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The genome-wide landscape of DNA methylation and
hydroxymethylation in response to sleep deprivation impacts
on synaptic plasticity genes
R Massart1,8, M Freyburger2,3,8, M Suderman1, J Paquet3, J El Helou3, E Belanger-Nelson3, A Rachalski3, OC Koumar3, J Carrier3,4,
M Szyf1,5,6 and V Mongrain3,7

Sleep is critical for normal brain function and mental health. However, the molecular mechanisms mediating the impact of sleep
loss on both cognition and the sleep electroencephalogram remain mostly unknown. Acute sleep loss impacts brain gene
expression broadly. These data contributed to current hypotheses regarding the role for sleep in metabolism, synaptic plasticity and
neuroprotection. These changes in gene expression likely underlie increased sleep intensity following sleep deprivation (SD).
Here we tested the hypothesis that epigenetic mechanisms coordinate the gene expression response driven by SD. We found that
SD altered the cortical genome-wide distribution of two major epigenetic marks: DNA methylation and hydroxymethylation. DNA
methylation differences were enriched in gene pathways involved in neuritogenesis and synaptic plasticity, whereas large changes
(>4000 sites) in hydroxymethylation where observed in genes linked to cytoskeleton, signaling and neurotransmission, which
closely matches SD-dependent changes in the transcriptome. Moreover, this epigenetic remodeling applied to elements previously
linked to sleep need (for example, Arc and Egr1) and synaptic partners of Neuroligin-1 (Nlgn1; for example, Dlg4, Nrxn1 and Nlgn3),
which we recently identified as a regulator of sleep intensity following SD. We show here that Nlgn1 mutant mice display an
enhanced slow-wave slope during non-rapid eye movement sleep following SD but this mutation does not affect SD-dependent
changes in gene expression, suggesting that the Nlgn pathway acts downstream to mechanisms triggering gene expression
changes in SD. These data reveal that acute SD reprograms the epigenetic landscape, providing a unique molecular route by which
sleep can impact brain function and health.
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INTRODUCTION
Sleep associates with brain health, and this relationship is
exemplified by the predominance of alterations in sleep macro-
and micro-architecture observed in most psychiatric and neuro-
logical conditions such as neurodegenerative diseases, autism,
schizophrenia or mood disorders.1–4 In parallel, sleep perturba-
tions such as sleep fragmentation or sleep loss modulate cognitive
performance and mood,5,6 and may either alleviate or exacerbate
certain psychiatric conditions.7 The identification of mechanisms
underlying the relationship between sleep and brain function is
crucial to develop targeted interventions in several mental health
disorders.
Recovery from sleep loss involves a rebound in electroence-

phalographic (EEG) delta power (1–4 Hz) measured during non-
rapid eye movement (NREM) sleep.8–10 More recently, the slope of
individual NREM sleep slow waves (SW) was specifically shown to
track sleep need, being steeper after prolonged wakefulness11–13

indicative of a more synchronized switch between the silent and
the burst-firing states of neuronal activity, and likely of increased

synaptic efficacy.11 These markers can be used in animal models
of impaired central nervous system functioning to dissect the
molecular circuitry underlying sleep need.
Important changes in the brain transcriptome are observed with

acute sleep deprivation (SD).14–17 These data contributed to
current hypotheses regarding the role for sleep in metabolism and
energy regulation, synaptic plasticity and neuroprotection. We
showed that the glucocorticoid surge during SD importantly
contributes to these changes.17 However, glucocorticoids do not
seem to underlie the EEG response to SD given that adrenalect-
omy does not acutely change delta power rebound.17 Therefore,
the pathways underlying the changes in brain-expressed tran-
scripts that are specifically linked to EEG recovery features remain
to be identified. Targeting pathways regulating gene expression in
response to neuronal activity and involved in plasticity, cognition
and mental health should help defining the molecular elements
underlying the effect of prolonged wakefulness on sleep SW.
We recently revealed that Nlgn1 knockout mice (Nlgn1−/−),

which exhibit social novelty and fear-conditioning deficits, show
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reduced wakefulness duration and altered EEG during wakeful-
ness and sleep.18 NLGN1 belongs to a family of adhesion proteins
involved in shaping synaptic function that was linked to autism.19

Notably, patients with autism spectrum disorder present impair-
ments in sleep initiation and maintenance as well as modifications
in EEG activity during both wakefulness and sleep.3,20 Thus,
NLGN1, and likely its interacting partners, may link neuronal
activity to the duration and quality of wakefulness and sleep.18

Because Nlgn1− /− mice show an amplified delta power rebound
after SD,18 these represent a model to delineate the pathways
involved in recovery sleep that are associated to differences in
cognitive function.
Here we tested the hypothesis that changes in NLGN1 driven by

sleep pressure may have a role in the brain transcriptional
response observed after acute SD. We first confirmed the
involvement of NLGN1 in shaping the sleep EEG, as Nlgn1− /−

mice specifically showed an enhanced synchrony of neurons
under high sleep need as indexed by steeper NREM sleep SW
slope. However, SD in Nlgn1− /− mice induced changes in gene
expression similar to those observed in Nlgn1+/+ mice, including in
the expression of DNA methylation-related enzymes. These results
suggest that SD-dependent synaptic modifications that involve
NLGN1 are downstream of molecular pathways driving the
transcriptional response to sleep loss. We thus explored
whether epigenetic mechanisms, known to respond to neuronal
activity and to regulate the expression of plasticity-related
genes,21–23 could trigger the SD-dependent changes in synaptic
components. We indeed identified differentially methylated and
hydroxymethylated regions after SD that were enriched in
functional pathways involved in neurotransmission, cellular
assembly or metabolism. These results reveal that epigenetic
regulation is a unique pathway modulating both the transcrip-
tional and synaptic responses to acute sleep loss.

