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26 Abstract

27 Microglia surveillance manifests itself as dynamic changes in cell morphology and
28  functional remodeling. Whether and how microglia surveillance is coupled to brain
29  state switches during natural sleep-wake cycles remain unclear. To address this question,
30 we used miniature two-photon microscopy (mTPM) to acquire time-lapse high-
31  resolution microglia images of the somatosensory cortex, along with EEG/EMG
32  recordings and behavioral video, in freely-behaving mice. We uncovered fast and robust
33  brain state-dependent changes in microglia surveillance, occurring in parallel with sleep
34  dynamics and early-onset phagocytic microglial contraction during sleep deprivation
35  stress. We also detected local norepinephrine fluctuation occurring in a sleep state-
36  dependent manner. We showed that the locus coeruleus-norepinephrine system, which
37  1is crucial to sleep homeostasis, is required for both sleep state-dependent and stress-
38  induced microglial responses and Pz-adrenergic receptor signaling plays a significant
39  role in this process. These results provide direct evidence that microglial surveillance
40 is exquisitely tuned to signals and stressors that regulate sleep dynamics and
41 homeostasis so as to adjust its varied roles to complement those of neurons in the brain.
42  Invivo imaging with mTPM in freely behaving animals, as demonstrated here, opens a
43 new avenue for future investigation of microglia dynamics and sleep biology in freely

44  behaving animals.
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46  Introduction

47 Sleep is a highly conserved and essential phenomenon of the brain and serves
48  numerous cognitive as well as metabolic and immunologic functions. Moreover, the
49  sleep-wake transition represents a specific and prominent change in the brain state
50 (Besedovsky et al., 2019; Rasch and Born, 2013). As compared to a wakeful brain, the
51  sleeping brain shows more synchronous neuronal activities, which can be characterized
52 by electroencephalography (EEG). Sleep has two main stages: the non-rapid eye
53 movement (NREM) state, which is thought to promote clearance of metabolic waste
54  partly through increased flow of interstitial fluid (Feng et al., 2019), and the rapid eye
55 movement (REM) state, with EEG patterns similar to wakefulness yet with muscle
56  atoniaas well as vivid dreaming in humans (Besedovsky et al., 2019). In addition, sleep,
57  especially NREM, is directly involved in memory consolidation (Fogel and Smith, 2011;
58  Rasch and Born, 2013). However, the underlying biological dynamics and especially
59  the cellular mechanisms of sleep regulation are not entirely understood (Frank, 2018;

60  Frank and Heller, 2018).

61 Growing evidence shows that microglia dynamics are coupled to and intertwined
62  with the sleep-wake cycle (Deurveilher et al., 2021; Hristovska et al., 2022). Microglia
63  are resident innate immune cells ubiquitously distributed in the central nervous system
64  and account for 10—15% of all brain cells (Wolf et al., 2017). Microglia surveillance
65  refers to dynamic changes in cell morphology that accompany functional remodeling

66  in response to changes in the neural environment (Liu et al., 2019; Nimmerjahn et al.,
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67  2005; Stowell et al., 2019). It has been shown that microglia ablation disrupts the
68  maintenance of wakefulness and promotes NREM sleep (Corsi et al., 2022; Liu et al.,
69  2021), while enhancing an animal’s fear memory consolidation (Wang et al., 2020).
70  Conversely, acute and chronic sleep deprivation (SD) leads to microglia activation
71 amidst a proinflammatory state triggered by elevated circulating levels of cytokines (C-
72 reactive protein, TNF-a, IL-1, and IL-6) (Krueger et al., 2011). Thus, it is of critical
73 interest to explore whether microglia surveillance can sense and respond to brain state

74 changes during both natural sleep-wake cycles as well as under SD stress.

75 The investigation of microglial surveillance during the sleep-wake cycle demands
76 technologies suitable to track the rapid dynamics of natural microglia behavior in real
77  time. Though there have been pioneering studies on microglia dynamics in cultured
78  brain slices (Honda et al., 2001), static ex vivo conditions can hardly recapitulate the
79  dynamic microenvironments and neuronal activities in vivo. Based on results obtained
80  from fixed brain slices, it has been shown that chronic sleep restriction but not acute
81  sleep loss causes microglia process changes (Bellesi et al., 2017), but it is difficult to
82  use this approach to reconstruct the dynamic behavior of microglia accurately and
83  quantitatively. As a major advance, two-photon microscopy has recently been applied
84  to image microglia in head-fixed or anesthetized animals, revealing microglial process
85  motility, chemotaxis and homeostatic translocation, and multifaceted microglia-neuron
86 interactions in vivo (Davalos et al., 2005; Eyo et al., 2018; Liu et al., 2019; Stowell et

87 al., 2019). However, because of mechanical constraints or anesthetics, this technology
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88  still precludes experimental paradigms in which natural sleep-wake cycle is undisturbed.
89 In this regard, the recent advent of miniaturized two-photon microscopy (mTPM) has
90 provided a powerful new tool ideal for fast and high-resolution brain imaging in freely
91  behaving rodents (Zong et al., 2021, 2017). With the aid of mTPM, researchers have
92  mapped the functional network topography of the medial entorhinal cortex (Obenhaus
93  etal., 2022), deciphered the microcircuit dynamics in the dorsomedial prefrontal cortex
94  during social competition (Zhang et al., 2022), and unraveled the specific itch signal

95  processing in the primary somatosensory cortex (Chen et al., 2021).

