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Microglial TNFa orchestrates protein
phosphorylation in the cortex during the sleep
period and controls homeostatic sleep
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Abstract

Sleep intensity is adjusted by the length of previous awake time,
and under tight homeostatic control by protein phosphorylation.
Here, we establish microglia as a new cellular component of the
sleep homeostasis circuit. Using quantitative phosphoproteomics
of the mouse frontal cortex, we demonstrate that microglia-
specific deletion of TNFa perturbs thousands of phosphorylation
sites during the sleep period. Substrates of microglial TNFa. com-
prise sleep-related kinases such as MAPKs and MARKs, and numer-
ous synaptic proteins, including a subset whose phosphorylation
status encodes sleep need and determines sleep duration. As a
result, microglial TNFa loss attenuates the build-up of sleep need,
as measured by electroencephalogram slow-wave activity and pre-
vents immediate compensation for loss of sleep. Our data suggest
that microglia control sleep homeostasis by releasing TNFa which
acts on neuronal circuitry through dynamic control of phosphory-
lation.
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Introduction

The neuronal circuitries and neuromodulators regulating sleep are
well characterized (Scammell et al, 2017; Adamantidis et al, 2019).
On the contrary, the molecular mechanisms that control sleep have
only been recently investigated. In particular, protein phosphoryla-
tion has been described as a fundamental molecular process of
sleep control (Ode & Ueda, 2020). The central involvement of
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phosphorylation in sleep regulation is supported by the fact that
kinases, such as SIKs, CaMKIlo/B, and ERK1/2, have significant
sleep-inducing effects (Funato et al, 2016; Tatsuki et al, 2016;
Mikhail et al, 2017; Park et al, 2020). Accordingly, hundreds of pro-
teins, including these kinases, were found to undergo sleep-
dependent cycles of phosphorylation/dephosphorylation (Diering
et al, 2017; Briining et al, 2019). Because phosphorylation is a major
form of regulation of neuronal functions, these changes in phospho-
rylation were proposed to adjust neuronal functions to sleep or
wake brain states. In particular, the dynamics of phosphorylation
were shown to principally affect synaptic proteins and to be coupled
to synaptic activities (Briining et al, 2019). Phosphorylation of
synaptic proteins has also been linked to sleep homeostasis (Wang
et al, 2018), the physiological process that guarantees a sufficient
amount of sleep.

Homeostatic control of sleep is believed to rely on sleep-
promoting factors that accumulate in the brain proportionally to
the length of the previous wake period and then induce sleep
(Porkka-Heiskanen, 2013; Franks & Wisden, 2021). Candidate fac-
tors fulfilling these criteria include adenosine, prostaglandin, tumor
necrosis factor oo (TNFa), and interleukin-1 (Halassa et al, 2009;
Krueger et al, 2011; Porkka-Heiskanen, 2013; Franks & Wisden,
2021) but their molecular mechanisms of action and, in particular,
their link to global phosphorylation remain to be understood.

TNFa is a signaling molecule known to control several phospho-
rylation pathways (Faustman & Davis, 2010; Brenner et al, 2015;
Szondy & Pallai, 2017). Its role in the control of sleep has long been
identified. In rodents, TNFo enhances non-rapid eye movement
(NREM) sleep when administered centrally (Shoham et al, 1987;
Fang et al, 1997), while its inhibition reduces sleep (Takahashi
et al, 1995). TNFa expression peaks during the light period when
sleep need is the highest (Fonken et al, 2015). Additionally, TNFa
can act on the cortex to modulate sleep homeostasis. Experimental
modulation of TNFo levels in the cortex was shown to modulate
cortical slow-wave activity (SWA) during sleep (Yoshida et al, 2004;
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Taishi et al, 2007), which represents the principal marker of sleep
homeostasis (Vyazovskiy et al, 2009; Franks & Wisden, 2021). In
support of the active role of the cortex in the regulation of sleep
homeostasis, manipulation of neuronal populations in the cortex
modulates the build-up of SWA following periods of sleep depriva-
tion (SD) and subsequent compensatory sleep (Morairty et al, 2013;
Krone et al, 2021).

In the brain parenchyma, TNFa is mostly if not exclusively
expressed by microglia (Zhang et al, 2014; Zeisel et al, 2018). In
turn, microglia are active sensors of brain state (Li et al, 2012; Stow-
ell et al, 2019; Badimon et al, 2020) and have been recently pro-
posed to participate in the regulation of sleep (Choudhury
et al, 2020; Liu et al, 2021; Corsi et al, 2022). We, therefore, hypoth-
esized that microglia-derived TNFa is involved in phosphorylation-
based control of sleep.

In this study, we used quantitative phosphoproteomic to analyze
the phosphorylation profile of the brain of mice lacking microglial
TNFa. We focused on the cerebral cortex which plays an active role in
the regulation of sleep homeostasis. We demonstrate that microglial
TNFa massively modulates cortical phosphorylation exquisitely dur-
ing the light phase, a period of maximum sleep time. We further show
that phosphosubstrates of microglial TNFo comprise sleep-promoting
kinases and numerous synaptic proteins, including those controlling
sleep needs (Wang et al, 2018; preprint: Taylor et al, 2021). Consis-
tently, mice with microglial TNFa deletion display altered sleep home-
ostasis. Our findings reveal microglia as a new cellular actor in the
homeostatic control of sleep and offer the first insights into the molec-
ular processes downstream TNFa in sleep modulation.

Results

Daily changes in phosphorylations are microglial
TNFa dependent

To assess the involvement of microglial TNFa in daily changes in
protein phosphorylation, we performed quantitative phosphopro-
teomics using phosphopeptide enrichment coupled with label-free
quantitative mass spectrometry in transgenic control (CTL) and
microglia-specific TNFa-deleted mice (micTNFa-KO) (Fig 1A and
Appendix Fig S1). Deletion of TNFa from microglia was accom-
plished in adulthood by tamoxifen-induced recombination in
CX3CR1“ERT2/*TNF”f mice (see Materials and Methods for
details). We focused on the frontal cortex due to its high predomi-
nance of sleep SWA (Huber et al, 2000; Vyazovskiy et al, 2006),
which reflects the homeostatic component of sleep (Vyazovskiy
et al, 2009; Franks & Wisden, 2021). Frontal cortex lysates were
analyzed at zeitgeber time 18 (ZT18) (middle of the dark period)
and ZT6 (middle of the light period), in which mice spend the
majority of their time (> 75%) awake and asleep, respectively
(preprint: Pinto et al, 2022) (Fig 1A). As expected, the light/dark
cycle was associated with changes in protein phosphorylation. In
control animals, 271 phosphosites differed between ZT6 and ZT18,
representing 2.3% of the phosphosites identified (Fig 1B and
Dataset EV1). We then analyzed the phosphoproteome of micTNFa-
KO to assess the requirement of microglial TNFa for these daily
oscillations. The majority of ZT6-ZT18 cycling phosphosites
(70.7%) did not change between ZT6 and ZT18 in these mice
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(Fig 1B) and are thus dependent on microglial TNFo. Moreover, half
of the phosphosites that still change showed a different direction of
change in CTL and micTNFa-KO (Fig 1C), further supporting the
role of microglial TNFa in their light/dark oscillation.

Microglial TNFo massively dampens daily variations in phospho-
rylations. We next compared the phosphoproteome of micTNFa-KO
cortex at ZT18 and ZT6. Unexpectedly, in contrast to the sparse
changes observed in CTL, we found that 14.6% of the identified
phosphosites significantly changed between ZT6 and ZT18 in
micTNFa-KO (Fig 1B and Dataset EV1). Modulation by phosphoryla-
tion can occur at multiple sites of the same protein leading us to
analyze changes at the protein level. We found that 7.8% of the
identified phosphorylated proteins harbor oscillating phosphosites
in CTL but as much as 34.3% of the proteins displayed ZT6 vs.
ZT18 modulations in micTNFa-KO (Fig 1D). Moreover, phosphopro-
teins altered by lack of microglial TNFa during the light/dark cycle
have a higher density of changing phosphorylations than CTL
(Fig 1E), further showing that microglial TNFa acts to suppress daily
changes in phosphorylations.

Altogether, these data demonstrate that microglial TNFo is a
major regulator of protein phosphorylation during the light/dark
cycle by acting both as a controller and buffer of changes in the cor-
tical phosphoproteome.

Microglial TNFo. modulates phosphorylation during the
light period

We next investigated if the daily control of the phosphoproteome by
microglial TNFo occurred preferentially during the dark or light
period by comparing micTNFa-KO and CTL mice phosphopro-
teomes at ZT18 and ZT6 (Fig 2A). During the dark period (ZT18),
only 2.1% of 11,732 phosphosites differed between micTNFa-KO
and CTL mice (Fig 2B). In contrast, during the light period (ZT6), as
much as 25.2% of 13,731 phosphosites changed between micTNFa-
KO and CTL mice (Fig 2B and Dataset EV2). Both increases and
decreases in phosphosite relative abundance were observed show-
ing that microglial TNFa bidirectionally controls the phosphopro-
teome (Fig 2C). Moreover, at ZT6, more than 80% of the
phosphosites changed more than twofold with hundreds of sites
changing more than fivefold (Fig 2C and Dataset EV2). At the pro-
tein phosphorylation level, such TNFa-dependent regulation of
phosphorylation affected 7.4 and 48.3% of phosphoproteins during
dark and light periods, respectively (Fig 2D). Of note, at the protein
expression level, a similar fraction of the proteome differed between
micTNFa-KO and CTL at ZT18 (7.7%) and ZT6 (6%), with no
change above twofold (Appendix Fig S2A and Dataset EV3). The
reduced overlap between microglial TNFo-dependent proteome and
phosphoproteome (Appendix Fig S3) further suggests that phospho-
modulation by TNFa during the light period occurs independently
from changes at the protein expression level.