MATERIALS AND METHODS
For detailed methodological descriptions, see Supplementary information.

Animals and EEG
Male mice from strains C57BL/6J and B6;129-Nlgn1tm1Bros/J (Nlgn1+/+;
Nlgn1+/− Nlgn1− /−, exons 1 and 2 replaced by a neo cassette24) were used.
Mice used for EEG and microarray are the same as those used previously,18

and were implanted for EEG as previously described.18 EEG was recorded
during a 24-h baseline, during a 6-h SD25 starting at light onset, and during
18 h of recovery. Vigilance states were visually assigned to 4 s epochs.26

Spectral analysis was performed to calculate EEG power during NREM
sleep between 0.75 and 20 Hz per 0.25 Hz for the 24-h baseline and the
first recovery hour. SW detection was performed during NREM sleep using
a home-made detector12,13 with criteria adapted from previous work.27 SW
properties were averaged per 12 h light and dark periods, and for 12
intervals during baseline light, 8 intervals during the 6 h following SD and 6
intervals during dark periods.

Microarray
A week after EEG recording, half of Nlgn1+/+ and Nlgn1− /− mice were
submitted to a second 6-h SD immediately followed by killing together
with non-sleep-deprived mice (control). Forebrain (hindbrain excised) RNA
was extracted,17,18 processed and hybridized on Mouse Gene 2.0 ST Array
(Affymetrix, Santa Clara, CA, USA) by Genome Quebec (Montreal, Canada).
Data were analyzed using GeneSpring GX (Agilent Technologies, Santa
Clara, CA, USA). P-values were adjusted using Benjamini and Hochberg
false discovery rate (FDR).28 Quantitative PCR (qPCR) validations were
performed as described elsewhere.18

DNA enrichment and labeling
An anterior part of the cerebral cortex of C57BL/6J mice submitted to a 6-h
SD was sampled, and DNA was extracted using a DNeasy Blood & Tissue Kit
(Qiagen). The remaining cerebral cortex was used for RNA extraction to
perform qPCR validations (see above). Six pools of DNA (that is, three SD

and three control) each including the DNA of three SD or three control mice
(total nine mice per condition) were fragmented using a bioruptor
(Diagenode, Denville, NJ, USA) and used for both methylation (5mC) and
hydroxymethylation (5hmC) enrichments. 5 mC enrichment was per-
formed as previously described.29 5hmC enrichment was performed using
the Hydroxymethyl collector kit (ActiveMotif, Carlsbad, CA, USA). The DNA
input and bound fractions were purified, amplified and labeled using
Whole Genome Amplification (Sigma-Aldrich) and CGH Enzymatic Labeling
(Agilent Technologies) kits.

5 mC and 5 hmC arrays
Custom 400K promoter tiling arrays were used (Agilent Technologies). For
5mC, probe sequences were selected to tile all genomic regions from
−1200 to 2400 bp downstream each transcription start site as defined by
Ensembl (release 66 for mouse). For 5hmC, all exons including the 250 bp
before and after each gene were tiled with probes at 100 bp spacing
(Ensembl release 65 for mouse).
Hybridization, washing, scanning and feature extraction were performed

following the Methylated DNA Immunoprecipitation protocol (Agilent
Technologies). Extracted intensities were analyzed, and lists of differentially
5mC and 5hmC regions were determined as described elsewhere.29 P-
values were corrected using FDR (threshold o0.2 for 5mC and o0.1 for
5hmC). qPCR validations were performed as described,29 with Tbp, GusB,
Rps9 or Gapdh used as reference genes. All data are expressed as group
mean± s.e.m.

Biological function analysis
Ingenuity Pathway and DAVID bioinformatics resources30,31 were used for
biological functions analyses. Significance of enrichments was computed
using Fisher's Exact Test.

RESULTS
Altered SW in Nlgn1− /− mice
As expected, sleep intensity was increased after SD as indexed by
NREM sleep low-frequency EEG activity (Figure 1a). This increase
was significantly higher in Nlgn1− /− than in Nlgn1+/+ mice
between 0.75 and 1.25 Hz. Low-frequency activity reflects
individual SW characteristics, which were shown to better define
recovery sleep11–13 with slope, in particular, specifically thought to
unmask synaptic efficacy.11,32

Nlgn1− /− mice showed a higher number of SW (that is, a higher
SW density) during light periods, and higher SW amplitude in the
light and dark periods than both Nlgn1+/+ and Nlgn1+/− mice
(Figure 1b). Because these differences were similar in baseline and
recovery, they did not depend on the pressure for sleep. However,
only Nlgn1− /− and Nlgn1+/− mice showed an increase in SW slope
after SD during the light period. All genotypes exhibited a
decrease in recovery slope compared with baseline in the dark
period, with Nlgn1− /− showing a steeper slope than other
genotypes.
When the time course of SW properties was analyzed in detail

(Figure 1c), Nlgn1− /− mice showed higher amplitude and slope
compared with Nlgn1+/+ during the light period, especially under
high sleep need during recovery. The increase in SW amplitude
and slope between the first interval of baseline and the first
interval of recovery was significantly higher in Nlgn1− /− than in
Nlgn1+/+ mice (Po0.03). In addition, the decrease in amplitude
and slope between the first and last intervals of the recovery light
period was higher in Nlgn1− /− than in both Nlgn1+/− and Nlgn1+/+

mice (Figure 1d). SW durations were increased during recovery in
all three genotypes.

