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Microglial repopulation alleviates age-related decline of stable wakefulness in mice
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Changes in wake/sleep architecture have been observed in both aged human and animal models, presumably due to various functional decay throughout the aging body particularly in the brain. Microglia have emerged as a modulator for wake/sleep architecture in the adult brain, and displayed distinct morphology and activity in the aging brain. However, the link between microglia and age-related wake/sleep changes remains elusive. In this study, we systematically examined the brain vigilance and microglia morphology in aging mice (3, 6, 12, and 18 months old), and determined how microglia affect the aging-related wake/sleep alterations in mice. We found that from young adult to aged mice there was a clear decline in stable wakefulness at nighttime, and a decrease of microglial processes length in various brain regions involved in wake/sleep regulation. The decreased stable wakefulness can be restored following the time course of microglia depletion and repopulation in the adult brain. Microglia repopulation in the aging brain restored age-related decline in stable wakefulness. Taken together, our findings suggest a link between aged microglia and deteriorated stable wakefulness in aged brains.
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Introduction

Sleep and wake are two basic brain states necessary for the health of all living organisms, while the stability of sleep architecture is vulnerable to the aging process. Age-related changes in sleep/wake behavior are mainly manifested by sleep fragmentation during the rest phase and frequent drowsiness during the active phase in humans and rodents (Mander et al., 2017; McKillop and Vyazovskiy, 2020). Changes in sleep architecture in turn indicate accelerated brain aging or pathological conditions, such as dementia (Carvalho et al., 2017; Sabia et al., 2021; Gao et al., 2022). Sleep studies in the mouse model reported that aged mice (>1 year old) showed a dramatic change in sleep architecture (Hasan et al., 2012; Wimmer et al., 2013; McKillop et al., 2018; Li et al., 2022), while the details about progressive changes at different ages are less addressed.

Altered microglia functions were observed under both healthy aging and neurodegenerative conditions, such as Alzheimer’s disease (Grabert et al., 2016; Niraula et al., 2017; Candlish and Hefendehl, 2021). Microglia are the resident immune cells within the brain. In addition to its crucial role in the inflammation process, microglia actively survey the brain parenchyma and control multiple physiological functions (Hanisch and Kettenmann, 2007; Prinz et al., 2019), such as synapse formation and pruning (Kettenmann et al., 2013), neuronal excitability and blood flow (Badimon et al., 2020; Cserép et al., 2020; Bisht et al., 2021). There is a growing body of evidence suggesting that transcriptional, morphological, and functional changes of microglia with aging (Grabert et al., 2016; Niraula et al., 2017; Olah et al., 2018; Hammond et al., 2019). For instance, inflammatory and interferon-responsive microglia emerge in aged mouse brain (Hammond et al., 2019). Alterations of microglial properties, with increasing age, provide the basis for the onset of age-related decay of many central nervous system-related physiological and cognitive functions (Giorgetti et al., 2019). However, it is unknown whether changes in microglia serve as a potential mechanism for alteration of sleep architecture along aging.

Sleep/wake behavior is tightly correlated with microglia activity. Change in brain states (wake/anesthesia) induces an alteration of microglia morphology (Liu et al., 2019; Stowell et al., 2019), and sleep deprivation elevates the activity of microglia by reducing microglial process complexity and elevating pro-inflammatory cytokines production (Hsu et al., 2003; Wadhwa et al., 2017; Tuan and Lee, 2019). A recent study further suggests that microglia actively control sleep architecture by modulating the stability of wakefulness (Liu et al., 2021). Although microglia are a type of long-lived brain cell, they maintain a high renewal capability at any examined age (Elmore et al., 2014, 2015; Bruttger et al., 2015; Fuger et al., 2017; O’Neil et al., 2018). Previous studies suggest renewing of microglia population via microglia depletion not only rescues neurogenesis and neuronal morphologies in the aged mouse brain, but also alleviates cognitive deficits following brain injury (Elmore et al., 2018; Willis et al., 2020). Whether global renewal of microglial population in the aging brain is beneficial to the decay of sleep functions is still unclear.

By systematically examining sleep architecture and microglia morphology across multiple sleep/wake controlling brain regions in mice at different ages, we found that aging progressively changed the stability of wakefulness and microglial morphology which is prominent as early as 6 months in mice. We further revealed that early experience of microglia repopulation during adulthood alleviates decay of stable wakefulness in older age. All together, our results indicate that the stability of wakefulness is vulnerable to aging, and can be rescued by microglial repopulation during adulthood.



Results


Aging mice display declined stable wakefulness at nighttime

To investigate the potential link between microglia and wake/sleep changes in aging, we first systematically determined the changes in wake/sleep architecture in aging mice. Using continuous electroencephalogram (EEG) and electromyography (EMG) recordings (24 h per session) in mice, we compared their wake and sleep behaviors among four different ages: 3 months (3M), 6 months (6M), 12 months (12M), and 18 months (18M) (Figure 1A). We found that older mice spent less time awake when compared to 3-month-old ones, particularly during nighttime (12–24 Zeitgeber Time, their active time as nocturnal animals) (Figures 1B,C). Starting from 6-months-old, mice had gradually increased non-rapid eye movement sleep (NREMs) with the cost of decreased wake time, but the change in rapid eye movement sleep (REMs) was less consistent between day and night (Figure 1C). REMs was decreased during the day and increased during the night in aged mice (Figure 1C), which is consistent with previous studies (Wimmer et al., 2013; McKillop et al., 2018). We further found that nighttime bout numbers of wake and NREMs increased in aging mice, with less consistent changes in REMs (Supplementary Figures 1A,B). Interestingly, the bout durations of wake state dramatically decreased specifically in the long-duration range (>1 h) (Figures 1D–F), whereas there was no consistent alteration in bout durations of NREMs and REMs (Figure 1D; Supplementary Figure 1C). These findings suggest that stable wakefulness gradually declined in aging mice.
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FIGURE 1
Decay of stable wakefulness in aging mice. (A) The schematic figure shows electroencephalogram/electromyography (EEG/EMG) recordings were performed in mice at 3, 6, 12, and 18 months old. (B) Percent of total duration spend on wake (left), NREMs (non-rapid eye movement sleep, middle), and REMs (rapid eye movement sleep, right) for 24 h recording. Data were analyzed every 2 h. 3M, N = 16 recordings from 4 mice; 6M, N = 20 recordings from 4 mice; 12M, N = 16 recordings from 4 mice; 18M, N = 20 recordings from 4 mice. (C) Change in total duration spend on wake (left), NREM (middle), and REM (right) sleep during daytime and nighttime. All values were normalized to data collected from 3 months old mice. (D) Bout duration of wake (left), NREM (middle), and REM (right) sleep for 24 h recording. Data were analyzed every 2 h. (E) Change in bout duration of wake at day and night. All values were normalized to data collected from 3 months old mice. (F) Comparison of bout duration for stable wakefulness at night between mice at age of 3 months and older age. *p < 0.05; two-sided unpaired t-test for panels (C,E); two-sided Kolmogorov–Smirnov test for panel (F).