Sleep has been shown to trigger daily cycles of phosphorylations
(Briining et al, 2019). On the other hand, TNFa expression in micro-
glia is upregulated during the light phase (Fonken et al, 2015). We,
therefore, asked whether modulation of the phosphoproteome by
microglial TNFa at the light period is dependent on sleep mecha-
nisms or is driven by the light/dark cycle. This was assessed by
SD experiments. CTL or micTNFa-KO mice were sleep-deprived for
6 h (from ZTO to ZT6: SD6) and differences in their cortical

©2022 The Authors
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Figure 1. Daily oscillations in cortical phosphoproteome are microglial TNFo dependent.

A

Quantitative analysis of cortical phosphoproteome changes between ZT18 and ZT6 in controls (CTL) and microglia-specific TNFa-deleted mice (micTNFa-KO).
ZT18 and ZT6 correspond to the middle of the dark and light periods, during which mice spend the majority of their time in wakefulness or sleep,
respectively.

Percentage of phosphosites significantly changing in abundance (phosphosites with an adjusted P-value < 0.05 and unique phosphosites) between ZT6 and ZT18 in
CTL and micTNFa-KO mice (green border). Dashed lines represent the ZT6/ZT18-oscillating phosphosites identified in CTL (of 271 phosphosites, 232 were identified in
micTNFo-KO ZT6 vs. ZT18 comparison, middle bar).

ZT6 vs. ZT18 log2 (fold change) for each phosphosite that changed (phosphosites with an adjusted P-value < 0.05 and unique phosphosites) in both CTL and
micTNFa-KO mice. Datapoints above and below the dotted line show up- and down-regulation at ZT6, respectively. Each dot connected by a line represents one
phosphosite. Pink lines correspond to phosphosites with a different direction of change in CTL and micTNFa-KO.

Percentage of phosphoproteins with at least one changing phosphosite at ZT6 vs. ZT18 in CTL and micTNFa-KO mice.

Density of ZT6/ZT18 oscillating phosphosites per protein in CTL (225 phosphoproteins) and micTNFa-KO mice (1,060 phosphoproteins). For each phosphoprotein (rep-
resented by a dot), the graph shows the number of significantly changed phosphosites in ZT6 vs. ZT18 comparison per protein weight. Average + SEM is shown.

n = number of proteins. ***P = 0.0002, Mann—Whitney test.
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phosphoproteome were compared to those of mice with ad libitum
sleep at the same time of day (ZT6; Fig 2A). From the pool of phos-
phosites that differed between micTNFa-KO and CTL mice at ZT6
(green in Fig 2B), 60.8% (1,782 of 2,932) did not change between
micTNFo-KO and CTL upon SD6 (Fig 2B). This demonstrates that
modulation of these phosphosites by microglial TNFo is sleep
dependent. The remaining microglial TNFa-dependent phosphosites
still differed between micTNFa-KO and CTL upon SD6 (Fig 2B) with

©2022 The Authors

similar amplitudes and directions of change (Fig 2E). This demon-
strates that part of the TNFa-dependent modulation of phosphoryla-
tion events (39.2%—1,150 of 2,932 phosphosites) is not dependent
on sleep but is rather influenced by the circadian cycle. Taken
together, these data show that during the light period, microglial
TNFa modulates the cortical phosphoproteome both in a manner
dependent on the light/dark cycle and, in addition, sleep-intrinsic
mechanisms.
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Figure 2. Microglial TNFa acts during the light period to modulate the cortical phosphoproteome.

A Quantitative analysis of changes in cortical phosphoproteome between controls (CTL) and microglia-specific TNFa-deleted mice (micTNFa-KO) at ZT18, ZT6, and ZT6

after sleep deprivation from ZTO to ZT6 (SD6; yellow).

B Percentage of phosphosites significantly changing (phosphosites with an adjusted P-value < 0.05 and unique phosphosites) in micTNFa-KO vs. CTL comparison at
ZT18, ZT6, and SD6. Dashed lines represent the microglial TNFa-modulated phosphosites at ZT6 (of 3,467 phosphosites, 2,932 were identified in CTL vs. micTNFa-KO

comparison at SD6).

C Log2(fold change) of significantly different phosphosites in micTNFa-KO vs. CTL comparison (phosphosites with an adjusted P-value < 0.05 and unique phosphosites)
at ZT18 and ZT6. Each point represents one phosphosite. Data points above and below the dotted line show up- and downregulation in micTNFa-KO, respectively.

Gray lines indicate twofold change.

D Percentage of phosphoproteins with at least one changing phosphosite in micTNFa-KO vs. CTL comparison at ZT18 and ZT6.

E Comparison of micTNFa-KO vs. CTL log2(fold change) for phosphosites changing (phosphosites with an adjusted P-value < 0.05 and unique phosphosites) at both ZT6
and SD6. Data points above and below the dotted line show up- and downregulation in micTNFo-KO, respectively. Each dot connected by a line represents one phos-
phosite. Pink lines correspond to phosphosites with a different direction of change at ZT6 and SDé.

Kinases and phosphatases acting downstream microglial TNFa
during the light period

To dissect the molecular mechanisms downstream of microglial
TNFa in the light/dark cycle, we first assessed the activation of
well-established targets of TNFa signaling, namely the NF-xB and
apoptotic pathways (Brenner et al, 2015). At both ZT18 and ZT6,
lack of microglial TNFo does not alter phosphorylation of NF-xB
p65 at Ser563 and does not induce cleavage of the apoptotic effec-
tor caspase-3 (Appendix Fig S4), indicating no changes in the
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activation of the NF-kB pathway or apoptosis downstream micro-
glial TNFa.

The large-scale regulation of the phosphoproteome by microglial
TNFa during the light period implies active involvement of kinases
and phosphatases. We, therefore, analyzed the protein levels and
phosphorylation of kinases and phosphatases in the proteome of
CTL and micTNFa-KO mice during the dark (ZT18) and light (ZT6)
periods. First, we confirmed that the abundance of kinases and
phosphatases minimally differed between these mice at ZT18 and
ZT6 (Appendix Fig SSA). Then, we showed that at ZT18, only 3.1%

©2022 The Authors

'€62°T0Z"LET'E6T dl| WU} 17202 “TZ YDAl UO B10'SSaId0qLI MAMM//:SO1Y WO PBPRO JUMOQ



Maria J Pinto et al

of phosphatases and 6.7% of kinases displayed differential phospho-
rylation status between micTNFo-KO and CTL mice (Fig 3A). In con-
trast, at ZT6, more than half of phosphatases (56.5%) and kinases
(52.5%) were differentially phosphorylated in micTNFo-KO and
CTL mice illustrating TNFa-dependent phosphorylations (Fig 3A
and Appendix Fig S5B). For instance, the phosphatases Plppr4 (a
lipid phosphatase) and Ppmlh (a metal-dependent protein phos-
phatase) have a high density of phosphorylation sites modified by
microglial TNFa and so likely prone to its regulation during the light
period (Fig 3B and Dataset EV4). Furthermore, several regulatory
subunits of phosphoprotein phosphatases were identified (e.g.,
Ppplrlb and Ppplrla; Fig 3B and Dataset EV4), which possibly
account for an indirect modulation of phosphatases” activity (Yger &
Girault, 2011).

Among the kinases with phosphorylations modified by micro-
glial TNFa during the light period, we found known sleep-
promoting kinases like CaMKIlo/B (Tatsuki et al, 2016) and
MAPKs (Vanderheyden et al, 2013; Mikhail et al, 2017) and the
sleep need-associated kinases MARKs (Wang et al, 2018) (Fig 3C
and Dataset EV4). We found a substantial number of members of
the CAMK family (e.g., CaMKIlo/f, Dclkl, Brsk1/2, and MARKI1-
4) and the CMGC family (including CDKs, MAPKs, and GSK3a)
displaying multiple sites of microglial TNFa phosphomodulation
(Fig 3C and Dataset EV4). We also found that phosphorylation
sites known to control the activity of kinases are altered by micro-
glial TNFo during the light period, such as Thr**® on CaMKlla,
Tyr?®/Tyr'®® on MAPK3/1 (positive log2-fold changes indicative
of upregulation in micTNFa-KO), and Ser*! on GSK3o (negative
log2-fold change indicative of downregulation in micTNFa-KO)
(Dataset EV2) (Fang et al, 2000; Bayer & Schulman, 2019). To
validate the phosphoproteomic data, we performed a western blot
using phospho-specific antibodies. In agreement with the obtained
fold change in the micTNFo-KO vs. CTL comparison at ZT6
(Dataset EV2), a decrease in GSK3a Ser*! phosphorylation and a
trend for an increase in MAPK phosphorylation were observed in
micTNFo-KO (Fig 3D). These results emphasize the uncharted
potential of microglial TNFo to modulate the activity of kinases
and phosphatases through phosphorylation during the light
period.