Typical brain transcriptome changes after SD in Nlgn1-/- mice
To determine whether molecular pathways triggered by SD
differed in Nlgn1− /− mice, we used microarrays to map changes
in the forebrain transcriptome after SD. Combining both
genotypes, the expression of 1298 genes was significantly affected
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by SD (FDR o0.05), covering biological functions associated with
neurological functions, stress response, circadian rhythms, gene
expression and psychological disorders (Supplementary Table S1),
with predicted upstream regulators related to metabolism (for
example, UDP-D-glucose), synaptic transmission (for exam-
ple, NMDAR: N-methyl-D-aspartate receptors), circadian rhythms
(for example, CLOCK: Circadian Locomotor Output Clocks Kaput)
or activity-dependent signaling pathways (for example, CREB1 and
CREM) (Supplementary Table S2). No significant genome-wide
Genotype × SD interaction was detected after FDR correction,
and only 184 transcripts showed a Po0.05 before correction
(Figures 2a and b).
Therefore, a strong overlap was observed in genes responding

to SD in Nlgn1+/+ and Nlgn1− /− mice that did not reflect the
amplified rebound of SW slope in Nlgn1− /− mice. We validated
this conclusion by qPCR performed on selected genes associated

to transcription and stress response, as all interactions did not
reach statistical significance (Figure 2c), except for Fgf1 (fibroblast
growth factor 1). A significant correlation between qPCR and
microarray values was found (Figure 2d). Interestingly, effects of
SD were confirmed for genes associated to transcription (for
example, Arid4b and Cdkn1a) and to DNA methylation (5mC) (for
example, Mat2b, Dmnt3a1 and Dnmt3a2), which suggest a role for
these elements in shaping the brain transcriptome in
response to SD.

SD changes the epigenome
Thus, the absence of NLGN1 does not importantly contribute to
SD-dependent changes in brain transcriptome. However, elevated
neuronal activity associated with SD shapes the transcriptome and
affects Nlgn1 expression, which impacts synaptic function. Indeed,
in the cerebral cortex specifically, the expression of some Nlgn1

Figure 1. (a) Non-rapid eye movement (NREM) sleep spectral power during the first hour of recovery (REC) after sleep deprivation (SD)
expressed relative to the 24-h baseline (BL) (n= 9 Nlgn1+/+, 13 Nlgn1+/−, 12 Nlgn1− /−). Differences between Nlgn1− /− and Nlgn1+/+ are
highlighted by red (P≤ 0.05) and pink (Po0.1) symbols (also in c). (b) Slow wave (SW) density and properties averaged during light or dark
periods of BL and REC. SW density was higher in Nlgn1− /− than in Nlgn1+/+ and Nlgn1+/− for the 12-h light (genotype: F2,24≥ 3.6, Po0.04), and
was higher in REC than BL for the light period and lower in REC than BL for the dark period (condition: F1,34≥ 50.7, Po0.0001). Amplitude was
higher in Nlgn1− /− than Nlgn1+/+ and Nlgn1+/− for both periods (genotype: F2,34≥ 3.8, Po0.03); and higher in REC than BL for the 12-h light,
whereas lower in REC than BL for the 12-h dark (condition: F1,34≥ 5.3, Po0.03). Duration of positive phase and of negative phase was higher
in REC than BL for both periods (condition: F2,34≥ 46.2, Po0.0001). For the 12-h light, slope was higher in REC than in BL only in Nlgn1− /− and
Nlgn1+/− (interaction: F2,34≥ 3.2, P≤ 0.05). For the 12-h dark, slope was lower in REC compared with BL (condition: F1,34= 66.5, Po0.0001) and
higher in Nlgn1-/- than Nlgn1+/+ or Nlgn1+/- (genotype: F2,34= 5.4, Po0.01). (c) Time course of SW properties averaged across equal intervals
during BL and REC. During light periods, amplitude was higher in Nlgn1− /− than Nlgn1+/+ in the first six intervals of REC sleep as was slope for
specific intervals (Interactions: F38,589≥ 2.3, Po0.03). During dark periods, Nlgn1− /− showed higher slope than Nlgn1+/+ and Nlgn1+/−

(genotype: F2,31= 4.6, Po0.02). All SW properties varied significantly with time, and SD is indicated by the black rectangle. (d) Decay of SW
density, amplitude and slope between the first and the last intervals of REC light. The amplitude and slope decay was higher in Nlgn1− /− than
Nlgn1+/− and Nlgn1+/+ (F2,31>6.6, Po0.01). Nlgn1: Neuroligin-1.
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transcript variants is decreased by SD (Supplementary Figure S1A),
and our previous data support the involvement of clock genes in
this cortical decrease.18 Epigenetic mechanisms could be respon-
sible for this, because they regulate alternative splicing,33 and are
mechanistically linked to functions affected by SD (for example,
metabolism and stress response), including clock genes.34–36

Moreover, the expression of Nlgn and their partners Neurexins
(Nrxn) was recently shown to be regulated by epigenetic
regulators.37

DNA methylation (5mC) is an established mechanism of gene
silencing when occurring at upstream transcriptional regulatory
regions, while methylation in body of genes could modulate
additional regulatory regions or transcriptional processes such as
splicing.33,38–40 DNA hydroxymethylation (5hmC), a further mod-
ification of 5mC, is highly abundant in the brain,41–43 and could

serve as a stable mark that diversifies the 5mC signal.34,44–46 The
impact of SD on genome-wide 5mC and 5hmC profiles was thus
examined in the mouse cerebral cortex, for which we first
replicated the observation of SD-dependent changes in the
expression of genes associated to 5mC (Dnmt3a1, Dnmt3a2
and Mat2b; Supplementary Figure S1B) as we showed in the
forebrain (Figure 2c). DNA immunoprecipitation and chemical
labeling42,46 were used, for 5mC and 5hmC, respectively, because
of their exquisite specificity for the two different modifications.

