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Abstract Non-rapid eye movement (NREM) sleep, characterized by slow-wave
electrophysiological activity, underlies several critical functions, including learning and memory.
However, NREM sleep is heterogeneous, varying in duration, depth, and spatially across the
cortex. While these NREM sleep features are thought to be largely independently regulated, there
is also evidence that they are mechanistically coupled. To investigate how cortical NREM sleep
features are controlled, we examined the astrocytic network, comprising a cortex-wide syncytium
that influences population-level neuronal activity. We quantified endogenous astrocyte activity in
mice over natural sleep and wake, then manipulated specific astrocytic G-protein-coupled receptor
(GPCR) signaling pathways in vivo. We find that astrocytic Gi- and Gg-coupled GPCR signaling
separately control NREM sleep depth and duration, respectively, and that astrocytic signaling
causes differential changes in local and remote cortex. These data support a model in which the
cortical astrocyte network serves as a hub for regulating distinct NREM sleep features.

Introduction

Sleep is characterized by distinct electrophysiological features that reflect the rhythmic activity of
large populations of neurons. One phase of sleep—non-rapid eye movement (NREM) sleep—is criti-
cal for several important functions including memory consolidation/destabilization and synaptic
homeostasis (Klinzing et al., 2019; Genzel et al., 2014; Kim et al., 2019; Tononi and Cirelli, 2014;
Diekelmann and Born, 2010; Tononi and Cirelli, 2006; Tononi and Cirelli, 2020; Ji and Wilson,
2007). These functions are thought to require slow-wave activity (SWA), the distinct oscillatory pat-
tern of neural activity in the cortex that occurs during NREM sleep and differentiates it from the rela-
tively desynchronized activity during wakefulness and REM sleep. However, neural activity during
NREM sleep is not uniform over the course of sleep, but varies in duration and depth (as measured
by SWA intensity). Past work has demonstrated that NREM sleep duration and depth can be inde-
pendently controlled (Dijk and Beersma, 1989; Patrick and Gilbert, 1896). Indeed, the circuit
mechanisms known to underlie sleep depth and duration are largely independent from each other
and operate on very different time-scales: sleep duration is mediated by subcortical nuclei that
receive direct input from circadian centers and drive sleep/wake transitions through release of neu-
romodulatory signals (Holst and Landolt, 2018; Saper and Fuller, 2017; Lee and Dan, 2012). On
the other hand, SWA intensity is largely regulated by cortical and thalamocortical circuits
(Chen et al., 2012; Steriade et al., 1993; Lemieux et al., 2015, Volgushev et al., 2006,
Steriade and Timofeev, 2003; Sheroziya and Timofeev, 2014; Amzica and Steriade, 1995; San-
chez-Vives and McCormick, 2000). While these two physiological measures of sleep have been
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elLife digest Sleep has many roles, from strengthening new memories to regulating mood and

appetite. While we might instinctively think of sleep as a uniform state of reduced brain activity, the
reality is more complex. First, over the course of the night, we cycle between a number of different
sleep stages, which reflect different levels of sleep depth. Second, the amount of sleep depth is not
necessarily even across the brain but can vary between regions.

These sleep stages consist of either rapid eye movement (REM) sleep or non-REM (NREM) sleep.
REM sleep is when most dreaming occurs, whereas NREM sleep is particularly important for learning
and memory and can vary in duration and depth. During NREM sleep, large groups of neurons
synchronize their firing to create rhythmic waves of activity known as slow waves. The more
synchronous the activity, the deeper the sleep.

Vaidyanathan et al. now show that brain cells called astrocytes help regulate NREM sleep.
Astrocytes are not neurons but belong to a group of specialized cells called glia. They are the
largest glia cell type in the brain and display an array of proteins on their surfaces called G-protein-
coupled receptors (GPCRs). These enable them to sense sleep-wake signals from other parts of the
brain and to generate their own signals. In fact, each astrocyte can communicate with thousands of
neurons at once. They are therefore well-poised to coordinate brain activity during NREM sleep.

Using innovative tools, Vaidyanathan et al. visualized astrocyte activity in mice as the animals
woke up or fell asleep. The results showed that astrocytes change their activity just before each
sleep-wake transition. They also revealed that astrocytes control both the depth and duration of
NREM sleep via two different types of GPCR signals. Increasing one of these signals (Gi-GPCR)
made the mice sleep more deeply but did not change sleep duration. Decreasing the other (Gg-
GPCR) made the mice sleep for longer but did not affect sleep depth.

Sleep problems affect many people at some point in their lives, and often co-exist with other
conditions such as mental health disorders. Understanding how the brain regulates different features
of sleep could help us develop better — and perhaps more specific — treatments for sleep disorders.
The current study suggests that manipulating GPCRs on astrocytes might increase sleep depth, for
example. But before work to test this idea can begin, we must first determine whether findings from
sleeping mice also apply to people.

mostly described in non-overlapping mechanistic terms, there is also physiological evidence that
sleep depth and duration can be coupled. For example, cortical calcium (Ca*) signaling can act on
a millisecond time-scale to modulate cortical synchrony during SWA while also engaging
longer term signaling cascades that regulate the sleep/wake cycle (Ode et al., 2017; Tatsuki et al.,
2016). Thus, the extent to which the neural mechanisms underlying sleep depth and duration are
linked remains unclear.

The cortex—where mammalian sleep is most often measured—is a brain region where neural
mechanisms underlying sleep duration and sleep depth coincide: many neuromodulatory nuclei asso-
ciated with sleep/wake transitions send direct projections to the cortex (Bjérklund and Lindvall,
1978, Woolf, 1991; Loughlin et al., 1986; Panula et al., 1989), and the cortex plays an instrumen-
tal role in generating and propagating SWA during sleep (Volgushev et al., 2006; Sanchez-
Vives and McCormick, 2000; Niethard et al., 2018; Stroh et al., 2013; Luczak et al., 2007,
Massimini et al., 2004; Krone, 2020; Sanchez-Vives and Mattia, 2014; Lemieux et al., 2014). Fur-
ther, cortical SWA intensity can be locally regulated, leading to heterogeneity of SWA across cortex
(Huber et al., 2004; Funk et al., 2016; Siclari and Tononi, 2017). However, how the cortex integra-
tes separate regulatory signals to orchestrate activity across sleep and wake is unknown. In untan-
gling sleep mechanisms, both in cortex and throughout the brain, the historical focus has almost
exclusively been on neurons and neuronal circuits. Yet astrocytes—the largest class of non-neuronal
brain cells—are also situated to play critical roles in sleep regulation within the cortex. Astrocytes
tile the cortex, can participate in bidirectional communication with thousands of neurons
(Halassa et al., 2007; Allen and Barres, 2005; Bushong et al., 2002; Bazargani and Attwell,
2016), exhibit morphological and transcriptional changes during sleep (Bellesi et al., 2015), and
regulate SWA under anesthesia (Szabo et al., 2017; Poskanzer and Yuste, 2016; Durkee et al.,
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2019). Further, multiple canonical astrocytic functions are also associated with sleep/wake regula-
tion, including regulation of extracellular glutamate (Poskanzer and Yuste, 2016; Poskanzer and
Yuste, 2011), extracellular ion dynamics (Ding et al., 2016), release of neurotransmitters
(Halassa et al., 2009; Papouin et al., 2017; Fellin et al., 2009), and metabolic regulation (Petit and
Magistretti, 2016; Bellesi et al., 2018; DiNuzzo and Nedergaard, 2017).

Astrocyte physiology is primarily measured via intracellular Ca%*dynamics, which vary widely in
size, shape, and location, and can propagate within or even between cells (Wang et al., 2019,
Khakh and McCarthy, 2015; Shigetomi et al., 2013; Shigetomi et al., 2016, Guerra-Gomes et al.,
2017). Because imaging complex astrocyte Ca®* activity in vivo is relatively new, it remains unknown
whether these diverse astrocytic Ca®* dynamics map onto different circuit functions. However, the
potential of astrocytes to influence large populations of cortical neurons across different time-scales
is significant (Stobart et al., 2018; Lind et al., 2013). The majority of astrocyte Ca?* activity is
thought to result from upstream activation of G-protein coupled receptors (GPCRs) (Durkee et al.,
2019; Di Castro et al., 2011; Agulhon et al., 2008; Kofuji and Araque, 2021). Importantly, many
astrocytic GPCRs are activated by neuromodulators, including those associated with sleep/wake reg-
ulation, such as norepinephrine, acetylcholine, and histamine. Since GPCRs regulate a diverse array
of Ca?*-dependent intracellular signals on many different time-scales (Grundmann and Kostenis,
2017; Kholodenko et al., 2010), they are prime candidates for differentially regulating individual
features of NREM sleep, such as duration and depth. A downstream target of GPCRs, the inositol tri-
phosphate type two receptor (IP3R2), has been recently shown to be involved in sleep regulation
(Bojarskaite et al., 2020). In astrocytes, both Gi- and Gg-coupled GPCRs activate IP3R2s and lead
to increases in intracellular Ca?* (Durkee et al., 2019; Mariotti et al., 2016; Nagai et al., 2019),
while also engaging separate signaling cascades. Despite this, scant attention has been paid to
whether the activation of different astrocytic GPCRs, and resulting Ca®* signals, have differential
effects on the surrounding neural circuit. Indeed, GPCR signaling in astrocytes may underlie mecha-
nisms by which astrocytes perform multiple, parallel functions in the neural circuit.

Here, we leveraged a recently developed image analysis tool that captures the spatiotemporal
complexity of astrocyte Ca®* dynamics (Wang et al., 2019) and astrocyte-specific chemogenetics to
investigate the mechanisms by which cortical astrocytes both link and independently regulate differ-
ent features of NREM sleep via GPCR signaling. To do this, we carried out in vivo two-photon (2P)
imaging of astrocyte Ca®* while recording electrophysiological sleep rhythms to examine astrocyte
Ca?* changes across natural sleep and wake. We find that endogenous Ca®* activity is inversely cor-
related with SWA and exhibits bidirectional changes prior to sleep-wake transitions. Using chemoge-
netics to selectively manipulate astrocytic Gi- and Gg-GPCR pathways, we demonstrate that
astrocytes actively regulate both NREM sleep duration and depth, via separate GPCR signaling path-
ways: astrocytic Gi-induced Ca®" is sufficient to increase SWA (sleep depth), while sleep-wake transi-
tions (sleep duration) is dependent on Gg-GPCRs. We demonstrate a role for astrocytes in both
local and cortex-wide sleep regulation; manipulating astrocytic Ca* in primary visual cortex (V1)
alters not only local SWA, but also affects SWA in contralateral frontal cortex (FC). Further, we find
that while local changes in SWA arise from greater changes in delta waves, remote SWA effects in
FC are due to increases in slow oscillations. Since these two slow waves underlie different functions,
our data support the concept that astrocytes exert different effects on neuronal populations
depending on both the type of GPCR activated and their localization within cortical circuits.
Together, our data support a role for the cortical astrocytic network as a hub for the regulation of
sleep depth and duration across cortex.

Results

Accurate detection of astrocyte Ca®* events in vivo across sleep and
wake

To study the role of astrocytes in sleep regulation, we conducted 2P imaging of astrocyte Ca®*
dynamics as animals naturally transitioned between sleep and wake states (Niethard et al., 2018,
Seibt et al., 2017). To specifically express the Ca?* indicator GCaMPéf in cortical astrocytes, we
injected mice with AAV-GFAP-GCaMPéf 2-4 weeks before experiments (Figure 1B, left). Electrodes
were implanted for local field potential (LFP) and electromyogram (EMG) recordings (Figure 1B,
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Figure 1. Cortical astrocyte Ca* event rate and SWA are negatively correlated across behavioral states. (A) Experimental in vivo imaging and
electrophysiology setup. Mice expressing astrocytic GCaMP&f were head-fixed on a horizontal treadmill to record astrocyte Ca®*, LFP, EMG, and
locomotion. (B) Left: example image of GCaMP6F expression in L2/3 V1 astrocytes in an awake, head-fixed mouse. Right: example of LFP, EMG,
locomotion, and astrocyte Ca®" event data using this experimental setup. (C) Left: AQUA (Wang et al., 2019) detects astrocyte Ca’* events in 3 min
GCaMP time series. Right: representative spatiotemporal plot of AQuA-identified Ca®* events displaying event time and duration on the x-axis, and the
unidimensional (y) spatial extent on the y-axis. Events are color-coded by behavioral state (wake=blue, NREM sleep=pink). Inset demonstrates that
event count throughout paper is quantified using event onset. (D) Ca®* event rate and SWA are negatively correlated (Pearson’s correlation, p<0.0005).
Each point represents a single 2 min bin (for all data in this figure except panel |, n = 4 mice, 19 hr). (E) Example of Ca®* event rate (bottom row) across
three behavioral states: NREM sleep, locomotory wake, and stationary wake. (F) Across animals, Ca”" event rate is lowest during sleep, higher during

Figure 1 continued on next page
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stationary wake, and highest during locomotory wake, while (G) the inverse is true for SWA (for F and G, rank sum test, data are represented as median,
25th and 75th percentile). (H) Ca®* event rate and SWA are negatively correlated within each behavioral period: sleep (red, Pearson’s correlation,
p<0.0005) and stationary wake (cyan, Pearson'’s correlation, p<0.0005) (1), but Ca?* events in IP3R2 KO mice are less correlated with SWA in sleep
(Pearson'’s correlation, p<0.0005) and stationary wake (Pearson’s correlation, p>0.05, n = 5 mice, 22 hr).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. PCA reveals that behavioral states can be characterized by unique properties of astrocyte Ca®* events.

right) to assess sleep state. During recording sessions, mice were head-fixed on a horizontal tread-
mill, and locomotion was recorded (Figure 1A). To control for the effect of circadian rhythm and
sleep pressure, all recording sessions took place between ZT 2-5. Experiments were conducted after
mice had been previously habituated to head-fixation to allow natural sleep. To analyze astrocyte
Ca%* activity, we used our recent tool, AQuA (Wang et al., 2019), an event-based approach to
detect spatiotemporally distinct Ca®* events without predetermined regions-of-interest (ROIs). This
allowed automatic detection of individual astrocyte Ca®* events, independent of size and shape,
across sleep and wake (Figure 1C, Video 1).

Cortical astrocyte Ca?* frequency and SWA are negatively correlated
across behavioral states

To investigate the relationship between in vivo cortical astrocyte activity and NREM sleep, we first
quantified the relationship between Ca®* event rate and SWA (0.5-4 Hz power), a marker of NREM
sleep depth. By dividing entire 2-3 hr recordings into two-min bins, we found that Ca®* event rate
and SWA were negatively correlated (Figure 1D), that is when SWA is low, astrocyte Ca?" event rate
is high, and vice versa. This finding suggests astrocytes may play roles regulating SWA, an idea sup-
ported by previous studies demonstrating that astrocyte Ca®* plays a causal role in driving low fre-
quency-dominated cortical states under anesthesia (Szabo et al., 2017; Poskanzer and Yuste,
2016; Fellin et al., 2009).

To determine whether the negative correlation between astrocyte Ca®* and SWA is specific to a
particular behavioral state, we analyzed our data by dividing recording periods into sleep, locomo-
tory wake, and stationary wake (Figure 1E). We separated wake by locomotion to quantify Ca®*
dynamics independently from large Ca®* bursts that occur with locomotion onset (Wang et al.,
2019; Paukert et al., 2014; Nimmerjahn et al., 2009). As predicted by the negative correlation
between event rate and SWA (Figure 1D), we
found that Ca®* event rate was highest during
locomotory wake, lower during stationary wake,
and lowest during sleep (Figure 1F). To confirm,
we compared SWA in the three behavioral states
and found an inverse relationship of Ca®* event
rate, namely SWA was highest during sleep,
lower during stationary wake, and lowest during
locomotory wake (Figure 1G). These findings
are supported by recent work demonstrating the
same pattern of Ca®* activity across similar
behavioral states, using an ROl-based image
analysis approach (Bojarskaite et al., 2020),
confirming that our event-based image analysis
can generate comparable results when the same
metrics are quantified. Together, these data
demonstrate that changes in Ca®" event fre-
quency co-occur with major changes in behav-

Video 1. Endogenous cortical astrocytic Ca®* activity.
Example video of 20 min of endogenous in vivo
GCaMP activity in layer 2/3 V1 cortical astrocytes, with

AQuA-detected events overlaid. Behavioral state is ioral state, consistent with levels of SWA.

annotated in the upper left corner. Frame rate = 30 Hz. To explore whether each behavioral state can
Scale bar = 50 um. be characterized by the types of astrocytic Ca®*
https://elifesciences.org/articles/63329#video events that occur during these states, we first
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compared the events’ size, duration, and amplitude. As predicted by the large, synchronous bursts
observed during locomotion, we found locomotory wake Ca®* events were larger in size and dura-
tion than events observed in the other two states. However, when we controlled for locomotion we
did not find differences in size, duration, or amplitude of events between sleep and stationary wake
when these features were compared individually (Figure 1—figure supplement 1A). However,
astrocyte events have many other features beyond size, duration, and amplitude, such as event
perimeter or propagation. Because of this spatiotemporal complexity, we next used a dimensionality
reduction approach, implementing principal component analysis to explore whether astrocyte Ca®*
events differed among behavioral states. This approach allowed us to incorporate 20 different event
features calculated by AQuA. We found that the first three principal components (PCs) represented
spatial-, temporal-, and amplitude-related features respectively. We then focused on the five PCs
that explained the most variance in the imaging data (Figure 1—figure supplement 1B) and com-
pared them among the three behavioral states. While the largest differences in each PC were
between locomotory wake and the other two states, we also found significant differences between
sleep and stationary wake in all five PCs examined (Figure 1—figure supplement 1C). Together,
this analysis demonstrates that while no state-specific differences are observed by comparisons of
individual event features, there are unique spatial, temporal, and amplitude signatures of sleep-spe-
cific astrocyte Ca®* events when multiple features are incorporated.