We then used RoKAI, an unbiased kinase activity inference tool,
to identify kinases affected by microglial TNFo at ZT18 and ZT6
based on changes in the phosphorylation profile of their substrates
(Yilmaz et al, 2021). The set of phosphosites significantly altered in
the micTNFo-KO vs. CTL comparison and the correspondent
adjusted log2-fold change (Dataset EV2) was used as input. RoKAI
identified mostly members of the CAMK and CMGC families
(Fig 3E). Notably, MARKI1, CaMKIla, PRKAA1, CDK1, MAPK1/3,
and CSNK2a1 were identified as kinases with altered activity at ZT6
in micTNFa-KO as compared to CTL (Fig 3E). PKCp, a member of
the AGC family was also identified as a kinase putatively upregu-
lated by loss of microglial TNFa at ZT6. Of note, no significant hits
were obtained at ZT18 (empty panel in Fig 3E), suggesting a mini-
mal effect of microglial TNFa in the activity of kinases at this time
of day. We then validated the RoKAI predictions by western blot
analysis and we chose MAPKs/CDKs, PKCs, and MARKs as test
cases. In accordance with the RoKAlI-predicted upregulation of activ-
ities, an increase in the phosphorylation of substrates of MAPK/
CDK and PKC was observed on micTNFa-KOs frontal cortex

©2022 The Authors
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proteins in comparison to CTL at ZT6 but not at ZT18 (Fig 3F).
MARKSs are activated by phosphorylation of a conserved threonine
in the activation loop (Timm et al, 2003). Changes in the activity of
MARKSs were evaluated by quantifying the phosphorylation of their
activation loop. Similar to MAPK/CDK and PKC, reduced phospho-
rylation of the activation loop of MARKs only occurs at ZT6 in
micTNFo-KO (Fig 3G). We further verified that the phosphorylation
of substrates of PKA, AKT, and AMPK, whose activities were not
predicted to be affected (Fig 3E), did not display changes in
micTNFa-KO as compared to CTL mice (Appendix Fig S6). Finally,
we used brain organotypic slices to demonstrate the acute effects of
TNFa on the candidate kinases. This confirmed that short-term neu-
tralization of TNFo mimicked the changes in MAPK/CDK and PKC
signaling pathways observed on micTNFa-KOs in vivo
(Appendix Fig S7). Together, these observations support a direct
effect of TNFo on the above-mentioned kinases.

Phosphorylation of sleep-related synaptic proteins is regulated
by microglial TNFo

To gain further insight into the roles of microglial TNFa-mediated
phosphorylation during the light period, we used the Reactome
Pathway Analysis (Milacic et al, 2012; Croft et al, 2014), an unbi-
ased pathways analysis tool, to characterize the functions enriched
in the substrates of TNFa phosphomodulation (Fig 2C and
Dataset EV5). Strikingly, the enriched pathways were almost exclu-
sively related to synaptic functions both at the presynaptic and post-
synaptic level (Fig 4A). In agreement, we found that 34.7% (521 of
1,503) of the phosphoproteins that were differentially phosphory-
lated between micTNFa-KO and CTL mice at ZT6 is annotated as
synaptic. Moreover, several of these synaptic proteins undergo mod-
ulation by microglial TNFo at multiple phosphorylation sites, partic-
ularly during the light period (ZT6) (Fig 4B and Dataset EV5). These
include presynaptic (e.g., synapsins, RIMs, Syngap2, Bassoon, and
Piccolo) and postsynaptic proteins (e.g., NMDARs, Shanks, Ank2/3,
Dlgapl, and Agap2), as well as synaptically localized kinases (e.g.,
CaMKIla, Dclkl, and MARKSs). Finally, no synaptic pathways were
enriched when considering the proteins whose abundance is altered
by microglial TNFa at ZT6 (Appendix Fig S2B).

Several studies have demonstrated that the phosphorylation of
proteins, in particular, synaptic proteins, controls the duration of
sleep (Funato et al, 2016; Tatsuki et al, 2016; Wang et al, 2018;
preprint: Taylor et al, 2021). For instance, sleep/wake cycles were
shown to specifically drive the phosphorylation of more than 800
synaptic proteins (Briining et al, 2019). Remarkably, we found that
65% of these synaptic proteins are differentially phosphorylated
between micTNFo-KO and CTL mice at ZT6 (Fig 4C). Homeostatic
regulation of sleep relies on internal mechanisms that encode sleep
need according to the previous time spent awake. The phosphoryla-
tion—dephosphorylation of 80 synaptic proteins identified as the
synaptic sleep need index phosphoproteins (SNIPPs) has been pro-
posed to code sleep need (Wang et al, 2018). Phosphorylation of
another set of synaptic proteins identified as keystone sleep phos-
phoproteins (KSPs) has been causally linked to sleep induction
(preprint: Taylor et al, 2021). Remarkably, 91% of SNIPPs and
100% of KSPs are differentially phosphorylated between micTNFa-
KO and CTL mice at ZT6 and are thus substrates of microglial TNFa
phosphomodulation (Fig 4D). Furthermore, the high density of
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Figure 3. Kinases involved in microglial TNFa phosphomodulation during the light period.

A Phosphomodulation of phosphatases and kinases by microglial TNFo. Graphs show the percentage of phospho-phosphatases and phosphokinases with at
least one changing phosphosite in micTNFa-KO vs. CTL comparison (phosphosites with an adjusted P-value < 0.05 and unique phosphosites) at ZT18 and
ZT6.

B, C The density of phosphosites on (B) phosphatases and (C) kinases modulated by microglial TNFo at ZT18 and ZT6. Graphs show the number of significantly changed
phosphosites in micTNFa-KO vs. CTL comparison per protein weight. Each dot is one phosphoprotein. (B) Phosphatases are shown in gray. Regulatory subunits of
phosphoprotein phosphatases (reg sub PPP) in blue. (C) Kinases are color-coded according to the major families: calcium/calmodulin-regulated kinases (CAMK, red);
CDK, MAPK, GSK3, and CLK kinases families (GMGC, blue); protein kinase A, G, and C families (AGC, dark green); and kinases belonging to other families (others,
gray).

D  Validation by western blot of changes in specific phosphorylation events on kinases. Left, Immunoblots of cortical lysates of CTL and micTNFa-KO at ZT6 for: (top)
phosphorylated GSK3a/p (pGSK3a. at Ser”* and pGSK3p at Ser®) and total GSK3a; and (bottom) phosphorylated MAPK (pMAPK and MAPK3 at Thr?%%/Tyr*® and MAPK1
at Thr'®/Tyr'®%) and total MAPK. Right, Ratio between phosphorylated and total kinase normalized to CTL at ZT18 and ZT6. Immunoblots at ZT18 in
Appendix Fig S5C. n =5 mice per group. ***P = 0.000009 (GSK3a), multiple t-test with Benjamini—-Hochberg correction.

E Kinases with altered activity between CTL and micTNF-KOs predicted by robust kinase activity inference (RoKAI) at ZT18 and ZT6. The graph shows the z-score
value of each kinase assigned by RoKAI. Kinases above and below the dotted line represent the prediction of up- and downregulated activity in micTNFo-KO,
respectively. Kinases are color coded according to the kinase group as described in (C).

F, G Validation by western blot of altered activity of predicted kinases between CTL and micTNF-KOs. (F) Left, Immunoblots of cortical lysates of CTL and micTNFa-KO at
ZT6 using antibodies specific to target phosphorylation motifs of MAPK/CDK (PXS*P, S*PX(K/R)) and PKC ((K/R)XS*X(K/R)). Dashed boxes indicate quantified signals.
Right, Ratio between phosphorylated substrates and loading control normalized to CTL at ZT18 and ZT6. Immunoblots at ZT18 in Appendix Fig S5D. (G) Left, Immu-
noblots show signal of phosphorylated threonine in MARKs activation loop. Right, Ratio between phosphorylated MARK activation loop and loading control normal-
ized to CTL at ZT18 and ZT6. (F, G) n =5 mice per group. *P = 0.022 (MAPK/CDK phospho-sub), *P = 0.014 (PKC phospho-sub), and **P = 0.0091 (MARK), multiple t-
test with Benjamini—-Hochberg correction.
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Figure 4. Sleep-associated synaptic proteins are major targets of microglial TNFa phosphomodulation during the light period.

A Pathway analysis of substrates modulated by microglial TNFa through phosphorylation during the light period.

B Density of phosphosites on synaptic and non-synaptic proteins (other) modulated by microglial TNFa at ZT18 and ZT6. Graph shows the number of significantly
changed phosphosites in micTNFa-KO vs. CTL comparison per protein weight. Each dot corresponds to one phosphoprotein. n = number of proteins. ****P < 0.0001
compared to ZT18 synaptic and #*###p < 0,0001 compared to ZT6 other, Kruskal-Wallis test followed by Dunn’s multiple-comparison test.

