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Abstract
The role of sleep on memory consolidation is thought to involve experience-dependent changes in spindle oscillations and protein
phosphorylation, but how these phenomena are related remains poorly understood. To gain insight into this relationship, we used
electrophysiological recordings and quantitative phosphoproteomic analysis to assess spindle oscillations and phosphoprotein levels in the
hippocampus (HP) and primary somatosensory cortex (S1) of adult male rats recorded across the sleep cycle. Animals were surgically implanted
with multielectrode probes and after recovery were exposed or unexposed to novel objects (+ and – groups, respectively). HP and S1 samples were
obtained after periods rich in either slow-wave sleep (SWS) or rapid-eye-movement sleep. Bottom-up shotgun mass spectrometry in a two-
dimensional liquid chromatography-tandem mass spectrometry setup (MSE mode with label-free quanti�cation) showed that the proteomes
differed in the numbers of phosphoproteins identi�ed by phosphoryl modi�cation STY tags, with a total of 337 validated phosphoproteins
identi�ed in S1 and 198 in the HP. A comparison of the phosphoproteomic pro�les of the treatments and regions (SWS+ versus SWS-, REM+
versus REM-, REM+ versus SWS+ and REM- versus SWS-), using clustering analysis of the signi�cantly identi�ed phosphoproteins, found that 51
phosphoproteins from S1 were su�cient to separate the four experimental conditions, while 37 phosphoproteins from the HP could only partially
separate the groups. Fold change analysis identi�ed 90 signi�cantly modulated phosphoproteins related to synaptic function, actin-microtubule
regulation, DNA-RNA binding, proteases-phosphatases-kinases and other regulatory functions, including CaMKII and MAPK. In both the HP and S1,
nearly one third of the clustering-relevant phosphoproteins had levels signi�cantly correlated with the abundance of spindle oscillations pooled
across the transition from SWS to REM. In S1, phosphorylated Reelin was upregulated during REM compared to SWS, in proportion to the number
of spindle oscillations during the transition from SWS to REM. In the HP, a voltage-gated calcium channel subunit (Cacna2d1) was down-regulated
during SWS+ compared to REM+, in proportion to spindle counts. Since spindles facilitate calcium entry through the opening of voltage-dependent
calcium channels, Cacna2d1 down-regulation may lead to a hippocampus-speci�c, REM-dependent downregulation of synaptic plasticity after
exposure to novel objects. The results point to major experience-dependent differences between HP and S1 in phosphoproteomic regulation across
the sleep cycle, with potential implications for memory corticalization.

Introduction
Sleep is implicated in learning and memory [1–4]. Both slow wave sleep (SWS) and REM sleep have been shown to be important for the
consolidation of newly acquired memories through sleep-induced changes in neuronal activity and molecular cascades. For instance, sleep
deprivation leads to de�cits in memory consolidation that are mediated by calcium-dependent phosphorylation and gene expression related to
synaptic plasticity [5–15]. The immediate-early gene zif-268 is up-regulated during REM sleep in the hippocampus and cortex of rats that were
previously exposed to novelty, in a way that progressively engages the cortex and disengages the hippocampus [16,17]. Zif-268 is a downstream
target of CaMKII, a calcium-dependent protein kinase that positively regulates synaptic plasticity and is necessary for LTP and memory
consolidation [18]. The levels of phosphorylated CaMKII (pCaMKII) are up-regulated during REM sleep in the hippocampus of rats exposed to novel
objects in the previous waking period, and pCaMKII levels are positively correlated to spindle oscillations during SWS and intermediate sleep
(IS) [19].

Spindle oscillations in the 7-14 Hz range [20] mediate hippocampal-cortical communication during memory consolidation [21–24]. These
neocortical oscillations facilitate calcium entry in the neuron through opening of calcium voltage-dependent channels (CaV) [25,26], and correlate
with increased Ca+2 activity in cortical dendrites [27]. There is compelling evidence that synaptic plasticity proteins related to synaptic
strengthening and pruning are simultaneously active during REM sleep at selected synapses. Both LTP-related proteins as Zif-268, CaMKII and
LTD-related phosphatase PP2A are upregulated in the hippocampus of rats during REM sleep after novelty exposure [17]. In the motor cortex of
mice undergoing motor learning, SWS promotes synaptogenesis [28] while REM sleep promotes synaptic selection, pruning most new synapses
yet strengthening a smaller fraction of selected synapses in association with dendritic calcium spikes [29]. There is a growing body of evidence
regarding the role of calcium-dependent protein kinases and immediate-early genes for the progressive corticalization of hippocampus-dependent
memories [30].

To gain insight into the experience-dependent relationship between the abundance of spindle oscillations and phosphoprotein levels across the
sleep cycle, we combined electrophysiological recordings and quantitative mass spectrometry (MS) for phosphoproteomic analysis of the
hippocampus (HP) and primary somatosensory cortex (S1) of rats undergoing either SWS or REM sleep, either with or without pre-exposure to
novel objects.

Methods
Animals

The study was conducted in accordance with the Declaration of Helsinki and the ARRIVE guidelines and was approved by the Ethics Committee
for Animal Experimentation of the Federal University of Rio Grande do Norte (protocol code CEUA 060/2015, 04/11/2015). A total of 12 male adult
Wistar rats (Rattus novergicus; 230-340g) were used in this study, grouped according to the presence or absence of novel object exploration (+
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versus -), and to the sleep states of interest (SWS or REM), for a total of 4 groups (SWS -, SWS +, REM -, REM +; n=3 per group). Before experiments,
animals were manipulated during 10 min for 3 days, to reduce the stress and novelty response to the experimenter. Animals were individually
housed under 12h light/dark cycles (lights on at 07:00), with water and food provided ad libitum.

Electrode implantation

To acquire electrophysiological signals, we implanted a single wire electrode in the hippocampus and 3 cortical screws in the cortex surface. For
surgical implantation animals were anesthetized with ketamine and xylazine and submitted to surgery. Electrodes and screws were manually
assembled to an Omnetics connector to interface with a OmniPlex recording system. For the HP we used coated tungsten single wire (35 µm
diameter, California Fine Wire Co., CA). Hippocampal stereotaxic coordinates were determined based on Paxinos (2013): AP: -2.8; ML: +1.5; DV:
-3.3. Surgical procedures were conducted as described in [31].

Electrophysiological and behavioral recordings

After 3 days for post-surgery recovery, animals were habituated to the recording context in the empty recording box (dimly lighted, 60 x 40 x 40 cm)
for 3 consecutive days. On the day of the experiment, electrodes were plugged to the recording cables under iso�urane between 07:00 and 09:00.
Animals were then placed inside the recording box and after 1 h the recordings were initiated. Local �eld potentials (LFP) were recorded with a 32-
channel multichannel acquisition processor (sampling rate of 1 kHz for �eld potentials, Omniplex 1.11.3, Plexon, USA), synchronized with video
recordings and animal tracking (CinePlex Editor Application, V3.5.0, Plexon, USA).

Sleep-wake classi�cation and grouping criteria

The behavioral and electrophysiological features used to classify waking and sleep states were active exploration and theta rhythm (WK); body
stillness, eyes closed and large-amplitude slow oscillations (SWS); and body stillness, whisking, eyes closed and theta rhythm (REM). For inclusion
in the SWS groups, animals needed to display SWS episodes that summed a minimum of 8 min of duration, without ever entering REM during this
period. For inclusion in the REM groups, animals needed to display REM episodes summing a minimum of 3 min. For sleep amounts in each
animal, see Suppl. Table S1. Video inspection and spectral state mapping [32] were used to con�rm and revise the annotations performed during
the experiment using online sleep monitoring. 

Spectral state maps

A two-dimensional (2D) spectral map was computed from LFP data, as follows:

For each of the 4 LFP channels, two spectral ratios were calculated by dividing integrated spectral amplitudes at selected frequency bands:
(0.5–20)/(0.5–55) Hz and (0.5–4.5)/(0.5–9). The spectral amplitudes were computed at the time resolution of 1 s. 

Both spectral ratios with 4 dimensions (respective LFP channels) were converted to one dimension by applying PCA.

Principal component spectral ratios (PC1 and PC2) were smoothed with a Hamming window (20 sec length), resulting in Smooth PC1 and
Smooth PC2.

The 2D spectral maps were obtained by plotting the smoothed PC1 against the smoothed PC2 for each animal (Suppl. Figure S1). Non-annotated
points in the spectral maps were assigned a state based on k-nearest neighbor classi�er (KNN), see “K-Nearest Neighbor Algorithm” (2005) for KKN
reference. The number of nearest neighbors (k) was set heuristically to k = 11 and was used the Euclidean distance metric. Results from KNN
spectral maps are presented in Suppl. Figure S2.

