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ABSTRACT: Microglia sense the changes in their environment. How microglia actively translate these 

changes into suitable cues to adapt brain physiology is unknown. We reveal an activity-dependent regulation 

of cortical inhibitory synapses plasticity by microglia, driven by purinergic signaling acting on P2RX7 and 

mediated by microglia-derived TNF³. We demonstrate that sleep induces this microglia-dependent inhibitory 

plasticity by promoting synaptic enrichment of GABAARs. We further show that in turn, microglia-specific 

depletion of TNF³ alters slow waves during NREM sleep and blunts sleep-dependent memory consolidation. 

Together, our results reveal that microglia orchestrate sleep-intrinsic plasticity of inhibitory synapses, 

ultimately sculpting sleep slow waves and memory. 
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Microglia, the immune cells of the brain, tune neuronal networks in the healthy brain by finely modulating 

synapses (Kettenmann et al., 2013). They can sculpt developing circuits and remodel neuronal connectivity in 

adulthood by adjusting synapse density, function and plasticity (Favuzzi et al., 2021; Nguyen et al., 2020; 

Parkhurst et al., 2013; Schafer et al., 2012; Wang et al., 2020). Microglia accomplish these functions either by 

direct interaction with synaptic elements (Miyamoto et al., 2016; Schafer et al., 2012) or through the release 

of factors (Lewitus et al., 2016; Parkhurst et al., 2013). Many of the latter, such as prostaglandin, BDNF, IL-

1´ or TNF³, control synaptic plasticity and were independently shown to regulate sleep (Porkka-Heiskanen, 

2013). Recent work highlights the ability of microglia to control sleep duration (Corsi et al., 2021; Liu et al., 

2021); however, whether and how microglia-released factors shape sleep via modulation of synaptic plasticity 

remains unknown.  

Synapse plasticity in the sleeping brain likely supports crucial functions of sleep. In the cortex, spine turnover 

during sleep is associated to learning and memory (Li et al., 2017; Yang et al., 2014) and, in parallel, wake-

associated strengthening of excitatory synapses is downscaled during sleep (Vyazovskiy et al., 2008a; Diering 

et al., 2017). Synaptic inhibition is critically involved in sleep generation and sleep oscillations (Dixon et al., 

2015; Funk et al., 2017; Niethard et al., 2018) but whether and how inhibitory synapses are dynamically 

modulated during sleep remains poorly understood. Here, we uncover the molecular pathway underlying sleep-

intrinsic microglia-dependent modulation of synaptic GABAAR as well as its impact on sleep slow waves and 

sleep-dependent memory consolidation. 

 

Daily modulation of GABAARs in a sleep- and microglia-dependent manner 

We first analyzed the modulation of synapses in the frontal cortex across the 24h light/dark cycle by measuring 

the synaptic content of neurotransmitter receptors (fig. 1 and fig. S1 and S2). Mice sleep more during the light 

phase and spend most of the dark phase awake. Therefore, we compared brains of mice at Zeitgeber time 18 

(ZT18; dark/middle of wake phase) and at ZT6 (light/middle of sleep phase; fig. 1a). We focused on cortical 

layer 1 (L1) which is a key node for wide-scale cortical computation (Schuman et al., 2021). Consistent with 

the well-established downscaling of excitatory synapses during sleep (Diering et al., 2017), synaptic 

accumulation of the AMPA receptor subunit GluA2 was decreased at ZT6 as compared to ZT18 (fig. S1). Yet, 

analysis of L1 inhibitory synapses revealed an increased enrichment of synaptic, but not extra-synaptic, 

GABAAR-µ2 and -³1 subunits at ZT6 (fig. 1a-c and fig. S2b-d), as well as an enhanced proportion of inhibitory 

synapses containing a GABAAR cluster (fig. S2e). In contrast, in layer 5 (L5) the synaptic content of 

GABAARµ2 did not significantly differ between ZT6 and ZT18 (fig. 1e and fig. S2f). These results reveal a 

novel form of regulation of GABAergic synapses across the light/dark cycle with synaptic enrichment of 

GABAARs in L1 during the light phase (ZT6), which likely contributes to upregulation of inhibitory 

transmission in the upper cortex during this phase (Bridi et al., 2020). 

To discriminate between a sleep-intrinsic or time of day-dependent regulation of synaptic GABAAR, mice 

were forced to stay awake during their normal sleep period (sleep deprivation from ZT0 to ZT6, SD6; fig. 1a). 