C Venn diagram shows high overlap of TNFa-modulated phosphoproteins at ZT6 and synaptic proteins harboring daily phosphorylation changes (Briining et al, 2019).

Venn diagram of microglial TNFa-modulated phosphoproteins at ZT6 and sleep-associated phosphoproteins SNIPPs and KSPs.

E Density of phosphosites modulated by microglial TNFa at ZT6 on all TNFo phosphosubstrates, SNIPPs and KSPs. The graph shows the number of significantly
changed phosphosites in micTNFa-KO vs. CTL comparison per protein weight. Each dot corresponds to one phosphoprotein. n = number of proteins. ****P < 0.0001
and **P = 0.0016 compared to TNFphosp.ZT6, Kruskal-Wallis test followed by Dunn’s multiple-comparison test.
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phosphosites modulated by microglial TNFa on SNIPPs and KSPs
highlights the prime ability of microglial TNFo to regulate their
phosphorylation status (Fig 4E and Dataset EV5). Taken together,
our results identify microglial TNFa as a major modulator of phos-
phorylation of sleep-related synaptic proteins and therefore a puta-
tive upstream regulator of sleep homeostasis.

Homeostatic control of sleep requires microglial TNFo

Sleep homeostasis sets the intensity of sleep according to the dura-
tion of the prior wake. Actually, sleep need increases during sponta-
neous or enforced wake and then dissipates during the following
sleep period. It has been proposed that the phosphorylation of
SNIPPs determines sleep need and is therefore part of the regulatory
mechanism of sleep homeostasis (Wang et al, 2018). Because we
have shown that microglial TNFa massively controls the phosphory-
lation status of SNIPPs, we hypothesized that microglial TNFa is a
regulator of sleep need. This was first shown by measuring dynamic
changes in cortical EEG SWA in NREM sleep, a reliable indicator of
sleep need (Vyazovskiy et al, 2009; Franks & Wisden, 2021), in
micTNFo-KO and CTL mice throughout a 24-h sleep-wake cycle
(baseline recording) (Fig SA). As expected, in CTL mice, SWA
increased during the dark (wake) period reflecting the build-up of
sleep need, and decreases progressively during the light (sleep)
period when sleep need dissipates (Fig 5A). Strikingly, at the onset
of the light (sleep) period, the amount of SWA was significantly
lower in micTNFo-KO mice as compared to CTL mice (Fig 5A).

To further demonstrate the role of microglial TNFa as a regulator
of sleep need, sleep homeostasis in micTNFa-KO mice was then
challenged by SD. Sleep deprivation substantially increases sleep
need and triggers a compensatory response by boosting subsequent
SWA in NREM sleep and sleep duration (Borbély et al, 1981; Huber
et al, 2000; Franken et al, 2001). CTL and micTNFo-KO mice were
forced to stay awake during their normal sleep period (SD from ZTO0
to ZT6) and the consequences of SD were assessed in the subse-
quent recovery phase. As expected, during the first hours of recov-
ery following SD, CTL mice displayed a sharp increase in SWA in
NREM sleep (Fig 5A), reflecting elevated sleep need (Vyazovskiy
et al, 2009; Franks & Wisden, 2021). Moreover, SD elicited a sleep
rebound (+9.4% of total sleep time in CTL) at the expense of wake
levels during the following recovery phase (Fig 5B and C). Remark-
ably, at the beginning of the recovery period, micTNFa-KO mice dis-
played less SWA as compared to CTL mice (Fig 5A) consistent with
a compromised build-up of sleep need following extended periods of
wake. In contrast to CTL mice, micTNFa-KO mice lacked total sleep
rebound and concomitant decrease in wake amounts during the
recovery phase following SD indicative of impaired sleep homeosta-
sis (Fig 5B and C). Noteworthy, the amounts of NREM sleep after
SD were not different between CTL and micTNFa-KO mice (Fig 5C).
Yet, the mean duration of NREM sleep bouts was longer after SD as
compared to the sham condition in CTL mice but not in micTNFa-
KO mice (Table EV1). Additionally, rapid eye movement (REM)
sleep amounts in micTNFa-KO mice were increased as compared to
CTL in the sham condition and decreased following SD (Fig 5C and
Table EV1).

Brain oscillations at theta and gamma frequencies during wake
have been proposed to drive sleep need (Vassalli & Franken, 2017).
We thus analyzed these oscillatory activities during SD in CTL
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and micTNFo-KO mice. We found that during SD, waking theta, low-
and high-gamma activities were not different in CTL and micTNFa-
KO mice (Appendix Fig S8). This suggests that microglial TNFa mod-
ulation of sleep need is not linked to waking oscillatory activities.

Finally, to gain insights into how microglia regulate sleep need,
we analyzed the microglial TNFa-targeted substrates and pathways
upon SD (Fig 5D), a state of maximal accumulation of sleep need.
As expected, proteins harboring phosphorylations modulated by
microglial TNFa at SD (1,818 phosphosites in a total of 994 phos-
phoproteins, listed in Datasets EV2 and EV5, respectively) include
most SNIPPs and all KSPs (Fig SE and Dataset EVS5). In addition, a
literature search of the 200 phosphoproteins showing a higher den-
sity of TNFa-modulated phosphosites during SD revealed 11 genes
that have already been causally linked to sleep phenotypes (Fig 5F
and Dataset EV5). Noteworthy, these include proteins that control
homeostatic sleep rebounds after SD, such as the B2 subunit of
AMPK kinase (Prkab2), the cyclic AMP-dependent transcription
factor (Atf2) and synaptic proteins (e.g., the postsynaptic proteins
Shank3 and Shisa? and the presynaptic protein Riml—Fig 5F).
Noteworthy, we also tested the kinases shown to be modified by
microglial TNFa in the light period (GSK3a, MAPK/CDK, PKC, and
MARK; Fig 3). We found that none of these kinases were differently
phosphorylated, nor their phosphorylated substrates in CTL and
micTNFa-KO upon SD (Appendix Fig S9). This suggests that a differ-
ent set of kinases acts downstream microglial TNFa at conditions of
high accumulation of sleep pressure.

Discussion

Sleep is under tight homeostatic control but the cellular and molecu-
lar mechanisms of such control are still largely unknown. We now
demonstrate that microglial TNFo extensively modulates cortical
phosphoproteome during the light period, a phase of maximal sleep
(Fig 2), including many kinases, phosphatases (Fig 3), and synaptic
proteins (Fig 4). A set of these microglial TNFa-targeted substrates
are SNIPPs and KSPs (Fig 4), proteins whose phosphorylation status
has been proposed to encode sleep need and control sleep duration,
respectively (Wang et al, 2018; preprint: Taylor et al, 2021). In
agreement, we showed that microglial TNFa is required for the
expression of sleep need and concomitantly controls homeostatic
sleep rebound (Fig 5). We further identified several phosphorylated
substrates as potential candidates acting downstream microglial
TNFa in the regulation of sleep need (Fig 5).

Homeostatic regulation of sleep by microglia

The homeostatic regulation of sleep sets the intensity of sleep as a
function of the preceding time spent awake. Such control relies on
the build-up of sleep need during wake and subsequent translation
into sleep drive. One currently held belief is that sleep need arises in
discrete neuronal networks driven by the accumulation of sleep-
promoting substances following prolonged periods of neuronal
activity during extended wake (Porkka-Heiskanen, 2013; Franks &
Wisden, 2021). Astrocytes have been implicated in sleep homeosta-
sis via the release of adenosine (Halassa et al, 2009; Bjorness
et al, 2016; Ingiosi et al, 2020), which acts on the basal forebrain
and hypothalamus to induce sleep (Porkka-Heiskanen et al, 1997;
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Figure 5. Microglial TNFa modulates sleep homeostasis.

A

Time course of SWA during NREM sleep across a 24 h baseline sleep-wake cycle (left) and in the first 5 h after sleep deprivation (SD; right) in controls CTL (black) and
micTNFa-KO (green) mice. Mean SWA values normalized to the mean SWA during ZT8 to ZT12 of the baseline recording, a period during which sleep need is lowest (see Meth-
ods). SWA in baseline sleep: CTL, 14 mice; micTNFa-KO, 15 mice. Two-way rANOVA; genotype, F(1,27) = 2170, P = 0.1523; time: F(3.003,81.09) = 117.8, P < 0.0001; interaction F
(8,216) = 2.257, P = 0.0246; SWA after sleep deprivation: CTL, 12 mice; micTNFa-KO, 15 mice. Two-way rANOVA; genotype, F(1,25) = 1.902, P = 0.1801; time: F

(2.489,62.23) = 4158, P < 0.0001; interaction F(4,100) = 4.196, P = 0.0035. Post hoc test with Sidak's multiple-comparisons tests, *P < 0.05 CTL vs. micTNFo-KO.

Delta change in wake and total sleep amounts between SD and sham in the first 3 h of the recovery phase. Unpaired t-test (two tailed): wake, #P = 0.0355; total sleep,

#p = 0.0359.