Experimental design

During the initial 1h of baseline recording animals were allowed to sleep freely. After baseline, we introduced 4 novel objects in the recording box.
After 10 min the objects were removed, and animals were submitted to sleep deprivation (Figure 1A). All animals were then mildly sleep deprived
for 30 min to separate the effects of object stimulation from the changes caused by sleep states. Sleep deprivation was achieved by gently
tapping the recording box before animals transited into SWS. After this short period of sleep deprivation, the animals were allowed to sleep freely.
After reaching criteria for either SWS-rich or REM-rich periods (Figure 1B), the animals were immediately anesthetized with iso�urane and
decapitated. Samples from HP and S1 were obtained by quick neuroanatomical dissection under a magnifying lens. To avoid nuclease
contamination we used nuclease-free diethylpyrocarbonate (DEPC)-treated water, and followed a special handling procedure. Before dissection of
speci�c brain regions of interest, we washed the brain with RNAse free PBS. All materials, tools and equipment used were pre-treated in the
following sequence with: 1) common neural detergent; 2) RNase free ethanol 70%; 3) RNaseZap™  RNase Decontamination Solution, to prevent
RNase contamination; 4) and RNase-free water to rinse it off. 

The S1 dissection aimed at the central coordinates of -3.0mm AP and 4.5mm ML. Besides the rat brain atlas pictures, the HP electrode track
entering the cortex at coordinates -2.8 AP and +1.5 ML was used as a reference/landmark to guide the S1 dissection. Once located, S1 tissue was
dissected by cutting a square portion of the estimated center of S1 cortex with a scalpel blade. After that, the cut S1 square portion was gently



Page 4/27

lifted out with a non-sharp spatula. The entire hippocampus was dissociated from the cortex by gently lifting the cortex outwards and detaching it
from the rest of the brain at the anterior (dorsal) and posterior (ventral) parts. The tools used included a small set of straight and angled curved
non-sharp spatulas, besides medium and small blades mounted in a scalpel. The total dissection time, from removing the animal from the
experimental box to freezing all the samples, was approximately 9.5 minutes (average across 12 animals). Tissue dissection occurred under a
magni�er, and to preserve sample integrity, dissection was performed in a pre-refrigerated petri dish (-20º C) surrounded by ice (room temperature
was lowered to 16º C). As soon as dissected, each sample was frozen in liquid nitrogen. 

Spindle detection and correlation with protein abundance

A customized Matlab routine was used to detect and quantify spindle oscillations from the parietal electrode within the last 12 min of recording -
corresponding to the period right before killing (when criteria was reached for each animal) (Figure 1B). The algorithm for spindle detection and
quanti�cation comprised two �nite impulse response digital �lters in series, capable of detecting spindles from the parietal LFP electrode. The
routine �rst separated spindles from the background with a 7–14 Hz band-pass �lter. Next, it extracted spindle oscillation envelopes with durations
longer than 0.5 seconds by applying a low-pass �lter (cutoff frequency at 2 Hz) to the absolute value of the previous step output. Envelopes with
amplitude >3 standard deviations computed for the whole recording were considered spindle events. As expected, [19], spindles detected with this
method occurred during both SWS and intermediate sleep (IS), but not during REM. Spearman correlations were calculated between spindle counts
and protein abundance In the HP or S1.

Sample preparation

Tissue samples (25–50μg) from HP or S1 were added to 50 μL of lysis buffer (6 M urea, 2 M thiourea, 10 mM DTT, protease and phosphatase
inhibitors, 0.1 mM sodium pervanadate) and incubated for 2 h at 37 °C. After incubation, the samples were diluted ten times with 20 mM TEAB, pH
7.5 and sonicated on ice. For reduction and alkylation steps, 50 μL of 200 mM iodoacetamide in 20 mM triethylammonium bicarbonate was
added to the samples followed by incubation for 20 min in the dark at RT. After incubation, the samples were digested using 2 μg of trypsin
followed by incubation overnight (12–16 h) at 37 °C. To stop the reaction, 100% formic acid (28 μL) were added, and protein lysates were
centrifuged at 14,000 g for 45 min at 4◦C. The supernatants were collected, desalted, and concentrated as described in Cassoli and Martins-de-
Souza (2017) [33]. Protein concentrations were determined by the Qubit R Protein Assay Kit. 

2D NanoLC-MS/MS Analysis

Phosphoproteomic analysis was performed in a bidimensional microUPLC tandem nanoESI-HDMSE platform by multiplexed data-independent
acquisitions experiments, using a 2D-RP/RP Acquity UPLC M-Class System (Waters Corporation, Milford, MA, United States) coupled to a Synapt
G2-Si mass spectrometer (Waters Corporation, Milford, MA, United States). The samples were fractionated using a dual reversed phase (RP)
approach. In �rst-dimension chromatography, peptides (1.5 μg) were loaded into an M-Class BEH C18 Column (130 A, 5 ˚ µm, 300 µm × 50 mm,
Waters Corporation). The fractionation was performed through three discontinuous steps of acetonitrile (11.4, 18.9 and 50%) Ω/ΔΩ [34]. MS and
MS/MS data were acquired in positive ion mode using ion mobility separation of precursor ions (HDMSE) over a range of 50–2000 m/z. The lock
mass channel was sampled every 30 seconds. The mass spectrometer was calibrated with a MS/MS spectrum of [Glu1]-�brinopeptide B human
solution delivered through the reference sprayer of the NanoLock Spray source. 

Data processing and database searches

Proteins were identi�ed and quanti�ed using dedicated algorithms and searched against the UniProt Human Proteomic Database of Rattus
novergicus [33,35]. The databases used were reversed “on the �y” during the database queries by the software to assess the false-positive
identi�cation rate. For correct spectral processing and database searching conditions, we used the Progenesis QI for Proteomics software package
with Apex3D, Peptide 3D, and Ion Accounting informatics (Waters Corporation). This software starts with the loading of the LC-MS data, followed
by alignment and peak detection, which creates a list of interesting peptide ions that are explored within Peptide Ion Stats by multivariate
statistical methods. The processing parameters used were 150 counts for the low-energy threshold, 50.0 counts for the elevated energy threshold,
and 750 counts for the intensity threshold. Automatic alignment of the runs (all runs in the experiment was assessed for suitability) was used for
the processing. In peak picking, it was used 8 as maximum ion charge and the sensitivity value was selected as 4. Moreover, the following
parameters were considered in the identi�cation of peptides/proteins: (1) digestion by trypsin with at most one missed cleavage; (2) variable
modi�cation by oxidation (M) and phosphorylation (-STY) and �xed modi�cation by carbamidomethyl (C); and (3) a false discovery rate (FDR)
less than 1%. Two or more ion fragments per peptide, �ve or more fragments per protein and one or more peptides per protein were required for ion
matching. Data were analyzed by on-way analysis of variance (ANOVA) with treatment factor p-value <0.05 compared to the group with object
and/or slow wave sleep state. Identi�cations that did not satisfy these criteria were rejected. The experiment design was de�ned, and label-free
protein quantitation was done using Hi-N (N = 3) method.

Bioinformatic analysis
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Figure 2 shows the work�ow of the bioinformatics analysis. Enrichment analysis of differentially expressed genes was performed using the
EnrichR package for R software [36,37]. This package allows identi�cation of signi�cantly enriched genes in a gene list, using large sets of gene
libraries for gene ontology (GO) and pathway analysis. For our analysis we used the following ontology libraries: "GO Molecular Function 2018",
"GO Cellular Component 2018" and "GO Biological Process 2018"; and pathway libraries: “Reactome 2016”, ”WikiPathways 2015”, “WikiPathways
2019 Mouse”, “WikiPathways 2019 Human”, “KEGG 2016”, “KEGG 2019 Mouse”, “KEGG 2019 Human”, “Panther 2016”, “BioCarta 2016”. Enriched
pathways and gene ontology were considered signi�cantly enriched with the adjusted p-value < 0.05. The EnrichR library calculates p-values,
adjusted p-values, Z-scores, and combined scores representative of Fisher exact and Z-score statistics [36]. The p-values are calculated using
Fisher's exact test and the adjusted p-values are then obtained using the Benjamini-Hochberg method correction for multiple hypothesis testing.
The Biological Networks Gene Ontology tool (BiNGO), an open-source cytoscape plug-in, was used to assess which Gene Ontology (GO) biological
process terms are signi�cantly overrepresented in a set of genes by hyper-geometric test statistics, followed by Benjamini-Hochberg FDR
correction [38]. The colors represent enrichment signi�cance— the deeper the color on a color scale, the higher the enrichment signi�cance.

Protein abundance clustering for state separation

Protein abundance values for each animal were passed through log2 transformation, and then the resulting values were normalized and ranked in
the (0-1) range to account for baseline differences across animals. Next, the proteins were ordered based on their utility to discriminate between
experimental conditions. We used the Fisher score [39] to order the proteins that best discriminated across animals in different groups. These
groups are the experimental conditions of each animal or a random shu�ing grouping (control for chance). Shu�ing procedure and clustering
evaluation detailed in the Supplementary Information (Suppl. Figures S3, S4, S5 and S6). Hierarchical clustering was applied on 2D PCA resulting
from the proteins selected in the previous step. Hierarchical clustering across animals and proteins are represented by dendrograms, while protein
rank values are represented by a heat map.

Results
Electrophysiological pro�les from representative SWS and REM animals are shown in Figure 1B. Note that the animal from the REM group (Figure
1B, upper left panels) presented a characteristic theta rhythm at the end of the experiment, while the animal from the SWS group was not allowed
to enter the REM state and presented a distinctive increase in the power of slow oscillations (Figure 1B, bottom left panels). Spindles occurred
during SWS and IS in animals from the REM group, and only during SWS in animals from the SWS group (Figure 1B, right panels) [32]. 