The synaptic content of GABAAR was not different between mice at ZT18 and mice sleep-deprived in the light 
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phase (SD6; fig. 1d), showing that modulation of synaptic GABAAR in L1 is driven by sleep-dependent 

mechanisms.  

We have previously shown that microglia control the accumulation of receptors at inhibitory synapses in the 

spinal cord (Cantaut-Belarif et al., 2017). This prompted us to investigate the involvement of microglia in the 

modulation of synaptic GABAAR over the sleep/wake cycle. Strikingly, microglia depletion by feeding mice 

with the CSF1R antagonist PLX3397 (PLX) (Elmore et al., 2014) (fig. S2a, b) completely prevented the 

changes in synaptic GABAARs content between ZT6 and ZT18 (fig. 1c and fig. S2b,e). This shows that the 

sleep-dependent modulation of synaptic GABAAR in L1 requires microglia.  

 

Modulation of synaptic GABAAR by microglial P2RX7 -TNF³ signaling via CaMKII 

We next identified the molecular actors of this novel microglia-dependent synaptic regulation (fig. 2), first in 

an ex-vivo system before validating them in vivo. During sleep, excitatory synaptic plasticity is triggered by 

NMDAR-dependent dendritic calcium spikes in L1 (Li et al., 2017). We thus selected an NMDA-induced 

GABAergic plasticity protocol, known as inhibitory long-term potentiation (iLTP). This form of plasticity, 

known to drive potentiation of excitatory synapses (Lee et al., 1998), also leads to an upregulation of synaptic 

GABAARs (Petrini et al., 2014) in pyramidal neurons specifically at somatostatin interneurons inputs (SOM-

IN) (Chiu et al., 2018), which are mainly located in L1 (Tremblay et al., 2016) (fig. S3). In agreement with the 

SOM-IN topographical organization, NMDA-induced iLTP in brain organotypic slices led to specific synaptic 

enrichment of GABAARs in L1 but not in L5 somatic synapses (fig. 2a, b and fig. S4b-d). This protocol thus 

mimics ex-vivo the synaptic regulations occurring during the sleep/wake cycle so we used it to identify the 

actors of the L1-restricted sleep-related synaptic enrichment of GABAARs (fig. 1). We further demonstrated 

that this form of GABAAR plasticity was completely abolished when microglia were depleted by PLX (fig. 2a, 

b and fig. S4a, c). We ruled out possible secondary effects of PLX by showing the same effect upon microglia 

depletion using Mac1-Saporin (SAP) (fig. S4a) or inactivation using minocycline (fig. 2b). 

Microglia produce a broad repertoire of signaling molecules that regulate synaptic function (Kettenmann et 

al., 2013). TNF³, which is mostly if not exclusively produced by microglia in the brain (Zeisel et al., 2018), 

controls basal synaptic strength (Santello et al., 2011), neurotransmitter receptors’ dynamics and homeostatic 

synaptic plasticity (Stellwagen and Malenka, 2006). We thus hypothesized that microglial TNF³ controls the 

activity-dependent regulation of synaptic GABAAR. Indeed, neutralization of TNF³ by specific antibodies 

(fig. 2c) as well as conditional microglia-specific TNF³ depletion (fig. 2d and fig. S5a) prevented the 

enrichment of synaptic GABAAR upon iLTP. Soluble TNF³ derives from the cleavage of a membrane form 

of TNF³ by the TNF³-converting enzyme (TACE) (Black et al., 1997). Both forms can signal through TNFR1 

whereas TNFR2 is only activated by membrane TNF³ (Holbrook et al., 2019). The increase of synaptic 

GABAARs on iLTP-treated slices was prevented by TAPI-1, a TACE inhibitor, and by a TNFR1- but not by a 

TNFR2-neutralizing antibody (fig. S5b). Finally, we showed that recombinant TNF³ and activation of TNFR1 

were sufficient to increase synaptic accumulation of GABAAR³1 (fig. S5c-f). These experiments show that 

microglial soluble TNF³ acting through TNFR1 mediates the activity-dependent regulation of GABAAR in 

L1.  
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We next identified the signaling pathway between neuron and microglia leading to TNF³ release upstream of 

GABAARs regulation. We first demonstrated that the well-established neuronal CX3CL1-microglial CX3CR1 

signaling, with known roles in synaptic plasticity (Rogers et al., 2011), is not involved (fig. S4e). Microglia 

behavior is finely tuned by ATP via an array of purinergic receptors (Madry and Attwell, 2015). Microglial 

cells rapidly react to ATP following the activation of neurons by glutamate and NMDA (Badimon et al., 2020; 