We next examined the relationship between astrocyte Ca* event frequency and SWA within sta-
tionary behavioral states and found, similar to Figure 1D, a negative correlation between Ca®* fre-
quency and SWA (Figure 1H). The strong association found between Ca®* frequency and SWA
during sleep, namely high Ca?* activity during sleep periods of low SWA and vice versa, is sugges-
tive of a possible role of astrocytic Ca®* specifically in sleep depth. Lastly, we explored the role of
IP3R2 in the relationship between astrocyte Ca®* activity and SWA since IP3R2s are enriched in astro-
cytes (Zhang et al., 2014), underlie a significant fraction of astrocytic Ca?* dynamics through Ca®*
release from intracellular stores (Beck et al., 2004), and IP3R2 KO mice show a total decrease in
SWA during NREM sleep (Bojarskaite et al., 2020). To test whether the inverse relationship of
astrocyte Ca?* and SWA is dependent on IP3R2s, we imaged astrocyte Ca®* dynamics over natural
sleep and wake in IP3R2 KO mice (Petravicz et al., 2008). Similar to previous work
(Srinivasan et al., 2015), we noted a reduction, but not complete abolishment, of Ca?" events in
IP3R2 KO mice. In IP3R2 KO mice, Ca®* event rate and SWA were negatively correlated, but the cor-
relation was decreased compared to controls (Figure 1I), suggesting the astrocyte-SWA relationship
is at least partially dependent on the IP3R2. The change in correlation between control and IP3R2
KO was most dramatic in sleep, implicating IPsR2-dependent astrocytic Ca®* signaling in the regula-
tion of SWA intensity in the sleep state. Since both Gg- and Gi-GPCR signaling can increase Ca®* in
astrocytes through IP3R2s (Durkee et al., 2019; Nagai et al., 2019) and astrocytes express many
GPCRs that have been implicated in sleep-wake regulation (Durkee et al., 2019; Di Castro et al.,
2011; Agulhon et al., 2008; Kofuji and Araque, 2021), the relationship between astrocytic Ca®*
and SWA may result from astrocytic sensing of sleep-wake cues through GPCR signaling.

Transitions from low to high SWA are centered around astrocyte Ca®*
events
To understand how astrocyte Ca®* activity is related to SWA on a shorter time-scale, we asked
whether consistent electrophysiological changes occur in the seconds around the onset of astrocyte
Ca?" events. As earlier, we separated the recordings by sleep, stationary wake, and locomotory
wake states (Figure 2A). Although SWA was, by definition, highest during sleep, we also observed
significant fluctuation between periods of relative high and low SWA within each behavioral state
(Figure 2B). We next calculated Ca®* event-triggered averages of SWA, separated by behavioral
state. Because the majority of locomotory wake Ca®* events were in bursts tied to locomotion onset,
we focused on sleep and stationary wake states. We found a pattern in which Ca®* events were pre-
ceded by decreases in SWA and followed by increases in SWA (Figure 2C, left). This modulation was
significantly higher during sleep compared to stationary wake (Figure 2D). Further, this SWA modu-
lation was decreased in IP3R2 KO mice (Figure 2C, right, Figure 2D), indicating partial dependence
of this relationship on IP3R2s (as in Figure 1I).

This specific pattern of SWA change centered on astrocyte Ca®* events—low SWA before astro-
cyte events and higher afterward—suggests an active role of astrocytes in regulating sleep depth.
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Figure 2. Astrocyte Ca®" events characterize transitions from low to high SWA. (A) Example of SWA obtained by filtering LFP (0.5-4 Hz) recordings
(top), with corresponding astrocyte Ca®* events (bottom). Behavioral state denoted by color: sleep (red) and wake (locomotory in blue, stationary in
cyan). (B) Example traces of SWA fluctuations for each behavioral state (top) and raster plot of Ca?* events (below) to demonstrate that across
behavioral states, SWA fluctuates at similar levels. (C) Left: Average Ca?" event-triggered traces reveal astrocyte Ca®* event onsets occur after a relative
decrease in SWA and are followed by an increase in SWA during sleep (red) and stationary wake (cyan). Right: This relationship is diminished in [P3R2
KO mice, where less modulation around Ca®" events is observed. Line width=SEM (control: n = 4 mice, 19 hr; IP3R2 KO: n = 5 mice, 22 hr). (D) SWA
modulation across the 2 s before and after Ca®* onset demonstrates modulation is highest during sleep (red) and dependent on expression of IP3R2
(rank sum test, data represented as mean+ SEM).

Specifically, we speculate that astrocytes may be associated with a homeostatic process that
increases SWA in response to a transient decrease in SWA. Although we cannot determine this from
the data shown here, several lines of evidence support this hypothesis: astrocytes exhibit Ca®*
increases in response to many neuromodulators associated with decreased low-frequency power
(Ding et al., 2013; Khan et al., 2001; Takata et al., 2011; Shelton and McCarthy, 2000) and corti-
cal astrocytes have the ability to increase low-frequency power (Szabg et al., 2017, Poskanzer and
Yuste, 2016). If, in fact, astrocyte Ca®* events are ‘triggered’ by decreases in SWA, we would
expect to observe more Ca?* events when SWA is low, which we indeed found in the correlation
analysis above (Figure 1D,H). While many other cell types may also play roles in a SWA homeostatic
process, we wondered whether astrocytes may be involved in the consistent increase in SWA that
we observe after astrocyte Ca?* event onsets (Figure 2C). To address this question, we next used
chemogenetics to specifically manipulate GPCR pathways that shape astrocyte Ca®* dynamics.
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Gi-driven astrocyte Ca®* increases are sufficient to increase SWA
during sleep

To test whether astrocyte Ca?* may play a causal role in SWA control, we acutely manipulated corti-
cal astrocyte Ca®*, since genetic manipulations—such as IP3R2 KO—can lead to compensatory
developmental effects. Because IP3R2 can mediate the astrocyte-SWA relationship (Figures 11 and
2C-D), and both Gi- and Gg-GPCR mediated Ca’t changes in astrocytes are dependent on the
IP3R2 pathway (Durkee et al., 2019, Mariotti et al., 2016; Nagai et al., 2019), we chose to use
Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) (Roth, 2016) to selectively
manipulate GPCR pathways in astrocytes. The inhibitory neurotransmitter GABA has been implicated
in cortical synchrony during sleep through the mediation of synchronous DOWN  states
(Lemieux et al., 2015; Sheroziya and Timofeev, 2014; Zucca et al., 2017) and the excitatory neu-
rotransmitter glutamate has been implicated in cortical UP states (Sanchez-Vives and McCormick,
2000; Poskanzer and Yuste, 2011). Astrocytes respond to both GABA and glutamate via Gi-GPCRs
(via GABAg and mGIuR3 receptors in adults) (Durkee et al., 2019, Mariotti et al., 2016,
Nagai et al., 2019). Thus, we chose the inhibitory human M4 muscarinic receptor DREADD (hM4Di)
to selectively drive this well described Gi-GPCR pathway in astrocytes (Figure 3).

The same experimental setup as earlier (Figure 1A) was used, but mice were co-injected with
AAV-GFAP-GCaMPéf and AAV-GFAP-hM4D(Gi)-mCherry to express both GCaMPé6f and Gi-
DREADD specifically in cortical astrocytes (Figure 3A-B, Figure 3—figure supplement 1). In these
experiments, we monitored the effects of I.P. administration of the hM4Di agonist clozapine-N-oxide
(CNO, 1 mg/kg) on Ca?t dynamics, SWA, and sleep state. Because of the known sedative effects of
CNO, we first verified that CNO itself (1 mg/kg, I.P) did not alter Ca%* dynamics or sleep features in
the absence of DREADD expression. We found no change in Ca?* dynamics or sleep features
between administration of 1 mg/kg CNO and the saline control (Figure 3—figure supplement 2).
While Gi-DREADD has been used in astrocytes in vivo previously, its effects on astrocytic Ca* have
not yet been established during natural wake and/or sleep. Here, we confirmed that Gi-DREADD
activation indeed altered astrocyte Ca®*, causing an increase in event frequency across the entire 2
hr recording period after CNO administration (Figure 3C-D, Video 2). This finding is consistent with
studies of astrocytic Ca®* activity in ex vivo slices and in anesthetized mice (Durkee et al., 2019;
Nagai et al., 2019; Chai et al., 2017). Next, we asked whether Gi-induced Ca®* event increases
were sufficient to alter SWA. We found that activation of Gi-DREADDs by CNO significantly
increased SWA during sleep compared to a saline injection in the same animal (Figure 3E). In con-
trast, total time spent in sleep and wake was not affected by Gi-DREADD activation (Figure 3F,H).
Thus, although the total duration of sleep did not change, the sleep was characterized by higher
SWA, or greater sleep depth. Together, these data demonstrate that regulation of SWA and sleep
duration can be separated, and that astrocyte Ca®*, through Gi-GPCR activation, is sufficient to
increase SWA during sleep. We hypothesized that astrocytes were part of a homeostatic mechanism
regulating SWA, where in response to decreases in SWA, astrocyte Ca®* causes an increase in SWA.
Here, we artificially increased Ca®* beyond endogenous levels through Gi-GPCR signaling and found
we could drive SWA increases above control levels, consistent with the hypothesis that astrocytes
are part of a homeostatic mechanism that regulates SWA.

Because we found similar relationships between endogenous Ca®* dynamics and SWA in sleep
and stationary wake (Figure TH, Figure 2C-D), we next quantified the effect of Gi-GPCR activation
on SWA during wake. In contrast to the change in SWA during sleep (Figure 3E), we found no
change in SWA during the entire wake state (Figure 3G). Likewise, when calculating SWA only in the
stationary wake state, we observed no significant difference in SWA (Figure 3—figure supplement
1f). This negative result suggests that a different mechanism underlies the astrocyte-SWA relation-
ship in wake, and assigns the role of Gi-induced Ca®* dynamics to regulating SWA specifically during
sleep. To investigate this difference, we performed PCA on the Ca®?* data collected after saline or
CNO administration. We found that CNO resulted in significantly larger differences in multiple PCs
for sleep relative to wake (Figure 3—figure supplement 3). This selective change in Ca®* event
properties during sleep, but not wake, may explain the sleep-specific effects in SWA.

Because the astrocyte-SWA relationship is partly dependent on IP3R2s (Figures 11 and 2C-D), we
tested whether the effect of Gi-GPCR activation on SWA was also dependent on IP3R2s by repeating
these Gi-DREADD experiments in IP3R2 KO mice. Unlike control mice (Figure 3C-D), CNO
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Figure 3. Astrocytic Gi-DREADD-driven Ca" increases are sufficient to increase SWA during sleep. (A) Experimental setup. Mice were co-injected with
GFAP-cyto-GCaMPéf and GFAP-hMA4D(Gi)-mCherry AAVs. After |.P. injection of either 1 mg/kg CNO or saline, astrocyte Ca®*, LFP, EMG, and
locomotion were recorded. (B) Post-experiment immunohistochemistry demonstrates astrocyte-specific expression of Gi-DREADD and GCaMPéf.
mCherry™ cells (red) exhibit typical astrocyte morphology and do not co-localize with neurons (NeuN, blue). (C) Representative astrocyte Ca®* response
in one animal in which CNO (pink, bottom) causes increased Ca®* events compared with saline (gray, top). (D) Left: Cumulative Ca®" event count for all
mice after CNO (pink) shows higher event rate compared to saline (gray). Error bars=SEM. (n = 10 mice, 1 hr recordings). Right: Change in event rate
for each mouse with CNO compared to saline (paired t-test). For panels D-J, data are represented by the mean for each individual animal, and the
Figure 3 continued on next page
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Figure 3 continued

population as mean+ SD. (E) Left: Administration of CNO (pink) results in rightward shift of the SWA distribution during sleep compared to saline (gray),
using 5 s bins. Right: Summary statistics, by animal, show increased SWA during sleep after CNO. (for panels E-H, n = 9 mice, 2 hr recordings, paired t-
test) (F) Percent time in NREM sleep does not differ between saline and CNO conditions. (G) Distribution of SWA (left) and summary statistics across
mice (right) show that SWA during wake, in contrast with sleep (E), is unchanged between conditions. (H) Percent time awake, similar to time in NREM
sleep (F), is similar between conditions. (I) CNO administration (orange) in IP3R2 KO mice expressing astrocytic Gi-DREADDs causes no significant
change in Ca®* event number compared to saline (gray) as shown by the cumulative event count (left, error bars = SEM) and summary statistics per
mouse (right, paired t-test) (for experiments in I-J, n = 5 mice, 2 hr recordings). (J) Distribution of SWA during sleep (left) and summary statistics (right)
show that, in contrast to controls (E), sleep SWA is unchanged between saline (gray) and CNO (orange) conditions in IP3R2 KO mice (paired t-test).

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Astrocyte-specific expression of Gi-DREADDs across ipsilateral and contralateral cortex.
Figure supplement 2. Systemic administration of CNO does not affect astrocyte Ca®* dynamics, SWA, or sleep and wake behavior.
Figure supplement 3. PCA shows that Gi-DREADD activation causes increased changes in Ca®* event properties during sleep compared to wake.

administration did not significantly increase astrocyte Ca?* in IP3R2 KO mice (Figure 3I), demonstrat-
ing that Gi-DREADD-induced Ca®* events rely, at least in part, on IP3R2. In accordance with the lack
of change in Ca®* in the IP3R2 KO animals, we also observed no significant change in SWA with
CNO administration (Figure 3J), indicating that the change in sleep depth we observe (Figure 3E) is
dependent on IP3R2.

Gi-DREADD astrocyte activation regulates delta waves more than slow
oscillations

While NREM sleep is broadly characterized by SWA, it has become increasingly clear that there are
two main types of slow waves: delta waves and slow oscillations (Genzel et al., 2014; Kim et al.,
2019, Steriade et al., 1993; Steriade and Timofeev, 2003; Siclari et al., 2014; Dang-Vu et al.,
2008; Bernardi et al., 2018). These two types of slow waves are characterized by different regula-
tory mechanisms and are associated with distinct functions in NREM sleep. Delta waves are thought
to promote the weakening of memories, while slow oscillations support memory consolidation
(Genzel et al., 2014; Kim et al., 2019). In light of our finding that astrocytic Gi-GPCR-induced Ca®*
is sufficient to increase sleep SWA (Figure 3E), we explored whether this increase could be attrib-
uted to specific changes in delta waves or slow oscillations. A specific change could point to specific
roles of astrocytic Gi-signaling in sleep. For this analysis, we implemented an established approach
to distinguish delta waves and slow oscillations by their distinct waveforms (Kim et al., 2019). Slow
oscillations had larger positive peaks and larger positive-to-negative deflections that occurred within
500 ms (Figure 4A-B). Across recordings, slow
oscillations and delta waves were differentiated
by their peak and trough amplitudes using
k-means clustering (Figure 4C).

We first looked at the effect of astrocytic Gi-
DREADD activation on the number of identified
delta waves and slow oscillations, and found no
effect on the rate of delta waves or slow oscilla-
tions during sleep (Figure 4E). This negative
result was expected by this analysis, because
delta waves and slow oscillations were identified
using amplitude percentile thresholds (see
Materials and methods) that were set for each
individual recording. However, when quantifying
the amplitude of these waveforms, we noted
increases in the mean amplitude, particularly for Video 2. Ca?" dynamics following Gi-DREADD-
delta waves (Figure 4F,l). Indeed, by plotting activation. Example video of 20 min of elevated in vivo
peak vs. trough amplitude, we observed a clear  GCaMPp activity in layer 2/3 V1 cortical astrocytes
change in delta waves after CNO, resulting in  expressing Gi-DREADDs after 1 mg/kg CNO
higher peak and lower trough amplitudes administration. Frame rate = 30 Hz. Scale bar = 50 um.
(Figure 4G). This change was smaller in the slow  https:/elifesciences.org/articles/633294video?
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Figure 4. Astrocytic Gi-DREADD activation regulates local delta waves more than slow oscillations. (A) Mean of all identified slow oscillations (orange)
and delta waves (cyan) (n = 31,966,966 delta waves, 7855 slow oscillations) in saline condition, including mean LFP amplitude filtered for high-gamma
(gray, 80-100 Hz) demonstrating lower gamma during DOWN state and higher gamma during UP state (for panels A-C, n = 10 mice, 38 hr). (B) Peak
amplitude separation between slow oscillations and delta waves. (C) Peak vs. trough amplitude for slow oscillations and delta waves is separable by
K-means clustering (dashed line). (D) Left: Example of filtered LFP (0.1-4 Hz) for a 20-min recording. Slow oscillations (orange) and delta waves (cyan)
indicated. Right: A 10 s window corresponding to the red box, with example waveforms of individual slow oscillations and delta waves. (E) Delta wave
(left) and slow oscillation (right) rates do not change between conditions (for panels E; H, left; K, left; and L, data represented by mean for each animal,
and the population as mean+ SD, n = 9 mice 2 hr recordings, paired t-test). (F) Delta waves with CNO (cyan) show higher peak and trough amplitude
compared with saline (gray) (saline: n = 10 mice, 16,467 waveforms; CNO: n = 9 mice, 15,499 waveforms). (G) Peak vs. trough amplitude for delta waves
after CNO (cyan) is shifted compared with saline controls (gray) (for panels G; H, right; J; K, right, saline: n = 10 mice, 257 sleep periods, CNO: n =9
mice, 246 sleep periods). (H) Left: Peak minus trough delta wave amplitude is higher with CNO. Right: Cumulative distribution reveals a leftward shift in
the peak minus trough delta wave amplitude with CNO (two-sample Kolmogorov-Smirnov test). (I) Slow oscillations show minimal peak and trough
amplitude change with CNO (orange) relative to saline (gray), compared with delta waves (F) (saline: n = 10 mice, 3995 waveforms, CNO: n = 9 mice,
3860 waveforms). (J) Peak versus trough amplitude for slow oscillations is similar between CNO (orange) and saline (gray) conditions, compared with

Figure 4 continued on next page
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delta waves (G). (K) Left: Peak minus trough slow oscillation amplitude shows a smaller, but significant, increase with CNO compared with delta waves
(H left). Right: Cumulative distribution reveals a minimal shift in the peak minus trough slow oscillation amplitude after CNO administration, compared
with delta waves (H, right) (two-sample Kolmogorov-Smirnov test). (L) Higher percent change for delta waves in peak minus trough amplitude with

CNO, compared to slow oscillations.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Gi-DREADD activation does not affect SWA in stationary wake, but changes peak and trough delta wave amplitude during

sleep.

oscillation waveforms (Figure 4J). Similarly, we quantified the change in total peak — trough ampli-
tude after CNO administration. While we saw a significant increase in size for delta waves
(Figure 4H) and slow oscillations (Figure 4K) compared to saline controls in the same animal, the
change in delta waves was significantly higher than that for slow oscillations (Figure 4L, Figure 4—
figure supplement 1). Together, these data demonstrate that astrocyte Ca?*, through Gi-GPCR sig-
naling, preferentially increases SWA by altering delta wave amplitude. Delta waves are more local
than slow oscillations and are thought to be generated within the cortex (Genzel et al., 2014,
Siclari and Tononi, 2017, Siclari et al., 2014; Bernardi et al., 2018, Spoormaker et al., 2010;
Nir et al., 2011). Given that our Gi-astrocytic manipulation is restricted to a small portion of cortex
(Figure 3—figure supplement 1), the result that astrocytic Gi-DREADD activation affects delta
waves more than slow oscillations may indeed be expected.

