentage of waking, NREM, and REM sleep during the entire 
post-task sleep period (65.2 ± 3.32 min), or for the first 30 min of 
post-task sleep. Data refer to all sleeping rats (n = 11), or to the 
same rats divided into 2 groups based on low (n = 6) and high 
(n = 4) REM sleep amount during the first 30 min of post-task 
sleep. Values are mean ± SEM.
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