Dissing-Olesen et al., 2014; Li et al., 2012), and the stimulation of microglial P2RX7 promotes the release of 

TNF³ (Suzuki et al., 2004). We thus investigated whether NMDA-induced release of ATP causes microglia-

mediated modulation of synaptic GABAAR. Indeed, apyrase, a promoter of ATP hydrolysis, PPADS, a broad 

P2X antagonist, or A740003, a specific P2RX7 antagonist, prevented the increase of synaptic GABAAR upon 

iLTP (fig. 2e). Moreover, BzATP, a P2RX7 agonist (Surprenant et al., 1996) was sufficient to increase 

postsynaptic GABAAR³1 in L1 (fig. 2f and fig. S6a,b) but not in L5 (fig. S6c). Of note, BzATP had no effect 

when microglia were depleted or when TNF³ was specifically inactivated in microglia (fig. 2f). Thus, 

ATP/P2RX7 signaling acts upstream of microglial TNF³ release to modulate synaptic accumulation of 

GABAAR.  

Finally, we explored the intracellular signaling downstream of microglial TNF³. CaMKII³ is a central 

neuronal mediator of postsynaptic plasticity whose activity is triggered by Ca2+/calmodulin and can be 

prolonged in a Ca2+-independent manner by its autophosphorylation at Thr286 (Bayer and Schulman, 2019). 

Upon iLTP, Thr286-autophosphorylated CaMKII³ leads to insertion of GABAARs at synapses (Marsden et 

al., 2010). We reasoned that TNF³ may modulate CaMKII³ Thr286-phosphorylation, as observed in non-

neuronal cells (Defer et al., 2007). Indeed, Thr286-phosphorylation of CaMKII was increased in L1 upon iLTP 

(fig. 2g) and this increase was abolished by microglial depletion and by blocking P2RX7 or TNF³ signaling 

(fig. 2h). In agreement, BzATP, which upregulates the synaptic content of GABAARs via a microglial relay, 

was sufficient to enhance CaMKII Thr286-phosphorylation (fig. 2g, h). The finding that CaMKII Thr286 

phosphorylation, and therefore its activity, is gated by microglial TNF³ downstream neuronal activity 

emphasizes a cardinal position of microglia in fine-tuning synapses.  

Collectively, our results support a bidirectional neuron-microglia crosstalk underlying activity-driven 

GABAergic potentiation in L1 (fig. 2i): ATP released downstream neuronal activity activates microglial 

P2RX7 with concomitant release of TNF³ which modulates CaMKII autophosphorylation and thereby 

enrichment of synaptic GABAARs. 

 

Sleep-dependent modulation of synaptic GABAAR driven by P2RX7 and microglial TNF³ 

Having shown that microglial P2RX7/TNF³ pathway controls L1 activity-dependent GABAAR 

plasticity via CaMKII autophosphorylation ex-vivo, we examined the involvement of this pathway in sleep-

dependent modulation of synaptic GABAAR across the light/dark cycle (fig. 1). We first showed that CaMKII 

Thr286-phosphorylation, but not total CaMKII levels, was increased in L1 at ZT6 (fig. 3a, b and fig. S7a). 

Notably, such regulation was not found in L5 (fig. S7b). Next, we showed that Thr286-phosphorylation of 

CaMKII, as well as the synaptic content of GABAARs in L1, were not enhanced at ZT6 in mice with microglia-

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481254doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481254
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

specific TNF³ depletion (micTNF³-KO, fig. S5a) and in P2rx7-KO mice (fig. 3a-c and fig. S7c, d). This shows 

that P2RX7 and microglial TNF³ drive daily fluctuations in CaMKII Thr286-phosphorylation and are required 

for sleep-dependent GABAAR synaptic upregulation in L1 during the light phase.  

 

NREM slow waves shaped by microglial TNF³ 

The results above show that microglial TNF³ is required for a novel sleep-dependent regulation of inhibitory 

synapses in cortical L1. Sleep is an alternation of REM and NREM sleep periods which are hallmarked by 

major EEG oscillatory events (Adamantidis et al., 2019). During NREM sleep, slow waves in the delta 

frequency band (0.1-4Hz), quantified as slow wave activity (SWA), result from the synchronous alternation 

of active (up) and silent (down) states of cortical neurons. Cortical GABAergic inhibition is a major actor of 

NREM sleep slow waves (Hay et al., 2021; Lemieux et al., 2015). In particular, the activation of somatostatin 

positive interneurons, that mainly target L1, triggers down-states (Funk et al., 2017; Niethard et al., 2018). 

