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Abstract

Sleep is an essential, tightly regulated biological function. Sleep is also a homeostatic process, with the need to
sleep increasing as a function of being awake. Acute sleep deprivation (SD) increases sleep need, and
subsequent recovery sleep (RS) discharges it. SD is known to alter brain gene expression in rodents, but it
remains unclear which changes are linked to sleep homeostasis, SD-related impairments, or non-sleep-specific
effects. To investigate this question, we analyzed RNA-seq data from adult wild-type male mice subjected to 3
and 5-6 hours of SD and 2 and 6 hours of RS after SD. We hypothesized molecular changes associated with
sleep homeostasis mirror sleep pressure dynamics as defined by brain electrical activity, peaking at 5-6 hours
of SD, and are no longer differentially expressed after 2 hours of RS. We report 5-6 hours of SD produces the
largest effect on gene expression, affecting approximately half of the cortical transcriptome, with most
differentially expressed genes (DEGs) downregulated. The majority of DEGs normalize after 2 hours of RS and
are involved in redox metabolism, chromatin regulation, and DNA damage/repair. Additionally, RS affects gene
expression related to mitochondrial metabolism and Wnt-signaling, potentially contributing to its restorative
effects. DEGs associated with cholesterol metabolism and stress response do not normalize within 6 hours and
may be non-sleep-specific. Finally, DEGs involved in insulin signaling, MAPK signaling, and RNA-binding may
mediate the impairing effects of SD. Overall, our results offer insight into the molecular mechanisms
underlying sleep homeostasis and the broader effects of SD.

New & Noteworthy

This study investigates different time points of sleep deprivation and recovery sleep to better understand the
molecular processes influenced by sleep and lack of sleep. This study highlights redox metabolism, chromatin
regulation, and DNA damage/repair as molecular mechanisms linked to sleep homeostasis while showing the
effects of stress are probably non-sleep-specific based on transcriptional dynamics.
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Introduction

Sleep is a tightly regulated essential biological function. Sleep regulation is controlled by two processes, a
circadian process that determines the timing of sleep and a homeostatic process that determines sleep need
as a function of being awake (sleep pressure) (1). Acute sleep deprivation (SD) increases sleep pressure, and
subsequent sleep, termed recovery sleep (RS), discharges it. The dynamics of this are physiologically well
understood based on measures of brain electrical activity and known to be under genetic control (2).
However, the cellular and molecular basis of homeostatic sleep pressure remains poorly understood.

Sleep and sleep loss have consistently been shown to regulate gene expression throughout the brain in
rodents (3—14). SD impacts the frontal cortex transcriptome (13), with studies identifying specific gene-
associated cellular localizations (10) and functions (8, 13) affected by SD. However, which proportion of those
changes are directly linked to increased sleep pressure remains underexplored. In particular, there has been
little work on transcriptional dynamics across both short and prolonged amounts of RS. Additionally, SD
impairs various cognitive functions, including working memory (15) and spatial learning (16), yet the dynamics
of recovery for genes associated with these functions are underexplored. We hypothesize that transcriptional
changes after SD, which form the basis of sleep homeostasis, respond dynamically to subsequent RS with
similar dynamics as brain activity measures of sleep pressure. Our lab previously studied these dynamics
utilizing microarrays, finding that the effects of acute SD are quickly reversible (8). These findings align
biologically with the primary discharge of sleep pressure in the first 2 hours of RS. However, the molecular
basis of sleep homeostasis remains poorly described. As such, exploring the dynamics of SD and RS is vital to
further understanding the molecular basis of the accumulation of sleep pressure.

To address this question, we integrated data from our lab with a publicly available RNA-seq dataset to
investigate transcriptional dynamics at the gene level across multiple SD and RS time points in the cortex of
adult wild-type male mice. We report a largely repressive effect of SD that affects approximately half of the
cortical transcriptome as we have previously reported (13), which is maximal at 5-6 hours when sleep pressure
is highest. This study identifies redox metabolism, chromatin regulation, and DNA damage/repair as likely
molecular mechanisms of sleep homeostasis. Finally, we provide potential insight into the functions that may
mediate the impairments seen during SD, as well as non-sleep-specific effects of cellular stress on the
transcriptional response to SD.

Materials and Methods

Experimental design and animals

Most of the data in this study were extracted from two previously published RNA-seq datasets: GSE140345
(14) and GSE113754 (17). For detailed methodology regarding these studies, please see the respective
citation. Described here is the protocol for mice subjected to 5 hours of sleep deprivation (SD5) followed by 2
hours of subsequent recovery sleep (RS2) and their corresponding home cage controls (HC7). All experimental
procedures were approved by the Institutional Animal Care and Use Committee of Washington State
University and conducted in accordance with National Research Council guidelines and regulations for
experiments in live animals.
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Adult male wild-type (WT) C57BL/6J mice (8—12 weeks old) were used in all studies to allow for comparison
with the publicly available datasets. SD was performed via gentle handling as previously described (17). Briefly,
mice were individually housed in standard cages at 24 + 1°C on a 12:12 hour light/dark cycle with food and
water ad libitum seven days before tissue collection. Mice were assigned to either SD with subsequent RS (SD
+ RS, n =5 independent animals) or home cage (HC, n = 5) control conditions. Beginning at light onset,
zeitgeber time 0 (ZT0), the mice in the SD + RS group were kept awake for 5 hours and then allowed to sleep
for 2 hours. Mice in the HC group served as circadian controls and were left undisturbed in their HC for 7 hours
from ZTO to ZT7.