Next, quantitative proteomics of HP and S1 samples by liquid chromatography-mass spectrometry/mass spectrometry (2D Nano LC-
MS/MS) combined with high pH fractionation allowed comparative quanti�cation of phosphopeptides tagged with phosphorylation site (STY)
from both regions (Figure 1A and Figure 2A).  Data processing in the Progenesis QI software identi�ed a total of 1552 proteins in the HP and 1539
in the S1 (Figure 2B). The screening analysis of phosphorylation markers of the identi�ed proteins resulted in 198 potentially phosphorylated
proteins in the HP, of which 21 were signi�cantly modulated (either up or down modulation); in S1 337 potentially phosphorylated proteins were
detected, of which 69 were signi�cantly modulated in either direction (Figure 2B and Suppl. Table S2). Next we performed PPI studies, gene
ontology analysis and exploration of regulatory networks (Figure 2C). 

Abundance patterns of identi�ed phosphoproteins

To gain insight on whether some experimental group would stand out from the others in terms of phosphoprotein pro�le, we performed
hierarchical clustering using Euclidean distance of the proteins (genes) identi�ed in the HP and S1 (Figure 3). The heatmap of identi�ed
phosphoproteins in the HP shows that the SWS+ group differs the most from the other groups, while in S1 the most distinct group is SWS-. Next,
we calculated the difference in phosphoprotein abundance for pairs of groups and summed the module of differences. The sum is higher for
SWS+ in the hippocampus, while in S1 it is SWS- (Figure 3). Although no statistical test could be done between the sums of differences, this result
gives us direction on which condition or sleep phase has a most outstanding protein pro�le. Also, this suggests that SWS presented a more
general contrast in terms of protein abundance for exposed animals in the hippocampus and non-exposed animals in S1. Such a result may re�ect
an increased hippocampal susceptibility to the novelty-induced/experience-dependent changes.

Modulated phosphoproteins for experimental groups

Differences in protein abundance across group pairs of interest were evaluated by volcano plots of fold change and signi�cance level: SWS+
versus SWS- (Figure 4A); REM- versus SWS- (Figure 4B); REM+ versus REM- (Figure 4C); REM+ versus SWS+ (Figure 4D). The numbers of
signi�cantly modulated phosphoproteins, either upregulated or downregulated, are summarized in Figure 4E.

After a novel experience, the HP during REM differs more from SWS than S1 in the same condition (REM+/SWS+, HP=7 S1=3, Figure 4E). Without
novelty, however, the HP during REM differs less from SWS than S1 in the same condition (REM-/SWS-, HP=2 S1=40, Figure 4E). The novel
experience increased the number of modulated proteins in S1 during SWS (SWS+/SWS- S1=23 proteins) compared to S1 during REM, and in the
HP during REM as well as SWS (S1 REM+/REM-, HP REM+/REM- and HP SWS+/SWS-, 3 modulated proteins in each, Figure 4E). These results
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suggest that S1 is more likely to be affected by novelty during SWS than during REM; and that in the HP fewer phosphoproteins are affected by
novelty. The majority of the modulated phosphoproteins in the HP has a nuclear function, such as RNA binding, transcription, translation, or
membrane tra�cking and microtubule motor activity, while the upregulated phosphoproteins of S1 included several components that participate
in cell shape and vesicles, protein kinases and other proteins binding; the down modulated phosphoproteins include oligodendrocytic and
cytoskeleton proteins (Table 1 and Suppl. Table S2). 

Enrichment analysis of modulated proteins

From the total of identi�ed proteins, we found 90 that were signi�cantly modulated in both HP and S1 cortex. To investigate the function of these
proteins, we performed ontological analysis using EnrichR, which searches several databases including Reactome, Gene Ontology, BioCarta and
other databases. As a result, proteins were assigned to several classes or functional groups. In Table 1, note the enriched pathways or genes found
for each region: 21 modulated in the HP and 69 in the S1 for all groups together (list of modulated proteins in Supp Table S2).  

In the HP we found that several enriched terms are related to nuclear function, RNA processing, transcription, nuclear transportation, cholinergic
signaling, voltage-gated Ca+2 channel complex and microtubule activity. For instance, ‘Transport of Mature mRNA derived from an Intron-
Containing Transcript’, ‘Transport of Mature mRNA derived from an Intron-Containing Transcript’, ‘RNA Transport’, ‘Muscarinic Acetylcholine
Receptor 2 and 4 Signaling Pathway’, ‘L-type Voltage-Gated Calcium Channel Complex’, ‘Microtubule Cytoskeleton’ and others (Table 1). Among
the proteins that represent those enriched terms, the nuclear pore protein Nup98 is present in several pathways (Table 1). Nup98 is downregulated
in REM+ animals compared to SWS+ and upregulated in SWS+ animals compared to SWS- animals (Supp Table S2). Also, yet in the HP, we found
the ‘L-type Voltage-Gated Calcium Channel Complex’ and ‘Muscarinic Acetylcholine Receptor 2 and 4 Signaling Pathway’ enriched gene ontology
terms. Those two are of special interest for synaptic plasticity and are represented by CaCNA2D1 – a Ca+2 voltage-dependent channel (subunit
alpha-2/delta-1) (CaV). CaCNA2D1 is downregulated in REM+ animals compared to SWS+ animals (Supp Table S2). We also found that MAP1a
and Optoneurin are among the modulated proteins. MAP1a is a structural protein involved in synaptic stabilization and it is downregulated in
REM+ compared to REM-, and in REM+ compared to SWS+. Optoneurin is implicated in vesicular transport and neurodegenerative disease; and is
down regulated in REM+ compared to REM- animals (Supp Table S2).

In S1 the enriched terms were mainly related to cell maintenance, metabolism, matrix structure, amino acid synthesis and cholinergic
transmission. More speci�cally, some of the terms found were ‘Cytoskeletal Regulation by Rho GTPase’, ‘Amino Acid Metabolism’, ‘Glutamate
Metabolic Process’, ‘Nicotinic Acetylcholine Receptor Signaling Pathway’, and  others. The nicotinic and cytoskeletal enriched terms included the
protein MYH7B, a myosin that is related to synaptic structure and electrophysiology. MYH11 is also a myosin that is present on the enriched terms
and  is down regulated in REM- animals compared to SWS- animals. Also of special interest, we found that Serine/threonine-protein kinase mTOR
and Phosphatidylinositol 3-kinase (PIK3c2a) are down regulated in REM-  animals compared to SWS-.

Table 1. Biological pathways and enriched terms identi�ed by functional analysis of the modulated phosphoproteins. Functional analysis was
performed using extended libraries of the EnrichR tool with up and down-modulated phosphoproteins of A) HP, and B) S1. The gene set libraries
included Gene Ontology and the pathway analysis libraries Kyoto Encyclopedia of Genes and Genomes pathway (KEGG), Reactome pathway,
Wikipathway, Panther and Biocarta. Overlap indicates the number of hits from the analysis compared to each curated gene set library. Enriched
terms and pathways were ranked based on the adjusted p-value <0.05. GO: gene ontology; GSEA: Gene Set Enrichment Analysis.
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A          

Enrichment Term Pathway/Term ID Overlap GSEA library Adjusted P-
value

Genes

Enriched Pathways          

Processing of Capped
Intron-Containing Pre-mRNA

R-HSA-72203 3/193 Reactome 0.019640299 PCF11;RNPS1;NUP98

mRNA 3'-end Processing R-HSA-72187  2/51 Reactome 0.019640299 PCF11;RNPS1

Post-Elongation Processing
of Intron-Containing pre-
mRNA

R-HSA-112296  2/51 Reactome 0.019640299 PCF11;RNPS1

Transport of Mature mRNA
derived from an Intron-
Containing Transcript

R-HSA-159236  2/68 Reactome 0.21585493 RNPS1;NUP98

Cleavage of Growing
Transcript in the
Termination Region

R-HSA-109688  2/60 Reactome 0.019640299 PCF11;RNPS1

Post-Elongation Processing
of the Transcript

R-HSA-76044  2/60 Reactome 0.019640299 PCF11;RNPS1

RNA Polymerase II
Transcription Termination

R-HSA-73856  2/60 Reactome 0.019640299 PCF11;RNPS1

Transport of Mature
Transcript to Cytoplasm

R-HSA-72202  2/74 Reactome 0.022331928 RNPS1;NUP98

Downregulated of MTA-3 in
ER-negative Breast Tumors

mta3Pathway  2/20 BioCarta 0.000226104 GAPDH;TUBA8

Stathmin and Breast Cancer
Resistance to
Antimicrotubule Agents

stathminPathway  1/24 BioCarta 0.019035139 TUBA8

Huntington Disease P00029  2/124 Panther 0.012968477 GAPDH;OPTN

Muscarinic Acetylcholine
Receptor 2 and 4 Signaling
Pathway

P00043  1/39 Panther 0.030759194 CACNA2D1

Glycolysis P00024  1/17 Panther 0.020278021 GAPDH

RNA Transport NA  3/167 KEGG 0.006798981 EIF2B3;RNPS1;NUP98

mRNA Surveillance
Pathway

NA  2/96 KEGG 0.030115987 PCF11;RNPS1

Enriched Gene Ontology
Term

         