Because microglial TNF³ modulates synaptic GABAAR at L1 during sleep, we anticipated that it could also 

shape SWA. Sleep was analyzed using EMG and epidural EEG recordings, and we concentrated our analysis 

in the frontal cortex where slow waves are predominant (Vyazovskiy et al., 2006). We first showed that 

microglial TNF³ has limited effects on sleep-wake patterns as shown by the lack of major alterations in the 

amounts of wake, NREM and REM sleep between micTNF³-KO and tCTL mice along a light/dark cycle (fig. 

4a). Of note, the daily amount of REM sleep and number of REM bouts was increased on micTNF³-KO (table 

S1). This phenotype agrees with a suppressive effect of TNF³ on REM sleep when injected into the basal 

forebrain (Terao et al., 1998). We thus anticipate that microglial TNF³ may control REM by acting at the basal 

forebrain, which is out of the scope of this study and therefore not further explored. 

We then analysed the spectral density of the EEG during sleep (figure 4b). In agreement with a role of 

microglial TNF³ in the regulation of SWA, we found a shift in the EEG spectral density towards lower 

frequency activity during NREM sleep with a slower peak frequency in the delta range in micTNF³-

KO as compared to tCTL (p=0.02539). There were no detectable differences in the other frequency ranges 

nor in REM sleep (fig. 4b). Finally, we explored how microglial TNF³ shapes the properties of individual slow 

waves during NREM sleep. Slow waves were identified in the epidural EEG as alternation of large transient 

negative and positive deflections in the 0.1-4 Hz filtered EEG (fig. 4c). We verified that these deflections 

correspond to up and down states respectively (fig. S8; Nir et al. 2011). Remarkably, the maximum ascending 

slope of the slow waves, which coincides with the onset of the cortical positive deflection (downstate; fig. 

S8c), was decreased and the duration of the SW down state (fig. S8a, b) was increased in mice depleted of 

microglial TNF³ as compared to controls (fig. 4d). These results indicate that microglial TNF³ shapes slow 

waves during NREM sleep by favouring transition into the down states. 

 

Microglial TNF³ tunes sleep-dependent memory consolidation. 

Slow waves are known to play a causal role for the consolidation of memory during sleep (Fattinger et al., 

2017; Marshall et al., 2006). Our previous results show that microglial TNF³ exquisitely shapes slow waves 

during NREM sleep, leading us to anticipate a crucial role of microglial TNF³ in the memory consolidation 
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processes during sleep. To test this hypothesis, we compared the consolidation of a complex motor learning 

task known to be sleep-dependent (Nagai et al., 2017) in micTNF³-KO and tCTL mice. In this learning 

paradigm, mice learnt to run on top of a complex wheel attached to an accelerating rotarod in a first 20-trial 

session (S1). After one day of ad libitum sleep, performance on the complex wheel was assessed on a second 

20-trial session by measuring the latency to fall (S2; fig. 5a, b).  

We first confirmed that the learning, evaluated as the improvement of performance within each session, was 

not different between tCTL and micTNF³-KO (fig. 5c). This shows that lack of microglial TNF³ did not alter 

complex motor learning, which is known to be sleep-independent (Nagai et al., 2017). We further showed that 

it does not impair locomotor activity and does not induce anxiety-like behavior as assessed in an open-field 

task (fig. S9).  We next measured the improvement of performance in the complex motor learning task between 

S1 and S2 and found that it was higher in tCTL as compared with micTNF³-KO (fig. 5d). Finally, we tested 

the memory consolidation by comparing performance at the beginning of the second session (First S2) with 

either the last or the mean performance of the first session (Last S1 or Mean S1). In agreement with our initial 

hypothesis, memory consolidation was impaired in mice lacking microglial TNF³ as compared to controls 

(fig. 5e). Remarkably, in the complex motor learning task, the improvement of performance between sessions 

and the memory consolidation are both known to be sleep-dependent processes (Nagai et al., 2017).  
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Discussion 

Microglia, the principal immune cells of the brain, are now acknowledged as instrumental for the 

perception of the external environment (Thion et al., 2018). How microglia actively translate their external 

sensing into suitable cues to adapt circuitries in the healthy brain is yet unknown. Our results favour a model 

in which microglia sense neuronal activity through an ATP/P2RX7 signalling pathway and respond to it by 

releasing TNF³. Microglial TNF³ then gates the phosphorylation of neuronal CaMKII that modulates 