Tissue collection

Without prior anesthesia, mice were immediately sacrificed at ZT7 by cervical dislocation and decapitation,
alternating between the SD + RS and HC groups. Frontal cortex tissue was dissected on a cold block, flash-
frozen in liquid nitrogen, and stored at —80°C until processing (11, 17). This protocol was repeated over five
days, with one sample from each treatment group collected daily and all tissue collected within the first 15
minutes of the hour.

RNA isolation and sequencing

Tissue was homogenized in Qiazol buffer (Qiagen, Hilden, Germany) using a TissueLyser (Qiagen), and RNA
was extracted using the Qiagen RNeasy kit. The integrity of total RNA was verified using Fragment Analyzer
(Advanced Analytical Technologies, Inc, Ankeny, 1A) with the High Sensitivity RNA Analysis Kit (Advanced
Analytical Technologies, Inc). The TruSeq Stranded mRNA Library Prep Kit (Illumina, San Diego, CA) was used
for RNA library preparation. Briefly, mRNA was isolated from 2.5 mg of total RNA using poly-T oligo attached
to magnetic beads and then subjected to fragmentation, followed by cDNA synthesis, dA-tailing, adaptor
ligation, and PCR enrichment. RNA library sizes were assessed by Fragment Analyzer with the High Sensitivity
NGS Fragment Analysis Kit (Advanced Analytical Technologies, Inc). The concentrations of RNA libraries were
measured by the StepOnePlus Real-Time PCR System (ThermoFisher Scientific, San Jose, CA) with the KAPA
Library Quantification Kit (Kapa Biosystems, Wilmington, MA). The libraries were diluted to 2 nM with Tris
buffer (10 mM Tris-HCI, pH 8.5) and denatured with 0.1 M NaOH. Eighteen pM libraries were clustered in a
high-output flow cell using the HiSeq Cluster Kit v4 on a cBot (lllumina). After cluster generation, the flow cell
was loaded onto the HiSeq 2500 for sequencing using the HiSeq SBS kit v4 (lllumina). DNA was paired-end
sequenced with a read length of 100 bp and an average sequencing depth of 54 million read pairs per sample.
HiSeq Control Software (v. 2.2.68) was used for base calling, and raw bcl files were converted to FASTQ files
using bcl2fastq (v. 2.17.1.14). Adapters were trimmed from the FASTQ files during the conversion. All library
preparation and sequencing steps were performed by the WSU Spokane Genomics Core.

Data integration

The RS2 and HC7 time points were integrated with samples from GSE140345 and GSE113754 (Figure 1).
Altogether, the following time points were included: 3, 5, and 6 hours of SD (SD3, SD5, SD6); 5 hours of SD
followed by 2 hours of RS (RS2); and 6 hours of SD followed by 6 hours of RS (RS6). For each time point, there
were time-matched home cage controls (HC3, HC5, HC6, HC7, HC12) to account for variations in circadian
timing. Samples for the SD5 and HC5 time points were generated in GSE113754 and extracted from frontal
cortex tissue. Samples for the SD3, HC3, SD6, HC6, RS6, and HC12 time points were generated in GSE140345
and extracted from cerebral cortex tissue. There were n = 3 independent animals for the SD3, HC3, SD6, and
RS6 time points and n = 5 independent animals for the SD5, HC5, HC6, RS2, HC7, and HC12 time points.
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Figure 1. Summary of experimental time points in this study. Top: SD3 (n = 3), SD5 (n =5), SD6 (n = 3); 3, 5, and 6 hours of sleep
deprivation (SD). Middle: RS2 (n = 5), RS6 (n = 3); 2 and 6 hours of recovery sleep (RS) after SD5 and SD6, respectively. Bottom: HC3
(n=3),HC5 (n=5), HC6 (n =5), HC7 (n = 5), HC12 (n = 5); circadian home cage (HC) controls for each SD and RS time point. Red
colors indicate SD, blue colors indicate RS, and gray colors indicate HC.

Transcript quantification

Raw sequencing reads were quantified using Salmon (v. 1.8.0) (18). Briefly, the reference genome and
transcriptome annotation files were downloaded from GENCODE (release M28, genome assembly GRCm39).
The genome targets, which served as decoys, and the concatenated list of transcriptome targets were used to
build the index with the following parameters: --gencode’ and -k 31". For the quantification step, the
following parameters were used: "--libType A" and "--numBootstraps 30°. The Tximeta R/Bioconductor package
(v. 1.18.0) (19) was used to import transcript quantification data from Salmon and summarize transcript-level
quantifications to the gene level. Other packages from the R/Bioconductor project (v. 3.17.1) (20, 21) were
used throughout the data analysis pipeline.

Differential expression analysis

To account for inflated log2 fold change (log2FC) values associated with lowly expressed genes, the matrix of
gene counts was filtered to remove genes with less than ten reads across more than five samples. Selecting
five samples made sense for our dataset as the majority of experimental conditions had five replicates. Upper-
quartile between-lane normalization was implemented using the EDASeq package (v. 2.34.0) (22) to correct
for library size. Unwanted variation was estimated using the RUVSeq package (v. 1.34.0) (23). k =3 was
needed to adequately correct for batch effects. A set of 3422 genes (Additional File 4 from (8), adj. p-value >
0.9) less likely to be affected by SD were used as negative controls for RUVs. These genes were obtained from
an independent microarray study after 5-6 hours of SD (8) and will be referred to as empirical negative
controls hereafter.