L-type Voltage-Gated
Calcium Channel Complex

GO:1990454  1/8 GO - Cellular
Component

0.04971455 CACNA2D1

Polymeric Cytoskeletal Fiber GO:0099513  3/222 GO - Cellular
Component

0.017655682 MYO1B;MAP1A;TUBA8

Microtubule Cytoskeleton GO:0015630  3/389 GO - Cellular
Component

0.04402906 MAP1A;GAPDH;TUBA8

Nuclear Inclusion Body GO:0042405  1/12 GO - Cellular
Component

0.04971455 NUP98

Trans-Golgi Network GO:0005802  2/186 GO - Cellular
Component

0.04971455 MYO1B;OPTN

RNA Polymerase II
Transcription Coativator
Activity

GO:0001105  2/40 GO -
Molecular
Function

0.01057534 MED12;NUP98

Transcriptional Activator
Activity, RNA Polymerase II
Transcription Factor Binding

GO:0001190  2/51 GO -
Molecular
Function

0.011465436 MED12;NUP98

mRNA Binding GO:0003729  3/180 GO -
Molecular
Function

0.01057534 PCF11;RNP51;NUP98
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RNA Polymerase II
Transcription Cofactor
Activity

GO:0001104  2/85 GO -
Molecular
Function

0.023698802 MED12;NUP98

B          

Enrichment Term Pathway/Term ID Overlap GSEA library Adjusted P-
value

Genes

Enriched Pathways          

Amino Acid Synthesis and
Interconversion
(Transamination)

R-HAS-70614  4/25 Reactome 0.000698 OAT;GOT2;GLUL;GLS

Integrin Signaling Pathway IntegrinPathway  3/33 BioCarta 0.019137 VCL;CRKL;TNS1

Cytoskeletal Regulation by
Rho GTPase

P00016  5/70 Panther 0.000105454 MYH7B;ACTBL2;MYH9;MYH4;TUBB4A

Nicotinic Acetylcholine
Receptor Signaling Pathway

P00044  4/68 Panther 0.001516109 MYH7B;ACTBL2;MYH9;MYH4

In�ammation Mediated by
Chemokine and Cytokine
Signaling Pathway

P00031  4/188 Panther 0.049967842 MYH7B;ACTBL2;MYH9;MYH4

Amino Acid Metabolism WP662  5/95 WikiPathways 0.000756209 OAT;PDHA1;GOT2;GLUL;GLS

Glycolysis and
Gluconeogenesis

WP157  3/51 WikiPathways 0.026258764 LDHB;PDHA1;GOT2

Metabolic Reprogramming
in Colon Cancer

WP4290  4/42 WikiPathways 0.000922 PDHA1;GOT2;TKT;GLS

Amino Acid Metabolism WP3925  5/91 WikiPathways 0.00164 OAT;PDHA1;GOT2;GLUL;GLS

Thiamine Metabolic
Pathways

WP4297  2/9 WikiPathways 0.026773 PDHA1;TKT

Glycolysis and
Gluconeogenesis

WP534  3/45 WikiPathways 0.032336 LDHB;PDHA1;GOT2

Arginine Biosynthesis N/A  3/19 KEGG 0.004455933 GOT2;GLUL;GLS

Pyruvate Metabolism N/A  3/38 KEGG 0.009372638 LDHB;PDHA1;ALDH2

Tight Junction N/A  5/167 KEGG 0.009973106 ACTR3;MYH7B;PPP2R1B;MYH9;MYH4

Alanine, Aspartate and
Glutamate Metabolism

N/A  3/37 KEGG 0.011530951 GOT2;GLUL;GLS

Arginine and Proline
Metabolism

N/A  3/50 KEGG 0.017049617 OAT;ALDH2;GOT2

Glycolysis/Gluconeogenesis N/A  3/67 KEGG 0.033683531 LDHB;PDHA1;ALDH2

Enriched Gene Ontology
term

         

Glutamate Metabolic
Process

GO:0006536  4/21 GO -
Biological
Process

0.001109013 OAT;GOT2;GLUL;GLS

Cellular Amino Acid
Biosynthetic Process

GO:0008652  4/29 GO -
Biological
Process

0.002167696 OAT;GOT2;GLUL;GLS

Carboxylic Acid Biosynthetic
Process

GO:0046394  4/45 GO -
Biological
Process

0.008797192 OAT;GOT2;GLUL;GLS

Focal Adhesion GO:0005925  7/357 GO - Cellular
Component

0.014306504 ACTR3;MYH9;THY1;TRIOBP;VCL;RPL7;TNS1

Mitochondrial Matrix GO:0005759  6/309 GO - Cellular
Component

0.028994665 OAT;PDHA1;ALDH2;ECI1;GOT2;GLS

Protein-protein interaction network
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To explore possible interactions among the modulated proteins, we used STRING software and obtained a protein-protein interaction (PPI) network
for HP and S1 modulated phosphoproteins (con�dence scores of >0.4). Figure 5 shows the PPI network comprising 16 nodes and 4 edges for HP
proteins and 64 nodes and 25 edges for S1 proteins. In the HP, we observed interactions between two down modulated phosphoproteins (Supp
Table S2), Optoneurin (OPTN) and Microtubule-associated protein (MAP1A) (Figure 5, top panel). Additionally, two HP upregulated proteins
interact in the PPI network.  The RNA-binding protein with serine-rich domain 1 (RNPS1), activator of splicing [40], and Pre-mRNA cleavage
complex 2 protein (PCF11) [41] interact with each other in terms of predicted binding, catalysis, and reaction (Figure 5, top panel). In S1 the
modulated proteins were associated with several structural functions, including the organization of axons, neuro�laments, microtubule stability
and actin (Figure 5, bottom panel). We also found central hubs including the activation of kinases, such as the Serine/threonine-protein kinase
mTOR and Phosphatidylinositol 3-kinase (PIK3c2a).  

BinGo/Cytoscape Gene Ontology and Biological Pathways

To gain further insight into shared GO terms and biological pathways, we applied the gene ontology database classi�cation (Table 1) to the
BinGo/Cytoscape for the 90 signi�cantly modulated proteins. With Cytoscape it is possible to visualize the interactions between protein classes,
establishing the occurrence of well-represented protein pathways (Suppl. Figure S7). In the general principal network obtained (Suppl. Figure S7A),
we observed a sub-network of uninterrupted main pathways (Suppl. Figure S7B). Usually, related biological processes have a greater probability to
occur together, since some are required for others to occur. This effect is observed here by the continuous pathway representation in the
subnetwork. Note that several brain-related subnetwork pathways are well represented. For instance, there is a continuous path from cellular
processes to neurogenesis, neuron development, vesicle organization and muscle-related classes. This suggests that those pathways are likely to
be relevant among the modulated proteins. The pathways related to muscle processes re�ect the detection of calcium-related proteins, widely
present in the brain. The functional classes observed include nuclear import, protein import, protein localization organelle, intracellular protein
transport, establishment of localization in cell, among others (Suppl. Figure S7B). 

Phosphoprotein separation – PCA analysis

To further investigate whether the different groups had distinct pro�les of phosphoprotein abundance, we normalized and ranked the abundance
values. Next, we applied the Fisher score to select the most discriminative phosphoprotein abundance values for either HP or S1, calculated a 2D
PCA and applied hierarchical clustering to separate the groups (Figures 6A and 6B).  The hierarchical clustering of phosphoproteins was
represented by dendrograms, and the ranking across animals was represented by heat maps (Figures 6C and 6D).

In the HP the best possible separation was obtained with 37 phosphoproteins, but this set could only partially sort the four groups, giving origin to
only three clusters (Figures 6A). This occurred because the REM+ group could not be separated: while one REM+ animal (R11) from this group was
assigned together with the SWS- animals, the other 2 REM+ animals were grouped with the REM- group.  Interestingly, the R11 animal showed
much shorter spindles during both SWS and IS (Suppl. Figure S9). Although no clear segregation pattern is present across the four experimental
groups, we observed a dominance of highly ranked proteins in the REM group regardless the novelty (Figure 6C, note that higher
phosphoprotein rank values are more concentrated in the bottom part of the heat map, corresponding to REM animals).

At variance with results in the HP, in S1 we found that 51 proteins were su�cient to make a clear-cut separation of the four experimental
conditions (Figures 6B), with little or no overlap between the clusters related to each experimental group (Figure 6D). The rightmost cluster formed
by 16 phosphoproteins dominates the REM+ group (higher ranks in the heatmap), while the other two groups of phosphoproteins are almost not
present in the REM+ group. The same occurred for SWS+ and SWS-, with 19 and 16 phosphoproteins, respectively. Such a minimum overlap of
phosphoprotein rank values between the hierarchical clusters of experimental groups indicates that sleep state and novelty in�uence the pro�les
of phosphoprotein abundance in a speci�c way for each condition. In other words, such subsets of phosphoproteins provide speci�c signatures of
each experimental group. No similar clustering was observed when we shu�ed the data (Suppl. Figure S9). Please note that the most distinct
group was REM+, and its corresponding phosphoprotein cluster (rightmost, in red) is hierarchically the last connection in the dendrogram (Figure
6D). This indicates that the REM+ group displayed a unique phosphoproteomic pro�le in comparison to the other groups. Going further down in
the dendrogram the other two phosphoprotein clusters correspond to REM- and SWS+, that relate to each other more closely than to REM+.