Cortical astrocyte Ca?* dynamics exhibit bidirectional changes before
sleep/wake transitions

We next wondered whether astrocytes might play a role beyond the regulation of sleep depth, to
also influence sleep duration. Data here (Figure 2) suggest that a component of astrocyte signaling
may be important for sleep/wake state transitions, which would directly affect sleep duration. To
study these transitions, we first examined endogenous cortical astrocyte Ca®* dynamics in the 30 s
leading up to transitions between sleep or wake. We found a pattern in which Ca®* events consis-
tently increased before the sleep-to-wake transition and decreased before the wake-to-sleep transi-
tion (Figure 5A). This is supported by a recent study that demonstrated, using an alternative image
analysis technique, that Ca®" increases preceding sleep-to-wake transitions (Bojarskaite et al.,
2020). We next divided all sleep and wake periods, regardless of length, into three equal bins
(Figure 5C). This allowed us to study how astrocyte Ca?* dynamics generally change throughout a
sleep or wake period. In so doing, we found that Ca®* event rate increased in the last third of sleep
and decreased in the last third of wake (Figure 5D). Since Ca®* event rate is higher during wake
than sleep (Figure 1F) and Ca?* events occur after dips in SWA (Figure 2C), the increase in event
rate preceding the transition to wake could reflect a gradual shift in SWA to a wake state. In fact,
various ascending brainstem neuromodulatory neurons associated with wakefulness have been
shown to increase firing prior to the transition to wake and decrease firing prior to the transition to
sleep (Takahashi et al., 2006; Eban-Rothschild et al., 2016, Aston-Jones and Bloom, 1981,
Lee et al., 2005; Trulson and Jacobs, 1979). Astrocytes express receptors and exhibit increased
Ca?* dynamics in response to many of these neuromodulators (Ding et al., 2013; Khan et al., 2001;
Takata et al., 2011; Shelton and McCarthy, 2000). Thus, this change in event rate prior to sleep/
wake transitions may be due to neuromodulator-driven GPCR signaling in astrocytes.

We reasoned that if the Ca®* dynamics observed around state transitions were due to astrocytic
GPCR signaling, we would expect that these Ca?* dynamics would be altered in IP3R2 KO mice. As
predicted, we found that the changes in event rate preceding transitions were abolished in IP3R2
KO mice (Figure 5B). When quantifying the change in event rate in the last third of sleep and wake
for IP3R2 KO mice, we found that IP3R2 KO mice did not exhibit the same increase in event rate in
the last third of sleep (Figure 5D, left). However, the change in event rate observed during wake
was unchanged in IP3R2 KO mice (Figure 5D, right), suggesting a specific role of IP3R2s in sleep.
Since Gi-DREADD activation did not affect sleep duration (Figure 3F), we next tested the hypothesis
that Gg-GPCR-mediated Ca?" signaling in astrocytes regulates sleep/wake transitions.
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Figure 5. Cortical astrocyte Ca®" dynamics exhibit bidirectional changes preceding sleep and wake transitions.

(A) Within each individual sleep/wake period, the proportion of all astrocyte Ca* events increases before
transitions to wake (red) and decreases before transitions to sleep (blue). Error bars=SEM. (B) In contrast, the
proportion of all Ca®* events in a sleep or wake period in IPsR2 KO mice does not consistently change preceding
transitions. Error bars=SEM. (C) Example filtered LFP (0.5-4 Hz) trace across sleep (NREM) and wake transitions. All
sleep (red) and wake (blue) periods were divided in three equal bins to examine Ca®* dynamics across individual
behavioral states. (D) Change in Ca®* event number across sleep and wake periods show an increase in event
number in the last third of sleep (left) and a decrease in the last third of wake (right) (paired t-test). Change in Ca’*
event number across sleep periods (left) increases in the last third for control, but not IP3R2 KO mice (unpaired t-
test). Data are represented as mean+ SEM (controls: n = 4 mice, 19 hr; IP3R2 KO = 5 mice, 22 hr).

Gq-DREADD activation suppresses astrocyte Ca®* dynamics in vivo

To drive the astrocytic Gg-GPCR pathway and test for a role of astrocyte Ca?* in mediating sleep/
wake transitions, we selectively expressed the human M3 muscarinic receptor DREADD (hM3Dq) in
astrocytes. We were also motivated by the knowledge that neuromodulatory signals play an impor-
tant role in mediating sleep and wake transitions (Holst and Landolt, 2018; Saper and Fuller,
2017, Lee and Dan, 2012; Scammell et al., 2017), and many of these endogenous signals can act
at Gg-GPCRs in astrocytes (Zhang et al., 2014; Chai et al., 2017). We used a similar approach as
above (Figure 3A), but here selectively expressed GCaMPéf and the Gg-DREADD in astrocytes
(Figure 6A-B, Figure 6—figure supplement 1). As above, we imaged astrocyte Ca* after I.P. CNO
administration to confirm the effect of Gg-DREADD activation on Ca®* activity in vivo. Although
astrocytic Gq-DREADD activation in vivo has been performed previously (Durkee et al., 2019,
MacDonald et al., 2020; Bonder and McCarthy, 2014; Adamsky et al., 2018), validation of Gg-
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Figure 6. Gg-induced Ca" is necessary for sleep-wake transitions. (A) Experimental setup. Mice were co-injected with GFAP-cyto-GCaMP4f and
GFAP-hM3D(Gg)-mCherry AAVs. After |.P. injection of either 1 mg/kg CNO or saline, 2P astrocyte Ca®* dynamics, LFP, EMG, and locomotion were
recorded. (B) Post-experiment immunohistochemistry demonstrates astrocyte-specific expression of the Gg-DREADD (red) and GCaMPéf (green).
mCherry” cells exhibit typical astrocyte morphology and do not co-localize with neurons (blue, NeuN). (C) Representative data from a single Gg-
DREADD-expressing animal. Administration of CNO (blue) causes a short initial period of elevated Ca®" relative to saline administration (gray), followed
by a complete suppression of all Ca* activity. (D) Cumulative Ca* event count after saline (gray) or CNO (blue) injection over 60 min. The initial high
Ca®* period (8 min, light gray box) is followed by suppression of astrocyte Ca®*. (Error bars=SEM, n = 3 mice, 1 hr recordings) (E) Left: The proportion
of time mice spend sleeping after CNO administration (during Ca?* suppression period) is increased relative to saline controls, and time in wake is
decreased (right), suggesting Ca%+ suppression is sufficient to increase sleep (for E-F, and H, paired t-test, n = 11 mice; analyses are performed in the 1
hr, 52-min period of Ca%* suppression). (F) Sleep-to-wake transitions (left) and wake-to-sleep transitions (right) are decreased with CNO relative to
saline. (G) During the high Ca®* period after CNO administration, mice spend less time sleeping compared to saline-injected controls (paired t-test),
suggesting the Gg-DREADD-driven Ca?* increase is sufficient to suppress sleep (n = 4 mice, for E-H, data are represented as mean for each animal
and population mean= SD). (H) Distribution of SWA (left) and summary statistics (right) show that despite Ca%t changes, SWA during sleep is unaffected
by Gg-DREADD activation. (n = 8 mice, paired t-test).

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Astrocyte-specific expression of Gq-DREADDs across ipsilateral and contralateral cortex.
Figure supplement 2. Gg-DREADD activation suppresses sleep-wake transitions by increasing bout length and decreasing bout number.

Vaidyanathan et al. eLife 2021;10:€63329. DOI: https://doi.org/10.7554/eLife.63329 14 of 32


https://doi.org/10.7554/eLife.63329

eLife

Neuroscience

DREADD-mediated astrocytic Ca®* increases has only been performed under anesthesia or ex vivo,
in part because several in vivo astrocyte DREADD experiments have been carried out in brain
regions that are less accessible than cortex (MacDonald et al., 2020; Adamsky et al., 2018). Thus,
the effect of Gg-DREADD activation on Ca" in awake mice has not been previously reported.
Canonically, Gg-GPCR signaling results in an increase in Ca®* activity via IPs-dependent release of
intracellular Ca®* (Petravicz et al., 2008). However, we were surprised to find that Ca%* dynamics
only increased in the first 5-10 min after I.P. injection of CNO (150.9% + 135.9, Video 3). After this
initial period of increased Ca®* events, Ca®" dynamics were almost completely abolished (—97.3% =
0.79%, Figure 6C-D, Figure 6—figure supplement 1H, Video 3). This ‘silent’ state of Ca®* dynam-
ics lasted for the rest of the entire recording (2-3 hr).

To test whether this unexpected result was due to CNO concentration (1 mg/kg), we adminis-
tered lower doses of CNO. While the initial period of increased Ca®* dynamics was slightly longer
(15-20 min) following administration of a ten-fold lower dose of CNO (0.1 mg/kg), this very low
dose still resulted in a strong reduction in Ca®* events for long time periods (Figure 6—figure sup-
plement 1F-h). The observed inhibition of astrocyte Ca®* could be due to depletion of intracellular
Ca®* stores and/or interference with store-operated Ca?* channels (Sakuragi et al., 2017). To com-
pare the inhibition of Ca®* events with changes in fluorescence, we used an ROI-based approach to
analyze fluorescence in somas and processes after CNO administration. We found that fluorescence
in both somas and processes remained elevated above baseline after 1 mg/kg CNO (Figure 6—fig-
ure supplement 11), which suggests that Ca®* levels may be clamped at saturating levels. Together,
these results indicate that (1) we cannot assume that Gg-DREADD activation simply increases astro-
cytic Ca* in vivo, and (2) when feasible, astrocytic experiments using chemogenetics in vivo should
be validated individually, particularly for those involving circuit function and animal behavior.

To test whether the astrocytic Ca®* silencing we observed following Gg-DREADD activation could
be reproduced with endogenous GPCR signaling, we measured Ca* activity in ex vivo cortical slices
in response to a cocktail of neuromodulators associated with wakefulness, including norepinephrine,
acetylcholine, dopamine, and histamine. We adapted methodology (Ding et al., 2016), using half
the concentration of each neuromodulator as previously, since each experiment involved two total
applications of this ‘wake cocktail’ (20 UM norepinephrine, 5 UM acetylcholine, 5 UM dopamine, 2.5
UM histamine). We also included TTX in the circulating bath to block neuronal firing. As predicted
from previous studies reporting astrocytic Ca?" increases to various neuromodulators (Ding et al.,
2013; Khan et al., 2001; Takata et al., 2011; Shelton and McCarthy, 2000; Pankratov and Lalo,
2015), we observed a dramatic increase in Ca®* activity in response to the cocktail (Figure 6—figure
supplement 1J). However, after this initial
increase in Ca®*, GCaMP fluorescence did not
return to baseline levels, but remained high and
further Ca®* events were almost completely
absent (Figure 6—figure supplement 1J), simi-
lar to in vivo dynamics observed 5-10 min after
CNO administration. To test whether this ‘silent’
state altered the astrocytic response to further
neuromodulatory input, we bath-applied a sec-
ond round of the wake cocktail. In contrast to
the initial Ca®* increase, we observed no further
increase in astrocyte Ca®' (Figure 6—figure
supplement 1J). We speculate that the mecha-
nism underlying the inability of astrocytes to
respond to a second dose of wake cocktail may
be similar to that underlying the inhibition of
Ca?* dynamics in vivo in response to circulating
CNO.

Video 3. Ca®* dynamics following Gg-DREADD-
activation. Example video of 20 min of in vivo GCaMP
activity in layer 2/3 V1 cortical astrocytes expressing

Ga-ind dc 2+ d . Gg-DREADD:s. Video begins immediately after 1 mg/kg
g-induce a ynamics CNO administration, demonstrating the initial period

reQUIate Sleep'wake transitions of elevated Ca?*, followed by almost complete Ca®*
The finding that Gg-DREADD chemogenetics suppression. Frame rate = 30 Hz. Scale bar = 50 pum.
can inhibit an intracellular GPCR signaling https:/elifesciences.org/articles/633294video3
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pathway in astrocytes makes this is a particularly useful tool for understanding astrocytes’ roles in
cortical state regulation. To investigate whether astrocytes regulate sleep duration, we focused on
the long period of Ca®* suppression in these experiments. We found that mice spent significantly
more time in sleep after CNO administration (Figure 6E, left). Further, in the absence of Gg-GPCR-
mediated Ca®* events, mice made fewer sleep-to-wake transitions (Figure 6F, left) and accordingly,
we observed fewer sleep bouts of longer duration (Figure 6—figure supplement 2A). This suggests
that the IP3R2-dependent increase in event rate prior to sleep-to-wake transitions (Figure 5) is
important to transition the cortex to the wake state. The transition data (Figure 5) also showed that
endogenous Ca®* decreases toward the end of wake periods, just prior to wake-to-sleep transitions
(Figure 5). Thus, we wondered whether Ca®* suppression via Ggq-DREADDs would affect wake as
well. We observed a decrease in the percent time awake (Figure 6E, right), as predicted by the
increase in sleep observed (Figure 6E, left). However, we also observed less frequent transitions out
of wake, demonstrating that astrocyte Ca®* is important for both wake-to-sleep transitions
(Figure 6F, right), and sleep-to-wake transitions (Figure 6F, left). As predicted from the decrease in
transitions, we also observed fewer wake bouts and wake bouts of longer duration (Figure 6—figure
supplement 2B). We hypothesize that decreased astrocytic Ca®* prior to wake-to-sleep transitions
(Figure 5) is important for the transition to sleep, but astrocytes were unable to make this significant
decrease due to clamped Ca?" in these experiments.

If Gg-GPCR signaling is an important bidirectional regulator of sleep/wake transitions, we would
expect that increases in Gg-GPCR signaling to have the opposite effect from decreased Gg-GPCR
Ca®* signaling. We thus used data from the short, initial period with elevated Ca®* activity to ask
whether this is the case. Because this period is so short (5-10 min), we were somewhat limited in our
analysis. However, of the animals that exhibited some sleep in either the CNO or saline condition
(n = 4), we observed a significant decrease in the percent time sleeping (Figure 6G). This bidirec-
tional change in sleep time strongly supports the hypothesis that Ggq-GPCR-mediated Ca®* plays a
critical role in regulating sleep duration. Interestingly, we did not observe a change in the amount of
sleep with Gi-GPCR activation (Figure 3F), which similarly increased Ca®* dynamics. This difference
between Gg- and Gi-mediated Ca?* increases indicates an important functional dissociation
between Gg- and Gi-GPCR-mediated Ca?* activity in astrocytes and highlights the likelihood that
other signaling molecules involved in GPCR signaling cascades play roles in regulating sleep-wake
transitions. Because we observed a significant increase in sleep depth in response to the Ca®*
increase with Gi-DREADDs (Figure 3E), we also wondered whether Ca®* suppression via Gg-
DREADDs would have an opposing effect. In contrast to manipulation of the Gi-GPCRs, we found
that Ca®* suppression via Gg-GPCR manipulation had no significant effect on SWA during sleep
(Figure 6H). This suggests that astrocytic regulation of SWA is specifically dependent on the Gi-
GPCR pathway and provides further evidence that astrocytic Gi- and Gg-GPCR signaling regulate
separable sleep/wake features.