Aging mice have more microglia with decreased length of processes

It’s widely recognized that the morphological change of microglia faithfully reflects their altered physiological functions, such as increased immune response of de-ramified microglia (Nimmerjahn et al., 2005; Prinz et al., 2019). To determine microglial differences in aging mice, we prepared brain slices from four age groups (3M, 6M, 12M, and 18M) of CX3CR1Cre–ERT2–EYFP/+ mice in which microglia are labeled with enhanced yellow fluorescence protein (EYFP) (Parkhurst et al., 2013; Liu et al., 2021). To confirm the cell identity, we also performed immunostaining with a microglia marker, ionized calcium binding adaptor molecule 1 (Iba1) (Ito et al., 1998). Cells co-labeled with Iba1 and EYFP were considered microglia. We quantified the densities and total process length of microglia in various brain regions that have been linked to wake/sleep regulations (Scammell et al., 2017; Liu and Dan, 2019), including ventrolateral preoptic area (VLPO), median preoptic area (MnPO), anterodorsal thalamus (AD), thalamic reticular nucleus (TRN), lateral hypothalamus (LH), ventrolateral periaqueductal gray (VLPAG), perioculomotor region of the midbrain (PIII), pedunculopontine tegmental nucleus (PPTg), parafacial zone (PZ), and lateral paragigantocellular nucleus (LPGi) (Figures 2A,B). We found that compared to brains from 3 months old mice, microglia in aging brains had dramatically decreased total process lengths across all the examined brain regions (Figure 2C), and most of the examined brain regions showed a gradual increase of microglial density with increasing age, such as VLPO, MnPO, LH, PZ, and LPGi (Figure 2D). These age-related differences in microglia have a similar timeline as that of stable wakefulness (Figure 1), suggesting a potential link between them.
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FIGURE 2
Microglial morphology changed in aging mice. (A) A sagittal brain image showed sleep/wakefulness-related brain regions being examined. VLPO, Ventrolateral preoptic area; MnPO, median preoptic area; AD, anterodorsal thalamus; TRN, thalamic reticular nucleus; LH, lateral hypothalamus; VLPAG, ventrolateral periaqueductal gray; PIII, perioculomotor region of midbrain; PPTg, pedunculopontine tegmental nucleus; PZ, parafacial zone; LPGi, lateral paragigantocellular nucleus. (B) Representative images of microglia were collected from the TRN region in mice at indicated ages. (C) Change in total process length of microglia in above-mentioned brain regions from mice at the indicated age. The total process length of microglia showed a progressive decrease in all examined brain regions with increasing age. All values were presented by log2 of ratio relative to data collected from 3 months old mice. p-value was obtained by comparing the value between 3 months and older ages. 3M, 6 mice; 6M, 6 mice; 12M, 6 mice; 18M, 2 mice. (D) Change in density of microglia in above-mentioned brain regions from mice at the indicated age. Microglia density showed a trend of increase across the whole brain. Representative images of microglia were collected from the LH in mice at indicated ages. All value was presented by log2 of ratio relative to data collected from 3 months old mice. p-value was obtained by comparing the value between 3 months and older ages. 3M, 6 mice; 6M, 7 mice; 12M, 6 mice; 18M, 4 mice. *p < 0.05; two-sided unpaired t-test for panels (C,D).




Microglia depletion and repopulation changed stable wakefulness in adult mice

To determine whether the age-related changes of microglia play any role in wake/sleep behaviors in aging mice, we next manipulated microglia and assessed the impacts on wake/sleep behaviors. Using the transgenic mice (CX3CR1Cre–ERT2–EYFP/+:R26iDTR/+) in which expression of diphtheria toxin (DT) receptor is controlled by CX3CR1 promoter in a Cre-dependent manner (Parkhurst et al., 2013; Liu et al., 2021), we first induced microglia depletion in young adult mice (3 months old) and track their wake/sleep changes along with the depletion and repopulation of microglia. We delivered tamoxifen (gavage) to induce DT receptor expression in microglia, 4 weeks later we systematically injected DT for 3 consecutive days to specifically deplete microglia through the DT receptors (Parkhurst et al., 2013; Bruttger et al., 2015; Liu et al., 2021). We found ∼70% reduction of microglia from the whole brain (Figures 3A,B), while other CX3CR1-expressing immune cells in peripheral systems were less affected according to our previous finding (Liu et al., 2021). All examined brain regions showed the lowest microglial density (p < 0.05) on day 1 and reached the lowest total process length (p < 0.05) on day 5 (Figures 3B,C). On day 14, both density and morphology of microglia showed a full recovery except over-repopulated microglia density observed in TRN (170 ± 12.6%, p = 0.005) and LH (148 ± 7.7%, p = 0.0028), and shorter total process length observed in cortex (71 ± 3.6%, p < 0.001), VLPO (80 ± 5.2%, p = 0.017), and LH (80 ± 4.9%, p = 0.004) (Figures 3B,C).
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FIGURE 3
Microglia depletion induced changes in sleep architecture recovered along with microglial repopulation in adult mice. (A) Schematic image showing the timeline for microglia depletion and subsequent repopulation. EEG/EMG signals were continuously recorded in mice at 1 day before depletion onset (baseline, BL) and 1 (1d), 5 (5d), and 14 days (14d) after depletion. Representative images were collected from cortex. DT, diphtheria toxin; DTR, diphtheria toxin receptor. Scale bar, 20 μm. (B) Microglia density decreased to the lowest level at 1 day after depletion and globally recovered back at 14 days later. Ctx, cortex; DM, dorsomedial hypothalamic nucleus; VLPO, ventrolateral preoptic area; MnPO, median preoptic area; LPO, lateral preoptic area; TRN, thalamic reticular nucleus; SCN, suprachiasmatic nucleus; LH, lateral hypothalamus; VLPAG, ventrolateral periaqueductal gray; LDTg, laterodorsal tegmental nucleus; PZ, parafical zone; LPGi, lateral paragigantocellular nucleus. BL, 6 mice; Repo-1d, 6 mice; Repo-5d, 5 mice; Repo-14d, 4 mice. (C) The total process length of microglia decreased to the lowest level at day 5 and globally recovered back at day 14. (D) The normalized total duration of wake (left), NREMs (middle), and REMs (right) at nighttime in mice with vehicle (Veh.) or DT injections. All data was normalized to data from BL. Sleep architecture showed a dramatic change at the time with 1–5 days of repopulation and recovered back at repopulation for 14 days. Veh., 5 mice; DT, 5 mice. (E) The normalized bout duration of wake (left), NREMs (middle), and REMs (right) at nighttime in mice with vehicle (Veh.) or DT injections. All data was normalized to data from BL. (F) Distribution of duration for stable wakefulness at night between BL and day 1 (left), day 5 (middle), and day 14 (right) in mice with microglia depletion. *p < 0.05, two-sided unpaired t-test for panels (B,C); two-sided paired t-test for panels (D,E); two-sided Kolmogorov–Smirnov test for panel (F).


From EEG/EMG analyses, we observed significantly decreased wake durations and increased NREMs durations on day 1 and day 5 during nighttime (Figure 3D), and no clear difference during daytime (Supplementary Figure 2A). At night, both bout duration of wake and stable wakefulness showed a dramatic decline on day 1 and day 5 (Figures 3E,F). These wake/sleep changes also recovered by day 14, consistent with the timeline found in microglia following the DT injection (Figures 3D–F). Control mice that received tamoxifen treatment and vehicle injection (instead of DT) showed relatively stable sleep/wake behaviors throughout the same recording period (Figures 3D,E; Supplementary Figure 2B).