Next, we investigated the enriched pathways and gene ontology of the phosphoproteins that separated the groups in the HP and S1 (Table 2). The
HP presented phosphoproteins related to nuclear function (e.g. regulating immediate-early gene expression), calcium-dependent
neurotransmission and synaptic plasticity (Table 2A). For instance, we found that the transcription factor CREB and its extracellular signals were
present as an enriched pathway, which also included CaMKII and MAP Kinase, the mitogen-activated protein kinase, also implicated in memory
consolidation; Dclk1, a calcium-signaling pathway protein that controls neuronal migration in the developing brain; the protein Folate hydrolase
(Folh1), which modulates excitatory neurotransmission through the hydrolysis of the neuropeptide N-aceylaspartylglutamate (NAAG), thereby
releasing glutamate; and ELKS/Rab6-interacting/CAST family member 1 (Erc1), a protein that takes part in the cytomatrix organization at the
nerve terminals active zone, and forms the IKK complex that regulates NF-KB – a synaptic plasticity-related protein; among others (Suppl. Table
S3). 
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The S1 enriched pathways had a more structural cell maintenance-related pro�le, which included tight junctions, alanine, aspartate and glutamate
metabolism, amino acid metabolism and synthesis, integrin signaling pathway, glycolysis and gluconeogenesis, cytoskeletal regulation by Rho
GTPase, and nicotinic acetylcholine receptor signaling pathway, among others (Table 2B).

 Table 2. Enrichment analysis of clustering-relevant phosphoproteins (PCA analysis). Gene set functional analysis using the EnrichR tool is
presented for the A) HP protein list, and B) S1 protein list.
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A          

Enrichment Term Pathway/Term ID Overlap GSEA library Adjusted P-
value

Genes

Enriched Pathways

Angiotensin II mediated
activation of JNK
Pathway via Pyk2
dependent signaling

At1rPathway 2/34 BioCarta 0.04497701 CAMK2B;MAPK3

Trefoil Factors Initiate
 Mucosal Healing

tffPathway 2/36 BioCarta 0.04580751 CTNNB1;MAPK3

BCR Signaling Pathway bcrPathway 2/31 BioCarta 0.04676806 CAMK2B;MAPK3

Bioactive Peptide Induced
Signaling Pathway

biopeptidesPathway 2/33 BioCarta 0.04709108 CAMK2B;MAPK3

Transcription factor CREB
and its extracellular
signals

crebPathway 2/27 BioCarta 0.04729567 CAMK2B;MAPK3

Endocytotic role of NDK,
Phosphins and Dynamin

ndkDynaminPathway 2/16 BioCarta 0.04915164 CAMK2B;NME1

Pathogenic Escherichia
coli infection

N/A 3/55 KEGG 0.04775847 CTNNB1;TUBB4A;TUBA8

B          

Enrichment Term Pathway/Term ID Overlap GSEA library Adjusted P-
value

Genes

Enriched Pathways

Amino acid synthesis and
interconversion
(transamination)

R-HSA-70614 4/25 Reactome 0.000698 OAT;GOT2;GLUL;GLS

Integrin Signaling
Pathway

integrinPathway 3/33 BioCarta 0.019137 VCL;CRKL;TNS1

Cytoskeletal regulation by
Rho GTPase

P00016 5/70 Panther 0.00010545 MYH7B;ACTBL2;MYH9;MYH4;TUBB4A

Nicotinic acetylcholine
receptor signaling
pathway

P00044 4/68 Panther 0.00151611 MYH7B;ACTBL2;MYH9;MYH4

In�ammation mediated
by chemokine and
cytokine signaling
pathway

P00031 4/188 Panther 0.04996784 MYH7B;ACTBL2;MYH9;MYH4

Metabolic
reprogramming in colon
cancer 

WP4290 4/42 WikiPathways 0.000922 PDHA1;GOT2;TKT;GLS

Amino Acid metabolism  WP3925 5/91 WikiPathways 0.00164 OAT;PDHA1;GOT2;GLUL;GLS

Thiamine metabolic
pathways 

WP4297 2/9 WikiPathways 0.026773 PDHA1;TKT

Glycolysis and
Gluconeogenesis 

WP534 3/45 WikiPathways 0.032336 LDHB;PDHA1;GOT2

Arginine biosynthesis N/A 3/19 KEGG 0.00445593 GOT2;GLUL;GLS

Pyruvate metabolism N/A 3/38 KEGG 0.00937264 LDHB;PDHA1;ALDH2

Tight junction N/A 5/167 KEGG 0.00997311 ACTR3;MYH7B;PPP2R1B;MYH9;MYH4

Alanine, aspartate and
glutamate metabolism

N/A 3/37 KEGG 0.01153095 GOT2;GLUL;GLS

Arginine and proline
metabolism

N/A 3/50 KEGG 0.01704962 OAT;ALDH2;GOT2

Glycolysis / N/A 3/67 KEGG 0.03368353 LDHB;PDHA1;ALDH2
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Gluconeogenesis

Enriched Gene Ontology term

glutamate metabolic
process 

(GO:0006536) 4/21 GO -
Biological
Process

0.00110901 OAT;GOT2;GLUL;GLS

cellular amino acid
biosynthetic process 

(GO:0008652) 4/29 GO -
Biological
Process

0.0021677 OAT;GOT2;GLUL;GLS

carboxylic acid
biosynthetic process 

(GO:0046394) 4/45 GO -
Biological
Process

0.00879719 OAT;GOT2;GLUL;GLS

focal adhesion  (GO:0005925) 7/357 GO - Cellular
Component

0.0143065 ACTR3;MYH9;THY1;TRIOBP;VCL;RPL7;TNS1

mitochondrial matrix  (GO:0005759) 6/309 GO - Cellular
Component

0.02899467 OAT;PDHA1;ALDH2;ECI1;GOT2;GLS

 Correlations of phosphoprotein abundance and spindle oscillations

To investigate the relationship between spindle oscillations and phosphoproteomic pro�les we calculated Spearman correlations between the
abundance of each protein assessed and the spindle oscillation counts observed during SWS, IS or SWS+IS. In the HP, protein abundances were
poorly correlated with the number of SWS spindles, except for one protein which showed a signi�cant negative correlation (Figure 7A, left panel).
In contrast, IS spindles were positively correlated with the abundance of 7 other proteins (Figure 7A, middle panel). Pooling spindles from both
SWS and IS led to a substantial increase in the number of positively correlated proteins (26) (Figure 7A, right panel), but surprisingly none of these
overlapped with the proteins correlated with spindles obtained from SWS or IS alone (Figure 7A, left and middle panels). Overall, 10 clustering-
relevant proteins had their abundances positively correlated to SWS+IS spindles (green dots, Figure 7A, right panel), distributed over two different
protein clusters (Figure 6C, cyan asterisks overlapping the red and blue dendrograms). Therefore, ~27% of the 37 clustering-relevant proteins in the
HP (10 out of 37 proteins) were positively correlated with SWS+IS spindles.

In S1, 22 proteins showed signi�cant positive correlations with SWS spindles, without any negative correlations (Figure 7B, left panel). IS spindles
showed a very different pro�le, with negative correlations for 24 proteins, and positive correlations for 4 proteins (Figure 7B, middle panel). In total,
9 proteins presented an overlap between SWS and IS. Interestingly, all of them occurred in the opposite correlation direction from SWS to IS, and
none of them corresponds to those proteins that were relevant for group clustering analysis (green dots in Figure 7). Because of the opposite
direction of these spindle/protein correlations between SWS and IS, they nulli�ed each other when SWS and IS spindles were pooled.
Notwithstanding, SWS+IS spindles were negatively correlated with 18 proteins, and positively correlated with 10 proteins. Overall, 5 clustering-
relevant proteins had their abundances positively correlated with SWS+IS spindles, while 10 clustering-relevant proteins showed negative
correlations (green dots in Figure 7B, right panel). Thus, ~29% of the clustering-relevant proteins in S1 (15 out of 51 proteins) were correlated with
SWS+IS spindles.

Please note that cluster-relevant proteins in S1 which presented negative correlations with spindles from either IS or SWS+IS were exclusively
present in a single protein cluster (Figure 6D, red and magenta asterisks overlapping the green dendrogram). This cluster present highly proteins
rank values (heat map) for SWS+ group. In the same way, the cluster-relevant proteins that were positively correlated with SWS+IS spindles
occurred exclusively in a separate protein cluster (Figure 6D, cyan asterisks in the red dendrogram), and the higher proteins rank values for this
cluster were concentrated in the REM+ group. A similar effect occurred for the third protein cluster: all cluster-relevant proteins which were
positively correlated with SWS spindles were concentrated in a single protein cluster (Figure 6D, yellow asterisks in blue dendrogram), and the
higher protein rank values of those proteins were almost exclusively present in the REM- group. 