GABAAR content at cortical synapses (fig. 2). During sleep, this pathway is likely recruited by calcium spikes 

on apical dendrites of pyramidal neurons (Li et al., 2017), leading to strengthening of inhibitory synapses by 

upregulation of synaptic GABAAR content (figs. 1 and 3). In line with a prominent role of inhibition in the 

generation of slow waves (Funk et al., 2017; Hay et al., 2021; Lemieux et al., 2015; Niethard et al., 2018; 

Zucca et al., 2017) microglial TNF³ shapes slow waves by controlling transition into down states (fig. 4) and 

is thereby involved in sleep-dependent memory consolidation (fig. 5).  

TNF³ has long been known as a sleep factor. Administration of exogeneous TNF³ promotes SWA 

and NREM sleep (Fang et al., 1997; Yoshida et al., 2004) whereas inhibition of endogenous TNF³ reduces 

NREM sleep (refs in Rockstrom et al., 2018). This is in apparent contradiction with our results showing no 

difference in NREM sleep amount in mice with microglia-specific TNF³ depletion. Yet, to increase NREM 

sleep, TNF³ was injected either directly in the brain (Yoshida et al., 2004) or intraperitoneally (Fang et al., 

1997) at concentrations probably higher than the physiological concentration (Garré et al., 2017), with putative 

widespread diffusion and off-target and indirect effects. Finally, the studies using TNF³ knock-out have not 

used cell specific and inducible inactivation and it is thus difficult to discriminate between microglial specific 

effect to indirect effects due non-microglial TNF³ and/or secondary developmental alterations. Finally, TNF³ 

is also a major mediator of inflammation, which induces sleep dysfunction by yet elusive mechanisms (Irwin, 

2019). Our work now provides possible molecular and cellular links between sleep and inflammation. 

Our results were obtained from experiments performed both in vivo and in organotypic slices. The 

latter system closely mimics the in vivo brain by preserving tissue architecture and cellular composition. In 

these slices microglia retain their 3D ramified morphology and their functional properties (De Simoni et al., 

2008; Delbridge et al., 2020; Weinhard et al., 2018). They further conserve their ability to regulate synapses 

(Cantaut-Belarif et al., 2017; Pascual et al., 2012). This indicates that functional interactions between neurons 

and microglia are conserved in organotypic slices. Indeed, in this work, we have identified microglial TNF³, 

ATP/P2RX7 and CaMKII as molecular actors of synaptic GABAARs regulation in organotypic slices and we 

have further confirmed their role in vivo in the regulation of GABAARs plasticity during the sleep/wake cycle.  

Excitatory synapses are scaled down during sleep, through removal of AMPA receptors, to compensate 

for potentiation due to ongoing learning during wake (Vyazovskiy et al., 2008a). Microglia contribute to 

downscaling during sleep by eliminating excitatory synapses (Choudhury et al., 2019), a behaviour presumably 

tuned down during wake by noradrenaline (Liu et al., 2019; Stowell et al., 2019). More recently, microglial 

CX3CR1 signalling was shown to differentially regulate excitatory synaptic transmission along the light/dark 

cycle (Corsi et al., 2021). We now show that microglia tune a sleep/wake regulation of inhibitory synapses 
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restricted to cortical layer 1, via mobilization of the P2RX7/TNF³ signalling and regulation of synaptic 

GABAAR content. Altogether, microglia are arising as active players in excitatory and inhibitory synapse 

remodelling along the sleep/wake cycle, likely to underlie daily oscillations in synaptic strength (Bridi et al., 

2020; Tononi and Cirelli, 2019; Vyazovskiy et al., 2008b). 

Cortical inhibition is involved in the control of slow wave activity during NREM sleep (Funk et al., 

2017; Zucca et al., 2017; Zielinski et al., 2019), with a prominent role in the onset of down states (Chen et al., 

2012; Lemieux et al., 2015). Such control is likely achieved through a combination of different inhibitory 

networks. Thalamic drive onto L1 inhibitory neurogliaform cells induces transition into down states (Hay et 

al., 2021). In addition, SOM-IN firing precedes entry into down states (Niethard et al., 2018) and accordingly 

their stimulation increases the slope of slow waves and triggers down-states (Funk et al., 2017). We now show 

that in agreement with their ability to modulate inhibitory synapses in the upper layers of the cortex, microglia 

are genuine regulators of slow waves during NREM sleep. Together with evidence of astrocytic involvement 

in slow wave activity (Szabó et al., 2017; Vaidyanathan et al., 2021), our work offers insight into how local 

glial modulation of neuronal networks tunes brain oscillations during sleep. One of the major physiological 

role of sleep is to allow memory consolidation (Klinzing et al., 2019), which critically depends on slow waves 

(Fattinger et al., 2017; Marshall et al., 2006). We now demonstrated that mice lacking TNF³ display weaker 

consolidation than control mice, a process that putatively relies on the molecular microglia-neuron signaling 

herein described and downstream impact on neuronal dynamics during NREM sleep. 