Differential gene expression analysis with a mixed effects model (QLF plus unwanted factors estimated during
RUVs normalization) was performed using the edgeR package (v. 3.38.1) (24) with FDR < 0.05. The SD5 and
SD6 time points and the HC5 and HC6 time points were grouped to obtain a single estimate of the effects of a
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long (5—6 hours) SD duration and to remove the batch effects due to different laboratories and brain regions
(cortex versus frontal cortex). Given that sleep pressure accumulation plateaus between 5-6 hours of SD (2),
this approach likely captures gene expression changes at maximum sleep pressure after SD. The following
pairwise comparisons were selected, with differential expression being determined relative to HC controls:
SD3 vs. HC3, SD5—-6 vs. HC5-6, RS2 vs. HC7, and RS6 vs. HC12.

A set of 670 positive control genes (Additional File 2 from (8), ad]. p-value < 0.01) assembled independent of
lab, technology, and brain region following 5—6 hours of SD were used to assess the reproducibility of results
from differential expression. Approximately 200 genes (Additional File 4 from (8), adj. p-value < 0.01)
previously reported to be differentially expressed at 2 or 6 hours of RS following 5-6 hours of SD in the
prefrontal cortex were also used. As with the empirical negative controls, probe IDs were mapped to Ensembl
IDs, which were then annotated using Ensembl release 105 (25). Probe IDs mapping to non-unique Ensembl
IDs were discarded, and Ensembl IDs with no associated gene name following annotation were removed. All
positive and empirical negative controls can be found in Supplemental Table S1.

In addition to the FDR cutoff, a log2 counts per million (log2CPM) filter was also applied to filter for
differentially expressed genes. Log2CPM > 0 was chosen to optimize the recovery of SD positive controls while
simultaneously minimizing the recovery of empirical negative controls. This led to over 150 fewer empirical
negative controls in the dataset, with only nine positive controls lost (Supplemental Table S2).

Functional enrichment analysis

The four lists of differentially expressed genes from the four pairwise comparisons were annotated with basic
gene description information and separated into upregulated and downregulated lists by log2FC. UpSet plots
were generated using the UpSetR (v. 1.4.0) (26) and ComplexUpset (v. 1.3.3) packages and were used to
visualize all possible intersections across time points separately for upregulated and downregulated genes.
Sufficiently large (at least 100 genes) and biologically relevant intersections were selected for functional
enrichment analysis. Gene lists for each of the three levels of recovery regardless of the amount of SD
required for differential expression (normalize within 2 hours; require 2—6 hours to normalize; require more
than 6 hours to normalize) were obtained by taking the respective union (indicated with U) across SD3 and
SD3/SD5—-6. These lists were also selected for functional enrichment analysis.

Functional annotation of subsets of genes that fit one of the three patterns of recovery (separating by 3 or 5-6
hours of SD) or that were unique to the RS2 or RS6 time points was performed using the Database for
Annotation, Visualization, and Integrated Discovery v2021 (DAVID) (27, 28) with DAVID Knowledgebase
v2023q3. UniProt (https://www.uniprot.org/) biological process and molecular function terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways (https://www.genome.jp/kegg/pathway.html) were
selected as annotation categories. An enrichment p-value (EASE score) threshold of 0.05 was used, with
enrichment being determined relative to the filtered list of 18872 expressed genes. Clustering of terms was
performed using initial and final group memberships of 3 and a similarity threshold of 0.20 to allow for
inclusive clustering. Clustered and unclustered terms were visualized with bubble plots generated using the
ggplot2 (v. 3.5.1) package. Terms within a given cluster were condensed into a single informative cluster name
by taking the geometric mean of their fold enrichment values. Hub genes were defined by identifying genes
that appeared in every individual term for a functional annotation cluster.
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Results

The majority of transcriptional changes require 5—6 hours of sleep deprivation and are no longer detected
after 2 hours of recovery sleep.

It is known that acute SD influences genome-wide gene expression in the brain (3—14). This molecular
response is, in part thought to underlie the basis of the homeostatic response to acute sleep loss. However,
how different amounts of SD and subsequent recovery sleep (RS) influence the dynamics of gene expression is
not well understood. Understanding how and when different genes and their associated biological functions
and pathways normalize can help explain the molecular basis of sleep homeostasis. In this study, we
integrated data obtained after different amounts of acute SD (3 and 5-6 hours) and subsequent RS (2 and 6
hours) from independent studies to define the ability of SD and RS to dynamically influence gene expression in
the cortex of adult male mice (see Methods, Figure 1).