SD changes DNA methylation. We observed 227 differentially
methylated probes (150 less and 79 more methylated after SD)
associated with 136 promoters (FDR o0.2) (Supplementary Table
S3). Enrichments were identified in genes related to neuritogen-
esis (P= 2.91E–5), synaptic plasticity (P= 5.7E–3) and glutathione

Figure 2. (a) Heat maps of the 184 transcripts displaying an interaction Genotype × sleep deprivation (SD) at Po0.05. Columns refer to
individual microarray data (n= 6 per group). Transcripts were ordered by hierarchical clustering (complete linkage) with Nlgn1− /− fold change
taken as a reference. (b) Scatter plot of the fold change in expression induced by SD in Nlgn1+/+ versus Nlgn1− /− mice. Only the 1298 probes
significantly affected by SD with a false discovery rate (FDR) o0.05 (two-way analysis of variance) are shown. The 184 transcripts that showed
an interaction with at Po0.05 before FDR correction are highlighted in red. (c) Microarray data and quantitative PCR (qPCR) validations of
selected targets showing measurements in Nlgn1+/+ versus Nlgn1− /− mice under control (Ctrl) and SD conditions. *Po0.05, **Po0.01,
***Po0.001 compared with control (and between genotypes for Arid4b). (d) Correlation between fold change relative to Nlgn1+/+ in control
condition observed in microarray and qPCR validation data sets. Nlgn1: Neuroligin-1.
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redox reaction (P= 6.9E–3), with the estrogen receptor (P= 8.09E-
–3) as a potential regulator of the differentially methylated genes.
For instance, SD changed 5mC of Wnt5a and Dlg4 (Psd95), which
modulate glutamatergic transmission47 or of Rab11b and the
cadherin Pcdh19 that associates with synaptic function.48,49

Several of these observations were replicated by qPCR and
significantly correlated with array quantification (Figures 3a and
b). Moreover, negative correlations between 5mC and mRNA
expression could be detected (for example, Aatk, Cys1,
Rab11b and Klf15) (Figure 3a) as previously reported.50 However,
the SD-dependent increase in 5mC detected in the second intron
of Dlg4 was associated with an increase in the expression of the
short transcript BY124098 (Figures 3a and c), which is consistent
with different roles for DNA methylation in 5′ regions and gene
body.51

SD importantly alters DNA hydroxymethylation. Using arrays
covering promoters, exons and introns of all known genes, we
found 12 637 differentially hydroxymethylated probes (5870 less
and 6767 more after SD) associated with 4697 genes (FDR o0.1)
(Supplementary Table S4; Figure 4a). Interestingly, enrichments
were observed for exons and transcription termination site (TTS)/
3′-untranslated region (UTR), but negative enrichments for
promoters, introns and intergenic regions (Figure 4b), suggesting
that changes in hydroxymethylation target different genomic
features than changes in DNA methylation. Gene set analysis
showed high enrichments in genes related to organismal death
(for example, Daxx and Tnf) organization of cytoskeleton (for
example, Actb and Cntn2, 4), kinase signaling (for example, Akt),
neurotransmission (for example, Nrxn1-3 and Nlgn3) (Supplemen-
tary Figure S2; Supplementary Table S5; Figure 4d); with potential
regulators including p73 (313 genes), p53 (313 genes) and steroids
(glucocorticoid receptors, 132 genes; estradiol, 320 genes)

(Supplementary Table S6). Some of these observations were
replicated by qPCR (Figures 4d and e).
We also compared overlaps between 5hmC differences and

publicly available (Encode) H3K4me1- and H3K27ac-binding sites
that are enriched at enhancers.51 We detected 1788 probes at
H3K4me1-binding sites corresponding to 912 genes, and 631
probes at H3K27ac-binding sites corresponding to 357 genes
(Supplementary Tables S7-8). These overlaps showed enrichments
in genes associated with axogenesis (for example, Ank3),
neurotransmission (for example, Ephb1) or oxidative stress (for
example, Gpx1) (Supplementary Tables S9 and S10). Four genes
showed a negative correlation between promoter 5hmC and
mRNA expression (Creb3; Figure 4e; Dnajb5, Dnmt3a2 and Mat2b,
Supplementary Figure S1B and S3). Other genes, which were
differentially hydroxymethylated in their gene body showed a
positive relationship with gene expression (Egr1 and Arc)
(Figure 4e). Interestingly, an increase in 5hmC at the 3′ end of
Dnmt3a1 and Dnmt3a2 after SD (Supplementary Figure S3)
associated with increased expression of both transcripts
(Supplementary Figure S1B), as already reported for other
genes.52 This suggests that changes in 5hmC may affect the
expression of enzymes involved in DNA methylation.

DISCUSSION
We here demonstrate that sleep loss has a broad impact on the
epigenetic landscape of the cerebral cortex, with DNA methylation
and hydroxymethylation modifications highly enriched in genes
involved in synaptic regulation, such as members of the Nrxn–-
Nlgn family. We also confirm the requirement of NLGN1 for a
normal neuronal synchrony response to SD as reflected by an
enhanced SW slope in Nlgn1− /− mice. The observation that this
EEG response was not coupled to major changes in gene