Finally, this work adds to the yet limited knowledge of microglia functions in the healthy adult brain 

(Parkhurst et al., 2013; Wang et al., 2020) and establishes microglia as genuine regulators of inhibitory 

synapses plasticity, brain oscillations and memory in the healthy brain. Noteworthy, microglial regulation 

likely occurs through the control of CaMKII³, which is a cardinal regulator of synaptic plasticity (Bayer and 

Schulman, 2019). It occurs on SOM interneurons inputs, which are involved in the control of complex 

behaviours such as sleep, but also decision making and learning (Adler et al., 2019). Finally, this work 

demonstrates that microglia tune slow waves and support memory consolidation during sleep (Klinzing et al., 

2019). We anticipate a far wider involvement of microglia in other forms of plasticity and higher brain 

functions.  
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by Sidak9s multiple comparison test. e, Left: Representative confocal images of VGAT and GABAAR³2 in cortical
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at somatic VGAT+ clusters in L5 normalized to ZT18. n= 60 FOVs from 5 mice per group.
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comparison test. g, Left: Thr286-phosphorylated CaMKII is enhanced in L1 at the induction phase of plasticity (iLTP09 or
BzATP09). Scale bar, 5 ¿m. Right: Mean intensity of Thr286-phosphorylated CaMKII puncta normalized to bsl. n= 25 to 33
FOVs from 3 independent experiments. *p<0.05, nested t-test. h, Left: Western blot analysis showing iLTP09-induced
CaMKII Thr286-phosphorylation. Right: Ratio between Thr286-phosphorylated CaMKII and total CaMKII normalized to the
respective iLTP-free control. n= 5 to 9 independent experiments. *p<0.05 compared with respective control, Kruskal-Wallis
test followed by Dunn9s multiple comparisons test. i, Model. ATP released downstream NMDA-induced neuronal activity
activates microglial P2RX7, which triggers the release of microglial TNF³. TNF³ signaling gates CaMKII³
autophosphorylation which controls the enrichment of synaptic GABAARs in pyramidal neurons.
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Fig. 3 3 P2RX7 and microglial TNF³ promote daily changes in synaptic GABAAR content and CaMKII
phosphorylation. a, Representative confocal images of Thr286-phosphorylated CaMKII immunoreactivity
in L1 showing higher intensity at ZT6 than ZT18 in transgenic control mice (tCTL). Scale bar, 20 µm. b,
Mean intensity of Thr286-phosphorylated CaMKII signal in L1 normalized to ZT18 for tCTL, microglia-
speci昀؀c TNF³ depletion (micTNF³-KO) and P2rx7-KO mice. n= 37 to 50 FOVs from 4-5 mice per
group. c, Mean intensity of GABAAR³2 clusters at gephyrin