96 In this study, we aimed to determine whether microglia surveillance undergoes any
97  significant changes during natural sleep-wake cycles, and if so, what is the underlying
98  regulatory mechanism. Using different models of mTPM tailored for high-resolution,
99  multi-plane or large field-of-view (FOV) imaging, we monitored microglia in the
100  somatosensory cortex of mice during natural sleep-wake cycles or while being
101 subjected to acute SD. We found robust sleep state-dependent and SD-induced changes
102  in microglia surveillance with characteristics differing from those induced by
103  anesthetics. Furthermore, we showed that norepinephrine signals from the axonal
104  projections of the locus coeruleus (LC) underlie the state-dependence of microglia
105  surveillance and P2-adrenergic receptor (B2AR) signaling plays a significant role in this

106 process.
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107  Results

108  Imaging microglia dynamics in freely behaving mice

109 To visualize microglial morphology and dynamics during the sleep-wake cycle,
110  microglia were specifically labeled with green fluorescent protein (GFP) expressed
111 under the control of an endogenous Cx3crl promoter (Cx3crl-GFP). Time-lapse
112 imaging of the somatosensory cortex utilized the fast and high-resolution miniature
113 two-photon microscope (FHIRM-TPM) recently developed by our laboratory (Zong et
114  al, 2017), and EEG/Electromyography (EMG) signals and behavior videos were
115  simultaneously recorded to determine corresponding sleep-wake states (Fig. la-c and
116  Supplementary Fig. 1). The focal plane of the FHIRM-TPM was placed 50-100 pm
117  beneath the surface of the somatosensory cortex with a field-of-view (FOV) of 220 x
118 220 pum (Fig. 1d). Under the experimental conditions, we were able to track
119  morphological and positional changes of a cohort of 5-10 microglia at a frame rate of 5
120  frames per second (FPS) over prolonged durations of greater than 10 hours
121 (Supplementary Fig. 1 and Video), while the animals were allowed to roam and behave
122 freely and their sleep-wake cycles remained undisturbed. Though we were initially
123 concerned with potential photoxicity associated with prolonged mTPM imaging, no
124  changes in microglial morphology and fluorescent intensity were evident even after
125 non-stop recording over the entire protocol period (Supplementary Fig. 1). This
126  remarkable result indicates that photo damage is minimal, if any, during in vivo imaging

127 (Supplementary Fig. 1).
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128 Dynamic changes in microglial area, branching points, and process end-point speed
129  were then analyzed using Imaris software (Fig. 1 el-e3" and Supplementary Fig. 1). We
130  found that individual microglia maintained a relatively stable territory of surveillance
131  over the entire experimental period, even while their individual projections extended
132 and contracted incessantly, giving rise to a process end point motility of 1.39 £+ 0.09
133 um/min in the wake state (Fig. 1f-h). These results show that mTPM in conjunction
134  with multi-modal recordings of EEG/EMG and behavioral videos enables in vivo
135  visualization of microglia dynamics over multiple time scales in freely behaving mice.
136  Interestingly, we also observed occasional short-range translocation in a few cells,
137  suggesting the ability of microglia to survey territories beyond their own boundaries, in

138  general agreement with recent observations in head-fixed mice (Eyo et al., 2018).

139

140  Microglia surveillance during the sleep-wake cycle

141 By simultaneously imaging microglia and recording EEG/EMG throughout a
142 sleep-wake cycle, we obtained continuous 4-6 h datasets from different mice and, in
143 conjunction with video interpretation, segmented and sorted them into subgroups
144  corresponding to wake, NREM, and REM states (Fig. 2a). For each state we quantified
145  morphological features and process motility from 15-20 cells. Wake and NREM states
146 lasting longer than 1 min were identified, for which the last 30-seconds recording was
147  selected, and REM states lasting longer than 30 seconds for the characterization of

148  possible state-dependent microglia dynamic surveillance.

7
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149 We found that during the NREM and REM states, microglial process length and
150  surveillance area increased compared with those during wakefulness (Fig. 2b-d, b'-d’).
151  Concomitantly, the number of branching points significantly increased, while end-point
152  moving speed of microglial processes decreased (Fig. 2e-h), indicating state-dependent
153  changes in microglial morphology as well as process motility under natural sleep-wake
154  cycles. To provide a volumetric view of the dynamics of microglial morphology, we
155  adapted our latest version of mTPM with an electrical tunable lens (ETL) capable of
156  imaging variable focal planes (Fig. 2i-o and Supplementary Fig. 2) (Zong et al., 2021).
157  Multi-plane reconstruction revealed more extended process lengths and greater branch
158  point numbers as compared to single-plane imaging as expected (Fig. 21, n). The
159  volume of surveillance for individual microglia changed from 1661 + 264.4 pm? in the
160  wake state to 3802 + 670.5 pm® in REM state and 4616 + 324.6 um?® in NREM state
161  (Fig. 2m). Similar to results obtained with single-plane imaging, the end-point speed of
162  processes decreased in REM and NREM compared to the wake state (Fig. 20). While
163  both REM and NREM had the same trends in change as compared to the wake state,
164  significantly greater changes were associated with NREM than REM in terms of cell
165  volume, branch length, branch number, and end-point speed (Fig. 21-0). These results
166  demonstrate differential microglial dynamic surveillance as the brain state switches
167 among wakefulness, REM and NREM, and the state-dependent morphological and
168  process-motility changes can be robustly reproduced with either single-plane or
169  volumetric imaging. Intriguingly, microglia can even sense and respond to subtle

170  differences between REM and NREM states. Because more extended microglia are
8
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171 thought to have greater surveillance ability (Kierdorf and Prinz, 2017), our results
172 support the notion that microglia during the NREM and REM periods tend to be more

173 active in the opportune clearing of metabolic wastes accumulated during the wake states.