Ontology of cluster-relevant proteins that correlate with spindle oscillations

To better understand the separate sleep states in terms of protein abundance and spindles, we investigated the ontology of the proteins that were
both clustering-relevant and signi�cantly correlated with spindles (Suppl. Table S4, proteins marked in green). In the HP, most of these are proteins
involved in transcription regulation, microtubule stabilization and regulation, such as Tmod1 (P70567) (which blocks the elongation and
depolymerization of the actin �laments at the pointed end) Tubb4a (B4F7C2)(which negatively regulates microtubule polymerization) and Erc-
1(A0A0G2JYT1) (a subunit of a regulatory complex that regulates NF-KB that has been implicated in learning and memory, synaptic plasticity, and
the growth of dendritic spines.

In S1, 6 clustering-related proteins were positively correlated with SWS spindles: (P04905) Gstm1, (A0A0G2K8V2) Vcl, (A0A0G2K1P8) Triobp,
(A0A096MJB8) Frmd7, (F1LN88) Aldh2, (D4AAG8) Smchd1. Most of them are involved in cytoskeleton organization, for instance, Vcl is involved in
axon elongation and Frmd7 plays a role in neurite development (Suppl. Table S4). Since all these proteins belong to the same REM- hierarchical
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protein cluster (yellow dots in Figure 6D), it is likely that they are modulated by REM when novel stimuli are absent from the preceding waking
period.

Still in S1, none of the 15 clustering-relevant proteins correlated with SWS+IS spindles overlapped with those correlated with SWS-only spindles.
These proteins represented a more diverse pool of enriched pathways, including amino acid synthesis and metabolism (Suppl. Table S4). For
instance, among these proteins, we found Vdac1 and Vdac3, two voltage-dependent anion-selective channel proteins; Reln (Reelin), a serine
protease that plays a role in the layering of neurons in the cerebral cortex and cerebellum and makes positive regulation of dendritic spine
morphogenesis (GO:0061003); Ppp3cb, a calcium-dependent, calmodulin-stimulated protein phosphatase which plays an essential role in the
transduction of intracellular Ca2+-mediated signals; Nhs, an actin-remodeling regulator. While Reelin, Nhs, Ecpas, Rab3gap2 and Tns1 were
positively correlated with SWS+IS spindles, the other proteins were negatively correlated (Figure 7B, rightmost panel). Moreover, Reelin and Nhs
were signi�cantly upregulated during REM sleep compared to SWS in animals unexposed to novelty. Both Reelin and Nhs belong to the same
hierarchical protein cluster and were highly ranked for REM+ animals (see heat map in Figure 6C). Vdac1, Vdac3 and Ppp3cb also belong to the
same hierarchical protein cluster and were highly ranked for the SWS+ group. 

Discussion
Abundance patterns of identi�ed phosphoproteins

A comparison of the phosphoprotein abundance patterns across experimental groups in the HP indicates that SWS+ animals displayed the most
distinct pro�le, while in S1 the most distinct pro�le was found in SWS- animals (Figure 3). This implies that, in terms of the sheer quantity of
modulated phosphoproteins, novelty drove more changes in the phosphoproteomic SWS pro�le of the HP. This result suggests that in a familiar
situation without novel environmental inputs, S1 displays a highly active phosphorylation dynamic, which seems narrowed after novel stimuli were
presented. For instance, several housekeeping processes could ‘give priority’ to the plasticity pathways to encode the new sensory experience of
the novelty. In contrast, the HP phosphoproteomic pro�le was mostly changed during SWS that followed novel stimulation.

The analysis of modulated proteins across experimental groups showed that S1 displayed substantially more modulated proteins compared to the
HP (69 to 21, respectively). The paired group comparison indicates that S1 phosphoprotein levels are more modulated by sleep phase
(REM-/SWS-) when no novelty is present (Figure 4E), compared to the HP in the same condition (40 and 2 proteins modulated, respectively). While
the HP is more modulated by the sleep phase in the presence of novelty (REM+/SWS+, 7 proteins modulated) compared to S1 (REM+/SWS+, 3
proteins modulated) (Figure 4).

A broad analysis of biological pathways and ontology presented in S1 and HP for the 90 modulated proteins revealed the occurrence of several
subnetworks including neurogenesis, neuron development, vesicle organization and calcium-related proteins, among others (Suppl. Figure S8B).
The functional analysis revealed that the hippocampal modulated proteins include several enriched patterns related to nuclear function mainly
including mRNA processing and cytoskeleton structure (EnrichR, Table 1A). Of special interest is the occurrence of the enriched term of a L-type
voltage-gated calcium channel complex represented by CACNA2D1 [42–44]. Another enriched term, MED12, is a protein involved in neuronal
development [45] and calcium function [46], but not yet well characterized in the brain.

The overall enrichment of nuclear function together with development and calcium activity-related proteins suggests that protein synthesis
potentially related to synaptic plasticity is taking place in the hippocampus during sleep. This is also corroborated by the presence of NUP98,
which is implicated in nuclear signaling and regulation of CREB, an important synaptic plasticity transcription factor [47,48].  This converges with
the �nding that zif-268 is upregulated in the HP during REM in animals previously exposed to new stimuli [16,17,49].

On the other hand, S1 presented predominantly modulated proteins related to neurotransmitter/general cell metabolism and cytoskeletal/matrix
regulation (EnrichR, Table 1B). Those pathways indicate that the cortical activity initially does not include major cortical changes in protein
synthesis, at least not involving the nuclear activity, as it happens in the hippocampus. This is in line with the evidence of hippocampal
upregulation of plasticity-related proteins during early post-training REM sleep in rats [16,17,19], in contrast with the late cortical plasticity followed
by HP LTP induction [49,50].

The protein-protein interaction network analysis for the HP included Optineurin and MAP1a, both involved in structural functions as well as the
modulation of synaptic plasticity. Optoneurin is involved in the Golgi complex maintenance, membrane tra�cking and exocytosis of misfolding
protein (e.g. neurodegenerative disease protein aggregation) and also regulates NF-KB, a transcription factor involved with synaptic plasticity [51–
53]. MAP1A is a structural protein involved in microtubule interaction and other skeletal elements [54], also essential for dendritic growth and
synaptic plasticity [55,56]. RNPS1 interacts with NUP98 and PCF11 in the PPI network and is upregulated in the HP. RNPS1 has been implicated in
neuronal survival after ischemic injury [57]. Those results endorse the nuclear function previously suggested by the Enriched analysis of protein
function (Table 1). 

The same analysis in S1 revealed a network rich in structural organization of axons, neuro�laments, microtubule and actin. It also included hubs
important for neuronal survival, growth and development (e.g. mTOR and PIK3c2a) mTOR is a central regulator of cell proliferation, growth and
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survival [58–61]. It is in�uenced by NMDA, AMPA, dopaminergic, glutamatergic receptors’ activation and BDNF, and regulates several proteins, e.g.
PP2A, a phosphatase protein that is upregulated in the HP during REM sleep of animals exposed to novelty [17,60]. The Phosphatidylinositol 3-
kinase (PIK3c2a) is another main hub and it interacts as well with mTOR. The PIK3 pathway activation is mediated by PIKEnhancer, and it is
important for dendritic branch and cortical neuronal survival during development [62].            

Protein separation – PCA analysis

The PCA analysis resulted in the selection of the most discriminative proteins (cluster-relevant proteins) across groups – 37 in the HP and 51 in
the S1. For S1 these protein abundance values were su�cient to produce a perfect separation, while for the HP, only 3 out of 4 groups were
separated. This may have occurred because of one animal (R11) with shorter spindle oscillations (Supp. Figure S9) . Although spindle oscillations
occur in the cerebral cortex, they are highly implicated in hippocampal-cortical communication [21,63]. Overall, the results support the notion that a
decrease in spindle oscillations can directly in�uence the protein abundance pro�le during post-training REM, as suggested by Blanco et al. (2015).

One could argue that we should also have observed a disrupted PCA classi�cation for S1, but this is not necessarily true. Animal R11 was properly
grouped by protein clustering in S1. This indicates that, although the spindle counts of R11 were decreased, that did not signi�cantly affect protein
abundance in S1. Moreover, this suggests that the spindles are not causing abrupt global changes on the phosphoprotein abundance in S1, at
least in the present experimental timescale. This is corroborated by the long-term temporal resolution of memory corticalization [30,50,64]. This
idea is also in agreement with hippocampal function and features of neurogenesis, synaptic plasticity, and higher rates of synaptic remodeling in
the HP [65–67], as compared to the neocortex.

To investigate how the abundance of spindle oscillations is related to phosphoprotein levels, we calculated the correlations between each
modulated phosphoprotein abundance and spindle counts during SWS, IS and SWS+IS. Interestingly, there was a correspondence of correlation
and clusters, in the sense that cluster-related proteins that presented negative correlations with spindles (during either SWS and SWS+IS) were
exclusively located in the SWS+ group, while the positive correlations (during SWS+IS) were all in the REM+ group. In the third heatmap cluster
there was a similar effect – all proteins that were positively correlated to SWS spindles were in a single cluster, which almost exclusively
represents the REM- group. The neat segregation of protein clusters based on particular types of correlations with spindles strengthens the notion
that spindle oscillations modulate phosphoprotein abundance in quite speci�c ways, depending on the sleep state and the previous exposure to
novel stimuli.