Figure 2 shows the results of normalization and differential expression analysis across all time points. The
initial implementation of upper-quartile (UQ) normalization to correct for library size did not provide adequate
correction for batch effects (Supplemental Figure S1). Specifically, the lab where samples were collected
accounted for nearly half of the variation in the dataset (~48%, PC1) (Supplemental Figure S1A). Thus, we
used RUVseq to estimate factors of unwanted variation in our UQ-normalized dataset to better correct for
confounding technical and biological factors, as in our previous work (8, 11, 29). Following remove unwanted
variation (RUV) normalization, the main factors driving variance in the data are the amount of sleep (~14%,
PC1) and circadian time (~6%, PC2) (Figure 2A). As expected, samples clustered from left to right by the
experimental treatment (HC control, SD + RS, or SD only) and hours of sleep. Additionally, RUV normalization
resulted in dynamic ranges that were more comparable between samples (Figure 2B). Following
normalization, we conducted differential expression analysis. After applying a cutoff on expression level (see
Methods), we identified 2315 differentially expressed genes (DEGs) after 3 hours of SD and 7493 DEGs after 5-
6 hours of SD (Figure 2C-D). We obtained a list of positive controls genes that were previously shown to be
altered after SD (8). When compared to the list of genes differentially expressed in the SD5—-6 comparison,
nearly 90% of positive control genes were recovered. After both 3 and 5-6 hours of SD, there were more
downregulated (SD3: 1373, SD5-6: 4390) than upregulated (SD3: 942, SD5-6: 3103) DEGs. Following 2 hours
of RS, 3908 genes were differentially expressed, and after 6 hours of RS, 1989 genes were differentially
expressed (Figure 2E-F). Whereas SD had a repressive effect on transcription, RS preferentially upregulated
DEGs. For the RS6 time point, there were more upregulated than downregulated DEGs (1104 versus 885). The
complete list of DEGs for each time point can be found in Supplemental Table S3.

To define the time point(s) at which each gene was differentially expressed in the same direction (i.e., either
upregulated or downregulated) across the 4 SD and RS time points, we intersected upregulated and
downregulated DEGs separately. Figure 3 shows biologically meaningful intersections containing at least 100
DEGs (all patterns can be found in Supplemental Figure S2). Intersections among upregulated DEGs are shown
in Figure 3A, and intersections among downregulated DEGs are shown in Figure 3B. The largest number of
upregulated DEGs (see red box) were genes that returned to their baseline level of expression (i.e.,
normalized) within 2 hours of RS. The majority of these genes required 5-6 hours of SD (1149) to be
differentially expressed, whereas the rest were already present after 3 hours of SD (407). There was a similar
pattern among downregulated genes, with 2420 (1898 + 522) genes that normalized within 2 hours. As
indicated by the dark magenta box, there were 966 (692 + 274) upregulated genes and 1441 (931 + 510)
downregulated genes that required at least 2 hours but less than 6 hours to normalize. As with genes that
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normalized the fastest, most of these genes were not yet differentially expressed after only 3 hours of SD. The
third pattern of recovery we considered is represented by the lavender box and included genes that need at
least 6 hours of RS to no longer be differentially expressed. 338 (220 + 118) upregulated genes and 302 (185 +
117) downregulated genes fell into this category. Lastly, the dark blue box indicates genes differentially
expressed with RS only and not SD. Among upregulated genes, more were unique to the RS6 time point (463)
than the RS2 time point (423). There were fewer downregulated genes in this pattern (691 = 356 + 335). The
complete list of DEGs for each intersection can be found in Supplemental Table S4.
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Figure 2. Sleep deprivation after 5-6 hours results in the largest number of differentially expressed genes compared to other time
points. A) Principal component analysis following RUVs normalization with k = 3 unwanted factors. Circles represent samples from
(30), triangles represent samples from (17), and squares represent new samples from our group. Home cage (HC) samples are in
shades of gray, sleep deprivation (SD) samples are in shades of red, and recovery sleep (RS) samples are in shades of blue. Amount
of sleep (PC1, 14.19%) and circadian time (PC2, 6.07%) account for the most variability in the dataset. B) Relative log expression for
each sample and condition. Color code as in A. C— F) Volcano plots following differential expression analysis on RUVs normalized
counts. C) SD3 vs HC3, D) SD5-6 vs HC5-6, E) RS2 vs HC7, F) RS6 vs HC12. Expressed genes are in light gray, differentially expressed
genes (DEGs) are in gray, and positive controls are in dark gray. Numbers of downregulated DEGs upregulated DEGs, and total DEGs
are reported in the top center for each comparison. The number and percentage of positive controls recovered are reported in the
top right for each comparison.
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Figure 3. Combinatorial patterns of differential gene
expression across varied amounts of sleep deprivation
and recovery sleep. UpSet plots of the intersections
across the SD3, SD5—6, RS2, and RS6 time points selected
for functional enrichment analysis. Lists of differentially
expressed genes (DEGs) were intersected separately for A)
upregulated genes and B) downregulated genes. The total
number of DEGs per time point is shown on the set size
rows. The vertical bars represent the number of DEGs
belonging to the subset depicted by the colored dots in
the intersection matrix. The four colored boxes (red, dark
magenta, lavender, and dark blue) indicate the four pairs
of intersections shown in Figures 4-7.

Subsequently, we wanted to understand which
pathways or biological functions were
differentially affected by varying amounts of SD
and RS. We performed a functional enrichment
analysis on the intersections specified in Figure 3
using DAVID. To better understand the functions
associated with different patterns of recovery,
we also performed enrichment on the union
across SD3 and SD5-6 for each of the first three
colored boxes (red, dark magenta, and
lavender). The enrichment of Kyoto
Encyclopedia of Genes and Genomes (KEGG)
pathways and UniProt biological processes (BP)
and molecular functions (MF) was determined
relative to the matrix of expressed genes. KEGG,
BP, and MF terms, herein referred to as
functional terms, were clustered based on the
overlap of genes. This analysis produced
significantly enriched (p-value < 0.05) clusters of
functional terms and unclustered terms. “Hub”
genes, shown in bold in Figures 4-7, mediate
clustering (see Methods). We also highlight
positive control genes replicated from previous
studies and representative genes from
unclustered terms. The full results of functional
enrichment for each intersection and union can
be found in Supplemental Table S5.
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Figure 4. DEGs after SD that are no longer detected after 2 hours of RS are involved in chromatin regulation, oxidative