Local Gi-DREADD activation of cortical astrocytes can drive changes in
remote cortical sleep features

SWA during NREM sleep is considered a widespread phenomenon, involving the synchronization of
neurons across the entire cortex. While widespread oscillatory activity has been observed in several
animal models (Lemieux et al., 2015, Amzica and Steriade, 1995), recent work has also empha-
sized the existence of more local and asynchronous sleep (Genzel et al., 2014; Huber et al., 2004;
Funk et al., 2016; Siclari and Tononi, 2017, Bernardi et al., 2018; Nir et al., 2011). The morphol-
ogy and interconnectedness of cortical astrocytes and astrocytic networks make them well posi-
tioned to mediate neural activity across broad swaths of cortex. Cortical astrocytes are non-
overlapping, in all cortical layers, gap junctionally coupled, and contain highly ramified processes
that can contact tens of thousands of synapses (Halassa et al., 2007). We therefore wondered how
they may be involved in both local and remote changes in cortical synchronization in sleep. To
address this question, we implanted a second electrode to record EEG in the contralateral frontal
cortex (FC-EEG, Figure 7A). This second electrode was far (both rostral-caudally and medial-lat-
erally) from the imaging window/LFP electrode in V1, but still over cortex (Figure 7A, Figure 3—fig-
ure supplement 1, Figure 6—figure supplement 1).
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Figure 7. V1 manipulation of astrocyte Ca®* alters SWA in contralateral frontal cortex via changes in slow oscillations. (A) Experimental setup. Mice
were co-injected with GFAP-cyto-GCaMPéf and GFAP-hMAD(Gi)-mCherry AAVs. 2P astrocyte Ca®* dynamics in right V1, LFP local to the imaging field,
EEG in the contralateral frontal cortex (orange), EMG, and locomotion were recorded. (B) Representative data from simultaneous recordings from V1-
LFP (black), contralateral frontal cortex EEG (orange), and V1 astrocyte Ca®* imaging (green). (C) Average V1-Ca®* event-triggered traces of FC-EEG

Figure 7 continued on next page
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Figure 7 continued

SWA (orange) reveal a similar, but smaller, fluctuation of SWA around Ca®" event onsets compared with V1-LFP (black). (D) Coherence between V1-LFP
and FC-EEG is higher after astrocyte event onset (green), compared to randomly sampled time points (gray) (paired t-test, n = 13 mice, median event
number/mouse = 7512,512 events). Error bars=SEM. (E) Astrocyte-locked coherence (0-15 Hz) increases before sleep-to-wake transitions (unpaired t-
test, n = 13 mice, median event number/mouse = 417 events). (F) Left: Example spectrograms from simultaneously recorded population-level
electrophysiology: V1-LFP (top row) and FC-EEG (bottom row) following saline (left column) or CNO (right column) injection. Right: SWA corresponding
to the black rectangle marked in the spectrograms demonstrates that CNO (pink) increased SWA in V1-LFP (solid lines) and FC-EEG (dashed lines)
compared to saline (gray). (G) Distribution of SWA (left) and summary statistics across mice (right, paired t-test) demonstrate that SWA in FC-EEG is
increased after activation of V1 Gi-DREADD-expressing astrocytes by CNO (data represented as mean for each animal and population mean+ SD, n =7
mice, 2 hr recordings). (H) Change in SWA measured by V1-LFP or FC-EEG demonstrate that CNO increases SWA in both measurements, but more in
V1-LFP recordings (paired t-test). Data represented using box plots with median, 25th and 75th percentile. (I) Peak-to-trough amplitude for delta waves
(cyan, left) and slow oscillations (yellow, right) in saline (gray) and CNO conditions in FC (paired t-test). (J) Percent change in peak-trough amplitude for
delta waves (cyan) and slow oscillations (yellow) in CNO vs. saline (paired t-test, data represented as mean+ SEM). There is a greater change in
amplitude for slow oscillations than delta waves in FC after Gi-DREADD activation in V1.

Astrocyte Ca®* dynamics are associated with changes in coherence
between V1 and contralateral FC

With two recording sites, we first explored endogenous relationships between astrocytic Ca®* events
in V1 and cortical state in contralateral FC in sleep. Using Ca®* event-triggered averages, we found
a similar relationship with V1 Ca?* events and FC as previously described (Figure 2C): SWA in FC
decreased before and increased after V1 Ca?" event onsets, although the magnitude of this modula-
tion was smaller than that observed locally (Figure 7C). To look at the synchronization between
these cortical areas, we examined the coherence between local V1 and remote FC oscillations. We
found that the V1-FC coherence (between 5 and 10 Hz) was higher immediately following astrocyte
Ca?* events when compared to coherence measured from randomly chosen epochs (Figure 7D). We
also found an increase in astrocyte event-locked coherence (0-15 Hz) at the end of sleep periods, in
the 15 s prior to sleep-to-wake transitions (Figure 7E). These data provide evidence that astrocytes
may be involved in mediating endogenous cortex-wide physiological activity.

Local cortical astrocyte activation increases SWA and slow oscillations
in remote cortex

We next tested whether astrocytes play a causal role in brain-wide SWA during sleep using Gi-
DREADD activation in V1 and the FC-EEG. To assess how the spread of astrocytic DREADD expres-
sion compared with the location of the two recording electrodes, we performed immunohistochem-
istry on brain slices across the rostral-caudal axis (Figure 3—figure supplement 1D). As expected,
the majority of expression was centered around the V1-LFP electrode where viruses had been
injected, while no expression was observed in FC at the site of the EEG electrode (Figure 3—figure
supplement 1E). To assess a causal role for astrocyte Ca®* in brain-wide oscillatory activity, we com-
pared the effect of Gi-DREADD activation of V1 astrocytes at both V1-LFP and FC-EEG electrodes.
Here, we found that increasing Ca?* via Gi-DREADDs in V1 was sufficient to increase SWA in the
contralateral frontal cortex, although this increase was smaller than that observed in V1 (Figure 7F-
H). We also found that the SWA change was accounted for by a significant increase in slow oscilla-
tion amplitude, but not delta wave (Figure 7I; Figure 7J). This is in contrast with the greater delta
wave change observed locally (Figure 4l). Moreover, the change in slow oscillation amplitude in FC
(Figure 7J, 6.8 £+ 2.2%) was similar to the change of the slow oscillation amplitude in V1 (Figure 4L,
8.8 + 3.2%), suggesting that slow oscillations generated in V1 travelled to FC. These results indicate
that astrocytes can influence cortex-wide dynamics on a large scale via specific changes to the slow
oscillation component of SWA.

Discussion

Using simultaneous 2P imaging of astrocyte Ca®* and electrophysiology across wake and sleep, we
have demonstrated that cortical astrocytes regulate distinct features of sleep via differential GPCR
signaling. We showed IP;R2-dependent Ca®* activity is inversely correlated with SWA and changes
bidirectionally prior to sleep-wake transitions. With chemogenetics, we demonstrated that astrocyte
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Ca®" is sufficient to increase SWA during sleep through specific enhancement of delta waves. This is
specific to Gi-, not Gg-, GPCR-induced Ca?*. In contrast, Gg-, but not Gi-, GPCR Ca?" signaling is
important for mediating sleep/wake transitions. Lastly, we demonstrated that astrocyte Ca®* has far-
reaching, cortex-wide effects on SWA and slow oscillations.

Sleep depth and sleep length are separable

We found that astrocytic Gi-DREADD activation increases SWA, but not sleep duration, while Gg-
DREADD activation altered sleep duration but not SWA. This suggests a separation in the mecha-
nisms underlying sleep depth, measured by SWA, and sleep duration. Previous work has also shown
separation in sleep depth and duration by demonstrating that following sleep deprivation, recovery
sleep has higher sleep depth but the duration is not significantly changed (Dijk and Beersma, 1989,
Patrick and Gilbert, 1896). On the other hand, Ca®* has been suggested to mechanistically link the
regulation of sleep duration and depth (Ode et al., 2017; Tatsuki et al., 2016). Interestingly, our
data supports both these ideas. We found that endogenous astrocyte Ca®* is modulated in relation
to both sleep duration (Figure 5) and sleep depth (Figure 1). Nevertheless, we were able to affect
one without the other by selectively manipulating different GPCR pathways, suggesting these mech-
anisms are also separable.

The two-process model of sleep regulation has attributed the regulation of sleep duration to the
interaction of sleep pressure, measured by SWA, and circadian rhythm (Borbély et al., 2016;
Daan et al., 1984; Borbely, 2016). Our findings that Gi-DREADD activation increased SWA without
affecting sleep duration (Figure 3E,F) suggests that SWA does not directly influence sleep duration.
However, we cannot discount the two-process model from this data alone, since we did not investi-
gate the effect of circadian rhythm, nor did we directly study sleep homeostasis; our recordings
were performed at the same time of day and were limited to 2-3 hr. In fact, astrocyte Ca®* changes
with circadian rhythm in the suprachiasmatic nucleus (Brancaccio et al., 2017) and increases with
sleep need after sleep deprivation (Ingiosi et al., 2020). Longer recordings and sleep deprivation
interventions to examine astrocytic integration of circadian signals and sleep pressure will be infor-
mative. Additionally, our methodology led us to focus on the role of astrocyte GPCR signaling in
NREM sleep regulation, although previous work has demonstrated astrocyte Ca®* changes with
REM sleep (Bojarskaite et al., 2020; Ingiosi et al., 2020; Foley et al., 2017). The further study of
astrocytic regulation of REM sleep may reveal interesting differences between regulation of behav-
ioral sleep and cortical state, which is similar between REM sleep and wake. Indeed, our data sug-
gests that Gi-GPCR signaling would be much attenuated during REM sleep, which is characterized
by a lack of SWA.

Since astrocytes differentially control SWA and sleep/wake transitions, we hypothesize that Gi-
and Gg- GPCR activation in astrocytes—while both drive Ca?* changes—lead to different down-
stream effects which may elucidate new mechanisms of sleep regulation. In fact, many astrocytic
functions associated with sleep may be important, such as extracellular glutamate regulation
(Poskanzer and Yuste, 2016), extracellular ion dynamics (Ding et al., 2016), and adenosine release
(Halassa et al., 2009). While we don't yet know what downstream astrocytic effects underlie the
sleep changes observed here, we have established that the functional astrocytic output is a not a
simple consequence of changed Ca®* levels in the cell, but rather of signaling downstream of either
Gi- or Gg-GPCRs. Many new optical sensors, such as those for glutamate (Marvin et al., 2013), ATP
(Lobas et al., 2019; Kitajima et al., 2020), and adenosine (Wu, 2020), in combination with astro-
cyte-specific manipulations, may be useful to link specific GPCR-driven Ca?* dynamics with relevant
astrocyte outputs.

Functional dissociation between Gi- and Gq-GPCR Ca?* signaling in
astrocytes

The activation of both astrocytic Gi- and Gg-GPCRs increases intracellular Ca®* (Durkee et al.,
2019; Mariotti et al., 2016, Nagai et al., 2019), and yet we observed a functional dissociation
between manipulation of the Gi- and Gg-GPCR pathways. These data underscore the complexity of
Ca?* signals in astrocytes and demonstrate that caution is necessary when attributing astrocytic
Ca®* increases to one specific downstream function. Many different roles have been attributed to
astrocytes, suggesting astrocytes have the capacity to perform several functions in parallel. Our
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findings suggest that, through GPCR signaling, astrocytes interpret Ca®* dynamics within the cell dif-
ferently, resulting in different functional outputs. This may be a consequence of the many other sig-
naling molecules downstream of Gi- and Gg-GPCRs, including phospholipase C or protein kinase A.
Tools such as AQUA (Wang et al., 2019) that allow the accurate capture of complex astrocyte Ca®*
signaling are a first step in elucidating how Ca®* dynamics map to the myriad of functions associated
with astrocytes. The next step we took was to extract meaning from these signals by analyzing the
multi-dimensional nature of astrocyte Ca®* signals. We used PCA to reduce the 20 different proper-
ties describing each Ca®* event and revealed differences that were not observed with individual
comparisons of event rate, duration, size, or amplitude (Figure 1—figure supplement 1, Figure 3—
figure supplement 3). This both illustrates the complexity of astrocyte Ca®* signaling and empha-
sizes the importance of implementing more robust analysis tools.

Understanding how Gi- and Gg-GPCR activation gives rise to different effects on sleep will
require further examination of these signaling pathways in astrocytes. First, we will need to identify
the specific endogenous ligands during sleep that alter SWA and sleep/wake transitions. Candidates
for sleep/wake transitions include neuromodulators, since many Gg-GPCRs for neuromodulators are
expressed by astrocytes. In contrast, regulation of SWA has been attributed to both GABA
(Lemieux et al., 2015; Sheroziya and Timofeev, 2014; Zucca et al., 2017) and glutamate (San-
chez-Vives and McCormick, 2000; Poskanzer and Yuste, 2011). GABA and glutamate are attrac-
tive candidate endogenous ligands because astrocytic GABAergic (via GABAg) and glutamatergic
(via mGIuR3 in adults) signaling are both mediated via Gi-GPCRs. Acute, astrocyte-specific knock-
out of these receptors will provide important insight into the relevant receptors. Importantly, astro-
cyte-specific knock-outs will also reveal whether Gi-GPCR signaling is necessary to regulate SWA.
While we demonstrated that astrocytic Gi-GPCR signaling is sufficient to alter SWA, other signaling
cascades and cell types may also play important roles in SWA regulation. Second, further studies will
be required to understand how intracellular signaling cascades for Gi- and Gg-GPCRs differ in astro-
cytes. Using PCA, we found differences in the effect of Gi-DREADD activation on Ca" in sleep ver-
sus wake, suggesting the action of the Gi-DREADD may be interacting with endogenous signaling
that differs across behavioral states. Both Gi- and Gg-GPCRs increase Ca®* via IP3R2 (Durkee et al.,
2019), and we similarly noted a partial dependence on IP3R2 in both Gi- and Gg-GPCR-mediated
sleep effects (Figures 3 and 5). This only partial dependence on IP3R2s in this data could be due to
compensation for global IP3R2 absence, but it could also indicate that perhaps other signaling mole-
cules unique to Gg- and Gi-signaling are critical for the sleep features described here. In fact, 1.4%
of all astrocyte transcripts are regulated by sleep/wake state (Bellesi et al., 2015) and multiple bio-
chemical assays have already identified various important molecules in sleep/wake regulation
(Suzuki et al., 2013; Funato et al., 2016; Mikhail et al., 2017). Similar molecular studies specifically
focused on astrocytic GPCR signaling will be critical to further understand the regulation of sleep
duration and depth.

Chemogenetic activation of astrocytes

While astrocytes have previously been implicated in sleep physiology (Bellesi et al., 2015;
Ding et al., 2016, Halassa et al., 2009, Papouin et al., 2017, Petit and Magistretti, 2016;
Bellesi et al., 2018; DiNuzzo and Nedergaard, 2017; Bojarskaite et al., 2020; Ingiosi et al., 2020;
Foley et al., 2017; Ulv Larsen et al., 2020; Frank, 2013; Clasadonte et al., 2017), we present the
first example of an acute in vivo astrocytic manipulation that changes natural sleep. Acute manipula-
tion via chemogenetics was advantageous because DREADD activation mimics endogenous signal-
ing pathways known to be important in astrocyte signaling. However, it is still critical to properly
validate these tools specifically in astrocytes, especially since they were developed and have been
more widely used in neurons. While astrocytic Gg-DREADD activation can increase Ca®* under anes-
thesia (Durkee et al., 2019; Bonder and McCarthy, 2014), we report for the first time the effect of
Gqg-DREADD activation on astrocyte Ca?* in awake mice, both for long time periods (2-3 hr) and
with several CNO concentrations. Gg-DREADD activation increased Ca®* only for a short time after
CNO injection, after which we observe a complete suppression of Ca®* activity for several hours, for
all CNO concentrations (Figure 6C-D, Figure 6—figure supplement 1). This unexpected result
points to the importance of validating DREADD responses for each in vivo experiment when
feasible.

Vaidyanathan et al. eLife 2021;10:€63329. DOI: https://doi.org/10.7554/eLife.63329 20 of 32


https://doi.org/10.7554/eLife.63329

e Llfe Research article

Neuroscience

We think that it is most likely that the opposite effects of CNO on Ca?* activity in Gi-DREADD-
and Gqg-DREADD-expressing astrocytes reveal important differences in the Gi and Gq signaling
pathways. However, these results may also indicate that expression levels of Gi- and Gg-DREADD
may be more different than expected based on the observed immunostaining. Another possibility is
that differential Ca?" responses may be caused by differences in CNO action on Gi- and Gg-
DREADD receptors. For example, CNO may be less efficacious on Gi-DREADDs in astrocytes. This
possibility could be tested by determining whether higher doses of CNO are sufficient to suppress
Ca®" with Gi-DREADD.

Differential regulation of local and cortex-wide sleep

Two unique slow-waves have been characterized in NREM sleep: delta waves and slow oscillations
(Genzel et al., 2014; Kim et al., 2019; Steriade et al., 1993; Steriade and Timofeev, 2003;
Siclari et al., 2014; Dang-Vu et al., 2008; Bernardi et al., 2018). Here, we found that astrocytic Gi-
DREADD activation increases SWA by preferentially increasing the amplitude of delta waves in V1
(Figure 4). This data supports existing literature suggesting delta waves are generated locally within
the cortex by the spreading of DOWN states (Genzel et al., 2014; Siclari and Tononi, 2017,
Siclari et al., 2014; Bernardi et al., 2018; Spoormaker et al., 2010; Nir et al., 2011). Since our Gi-
DREADD manipulation was restricted within the cortex (Figure 3—figure supplement 1) and
DOWN states are thought to be generated through GABAergic inhibition (Chen et al., 2012;
Lemieux et al., 2015; Sheroziya and Timofeev, 2014, Zucca et al., 2017), we hypothesize that Gi-
GPCR signaling in astrocytes mediates the local synchronization of delta waves via control of inhibi-
tion. Additionally, astrocytes may also mediate synchronization of UP states through glutamate (San-
chez-Vives and McCormick, 2000; Poskanzer and Yuste, 2011).

In addition to the increase in delta waves, we observed a smaller, but significant, increase in slow
oscillation amplitude that was equal in magnitude to that observed in contralateral FC (Figure 7).
This suggests that cortical astrocytes may have influence over more global, cortex-wide neural activ-
ity. We explored this further and found that SWA in contralateral FC was modulated around endoge-
nous Ca?* events recorded in V1. Further, we found that coherence between V1 and FC was
increased immediately following astrocyte Ca®* events. Interestingly, coherence was increased in the
range of 5-10 Hz, which is higher than expected for slow oscillations, but might also indicate a role
for astrocytes in the connectivity across cortex during REM or wake. The synchronization across
broad areas of cortex may involve astrocytic gap junctions (Szabé et al., 2017, Clasadonte et al.,
2017), which could mediate fast recruitment of neurons in synchronous waves. If this is indeed the
mechanism, our findings indicate that GPCR activation regulates gap junction coupling in astrocytes,
which can be explicitly tested (Murphy-Royal et al., 2020).