Figure 3. (a) Representative examples of changes in 5mC and mRNA expression after a 6-h sleep deprivation (SD) in the mouse cerebral
cortex. (b) Correlation between DNA methylation differences measured by 5mC-immunoprecipitation (IP)-arrays and validated by 5mC-IP-
quantitative PCRs. (c) Expanded views from the UCSC genome browser at the Dlg4 gene location. The first track shows average methylation
probe fold differences (Log2) and the second shows regions significantly differentially methylated. The last track shows exons and introns
taken from the mouse NCBI RNA reference sequence collection (RefSeq). #Po0.1, *Po0.05, **Po0.01, ***Po0.001 compared with control
(Ctrl).
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expression supports the hypothesis that NLGN1 acts downstream
of the mechanisms triggering transcriptional changes associated
with prolonged wakefulness. Our results thus suggest that
epigenetic modifications constitute a primary response to
elevated sleep pressure showing the potential to integrate
different brain processes, and to modulate synaptic function
notably by affecting the expression of synaptic elements.
We previously showed that Nlgn1− /− mice suffer from impaired

wakefulness quality and duration, which associated with
enhanced delta power rebound after SD.18 Here we observed
that Nlgn1− /− mice exhibit more SW of higher amplitude and
slope, but of equivalent duration. SW may have a role in
information processing and synaptic plasticity.9,11,27,32 A higher

slope associates with more synchronous recruitment of cortical
neurons,11 and high amplitude and slope were linked to stronger
synaptic strength.11,32 However, despite an apparent intensified
sleep after SD that may represent stronger synaptic connections,
Nlgn1− /− mice show deficits in wake duration and quality18 that
suggest either an impaired recovery during sleep or an enhanced
damaging impact of wakefulness. The former may be supported
by the role of NLGN1 in regulating NMDAR activity,53 which may
recover during sleep; whereas the second fits with the role of
NLGN1 in tuning down glutamate release under high activity.54

We found that SW amplitude and slope decreased in the course of
sleep in Nlgn1− /− mice, and even more than in Nlgn1+/+,
suggesting a functional recovery system. Hence, Nlgn1− /− mice

Figure 4. (a) Heat map of 4000 more significant probes showing an effect of sleep deprivation (SD) on 5hmC in the mouse cerebral cortex.
Columns refer to three pools of DNA of three control (Ctrl) and three SD mice (total nine per group). Transcripts were ordered by hierarchical
clustering (complete linkage). (b) Differentially 5hmC sites were enriched in exons (Po10E–300, Fisher's Exact Test); TTS/3′-untranslated
region (Po10E–300) but negatively enriched in promoters (Po10E–300), introns (Po6.8E–11) and intergenic regions (Po1.6E–43). (c)
Correlation between DNA hydroxymethylation differences measured by 5hmC-IP-arrays and 5hmC-IP-quantitative PCRs for 15 different
genomic regions. (d) Changes in 5hmC after a 6-h SD for selected targets. (e) Selected changes in 5hmC and mRNA expression after a 6-h SD.
#Po0.1, *Po0.05, **Po0.01, ***Po0.001 compared with control (Ctrl).
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may express a steeper increase in sleep need during wakefulness
likely because of more damaging wakefulness.
The EEG differences between Nlgn1− /− and Nlgn1+/+ mice were

observed without major changes in the brain transcriptome after
SD. Of note, Fgf1 was the only transcript showing an increase
strictly in Nlgn1− /− mice, suggesting that this gene is downstream
to Nlgn1. Administration of FGF1 was shown to increase NREM
sleep in mammals,55,56 and recent observations of a SD-
dependent increase in Fgf1 in oligodendrocytes may indicate that
these cells specifically benefit from such increase during SD.57 This
indicates that specific brain cells may be affected in Nlgn1− /−

mice and that it can impact EEG synchrony in response to SD.
SD increased, in both Nlgn1− /− and Nlgn1+/+ mice, the

expression of the DNA methyltransferases Dnmt3a1 and Dnmt3a2.
DNMT3a2, in particular, senses calcium signaling and NMDAR
activity.58 We also observed a decrease in methionine adenosyl-
transferase II beta (Mat2b) expression, which is part of a
methionine transferase complex that catalyzes the synthesis of
the methyl donor in DNA 5mC reactions.59 These observations, in
addition to the fact that DNA methylation is sensitive to neuronal
activity,22 regulate the expression of plasticity-related
genes,21,23,60,61 and is implicated in cognitive processes and
psychiatric diseases,21,40,60–62 strongly support the hypothesis that
changes in epigenetic mechanisms are responsible for the SD-
dependent response of the brain transcriptome.
We indeed discovered that SD changes DNA 5mC and 5hmC

patterns in the cerebral cortex. Genes differentially methylated
relate to neuritogenesis, synaptic plasticity and cellular stress
response. Of interest, some of these genes are potential targets of
the estrogen receptor, a known modulator of 5mC levels63,64 and a
proposed regulator of sleep duration.65 Furthermore, we observed
a widespread impact of SD on the DNA 5hmC landscape, covering
genes involved in organization of cytoskeleton, gene expression,
neurotransmission, cell signaling and synaptic assembly, which
closely reflects functions previously linked to the SD-driven
transcriptome.14–17 We also observed enrichment in genes
associated with organismal death that may reflect the cellular
stress induced by SD or, alternatively, a stress hardening process
as an adaptation to SD.66 Importantly, many transcripts related to
synaptic function and adhesion (for example, Nrxn1-2-3, Nlgn3,
Ephb2-3-4-6 and Epha7-8) were enriched in genes differentially
hydroxymethylated after SD, providing a pathway by which the
5hmC pattern can feedback on synaptic activity. These include
many partners of NLGN1 such as NRXN, NLGN3 and DLG4.
Moreover, enriched 5hmC differences in exons and 3′-untrans-
lated region may have a role, as for 5mC,33,52 in gene expression,
pre-mRNA processing and splicing that is of particular relevance to
the Nrxn–Nlgn family,67 especially in the context of elevated sleep
need.18

Functions covered by epigenetic modifications after SD and
their association with changes in gene expression strongly
suggest that they actively participate in the regulation of sleep
need by adjusting the brain transcriptome to the modified internal
milieu. In future studies, the direct contribution of both 5mC and
5hmC to the EEG and gene expression changes induced by SD will
need to be addressed. Assessing the participation of these
changes in the transient and acute response to sleep loss and in
more stable events representing chronic adaptation68 will reveal
basic aspects of brain function and their links to mental health.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGMENTS
We are thankful to colleagues that helped with SD (SR Netedu and H Blais), and to
Gaétan Poirier and Gaétan Tremblay for technical help. This work was funded

by Canadian Institutes of Health Research (Operating Grant 231095-111021 (to VM),
MOP-42411 (to MSzyf), Fonds de la recherche du Québec - Santé, Research Center of
the Hôpital du Sacré-Coeur de Montréal, Sackler McGill Program in Psychobiology
and Epigenetics (to MSzyf).