Our previous study revealed that microglia modulated stable wakefulness in adult mice (Liu et al., 2021). The current findings of decreased microglia process length and decreased stable wakefulness from both aging brains and microglia-depleted brains, imply that the alterations of microglia in the aging brain may be one of the causes of altered wake stability.



Microglia repopulation partially rescued age-related decline of stable wakefulness

After depletion, the repopulated microglia demonstrate similar morphology and functions as the original resident microglia (Bruttger et al., 2015; Elmore et al., 2015, 2018), and promote brain repair in pathological conditions (Rice et al., 2017; Henry et al., 2020; Willis et al., 2020). If the decline of stable wakefulness in the aged brain is due to altered microglia activity during aging, depleting microglia and allowing them to repopulate might improve the deteriorated stable wakefulness. To test this hypothesis, we used the same strategy described in Figure 3A to deplete microglia in 6-month old CX3CR1Cre–ERT2–EYFP/+:R26iDTR/+ mice, and examined the wake/sleep behaviors 9 months later at 15-month old (15M repo) (Figure 4A). Compared to the 6 months old control mice (6M ctl), 15M control mice had decreased wake and increased NREMs durations at nighttime (Figure 4B), consistent with our findings in Figure 1. Notably, 15M mice with early experience of microglia depletion and repopulation (15M repo) displayed higher wake total durations and bout durations. In addition, there was lower NREMs total durations in the 15M repo than the 15M control mice, which is closer to the conditions in 6M control mice (Figures 4B,C). Moreover, the 15M repo mice had recovered stable wakefulness when compared to the 6M control and 15M control mice (Figure 4D). With further morphological analysis, we found that microglia in 15M repo mice showed decreased density, and comparable total process length across all examined brain regions (Supplementary Figure 3). The decreased microglial density in aged mice with repopulation may indicate a rejuvenated micro-environment within the brain.
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FIGURE 4
Aged mice with repopulated microglia during adulthood displayed improved wake stability at night. (A) The schematic image showing EEG/EMG recording was performed in 15 months old mice with 9 months of microglia repopulation. Representative images are microglia collected from the TRN of mice with (15M repo) or without early repopulation (15M ctl). (B) The total duration of wake (left), NREMs (middle), and REMs (right) at nighttime in mice with microglia repopulation (15M repo, N = 20 recording from 5 mice), age-matched control mice (15M ctl, N = 21 recording from 5 mice) and 6 months old control mice (6M ctl, N = 20 recordings from 4 mice). (C) Bout duration of wakefulness at night for each group. (D) Compared to age matched controls, stable wakefulness at night has been significantly improved in mice with early experience of microglial repopulation. (E) The schematic image showing EEG/EMG recording was performed in 9 months old mice with 3 months of microglia repopulation. (F) The total duration of wake NREM, and REM sleep at nighttime in mice with microglia repopulation (9M repo, N = 20 recording from 4 mice), age-matched control mice (9M ctl, N = 18 recording from 4 mice). (G) Bout duration of wakefulness at night for 9-month-old mice with/without repopulation. *p < 0.05; one-way ANOVA with Fisher’s post hoc test for panels (B,C); two-sided Kolmogorov–Smirnov test for panel (D); two-sided unpaired t-test for panels (F,G).


To further test whether 9 months of repopulation is necessary to observe the recovery of age-related decay on stable wakefulness, we depleted microglia from a new cohort of 6-month-old mice, and sleep architecture was recorded 3 months later (9M repo, Figure 4E). Compared to age-matched control mice in 9-month-old (9M ctl), total duration for wake and NREMs in 9M repo mice was comparable (Figure 4F), but the bout duration of wake in 9M repo mice was dramatically extended (Figure 4G). It indicates a gradual prominent effect of early microglia repopulation on decline of stable wakefulness with increasing age.

Altogether, our findings indicated that microglia repopulation in adulthood is beneficial to slow down the decay of stable wakefulness in aged mice.




Discussion

In this study, we found a progressive decline of stable wakefulness, and changes in microglial morphology in aging mice can be as early as from 6-month-old. Acute microglia depletion in young adult mice strongly impaired the stable wakefulness which was restored along with the repopulation of microglia. Aged mice with microglia depleted and repopulated early in adulthood had less decline of stable wakefulness. Taken together, our results indicate that microglia play a role in regulating wake/sleep behavior and repopulation may alleviate the decay of stable wakefulness in aged mice.

The decay of multiple physiological systems manifests functional aging at different rates with increasing age. In the rodent model of aging, the decline in physical activities and deficits in visual/auditory systems start from 6 months after birth, while cognitions decline beginning at age of 12 months (Radulescu et al., 2021; Yanai and Endo, 2021). Aging dramatically altered sleep/wake behavior characterized by excessive sleep at the active phase and sleep fragmentation at the rest phase in both rodents and humans (Mander et al., 2017). Altered microglia function has been correlated with the decay of many central nervous system-related physiological functions along with aging (Niraula et al., 2017; Candlish and Hefendehl, 2021). In this study, we found that microglia in aged mice contribute to the decline of stable wakefulness (excessive sleep) during the active phase. In young adult mice, our previous study showed that microglia modulate stable wakefulness through TRN neurons (Liu et al., 2021). Additional work is required to assess how aging affects TRN neuronal activity and whether the age-related decline of stable wakefulness is also due to the vicissitude in TRN.

Microglial properties display a regional specificity in terms of morphology, density, and transcriptional profile (Lawson et al., 1990; Grabert et al., 2016; Ayata et al., 2018). Therefore, it’s reasonable to observe the different regional responses of microglia under certain circumstances (i.e., aging). Although aging induced a comparable decrease in process length of microglia across the whole brain, the cell density of microglia showed a regional difference with the aging process. Relative to microglia in the thalamus (AD, TRN) and midbrain (PIII, VLPAG), microglia located in the brain stem (PZ, LPGi) and hypothalamus (VLPO, MnPO, LH) showed more dramatic proliferation with increasing age. Although the whole brain microglia complied with a comparable timeline for repopulation following global depletion, lateral hypothalamus microglia showed an over-repopulation and dramatic morphological difference from original microglia following 14 days of repopulation (Figures 3A–C). Mounting evidence suggests that lateral hypothalamus-related neural circuits play an essential role in wake and sleep regulation, even in aged mice (Hassani et al., 2009; Jego et al., 2013; Herrera et al., 2016; Li et al., 2022). Repopulated microglia in lateral hypothalamus may potentially contribute to the recovery of declined stable wakefulness in aging mice. Moreover, sexual dimorphism of microglia also exhibits a region-specific manner (Han et al., 2021). Further work is required to assess the potential effects of microglial sexual dimorphism on the aging-related microglial and brain vigilance alterations observed in this study.