Slow oscillations are more global than delta waves. Here, the change in slow oscillation amplitude
with CNO administration was similar in V1 and FC (Figure 7J). One explanation for this finding is
that activation of V1 astrocytes is sufficient to recruit subcortical circuitry, such as thalamocortical cir-
cuits, that can underlie brain-wide synchronous events (Steriade, 2006; Crunelli et al., 2018). This
hypothesis is supported by studies showing subcortical ‘bottom-up’ regulation of slow oscillations
(Steriade et al., 1993; Siclari et al., 2014; Bernardi et al., 2018) and a role of astrocytes in mediat-
ing communication between different brain areas (Kol, 2019; Sardinha et al., 2017), and could be
tested by simultaneously recording from thalamus and cortex during astrocyte activation.

Recent work indicates that slow oscillations and delta waves have distinct functions in memory
during NREM sleep (Genzel et al., 2014; Kim et al., 2019). Since Gi-driven astrocyte Ca®* preferen-
tially drives changes in delta waves locally, we might expect that astrocytic activity in sleep is more
involved in forgetting than memory consolidation. This could be tested by quantifying the effect of
Gi-DREADD activation during sleep following a learning paradigm, such as fear conditioning. Fur-
ther, a light-activated Gi-GPCR (Siuda et al., 2015) in astrocytes would provide temporal control for
selective Gi-DREADD activation specifically during NREM sleep following learning, to further explore
how astrocytic effects on sleep impact cortical memory functions.
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Animals

All procedures were carried out using adult mice (C57BI/6, P50-100) in accordance with protocols
approved by the University of California, San Francisco Institutional Animal Care and Use Committee
(IACUC). All animals were housed in a 12:12 light-dark cycle with food and water provided ad libi-
tum. Male and female mice were used for all experiments. IP3R2 KO mice (Dr. Katsuhiko Mikoshiba,
RIKEN) carry null alleles for Itpr2. Following surgery, all animals were singly housed, to protect elec-
trodes, with additional enrichment.

Surgical procedures

Adult mice (C57BI/6, P50-100) were administered dexamethasone (5 mg/kg, s.c.) prior to surgery
and anesthetized with isoflurane. A custom-made titanium headplate was attached to the skull using
C and B Metabond (Parkell), and a 3 mm diameter craniotomy was created over visual cortex. A tita-
nium wire was inserted in V1 lateral to the craniotomy, and a bone screw was inserted in contralat-
eral V1 for reference (all measurements from bregma, —3.5 mm, 1.2 mm lateral). Two twisted
titanium wires were inserted in the nuchal muscles for EMG recordings. In a subset of animals, an
additional bone screw for EEG was inserted into FC, contralateral to the craniotomy (+2.7 mm, 1.2
mm lateral).

For endogenous Ca?* imaging, two 300 nL injections of AAV5-GFaABC1D.cyto-GCaMP6f were
made in the brain before placing the cranial window. For Gi-DREADD experiments, two injections of
AAV5-GFaABC1D.cyto-GCaMPé6f (200 nL each, 400 nL total) and AAV5-GFAP-hM4D(Gi)-mCherry
(100-200 nL each, 200-400 nL total) were co-injected. For Gg-DREADD experiments, two injections
of AAV5-GFaABC1D.cyto-GCaMPéf (200-300 nL each, 400-600 nL total) and AAV5-hM3D(Gq)-
mCherry (200-500 nL each, 400-1000 nL total) were injected before placing the cranial window. All
injections were 0.2-0.3 mm from the pial surface, —0.5 — —3.5 mm, 1.2-2.5 mm lateral at 30-60 nL/
min, followed by a 10 min wait for diffusion. Following viral injection, a glass cranial window for
chronic imaging was implanted and secured using C and B metabond (Goldey et al., 2014). Post-
operative care included administration of 0.05 mg/kg buprenorphine and 5 mg/kg carpofen. Mice
were allowed 10 days to recover, then were habituated to head-fixation on a circular treadmill for 5
days, prior to imaging. For DREADD experiments, mice were habituated for 1-2 days.

In vivo two-photon imaging and electrophysiology

2P imaging experiments were carried out on a microscope (Bruker Ultima IV) equipped with a Ti:Sa
laser (MaiTai, SpectraPhysics). The laser beam was intensity-modulated using a Pockels cell (Conop-
tics) and scanned with linear galvonometers. Images were acquired with a 16x, 0.8 N.A. Nikon objec-
tive via a photomultiplier tube (Hamamatsu) using PrairieView (Bruker) software. For GCaMP
imaging, 950 nm excitation and a 515/30 emission filter was used. All recordings started at ZT 2.
Mice were head-fixed to a circular treadmill and Ca?* activity was recorded at ~ 1.7 Hz effective
frame rate from layer 2/3 of visual cortex with a 512 x 512 pixel resolution at ~ 1 pm/pixel. Locomo-
tion speed was monitored using an optoswitch (Newark Element 14) connected to an Arduino. For
LFP and FC-EEG, differential recordings were acquired using the contralateral bone screw as a refer-
ence. For EMG, differential recordings were acquired using the two wires implanted in the nuchal
muscles. All recordings were amplified (Warner) with a gain of 1K, high-pass filtered at 0.1 Hz, and
low-pass filtered at 10 KHz. Electrophysiology and locomotion recordings were acquired simulta-
neously with 2P imaging at 1 KHz using PrairieView (Bruker) software.

Image analysis

Astrocyte Ca®* image analysis was performed using Astrocyte Quantitative Analysis (AQuA) software
(Wang et al.,, 2019). Videos were preprocessed by registering images using the ImageJ plugin
MOCO (Dubbs et al., 2016). Events were detected using AQuUA (in MATLAB) using the in-vivo-
GCaMP-cyto preset. Signal detection threshold was adjusted for each video after manually checking
for accurate detection, to account for slight differences in noise. AQuA outputs were further ana-
lyzed in MATLAB. Event count was quantified using the onset of each event, as detected by AQuA.
For ROI analysis, somatic traces were extracted from ROIls hand-drawn using the blow-lasso tool in
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Fiji. Somatic ROIs were then removed using a mask, and process ROIs were created by applying 10
um? tiles across the field of view.

Sleep scoring

LFP and EEG recordings were first manually inspected for movement artifacts, which were removed
by excluding data exceeding 5 SD from the mean. Similarly, drifting baselines were adjusted by a
high-pass filter with a cut-off frequency of 0.3 Hz. All electrophysiology acquired on the same day
were pooled together and z-scored. A spectrogram was then calculated using a moving window of
10 s, stepping every 5 s. Locomotory data were used to identify each 5 s bin as stationary if no loco-
motion was detected, or locomotory otherwise. The absolute value of z-scored EMG recordings was
used to quantify mean EMG amplitude for each 5 s bin.

A bin was identified as NREM sleep if (1) the slow-wave ratio (0.5-4 Hz/8-20 Hz) was > 0.5 SD
from the mean, (2) the animal was stationary, and (3) the EMG was < 5 SD from the mean. Similarly,
a bin was identified as REM sleep if it had not been quantified as NREM, and (1) theta power (6-10
Hz)>0.25 SD from the mean, (2) the animal was stationary, and (3) the EMG was < 0.4 SD from the
mean. All remaining times were characterized as wake. Each behavioral period was identified by
finding the start and end of consecutive 5 s bins of the same behavioral state. For all analysis, sleep
periods < 10-15 s were excluded, with the exception of the sleep/wake transition analysis (Figure 5),
in which sleep periods < 30 s were excluded. Each wake period was further divided into 1 s bins,
and characterized as stationary if no movement was detected and locomotory otherwise. Consecu-
tive 1 s bins of locomotion within each wake period were identified as a locomotory wake period
and consecutive 1 s bins of no locomotion within each wake period were identified as a stationary
wake period. Stationary wake periods < 15 s were excluded. We included a ‘buffer’ in which the first
10 s of a stationary wake period was excluded if that stationary wake period immediately followed a
locomotory wake period because Ca?* bursts during locomotion often persist for ~ 10 s after loco-
motion ceases.

Slow oscillation and delta wave detection

To differentiate slow oscillations and delta waves, we set thresholds for amplitude and peak-to-
trough duration (Kim et al., 2019; Siclari et al., 2014; Dang-Vu et al., 2008; Nir et al., 2011,
Riedner et al., 2007). First, LFP and EEG was filtered for the slow wave band (0.1-4 Hz) using two
filters: a high-pass Butterworth filter (second order, cutoff at 0.1 Hz) and a low-pass Butterworth filter
(fourth order, cut-off at 4 Hz). Next, we identified all positive-to-negative zero crossings, preceding
peaks, and following troughs that occurred during NREM sleep. Because gamma oscillations are
nested in UP states (Steriade et al., 1996; Valderrama et al., 2012; Wolansky et al., 2006, Mena-
Segovia et al., 2008), we used high-gamma to verify that the identified peaks were DOWN states
and the troughs were UP states: LFP and EEG recordings were bandpass filtered for 80-100 Hz, and
high-gamma amplitude was quantified during peaks and troughs. If the mean peak high-gamma was
greater than the mean trough high-gamma, we inverted the signal and repeated the analysis.

Slow oscillations were identified as zero crossings with (1) preceding peaks >85th percentile, (2)
following troughs <40th percentile, and (3) peak-to-trough duration of 150-500 ms. Delta waves
were identified as zero crossings with (1) preceding peaks <85th percentile, (2) following troughs
<40th percentile, and (3) peak-to-trough duration > 100 ms.

In vivo DREADD activation

At the start of each experiment (ZT 2), mice were weighed and head-fixed on the treadmill. Leads
from the amplifier were connected to the LFP, EEG, and EMG electrodes. A 10 min baseline record-
ing was acquired first, prior to any injection. When this baseline recording was completed, CNO or
saline (0.9%) was administered (I.P.). The imaging/recording began immediately after injection. CNO
was diluted in saline from a stock of 60 mM each day and a volume was measured for the desired
dose (0.1-1.0 mg/kg). An equal volume of saline was injected on control days. The sequence of
CNO and saline control days was randomized amongst mice.
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Ex vivo 2P imaging

For acute slice experiments, neonatal mice (C57BI/6, PO-4) were anesthetized by crushed ice anes-
thesia for 3 min and injected with AAV5-GFaABC1D.cyto-GCaMPéf at a rate of 2-3 nl/s. Six injec-
tion sites (0.5 um apart in a 2 x 3 grid pattern, at 0.8 um and 0.15-0 um below the pial surface) over
assumed V1 were chosen. 30 nL/site (360 nL total) was injected with a microsyringe pump (UMP-3,
World Precision Instruments). Coronal, acute V1 slices (400 um thick) from P25-P30 mice were cut
with a vibratome (VT 1200, Leica) in ice-cold cutting solution (in mM): 27 NaHCOs3, 1.5 NaH,POy,
222 sucrose, 2.6 KCl, 2 MgSO,, 2 CaCl,. Slices were incubated in standard continuously aerated
(95% O,/5% COy) artificial cerebrospinal fluid (ACSF) containing (in mM): 123 NaCl, 26 NaHCO3, 1
NaH,POy4, 10 dextrose, 3 KCl, 2 CaCl,, 2 MgSQy, heated to 37°C and removed from water bath
immediately before introducing slices. Slices were held in ACSF at room temperature until imaging.
Experiments were performed in continuously aerated, standard ACSF. 2P imaging was carried out as
for in vivo imaging described above. Experiments began with a 10 min incubation in 1 uM TTX, fol-
lowed by a 2 min baseline video to record spontaneous activity. To record responses to the wake
cocktail (20 UM norepinephrine, 5 UM acetylcholine, 5 UM dopamine, 2.5 uM histamine), a 5 min
video was acquired in which the cocktail was added to the bath at the start. The frame at which the
cocktail entered the imaging chamber was recorded for each experiment. A second video was then
acquired, repeating bath-application of the wake cocktail.

Principal components analysis

To quantify differences in endogenous astrocyte Ca®* events across behavioral periods, PCA was
used to reduce the 20 AQuA outputs to 5 PCs, accounting for 73% of the variance in the original
event features. The 5 PC scores for each astrocyte event in each behavioral state across all mice
were used to construct empirical cumulative distribution functions (CDFs) for each PC in each behav-
ioral state. The CDFs for stationary wake and sleep were compared for each PC using a two-sample
Kolmogorov-Smirnov (K-S) test. In Gi-DREADD experiments, separate PCA was performed to reduce
the 20 output features, as above, to 5 PCs accounting for 69% of the variance. For each PC, and for
each mouse, four empirical CDFs were constructed from the PC scores of recorded events, corre-
sponding to each combination of saline or CNO as intervention, and NREM sleep or wake as behav-
ioral state. Within each behavioral state, the K-S distance was computed between the corresponding
saline and CNO distributions, to estimate the effect of CNO administration on the given PC’s score
distribution during that behavioral period. To assess differences between these effects in different
behavioral states for a given PC, the K-S distances between the distributions in saline and CNO trials
across all mice were compared between NREM sleep and wake using a Wilcoxon signed-rank test.

Quantifying coherence

To quantify functional connectivity between V1 and FC, we computed spectral coherence between
the two signals in saline-administration sessions. Coherence spectra were calculated in a 1.5 s win-
dow following the onset of astrocyte events using Welch's averaged periodogram method, utilizing
a Hann window and a fast Fourier transform size of 1024 samples, as implemented in SciPy. Event-
aligned coherence spectra were compared against coherence spectra aligned to randomly chosen
time-points. Random time-points were chosen uniformly between the start of each dataset and 1.5 s
(the duration of the coherence analysis window) from the end, in equal numbers to the original astro-
cyte events for each dataset. To compare between astrocyte- and random-aligned coherence, each
mouse’s median event-aligned and random-aligned coherence spectra were calculated; a paired
two-tailed t-test was then performed at each frequency between the event-aligned median values
and corresponding random-aligned median values for all mice. To control the familywise error rate
across compared frequencies, the Bonferroni correction was applied to the resulting p-values.

This analysis was extended to quantify coherence changes at sleep-to-wake transitions. Coher-
ence spectra were computed as above in a 1.5 s window following astrocyte events during NREM
sleep, and following uniformly randomly selected events that coincided with NREM sleep. These
spectra were separated into bins based on proximity of the corresponding event onset (or random
alignment point) to the next sleep-to-wake transition, with each bin encompassing 2 s relative to the
transition; the window most proximal to the transition was truncated to 0.5 s to avoid overlap of the
1.5 s window for coherence computation with the subsequent wake period. Coherence values within
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0-15 Hz were averaged in each time bin; averaged coherence values were then compared between
the astrocyte- and random-aligned cases in each bin using an unpaired two-tailed t-test. To control
the familywise error rate across compared time bins, the Bonferroni correction was applied to the
resulting p-values.

Immunohistochemistry

After physiology experiments were complete, mice were intracardially perfused with 4% PFA. Brains
were collected, immersed in 4% PFA overnight at 4°C and switched to 30% sucrose for 2 days before
being frozen on dry ice and stored at —80°C. Brains were sliced coronally (40 um thick) on a cryostat.
Slices were stored in cryoprotectant at —20°C until staining. 17-24 slices/mouse were chosen to span
from +2.8 to —4.24 mm from bregma; each slice was 280 um from the proximate slice. Slices were
washed with PBS, 5 min x 3, then with 0.1% PBS-TX for 30 min. Slices were next washed with 10%
NGS (Invitrogen) for 1 hr, followed by an overnight incubation of 2% NGS, rat a-mCherry (1:1000,
ThermoFischer), rabbit a-NeuN (1:1000, EMD Millipore), and chicken a-GFP (1:3000, Aves Lab) in 4°
C. Slices were next rinsed with 1x PBS x three before incubating for 2 hr at room temperature with
goat a-rat Alexa Fluor 555 (1:1000), goat o-rabbit 405 (1:1000), and goat a-chicken Alexa Fluor 488
(1:1000). Slices were washed again with PBS 3x for 5 min before slide-mounting and coverslipping
using Fluoromount.

Whole coronal slice images were taken using an Axiolmager Z2 upright epiflorescent microscope
(Zeiss). 5x images were acquired, and z-stacks were stitched together with Zen Software. Images
were segmented using WEKA (Arganda-Carreras et al., 2017): A classifier was trained to segment
5x images into three classes: (1) pixels containing fluorescence, (2) pixels containing non-fluorescent
brain tissue, and (3) pixels containing background. The classifier was then applied to the full dataset,
and images were checked manually for accurate segmentation. Each segmented image was manually
divided in Fiji to isolate each hemisphere. Quantification of viral spread was calculated in MATLAB
by normalizing the number of fluorescent pixels to the number non-fluorescent pixels within the tis-
sue for each hemisphere.

To analyze colocalization of mCherry and NeuN at single-cell resolution, 63x images were taken
on a spinning disk confocal (Zeiss). Slides were oil-immersed and two slices/animal (—3.8 and —2.3
from bregma) were imaged. In these slices, eight images were taken at random, spanning the total
area in which virus was expressed. Colocalization of mCherry and NeuN was performed using Fiji.

Quantification and statistical analysis
All statistical tests used, definition of center and dispersion measurements, and exact n values can
be found for each figure in the corresponding figure legend. Additional information regarding statis-

tical tests described in the relevant sections. For all figures, significance levels defined as the follow-
ing: *: p<0.05, **: p<0.005, ***: p<0.0005.

Acknowledgements

The authors are grateful to members of the Poskanzer lab for helpful discussions. We thank Karunesh
Ganguly and Ying-Hui Fu for comments on parts of the manuscript, the Ganguly Lab for help with
slow oscillation detection, Xuelong Mi and Guogiang Yu for assistance on modifications to the
AQuA software, Nicole DelRosso for image analysis support, Cameron Holman for research into
application of WEKA software, and Jennifer Thompson for administrative support. KP is supported
by NIH ROTNS099254, NIH ROTMH121446, NIH R21DA048497, and NSF CAREER 1942360. TV was
supported by the UCSF Genentech Fellowship.