174 To this end, it is also instructive to compare and contrast REM/NREM state-
175  dependent characteristics with those induced by anesthesia. In mice under isoflurane
176 (1.2% in air) for 20-30 min, we found that microglial length, area, number of branching
177  points (Supplementary Fig. 2) were similarly increased compared with the wake state,
178  as was the case in NREM and REM. However, the end-point movement of processes
179  exhibited opposite changes (Liu et al., 2019), increasing with anesthesia but decreasing
180  in sleep states (Fig. 2h, o and Supplementary Fig. 2). This result shows that microglia

181  surveillance appears to differ qualitatively between sleep and anesthesia states.

182

183  Acute SD promotes contraction of microglial processes

184 Sleep loss is detrimental to brain function and results in structural plastic changes
185  in nerve cells. Whether microglia dynamic surveillance alters after sleep loss remains
186  controversial (Bellesi et al., 2017; Wang et al., 2020). Therefore, we induced acute SD
187  in mice by forcing the animals to exercise and interrupting sleep with a rotatory rod,
188  starting at 9:00 am and lasting for six hours (zeitgeber time 2-8) (Fig. 3a). The duration
189  of recovery sleep, especially NREM sleep, increased after SD (Supplementary Fig. 3).

190 In the wake state, microglia typically exhibited an extended form with ramified, long,
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191  thin processes. Overt morphological changes occurred as early as 3h after SD, when
192  microglia presented a contracted form bearing short and thick processes. By 6h, nearly
193  all microglia cells were converted into a phagocytic form, assuming an amoeboid shape
194  with few processes (Fig. 3b-d). We found that microglial length, area and number of
195  branching points decreased with the continuous SD (Fig. 3e-h). The same changes were
196  observed in 3D reconstruction (Supplementary Fig. 3). Changes in the end-point speed
197  of processes appeared to be biphasic, increasing at 3h SD and then declining below
198  baseline level at 6h SD (Fig. 3h); the latter may result in part from the dramatic
199  shrinkage of the processes. As the sleep pressure was eased during recovery sleep,
200  morphological changes of microglia were partially reversed over a timescale of several
201  hours (Supplementary Fig. 3). Thus, our real-time recording in live animals clearly
202  demonstrates that SD stress induces microglia to assume an active state and

203  conspicuous microglial response occurs early in SD.

204

205 NE changes in somatosensory cortex during the sleep-wake cycle

206 Next, we sought to determine a possible signaling mechanism(s) that incites
207  microglia surveillance state- and stress-dependent changes. Among a number of
208  candidates responsible for stress responses, norepinephrine (NE) has recently been
209 shown to play a crucial role in microglia surveillance by responding to neuronal
210  network activity (Liu et al., 2019) and partaking of synaptic plasticity (Stowell et al.,

211 2019). Therefore, we combined mTPM imaging with EEG and EMG recording to
10
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212 determine whether NE levels in the somatosensory cortex fluctuate during the sleep-
213 wake cycle to control microglia surveillance. We imaged extracellular NE dynamics in
214  somatosensory cortical neurons with NE biosensor GRABn~e2m (Fig. 4a), which was
215  developed based on G protein receptors (Feng et al., 2019; Kjaerby et al., 2022). The
216  biosensor was expressed on the plasma membrane of neurons to report the dynamic
217  change of the extracellular NE. Dynamic changes of NE levels was evident in the
218  somatosensory cortex during wake, NREM and REM states (Fig. 4b). NE levels
219  reached higher levels during longer awakenings, while the lowest NE levels were
220  detected during REM sleep (Fig. 4b) and the largest changes in NE levels were recorded
221 occurred during the transition from REM to wake (Fig. 4b). During NREM sleep, the
222 NE oscillated dynamically around a relatively low level (Fig. 4b), with brief increases
223  that might be related to memory consolidation (Kjaerby et al., 2022). On average, mean
224  levels of NE exhibited a brain-state dependent change, varying in a decreasing order
225  from wake to NREM and to REM (Fig. 4c). These results are in general agreement with
226  recent observations that NE fluctuates in a sleep-state dependent manner in the medial
227  prefrontal cortex, and suggest that NE may play a crucial role in controlling the stage

228  dependent microglial changes.

229

230  Role of the LC-NE signal in controlling the microglia dynamic surveillance

231 To determine possible involvement of NE in sleep state- and SD-induced microglia

232  surveillance, we used the locus coeruleus (LC)-selective neurotoxin, N-(2-chloroethyl)-

11
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233 n-ethyl-2-bromobenzylamine (DSP4; applied 2 days before imaging) to ablate LC
234  axons projecting into the cortex (Supplementary Fig. 4) (Del C. Gonzdez et al., 1998)
235  and characterized microglial surveillance with and without an LC-NE signal (Fig. 5a).
236 DSP4 application led to a significant increase in sleep states, particularly NREM sleep
237  (Supplementary Fig. 4), in agreement with previous studies (Del C. Gonzdez et al.,
238  1998). Meanwhile, the characteristics of NE dynamics in different brain states were
239  also changed by DSP4 (Supplementary Fig. 4). Importantly, the sleep state-dependent
240  changes in microglia surveillance were abolished altogether; neither microglial
241  morphology nor process motility displayed any of the previously significant changes
242  seen when the brain states cycled across wake-REM-NREM (Fig. 5b-g). Likewise,
243  DSP4 treatment completely prevented SD-induced alteration of microglia surveillance
244 (Supplementary Fig. 4). These results indicate an essential role for the LC-NE signal in

245  sleep- and stress-dependent state modulation of microglia surveillance.