Microglia repopulation is a progressive process, with the cell density recovered faster than morphology according to our observation (Figures 3A–C) and previous studies (Elmore Monica et al., 2014; Salter Michael and Beggs, 2014; Bruttger et al., 2015; Elmore et al., 2015). Five days after the depletion, most brain regions showed a dramatic recovery in microglia density, whereas the total process length of microglia decreased to the lowest level (Figure 3C). Microglia morphology is tightly correlated with its activity level. The dramatic difference in morphology of newly repopulated microglia may reflect changed inflammatory levels within the brain, such as interleukin 1 (Bruttger et al., 2015), which represents one important factor in modulating sleep (Opp and Krueger, 1991; Takahashi et al., 1997; Imeri and Opp, 2009). Astrocytes also play an important role in sleep regulation (Bojarskaite et al., 2020; Vaidyanathan et al., 2021). According to earlier studies, there is astrogliosis during the repopulation process (Bruttger et al., 2015), which may contribute to increased NREMs during the repopulation process. On day 14, both morphology and density of microglia recover back to baseline level, and we observed the concurrent recovery of sleep architecture in those mice with completed microglia repopulation. Whether astrocyte density and activity back to normal range needs to be addressed in the future.

Aging/neurodegeneration-related functional decay of microglia primarily plays a neurotoxic role to the brain functions due to augmented inflammatory response and impaired housekeeping functions (Niraula et al., 2017). Selective accumulation of alpha-synuclein in microglia leads to progressive degeneration of dopaminergic neurons (Bido et al., 2021), and microglia-mediated plaque-driven loss of perineuronal nets and subsequent reduction of parvalbumin-positive interneurons in Alzheimer’s disease mouse model (Crapser et al., 2020). A growing body of evidence suggest that manipulation of microglia would benefit age-related physiological conditions. For example, microglia depletion decreased age-related loss of motor units (Giorgetti et al., 2019), and sustained microglia depletion blocks plaque formation in 5xFAD mouse model of Alzheimer’s disease (Sosna et al., 2018; Spangenberg et al., 2019). Repopulating microglia in old age attenuated cognitive deficits in aged mice and mice with traumatic brain (Elmore et al., 2018; Willis et al., 2020), which may be mediated by partially reversing age-related alteration in the transcriptional profile of microglia and neuronal functions (Elmore et al., 2018; O’Neil et al., 2018). Our study further suggests that early experience of microglial repopulation at the beginning of alterations in stable wakefulness ameliorates decay of stable wakefulness at old ages. As such, renewing of microglia niche in the aged brain with repopulation serve as a potential possibility for clinical treatment of age-related decay of physiological and cognitive functions. Whether there is any difference in the beneficial effect of microglia repopulation onset at middle age or older age needs further exploration.

Microglia in healthy aging processes have been described as dystrophic and senescent (Streit et al., 2004; Angelova and Brown, 2019), with altered transcriptional and secretory profiles (Sierra et al., 2007; Hammond et al., 2019; Sala Frigerio et al., 2019). Our current study suggests that aged microglia may contribute to the declined stable wakefulness in aged mice, but the molecular underpinnings remain unknown. Our previous study revealed ceramide, a bioactive metabolite, mediates microglia modulation on stable wakefulness (Liu et al., 2021). Earlier studies indicate that ceramide progressively accumulates in the brain with increasing age (Cutler et al., 2004; Sacket et al., 2009), and acutely increased brain ceramide level impairs stable wakefulness (Liu et al., 2021). Therefore, ceramide might be a candidate for mediating the altered stable wakefulness in aging. How microglia regulates ceramide concentration in young and aging brains, and whether the early experience of microglia repopulation has effects on age-related accumulation of ceramide needs further exploration.



Materials and methods


Animal

Wild-type C57BL/6J (11 males 9 females), CX3CR1CreERT2–EYFP/+ mice (12 males 10 females) with comparable number of both sex at age of 3, 6, 12, and 18 months old, and CX3CR1CreERT2–EYFP/+:R26iDTR/+ mice with comparable number of both sex at age of 3 (13 males 12 females), 6 months old (12 females 6 males) were used for the experiments. Due to limitations in collecting aged mice, only 2 mice at age of 18 months old were used for studying age-related changes in microglia morphology. We validated that the trend for age-related change for both mice is comparable. Mice were group-housed with 2–4 animal per cage and entrained to a 12-h/12-h light/dark cycle with 17–26°C and 30–70% humidity, food and water available ad libitum. All procedures were approved by the Stony Brook Animal Care and Use Committee and carried out in accordance with the National Institutes of Health standards.



Surgery

Adult mice were anesthetized with isoflurane (3% for induction followed by 1% for maintenance) and placed in a stereotaxic apparatus. Both eyes were covered with a layer of ointment during surgery. Implantation of EEG/EMG channel was consistent with our previous work (Liu et al., 2021). After shaving and sterilizing the skin, the scalp was incised to expose the skull. Connective tissue was gently removed with a scalpel, and a thin layer of iBond Self Etch was applied. Four holes were drilled into the skull at the following coordinates: 1st EEG channel: AP: +2 mm, ML: +1.5 mm; 2nd EEG channel: AP: –4 mm, ML: +1.5 mm, reference channel (AP: +2 mm, ML: –1.5 mm), and ground channel site (AP: –4 mm, ML: –1.5 mm). A 2-EEG/1-EMG headmount (8201, Pinnacle Technology Inc.) was aligned to the craniotomy sites and pre-fixed to the skull with a small drop of dental cement. Four EEG screws (0.10-in EEG screws for the anterior craniotomy sites and 0.12-in EEG screws for the posterior craniotomy sites) were inserted into the corresponding channels of the headmount and screwed to the skull. 2 EMG leads were inserted on each side of the neck muscles to record postural tone. All implants were secured to the skull with dental cement. Following surgery, mice were kept on a heating pad and closely monitored until they were fully awake, and then housed individually post-surgery. Mice were allowed to recover for at least 2 weeks before the next step.



EEG/EMG recordings and data analysis

Implanted mice were habituated to the tethered recording system in their home cage for at least 3 days. The recording was performed for 24 h in the animal’s home cage with food and water available ad libitum. All cage maintenance work was performed after each daily recording session was completed.

Implanted mice were tethered to a preamplifier (8202-SL, Pinnacle Technology, Inc.) and a commutator (8204, Pinnacle Technology, Inc.) for free-moving recordings. Signals were collected with a 100 × gain, 0.5-Hz high-pass filter and 400 Hz sampling rate using Sirenia Acquisition software (Pinnacle Technology, Inc.) and analyzed with Sirena sleep software (Pinnacle Technology, Inc.). Simultaneous video recording was performed to monitor animal behavior. The recording was performed for 24 h and repeated 5 times every other day for each animal except mice under the process of microglia depletion and repopulation. Brain state scoring was first processed using the cluster scoring feature of Sirenia Sleep, and then manually re-inspected epoch-by-epoch based on the frequency and amplitude signatures of the signals, and corresponding behaviors on video. States were assigned based on consecutive, non-overlapping, 4-s windows as either wakeful, NREM sleep, or REM sleep using scoring criteria described previously (Liu et al., 2021). Because certain behavior may introduce a distinct power spectrum during the wake state, such as theta oscillation during running (Kropff et al., 2021), the power spectrum of wake state in behaving mice showed a less clear dominant frequency band as NREMs (0.5–4 HZ) or REMs (6–9 HZ). Therefore, following the criteria used in reported studies, we defined wake state in mice by low-amplitude desynchronized EEG signal with high EMG activity. Synchronized EEG with high-amplitude low-frequency (0.5–4 Hz) EEG activity and low EMG activity were defined as NREM sleep; and prominent theta frequency (6–9 Hz) EEG and low EMG activity were defined as REM sleep. Proportions (%) for total duration, bout duration, and bout number/h for each brain state were calculated. Wakeful bouts longer than 2 min were defined as stable wakefulness.