phosphorylation, and DNA damage/repair. Bubble plots of the results of functional enrichment for A) genes differentially expressed

only at SD5-6 and B) genes differentially expressed only at SD3 and SD5-6. Enriched (modified Fisher’s Exact p-value < 0.05)

functional annotation terms or clusters are displayed vertically and plotted as circles. Clusters are denoted by numbered square
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boxes to the right of the figure. Functional terms are either Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, UniProt
biological processes (BP), or UniProt molecular functions (MF). Circle size represents the number of genes in a term or a cluster.
Upregulated functional terms are shown in green and downregulated terms in purple, with darker shades representing smaller p-
values (or the geometric mean of p-values for clusters). Fold enrichment (or the geometric mean of the fold enrichment for clusters)
is shown on the x-axis. Hub genes are in bold. Positive control genes are underlined. Representative genes are in regular italics.

We first examined what functional terms were enriched in genes affected by SD but no longer differentially
expressed after 2 hours of RS since this group comprised the largest number of genes (Figure 4; red box in
Figure 3). Terms for upregulated genes requiring 5—6 hours of SD formed clusters enriched in chromatin
regulation (e.g., Ctcf, Dnmt3a, Parp1, Smarcel), phosphorylation (e.g., Sgk1, Snrk), and insulin/FoxO signaling
(e.g., Ikbkb, Prkab2) (Figure 4A). Upregulated genes were also enriched in cyclic adenosine monophosphate
(cAMP) signaling (e.g., Crebbp, Pde4d) and Notch signaling (e.g., Atxn1, Ep300, Numbl), which did not cluster
with other functional terms. Clusters of downregulated genes after 5-6 hours of SD were enriched in oxidative
phosphorylation (e.g., mt-Co1, mt-Cytb), glutathione metabolism (e.g., Gtsm5, Mgst1), and response to
infection (e.g., Casp1, Fadd, Vps4a, Vps11). Downregulated genes also participated in RNA-binding (e.g.,
Rbm48, Rbm34, Eif4a2, Eiflax, Eif2ak2), base excision repair (e.g., Hmgb1, Pnkb), protein transport (e.g.,
Vpsda, Vps11), tRNA processing (e.g., Trmt6), tRNA-binding (e.g., Eiflax), and purine salvage (e.g., Hprt, Adk),
which was the term with the highest fold enrichment. Notably, multiple downregulated terms and clusters,
namely response to infection, hydrolase, RNA-binding, herpes simplex virus 1 infection, tRNA-binding, antiviral
defense, and protein biosynthesis, as well as the upregulated cluster insulin signaling, were enriched in
eukaryotic initiation factors (Eifs). Overall, chromatin regulation, insulin/FoxO signaling, and metabolism
(specifically protein synthesis and energy metabolism) were the primary molecular signatures associated with
transcriptional changes that require 5-6 hours of SD but normalize within 2 hours of RS.

Subsequently, we investigated functional terms enriched in genes that were differentially expressed after only
3 hours of SD, continued to be present after 5-6 hours, and normalized within 2 hours of RS (Figure 4B). The
clusters of upregulated functional terms were transcription regulation (e.g., Elk4, Irf2bp2, Nr4al, Egr1), the
mitogen-activated protein kinase (MAPK) signaling pathway (e.g., Mknk2, Map2k3, Fos, Sik1), and pathways in
cancer (e.g., Fos, Gadd45a). Upregulated terms that did not cluster included biological/circadian rhythms (e.g.,
Bhlhe40 (Dec1), Per1) and insulin signaling (e.g., Shc4, Ptpn1, Eif4e2). Circadian rhythm was the term with the
highest fold enrichment. Immediate early genes (e.g., Fos, Egr1) and circadian genes (e.g., Per1, Per2) were
present in multiple terms. Terms for downregulated genes did not cluster and included DNA damage/repair
(e.g., Rad50, Tipin, Xpa). Functional enrichment analysis on the union of all genes affected by SD that
normalized before 2 hours of RS revealed metabolism (e.g., Gstp1) and protein biosynthesis (e.g., Eifs) as
downregulated (Supplementary Figure S3).

Next, we analyzed functional terms for genes affected by SD that were no longer differentially expressed after
6 hours of RS (Figure 5; dark magenta box in Figure 3). Terms for upregulated genes requiring 5-6 hours of SD
formed clusters enriched in mTOR signaling (e.g., Pik3ca, Pik3r1) and cell adhesion (e.g., Pik3ca, Pik3r1, Crk,
Vav3) (Figure 5A). Upregulated genes also belonged to circadian rhythms (e.g., Clock, Creb1, Npas2) and stress
response (e.g., Ahsa2, Hsf1, Hspel). Clusters of downregulated functional terms included cholesterol
biosynthesis (e.g., Mvd, Msmo1), ion transport (e.g., Kcnj4, Pllp), cell signaling (e.g., Kcnj4, Gnai2, Prkaca), and
glucose metabolism (e.g., Ugp2). Downregulated terms that did not cluster included glycogen biosynthesis
(e.g., Agl, Akt1, Gbel). For genes already differentially expressed after 3 hours of SD, clusters of upregulated
functional terms included RNA-binding (e.g., Srsf7, Tra2a, Rbm12b1, Ythdc1) and stress response (e.g., Dnajc3,
Hspalb, Hspa5) (Figure 5B). Some upregulated terms, like chromatin regulator (e.g., Chd9), did not cluster.
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Downregulated functional terms were all unclustered and included ubiquitin-like (Ubl) protein conjugation
(e.g., Usp2, Fbxl4, FbxI21) and cGMP biosynthesis (e.g., Npr2, Gucy2e), which was the term with the highest
fold enrichment. Functional enrichment analysis on the union of all genes affected by SD that normalized
within 6 hours highlighted stress response (e.g., Dnajc3, Hspa2b) and cholesterol biosynthesis (e.g., Mvd) as
important molecular signatures (Supplementary Figure S4).