246 The effects of the neural modulator NE are mediated by two families of G-protein-
247  coupled receptors, o and PB-adrenergic receptors (ARs), each comprising several
248  subtypes and it has been shown that f2AR stimulation rapidly induces microglia
249  dynamic surveillance (Gyoneva and Traynelis, 2013; Liu et al., 2019; Stowell et al.,
250  2019). We, therefore, examined microglia surveillance in f2AR KO animals during
251  natural sleep-wake cycles and under SD stress. Similar to LC axon ablation, B2 AR KO
252  disturbed wake-sleep homeostasis, as manifested by a lengthening of overall sleep

253  duration (Supplementary Fig. 4). By contrast, removal of f2ARs failed to abolish

12
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254  dynamic changes in microglia when the brain state switched between sleep and
255  wakefulness (Fig. Sh-n). Nonetheless, the ability of microglia to subtly distinguish
256  between REM and NREM states was largely compromised (Fig. S5h-n and
257  Supplementary Fig. 4), suggesting a partial contribution of B2AR signaling to LC-NE
258  modulation of microglia surveillance during sleep-wake cycles. Regarding microglia
259  responses to SD stress, we showed that microglial morphology and motility remained
260 unchanged during the SD protocol in f2AR KO animals (Supplementary Fig. 4),
261  revealing a predominant role for B2AR signaling in LC-NE modulation of microglia

262  surveillance under SD stress.

13
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Discussion

With the development of mTPM imaging and EEG/EMG recording in freely
behaving mice, we now provide direct evidence that microglia surveillance in mouse
somatosensory cortex is sleep-state dependent during natural sleep-wake cycles and
that microglia contract from ramified into phagocytic forms a few hours after the
onset of acute SD stress. Combined with pharmacological intervention and the use of
NE biosensor and genetically manipulated animals, we showed that the LC-NE
pathway mediates these state-dependent changes in microglia surveillance and that
B2AR signaling is involved in various aspects of the microglial responses, extending
recent reports that the same pathway underlies microglia surveillance in the context of

neuronal network activity (Liu et al., 2019) and synaptic plasticity (Stowell et al.,

2019).

That microglia surveillance is sleep state-dependent substantiates an intimate
relationship between rapid, robust state-dependent microglia remodeling and the
biology of the sleep-wake cycle (Feng et al., 2019; Frank and Heller, 2018; Xie et al.,
2013). It has been shown that microglia play a central role in the removal of metabolic
waste and even cell debris from the brain (Huisman et al., 2022; M&aquez-Ropero et
al., 2020). Our study shows that microglia in the sleeping brain have larger area and
length, consistent with greater clearance ability in the sleeping state than the waking.
Recently, it has been reported that, in head-fixed mice, microglial morphological

complexity was decreased in NREM sleep than during wakefulness (Hristovska et al.,

14
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284  2022). In consideration of the altered durations of both NREM and REM sleep

285  (Hristovska et al., 2022), the unnatural sleep state would lead to an increase in the
286  microarousal state, and ultimately lead to a change in the structure of the sleep state,
287  which may be the main reason for the difference in microglia behavior from our

288  natural sleep. Furthermore, our results show that microglia surveillance significantly
289  differs between REM and NREM sleep in the somatosensory cortex, likely reflecting
290  metabolic and functional differences between the two states. More specifically,

291  previous reports have proposed differential roles between the NREM and REM sleep
292  for consolidation of different types of memories. For example, NREM sleep

293  contributes to declarative memories, whereas REM sleep is important for procedural
294  and emotional memories (Besedovsky et al., 2019; Rasch and Born, 2013). Memory
295  consolidation is closely related to synaptic plasticity, in which microglia play a very
296  important role (Corsi et al., 2022; Tuan and Lee, 2019). In this regard, our findings
297  hint at the possibility that not all features of microglia-neuron interactions, including
298  mode of action and localization, are equal in the consolidation of different types of

299  memory.

300 It has been shown that a large proportion of Ibal-immunoreactive microglia with
301  larger cell bodies and less ramified processes appear in hippocampal brain slices
302 following 48-72h of sleep deprivation and in the frontal cortex after 4.5 days of chronic
303  sleep restriction, whereas acute sleep deprivation for 8 hours had no effect on microglial

304 morphology (Bellesi et al., 2017; Hall et al., 2020). However, these findings have
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305 mostly been derived from slice staining. While the present work support the general
306  conclusion that microglia surveillance is responsive to SD stress, our real-time mTPM
307 imaging in vivo also unmasked a progressive change in microglia surveillance that
308 occurred as early as 3h after onset of SD and full conversion of microglia into the
309 phagocytic form after 6h SD stress. This apparent disparity between the current and
310  previous reports might reflect the complications arising from ex vivo sample preparation,
311  because microglia surveillance is highly dynamic and sensitive to neural environmental

312  changes, evidenced by its cyclic changes during the sleep-wake switch.