Wake, NREM sleep, and REM sleep amounts in the first 3 h of the recovery phase after sleep deprivation (SD, plain) or sham condition (Sham, empty) in CTL and
micTNFoa-KO mice. SD: mice were sleep deprived for 6 h starting at ZTO; Sham condition: each mouse was gently awakened at ZT6, 2 days prior to the SD procedure
(matched control recording). CTL, 15 mice; micTNFa-KO, 15 mice. Data are represented as mean £ SEM. Two-way rANOVA; wake: genotype, F(1,28) = 0.5302,

P = 0.4726; SD: F(1,28) = 5.863, P = 0.0222; interaction F(1,28) = 6.105, P = 0.0198; NREM sleep, F(1,28) = 0.7292, P = 0.4004; SD: F(1,28) = 11.40, P = 0.0022; interaction
F(1,28) = 2.657, P = 0.1143, REM sleep, F(1,28) = 0.2423, P = 0.6264; SD: F(1,28) = 8.273, P = 0.0076; interaction F(1,28) = 12.91, P = 0.0012. Post hoc test with Sidak’s
multiple-comparisons tests, **P < 0.01 and ***P < 0.001 Sham vs. SD and #P < 0.05 CTL vs. micTNFo-KO.
Quantitative analysis of changes in cortical phosphoproteome between CTL and micTNFa-KO after sleep deprivation from ZTO to ZT6 (SD6; yellow).

Identified sleep need phosphoproteins are modulated by microglial TNFo following sleep deprivation. The 994 phosphoproteins that had at least one phosphosite
changing in micTNFo-KO vs. CTL comparison at SD6 (phosphosites with an adjusted P-value < 0.05 and unique phosphosites; Dataset EV5) comprise all KSPs and 60

of 80 SNIPPS.

Phosphosubstrates of microglial TNFo during sleep deprivation are causally linked to sleep regulation. Venn diagram shows the 200 phosphoproteins with a higher
density of TNFa-modulated phosphosites at SD6. Dark green highlights proteins whose mutation and/or knockdown leads to sleep phenotypes in baseline sleep,
NREM SWA, and/or sleep rebound after SD (green tick) (refer to Dataset EV5 for a list of relevant citations). Proteins are listed in descending order of density of TNFo-

modulated phosphosites at SD6.
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Lazarus et al, 2019). Despite work in Drosophila suggesting a con-
nection between glia-derived immune factors and homeostatic sleep
(Vanderheyden et al, 2018; Blum et al, 2021), the involvement of
microglia has remained elusive. Our work now provides functional
evidence that microglia are active players in sleep homeostasis via
TNFa. It is worth noting that homeostatic sleep control by microglia
may not be limited to the secretion of TNFa, as these cells control
the levels of adenosine (Badimon et al, 2020) and can release other
known sleep-promoting substances such as interleukin-1 and pros-
taglandins (Giulian et al, 1986; Ikeda-Matsuo et al, 2005).

The somnogenic effect of TNFa has long been described. Central or
peripheral injections of TNFo increase NREM sleep (Shoham
et al, 1987; Fang et al, 1997; Kubota et al, 2002), while neutralization
of TNFo signaling attenuates spontaneous sleep (Takahashi
et al, 1995) and homeostatic sleep rebound in rabbits (Takahashi
et al, 1996). In the brain parenchyma, TNFa expression is restricted to
microglia (Buttini et al, 1997; Zhang et al, 2014; Zeisel et al, 2018).
However, peripheral TNFo can cross the blood-brain barrier and play
an active role in the neuronal circuitry (Garré et al, 2017; Paouri
et al, 2017). Assessing the relative contribution of central and periph-
eral TNFa-producing cells to sleep control is thus an important issue.
Herein, we prove that, despite not being involved in the control of
basal sleep amounts (preprint: Pinto et al, 2022), TNFo of microglial
origin participates in the initial sleep recovery when sleep homeostasis
is challenged by SD (Fig 5B and C).

In support of the role of microglial TNFa in regulating sleep
need, we herein show that slow-wave activity during NREM sleep,
which is an established index of sleep need (Vyazovskiy et al, 2009;
Franks & Wisden, 2021), is reduced in micTNFo-KO mice both at
baseline sleep and after SD (Fig 5A). Features of individual slow
waves during NREM sleep are also modulated by sleep need with
slow waves characterized by sharper slopes and shorter duration
following prolonged wake (Hubbard et al, 2020). Abnormal sleep
homeostasis in mice lacking TNFa is further suggested by our previ-
ous findings showing that loss of microglial TNFo reduces the slope
and increases the duration of individual slow waves during NREM
sleep (preprint: Pinto et al, 2022). Moreover, and in agreement with
previous findings on constitutive knock-out mice with altered TNFa
signaling (Deboer et al, 2002; Kapas et al, 2008), we also reported
an enhanced lower-range SWA in baseline NREM sleep in micTNFa-
KO mice (preprint: Pinto et al, 2022). Several studies have shown
that both slower- and faster-range SWA during NREM sleep are dif-
ferentially regulated according to the duration of prior wake (Huber
et al, 2000; Vyazovskiy et al, 2006; Hubbard et al, 2020) and by
wake-promoting neurotransmitters (Cirelli et al, 2005; Vassalli &
Franken, 2017). These studies yield opposite findings about which
of these two SWA activities best reflects sleep—wake history. There-
fore, whether the shift in SWA toward lower-frequency activities in
micTNFo-KO mice additionally reflects a blunted sleep homeostasis
remains to be investigated.

The involvement of microglia in homeostatic sleep control is con-
sistent with current models of sleep regulation and the well-known
ATP-driven microglia behavior. The former posits that the accumula-
tion of ATP due to enhanced brain activity during prolonged wake
triggers the release of cytokines which in turn promote sleep (Clinton
et al, 2011; Ingiosi et al, 2013). This concept fits with the ability of
microglia to react to neuronal activity via ATP-mediated changes in
their behavior (Li et al, 2012; Badimon et al, 2020; preprint: Pinto
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et al, 2022). Indeed, ATP triggers the release of TNFa, interleukin-1,
and prostaglandin by microglial cells (Hide et al, 2000; Bianco
et al, 2005; Anrather et al, 2011). Collectively, our work and these
findings support the idea that microglia sense extended periods of
wake via ATP and respond by releasing proportional amounts of
TNFa, which in turn feedback onto the neuronal networks to control
sleep. Alternatively, upon extended wake microglia could be recruited
by wake-promoting neuromodulators (such as noradrenaline, sero-
tonin, dopamine, and histamine), which modulate microglia function
including triggering the release of sleep substances like TNFa (Lewi-
tus et al, 2016; Stowell et al, 2019; Albertini et al, 2020).

The molecular mechanisms linking sleep-promoting substances
and sleep need transformation into sleep drive are poorly known. We
now propose that one of the molecular determinants of microglial
TNFa on homeostatic sleep regulation is protein phosphorylation in
the cortex. Such phosphorylation-mediated control can occur at two
different levels: either contributing to the molecular coding of sleep
need and/or transforming sleep need into sleep drive. In support of
the former possibility, microglial TNFo controls (de)phosphorylation
events in SNIPPs (Figs 4 and 5), proteins whose phosphorylation sta-
tus determines sleep need (Wang et al, 2018). For instance, mGluR5
was previously shown to contribute to sleep need (Holst et al, 2017)
and our data identifies TNFa-dependent phosphorylation sites that
affect mGIuR5 signaling (Ser®*® and Thr®*° on mGIuR5; Dataset EV2)
(Kim et al, 2005). In agreement, lack of microglial TNFa leads to
reduced slow-wave activity, a classic measure of sleep need, at times
of high sleep pressure (Fig 5). In support of the latter, microglial TNFo
also adjusts the phosphorylation of the sleep-inducing phosphopro-
teins KSPs (preprint: Taylor et al, 2021) (Fig 4), of proteins with a
causal link to sleep control (Fig 5 and Dataset EV5), and of sleep-
promoting kinases like CaMKIlo,/B (Tatsuki et al, 2016) and MAPKs
(Vanderheyden et al, 2013; Mikhalil et al, 2017) (Fig 3). Phosphosites
identified on the mentioned kinases are known to control their activ-
ity (Dataset EV2 and Fig 3), suggesting that microglial TNFo could
trigger sleep rebound after SD by controlling the activity of specific
kinases via phosphorylation.

The phosphoproteomic analysis presented in this study was per-
formed in the frontal cortex. Our work thus confirms the role attrib-
uted to the cortex in sleep homeostasis (Morairty et al, 2013; preprint:
Tossell et al, 2020; Krone et al, 2021). Microglia, via TNFa-mediated
phosphomodulation, likely act in synchrony with discrete cortical cir-
cuits to regulate homeostatic sleep. Nevertheless, combined action of
TNFa at different brain regions needs to be considered for the mainte-
nance of sleep homeostasis. In fact, we deleted microglial TNFu in all
the brain regions and not only in the cortex. Actually, injection of
TNFa in different brain regions affects different aspects of sleep: while
cortical TNFa injection enhances SWA (Yoshida et al, 2004; Taishi
et al, 2007), TNFa locally applied to the hypothalamus changes the
amount of NREM sleep (Kubota et al, 2002). It is therefore likely that
microglial TNFo controls sleep homeostasis by acting in a brain
region-specific manner.