Drug applications

We used a CX3CR1CreERT2/+:R26iDTR/+ transgenic mouse line for global microglial depletion. Mice were administered tamoxifen (T5648, Sigma) to initiate DT receptor expression (100 mg/kg, gavage twice, with 2-day intervals) at 4 weeks before depletion onset. Microglia labeled with DT receptor were depleted following i.p. injections of DT (D0564, Sigma) for 3 consecutive days (25 μg/kg).



Histology

Mice were deeply anesthetized with urethane (1.25 g/kg) and transcardially perfused with 0.1 M PBS followed by 4% paraformaldehyde. Brains were removed and post-fixed in the same fixative at 4°C overnight, then cryoprotected with 30% sucrose at 4°C for 1 day. Coronal brain sections (50-μm thickness) were collected with a microtome (SM2000R, Leica). The sections were permeabilized in 0.25% Triton X-100 in 0.1 M PBS (0.25% PBST) for 0.5 h, followed by blocking solution (0.1% PBST with 1% of donkey serum) for 1 h and then incubated in blocking solution with primary antibody overnight at 4°C. The primary antibodies used in the present study included: rabbit anti-Iba1 (1:1,000, 019-19741, Wako), goat anti-GFP (1:1,000, 600-101-215, Rockland). After incubation, the sections were washed 3 times in 0.1% PBST (5 min/wash) and immersed in 0.1% PBST with the corresponding secondary antibody with a dilution of 1:1000 for 3 h at room temperature. The secondary antibodies used in the present study included: donkey anti-goat 488 (A-11055, ThermoFisher), and donkey anti-rabbit 594 (711-585-152, JacksonImmunoResearch). Finally, the sections were rinsed 3 times in 0.1 M PBS (5 min/rinse) and mounted onto micro slides. Images were captured with a confocal microscope using z-stack mode with 2-μm steps under x60 magnification (FV1000, Olympus). All parameter settings for image collection such as laser power, gain, offset, zoom, scan speed, and image resolution were kept consistent between images. In general, 4–6 images were collected from each examined region for one animal, and morphological analysis was performed on 2–4 randomly selected microglia per image. For microglial density, number of microglia per area was counted for each image and compared among different conditions. For microglial morphology analyses, images containing the cell bodies of measured microglia were stacked together, and then NeuronJ (a plugin available in ImageJ, National Institutes of Health, Bethesda, MD, USA) was used to trace all the processes of each microglia. The total process length of each microglia was quantified and compared between different conditions.



Statistics

The investigator was not blinded to group information while conducting the experiment, but was blinded during data analysis. All analysis were performed using MATLAB, results were expressed as mean ± SEM. Differences between individuals were analyzed by two-sided unpaired t-test, two-sided paired t-test, two-sided Kolmogorov–Smirnov test, or one-way ANOVA with Fisher’s post hoc test.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Stony Brook Animal Care and Use Committee.



Author contributions

HL, SG, and QX designed the experiments and wrote the manuscript. HL performed most of the experiments and data analysis. MB performed age-related morphological analysis for microglia. SS helped with data analysis. GC helped in additional analysis and proofreading. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by DC017470 to QX and NS089770, AG046875, and NS104868 to SG.



Acknowledgments

We would like to thank QX laboratory and SG laboratory members for their valuable comments on the manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2022.988166/full#supplementary-material



References

Angelova, D. M., and Brown, D. R. (2019). Microglia and the Aging Brain: Are Senescent Microglia the Key to Neurodegeneration? J. Neurochem. 151, 676–688. doi: 10.1111/jnc.14860

Ayata, P., Badimon, A., Strasburger, H. J., Duff, M. K., Montgomery, S. E., Loh, Y. H. E., et al. (2018). Epigenetic Regulation of Brain Region-Specific Microglia Clearance Activity. Nat. Neurosci. 21, 1049–1060. doi: 10.1038/s41593-018-0192-3

Badimon, A., Strasburger, H. J., Ayata, P., Chen, X., Nair, A., Ikegami, A., et al. (2020). Negative Feedback Control of Neuronal Activity by Microglia. Nature 586, 417–423. doi: 10.1038/s41586-020-2777-8

Bido, S., Muggeo, S., Massimino, L., Marzi, M. J., Giannelli, S. G., Melacini, E., et al. (2021). Microglia-Specific Overexpression of A -Synuclein Leads to Severe Dopaminergic Neurodegeneration by Phagocytic Exhaustion and Oxidative Toxicity. Nat. Commun. 12:6237. doi: 10.1038/s41467-021-26519-x

Bisht, K., Okojie, K. A., Sharma, K., Lentferink, D. H., Sun, Y. Y., Chen, H. R., et al. (2021). Capillary-Associated Microglia Regulate Vascular Structure and Function through Panx1-P2ry12 Coupling in Mice. Nat. Commun. 12:5289. doi: 10.1038/s41467-021-25590-8

Bojarskaite, L., Bjørnstad, D. M., Pettersen, K. H., Cunen, C., Hermansen, G. H., Åbjørsbråten, K. S., et al. (2020). Astrocytic Ca2+ Signaling Is Reduced During Sleep and Is Involved in the Regulation of Slow Wave Sleep. Nat. Commun. 11:3240. doi: 10.1038/s41467-020-17062-2

Bruttger, J., Karram, K., Wörtge, S., Regen, T., Marini, F., Hoppmann, N., et al. (2015). Genetic Cell Ablation Reveals Clusters of Local Self-Renewing Microglia in the Mammalian Central Nervous System. Immunity 43, 92–106. doi: 10.1016/j.immuni.2015.06.012

Candlish, M., and Hefendehl, J. K. (2021). Microglia Phenotypes Converge in Aging and Neurodegenerative Disease. Front. Neurol. 12:660720. doi: 10.3389/fneur.2021.660720

Carvalho, D. Z., St Louis, E. K., Boeve, B. F., Mielke, M. M., Przybelski, S. A., Knopman, D. S., et al. (2017). Excessive Daytime Sleepiness and Fatigue May Indicate Accelerated Brain Aging in Cognitively Normal Late Middle-Aged and Older Adults. Sleep Med. 32, 236–243. doi: 10.1016/j.sleep.2016.08.023

Crapser, J. D., Spangenberg, E. E., Barahona, R. A., Arreola, M. A., Hohsfield, L. A., and Green, K. N. (2020). Microglia Facilitate Loss of Perineuronal Nets in the Alzheimer’s Disease Brain. Ebiomedicine 58:102919. doi: 10.1016/j.ebiom.2020.102919

Cserép, C., Pósfai, B., Lénárt, N., Fekete, R., László, Z. I., Lele, Z., et al. (2020). Microglia Monitor and Protect Neuronal Function through Specialized Somatic Purinergic Junctions. Science 367, 528–537. doi: 10.1126/science.aax6752