REFERENCES
1 Boland EM, Alloy LB.. Sleep disturbance and cognitive deficits in bipolar disorder:

toward an integrated examination of disorder maintenance and functional
impairment. Clin Psychol Rev 2013; 33: 33–44.

2 Krystal AD. Psychiatric disorders and sleep. Neurol Clin 2012; 30: 1389–1413.
3 Kotagal S, Broomall E. Sleep in children with autism spectrum disorder. Pediatr

Neurol 2012; 47: 242–251.
4 Hatfield CF, Herbert J, van Someren EJ, Hodges JR, Hastings MH. Disrupted daily

activity/rest cycles in relation to daily cortisol rhythms of home-dwelling patients
with early Alzheimer's dementia. Brain 2004; 127(Pt 5): 1061–1074.

5 McCoy JG, Strecker RE. The cognitive cost of sleep lost. Neurobiol Learn Mem 2011;
96: 564–582.

6 Walker MP. Cognitive consequences of sleep and sleep loss. Sleep Med 2008; 9
(Suppl 1): S29–S34.

7 Dallaspezia S, Benedetti F. Chronobiological therapy for mood disorders. Expert
Rev Neurother 2011; 11: 961–970.

8 Borbély AA. A two process model of sleep regulation. Hum Neurobiol 1982; 1:
195–204.

9 Tononi G, Cirelli C. Sleep function and synaptic homeostasis. Sleep Med Rev 2006;
10: 49–62.

10 Franken P, Dijk DJ. Circadian clock genes and sleep homeostasis. Eur J Neurosci
2009; 29: 1820–1829.

11 Vyazovskiy VV, Olcese U, Lazimy YM, Faraguna U, Esser SK, Williams JC et al.
Cortical firing and sleep homeostasis. Neuron 2009; 63: 865–878.

12 Carrier J, Viens I, Poirier G, Robillard R, Lafortune M, Vandewalle G et al. Sleep slow
wave changes during the middle years of life. Eur J Neurosci 2011; 33: 758–766.

13 Mongrain V, Carrier J, Paquet J, Bélanger-Nelson E, Dumont M. Morning and
evening-type differences in slow waves during NREM sleep reveal both trait and
state-dependent phenotypes. PLoS ONE 2011; 6: e22679.

14 Cirelli C, Tononi G. Gene expression in the brain across the sleep-waking cycle.
Brain Res 2000; 885: 303–321.

15 Mackiewicz M, Shockley KR, Romer MA, Galante RJ, Zimmerman JE, Naidoo N et al.
Macromolecule biosynthesis: a key function of sleep. Physiol Genomics 2007; 31:
441–457.

16 Maret S, Dorsaz S, Gurcel L, Pradervand S, Petit B, Pfister C et al. Homer1a is a core
brain molecular correlate of sleep loss. Proc Natl Acad Sci USA 2007; 104:
20090–20095.

17 Mongrain V, Hernandez SA, Pradervand S, Dorsaz S, Curie T, Hagiwara G et al.
Separating the contribution of glucocorticoids and wakefulness to the molecular
and electrophysiological correlates of sleep homeostasis. Sleep 2010; 33:
1147–1157.

18 El Helou J, Belanger-Nelson E, Freyburger M, Dorsaz S, Curie T, La Spada F et al.
Neuroligin-1 links neuronal activity to sleep-wake regulation. Proc Natl Acad Sci
USA 2013; 110: 9974–9979.

19 Sudhof TC. Neuroligins and neurexins link synaptic function to cognitive disease.
Nature 2008; 455: 903–911.

20 Daoust AM, Limoges E, Bolduc C, Mottron L, Godbout R. EEG spectral analysis of
wakefulness and REM sleep in high functioning autistic spectrum disorders. Clin
Neurophysiol 2004; 115: 1368–1373.

21 Munoz PC, Aspe MA, Contreras LS, Palacios AG. Correlations of recognition
memory performance with expression and methylation of brain-derived neuro-
trophic factor in rats. Biol Res 2010; 43: 251–258.

22 Guo JU, Ma DK, Mo H, Ball MP, Jang MH, Bonaguidi MA et al. Neuronal activity
modifies the DNA methylation landscape in the adult brain. Nature Neurosci 2011;
14: 1345–1351.

23 Rajasethupathy P, Antonov I, Sheridan R, Frey S, Sander C, Tuschl T et al. A role for
neuronal piRNAs in the epigenetic control of memory-related synaptic plasticity.
Cell 2012; 149: 693–707.

24 Varoqueaux F, Aramuni G, Rawson RL, Mohrmann R, Missler M, Gottmann K et al.
Neuroligins determine synapse maturation and function. Neuron 2006; 51:
741–754.

25 Franken P, Dijk DJ, Tobler I, Borbély AA. Sleep deprivation in rats: effects on EEG
power spectra, vigilance states, and cortical temperature. Am J Physiol 1991; 261
(Pt 2): R198–R208.