Transcriptional changes after SD that are no longer detected after 6 or more hours of RS are involved in
stress response and metabolism.

Next, we analyzed functional terms for genes affected by SD that were no longer differentially expressed after
6 hours of RS (Figure 5; dark magenta box in Figure 3). Terms for upregulated genes requiring 5-6 hours of SD
formed clusters enriched in mTOR signaling (e.g., Pik3ca, Pik3r1) and cell adhesion (e.g., Pik3ca, Pik3r1, Crk,
Vav3) (Figure 5A). Upregulated genes also belonged to circadian rhythms (e.g., Clock, Creb1, Npas2) and stress
response (e.g., Ahsa2, Hsf1, Hspel). Clusters of downregulated functional terms included cholesterol
biosynthesis (e.g., Mvd, Msmo1), ion transport (e.g., Kcnj4, Pllp), cell signaling (e.g., Kcnj4, Gnai2, Prkaca), and
glucose metabolism (e.g., Ugp2). Downregulated terms that did not cluster included glycogen biosynthesis
(e.g., Agl, Akt1, Gbel). For genes differentially expressed already after 3 hours of SD, clusters of upregulated
functional terms included RNA-binding (e.g., Srsf7, Tra2a, Rbm12b1, Ythdc1) and stress response (e.g., Dnajc3,
Hspalb, Hspa5) (Figure 5B). Some upregulated terms, like chromatin regulator (e.g., Chd9), did not cluster.
Downregulated functional terms were all unclustered and included ubiquitin-like (Ubl) protein conjugation
(e.g., Usp2, Fbxl4, FbxI21) and cGMP biosynthesis (e.g., Npr2, Gucy2e), which was the term with the highest
fold enrichment. Functional enrichment analysis on the union of all genes affected by SD that normalized
within 6 hours highlighted stress response (e.g., Dnajc3, Hspa2b) and cholesterol biosynthesis (e.g., Mvd) as
important molecular signatures (Supplementary Figure S4).

We then examined functional terms enriched in genes still expressed after 6 hours of RS (Figure 6; lavender
box in Figure 3). Terms for upregulated genes requiring 5-6 hours of SD did not cluster (Figure 6A).
Unclustered upregulated terms included genes belonging to stress response (e.g., Ahsal, Hspa4, Hspb8) and
phagocytosis (e.g., EImo1, EImo2), which was the term with the highest fold enrichment. Among
downregulated genes, there was one cluster that contained genes associated with functional terms involved in
cholesterol biosynthesis (e.g., Nsdhl, Cyb5r3, Mvk, Tm7sf2). Downregulated functional terms that did not
cluster included biosynthesis of cofactors (e.g., Mmab, Rdh11) and insulin signaling pathway (e.g., Flot1,
Mapk3, Mknk1). For DEGs already present after 3 hours of SD, upregulated functional terms clustered into
immune response pathways (e.g., Calr, Cdknla, Mapk11) and stress response (e.g., Hsp90b1, Hyoul, Hspa$,
Dnajb11, Calr) (Figure 6B). Notably, both clusters had high fold enrichments. Upregulated functional terms
that did not cluster included MAPK signaling (e.g., Mapk11, Bdnf). The singular downregulated cluster was
metabolic pathways (e.g., Arsb, Galns). Functional enrichment analysis on the union of all genes affected by SD
that remained differentially expressed after 6 hours of RS revealed the MAPK and PI3K/AKT signaling pathways
(e.g., Homer1) as an additional cluster (Supplementary Figure S5).
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Figure 5. DEGs after SD that are no longer detected after 2—6 hours of RS are involved in cholesterol biosynthesis, mTOR signaling,
stress response, and ion transport. Bubble plots of the results of functional enrichment for A) genes differentially expressed only at
SD5-6 and RS2 and B) genes differentially expressed at SD3, SD5-6, and RS2, but not RS6. Enriched (modified Fisher’s Exact p-value
< 0.05) functional annotation terms or clusters are displayed vertically and plotted as circles. Clusters are denoted by numbered
square boxes to the right of the figure. Functional terms are either Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways,
UniProt biological processes (BP), or UniProt molecular functions (MF). Circle size represents the number of genes in a term or a
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cluster. Upregulated functional terms are shown in green and downregulated terms in purple, with darker shades representing
smaller p-values (or the geometric mean of p-values for clusters). Fold enrichment (or the geometric mean of the fold enrichment
for clusters) is shown on the x-axis. Hub genes are in bold. Positive control genes are underlined. Representative genes are in regular

italics.
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Figure 6. DEGs after SD that are still detected even after 6 hours of RS are involved in stress response, immune response, and
metabolic pathways, including cholesterol biosynthesis. Bubble plots of the results of functional enrichment for A) genes
differentially expressed at SD5—-6, RS2, and RS6 and B) genes differentially expressed at SD3, SD5-6, RS2, and RS6. Enriched
(modified Fisher’s Exact p-value < 0.05) functional annotation terms or clusters are displayed vertically and plotted as circles.