Cutler, R. G., Kelly, J., Storie, K., Pedersen, W. A., Tammara, A., Hatanpaa, K., et al. (2004). Involvement of Oxidative Stress-Induced Abnormalities in Ceramide and Cholesterol Metabolism in Brain Aging and Alzheimer’s Disease. Proc. Natl. Acad. Sci. U. S. A. 101, 2070–2075. doi: 10.1073/pnas.0305799101

Elmore, M. R. P., Hohsfield, L. A., Kramár, E. A., Soreq, L., Lee, R. J., Pham, S. T., et al. (2018). Replacement of Microglia in the Aged Brain Reverses Cognitive, Synaptic, and Neuronal Deficits in Mice. Aging Cell 17:e12832. doi: 10.1111/acel.12832

Elmore, M. R. P., Lee, R. J., West, B. L., and Green, K. N. (2015). Characterizing Newly Repopulated Microglia in the Adult Mouse: Impacts on Animal Behavior, Cell Morphology, and Neuroinflammation. PLoS One 10:e0122912. doi: 10.1371/journal.pone.0122912

Elmore, M. R. P., Najafi, A. R., Koike, M. A., Dagher, N. N., Spangenberg, E. E., Rice, R. A., et al. (2014). Csf1 Receptor Signaling Is Necessary for Microglia Viability, Which Unmasks a Cell That Rapidly Repopulates the Microglia-Depleted Adult Brain. Neuron 82, 380–397.

Elmore Monica, R. P., Najafi Allison, R., Koike Maya, A., Dagher Nabil, N., Spangenberg Elizabeth, E., Rice Rachel, A., et al. (2014). Colony-Stimulating Factor 1 Receptor Signaling Is Necessary for Microglia Viability, Unmasking a Microglia Progenitor Cell in the Adult Brain. Neuron 82, 380–397. doi: 10.1016/j.neuron.2014.02.040

Fuger, P., Hefendehl, J. K., Veeraraghavalu, K., Wendeln, A. C., Schlosser, C., Obermuller, U., et al. (2017). Microglia Turnover with Aging and in an Alzheimer’s Model Via Long-Term in Vivo Single-Cell Imaging. Nat. Neurosci. 20, 1371–1376. doi: 10.1038/nn.4631

Gao, X., Huang, N., Guo, X., and Huang, T. (2022). Role of Sleep Quality in the Acceleration of Biological Aging and Its Potential for Preventive Interaction on Air Pollution Insults: Findings from the Uk Biobank Cohort. Aging Cell 21:e13610. doi: 10.1111/acel.13610

Giorgetti, E., Panesar, M., Zhang, Y., Joller, S., Ronco, M., Obrecht, M., et al. (2019). Modulation of Microglia by Voluntary Exercise or Csf1r Inhibition Prevents Age-Related Loss of Functional Motor Units. Cell Rep. 29, 1539–1554.e7. doi: 10.1016/j.celrep.2019.10.003

Grabert, K., Michoel, T., Karavolos, M. H., Clohisey, S., Baillie, J. K., Stevens, M. P., et al. (2016). Microglial Brain Region-Dependent Diversity and Selective Regional Sensitivities to Aging. Nat. Neurosci. 19, 504–516. doi: 10.1038/nn.4222

Hammond, T. R., Dufort, C., Dissing-Olesen, L., Giera, S., Young, A., Wysoker, A., et al. (2019). Single-Cell Rna Sequencing of Microglia Throughout the Mouse Lifespan and in the Injured Brain Reveals Complex Cell-State Changes. Immunity 50, 253–271.e6. doi: 10.1016/j.immuni.2018.11.004

Han, J., Fan, Y., Zhou, K., Blomgren, K., and Harris, R. A. (2021). Uncovering Sex Differences of Rodent Microglia. J. Neuroinflammation 18:74. doi: 10.1186/s12974-021-02124-z

Hanisch, U. K., and Kettenmann, H. (2007). Microglia: Active Sensor and Versatile Effector Cells in the Normal and Pathologic Brain. Nat. Neurosci. 10, 1387–1394. doi: 10.1038/nn1997

Hasan, S., Dauvilliers, Y., Mongrain, V., Franken, P., and Tafti, M. (2012). Age-Related Changes in Sleep in Inbred Mice Are Genotype Dependent. Neurobiol. Aging 33, 195.e13–26. doi: 10.1016/j.neurobiolaging.2010.05.010

Hassani, O. K., Lee, M. G., and Jones, B. E. (2009). Melanin-Concentrating Hormone Neurons Discharge in a Reciprocal Manner to Orexin Neurons across the Sleep-Wake Cycle. Proc. Natl. Acad. Sci. U. S. A. 106, 2418–2422. doi: 10.1073/pnas.0811400106

Henry, R. J., Ritzel, R. M., Barrett, J. P., Doran, S. J., Jiao, Y., Leach, J. B., et al. (2020). Microglial Depletion with Csf1r Inhibitor During Chronic Phase of Experimental Traumatic Brain Injury Reduces Neurodegeneration and Neurological Deficits. J. Neurosci. 40, 2960–2974. doi: 10.1523/JNEUROSCI.2402-19.2020

Herrera, C. G., Cadavieco, M. C., Jego, S., Ponomarenko, A., Korotkova, T., and Adamantidis, A. (2016). Hypothalamic Feedforward Inhibition of Thalamocortical Network Controls Arousal and Consciousness. Nat. Neurosci. 19, 290–298. doi: 10.1038/nn.4209

Hsu, J. C., Lee, Y. S., Chang, C. N., Chuang, H. L., Ling, E. A., and Lan, C. T. (2003). Sleep Deprivation Inhibits Expression of Nadph-D and Nos While Activating Microglia and Astroglia in the Rat Hippocampus. Cells Tissues Organs 173, 242–254. doi: 10.1159/000070380

Imeri, L., and Opp, M. R. (2009). How (and Why) the Immune System Makes Us Sleep. Nat. Rev. Neurosci. 10, 199–210. doi: 10.1038/nrn2576

Ito, D., Imai, Y., Ohsawa, K., Nakajima, K., Fukuuchi, Y., and Kohsaka, S. (1998). Microglia-Specific Localisation of a Novel Calcium Binding Protein, Iba1. Mol. Brain Res. 57, 1–9. doi: 10.1016/S0169-328X(98)00040-0

Jego, S., Glasgow, S. D., Herrera, C. G., Ekstrand, M., Reed, S. J., Boyce, R., et al. (2013). Optogenetic Identification of a Rapid Eye Movement Sleep Modulatory Circuit in the Hypothalamus. Nat. Neurosci. 16, 1637–1643. doi: 10.1038/nn.3522

Kettenmann, H., Kirchhoff, F., and Verkhratsky, A. (2013). Microglia: New Roles for the Synaptic Stripper. Neuron 77, 10–18. doi: 10.1016/j.neuron.2012.12.023

Kropff, E., Carmichael, J. E., Moser, E. I., and Moser, M. B. (2021). Frequency of Theta Rhythm Is Controlled by Acceleration, but Not Speed, in Running Rats. Neuron 109, 1029–1039.e8. doi: 10.1016/j.neuron.2021.01.017

Lawson, L. J., Perry, V. H., Dri, P., and Gordon, S. (1990). Heterogeneity in the Distribution and Morphology of Microglia in the Normal Adult Mouse Brain. Neuroscience 39, 151–170. doi: 10.1016/0306-4522(90)90229-W