+VGAT+ synapses normalized to ZT18. n= 48 to
65 FOVs from 4-5 mice per group. *p<0.05 and **p<0.01, nested t-test.
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Fig. 4 - Microglial TNF³ modulates slow waves during NREMS. a, Amounts of vigilance states over
24h reported by 2h segments. b, Average spectral density (top) of tCTL and micTNF³-KO (lines: means.
Shaded area: SEM) and distribution of peak frequency of delta oscillations. The peak delta frequency is
signi昀؀cantly lower in micTNF³-KO mice (Mann-Whitney W = 157, p = 0.025). c, Left: Examples of EEG
and 0.1-4Hz 昀؀ltered EEG during NREMS from a transgenic control tCTL; the positive and negative peaks
of the delta-昀؀ltered signal are indicated by orange and blue points, respectively. Ticks on grey lines
indicate large positive de昀؀ections corresponding to Slow Waves (SW). Right: average SW for tCTL
showing duration (d) and maximum slope (s). d, The micTNF³-KO mice exhibit signi昀؀cantly shorter peak
onset slope and longer SW duration than tCTL mice. Mann-Whitney W=42 p=0.005 and W=153, p=0.37
respectively
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Fig. 5 3 Microglial TNF³ required for consolidation of a sleep-dependent motor learning
task. a, Experimental design: mice learn to run on the complex wheel (session 1, S1) and
consolidation of memory is tested the following day (session 2, S2). Between S1 and S2, mice are
left undisturbed in their cages. b, Average latency to fall off the complex wheel in the 昀؀rst three and
the last three trials of S1 and S2 from tCTL and micTNF³-KO. Grey area represents undisturbed
sleep-wake cycle. Dashed line represents S1 to S2 consolidation. c, Improvement within each
session measured as the ratio between mean of the best three trials and 昀؀rst three trials. d,
Performance improvement across sessions measured as the ratio between mean of S2 and S1
trials. ***p<0.001, Mann-Whitney test. e, Consolidation of motor learning across sessions
measured in two ways: ratio between mean of 昀؀rst 3 trials of S2 and mean of last 3 trials of S1
(昀؀rst S2/ last S1) or ratio between mean of 昀؀rst 3 trials of S2 and mean of S1 trials (昀؀rst S2/ mean
S1). *p<0.05 and **p<0.01, Mann-Whitney test. (b-e) 8 tCTL and 10 micTNF³-KO mice.
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Fig. 1 –Plasticity of GABAAR in the light/dark cycle is sleep- and microglia-dependent. a, Experimental 

groups: mice at dark phase (ZT18), mice at light phase (ZT6) and mice submitted to sleep deprivation (dashed) 

in the light phase (SD6). Vertical bars: time of perfusion. b, Representative images showing enrichment of 

GABAARµ2 (cyan) at cortical L1 inhibitory synapses in the light phase (ZT6). Arrowheads: GABAARµ2 

clusters at gephyrin+VGAT+ synapses in control (CTL) or PLX3397-treated mice (PLX). Scale bars, 5 and 1 

µm. Dashed box corresponds to CTL at ZT18. c, d, Mean intensity of GABAARµ2 clusters at gephyrin+VGAT+ 

synapses (synaptic) and at extrasynaptic sites normalized to ZT18. n= 48 to 65 fields of view (FOVs) from 4-

5 mice per group. *p<0.05, nested t-test; **p<0.01 compared with ZT18 and ##p<0.01 compared with SD6, 

nested one-way ANOVA followed by Sidak’s multiple comparison test. e, Left: Representative confocal 

images of VGAT and GABAARµ2 in cortical L5. Yellow line delineates soma identified by NeuN staining. 

Scale bar, 5 µm. Right: Mean intensity of GABAARµ2 at somatic VGAT+ clusters in L5 normalized to ZT18. 

n= 60 FOVs from 5 mice per group.  

 

Fig. 2 – Microglial P2RX7 -TNF³ signaling drives GABAARs synaptic enrichment through CaMKII³ 

phosphorylation. a, Representative confocal images showing increase of GABAAR³1 (cyan) at gephyrin+ 

clusters (arrowheads) upon NMDA-induced inhibitory long-term potentiation (iLTP: 2 min 20 µM NMDA/10 

µM CNQX plus 20 min recovery) in organotypic slices cortical L1 (CTL: control; bsl: baseline). b-e, Mean 

intensity of GABAAR³1 clusters at gephyrin+ cluster normalized to CTL at bsl. n= FOVs/ independent 

experiments: (b) n= 44 to 69/ 5 to 6; (c) n= 47 to 53/ 5; (d) n= 66 to 102/ 5 to 7; (e) n= 49 to 68/ 7 to 9. *p<0.05, 

**p<0.01 and ***p<0.001, nested one-way ANOVA followed by Sidak’s multiple comparison test. iLTP-

induced synaptic GABAAR enrichment is abolished by: b, microglia depletion/inactivation (PLX: PLX3397; 

SAP: Mac1-saporin; minoc: minocycline); c, neutralization of TNF³ (nTNF³); d, microglia-specific TNF³ 

deletion through 4-hydroxy-tamoxifen (4-OHT)-induced recombination on CX3CR1CreERT2/+:TNFf/f  but not on 

a TNFf/f background; e, ATP hydrolysis (apy), P2XR antagonist (PPADS) and P2RX7 antagonist (A74). f, 