Clusters are denoted by numbered square boxes to the right of the figure. Functional terms are either Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways, UniProt biological processes (BP), or UniProt molecular functions (MF). Circle size represents the
number of genes in a term or a cluster. Upregulated functional terms are shown in green and downregulated terms in purple, with
darker shades representing smaller p-values (or the geometric mean of p-values for clusters). Fold enrichment (or the geometric
mean of the fold enrichment for clusters) is shown on the x-axis. Hub genes are in bold. Positive control genes are underlined.
Representative genes are in regular italics.
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Figure 7. DEGs unique to RS time points are involved in RNA-binding, electron transport, phosphorylation, and ubiquitin-like (Ubl)
protein conjugation. Bubble plots of the results of functional enrichment for A) genes differentially expressed only at RS2 and B)
genes differentially expressed only at RS6 and SD5—6. Enriched (modified Fisher’s Exact p-value < 0.05) functional annotation terms
or clusters are displayed vertically and plotted as circles. Clusters are denoted by numbered square boxes to the right of the figure.
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Functional terms are either Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, UniProt biological processes (BP), or
UniProt molecular functions (MF). Circle size represents the number of genes in a term or a cluster. Upregulated functional terms
are shown in green and downregulated terms in purple, with darker shades representing smaller p-values (or the geometric mean of
p-values for clusters). Fold enrichment (or the geometric mean of the fold enrichment for clusters) is shown on the x-axis. Hub genes
are in bold. Positive control genes are underlined. Representative genes are in regular italics.

Recovery sleep induces unique gene expression changes that seem to counter the effects of sleep
deprivation

Finally, we asked what functional terms were enriched in genes unaffected by SD, but present at a singular RS
timepoint (Figure 7; dark blue box in Figure 3). We first analyzed genes only expressed at RS2, finding that
upregulated terms clustered into RNA-binding (e.g., Srsf1, Rbom8a, Rbm17) and electron transport (e.g.,
Ndufb5, Ndufa8) (Figure 7A). Ribosomal protein (e.g., Mrpl45, Rps23) and mRNA transport (e.g., Rbm8a, Srsf1)
were unclustered upregulated terms. Phosphorylation (e.g., Mapk12, Map2k3, Map3k9) was the sole cluster
among downregulated terms. Downregulated functional terms that did not cluster included Ubl conjugation
(e.g., Usp5, Usp13, Usp36, Usp49), Wnt signaling (e.g., Wnt7b, Ctnnbip1, Sfrp2), and glycosaminoglycan
biosynthesis (e.g., B4galt2, Chst2, St3gall), which was the term with the highest fold enrichment.
Subsequently, we focused on genes only expressed at RS6 (Figure 7B). Neither upregulated nor
downregulated terms clustered. Upregulated functional terms included neurogenesis (e.g., Adcyap1, Brinp1),
hepatocellular carcinoma (e.g., Wnt9a), biological rhythms (e.g., Calvin3, Timeless), and tRNA processing (e.g.,
Mettl1).

Discussion

In this study, we examined how genome-wide transcription can be modulated by different amounts of acute
SD and subsequent RS in the cortex of adult male WT mice. As we have previously reported, SD has a large and
primarily repressive effect on transcription (13). This effect is maximal after 5-6 hours of SD when sleep
pressure is also highest (Figures 2 and 3). We find that the majority of the DEGs (3,976) are normalized (i.e.,
no longer detected as differentially expressed) after 2 hours of RS (red box in Figure 3). The majority of sleep
pressure discharge and most of the adverse effects of SD on hippocampal plasticity are known to revert with
2-3 hours of RS (2, 31, 32). Some recent studies suggest that sleep pressure dissipates even faster, within 60
min of RS (33). Thus, the DEGs after SD that are quickly responsive to RS (Figure 4) can provide likely molecular
processes involved in sleep homeostasis and SD-dependent impairments. Some of these DEGs require 5-6
hours of SD and include the upregulation of genes involved in oxidative phosphorylation (mt-Co1, mt-Cytb),
glutathione metabolism (Gtsm5, Mgst1), chromatin regulation (Ctcf, Dnmt3a, Parp1), and the downregulation
of RNA-binding proteins (Rbm48, Rbm34) and eukaryotic initiation factors (Eif4a2, Eiflax, Eif2ak2). Some of
the quickly responsive DEGs are already observed after only 3 hours of SD. This includes the upregulation of
immediate early/MAPK genes (Nr4al, Fos, Egrl, Sik1), and circadian genes (Per1, Bhlhe40 (Dec1)), and the
downregulation of DNA damage/repair genes (Rad50 and Xpa). In addition, just 2 hours of RS induces gene
expression changes not observed after SD, including genes involved in mitochondrial metabolism (Ndufb5,
Ndufa8) and Wnt signaling (Wnt7b, Ctnnbip1, Sfrp2) (Figure 7). These genes may underlie additional
qualitative differences between baseline and rebound sleep. Finally, some functions and pathways
upregulated after SD (see Figure 4: phosphorylation, biological rhythms, Ubl conjugation pathway, repressor,
and growth hormone metabolism) are found to be downregulated by RS (see Figure 7). The same is true for
some functions downregulated after SD (see Figure 4: RNA-binding, heparin-binding, tRNA processing, and
Parkinson’s disease), which are subsequently upregulated by RS. Although these are non-overlapping sets of
genes, it suggests that RS may also counter the effects of SD for a subset of pathways and molecular functions.
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A smaller subset of DEGs after SD (3,047) do not respond readily to RS, taking 6 or more hours of RS to