Additional information

Funding

Funder Grant reference number  Author

National Institutes of Health  ROTNS099254 ' Kira E Poskanzer
National Institutes of Health ROTMH121446 Kira E Poskanzer

Vaidyanathan et al. eLife 2021;10:e63329. DOI: https://doi.org/10.7554/eLife.63329 25 of 32


https://doi.org/10.7554/eLife.63329

e Llfe Research article

Neuroscience

National Institutes of Health R21DA048497 Kira E Poskanzer
National Science Foundation ~ CAREER 1942360 Kira E Poskanzer
Genentech Fellowship, UCSF Trisha V Vaidyanathan

Michael E Reitman

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Trisha V Vaidyanathan, Conceptualization, Data curation, Formal analysis, Supervision, Investigation,
Methodology, Writing - original draft, Writing - review and editing; Max Collard, Formal analysis,
Investigation, Writing - original draft; Sae Yokoyama, Investigation, Writing - original draft; Michael E
Reitman, Methodology; Kira E Poskanzer, Conceptualization, Resources, Supervision, Funding acqui-
sition, Investigation, Methodology, Writing - original draft, Project administration, Writing - review
and editing

Author ORCIDs
Trisha V Vaidyanathan (@ https://orcid.org/0000-0002-8546-4191
Kira E Poskanzer () https://orcid.org/0000-0003-4830-8891

Ethics

Animal experimentation: All procedures were carried out using adult mice (C57BI/6, P50-—-100) in
accordance with protocols approved by the University of California, San Francisco Institutional Ani-
mal Care and Use Committee (IACUC).

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.63329.sa
Author response https://doi.org/10.7554/eLife.63329.5a2

Additional files

Supplementary files
« Transparent reporting form

Data availability
All datasets are available on Dryad. Analysis code is available on GitHub.

The following dataset was generated:

Database and

Author(s) Year Dataset title Dataset URL Identifier

Kira P, Trisha V 2020 Cortical astrocytes independently  https://doi.org/10.7272/  Dryad Digital
regulate sleep depth and duration Q6C53J39 Repository, 10.7272/
via separate GPCR pathways Q6C53J39

The following previously published datasets were used:

Database and
Author(s) Year Dataset title Dataset URL Identifier

Zhang Y, Chen K, 2014 Brain RNA-Seq https://www.brainrnaseq. n/a, brainrnaseq
Sloan SA, Bennett org/

ML, Scholze AR,

O'Keeffe S,

Phatnani HP,

Guarnieri P,

Caneda C,

Ruderisch N, Deng

S, Liddelow SA,

Vaidyanathan et al. eLife 2021;10:€63329. DOI: https://doi.org/10.7554/eLife.63329 26 of 32


https://orcid.org/0000-0002-8546-4191
https://orcid.org/0000-0003-4830-8891
https://doi.org/10.7554/eLife.63329.sa1
https://doi.org/10.7554/eLife.63329.sa2
https://doi.org/10.7272/Q6C53J39
https://doi.org/10.7272/Q6C53J39
https://www.brainrnaseq.org/
https://www.brainrnaseq.org/
https://doi.org/10.7554/eLife.63329

e Llfe Research article

Neuroscience

Zhang C, Daneman
R, Maniatis T,
Barres BA, Wu JQ

Adult Astrocyte 2017 Adult Astrocyte RNA-Seq Explorer http://astrocyternaseq. n/a, astrocyternaseq
RNA-Seq Explorer, org/
Chai H, Diaz-Castro

B, Shigetomi E,

Monte E, Octeau

JC, Yu X, Cohn W,

Rajendran PS,

Vondriska TM,

Whitelegge JP,

Coppola G, Khakh

BS

References

Adamsky A, Kol A, Kreisel T, Doron A, Ozeri-Engelhard N, Melcer T, Refaeli R, Horn H, Regev L, Groysman M,
London M, Goshen I. 2018. Astrocytic activation generates de novo neuronal potentiation and memory
enhancement. Cell 174:59-71. DOI: https://doi.org/10.1016/j.cell.2018.05.002, PMID: 29804835

Agulhon C, Petravicz J, McMullen AB, Sweger EJ, Minton SK, Taves SR, Casper KB, Fiacco TA, McCarthy KD.
2008. What is the role of astrocyte calcium in neurophysiology? Neuron 59:932-946. DOI: https://doi.org/10.
1016/j.neuron.2008.09.004, PMID: 18817732

Allen NJ, Barres BA. 2005. Signaling between Glia and neurons: focus on synaptic plasticity. Current Opinion in
Neurobiology 15:542-548. DOI: https://doi.org/10.1016/j.conb.2005.08.006, PMID: 16144764

Amzica F, Steriade M. 1995. Short- and long-range neuronal synchronization of the slow (. Journal of
Neurophysiology 73:20-38.

Arganda-Carreras |, Kaynig V, Rueden C, Eliceiri KW, Schindelin J, Cardona A, Sebastian Seung H. 2017.
Trainable weka segmentation: a machine learning tool for microscopy pixel classification. Bioinformatics 33:
2424-2426. DOI: https://doi.org/10.1093/bioinformatics/btx180, PMID: 28369169

Aston-Jones G, Bloom FE. 1981. Activity of norepinephrine-containing locus coeruleus neurons in behaving rats
anticipates fluctuations in the sleep-waking cycle. The Journal of Neuroscience 1:876-886. DOI: https://doi.org/
10.1523/JNEUROSCI.01-08-00876.1981, PMID: 7346592

Bazargani N, Attwell D. 2016. Astrocyte calcium signaling: the third wave. Nature Neuroscience 19:182-189.
DOI: https://doi.org/10.1038/nn.4201, PMID: 26814587

Beck A, Nieden RZ, Schneider HP, Deitmer JW. 2004. Calcium release from intracellular stores in rodent
astrocytes and neurons in situ. Cell Calcium 35:47-58. DOI: https://doi.org/10.1016/50143-4160(03)00171-4,
PMID: 14670371

Bellesi M, de Vivo L, Tononi G, Cirelli C. 2015. Effects of sleep and wake on astrocytes: clues from molecular and
ultrastructural studies. BMC Biology 13:66. DOI: https://doi.org/10.1186/s12915-015-0176-7, PMID: 26303010

Bellesi M, de Vivo L, Koebe S, Tononi G, Cirelli C. 2018. Sleep and wake affect glycogen content and turnover at
Perisynaptic astrocytic processes. Frontiers in Cellular Neuroscience 12:308. DOI: https://doi.org/10.3389/fncel.
2018.00308, PMID: 30254569

Bernardi G, Siclari F, Handjaras G, Riedner BA, Tononi G. 2018. Local and widespread slow waves in stable
NREM sleep: evidence for distinct regulation mechanisms. Frontiers in Human Neuroscience 12:248.

DOI: https://doi.org/10.3389/fnhum.2018.00248, PMID: 29970995

Bjorklund A, Lindvall O. 1978. Limbic Mechanisms. Springer. DOI: https://doi.org/10.1007/978-1-4757-0716-8__
11

Bojarskaite L, Bjgrnstad DM, Pettersen KH, Cunen C, Hermansen GH, Abjfarsbréten KS, Chambers AR, Sprengel
R, Vervaeke K, Tang W, Enger R, Nagelhus EA. 2020. Astrocytic Ca2+ signaling is reduced during sleep and is
involved in the regulation of slow wave sleep. Nature Communications 11:3240. DOI: https://doi.org/10.1038/
s41467-020-17062-2

Bonder DE, McCarthy KD. 2014. Astrocytic Gg-GPCR-linked IP3R-dependent Ca2+ signaling does not mediate
neurovascular coupling in mouse visual cortex in vivo. Journal of Neuroscience 34:13139-13150. DOI: https://
doi.org/10.1523/JNEUROSCI.2591-14.2014, PMID: 25253859

Borbely AA. 2016. A Two Process Model of Sleep Regulation.

Borbély AA, Daan S, Wirz-Justice A, Deboer T. 2016. The two-process model of sleep regulation: a reappraisal.
Journal of Sleep Research 25:131-143. DOI: https://doi.org/10.1111/jsr.12371, PMID: 26762182

Brancaccio M, Patton AP, Chesham JE, Maywood ES, Hastings MH. 2017. Astrocytes control circadian
timekeeping in the suprachiasmatic nucleus via glutamatergic signaling. Neuron 93:1420-1435. DOI: https://
doi.org/10.1016/j.neuron.2017.02.030, PMID: 28285822

Bushong EA, Martone ME, Jones YZ, Ellisman MH. 2002. Protoplasmic astrocytes in CA1 stratum radiatum
occupy separate anatomical domains. The Journal of Neuroscience 22:183-192. DOI: https://doi.org/10.1523/
JNEUROSCI.22-01-00183.2002, PMID: 11756501

Chai H, Diaz-Castro B, Shigetomi E, Monte E, Octeau JC, Yu X, Cohn W, Rajendran PS, Vondriska TM,
Whitelegge JP, Coppola G, Khakh BS. 2017. Neural Circuit-Specialized astrocytes: transcriptomic, proteomic,

Vaidyanathan et al. eLife 2021;10:€63329. DOI: https://doi.org/10.7554/eLife.63329 27 of 32


http://astrocyternaseq.org/
http://astrocyternaseq.org/
https://doi.org/10.1016/j.cell.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29804835
https://doi.org/10.1016/j.neuron.2008.09.004
https://doi.org/10.1016/j.neuron.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18817732
https://doi.org/10.1016/j.conb.2005.08.006
http://www.ncbi.nlm.nih.gov/pubmed/16144764
https://doi.org/10.1093/bioinformatics/btx180
http://www.ncbi.nlm.nih.gov/pubmed/28369169
https://doi.org/10.1523/JNEUROSCI.01-08-00876.1981
https://doi.org/10.1523/JNEUROSCI.01-08-00876.1981
http://www.ncbi.nlm.nih.gov/pubmed/7346592
https://doi.org/10.1038/nn.4201
http://www.ncbi.nlm.nih.gov/pubmed/26814587
https://doi.org/10.1016/S0143-4160(03)00171-4
http://www.ncbi.nlm.nih.gov/pubmed/14670371
https://doi.org/10.1186/s12915-015-0176-7
http://www.ncbi.nlm.nih.gov/pubmed/26303010
https://doi.org/10.3389/fncel.2018.00308
https://doi.org/10.3389/fncel.2018.00308
http://www.ncbi.nlm.nih.gov/pubmed/30254569
https://doi.org/10.3389/fnhum.2018.00248
http://www.ncbi.nlm.nih.gov/pubmed/29970995
https://doi.org/10.1007/978-1-4757-0716-8_11
https://doi.org/10.1007/978-1-4757-0716-8_11
https://doi.org/10.1038/s41467-020-17062-2
https://doi.org/10.1038/s41467-020-17062-2
https://doi.org/10.1523/JNEUROSCI.2591-14.2014
https://doi.org/10.1523/JNEUROSCI.2591-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25253859
https://doi.org/10.1111/jsr.12371
http://www.ncbi.nlm.nih.gov/pubmed/26762182
https://doi.org/10.1016/j.neuron.2017.02.030
https://doi.org/10.1016/j.neuron.2017.02.030
http://www.ncbi.nlm.nih.gov/pubmed/28285822
https://doi.org/10.1523/JNEUROSCI.22-01-00183.2002
https://doi.org/10.1523/JNEUROSCI.22-01-00183.2002
http://www.ncbi.nlm.nih.gov/pubmed/11756501
https://doi.org/10.7554/eLife.63329

e Llfe Research article

Neuroscience

morphological, and functional evidence. Neuron 95:531-549. DOI: https://doi.org/10.1016/].neuron.2017.06.
029, PMID: 28712653

Chen JY, Chauvette S, Skorheim S, Timofeev |, Bazhenov M. 2012. Interneuron-mediated inhibition synchronizes
neuronal activity during slow oscillation. The Journal of Physiology 590:3987-4010. DOI: https://doi.org/10.
1113/jphysiol.2012.227462, PMID: 22641778

Clasadonte J, Scemes E, Wang Z, Boison D, Haydon PG. 2017. Connexin 43-Mediated astroglial metabolic
networks contribute to the regulation of the Sleep-Wake cycle. Neuron 95:1365-1380. DOI: https://doi.org/10.
1016/j.neuron.2017.08.022, PMID: 28867552

Crunelli V, L8rincz ML, Connelly WM, David F, Hughes SW, Lambert RC, Leresche N, Errington AC. 2018. Dual
function of thalamic low-vigilance state oscillations: rhythm-regulation and plasticity. Nature Reviews
Neuroscience 19:107-118. DOI: https://doi.org/10.1038/nrn.2017.151, PMID: 29321683

Daan S, Beersma DG, Borbély AA. 1984. Timing of human sleep: recovery process gated by a circadian
pacemaker. American Journal of Physiology-Regulatory, Integrative and Comparative Physiology 246:R161—
R183. DOI: https://doi.org/10.1152/ajpregu.1984.246.2.R161, PMID: 6696142

Dang-Vu TT, Schabus M, Desseilles M, Albouy G, Boly M, Darsaud A, Gais S, Rauchs G, Sterpenich V,
Vandewalle G, Carrier J, Moonen G, Balteau E, Degueldre C, Luxen A, Phillips C, Maquet P. 2008.
Spontaneous neural activity during human slow wave sleep. PNAS 105:15160-15165. DOI: https://doi.org/10.
1073/pnas.0801819105, PMID: 18815373

Di Castro MA, Chuquet J, Liaudet N, Bhaukaurally K, Santello M, Bouvier D, Tiret P, Volterra A. 2011. Local Ca2
+ detection and modulation of synaptic release by astrocytes. Nature Neuroscience 14:1276-1284.
DOI: https://doi.org/10.1038/nn.2929, PMID: 21909085

Diekelmann S, Born J. 2010. The memory function of sleep. Nature Reviews Neuroscience 11:114-126.
DOI: https://doi.org/10.1038/nr2762, PMID: 20046194

Dijk DJ, Beersma DG. 1989. Effects of SWS deprivation on subsequent EEG power density and spontaneous
sleep duration. Electroencephalography and Clinical Neurophysiology 72:312-320. DOI: https://doi.org/10.
1016/0013-4694(89)90067-9, PMID: 2467797

Ding F, O'Donnell J, Thrane AS, Zeppenfeld D, Kang H, Xie L, Wang F, Nedergaard M. 2013. a.1-Adrenergic
receptors mediate coordinated Ca2+ signaling of cortical astrocytes in awake, behaving mice. Cell Calcium 54:
387-394. DOI: https://doi.org/10.1016/j.ceca.2013.09.001, PMID: 24138901

Ding F, O'Donnell J, Xu Q, Kang N, Goldman N, Nedergaard M. 2016. Changes in the composition of brain
interstitial ions control the sleep-wake cycle. Science 352:550-555. DOI: https://doi.org/10.1126/science.
aad4821, PMID: 27126038

DiNuzzo M, Nedergaard M. 2017. Brain energetics during the sleep-wake cycle. Current Opinion in
Neurobiology 47:65-72. DOI: https://doi.org/10.1016/j.conb.2017.09.010, PMID: 29024871

Dubbs A, Guevara J, Yuste R. 2016. Moco: fast motion correction for calcium imaging. Frontiers in
Neuroinformatics 10:6. DOI: https://doi.org/10.3389/fninf.2016.00006, PMID: 26909035

Durkee CA, Covelo A, Lines J, Kofuji P, Aguilar J, Araque A. 2019. G;/, protein-coupled receptors inhibit neurons
but activate astrocytes and stimulate gliotransmission. Glia 67:1076-1093. DOI: https://doi.org/10.1002/glia.
23589, PMID: 30801845

Eban-Rothschild A, Rothschild G, Giardino WJ, Jones JR, de Lecea L. 2016. VTA dopaminergic neurons regulate
ethologically relevant sleep-wake behaviors. Nature Neuroscience 19:1356-1366. DOI: https://doi.org/10.1038/
nn.4377, PMID: 27595385

Fellin T, Halassa MM, Terunuma M, Succol F, Takano H, Frank M, Moss SJ, Haydon PG. 2009. Endogenous
nonneuronal modulators of synaptic transmission control cortical slow oscillations in vivo. PNAS 106:15037-
15042. DOI: https://doi.org/10.1073/pnas.0906419106, PMID: 19706442

Foley J, Blutstein T, Lee S, Erneux C, Halassa MM, Haydon P. 2017. Astrocytic IP3/Ca2+signaIing modulates theta
rhythm and REM sleep. Frontiers in Neural Circuits 11:3. DOI: https://doi.org/10.3389/fncir.2017.00003,
PMID: 28167901

Frank MG. 2013. Astroglial regulation of sleep homeostasis. Current Opinion in Neurobiology 23:812-818.
DOI: https://doi.org/10.1016/j.conb.2013.02.009, PMID: 23518138

Funato H, Miyoshi C, Fujiyama T, Kanda T, Sato M, Wang Z, Ma J, Nakane S, Tomita J, lkkyu A, Kakizaki M,
Hotta-Hirashima N, Kanno S, Komiya H, Asano F, Honda T, Kim SJ, Harano K, Muramoto H, Yonezawa T, et al.
2016. Forward-genetics analysis of sleep in randomly mutagenized mice. Nature 539:378-383. DOI: https://doi.
org/10.1038/nature20142, PMID: 27806374

Funk CM, Honjoh S, Rodriguez AV, Cirelli C, Tononi G. 2016. Local slow waves in superficial layers of primary
cortical Areas during REM sleep. Current Biology 26:396-403. DOI: https://doi.org/10.1016/j.cub.2015.11.062,
PMID: 26804554

Genzel L, Kroes MC, Dresler M, Battaglia FP. 2014. Light sleep versus slow wave sleep in memory consolidation:
a question of global versus local processes? Trends in Neurosciences 37:10-19. DOI: https://doi.org/10.1016/j.
tins.2013.10.002, PMID: 24210928