313 We have provided two lines of evidence that the LC-NE-B2AR axis is involved in
314  microglial surveillance both during natural sleep-wake cycle and under SD stress.
315  Ablation of LC-NE neuronal projection abolished and knockout of B2ARs markedly
316  altered the manifestation of the state-dependence of microglia surveillance, while the
317 latter recapitulated most, but not all, the phenotypes of the former. These findings are
318  well supported by emerging evidence that NE is necessary for microglial activation
319 (Bellesi et al., 2016; Berridge et al., 2012). First, NE is known to be a key
320 neurotransmitter that regulates sleep dynamics (Wang et al., 2020) and the dynamics of
321  microglia (Liu et al., 2019; Sugama et al., 2019). Second, it has been shown AR
322  expressed at higher level in microglia than other CNS cell types (Zhang et al., 2014)
323  and microglia dynamic surveillance rapidly responds to B2AR stimulation (Gyoneva
324  and Traynelis, 2013; Liu et al., 2019; Stowell et al., 2019). Moreover, the morphology

325 of microglia in somatosensory cortex is also regulated by neuronal activity, in a
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326  microglial B2AR-dependent manner (Liu et al., 2019). Our results also extend the
327  classic view of NE regulation of sleep and wakefulness by revealing a prominent
328  microglial component in the NE response. It should be noted that pan-tissue f2AR
329  knockout animal model was used in the current study and it warrants future
330 investigation to pinpoint specific roles of microglial f2AR in the brain-state dependent

331  microglial responses.

332 In addition to NE, other potential modulators also present dynamic during sleep-
333  wake cycle and may partake in the regulation of microglia dynamic surveillance. It has
334  been reported that LC firing stops (Aston-Jones et al., 1981; Rasmussen et al., 1986),
335  while inhibitory neurons, such as PV neurons and VIP neurons, become relatively
336 active during REM sleep (Brécier et al., 2022). ATP level in basal forebrain is shown to
337  be higher in REM sleep than NREM sleep (Peng et al., 2023). Similarly, adenosine level
338  inthe somatosensory cortex during REM sleep is higher than in NREM sleep (Response
339  figure 1). These considerations may explain the finding that f2AR knockout failed to
340  abolish microglial responses to sleep state switch and SD stress altogether. A more
341  complete understanding of the regulatory mechanisms of microglia surveillance will

342  help to delineate more precisely roles of microglia in physiology and under stress.

343 In summary, by real-time in vivo mTPM imaging of microglia surveillance, we
344  uncovered the state-dependence of microglia surveillance during natural sleep-wake
345 cycles and a robust, early-onset response to SD stress. Both types of microglial

346  dynamics are under the regulation of LC-NE with the involvement of B2ARs as one of
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347  its main effectors. These results highlight that microglia undergo rapid and robust
348  remodeling of both morphology and function to fulfill multimodal roles complementary
349  to those of neurons in the brain. In addition, the methodologies established in the
350 present study may prove to be of broad application for future investigations of microglia
351  dynamics and sleep biology in freely behaving animals.
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Methods

Animals

All experimental protocols were carried out with the approval of the Institutional
Animal Care and Use Committee of PKU-Nanjing Institute of Translational Medicine
(Approval ID: TACUC-2021-023). Male mice, 2-3 months of age, were used in

accordance with institutional guidelines. Cx3crl-GFP (Jax, #021160) heterozygous

19


https://doi.org/10.1101/2023.02.03.527083
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.03.527083; this version posted November 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

386  mice were used to visualize microglia with miniature two-photon microscopy (mTPM).
387 To ablate LC-NE neurons, DSP4 (Sigma, #C8417) solution was administered
388 intraperitoneally (50 mg/kg) twice at 24-h intervals and a minimum of 48 h before
389 mTPM imaging. Adrb2 KO (Jax, #031496) mice were crossed with Cx3cr1-GFP mice
390 to generate (Cx3crl-GFP+/-; Adrb2-/-) mice, which were used in experiments with [32-
391  adrenergic receptor knock-out. Mice were housed with a standard 12h light/12h dark

392 cycle and fed standard chow ad libitum.

393  Surgery and electrode implantation

394  All surgical procedures were done sterilely, and all animal-administered reagents were
395  sterile. Mice were anesthetized with isoflurane (1.5% in air at a flow rate of 0.4 L/min)
396  and maintained on a 37°C heating pad during surgery. The cerebral cortical region to
397 be imaged was localized based on the stereotactic coordinates (somatosensory area,
398  from bregma: anteroposterior, -1 mm, mediolateral, +2 mm) and marked with a fine
399  black dot. The skull over the region of interest was thinned with a high-speed micro-
400  drill under a dissection microscope. Drilling and application of normal saline were done
401  intermittently to avoid overheating and hurting the underlying cerebral tissue. After
402  removing the external layer of the compact bone and most of the spongy bone layer
403  with the drill, the area continued to thinned until an expanded smooth area (~3 mm in
404  diameter) was achieved, making sure the middle was thin enough to get high quality
405  imaging. A drop of saline was applied and a 3-mm-diameter glass coverslip previously

406  sterilized in 70% ethanol was placed on this window, then dental cement was applied
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407  around the glass coverslip. The mice were used in the experiment after 4 weeks of

408  postoperative recovery.

409 500 nL of AAV9-hSyn-GRABNE2m (BrainVTA, #PT-2393) were injected into the
410  somatosensory cortex (A/P, -1 mm; M/L, +2 mm; D/V, -0.3mm) at a rate of 50 nL/min.
411  3-mm-diameter glass coverslip were implanted and fixed on the somatosensory cortex.

412  The mice were used in the experiment one month after postoperative recovery.

413 Epidural screw electrodes (diameter 0.8 mm) were implanted bilaterally on the
414  opposite sides of the imaging window for constant EEG recording from the frontal
415  (bregma: anteroposterior, +1.5 mm, mediolateral, +1.5 mm) and parietal cortex
416  (anteroposterior, -2 mm; mediolateral, +2.5 mm). Electrodes were fixed to the skull
417  with dental cement. Another pair of electrodes was inserted into the neck muscles for
418 EMG recording. Then, a headpiece baseplate was attached to the skull with

419  cyanoacrylate and reinforced with dental cement.