A potential role of microglial TNFa in synaptic plasticity
during sleep

Importantly, despite the fact that phosphorylation of hundreds of

proteins is under the control of microglial TNFo during the light
phase (Dataset EV5), the period of maximal sleep, the structure of

©2022 The Authors

'€62°T0Z"LET'E6T dl| WU} 17202 “TZ YDAl UO B10'SSaId0qLI MAMM//:SO1Y WO PBPRO JUMOQ



Maria J Pinto et al

baseline sleep is not disrupted upon loss of microglial TNFa
(preprint: Pinto et al, 2022). This observation favors a model in
which microglial TNFa-dependent phosphorylation is not required
to keep sleep time and duration at steady-state conditions but
instead supports molecular mechanisms underlying sleep functions.
For instance, we show that microglial TNFo acts during the sleep
period to buffer daily changes in the cortical phosphoproteome
(Fig 1). This may constitute a homeostatic mechanism to counteract
wake-induced changes in protein phosphorylation. On the other
hand, protein phosphorylation has a pivotal role in controlling
synaptic plasticity (Lee, 2006; Bayer & Schulman, 2019; Coba, 2019),
which occurs during sleep to shape neuronal networks (Vyazovskiy
et al, 2008; Diering et al, 2017; Bellesi & de Vivo, 2020). Thus, our
data further suggest a promising role of microglial TNFo in orches-
trating sleep-associated synaptic plasticity.

Indeed, an unbiased pathway analysis of the substrates of micro-
glial TNFo phosphomodulation at the light period reveals enrich-
ment of synaptic functions (Fig 4). Notably, many of these substrates
change in phosphorylation upon induction of homeostatic downscal-
ing (Appendix Fig S10) (Desch et al, 2021), a form of synaptic plas-
ticity believed to occur during sleep to weaken excitatory synapses
(Vyazovskiy et al, 2008; Diering et al, 2017). Furthermore, predictive
and experimental validation of microglial TNFa-targeted kinases
allowed the identification of PKCs and MAPKs (Fig 3), which are
known to regulate synaptic plasticity (Thomas & Huganir, 2004; de
Jong & Fioravante, 2014; Woolfrey & Dell’Acqua, 2015).

In further support of the prominent role of microglial TNFa at
synapses during sleep, several known functional phosphosites on
pre- and postsynaptic proteins were identified as altered by TNFa in
the light period (Fig 4 and Dataset EV2). For instance, the postsy-
naptic NMDAR 2A subunit (Grin2a) displays changes in the phos-
phorylations of Ser’®® and Ser'*®®, residues involved in the
trafficking and synaptic presentation of the receptor (Yong
et al, 2021; Zhou et al, 2021), while NMDAR 2B subunit (Grin2b)
becomes dephosphorylated at Ser'*®* known to control its binding
to CaMKII (O’Leary et al, 2011). The latter is a central kinase in
postsynaptic plasticity whose activity is controlled by phosphoryla-
tion at Thr?®® (Bayer & Schulman, 2019), also shown to be modified
by TNFa. Another target phosphosite is Ser'®3° on the postsynaptic
scaffold Shank3, recently shown to control synaptic availability of
the protein and thereby expression of homeostatic plasticity
(preprint: Wu et al, 2021). Examples can also be drawn on the regu-
lation of presynaptic proteins by specific phosphorylations, herein
identified as microglial TNFa-dependent during the light period
(Fig 4 and Dataset EV2). For instance, the release and turnover of
synaptic vesicles are controlled by phosphorylation of syntaxins at
Ser' and synapsins at Ser®® (Chi et al, 2003; Shi et al, 2021) and
long-term plasticity is supported by enhanced presynaptic release
via Rim1 phosphorylation at Ser*!® (Lonart et al, 2003). Together,
our data favor active participation of microglial cells in synaptic
remodeling during basal sleep via TNFa-controlled phosphorylation.
Supporting findings have recently been reported on sleep-dependent
plasticity of inhibitory synapses (preprint: Pinto et al, 2022).

Finally, we showed that modulation of the phosphoproteome by
microglial TNFa occurs specifically during the light period down-
stream a joint action of sleep and circadian processes (Fig 2). Future
work is needed to unravel the mechanisms linking microglia sensing
of brain states, like sleep, and its translation into molecular

©2022 The Authors

The EMBO Journal

processes that tune the neuronal network. Another aspect that
deserves attention in future studies is the role of microglia in female
sleep regulation. The phosphoproteomic analyses and sleep record-
ings described in this study were exclusively performed on male
mice. It is now acknowledged that microglia display sex-specific
functions (e.g., VanRyzin et al, 2019) and the mechanisms that are
described here may not extrapolate to female brains.

Materials and Methods
Animals and housing

Animal experiments were performed in accordance with the Euro-
pean Committee Council Directive 86/609/EEC and procedures
approved by the local Charles Darwin Ethical Committee (Ce5-2014-
001; 1339-2015073113467359 and 2018022121466547). CX5CR1°FP
(Jung et al, 2000), CX5CR1"ER™2 (Yona et al, 2013), and TNFI*
(Grivennikov et al, 2005) mouse lines were housed at the animal
facility of Institut de Biologie de ’ENS or the animal facility of Insti-
tut de Biologie Paris Seine (Paris, France). CX;CR1°'" and
CX3CR1°ERT2 wwere kindly provided by Sonia Garel and TNF!°* by
Etienne Audinat. All mice used in this study were 4- to 5-month-old
males at the time of tissue collection and sleep recordings, housed
under standard conditions (12 h light/dark cycle; lights on at
7:00 a.m.) with food and water ad libitum. Appendix Fig S11 pro-
vides a general outline of the experiments performed in this study.

Conditional microglia-specific TNFa deletion

Proteomic/phosphoproteomic experiments and sleep recordings were
performed on mice following the conditional deletion of TNFa on
microglia cells. To accomplish so, CX3CR1°F/":TNF"" (transgenic con-
trols, CTL) and CX3CR1“ER™2*:-TNF”! (microglia TNFo-depleted
mice, micTNFo-KO) mice were fed with tamoxifen-containing food
(1,000 mg tamoxifen citrate in 1 kg of chow, formulated by SSNIFF,
A115-T71000) for 6 days. All experiments were performed 5-6 weeks
after tamoxifen feeding, which allows for the repopulation of short-
lived peripheral CX3CR1" cells thus restricting recombination of the
TNFa locus to microglia (Parkhurst et al, 2013). To confirm microglia
depletion of TNFa, adult primary microglia were isolated and cultured
as previously described (Lee & Tansey, 2013). In brief, PBS-perfused
adult mouse brains were dissected and dissociated in 30-40 U papain
(Worthington, LK003176), 7.2 U dispase II (Sigma, D4693), and
10 mg/ml DNAse (Sigma, DN25). Following mechanical dissociation,
microglia were isolated using a Percoll gradient (Sigma, P4937) and
plated in DMEM/F12 (GIBCO, 31331-028) supplemented with 10%
heat-inactivated fetal bovine serum (GIBCO, 10500-064), 10 U/ml
penicillin, and 10 pg/ml streptomycin. Cells were stimulated with
10 pg/ml LPS for 10 h to induce TNFa release. The medium was col-
lected and centrifuged for 5 min at 10,000 g at 4°C. Levels of TNFa in
the supernatant were determined by the mouse TNFa uncoated ELISA
kit (Invitrogen, 88-7324).

Tissue collection and sample preparation for mass spectrometry

Before tissue collection mice were put in individual cages for
2 weeks. Age-matched CTL and micTNFa-KO mice were randomly

The EMBO journal 42: 11148512023 11 of 17

'€62°T0Z"LET'E6T dl| WU} 17202 “TZ YDAl UO B10'SSaId0qLI MAMM//:SO1Y WO PBPRO JUMOQ



The EMBO Journal

assigned to each group, guaranteeing a similar number of individu-
als from one litter in each experimental group. At ZT6 and ZT18,
which correspond to the middle of the light and dark phases, mice
spend most of their time asleep and awake, respectively. Sleep
deprivation was accomplished by the presentation of novel objects
and gentle cage tapping for 6 h starting at light phase onset (from
ZTO to ZT6). Sleep-deprived animals were not allowed to sleep
before euthanasia at ZT6. At the indicated time points, mice (5 per
group for each genotype) were sacrificed by cervical dislocation,
their brains rapidly dissected and rinsed in ice-cold PBS, the frontal
cortex collected into an ice-cold tube, and flash frozen in liquid
nitrogen. Samples were stored at —80°C until further processing (all
samples were prepared at the same time).