Goldey GJ, Roumis DK, Glickfeld LL, Kerlin AM, Reid RC, Bonin V, Schafer DP, Andermann ML. 2014. Removable
cranial windows for long-term imaging in awake mice. Nature Protocols 9:2515-2538. DOI: https://doi.org/10.
1038/nprot.2014.165, PMID: 25275789

Grundmann M, Kostenis E. 2017. Temporal Bias: time-encoded dynamic GPCR signaling. Trends in
Pharmacological Sciences 38:1110-1124. DOI: https://doi.org/10.1016/j.tips.2017.09.004, PMID: 29074251

Vaidyanathan et al. eLife 2021;10:€63329. DOI: https://doi.org/10.7554/eLife.63329 28 of 32


https://doi.org/10.1016/j.neuron.2017.06.029
https://doi.org/10.1016/j.neuron.2017.06.029
http://www.ncbi.nlm.nih.gov/pubmed/28712653
https://doi.org/10.1113/jphysiol.2012.227462
https://doi.org/10.1113/jphysiol.2012.227462
http://www.ncbi.nlm.nih.gov/pubmed/22641778
https://doi.org/10.1016/j.neuron.2017.08.022
https://doi.org/10.1016/j.neuron.2017.08.022
http://www.ncbi.nlm.nih.gov/pubmed/28867552
https://doi.org/10.1038/nrn.2017.151
http://www.ncbi.nlm.nih.gov/pubmed/29321683
https://doi.org/10.1152/ajpregu.1984.246.2.R161
http://www.ncbi.nlm.nih.gov/pubmed/6696142
https://doi.org/10.1073/pnas.0801819105
https://doi.org/10.1073/pnas.0801819105
http://www.ncbi.nlm.nih.gov/pubmed/18815373
https://doi.org/10.1038/nn.2929
http://www.ncbi.nlm.nih.gov/pubmed/21909085
https://doi.org/10.1038/nrn2762
http://www.ncbi.nlm.nih.gov/pubmed/20046194
https://doi.org/10.1016/0013-4694(89)90067-9
https://doi.org/10.1016/0013-4694(89)90067-9
http://www.ncbi.nlm.nih.gov/pubmed/2467797
https://doi.org/10.1016/j.ceca.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24138901
https://doi.org/10.1126/science.aad4821
https://doi.org/10.1126/science.aad4821
http://www.ncbi.nlm.nih.gov/pubmed/27126038
https://doi.org/10.1016/j.conb.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/29024871
https://doi.org/10.3389/fninf.2016.00006
http://www.ncbi.nlm.nih.gov/pubmed/26909035
https://doi.org/10.1002/glia.23589
https://doi.org/10.1002/glia.23589
http://www.ncbi.nlm.nih.gov/pubmed/30801845
https://doi.org/10.1038/nn.4377
https://doi.org/10.1038/nn.4377
http://www.ncbi.nlm.nih.gov/pubmed/27595385
https://doi.org/10.1073/pnas.0906419106
http://www.ncbi.nlm.nih.gov/pubmed/19706442
https://doi.org/10.3389/fncir.2017.00003
http://www.ncbi.nlm.nih.gov/pubmed/28167901
https://doi.org/10.1016/j.conb.2013.02.009
http://www.ncbi.nlm.nih.gov/pubmed/23518138
https://doi.org/10.1038/nature20142
https://doi.org/10.1038/nature20142
http://www.ncbi.nlm.nih.gov/pubmed/27806374
https://doi.org/10.1016/j.cub.2015.11.062
http://www.ncbi.nlm.nih.gov/pubmed/26804554
https://doi.org/10.1016/j.tins.2013.10.002
https://doi.org/10.1016/j.tins.2013.10.002
http://www.ncbi.nlm.nih.gov/pubmed/24210928
https://doi.org/10.1038/nprot.2014.165
https://doi.org/10.1038/nprot.2014.165
http://www.ncbi.nlm.nih.gov/pubmed/25275789
https://doi.org/10.1016/j.tips.2017.09.004
http://www.ncbi.nlm.nih.gov/pubmed/29074251
https://doi.org/10.7554/eLife.63329

e Llfe Research article

Neuroscience

Guerra-Gomes S, Sousa N, Pinto L, Oliveira JF. 2017. Functional roles of astrocyte calcium elevations: from
synapses to behavior. Frontiers in Cellular Neuroscience 11:427. DOI: https://doi.org/10.3389/fncel.2017.
00427, PMID: 29386997

Halassa MM, Fellin T, Takano H, Dong JH, Haydon PG. 2007. Synaptic islands defined by the territory of a single
astrocyte. Journal of Neuroscience 27:6473-6477. DOI: https://doi.org/10.1523/JNEUROSCI.1419-07.2007,
PMID: 17567808

Halassa MM, Florian C, Fellin T, Munoz JR, Lee SY, Abel T, Haydon PG, Frank MG. 2009. Astrocytic modulation
of sleep homeostasis and cognitive consequences of sleep loss. Neuron 61:213-219. DOI: https://doi.org/10.
1016/j.neuron.2008.11.024, PMID: 19186164

Holst SC, Landolt HP. 2018. Sleep-Wake neurochemistry. Sleep Medicine Clinics 13:137-146. DOI: https://doi.
org/10.1016/j.jsmc.2018.03.002, PMID: 29759265

Huber R, Ghilardi MF, Massimini M, Tononi G. 2004. Local sleep and learning. Nature 430:78-81. DOI: https://
doi.org/10.1038/nature02663, PMID: 15184907

Ingiosi AM, Hayworth CR, Harvey DO, Singletary KG, Rempe MJ, Wisor JP, Frank MG. 2020. A role for astroglial
calcium in mammalian sleep and sleep regulation. Current Biology 30:4373-4383. DOI: https://doi.org/10.
1016/j.cub.2020.08.052, PMID: 32976809

Ji D, Wilson MA. 2007. Coordinated memory replay in the visual cortex and Hippocampus during sleep. Nature
Neuroscience 10:100-107. DOI: https://doi.org/10.1038/nn1825, PMID: 17173043

Khakh BS, McCarthy KD. 2015. Astrocyte calcium signaling: from observations to functions and the challenges
therein. Cold Spring Harbor Perspectives in Biology 7:a020404. DOI: https://doi.org/10.1101/cshperspect.
2020404, PMID: 25605709

Khan ZU, Koulen P, Rubinstein M, Grandy DK, Goldman-Rakic PS. 2001. An astroglia-linked dopamine D2-
receptor action in prefrontal cortex. PNAS 98:1964-1969. DOI: https://doi.org/10.1073/pnas.98.4.1964,

PMID: 11172059

Kholodenko BN, Hancock JF, Kolch W. 2010. Signalling ballet in space and time. Nature Reviews Molecular Cell
Biology 11:414-426. DOI: https://doi.org/10.1038/nrm2901, PMID: 20495582

Kim J, Gulati T, Ganguly K. 2019. Competing roles of slow oscillations and Delta waves in memory consolidation
versus forgetting. Cell 179:514-526. DOI: https://doi.org/10.1016/j.cell.2019.08.040, PMID: 31585085

Kitajima N, Takikawa K, Sekiya H, Satoh K, Asanuma D, Sakamoto H, Takahashi S, Hanaoka K, Urano Y, Namiki S,
lino M, Hirose K. 2020. Real-time in vivo imaging of extracellular ATP in the brain with a hybrid-type fluorescent
sensor. elife 9:e57544. DOI: https://doi.org/10.7554/elife.57544, PMID: 32648544

Klinzing JG, Niethard N, Born J. 2019. Mechanisms of systems memory consolidation during sleep. Nature
Neuroscience 22:1598-1610. DOI: https://doi.org/10.1038/s41593-019-0467-3, PMID: 31451802

Kofuji P, Araque A. 2021. G-Protein-Coupled receptors in Astrocyte-Neuron communication. Neuroscience 456:
71-84. DOI: https://doi.org/10.1016/j.neuroscience.2020.03.025, PMID: 32224231

Kol A. 2019. Astrocytes contribute to remote memory formation by modulating Hippocampal-Cortical
communication during learning. bioRxiv. DOI: https://doi.org/10.1101/682344

Krone LB. 2020. A role for the cortex in sleep-wake regulation. bioRxiv. DOI: https://doi.org/10.1101/2020.03.
17.996090

Lee MG, Hassani OK, Alonso A, Jones BE. 2005. Cholinergic basal forebrain neurons burst with theta during
waking and paradoxical sleep. Journal of Neuroscience 25:4365-4369. DOI: https://doi.org/10.1523/
JNEUROSCI.0178-05.2005, PMID: 15858062

Lee SH, Dan Y. 2012. Neuromodulation of brain states. Neuron 76:209-222. DOI: https://doi.org/10.1016/].
neuron.2012.09.012, PMID: 23040816

Lemieux M, Chen JY, Lonjers P, Bazhenov M, Timofeev I. 2014. The impact of cortical deafferentation on the
neocortical slow oscillation. Journal of Neuroscience 34:5689-5703. DOI: https://doi.org/10.1523/JNEUROSCI.
1156-13.2014, PMID: 24741059

Lemieux M, Chauvette S, Timofeev |. 2015. Neocortical inhibitory activities and long-range afferents contribute
to the synchronous onset of silent states of the neocortical slow oscillation. Journal of Neurophysiology 113:
768-779. DOI: https://doi.org/10.1152/jn.00858.2013, PMID: 25392176

Lind BL, Brazhe AR, Jessen SB, Tan FC, Lauritzen MJ. 2013. Rapid stimulus-evoked astrocyte Ca2+ elevations
and hemodynamic responses in mouse somatosensory cortex in vivo. PNAS 110:E4678-E4687. DOI: https://
doi.org/10.1073/pnas.1310065110, PMID: 24218625

Lobas MA, Tao R, Nagai J, Kronschldger MT, Borden PM, Marvin JS, Looger LL, Khakh BS. 2019. A genetically
encoded single-wavelength sensor for imaging cytosolic and cell surface ATP. Nature Communications 10:711.
DOI: https://doi.org/10.1038/s41467-019-08441-5, PMID: 30755613

Loughlin SE, Foote SL, Bloom FE. 1986. Efferent projections of nucleus locus coeruleus: topographic
organization of cells of origin demonstrated by three-dimensional reconstruction. Neuroscience 18:291-306.
DOI: https://doi.org/10.1016/0306-4522(86)90155-7, PMID: 3736860

Luczak A, Barthé P, Marguet SL, Buzséki G, Harris KD. 2007. Sequential structure of neocortical spontaneous
activity in vivo. PNAS 104:347-352. DOI: https://doi.org/10.1073/pnas.0605643104, PMID: 17185420

MacDonald AJ, Holmes FE, Beall C, Pickering AE, Ellacott KLJ. 2020. Regulation of food intake by astrocytes in
the brainstem dorsal vagal complex. Glia 68:1241-1254. DOI: https://doi.org/10.1002/glia.23774, PMID: 31
880353

Mariotti L, Losi G, Sessolo M, Marcon |, Carmignoto G. 2016. The inhibitory neurotransmitter GABA evokes
long-lasting ca(2+) oscillations in cortical astrocytes. Glia 64:363-373. DOI: https://doi.org/10.1002/glia.22933,
PMID: 26496414

Vaidyanathan et al. eLife 2021;10:€63329. DOI: https://doi.org/10.7554/eLife.63329 29 of 32


https://doi.org/10.3389/fncel.2017.00427
https://doi.org/10.3389/fncel.2017.00427
http://www.ncbi.nlm.nih.gov/pubmed/29386997
https://doi.org/10.1523/JNEUROSCI.1419-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17567808
https://doi.org/10.1016/j.neuron.2008.11.024
https://doi.org/10.1016/j.neuron.2008.11.024
http://www.ncbi.nlm.nih.gov/pubmed/19186164
https://doi.org/10.1016/j.jsmc.2018.03.002
https://doi.org/10.1016/j.jsmc.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29759265
https://doi.org/10.1038/nature02663
https://doi.org/10.1038/nature02663
http://www.ncbi.nlm.nih.gov/pubmed/15184907
https://doi.org/10.1016/j.cub.2020.08.052
https://doi.org/10.1016/j.cub.2020.08.052
http://www.ncbi.nlm.nih.gov/pubmed/32976809
https://doi.org/10.1038/nn1825
http://www.ncbi.nlm.nih.gov/pubmed/17173043
https://doi.org/10.1101/cshperspect.a020404
https://doi.org/10.1101/cshperspect.a020404
http://www.ncbi.nlm.nih.gov/pubmed/25605709
https://doi.org/10.1073/pnas.98.4.1964
http://www.ncbi.nlm.nih.gov/pubmed/11172059
https://doi.org/10.1038/nrm2901
http://www.ncbi.nlm.nih.gov/pubmed/20495582
https://doi.org/10.1016/j.cell.2019.08.040
http://www.ncbi.nlm.nih.gov/pubmed/31585085
https://doi.org/10.7554/eLife.57544
http://www.ncbi.nlm.nih.gov/pubmed/32648544
https://doi.org/10.1038/s41593-019-0467-3
http://www.ncbi.nlm.nih.gov/pubmed/31451802
https://doi.org/10.1016/j.neuroscience.2020.03.025
http://www.ncbi.nlm.nih.gov/pubmed/32224231
https://doi.org/10.1101/682344
https://doi.org/10.1101/2020.03.17.996090
https://doi.org/10.1101/2020.03.17.996090
https://doi.org/10.1523/JNEUROSCI.0178-05.2005
https://doi.org/10.1523/JNEUROSCI.0178-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15858062
https://doi.org/10.1016/j.neuron.2012.09.012
https://doi.org/10.1016/j.neuron.2012.09.012
http://www.ncbi.nlm.nih.gov/pubmed/23040816
https://doi.org/10.1523/JNEUROSCI.1156-13.2014
https://doi.org/10.1523/JNEUROSCI.1156-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24741059
https://doi.org/10.1152/jn.00858.2013
http://www.ncbi.nlm.nih.gov/pubmed/25392176
https://doi.org/10.1073/pnas.1310065110
https://doi.org/10.1073/pnas.1310065110
http://www.ncbi.nlm.nih.gov/pubmed/24218625
https://doi.org/10.1038/s41467-019-08441-5
http://www.ncbi.nlm.nih.gov/pubmed/30755613
https://doi.org/10.1016/0306-4522(86)90155-7
http://www.ncbi.nlm.nih.gov/pubmed/3736860
https://doi.org/10.1073/pnas.0605643104
http://www.ncbi.nlm.nih.gov/pubmed/17185420
https://doi.org/10.1002/glia.23774
http://www.ncbi.nlm.nih.gov/pubmed/31880353
http://www.ncbi.nlm.nih.gov/pubmed/31880353
https://doi.org/10.1002/glia.22933
http://www.ncbi.nlm.nih.gov/pubmed/26496414
https://doi.org/10.7554/eLife.63329

e Llfe Research article

Neuroscience

Marvin JS, Borghuis BG, Tian L, Cichon J, Harnett MT, Akerboom J, Gordus A, Renninger SL, Chen TW,
Bargmann ClI, Orger MB, Schreiter ER, Demb JB, Gan WB, Hires SA, Looger LL. 2013. An optimized fluorescent
probe for visualizing glutamate neurotransmission. Nature Methods 10:162-170. DOI: https://doi.org/10.1038/
nmeth.2333, PMID: 23314171

Massimini M, Huber R, Ferrarelli F, Hill S, Tononi G. 2004. The sleep slow oscillation as a traveling wave. Journal
of Neuroscience 24:6862-6870. DOI: https://doi.org/10.1523/JNEUROSCI.1318-04.2004, PMID: 15295020

Mena-Segovia J, Sims HM, Magill PJ, Bolam JP. 2008. Cholinergic brainstem neurons modulate cortical gamma
activity during slow oscillations. The Journal of Physiology 586:2947-2960. DOI: https://doi.org/10.1113/
jphysiol.2008.153874, PMID: 18440991

Mikhail C, Vaucher A, Jimenez S, Tafti M. 2017. ERK signaling pathway regulates sleep duration through activity-
induced gene expression during wakefulness. Science Signaling 10:eaai9219. DOI: https://doi.org/10.1126/
scisignal.aai?219, PMID: 28119463

Murphy-Royal C, Johnston AD, Boyce AKJ, Diaz-Castro B, Institoris A, Peringod G, Zhang O, Stout RF, Spray
DC, Thompson RJ, Khakh BS, Bains JS, Gordon GR. 2020. Stress gates an astrocytic energy reservoir to impair
synaptic plasticity. Nature Communications 11:2014. DOI: https://doi.org/10.1038/s41467-020-15778-9,

PMID: 32332733

Nagai J, Rajbhandari AK, Gangwani MR, Hachisuka A, Coppola G, Masmanidis SC, Fanselow MS, Khakh BS.
2019. Hyperactivity with disrupted attention by activation of an astrocyte synaptogenic cue. Cell 177:1280-
1292. DOI: https://doi.org/10.1016/j.cell.2019.03.019, PMID: 31031006

Niethard N, Ngo HV, Ehrlich I, Born J. 2018. Cortical circuit activity underlying sleep slow oscillations and
spindles. PNAS 115:E9220-E9229. DOI: https://doi.org/10.1073/pnas. 1805517115, PMID: 30209214

Nimmerjahn A, Mukamel EA, Schnitzer MJ. 2009. Motor behavior activates Bergmann glial networks. Neuron 62:
400-412. DOI: https://doi.org/10.1016/j.neuron.2009.03.019, PMID: 19447095

Nir Y, Staba RJ, Andrillon T, Vyazovskiy WV, Cirelli C, Fried |, Tononi G. 2011. Regional slow waves and spindles
in human sleep. Neuron 70:153-169. DOI: https://doi.org/10.1016/j.neuron.2011.02.043, PMID: 21482364

Ode KL, Katsumata T, Tone D, Ueda HR. 2017. Fast and slow Ca®*-dependent hyperpolarization mechanisms
connect membrane potential and sleep homeostasis. Current Opinion in Neurobiology 44:212-221.