420  Simultaneous imaging and recording

421  After recovery from surgery, mice with a clear cranial window and typical EEG/EMG
422  signals were selected for further experiments. With the mice head-fixed on the imaging
423  stage, an mTPM imaging stack was first acquired using an mTPM (Transcend
424 Vivoscope), and a proper field-of-view (FOV) with 5-10 microglial somata was located
425  50-100 pm beneath the pial surface. The holder of the mTPM was then sealed onto the

426  baseplate over the coverslip on the head, and the mTPM could be repetitively mounted
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427 and dismounted to track the same population of microglia over different days

428  (Supplementary Fig. 1).

429 Three models of mTPM were used for different experiments: FHIRM-TPM high-
430  resolution model (Zong et al., 2017) with lens NA of 0.7 and FOV of 220 x 220 pm for
431  Figs. 1-5; headpiece weight was 2.13 g, and lateral and axial resolutions were 0.74 and
432  6.53 um, respectively. FHIRM-TPM large FOV model (Zong et al., 2021) with a
433  headpiece weight of 2.45 g, lens NA of 0.5, and FOV of 420 x 420 um for
434  Supplementary Fig. 4, and lateral and axial resolutions were 1.13 and 12.2 um,
435  respectively; FHIRM-TPM 2.0 ETL model (Zong et al., 2021) in Supplementary Fig.
436 2, with headpiece weight of 4.3 g, Z-depth range of 45 pum, lens NA of 0.7, lateral
437  resolution of 0.74 um, axial resolution of 6.53 um, and FOV of 220 x 220 pm. Images
438  were acquired to visualize the microglial surveillance: time-lapse xy imaging stack at a
439  frame rate of 5 FPS or multi-plane imaging stacks (20 planes at 2 um intervals, 5
440  frames/s). Each model of mTPM was equipped with a water-immersion miniature
441  objective and a 920 nm femtosecond fiber laser. Excitation for fluorescence imaging
442  was achieved with 150-fs laser pulses (80 MHz) at 920 nm for GFP with a power of

443  ~25 mW after the objective.

444 The EEG/EMG signals were recorded continuously and simultaneously by Vital
445  Record (Kissei Comtec system), and mouse behavior was monitored with an infrared
446  video camera. Mice were never disturbed when they were undergoing spontaneous

447  sleep-wake cycles, feeding, or drinking.
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448  Sleep deprivation

449  Sleep deprivation (SD) was achieved by forcing the mice to move continuously through
450  power devices (Soft maze, #XR-XS108) (Pandi-Perumal et al., 2007). The experimental
451  device consisted of a computer console, a horizontal rotating rod with a diameter of 46
452  cm and a round mouse cage of 50 cm. The rotating rod can rotate horizontally randomly
453 (3 times/min) in clockwise and counterclockwise directions under the control of the
454  computer. The mouse was placed in the cage one hour per day for one week for
455  habituation. After baseline sleep recording, mice were sleep-deprived for the duration

456  indicated in each experiment, starting at 9:00 AM and lasting up to 6h into SD.

457  Anesthesia experiment

458  Time-lapsed image stacks acquired between 20 and 30 min after anesthesia (isoflurane,
459  1.5% in air at a flow rate of 0.4 L/min) were used to evaluate microglial dynamic

460  surveillance under anesthetized conditions.

461

462  Quantification and statistical analysis

463 EEG/EMG data analysis

464  EEG and EMG signals were amplified and filtered as follows: EEG, high-pass filter at
465 0.1 Hz, low-pass filter at 35 Hz; and EMG, high-pass filter at 10 Hz, low-pass filter at
466 100 Hz. All signals were digitalized at 128 Hz and stored on a computer. As described

467  previously (Bellesi et al., 2013), EEG power spectra were computed by a fast Fourier
23
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468  transform routine for 10 s epochs. Wake, nonrapid eye movement (NREM) sleep, and
469  REM sleep were manually scored off-line (SleepSign, Kissei Comtec) in 10 s epochs
470  according to standard criteria (Fogel and Smith, 2011). Epochs containing artifacts,

471  predominantly during animal movement, were excluded from spectral analysis.

472

473  Microglial Morphological Analysis

474  In order to accurately quantify microglial morphometric changes in different brain
475  states, wake and NREM states lasting longer than 1 min were chosen, among which the
476  last 30 seconds of recording was selected, in conjunction with video interpretation, for
477  further processing and analysis. Because they were of relatively short duration, REM

478  states lasting longer than 30 seconds were used for analysis.

479 Image stacks were first processed offline using ImagelJ software to correct for xy
480  motion artifacts, and the time-lapse stack was aligned using the StackReg plugin. In
481  some experiments, motion artifacts due to Z-level drift was further minimized by
482  collecting multi-plane images over +20 pum depth at 2 um intervals and then
483  compressing them into a single xy projection to substitute for time-lapsed xy image. In
484  this case, corresponding projections were generated over a 30-seconds window to
485  substitute for time-lapsed xy images. A maximum-intensity projection (MIP) was then
486  created from the stack for morphological analysis. The criteria to select microglia for

487  analysis included a clearly identifiable soma and processes seen in the x-y plane.
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488 Next, microglial morphological analysis was done using Imaris 9.5 software and
489  the Filament module (Supplementary Fig. 1). The filament created in Imaris is a
490  connected graph-based object consisting of vertices that are connected by edges.
491  Feature extraction by the Filament module yielded microglial features and parameters

492  defined as the following:

493 Microglial process: Same a filament dendrite in module. Microglial processes
494  form the main structure of the filament object. Processes extend from the microglial
495  cell body and can undergo branching. A process graph is a sequence of vertices
496  connected by edges.