To gain insight on the functional groups of those cluster-relevant phosphoproteins we performed ontogenetic analysis. The HP presented
phosphoproteins more related to nuclear function, calcium-dependent and synaptic plasticity proteins. Among the 37 cluster-relevant
phosphoproteins, we found CREB as an enriched pathway. This means that CREB-dependent upstream factors and downstream gene expression
are probably crucial markers of sleep phase and exposure to novelty, as previously proposed [10,15–17,50,68–70].

In the HP, phosphoproteins related to memory consolidation such as CaMKII and MAPK, were present as enriched pathways. Those results are
compatible with the hippocampal correlates of molecular changes after early memory acquisition (novelty). Hippocampal NMDA and AMPA
receptors’ activation are necessary for early tagging of cortical networks [71]. NMDAr activation leads to downstream cascades of calcium-
dependent signaling pathways, which include CaMKII and MAPK activation [72] and NMDAr/CaMKII complex is necessary for hippocampal
maintenance of new synaptic upscaling [73]. It is worth noting that in the HP almost none of the cluster-relevant proteins were highly ranked in the
heat map for the SWS- animals, while some were highly ranked in the SWS+ group and nearly all were highly ranked in the REM groups (Figure
6C). This suggests that few or no synaptic plasticity-related phosphoproteins found in the enrichment analysis are present during SWS.
Conversely, REM groups were signi�cantly rich in terms of synaptic plasticity pathways.

In the S1, the enriched pathways included phosphoproteins related to cell structure and maintenance. The pathways of cytoskeletal regulation and
nicotinic acetylcholine included myosins and other proteins involved in structure, for instance, MYH7B, a myosin that has been implicated in the
regulation of synapse formation and structure and may directly in�uence electrophysiology. More speci�cally, Myh7b interference RNA decreases
the amplitude of miniature EPSC of hippocampal neurons and affects AMPA receptors surface expression through actin interaction [74]. This
suggests that the broad cytoskeleton changes may re�ect the synaptic changes occurring during sleep. Also, the fact that those putative synaptic
remodeling indicators are widely present in group separation PCA analysis (as protein markers) indicates that SWS and REM sleep are differently
‘acting’ on synaptic remodeling terms. Moreover, MYH7B is a highly ranked protein for REM- group and is not for SWS groups, reinforcing the idea
of a sleep state-speci�c modulation. 

 

HP protein abundance x spindle correlation

To investigate the relation of protein abundance and the electrophysiological phenomenon of spindle oscillations during sleep, we performed
correlations between them for all animals. We observed an increase in correlations when spindles during SWS and IS were pooled together,
compared to spindles obtained from each of these states alone. This indicates that those changes occur subliminally during SWS and IS and
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appear signi�cantly only when spindles from both SWS and IS are summed. Also, the non-summation effect suggests that the SWS and IS alone
are acting in opposite directions for that group of proteins. In other words, this result suggests that the spindle-related changes in protein
abundance of the HP seem to be a result of the SWS and IS association. (Figure 4B, right panel). 

In the same way, no PCA cluster-relevant protein was correlated to SWS nor IS alone, but 10 were positively correlated with SWS+IS spindles. This
supports the notion of a synergic effect between SWS and IS in the HP [19]. Considering that the SWS experimental group did not have IS, while
REM animals did, that differential modulation (SWS x IS) is possibly contributing to the maximization of differences across groups (and therefore
helping proper clustering). 

S1 protein abundance x spindle correlation

In the S1 cortex most of the SWS spindles were positively correlated to proteins, while the opposite occurred to IS.  Part of the cluster-relevant
proteins (9) did not overlap across SWS and IS - do not correlate with SWS+IS spindles. This suggests that those proteins’ abundances are
differently (opposite) affected/modulated by SWS spindles versus IS spindles. Again, considering that SWS animals are deprived of IS, while REM
animals are not, the SWS x IS differences are likely to help clustering by contributing to the maximization of differences across experimental
groups. 

Conversely, the opposite occurred to 8 cluster-relevant proteins – they were not correlated with SWS or IS spindles separately but correlated well
with SWS+IS spindles. This adds to the notion that SWS and IS spindles are similarly modulating those proteins [19], i.e. that a summation
occurred and made the subthreshold correlations signi�cant. In this case, spindles occurring during either SWS or IS similarly affected the
phosphoprotein levels. A similar summation effect occurred for 10 non-clustering proteins, which were not correlated during either SWS or IS, but
were correlated when SWS+IS spindles were pooled. This suggests a synergic effect for the phosphoprotein pro�les that are similar across
experimental groups.

Considering the S1 cluster-relevant proteins we have that 15 over 51 proteins are correlated to SWS+IS spindles, while this number is 10 out of 37
for the HP. This means that almost 29% (15/51) of the S1 clustering-relevant proteins are related to spindle occurrence during SWS+IS, while that
number is 27% (10/37) for the HP proteins. Although we are not measuring causality, we can consider the temporal series of events to speculate
which event is modulating or causing changes in the �rst place. In this case, we have that spindles occur previously to change in proteins because
they occurred �rst in time and also because of the faster temporal dynamic spindles compared to protein synthesis. Therefore, we assume that
spindles are more likely to be modulating the protein levels than the opposite. Also, it is plausible that more proteins are proportionally affected by
spindles in S1 because these oscillations occur there, although they also modulate HP protein levels to a lesser extent, which agrees with the
notion of spindles (and ripples) as a cortical-hippocampal communication mechanism during sleep [21].

Ontology of cluster-relevant proteins that correlate to spindles

The investigation of the ontology of the cluster-relevant proteins that correlate to spindles during sleep revealed enriched pathways related to
cell/axon organization/neurite development during SWS (6 proteins), while for SWS+IS spindles the 15 proteins had a more diverse pro�le. This
included voltage-dependent channels, calcium activity-related proteins as well as positive regulation of spine morphogenesis, and actin-
remodeling regulator. Importantly, SWS only and SWS+IS correlated proteins do not overlap. That result suggests that IS (possibly through
spindles) is modulating a different subset of proteins in the cortex compared to SWS alone. In this sense, one could suggest that a cumulative
effect of SWS+IS spindles is promoting a more signi�cant ‘activation’ of the plasticity-related pathways, e.g. calcium signaling and downstream
targets. It is worth noting that two of those proteins, Reelin and Nhs, are also highly ranked for REM+ animals, which means that they are ‘a point’
of difference of that group to the others. This result is in agreement with Strauss et al. (2022) regarding the sequential hypothesis for
memory consolidation. This study found that the contribution of sleep spindles to memory consolidation depends on a complete transition from
SWS to REM sleep, which corroborates the hypothesis that the entire physiological sequence of the sleep cycle is crucial for memory
consolidation. Our �ndings corroborate this hypothesis, especially considering the distinct correlation pro�les of spindles and protein abundance
when comparing SWS-only versus SWS+IS.

In the HP, no cluster-relevant protein correlated to SWS spindles only, and most of the cluster-relevant proteins that correlated to spindles during
SWS+IS were related to transcription regulation, microtubule stabilization and regulation (e.g. Tmod1 and Tubb4a, that regulates actin and
microtubule polymerization). Also, NF-KB pathway related to learning and memory, synaptic plasticity, growth of dendritic spines [75–77] is
represented by a positive correlation between Erc-1 and IS+SWS spindles. Erc-1 is a subunit of a regulatory complex that regulates NF-KB [78].
Such a result is compatible with the characteristic hippocampal synaptic plasticity and cognitive function. Also, it agrees with the cognitive role of
sleep in hippocampal dependent-memory consolidation, as the object exposure performed in the present study. 

The molecular pro�le of proteins found for SWS+IS correlations is compatible with the idea of molecular changes caused by both sleep phases, in
agreement with Strauss et al. Overall, we found that structural changes and synaptic plasticity-related molecules, e.g. Reelin and Erc-1 have their
abundance positively correlated with spindle counts, and spindles are involved in cognitive processes that require molecular and structural
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changes such as those reported here. Furthermore, our �ndings provide a global overview of the phosphoproteomic regulation of both brain
regions during sleep. These results give us insights into which pathways and biological processes contribute to the cognitive role of sleep. 

Because we presented here a large amount of data there is a lot more detailed analysis that would explore deeply the modulated proteins for each
separate group. For instance, analysis of enrichment for all paired combinations (data not shown) provided us with a general idea, but more
manually curated analysis could provide us with important nuances. As an example, by text mining we found that Nup98, a nuclear pore protein, is
downregulated during REM(+) sleep compared to SWS(+) of animals exposed to novelty; and upregulated during SWS(+) exposed compared to
SWS(-) non-exposed animals (Suppl. Table S2). Evidence indicates that Nup98 interacts with the synaptic plasticity-related transcription factor
CREB to regulate transcription [47,79]. Although it is not clear whether it positively or negatively regulates transcriptional CREB activity, the CREB
inhibitor, ACREB, signi�cantly reduced the Nup98 levels and suggested an association between Nup98 and the pentraxin receptor [80] – a receptor
that has been implicated in the excitatory and inhibitory synaptic organization [81].