Left: Confocal images of GABAAR³1 (cyan) at gephyrin+ clusters (arrowheads) in bsl and upon BzATP 

treatment. Right: Mean intensity of GABAAR³1 clusters at gephyrin+ clusters normalized to CTL at bsl. n= 49 

to 63/ 5 to 6. *p<0.05, **p<0.01, nested one-way ANOVA followed by Sidak’s multiple comparison test. g, 

Left: Thr286-phosphorylated CaMKII is enhanced in L1 at the induction phase of plasticity (iLTP0’ or 

BzATP0’). Scale bar, 5 µm. Right: Mean intensity of Thr286-phosphorylated CaMKII puncta normalized to 

bsl. n= 25 to 33 FOVs from 3 independent experiments. *p<0.05, nested t-test. h, Left: Western blot analysis 

showing iLTP0’-induced CaMKII Thr286-phosphorylation. Right: Ratio between Thr286-phosphorylated 

CaMKII and total CaMKII normalized to the respective iLTP-free control. n= 5 to 9 independent experiments. 

*p<0.05 compared with respective control, Kruskal-Wallis test followed by Dunn’s multiple comparisons test. 

i, Model. ATP released downstream NMDA-induced neuronal activity activates microglial P2RX7 with 

triggers the release of microglial TNF³. TNF³ signaling gates CaMKII³ autophosphorylation which controls 

the enrichment of synaptic GABAARs in pyramidal neurons. 
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Fig. 3 – P2RX7 and microglial TNF³ promote daily changes in synaptic GABAAR content and CaMKII 

phosphorylation. a, Representative confocal images of Thr286-phosphorylated CaMKII immunoreactivity in 

L1 showing higher intensity at ZT6 than ZT18 in transgenic control mice (tCTL). Scale bar, 20 µm. b, Mean 

intensity of Thr286-phosphorylated CaMKII signal in L1 normalized to ZT18 for tCTL, microglia-specific 

TNF³ depletion (micTNF³-KO) and P2rx7-KO mice. n= 37 to 50 FOVs from 4-5 mice per group. c, Mean 

intensity of GABAARµ2 clusters at gephyrin+VGAT+ synapses normalized to ZT18. n= 48 to 65 FOVs from 

4-5 mice per group. *p<0.05 and **p<0.01, nested t-test.  

 

Fig. 4 - Microglial TNF³ modulates slow waves during NREMS. a, Amounts of vigilance states over 24h 

reported by 2h segments. Wake, NREMS and REMs are not significantly different between tCTL and 

micTNF³-KO mice (n=15 mice per group; two-way RM-ANOVA, p=0.1490; p=0.2784, p=0.6838 

respectively ) b, Average spectral density (top) of tCTL and micTNF³-KO (lines: means. Shaded area: SEM) 

and distribution of peak frequency of delta oscillations. The peak delta frequency is significantly lower in 

micTNF³-KO mice (Mann-Whitney W = 157, p = 0.025). c, Left: Examples of EEG and 0.1-4Hz filtered EEG 

during NREMS from a transgenic control tCTL; the positive and negative peaks of the delta-filtered signal are 

indicated by orange and blue points, respectively. Ticks on grey lines indicate large positive deflections 

corresponding to Slow Waves (SW). Right: average SW for tCTL showing duration (d) and maximum slope 

(s). d, The micTNF³-KO mice exhibit significantly shorter peak onset slope and longer SW duration than 

tCTL mice. Mann-Whitney W=42 p=0.005 and W=153, p=0.37 respectively. 

 

Fig. 5 – Microglial TNF³ required for consolidation of a sleep-dependent motor learning task. a, 

Experimental design: mice learn to run on the complex wheel (session 1, S1) and consolidation of memory is 

tested the following day (session 2, S2). Between S1 and S2, mice are left undisturbed in their cages. b, 

Average latency to fall off the complex wheel in the first three and the last three trials of S1 and S2 from tCTL 

and micTNF³-KO. Grey area represents undisturbed sleep-wake cycle. Dashed line represents S1 to S2 

consolidation. c, Improvement within each session measured as the ratio between mean of the best three trials 

and first three trials. d, Performance improvement across sessions measured as the ratio between mean of S2 

and S1 trials. ***p<0.001, Mann-Whitney test. e, Consolidation of motor learning across sessions measured 

in two ways: ratio between mean of first 3 trials of S2 and mean of last 3 trials of S1 (first S2/ last S1) or ratio 

between mean of first 3 trials of S2 and mean of S1 trials (first S2/ mean S1). *p<0.05 and **p<0.01, Mann-

Whitney test. (b-e) 8 tCTL and 10 micTNF³-KO mice. 
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