26 Franken P, Malafosse A, Tafti M. Genetic variation in EEG activity during sleep in
inbred mice. Am J Physiol 1998; 275(Pt 2): R1127–R1137.

27 Mölle M, Yeshenko O, Marshall L, Sara SJ, Born J. Hippocampal sharp wave-ripples
linked to slow oscillations in rat slow-wave sleep. J Neurophysiol 2006; 96: 62–70.

Sleep loss changes DNA methylation and hydroxymethylation
R Massart et al

7

© 2014 Macmillan Publishers Limited Translational Psychiatry (2014), 1 – 8



28 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J Roy Statist Soc Ser B 1995; 57: 289–300.

29 Provencal N, Suderman MJ, Guillemin C, Massart R, Ruggiero A, Wang D et al. The
signature of maternal rearing in the methylome in rhesus macaque prefrontal
cortex and T cells. J Neurosci 2012; 32: 15626–15642.

30 Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat Protoc 2009; 4: 44–57.

31 Huang da W, Sherman BT, Lempicki RA. Bioinformatics enrichment tools: paths
toward the comprehensive functional analysis of large gene lists. Nucleic Acids Res
2009; 37: 1–13.

32 Esser SK, Hill SL, Tononi G. Sleep homeostasis and cortical synchronization: I.
Modeling the effects of synaptic strength on sleep slow waves. Sleep 2007; 30:
1617–1630.

33 Brown SJ, Stoilov P, Xing Y. Chromatin and epigenetic regulation of pre-mRNA
processing. Hum Mol Genet 2012; 21: R90–R96.

34 Valinluck V, Tsai HH, Rogstad DK, Burdzy A, Bird A, Sowers LC. Oxidative damage
to methyl-CpG sequences inhibits the binding of the methyl-CpG binding domain
(MBD) of methyl-CpG binding protein 2 (MeCP2). Nucleic Acids Res 2004; 32:
4100–4108.

35 Donohoe DR, Bultman SJ. Metaboloepigenetics: interrelationships between
energy metabolism and epigenetic control of gene expression. J Cell Physiol 2012;
227: 3169–3177.

36 Aguilar-Arnal L, Sassone-Corsi P. The circadian epigenome: how metabolism talks
to chromatin remodeling. Curr Opin Cell Biol 2013; 25: 170–176.

37 Runkel F, Rohlmann A, Reissner C, Brand SM, Missler M. Promoter-like sequences
regulating transcriptional activity in neurexin and neuroligin genes. J Neurochem
2013; 127: 36–47.

38 Tammen SA, Friso S, Choi SW. Epigenetics: the link between nature and nurture.
Mol Aspects Med 2013; 34: 753–764.

39 Szyf M, McGowan P, Meaney MJ. The social environment and the epigenome.
Environ Mol Mutagen 2008; 49: 46–60.

40 Zovkic IB, Guzman-Karlsson MC, Sweatt JD. Epigenetic regulation of memory
formation and maintenance. Learn Mem 2013; 20: 61–74.

41 Kriaucionis S, Heintz N. The nuclear DNA base 5-hydroxymethylcytosine is present
in Purkinje neurons and the brain. Science 2009; 324: 929–930.

42 Szulwach KE, Li X, Li Y, Song CX, Wu H, Dai Q et al. 5-hmC-mediated epigenetic
dynamics during postnatal neurodevelopment and aging. Nat Neurosci 2011; 14:
1607–1616.

43 Jin SG, Wu X, Li AX, Pfeifer GP. Genomic mapping of 5-hydroxymethylcytosine in
the human brain. Nucleic Acids Res 2011; 39: 5015–5024.

44 Hashimoto H, Liu Y, Upadhyay AK, Chang Y, Howerton SB, Vertino PM et al.
Recognition and potential mechanisms for replication and erasure of cytosine
hydroxymethylation. Nucleic Acids Res 2012; 40: 4841–4849.

45 Yildirim O, Li R, Hung JH, Chen PB, Dong X, Ee LS et al. Mbd3/NURD complex
regulates expression of 5-hydroxymethylcytosine marked genes in embryonic
stem cells. Cell 2011; 147: 1498–1510.

46 Song CX, Szulwach KE, Fu Y, Dai Q, Yi C, Li X et al. Selective chemical labeling
reveals the genome-wide distribution of 5-hydroxymethylcytosine. Nat Biotechnol
2011; 29: 68–72.

47 Varela-Nallar L, Parodi J, Farias GG, Inestrosa NC. Wnt-5a is a synaptogenic factor
with neuroprotective properties against Abeta toxicity. Neurodegener Dis 2012;
10: 23–26.

48 Khvotchev MV, Ren M, Takamori S, Jahn R, Südhof TC. Divergent functions of
neuronal Rab11b in Ca2+-regulated versus constitutive exocytosis. J Neurosci
2003; 23: 10531–10539.

49 Redies C, Hertel N, Hubner CA. Cadherins and neuropsychiatric disorders. Brain
Res 2012; 1470: 130–144.

50 Vardimon L, Kressmann A, Cedar H, Maechler M, Doerfler W. Expression of a
cloned adenovirus gene is inhibited by in vitromethylation. Proc Natl Acad Sci USA
1982; 79: 1073–1077.

51 Kulis M, Queirós AC, Beekman R, Martín-Subero JI. Intragenic DNA methylation in
transcriptional regulation, normal differentiation and cancer. Biochim Biophys Acta
2013; S1874-9399: 00122–00123.

52 Day JJ, Childs D, Guzman-Karlsson MC, Kibe M, Moulden J, Song E et al. DNA
methylation regulates associative reward learning. Nat Neurosci 2013; 16:
1445–1452.