497 Number of branch points: Same a filament branch depth in module. The process
498  graph is a tree-based structure that has a root point. Branching depth is defined as the
499  number of branches or bifurcations in the shortest path from the beginning point to a
500  given point in the process graph.

501 Process length: Same a filament dendrite length in module, in reference to the sum

502  of all process lengths within the entire microglial cell.

503 Microglial surveillance area: Same a filament dendrite area in module, in

504  reference to the sum of all process areas within the entire microglial cell.

505 Microglial surveillance volume: Same as filament dendrite volume. In volumetric

506  imaging, it is the sum of the volumes of all processes within the microglial cell.
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507 Process end-point speed: Same as filament track speed. The speed is calculated
508  using the “Track over time” function and given by the absolute track length change,

509  whether extension or retraction, divided by the corresponding elapsed time.
510  NE signals analysis

511 To analyze NE signals data, we binned the raw data into 1 Hz and subtracted the
512 background autofluorescence. AF/Fo were calculated by using the fluorescence signal
513  itself. Fo was defined as the mean value of the lowest fluorescence signal for each 60-
514  second window in each recorded fluorescence signal. The z-score transformed AF/Fo
515  was used for analysis. In order to accurately quantify the changes of NE signals in
516  different brain states, wake and NREM states with a duration of more than 1 min were
517  selected, in which the mean value of 30 seconds fluorescence signal at the end was
518  selected as the NE signal in this state, which was further processed and analyzed
519  combined with video interpretation. Since the duration of REM state is relatively short
520  and it enters a low level at the end of REM, the mean value of fluorescence signal in
521  the 30s before the transition from REM state to wake state is used to represent NE signal

522  in REM state.
523
524  Statistical analyses

525  Significance levels indicated are as follows: p< 0.05, p< 0.01, P <0.001. All

526  data are presented as mean+SEM. All statistical tests used were two-tailed. Statistical
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527  significance was determined using both parametric (ANOVA) and non-parametric
528  (Friedman) tests with post-hoc. All statistical testing was performed using GraphPad
529  Prism 6.0 (GraphPad Software). No statistical methods were used to predetermine
530 sample sizes, but our sample sizes were similar to those reported in previous

531  publications (Davalos et al., 2005; Nimmerjahn et al., 2005).

532
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691  Fig. 1. Imaging microglial surveillance in the somatosensory cortex in freely

692  moving mice.

693  (a-c) Experimental setup. The animal was head-mounted with a miniature two-photon
694  microscope (mTPM) and EEG/EMG electrodes and behaved freely in a cylindrical
695 chamber (a). Microglia expressing GFP in the somatosensory cortex were imaged
696  through a cranial window using the mTPM (b) and the sleep/wake state of the animal

697  was simultaneously monitored using an EEG/EMG recording system (b-c).

698  (d-e) Microglial morphological dynamics when the animal was awake. A representative

699  image with a FOV of 220 x 220 um?. (el-e3) Expanded views of selected microglia in
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700  box from (d) at 10 min (el), 20 min (e2) and 30 min (e3) of continuous recording. (el'-
701 €3") Microglial process graphs digitally reconstruction for E1-E3 using Imaris software.
702 In Figure el’-e3’, the branch points of processes are represented in red and the number

703 of different branches of the whole cell is represented as gradient colors.

704 (f-h) Quantitative analysis of changes in microglia surveillance area (f), process length
705  (g), and process motility, indexed by the speed of the extension and retraction at end
706  points of the processes (h). Note that the gross morphology of microglia remained
707  largely unchanged over a 30-min time frame in the wake state, despite significant

708  motility at the ends of the processes. Scale bars, 25 pm.
709  n=12 cells from 3 mice. Scale bars, 30 um. See supplementary Fig. 1-3 for more details.
710

711 The online version of this article includes the following video, source data, and figure

712 supplement(s) for figure 1:

713  Source Data 1. Imaging microglial surveillance in the somatosensory cortex in freely
714  moving mice.

715  Figure Supplement 1. Microglia dynamics imaging and analysis in freely behaving
716  mice.

717  Figure 1-video 1. Imaging data of a 1-hour continuous recording of somatosensory
718  cortex in a freely behaving mouse. The frame rate of image acquisition was 5 Hz. Raw
719  data with 10-frame averaging.

720  Figure 1-video 2. Correction for xy motion artifacts.

721
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724 Fig. 2. Microglial surveillance is state-dependent in the sleep-wake cycle.

725  (a) Representative EEG/EMG recordings showing the sleep-wake stage switch. Top,
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726 EEG power spectrogram (1-20 Hz). Middle, EMG trace. Bottom, brain states classified

727  as wake (color code: gray), REM (blue), and NREM (white).

728  (b-d) Representative microglial morphological changes during the sleep-wake cycle.

729  (b'-d’) Microglial morphology reconstructed from b-d using Imaris software.

730  (e-h) Microglial morphological parameters, length (e), area change (f), number of
731  branch points (g), and process end point speed (h), all exhibited brain state-dependent

732 dynamic change.