Frozen cortex tissues were lysed in freshly prepared 200 pl of
urea lysis buffer [8 M urea, 50 Mm NH4HCO; supplemented with
protease (Roche, 05056489001), and phosphatase inhibitor cocktail
(Roche, 04906837001)] at room temperature by mechanical dissocia-
tion with a pipette. Cortex lysates were sonicated on ice to avoid
heating and centrifuged at 17,000 g for 10 min at 4°C. The super-
natant was collected and protein concentration was determined by
the Pierce BCA protein assay kit (Thermo Fisher, 23225). 250 pg of
each cell lysate was reduced with 5 mM DTT for 1 h at 37°C and
alkylated with 10 mM iodoacetamide for 30 min at room tempera-
ture in the dark. The samples were then diluted in 200 mM ammo-
nium bicarbonate to reach a final concentration of 1 M urea, and
digested overnight at 37°C with Trypsin/Lys-C (Promega, V5071) at
a ratio of 1/50. Digested peptide lysates were acidified with formic
acid to a final concentration of 5% formic acid. Samples were cen-
trifuged at 1500 g and loaded onto homemade SepPak C18 Tips
packed by stacking three AttractSPE disks (Affinisep, SPE-Disks-Bio-
C18-100.47.20) and 2 mg beads (Cartridge Waters, 186004621
SepPak C18) into a 200 pl micropipette tip for desalting. Peptides
were eluted and 90% of the starting material was enriched using
Titansphere™ Phos-TiO kit centrifuge columns (GL Sciences, 5010-
21312) as described by the manufacturer. After elution from the spin
tips, the phosphopeptides and the remaining 10% eluted peptides
were vacuum concentrated to dryness and reconstituted in 0.1%
formic acid prior to LC-MS/MS phosphoproteome and proteome
analyses.

LC-MS/MS analysis

Online chromatography was performed with an RSLCnano system
(Ultimate 3000, Thermo Scientific) coupled to an Orbitrap Exploris
480 mass spectrometer (Thermo Scientific). Peptides were trapped
on a C18 column (75 um inner diameter x 2 cm; nanoViper Acclaim
PepMap™ 100, Thermo Scientific) with buffer A (2/98 MeCN/H20 in
0.1% formic acid) at a flow rate of 3.0 pl/min over 4 min. Separation
was performed on a 50 cm x 75 um C18 column (nanoViper
Acclaim PepMap™ RSLC, 2 pm, 100 A, Thermo Scientific) regulated
to a temperature of 40°C with a linear gradient of 3-29% buffer B
(100% MeCN in 0.1% formic acid) at a flow rate of 300 nl/min over
91 min for the phosphoproteome analyses and a linear gradient of 3—
32% buffer B over 211 min for the proteome analyses. MS full scans
were performed in the ultrahigh-field Orbitrap mass analyzer in
ranges m/z 375-1,500 with a resolution of 120,000 (at m/z 200). The
top 20 most intense ions were subjected to Orbitrap for phosphopro-
teomes and the top 30 for proteomes for further fragmentation via
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high-energy collision dissociation (HCD) activation and a resolution
of 15,000 with the AGC target set to 100%. We selected ions with a
charge state from 2+ to 6+ for screening. Normalized collision energy
(NCE) was set at 30 and the dynamic exclusion to 40 s.

Proteomic and phosphoproteomic analyses

For identification, the data were searched against the Mus Musculus
UP000000589 database (downloaded 03/2020) using Sequest HT
through Proteome Discoverer (version 2.4). Enzyme specificity was
set to trypsin and a maximum of two missed cleavage sites were
allowed. Oxidized methionine, N-terminal acetylation, methionine
loss, and acetylated-methionine loss were set as variable modifica-
tions. Phosphoserine, threonine, and tyrosines were also set as vari-
able modifications in phosphoproteome analyses. The maximum
allowed mass deviation was set to 10 ppm for monoisotopic precur-
sor ions and 0.02 Da for MS/MS peaks. False-discovery rate (FDR)
was calculated using Percolator (The et al, 2016) and was set to 1%
at the peptide level for the whole study. The resulting files were fur-
ther processed using myProMS v.3.9.3 (Poullet et al, 2007) (https://
github.com/bioinfo-pf-curie/myproms). Label-free quantification
was performed using peptide-extracted ion chromatograms (XICs),
computed with MassChroQ v.2.2.1 (Valot et al, 2011). For protein
quantification, XICs from proteotypic peptides shared between com-
pared conditions (TopN matching for proteome setting and simple
ratios for phosphoproteome) were used, including peptides with
missed cleavages. Median and scale normalization at the peptide
level were applied to the total signal to correct the XICs for each bio-
logical replicate (N = 5). The phosphosite localization accuracy was
estimated by using the PtmRS node in PD (Proteome Discoverer ver-
sion 2.4) and PhosphoRS mode only. Phosphosites with a localiza-
tion site probability greater than 75% were quantified at the peptide
level. To estimate the significance of the change in protein abun-
dance, a linear model inspired by the LIMMA algorithm (Kammers
et al, 2015) (adjusted on peptides and biological replicates) was per-
formed, and P-values were adjusted using the Benjamini-Hochberg
FDR procedure (van Iterson et al, 2010).

For proteome analyses, proteins were considered in the analysis
only when they were found with at least three total peptides across
three biological replicates per group. Then, proteins with an
adjusted P-value < 0.05 were considered significantly enriched in
sample comparisons. For phosphoproteomic analyses, the phospho-
proteome of all analyzed groups was corrected to changes in the
proteome before analysis. The peptides threshold was decreased to
one peptide across three biological replicates of a group (meaning it
was identified in at least three of the five replicates) to consider a
phosphosite in the downstream analysis. Then, phosphosites (in
one or more phosphopeptides) with an adjusted P-value < 0.05
were considered significantly different in sample comparisons.
Unique phosphosites were also included when identified in at least
three biological replicates in only one of the groups in each compari-
son. As unique phosphosites are only present in one of the groups
in a pairwise comparison, they do not have a fold-change value. For
analysis of the amplitude of change in all changing phosphosites in
a given comparison (phosphosites and unique phosphosites), the
log2 value of the fold change of unique phosphosites was imputed
to 5 and —5 (representing up- and downregulation, respectively).
These arbitrary values were chosen as 99.8% of the significantly
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different phosphosites herein identified have log2-fold change val-
ues that fall within the 5 to —5 range. The density of changed phos-
phosites per phosphoprotein was determined as the number of
significantly changed phosphosites (adjusted P-value < 0.05) and
unique phosphosites identified in one comparison normalized to
protein weight (kDa). Proteins and phosphoproteins identified with
these criteria were further subjected to Reactome pathway analysis
(FDR < 10%) within myProMS (Milacic et al, 2012; Croft
et al, 2014).

For the analysis of proteomic and phosphoproteomic changes on
kinases and phosphatases, a list of mouse kinases and phosphatases
was generated from UniProt database by filtering with the following
criteria (“kinase” or “phosphatase” and organism “Mus musculus”
and “Reviewed”). The lists of kinases and phosphatases obtained
were imported into the platform myProMS using their UniProt
accession number. Kinases and phosphatases were manually anno-
tated to the different kinase and phosphatases groups using kinhub.
org and http://phanstiel-lab.med.unc.edu/coralp/, respectively.
Only kinases and phosphatases annotated to the major groups were
considered for the analysis. Prediction of kinase activity was done
by the web-based tool robust kinase activity inference (RoKAI) at
http://rokai.io (Yilmaz et al, 2021). From the phosphoproteomic
data comparing micTNF-KO and controls at the light or dark period,
a list of all altered phosphosites, the corresponding protein, and the
adjusted log2-fold change value was created and used as input to
RoKAI. Analysis was done using the mouse database as reference,
PhosphoSitePlus (PSP) and Signor as kinase substrates databases,
and the combined KS + PPI + SD + CoEV RoKAI network. From the
list of kinases’ outputs obtained, only kinases with four or more
substrates and a P-value < 0.2 were considered.

The lists of SNIPPs and KSPs were imported into myProMS plat-
form using their UniProt accession number and used for the analysis
of phosphoproteome changes. Synaptic proteins were annotated
according to the synaptome database at http://metamoodics.org/
SynaptomeDB/index.php (Pirooznia et al, 2012).

Brain organotypic slices

C57BL/6J pregnant females were obtained from Janvier Labs and
P3-PS pups used for the preparation of organotypic slices as pre-
viously described (Hill et al, 2014). Brains were dissected, hemi-
spheres separated along the midline, and the cerebellum was
removed with a razor blade in ice-cold dissection medium
(33 mM glucose in PBS). Whole-brain coronal slices (350 pm)
were cut using a Mclllwain tissue chopper (Mickle Laboratory).
Slices were separated and 6-8 from each hemisphere (excluding
the most posterior and anterior regions of the brain) were plated
on Millicell cell culture inserts (Millipore, PICM03050) and main-
tained in culture medium [MEM (GIBCO, 21090-022) supple-
mented with 20% heat-inactivated horse serum (GIBCO, 16050-
122), 2 mM glutamine, 10 mM glucose, 20 mM HEPES, 10 U/ml
penicillin, and 10 pg/ml streptomycin] at 37°C in 5% CO,/air.
The culture medium was changed three times per week. Stimula-
tion of organotypic slices with TNFa-neutralizing antibody (1 pg/
ml, R&D systems, MAB4101) was performed at DIV18-21 in pre-
warmed aCSF (aCSF; 125 mM NaCl, 2.5 mM KCl, 2 mM CacCl,,
1 mM MgCl,, 5 mM HEPES, and 33 mM glucose, pH 7.3). For
western blot analysis, organotypic slices (three slices per insert
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for each condition) were homogenized in cell extraction buffer
[10 mM Tris, 100 mM NaCl, 1 mM EDTA, 1% triton-X100, 10%
glycerol, and 0.1% SDS supplemented with protease (Roche,
05056489001) and phosphatase inhibitor cocktail (Roche,
04906837001)] by mechanical dissociation, centrifuged for 10 min
at 16,000 g at 4°C, and the supernatant collected. Total protein
concentration was determined by the Pierce BCA protein assay kit
(Thermo Fisher, 23225).