53 Chubykin AA, Atasoy D, Etherton MR, Brose N, Kavalali ET, Gibson JR et al. Activity-
dependent validation of excitatory versus inhibitory synapses by neuroligin-1
versus neuroligin-2. Neuron 2007; 54: 919–931.

54 Peixoto RT, Kunz PA, Kwon H, Mabb AM, Sabatini BL, Philpot BD et al. Transsy-
naptic signaling by activity-dependent cleavage of neuroligin-1. Neuron 2012; 76:
396–409.

55 De Saint Hilaire Z, Nicolaïdis S. Enhancement of slow wave sleep parallel to the
satiating effect of acidic fibroblast growth factor in rats. Brain Res Bull 1992; 29:
525–528.

56 Galan JM, Cuevas B, Dujovny N, Giménez-Gallego G, Cuevas P. Sleep promoting
effects of intravenously administered acidic fibroblast growth factor. Neurol Res
1996; 18: 567–569.

57 Bellesi M, Pfister-Genskow M, Maret S, Keles S, Tononi G, Cirelli C. Effects of sleep
and wake on oligodendrocytes and their precursors. J Neurosci 2013; 33:
14288–14300.

58 Oliveira AM, Hemstedt TJ, Bading H. Rescue of aging-associated decline in
Dnmt3a2 expression restores cognitive abilities. Nat Neurosci 2012; 15:
1111–1113.

59 Igarashi K, Katoh Y. Metabolic aspects of epigenome: coupling of s-adeno-
sylmethionine synthesis and gene regulation on chromatin by SAMIT module.
Subcell Biochem 2012; 61: 105–118.

60 Miller CA, Campbell SL, Sweatt JD. DNA methylation and histone acetylation work
in concert to regulate memory formation and synaptic plasticity. Neurobiol Learn
Mem 2008; 89: 599–603.

61 Lubin FD, Roth TL, Sweatt JD. Epigenetic regulation of BDNF gene transcription in
the consolidation of fear memory. J Neurosci 2008; 28: 10576–10586.

62 van Vliet J, Oates NA, Whitelaw E. Epigenetic mechanisms in the context of
complex diseases. Cell Mol Life Sci 2007; 64: 1531–1538.

63 Metivier R, Gallais R, Tiffoche C, Le Peron C, Jurkowska RZ, Carmouche RP et al.
Cyclical DNA methylation of a transcriptionally active promoter. Nature 2008; 452:
45–50.

64 Kangaspeska S, Stride B, Metivier R, Polycarpou-Schwarz M, Ibberson D, Car-
mouche RP et al. Transient cyclical methylation of promoter DNA. Nature 2008;
452: 112–115.

65 Trenell MI, Marshall NS, Rogers NL. Sleep and metabolic control: waking to a
problem? Clin Exp Pharmacol Physiol 2007; 34: 1–9.

66 Kultz D. Molecular and evolutionary basis of the cellular stress response. Annu Rev
Physiol 2005; 67: 225–257.

67 Krueger DD, Tuffy LP, Papadopoulos T, Brose N. The role of neurexins and neu-
roligins in the formation, maturation, and function of vertebrate synapses. Curr
Opin Neurobiol 2012; 22: 412–422.

68 Szyf M. The early-life social environment and DNA methylation. Clin Genet 2012;
81: 341–349.

This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivs 3.0 Unported License. To view a copy of

this license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

Sleep loss changes DNA methylation and hydroxymethylation
R Massart et al

8

Translational Psychiatry (2014), 1 – 8 © 2014 Macmillan Publishers Limited


	The genome-wide landscape of DNA methylation and hydroxymethylation in response to sleep deprivation impacts on synaptic plasticity�genes
	Introduction
	Materials and methods
	Animals and EEG
	Microarray
	DNA enrichment and labeling
	5&#x02009;mC and 5&#x02009;hmC&#x000A0;arrays
	Biological function analysis

	Results
	Altered SW in Nlgn1&#x02212;�/�&#x02212; mice
	Typical brain transcriptome changes after SD in Nlgn1-/- mice
	SD changes the epigenome

	Figure 1 (a) Non-rapid eye movement (NREM) sleep spectral power during the first hour of recovery (REC) after sleep deprivation (SD) expressed relative to the 24-h baseline (BL) (n�=�9 Nlgn1+/�+, 13 Nlgn1+/&#x02212;, 12 Nlgn1&#x02212;�/�&#x02212;).
	Outline placeholder
	SD changes DNA methylation


	Figure 2 (a) Heat maps of the 184 transcripts displaying an interaction Genotype&#x000A0;�&#x000D7;� sleep deprivation (SD) at Plt0.05.
	Outline placeholder
	SD importantly alters DNA hydroxymethylation


	Discussion
	Figure 3 (a) Representative examples of changes in 5mC and mRNA expression after a 6-h sleep deprivation (SD) in the mouse cerebral cortex.
	Figure 4 (a) Heat map of 4000 more significant probes showing an effect of sleep deprivation (SD) on 5hmC in the mouse cerebral cortex.
	We are thankful to colleagues that helped with SD (SR&#x000A0;Netedu&#x000A0;and H&#x000A0;Blais), and to Ga&#x000E9;tan Poirier and Ga&#x000E9;tan Tremblay for technical help. This work was funded by&#x000A0;Canadian Institutes of Health Research (Operat
	We are thankful to colleagues that helped with SD (SR&#x000A0;Netedu&#x000A0;and H&#x000A0;Blais), and to Ga&#x000E9;tan Poirier and Ga&#x000E9;tan Tremblay for technical help. This work was funded by&#x000A0;Canadian Institutes of Health Research (Operat
	ACKNOWLEDGEMENTS
	REFERENCES