733 One-way ANOVA with Tukey’s post-hoc test in e; Friedman test with Dunn’s post-hoc
734 test in f-h; n = 20 cells from 7 mice for each group (e-g), n = 15 cells from 6 mice for

735  each group (h); *P <0.05, **P < 0.01, ***P <0.001.

736  (i-0) 3D multi-plane imaging and reconstruction of microglial morphology. A 3D ETL
737  lens was used to acquire multi-plane imaging (220*220*40 pm?®) at Z-intervals of 2 um,

738  atarate of 7.5 stacks/5 min.

739 (i-k) 3D reconstructed microglial morphology in wake (i), REM (j), and NREM (k)

740  states, with corresponding time stamps shown at the bottom.

741 (I-0) Quantitative analysis of microglial length (1), volume change (m), number of
742  branch points (n), and process motility (0) based on multi-plane microglial imaging.
743  Data from 3D imaging corroborated state-dependent changes of microglial morphology

744 in the sleep-wake cycle. Scale bars, 30 um.

745  One-way ANOVA with Tukey’s post-hoc test in 1, 0; Friedman test with Dunn’s post-
746 hoc testin m, n; n =17 cells from 7 mice for each group (I-n), n = 15 cells from 6 mice

747  for each group (0); *P < 0.05, **P <0.01, ***P < 0.001.
748

749  The online version of this article includes the following source data and figure

750  supplement(s) for figure 2:

36


https://doi.org/10.1101/2023.02.03.527083
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.03.527083; this version posted November 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

751  Source Data 1. Microglial surveillance is state-dependent in the sleep-wake cycle.

752  Figure Supplement 2. Multiplane imaging of microglial surveillance and changes of
753  microglial surveillance under anesthesia.

754
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758  Fig. 3. Changes of microglial surveillance in the state of sleep deprivation.

759  (a) Experimental setup for sleep deprivation. Sleep deprivation in mice was achieved
760 by forcing them to exercise and interrupting their sleep with the rotation of a 46-cm rod

761 (18 turns/min) in the chamber (diameter 50 cm).

762  (b-d) Microglial processes contracted after sleep deprivation (SD), baseline (b), SD 3h
763  (c), and SD 6h (d). (b’-d") Morphological changes of microglia reconstructed using

764  Imaris software. b'-d' correspond to b-d, respectively.

765  (e-h) Statistics for length (e), area (f), number of branch points (g), and process motility

766 (h). Scale bar, 30 um.
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767  One-way ANOVA with Tukey’s post-hoc test in g, h; Friedman test with Dunn’s post-

768  hoctestine, f; n =15 cells from 6 mice for each group; *P < 0.05, ***P < (0.001.
769

770  The online version of this article includes the following source data and figure

771 supplement(s) for figure 3:

772 Source Data 1. Changes of microglial surveillance in the state of sleep deprivation.

773 Figure Supplement 3. Changes of microglial surveillance in the state of sleep
774  deprivation and recovery.

775
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777  Fig. 4. NE dynamics in mouse somatosensory cortex during the sleep-wake cycle.
778 (a) Schematic diagram depicting mTPM recording of extracellular NE indicated by
779  the GRABNE2m sensor expressed in neurons.

780  (b) Representative traces of simultaneous recordings in the somatosensory cortex

781  during the sleep-wake cycle in freely behaving mice. EEG and its power spectrogram
782  (0-20 Hz); EMG (scale, 50 uV); NE signals reflected by the z-score of the GRABNE2m
783  fluorescence (scale, 2 z-score). The brain states are color-coded (wake, gray; NREM,
784  white; REM, blue; NE oscillatory during NREM sleep, green).

785  (c¢) Mean extracellular NE levels in different brain states. Data from the same recording
786  are connected by lines. ***P < 0.001, one-way ANOVA with Tukey’s post-hoc test (n

787 =11 from 3 mice).
788

789  The online version of this article includes the following source data for figure 4:

790  Source Data 1. NE dynamics in mouse somatosensory cortex during the sleep-wake
791 cycle.

792
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794  Fig. 5. Microglial surveillance during natural sleep is controlled by LC-NE signal.

795  (a) Experimental setup: LC-selective neurotoxin DSP4 was used to destroy LC-NE

796  neuronal axons.
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(b-g) Lack of sleep/wake state-dependent microglial surveillance in LC- axon ablated
animals. b-d: Representative mTPM images of microglia at different states. e-g:
Statistics for microglial length (e), surveillance area (f), and number of branch points

(g) in LC-axon ablated mice.

One-way ANOVA with Tukey’s post-hoc test in e, f; Friedman test with Dunn’s post-

hoc test in g; n = 15 cells from 6 mice for each group; ns, not significant.

(h) Schematic diagram for f2ARs on the plasma membrane of microglia in the

cerebral cortex responding to NE released from axonal terminals projected from LC.

(i-k) State-dependent microglial surveillance during sleep-wake cycle in B2AR
knockout mice. Representative microglial images (i-k) and statistics for microglial
process length (1), surveillance area (m), and number of branch points (n) at different

states in (CX3CR1-GFP+/-; Adrb2-/-) mice. Scale bar, 30 um.

One-way ANOVA with Tukey’s post-hoc test in m; Friedman test with Dunn’s post-
hoc test in 1, n; » = 15 cells from 6 mice for each group; ns, not significant, **P <

0.01.

The online version of this article includes the following source data and figure

supplement(s) for figure 5:

Source Data 1. Microglial surveillance during natural sleep is controlled by LC-NE
signal.

Figure Supplement 4. Altered sleep-wake states after DSP4 administration and B2AR
knockout and controlling microglial surveillance during SD by LC-NE signal.
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