Western blot

Equal amounts of protein samples from cortex lysates and organ-
otypic slice lysates were used for immunoblotting. Samples were
denatured at 95°C for 5 min in denaturating buffer (125 mM Tris—
HCl, 10% glycerol, 2% SDS, bromophenol blue, and 5% -
mercaptoethanol added fresh), resolved by SDS-PAGE in 4-15%
Tris-glycine mini-PROTEAN gels (BioRad, 4561086) or homemade
6% polyacrylamide gel (for staining with anti-phospho-MARK acti-
vation loop antibody), and transferred to PVDF membranes. Mem-
branes were blocked in 5% dry milk, and incubated with primary
antibody at 4°C overnight and HRP-conjugated secondary antibody
at RT for 1 h. Phosphorylated proteins were visualized by chemilu-
minescence using Lumi-Light Western Blotting substrate (Roche,
12015196001) or SuperSignal West Femto Maximum Sensitivity sub-
strate (Thermo Scientific, 34095). Membranes were scanned on a
ImageQuant LAS 4000 imaging system (GE Healthcare). Membranes
were stripped with 0.2 M NaOH for 40 min and reprobed for loading
control. Quantification was performed on Image J. Primary antibod-
ies used were as follows: anti-phospho-MAPK/CDK substrate motif
(PXS*P, S*PX(K/R)) (1:1,000, Cell Signaling, 2325), anti-phospho-
PKC substrate motif ((K/R)XS*X(K/R)) (1:1,000, Cell Signaling,
6967), anti-phospho-PKA substrate motif ((K/R)(K/R)X(S*/T*))
(1:1,000, Cell Signaling, 9624), anti-phospho-AKT substrate motif
(RXX(S*/T*)) (1:1,000, Cell Signaling, 9614), anti-phospho-AMPK
substrate motif (LXRXX(S*/T*)) (1:1,000, Cell Signaling, 5759),
anti-phospho-MARK family activation loop (MARK1/2/3 at Thr*'*/
208/234y (1.1,000, Cell Signaling, 4836), anti-phospho-GSK3a/p at
Ser*'/? (1:1,000, Cell Signaling, 9331), anti-GSK3a (1:1,000, Cell Sig-
naling, 4818), anti-phospho-p44/42 MAPK at Thr?%?/Tyr**
(1:1,000, Cell Signaling, 4370), anti-p44/42 MAPK (Erk1/2)
(1:2,000, Cell Signaling, 4696), anti-phospho-NF-kB p65 at Ser563
(1:1,000, Cell Signaling, 3033), anti-NF-«B p65 (1:1,000, Cell Signal-
ing, 8242), anti-caspase3 (1:1,000, Cell Signaling, 9662), anti-
vinculin (1:5,000, Cell Signaling, 13901), anti-tubulin (1:10,000, Mil-
lipore, 05-829), and anti-transferrin receptor (1:1,000, Invitrogen,
13-6800). Caspase-3 control cell extracts (Cell Signaling, 9663) were
used as negative and positive controls for apoptosis.

Electrode implantation

Under ketamine/xylazine anesthesia, male mice were fixed in a
stereotaxic apparatus and implanted with electrodes (made of enam-
eled nichrome wire; diameter, 150 um) for polygraphic sleep moni-
toring (Henderson et al, 2017). Briefly, two electroencephalogram
(EEG) electrodes were positioned onto the dura through holes made
into the skull over the left frontal cortex and cerebellum (2 mm lat-
eral to midline and 2 mm anterior to bregma; and at midline, 2 mm
posterior to lambda, respectively). Using this configuration, the EEG
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signal is acquired as a monopolar derivation with the frontal elec-
trode compared to a neutral (cerebellum) reference electrode (Mang
& Franken, 2012). Two electromyogram (EMG) electrodes were
inserted into the neck muscles. All electrodes were anchored to the
skull with Superbond (GACD) and acrylic cement and were soldered
to a miniconnector also embedded in cement. Mice were transferred
to individual recording cages (20 x 20 x 30 cm) and allowed to
recover for 10 days under standard conditions. Control and mutant
mice were randomly assigned to recording chambers. They were
habituated to the recording cables for at least 4 days before record-
ings were started.

Sleep recording and sleep deprivation protocol

Mice were recorded at 4-5 months of age. EMG and EEG signals
were recorded with Somnologica software (Medcare, Reykjavik, Ice-
land), amplified, analog-to-digital converted (2 kHz), and down-
sampled at 100 Hz (EMG) or 200 Hz (EEG), and digitalized by an
AddLife A/D Module. Undisturbed spontaneous sleep-wake pat-
terns were first examined by recording mice for 24 h starting at dark
onset (baseline recordings). Then, a 6-h SD protocol starting at light
onset (ZT0) was achieved by removing the nest, gently moving the
mouse, and adding new bedding material or novel objects as soon
as EEG signs of sleep were detected by the experimenter. In the last
hour of the protocol (ZT5-6), mice were placed in a new cage to pro-
mote exploratory behavior. At ZT6, mice were put back in their
home cage and allowed to recover. Matched control recordings
(Sham condition) were obtained the day before by gently waking-
up mice at ZT6. The recording order (baseline sleep, sham condi-
tion, and SD) was chosen to end the protocol with the most severe
procedure. Three independent studies were conducted each includ-
ing control and mutant mice.

Sleep analysis

Polygraphic recordings were visually scored every 10 s (baseline
sleep) or 4 s (SD) epoch as wake (W), NREM sleep, or REM sleep
using the Somnologica software (Medcare, Reykjavik, Iceland). The
scorer was blind to the mouse genotype. Briefly, wake was defined
by low-amplitude/high-frequency EEG signal and high EMG activity;
NREM sleep by high-amplitude/low-frequency (< 4 Hz) EEG signal
and reduced EMG activity and REM sleep by dominant theta oscilla-
tions (5-10 Hz) on EEG signal and a flat EMG activity with occa-
sional muscle twitches.

The amounts of time spent on each vigilance state during recov-
ery after SD or sham condition were expressed as minutes per 3 h
intervals. The sleep architecture was assessed by calculating the
mean duration and frequency of vigilance states bouts (a bout could
be as short as one epoch).

The EEG signal was processed for power spectrum analysis. Con-
secutive epochs were subjected to a fast Fourier transformation rou-
tine (FFT), yielding power spectra between 0.4 and 50 Hz, with a
0.4 Hz frequency and a 10 s (baseline sleep) or 4 s (SD) time resolu-
tion. For analysis of the SWA spectrum, one control mouse for base-
line sleep and three control mice for the SD experiment were
excluded from the spectral analysis as they showed EEG recording
artifacts affecting more than 20% of the recording time. Similarly,
two control mice and one mutant mouse were excluded from the
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analysis of waking oscillatory activities during SD. For each
animal, a mean SWA spectrum corresponding to the 0.5-4.5 Hz
frequency band was then obtained by averaging the SWA spectra
of an equal number of 10 s or 4 s epochs of NREM sleep, referred
to as quantiles as described in Mang & Franken (2012). Mean
theta (6.0-9.5 Hz), low-gamma (32-45 Hz), and high-gamma
(55-80 Hz) values over 6 h of SD were obtained by averaging the
waking theta and low- and high-gamma spectra of an equal num-
ber of 4 s epochs of wake. The recording sessions were subdivided
into three quantiles for the baseline dark period, six quantiles for
the baseline light period, six quantiles for the SD, and five quan-
tiles for the recovery light period immediately following SD. The
corresponding mean SWA, theta, and low-gamma and high-
gamma were normalized to the mean SWA, theta, and low-gamma
and high-gamma during ZT8 to ZT12 of the baseline recording day
(Mang & Franken, 2012).

Statistical analysis

For western blot data, statistical significance between CTL and
micTNFo-KO mice at each condition (ZT18, ZT6, or SD6) was
assessed by multiple t-test corrected with the original FDR method
of Benjamini-Hochberg with an FDR cut-off of 5% using Prism 8.0
(GraphPad software).

Statistical analyses for sleep data were performed using Prism
9.3 (GraphPad Software). Normality was verified prior to the use of
any parametric tests (D’Agostino-Pearson normality test). Data vio-
lating normality was log transformed. Vigilance state amounts,
number, and duration of bouts, as well as time-course dynamics of
SWA during NREM sleep and oscillatory activities during wake were
assessed using two-way repeated-measures analysis of variance
(rANOVA). When appropriate, TANOVAs were followed by the
Sidak’s multiple comparisons. Delta wake and total sleep changes
were followed by two-tailed unpaired t-tests. Statistical significance
was considered as P < 0.05, and all results are given as mean val-
ues + SEM.

Data availability

The mass spectrometry proteomics and phosphoproteomics data
have been deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE partner
repository (Perez-Riverol et al, 2019) with the data set identifier
PXD030568 (http://www.ebi.ac.uk/pride/archive/projects/PXD030568).
All other data are available in the main text or the Supplementary
Materials.

Expanded View for this article is available online.
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