Another interesting result is that phosphorylated CaCNA2D1, the Ca+2 voltage-dependent channel (subunit alpha-2/delta-1) (CaV) is
downregulated during REM sleep of animals previously exposed to objects (REM+) compared to SWS+ animals (Suppl. Table S2). The CaV
opening leads to Ca+2 in�ux and allows intracellular calcium signaling pathways activation, including Calmodulin/Ca+2 and Calcineurin/Ca+2
complex formation, which promote phosphorylation and dephosphorylation of downstream targets by kinases and phosphatases activity,
respectively, leading for instance to an increase in pCaMKII levels during REM sleep after novelty in the HP [19]. Similarly, the Calcineurin/Ca+2
complex dephosphorylates its downstream targets, and it binds to anchoring proteins (AKAP79/150) of CaV channels and forms a CaV –
calcineurin/Ca+2 complex. That complex regulates transcription at the nucleus by dephosphorylating the NFAT [82] - a synaptic plasticity regulator
[83]. As already mentioned, NF-KB is a crucial factor involved in synaptic plasticity, dendritic growth, learning and memory [75,77], and the
phosphoprotein abundance of Erc-1 (an IKK subunit, that regulates NF-KB [78]) is positively correlated to SWS+IS spindles. Although that
correlation analysis was not possible for separate SWS and REM groups, it is worth remembering that only REM animals had the IS phase. In other
words, such correlation is likely due to the IS spindles in REM animals, an idea corroborated by the fact that phospho-CaCNA2D1 is decreased
during REM in exposed animals, and in agreement with the evidence that phosphorylated CaMKII levels are increased during REM sleep in animals
that were previously exposed to novelty, in positive correlation with SWS+IS spindles [19]. The major phosphoproteomic differences between HP
and S1 across the sleep cycle have implications for memory corticalization and active systems consolidation theory [4]. 

The results also suggest the activation of parallel Ca+2 signaling pathways during REM sleep, including the activation of a phosphatase
(Calcineurin) and multiple kinases (CaMKII, MAPK etc) converging to regulate transcription of synaptic plasticity-related proteins. Further
experiments targeting CaV-Calcineurin complex and its downstream proteins shall con�rm this pathway activation during REM sleep concomitant
to pCaMKII. The idea of a concomitant activation of phosphatases and kinases is corroborated by evidence of experience-dependent up-regulation
of mRNA levels during REM sleep of Arc, Egr-1, Fos and phosphatase proteins PP2A [17]. This is      in agreement with embossing theory for the
cognitive role of sleep [19,84,85], which postulates the combination of non-Hebbian rescaling and Hebbian potentiation of synaptic weights; both
happening in complementary circuits during REM sleep, with complementary roles for SWS and REM sleep [86]. While SWS would lead to a more
general reinforcement of WK activated memories, REM sleep would promote forgetting of all but the most relevant memory traces [87]. This
hypothesis is supported by the evidence that REM sleep selectively prunes non-relevant synapses while reinforcing a subset of newly formed ones
that are important for a motor learning task, in a process mediated by dendritic calcium spike-dependent mechanisms [29]. With regard to its
theoretical implications, however, the current study has the important limitation of having pooled together different cell types, known to have
distinct calcium level pro�les in relation to spindles [27,88–93]. Further studies targeting the phosphoproteomic pro�le of speci�c excitatory and
inhibitory neurons across the sleep cycle are therefore needed.

The present study yields a comprehensive panorama of the experience-dependent phosphoproteomic pro�le in HP and S1 across the sleep cycle,
and provides novel insight on which molecular pathways and biological functions are speci�cally engaged during SWS or REM sleep. The S1
cortex presented more experience-dependent modulation of phosphoprotein levels than the HP. The pathways enriched in S1 included cytoskeleton
remodeling and general metabolism (glutamate, acetylcholine etc). The pathways enriched in the HP included proteins related to nuclear function,
regulation of gene expression, and Ca+2 signaling. The hippocampal pathways that were relevant for group clustering included protein kinases
CaMKII and MAPK. The levels of synaptic plasticity-related proteins were speci�cally modulated during REM sleep of animals exposed to novelty,
and the levels of several proteins associated with speci�c sleep states were correlated with spindle abundance comprising the complete sleep
cycle across both SWS and REM. The spindle-related phosphoproteomic differences detected during this transition may have important
implications for memory corticalization over time. In particular, experience-dependent CaCNa dephosphorylation in the HP during REM sleep may
play an important role in the progressive hippocampal disengagement from mnemonic processing.
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Figures

Figure 1

Work�ow chart of the experimental design. A) Top panel: On the day of the experiment, animals were submitted to electrophysiological and
behavioral recordings as follows: i) baseline recording for 1h; ii) exposure to 4 different novel objects for 10 min; iii) sleep deprivation by gentle
handling for 30 min; and iv) recording of sleep states, with variable duration. Animals in the SWS group could reach SWS but not REM, while
animals in the REM group were allowed to freely enter both sleep states. Bottom panel: After brain dissection, HP and S1 were sampled and
processed for MS analysis. B) Representative raw HP signal and spectrogram of the last part of the experiment for representative REM and SWS
animals. Note that the REM animal displayed prominent theta rhythm in the spectrogram, corresponding to the REM period (green bar). In contrast,
delta power is increased during SWS (dark blue bar). Spindle oscillations are shown for both examples in light blue and red traces, which
correspond to raw and �ltered signals. The right panels show the spectral state maps corresponding to the examples above. Spindles indicated by
colored circles of size proportional to spindle duration. Note that the spindles occur during SWS and IS.
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Figure 2

Work�ow of bioinformatics analysis. The selection process began with (A) identi�cation of the proteins related to sleep and memory, sequenced
by liquid chromatography-mass spectrometry/mass spectrometry (2D Nano LC-MS/MS), using Progenesis QI software for processing data from
the groups compared (A, B, C and D). (B) The screening step classi�ed the phosphoproteins as ‘identi�ed’ and ‘modulated’. (C) The modulated
phosphoproteins were used in PPI studies, gene ontology analysis and the exploration of regulatory networks. The identi�ed groups were used to
inform a hierarchical clustering analysis and a differential expression analysis.
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Figure 3

The abundance pattern of phosphoproteins in different regions of the brain for each experimental group. (A, B) Heatmap of phosphoprotein
expression. In the HP (198 signi�cantly identi�ed phosphoproteins) and S1 (337 signi�cantly identi�ed phosphoproteins). Hierarchical clustering
was performed with sample pro�les in each group (n = 3). The graphic displays dendrograms representing the 1D clusterization of genes (left) and
samples (top) and the 2D map corresponding to the levels of protein abundance. The color key indicates the relative abundance of each protein (0
to 2.0) across the groups of sleep phase and behavior condition. (C, D) Abundance of identi�ed common phosphoproteins normalized by the
mean, across groups. The signals + and – represent the presence or absence of the novelty.
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Figure 4

Global phosphoproteomic analysis. A-D) Volcano plots of the datasets compared after MS analysis, demonstrating the fold change of protein
abundance between the group pairs of interest. The x-axis represents the log10 of the statistically signi�cant p-value (log10(ANOVA)), and the y-
axis represents fold changes. Proteins were considered modulated when p<0.05 and fold change >1.0 (red) or <1.0 (blue). HP and S1 proteins
represented by triangles and circles, respectively; signals + and – represent the presence or absence of novelty. E) Number of signi�cantly
modulated proteins for each comparison of interest.
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Figure 5

Protein-Protein Interaction (PPI) networks of modulated phosphoproteins. PPI interaction analysis performed at STRING platform (string-db.org).
The empty nodes indicate proteins whose three-dimensional structures were undetermined; �lled nodes indicate that the 3D structures are
determined or predicted. Thickness of edges represent STRING edge con�dence from: HP: 0.4 (medium), 0.7 (high) and highest (0.9). Low edge
con�dence (<0.15) were excluded.
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Figure 6

Phosphoprotein abundance clustering across phosphoproteomic datasets. Discriminative phosphoprotein abundance values from the A) HP and
B) S1 cortex were ranked and submitted to PCA analysis. PCA clustering: k phosphoproteins representing dimension (k = 51 for S1 and k = 37 for
HP) were projected on 2D PCA space (k phosphoproteins represent features (attributes) and subjects (n = 12) represent the observations). The
lines in the PCA clustering illustrate boundaries for the clusters. C) The hippocampal and D) S1 rank values for the selected k phosphoproteins are
illustrated as a heat map. For each column (protein), the color in the heat map represents the rank (position from 0 to 11) that the phosphoprotein
abundance occupies for each animal (rows). Dendrograms associated with the heat map represent hierarchical clustering of animals (vertical)
and phosphoproteins (horizontal). Dots indicate phosphoproteins that were correlated to spindle activity (spindles occurring during SWS+IS (cyan,
for positive correlation; magenta for negative correlation), IS (red for negative correlation) or SWS (yellow, for positive correlation)) presented in the
next �gure. Note that S1 PCA and hierarchical clustering analysis produced a perfect separation of groups and a segregation pattern of
animals/proteins emerged from the heat map.
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Figure 7

Spindle oscillations correlate signi�cantly with phosphoprotein abundance. A) Signi�cant correlations between spindle oscillations and
abundance of the phosphoproteins identi�ed in LC-MS/MS In the HP; and B) S1. The left panel is the correlation of protein abundance and
spindles from SW sleep phase (left panel), intermediate sleep (IS, middle panel) and with spindles that occurred during SWS and IS together.
Signi�cant Spearman’s rho values are represented by red and blue bars, which respectively indicate positive and negative correlations.
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