normalize. These genes are involved in cholesterol metabolism (Mvd, Msmo1), stress response (Dnajc3,
Hspalb, Hspa5), and ion transport (Kcnj4, Plip) (Figures 5 and 6). This may reflect non-sleep-specific changes
induced by SD, as these DEGs remain after sleep pressure has been discharged. Additionally, we observed
pathways and functions altered by SD that contain DEGs at all studied time points, such as insulin signaling and
MAPK signaling (Figures 4-7), which may simply reflect neuronal activity.

Our findings align with previously published observations and provide further insight into the molecular
response to acute SD and subsequent RS. In agreement with our findings, DNA damage as a molecular
substrate for sleep pressure has already been described in zebrafish (34). We find rapid downregulation of
genes responsible for repairing double-stranded DNA (Rad50, Xpa) after 3 hours of SD, followed at SD5-6 by
the upregulation of Parp1, which acts as a DNA-damage sensor and is responsible for recruiting DNA repair
factors to sites of DNA damage (35). In zebrafish, Parp1 was shown to increase after SD and induce sleep (34).
Thus, our data points to the potential evolutionary conservation of this mechanism as a cellular substrate of
sleep pressure. DNA damage is closely linked with redox metabolism (36), as an increase in reactive oxygen
species (ROS) can lead to double-stranded DNA breaks. Our study also points to the downregulation of
glutathione (a key antioxidant) metabolism as a component of the sleep homeostatic response. In fact,
glutathione supplementation can decrease levels of ROS following SD (37) and promote sleep (38).
Interestingly, in the same functional cluster as Parp1 (chromatin regulation), we find upregulation of DNA
methyltransferase Dnmt3a and 3D-chromatin architecture regulator Ctcf. This is because Parp1, in addition to
serving as a DNA-damage sensor, is also responsible for regulating chromatin structure (39). Changes in DNA
methylation after SD have been reported in both mice (40) and humans (41), and sleep has been shown to
alter 3D nuclear architecture in zebrafish (42). Thus, our results provide a potential link between oxidative
stress, DNA damage, DNA methylation and 3D-chromatin conformation as part of the molecular basis of sleep
homeostasis. Another subset of genes our study points to as likely to be involved in sleep homeostasis are
circadian transcription factors. A link between clock genes and sleep homeostasis has long been hypothesized
(43). Our study, however, points to a different subset of clock genes than previously thought: transcriptional
repressors Bhlhe40 (Dec1) and Bhlhe41 (Dec2). We find that Dec1 is quickly upregulated at SD3, increases
further at SD5-6, and normalizes after 2 hours of RS. Dec2 is subsequently downregulated at SD5-6, as
expected from being the target of repressor Decl (44). Dec2 mutations are associated with short sleep
duration in both humans and mice and lead to reduced repressor activity as well as slightly higher power in
the delta range (0-4Hz) of non-rapid eye movement sleep (NREMS) (45). An increase in normalized NREM
delta power is considered the gold standard measure of sleep pressure in mammals (2, 46, 47). Thus, perhaps
reducing Dec2 expression may be a mechanism by which the increase in NREM delta power after SD is
achieved. Last, our results point to a potential role of SD in regulating genes and processes in the frontal
cortex that have already been associated with the negative effects of acute SD in the hippocampus, such as
insulin/mTOR signaling and the downstream repression of eukaryotic initiation factors (7, 48). This suggests
that perhaps the adverse effects of SD in the cortex and hippocampus share common molecular pathways,
although no one has ever directly compared the effects of SD on the hippocampus and cortex.

Overall, this study offers new insights into the molecular basis of the homeostatic response to SD as well as
SD-dependent impairments by examining combinatorial patterns of gene expression across multiple SD and
subsequent RS time points. Genes unique to SD that respond to RS in a similar timeframe as the discharge of
sleep pressure include those involved in DNA damage/repair, chromatin regulation, DNA-methylation, redox
metabolism and circadian transcription factors. These include genes like Parp1, Dnmt3a, Ctcf, Dec1 and Dec2
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and have a potential role in sleep homeostasis. In contrast, transcriptional changes that occur after SD and are
not restored by RS in the timeframe of our study, including the cellular stress response, are more likely to be
non-sleep-specific effects of SD. Some limitations curtail the generalizability of our findings, such as the use of
only adult male mice. It is thus imperative that future studies include both male and female mice, as well as
investigate how dynamics change across different age groups. Last, because this is primarily a hypothesis-
generating study, future studies aimed at the validation of the role of genes and pathways identified are
warranted.

Data availability

Sequencing data have been deposited in the Gene Expression Omnibus Database (GEO) under accession
number GSE237419. All samples besides those for the RS2 and HC7 time points were previously deposited in
GEO under either GSE113754 (SD5, HC5) or GSE140345 (SD3, HC3, SD6, HC6, RS6, and HC12). The code used
for the analysis and visualization is available on GitHub at

https://github.com/PeixotoLab/SDRS Transcriptional Dynamics.

Supplemental Data

Supplemental Figs. S1-S5 and Supplemental Tables S1-S5: https://10.5281/zenodo.12603038
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