Li, S. B., Damonte, V. M., Chen, C., Wang, G. X., Kebschull, J. M., Yamaguchi, H., et al. (2022). Hyperexcitable Arousal Circuits Drive Sleep Instability During Aging. Science 375:eabh3021. doi: 10.1126/science.abh3021

Liu, D., and Dan, Y. A. (2019). Motor Theory of Sleep-Wake Control: Arousal-Action Circuit. Annu. Rev. Neurosci. 42, 27–46. doi: 10.1146/annurev-neuro-080317-061813

Liu, H., Wang, X., Chen, L., Chen, L., Tsirka, S. E., Ge, S., et al. (2021). Microglia Modulate Stable Wakefulness Via the Thalamic Reticular Nucleus in Mice. Nat. Commun. 12:4646. doi: 10.1038/s41467-021-24915-x

Liu, Y. U., Ying, Y., Li, Y., Eyo, U. B., Chen, T., Zheng, J., et al. (2019). Neuronal Network Activity Controls Microglial Process Surveillance in Awake Mice Via Norepinephrine Signaling. Nat. Neurosci. 22, 1771–1781. doi: 10.1038/s41593-019-0511-3

Mander, B. A., Winer, J. R., and Walker, M. P. (2017). Sleep and Human Aging. Neuron 94, 19–36. doi: 10.1016/j.neuron.2017.02.004

McKillop, L. E., Fisher, S. P., Cui, N., Peirson, S. N., Foster, R. G., Wafford, K. A., et al. (2018). Effects of Aging on Cortical Neural Dynamics and Local Sleep Homeostasis in Mice. J. Neurosci. 38, 3911–3928. doi: 10.1523/JNEUROSCI.2513-17.2018

McKillop, L. E., and Vyazovskiy, V. V. (2020). Sleep and Ageing: From Human Studies to Rodent Models. Curr. Opin. Physiol. 15, 210–216. doi: 10.1016/j.cophys.2020.03.004

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting Microglial Cells Are Highly Dynamic Surveillants of Brain Parenchyma in Vivo. Science 308, 1314–1318. doi: 10.1126/science.1110647

Niraula, A., Sheridan, J. F., and Godbout, J. P. (2017). Microglia Priming with Aging and Stress. Neuropsychopharmacology 42, 318–333. doi: 10.1038/npp.2016.185

Olah, M., Patrick, E., Villani, A. C., Xu, J., White, C. C., Ryan, K. J., et al. (2018). A Transcriptomic Atlas of Aged Human Microglia. Nat. Commun. 9:539. doi: 10.1038/s41467-018-02926-5

O’Neil, S. M., Witcher, K. G., McKim, D. B., and Godbout, J. P. (2018). Forced Turnover of Aged Microglia Induces an Intermediate Phenotype but Does Not Rebalance Cns Environmental Cues Driving Priming to Immune Challenge. Acta Neuropathol. Commun. 6:129. doi: 10.1186/s40478-018-0636-8

Opp, M. R., and Krueger, J. M. (1991). Interleukin 1-Receptor Antagonist Blocks Interleukin 1-Induced Sleep and Fever. Am. J. Physiol. Regul. Integr. Comp. Physiol. 260, R453–R457. doi: 10.1152/ajpregu.1991.260.2.R453

Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R., Lafaille, J. J., et al. (2013). Microglia Promote Learning-Dependent Synapse Formation through Bdnf. Cell 155, 1596–1609. doi: 10.1016/j.cell.2013.11.030

Prinz, M., Jung, S., and Priller, J. (2019). Microglia Biology: One Century of Evolving Concepts. Cell 179, 292–311. doi: 10.1016/j.cell.2019.08.053

Radulescu, C. I., Cerar, V., Haslehurst, P., Kopanitsa, M., and Barnes, S. J. (2021). The Aging Mouse Brain: Cognition, Connectivity and Calcium. Cell Calcium 94:102358. doi: 10.1016/j.ceca.2021.102358

Rice, R. A., Pham, J., Lee, R. J., Najafi, A. R., West, B. L., and Green, K. N. (2017). Microglial Repopulation Resolves Inflammation and Promotes Brain Recovery after Injury. Glia 65, 931–944. doi: 10.1002/glia.23135

Sabia, S., Fayosse, A., Dumurgier, J., van Hees, V. T., Paquet, C., Sommerlad, A., et al. (2021). Association of Sleep Duration in Middle and Old Age with Incidence of Dementia. Nat. Commun. 12:2289. doi: 10.1038/s41467-021-22354-2

Sacket, S. J., Chung, H. Y., Okajima, F., and Im, D. S. (2009). Increase in Sphingolipid Catabolic Enzyme Activity During Aging. Acta Pharmacol. Sin. 30, 1454–1461. doi: 10.1038/aps.2009.136

Sala Frigerio, C., Wolfs, L., Fattorelli, N., Thrupp, N., Voytyuk, I., Schmidt, I., et al. (2019). The Major Risk Factors for Alzheimer’s Disease: Age, Sex, and Genes Modulate the Microglia Response to Abeta Plaques. Cell Rep. 27, 1293–1306.e6. doi: 10.1016/j.celrep.2019.03.099

Salter Michael, W., and Beggs, S. (2014). Sublime Microglia: Expanding Roles for the Guardians of the Cns. Cell 158, 15–24. doi: 10.1016/j.cell.2014.06.008

Scammell, T. E., Arrigoni, E., and Lipton, J. O. (2017). Neural Circuitry of Wakefulness and Sleep. Neuron 93, 747–765. doi: 10.1016/j.neuron.2017.01.014

Sierra, A., Gottfried-Blackmore, A. C., McEwen, B. S., and Bulloch, K. (2007). Microglia Derived from Aging Mice Exhibit an Altered Inflammatory Profile. Glia 55, 412–424. doi: 10.1002/glia.20468

Sosna, J., Philipp, S., Albay, R. III, Reyes-Ruiz, J. M., Baglietto-Vargas, D., LaFerla, F. M., et al. (2018). Early Long-Term Administration of the Csf1r Inhibitor Plx3397 Ablates Microglia and Reduces Accumulation of Intraneuronal Amyloid, Neuritic Plaque Deposition and Pre-Fibrillar Oligomers in 5xfad Mouse Model of Alzheimer’s Disease. Mol. Neurodegener. 13:11. doi: 10.1186/s13024-018-0244-x

Spangenberg, E., Severson, P. L., Hohsfield, L. A., Crapser, J., Zhang, J., Burton, E. A., et al. (2019). Sustained Microglial Depletion with Csf1r Inhibitor Impairs Parenchymal Plaque Development in an Alzheimer’s Disease Model. Nat. Commun. 10:3758. doi: 10.1038/s41467-019-11674-z

Stowell, R. D., Sipe, G. O., Dawes, R. P., Batchelor, H. N., Lordy, K. A., Whitelaw, B. S., et al. (2019). Noradrenergic Signaling in the Wakeful State Inhibits Microglial Surveillance and Synaptic Plasticity in the Mouse Visual Cortex. Nat. Neurosci. 22, 1782–1792. doi: 10.1038/s41593-019-0514-0

Streit, W. J., Sammons, N. W., Kuhns, A. J., and Sparks, D. L. (2004). Dystrophic Microglia in the Aging Human Brain. Glia 45, 208–212. doi: 10.1002/glia.10319

Takahashi, S., Fang, J., Kapas, L., Wang, Y., and Krueger, J. M. (1997). Inhibition of Brain Interleukin-1 Attenuates Sleep Rebound after Sleep Deprivation in Rabbits. Am. J. Physiol. Regul. Integr. Comp. Physiol. 273, R677–R682. doi: 10.1152/ajpregu.1997.273.2.R677

Tuan, L. H., and Lee, L. J. (2019). Microglia-Mediated Synaptic Pruning Is Impaired in Sleep-Deprived Adolescent Mice. Neurobiol. Dis. 130:104517. doi: 10.1016/j.nbd.2019.104517

Vaidyanathan, T. V., Collard, M., Yokoyama, S., Reitman, M. E., and Poskanzer, K. E. (2021). Cortical Astrocytes Independently Regulate Sleep Depth and Duration Via Separate Gpcr Pathways. Elife 10:e63329. doi: 10.7554/eLife.63329

Wadhwa, M., Prabhakar, A., Ray, K., Roy, K., Kumari, P., Jha, P. K., et al. (2017). Inhibiting the Microglia Activation Improves the Spatial Memory and Adult Neurogenesis in Rat Hippocampus During 48 H of Sleep Deprivation. J. Neuroinflammation 14:222. doi: 10.1186/s12974-017-0998-z

Willis, E. F., MacDonald, K. P. A., Nguyen, Q. H., Garrido, A. L., Gillespie, E. R., Harley, S. B. R., et al. (2020). Repopulating Microglia Promote Brain Repair in an Il-6-Dependent Manner. Cell 180, 833–846.e16. doi: 10.1016/j.cell.2020.02.013

Wimmer, M. E., Rising, J., Galante, R. J., Wyner, A., Pack, A. I., and Abel, T. (2013). Aging in Mice Reduces the Ability to Sustain Sleep/Wake States. PLoS One 8:e81880. doi: 10.1371/journal.pone.0081880

Yanai, S., and Endo, S. (2021). Functional Aging in Male C57bl/6j Mice across the Life-Span: A Systematic Behavioral Analysis of Motor, Emotional, and Memory Function to Define an Aging Phenotype. Front. Aging Neurosci. 13:697621. doi: 10.3389/fnagi.2021.697621



OPS/images/fnagi-14-988166-g004.jpg
é I Repopulation for 9 months

Age 6 j b
(month) Microglia depletion EEG/EMG recording

>
>

B
*
= .
2 :'
Rt
E 60 .; o:i.
-
O
5 40 ¢
> .
= &0
(O
(s
z 0 : .
° O\\ G\\
SR N e
A\
c x10? * * D
o 15y : N
s : )
°—10q 5
S : .
® = . ‘S 15M ctl vs 15M repo,
3w 2 3
- :
Q —
oM 0 e
0 1 2
Duration of stable wakefulness at night (h)
E F G
= x102 )
807 ) [ 9oMmct 2 _ i
= . ¢ JoMrepo & 20 .
Repopulation o 01 S=& - JOP )
for 3 months = ' e : % C :
T 40 Ld 23 4.
Age 6 9 3 c ¢ 10 . T
(month) Microglia EEG/EMG < o - = " 3 ® e 1
depletion recording I — 3 B | | af2e
|: O  BE=a m O “ .'
> 7 Wake NREMs REMs N\ o
g\“g e®





OPS/images/fnagi-14-988166-g003.jpg
~ z S0 = B B
. g -
Ajisuap “I0N yibus| ssao0.d “ION
m

EEG/EMG recording

DT
il

8

T/]\M

14

5
Repo-1d Repo-5d Repo-14d

-3 -2~0
BL

-30

Time (day)

F0
L %- C

D¢ =00
%

SRyt W
oy r A =
2

o

g
':.? E‘:.'-‘ TR -4
is% Repopulation

!i"q. %

5,
DT

. A
DTR

14d

od

1d

BL

o

Veh.

| REMs

2
1 ! T
0

Venh.

DT

Venh.

| Wake

N — ()

1ybiu 1e uoneinp |ejo] "IoON

LL

Ll

BLvs

=
g}

BL vs DT 5&d,

BL vs DT 1d,

o

Jybiu je axepn 9|qe)s

(%) Juans Jo "‘qoid

PPl

14

(@

w ~

- o

ayem Jo 1ybiu je
uoljelnp jnoq "IoN

o

o

Venh.

Time (h)





OPS/images/fnagi-14-988166-g002.jpg
log2(A process length of microglia)

log2(A microglial density)

(relative to 3M)

(relative to 3M)

VLPAG

®
® AD o Plll
eTRN @
e MnPO PPIg
e LH o PZ
® VLPO o LPGi

VLPO MnPO AD TRN LH VLPAG Plll PPTg PL LPGi

° T ST P S H P T =

T
05 ° T o 1 .
T
S A el I,

4 § K ) -
-1_ * % % * % % **1-[5 * % % * % % * % % * % % **% * % % * % %

[ Ism [_lem [112m 18 M

[ 1am [__]em [112mv ] 18Mm

1 - * % * * * * % % * % * % * % %
~ e
sl % %{- _JE + I - % %%
0 s - -+ Té . - - T , T'ﬁijll Tlﬂﬁ =
T T TE]T I F TLH_HP T 1 o
T
057 vlPO MWPO AD TRN LH VLPAG PIl  PPTg PZ  LPGi






OPS/images/fnagi-14-988166-g001.jpg
m

A % Total duration

A Bout duration of wake (s)

3 6 12 18
[ | 1

(0]
o

(o))
o

% Total duration

N
o

20 )

(relative to 3M)
I R
o o o

Bout duration (s)
N
o

(relative to 3M)
o &

-
o

-0~ 3M

e
o

V

Age (months)

Wake

6M

* * % %

1 -0 3M

| & 18m

0 4 8

Day
x10?

Night

6M
-6 12M

ZT (h)

C12m
[ 18M

Day Night

300 ;

200 1

100 1

m

Prob. of event (%)
Stable Wake at night

100 1

o)
o

o

ZT (h)

-
3M vs 6M,

o

. ; . ; .0 ; . : ' , .0 . ' : . . .
0O 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
ZT (h) ZT (h) ZT (h)
[]3v [ 12m 201 % % % 5 T
[ ]1em [ 18M

50 -

———— ., 0 ————— ()
12 16 20 24 0 4 8 12 16 20 24 0O 4 8 12 16 20 24

ZT (h)

S e
3Mvs 12, 3M vs 18M,

1 2
Time (h)





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Microglial repopulation alleviates age-related decline of stable wakefulness in mice



		Introduction



		Results



		Aging mice display declined stable wakefulness at nighttime



		Aging mice have more microglia with decreased length of processes



		Microglia depletion and repopulation changed stable wakefulness in adult mice



		Microglia repopulation partially rescued age-related decline of stable wakefulness







		Discussion



		Materials and methods



		Animal



		Surgery



		EEG/EMG recordings and data analysis



		Drug applications



		Histology



		Statistics







		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References

















OPS/images/cover.jpg
' frontiers | Frontiers in Aging Neuroscience













OPS/images/logo.jpg
’ frontiers | Frontiers in Aging Neuroscience