DOI: https://doi.org/10.1016/j.conb.2017.05.007, PMID: 28575719

Pankratov Y, Lalo U. 2015. Role for astroglial a.1-adrenoreceptors in Gliotransmission and control of synaptic
plasticity in the neocortex. Frontiers in Cellular Neuroscience 9:230. DOI: https://doi.org/10.3389/fncel.2015.
00230

Panula P, Pirvola U, Auvinen S, Airaksinen MS. 1989. Histamine-immunoreactive nerve fibers in the rat brain.
Neuroscience 28:585-610. DOI: https://doi.org/10.1016/0306-4522(89)90007-9, PMID: 2710333

Papouin T, Dunphy JM, Tolman M, Dineley KT, Haydon PG. 2017. Septal cholinergic neuromodulation tunes the
Astrocyte-Dependent gating of hippocampal NMDA receptors to wakefulness. Neuron 94:840-854.

DOI: https://doi.org/10.1016/j.neuron.2017.04.021

Patrick GTW, Gilbert JA. 1896. Studies from the psychological laboratory of the university of iowa: on the effects
of loss of sleep. Psychological Review 3:469-483. DOI: https://doi.org/10.1037/h0075739

Paukert M, Agarwal A, Cha J, Doze VA, Kang JU, Bergles DE. 2014. Norepinephrine controls astroglial
responsiveness to local circuit activity. Neuron 82:1263-1270. DOI: https://doi.org/10.1016/j.neuron.2014.04.
038, PMID: 24945771

Petit JM, Magistretti PJ. 2016. Regulation of neuron-astrocyte metabolic coupling across the sleep-wake cycle.
Neuroscience 323:135-156. DOI: https://doi.org/10.1016/].neuroscience.2015.12.007, PMID: 26704637

Petravicz J, Fiacco TA, McCarthy KD. 2008. Loss of IP3 receptor-dependent Ca2+ increases in hippocampal
astrocytes does not affect baseline CA1 pyramidal neuron synaptic activity. Journal of Neuroscience 28:4967-
4973. DOI: https://doi.org/10.1523/JNEUROSCI.5572-07.2008, PMID: 18463250

Poskanzer KE, Yuste R. 2011. Astrocytic regulation of cortical UP states. PNAS 108:18453-18458. DOI: https://
doi.org/10.1073/pnas.1112378108, PMID: 22027012

Poskanzer KE, Yuste R. 2016. Astrocytes regulate cortical state switching in vivo. PNAS 113:E2675-E2684.

DOI: https://doi.org/10.1073/pnas.1520759113, PMID: 27122314

Riedner BA, Vyazovskiy VV, Huber R, Massimini M, Esser S, Murphy M, Tononi G. 2007. Sleep homeostasis and
cortical synchronization: iii. A high-density EEG study of sleep slow waves in humans. Sleep 30:1643-1657.
DOI: https://doi.org/10.1093/sleep/30.12.1643, PMID: 18246974

Roth BL. 2016. DREADD:s for neuroscientists. Neuron 89:683-694. DOI: https://doi.org/10.1016/j.neuron.2016.
01.040, PMID: 26889809

Sakuragi S, Niwa F, Oda Y, Mikoshiba K, Bannai H. 2017. Astroglial Ca®* signaling is generated by the
coordination of IP3R and store-operated Ca®* channels. Biochemical and Biophysical Research Communications
486:879-885. DOI: https://doi.org/10.1016/].bbrc.2017.03.096, PMID: 28336440

Sanchez-Vives MV, Mattia M. 2014. Slow wave activity as the default mode of the cerebral cortex. Archives
Italiennes De Biologie 152:147-155. DOI: https://doi.org/10.12871/000298292014239, PMID: 25828686

Sanchez-Vives MV, McCormick DA. 2000. Cellular and network mechanisms of rhythmic recurrent activity in
neocortex. Nature Neuroscience 3:1027-1034. DOI: https://doi.org/10.1038/79848, PMID: 11017176

Saper CB, Fuller PM. 2017. Wake-sleep circuitry: an overview. Current Opinion in Neurobiology 44:186-192.
DOI: https://doi.org/10.1016/j.conb.2017.03.021, PMID: 28577468

Sardinha VM, Guerra-Gomes S, Caetano |, Tavares G, Martins M, Reis JS, Correia JS, Teixeira-Castro A, Pinto L,
Sousa N, Oliveira JF. 2017. Astrocytic signaling supports hippocampal-prefrontal theta synchronization and
cognitive function. Glia 65:1944-1960. DOI: https://doi.org/10.1002/glia.23205, PMID: 28885722

Vaidyanathan et al. eLife 2021;10:€63329. DOI: https://doi.org/10.7554/eLife.63329 30 of 32


https://doi.org/10.1038/nmeth.2333
https://doi.org/10.1038/nmeth.2333
http://www.ncbi.nlm.nih.gov/pubmed/23314171
https://doi.org/10.1523/JNEUROSCI.1318-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15295020
https://doi.org/10.1113/jphysiol.2008.153874
https://doi.org/10.1113/jphysiol.2008.153874
http://www.ncbi.nlm.nih.gov/pubmed/18440991
https://doi.org/10.1126/scisignal.aai9219
https://doi.org/10.1126/scisignal.aai9219
http://www.ncbi.nlm.nih.gov/pubmed/28119463
https://doi.org/10.1038/s41467-020-15778-9
http://www.ncbi.nlm.nih.gov/pubmed/32332733
https://doi.org/10.1016/j.cell.2019.03.019
http://www.ncbi.nlm.nih.gov/pubmed/31031006
https://doi.org/10.1073/pnas.1805517115
http://www.ncbi.nlm.nih.gov/pubmed/30209214
https://doi.org/10.1016/j.neuron.2009.03.019
http://www.ncbi.nlm.nih.gov/pubmed/19447095
https://doi.org/10.1016/j.neuron.2011.02.043
http://www.ncbi.nlm.nih.gov/pubmed/21482364
https://doi.org/10.1016/j.conb.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28575719
https://doi.org/10.3389/fncel.2015.00230
https://doi.org/10.3389/fncel.2015.00230
https://doi.org/10.1016/0306-4522(89)90007-9
http://www.ncbi.nlm.nih.gov/pubmed/2710333
https://doi.org/10.1016/j.neuron.2017.04.021
https://doi.org/10.1037/h0075739
https://doi.org/10.1016/j.neuron.2014.04.038
https://doi.org/10.1016/j.neuron.2014.04.038
http://www.ncbi.nlm.nih.gov/pubmed/24945771
https://doi.org/10.1016/j.neuroscience.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26704637
https://doi.org/10.1523/JNEUROSCI.5572-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18463250
https://doi.org/10.1073/pnas.1112378108
https://doi.org/10.1073/pnas.1112378108
http://www.ncbi.nlm.nih.gov/pubmed/22027012
https://doi.org/10.1073/pnas.1520759113
http://www.ncbi.nlm.nih.gov/pubmed/27122314
https://doi.org/10.1093/sleep/30.12.1643
http://www.ncbi.nlm.nih.gov/pubmed/18246974
https://doi.org/10.1016/j.neuron.2016.01.040
https://doi.org/10.1016/j.neuron.2016.01.040
http://www.ncbi.nlm.nih.gov/pubmed/26889809
https://doi.org/10.1016/j.bbrc.2017.03.096
http://www.ncbi.nlm.nih.gov/pubmed/28336440
https://doi.org/10.12871/000298292014239
http://www.ncbi.nlm.nih.gov/pubmed/25828686
https://doi.org/10.1038/79848
http://www.ncbi.nlm.nih.gov/pubmed/11017176
https://doi.org/10.1016/j.conb.2017.03.021
http://www.ncbi.nlm.nih.gov/pubmed/28577468
https://doi.org/10.1002/glia.23205
http://www.ncbi.nlm.nih.gov/pubmed/28885722
https://doi.org/10.7554/eLife.63329

e Llfe Research article

Neuroscience

Scammell TE, Arrigoni E, Lipton JO. 2017. Neural circuitry of wakefulness and sleep. Neuron 93:747-765.
DOI: https://doi.org/10.1016/j.neuron.2017.01.014, PMID: 28231463

Seibt J, Richard CJ, Sigl-Gléckner J, Takahashi N, Kaplan DI, Doron G, de Limoges D, Bocklisch C, Larkum ME.
2017. Cortical dendritic activity correlates with spindle-rich oscillations during sleep in rodents. Nature
Communications 8:684. DOI: https://doi.org/10.1038/s41467-017-00735-w, PMID: 28947770

Shelton MK, McCarthy KD. 2000. Hippocampal astrocytes exhibit Ca2+-elevating muscarinic cholinergic and
histaminergic receptors in situ. Journal of Neurochemistry 74:555-563. DOI: https://doi.org/10.1046/].1471-
4159.2000.740555.x, PMID: 10646506

Sheroziya M, Timofeev |. 2014. Global intracellular slow-wave dynamics of the thalamocortical system. Journal of
Neuroscience 34:8875-8893. DOI: https://doi.org/10.1523/JNEUROSCI.4460-13.2014, PMID: 24966387

Shigetomi E, Bushong EA, Haustein MD, Tong X, Jackson-Weaver O, Kracun S, Xu J, Sofroniew MV, Ellisman
MH, Khakh BS. 2013. Imaging calcium microdomains within entire astrocyte territories and endfeet with
GCaMPs expressed using adeno-associated viruses. Journal of General Physiology 141:633-647. DOI: https://
doi.org/10.1085/jgp.201210949, PMID: 23589582

Shigetomi E, Patel S, Khakh BS. 2016. Probing the complexities of astrocyte calcium signaling. Trends in Cell
Biology 26:300-312. DOI: https://doi.org/10.1016/].tcb.2016.01.003, PMID: 26896246

Siclari F, Bernardi G, Riedner BA, LaRocque JJ, Benca RM, Tononi G. 2014. Two distinct synchronization
processes in the transition to sleep: a high-density electroencephalographic study. Sleep 37:1621-1637.
DOI: https://doi.org/10.5665/sleep.4070, PMID: 25197810

Siclari F, Tononi G. 2017. Local aspects of sleep and wakefulness. Current Opinion in Neurobiology 44:222-227.
DOI: https://doi.org/10.1016/j.conb.2017.05.008, PMID: 28575720

Siuda ER, Copits BA, Schmidt MJ, Baird MA, Al-Hasani R, Planer WJ, Funderburk SC, McCall JG, Gereau RW,
Bruchas MR. 2015. Spatiotemporal control of opioid signaling and behavior. Neuron 86:923-935. DOI: https://
doi.org/10.1016/j.neuron.2015.03.066, PMID: 25937173

Spoormaker VI, Schréter MS, Gleiser PM, Andrade KC, Dresler M, Wehrle R, Sdmann PG, Czisch M. 2010.
Development of a large-scale functional brain network during human non-rapid eye movement sleep. Journal
of Neuroscience 30:11379-11387. DOI: https://doi.org/10.1523/JNEUROSCI.2015-10.2010, PMID: 20739559

Srinivasan R, Huang BS, Venugopal S, Johnston AD, Chai H, Zeng H, Golshani P, Khakh BS. 2015. Ca(2+)
signaling in astrocytes from Ip3r2(-/-) mice in brain slices and during startle responses in vivo. Nature
Neuroscience 18:708-717. DOI: https://doi.org/10.1038/nn.4001, PMID: 25894291

Steriade M, McCormick DA, Sejnowski TJ. 1993. Thalamocortical oscillations in the sleeping and aroused brain.
Science 262:679-685. DOI: https://doi.org/10.1126/science.8235588, PMID: 8235588

Steriade M, Amzica F, Contreras D. 1996. Synchronization of fast (30-40 hz) spontaneous cortical rhythms during
brain activation. The Journal of Neuroscience 16:392-417. DOI: https://doi.org/10.1523/JNEUROSCI.16-01-
00392.1996, PMID: 8613806

Steriade M. 2006. Grouping of brain rhythms in corticothalamic systems. Neuroscience 137:1087-1106.
DOI: https://doi.org/10.1016/j.neuroscience.2005.10.029, PMID: 16343791

Steriade M, Timofeev |. 2003. Neuronal plasticity in thalamocortical networks during sleep and waking
oscillations. Neuron 37:563-576. DOI: https://doi.org/10.1016/S0896-6273(03)00065-5, PMID: 12597855

Stobart JL, Ferrari KD, Barrett MJP, Glick C, Stobart MJ, Zuend M, Weber B. 2018. Cortical circuit activity
evokes rapid astrocyte calcium signals on a similar timescale to neurons. Neuron 98:726-735. DOI: https://doi.
org/10.1016/j.neuron.2018.03.050, PMID: 29706581

Stroh A, Adelsberger H, Groh A, Rihimann C, Fischer S, Schierloh A, Deisseroth K, Konnerth A. 2013. Making
waves: initiation and propagation of corticothalamic Ca2+ waves in vivo. Neuron 77:1136-1150. DOI: https://
doi.org/10.1016/j.neuron.2013.01.031, PMID: 23522048

Suzuki A, Sinton CM, Greene RW, Yanagisawa M. 2013. Behavioral and biochemical dissociation of arousal and
homeostatic sleep need influenced by prior wakeful experience in mice. PNAS 110:10288-10293. DOI: https://
doi.org/10.1073/pnas.1308295110

Szabé Z, Héja L, Szalay G, Kékesi O, Firedi A, Szebényi K, Dobolyi A, Orban Tl, Kolacsek O, Tompa T, Miskolczy
Z, Biczok L, Rézsa B, Sarkadi B, Kardos J. 2017. Extensive astrocyte synchronization advances neuronal coupling
in slow wave activity in vivo. Scientific Reports 7:6018. DOI: https://doi.org/10.1038/s41598-017-06073-7,
PMID: 28729692

Takahashi K, Lin JS, Sakai K. 2006. Neuronal activity of histaminergic tuberomammillary neurons during wake-
sleep states in the mouse. Journal of Neuroscience 26:10292-10298. DOI: https://doi.org/10.1523/
JNEUROSCI.2341-06.2006, PMID: 17021184

Takata N, Mishima T, Hisatsune C, Nagai T, Ebisui E, Mikoshiba K, Hirase H. 2011. Astrocyte calcium signaling
transforms cholinergic modulation to cortical plasticity in vivo. Journal of Neuroscience 31:18155-18165.
DOI: https://doi.org/10.1523/JNEUROSCI.5289-11.2011, PMID: 22159127

Tatsuki F, Sunagawa GA, Shi S, Susaki EA, Yukinaga H, Perrin D, Sumiyama K, Ukai-Tadenuma M, Fujishima H,
Ohno R, Tone D, Ode KL, Matsumoto K, Ueda HR. 2016. Involvement of ca(2+)-Dependent hyperpolarization in
sleep duration in mammals. Neuron 90:70-85. DOI: https://doi.org/10.1016/].neuron.2016.02.032, PMID: 26
996081

Tononi G, Cirelli C. 2006. Sleep function and synaptic homeostasis. Sleep Medicine Reviews 10:49-62.
DOI: https://doi.org/10.1016/j.smrv.2005.05.002, PMID: 16376591

Tononi G, Cirelli C. 2014. Sleep and the price of plasticity: from synaptic and cellular homeostasis to memory
consolidation and integration. Neuron 81:12-34. DOI: https://doi.org/10.1016/j.neuron.2013.12.025,
PMID: 24411729

Vaidyanathan et al. eLife 2021;10:€63329. DOI: https://doi.org/10.7554/eLife.63329 31 0f 32


https://doi.org/10.1016/j.neuron.2017.01.014
http://www.ncbi.nlm.nih.gov/pubmed/28231463
https://doi.org/10.1038/s41467-017-00735-w
http://www.ncbi.nlm.nih.gov/pubmed/28947770
https://doi.org/10.1046/j.1471-4159.2000.740555.x
https://doi.org/10.1046/j.1471-4159.2000.740555.x
http://www.ncbi.nlm.nih.gov/pubmed/10646506
https://doi.org/10.1523/JNEUROSCI.4460-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24966387
https://doi.org/10.1085/jgp.201210949
https://doi.org/10.1085/jgp.201210949
http://www.ncbi.nlm.nih.gov/pubmed/23589582
https://doi.org/10.1016/j.tcb.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26896246
https://doi.org/10.5665/sleep.4070
http://www.ncbi.nlm.nih.gov/pubmed/25197810
https://doi.org/10.1016/j.conb.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28575720
https://doi.org/10.1016/j.neuron.2015.03.066
https://doi.org/10.1016/j.neuron.2015.03.066
http://www.ncbi.nlm.nih.gov/pubmed/25937173
https://doi.org/10.1523/JNEUROSCI.2015-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20739559
https://doi.org/10.1038/nn.4001
http://www.ncbi.nlm.nih.gov/pubmed/25894291
https://doi.org/10.1126/science.8235588
http://www.ncbi.nlm.nih.gov/pubmed/8235588
https://doi.org/10.1523/JNEUROSCI.16-01-00392.1996
https://doi.org/10.1523/JNEUROSCI.16-01-00392.1996
http://www.ncbi.nlm.nih.gov/pubmed/8613806
https://doi.org/10.1016/j.neuroscience.2005.10.029
http://www.ncbi.nlm.nih.gov/pubmed/16343791
https://doi.org/10.1016/S0896-6273(03)00065-5
http://www.ncbi.nlm.nih.gov/pubmed/12597855
https://doi.org/10.1016/j.neuron.2018.03.050
https://doi.org/10.1016/j.neuron.2018.03.050
http://www.ncbi.nlm.nih.gov/pubmed/29706581
https://doi.org/10.1016/j.neuron.2013.01.031
https://doi.org/10.1016/j.neuron.2013.01.031
http://www.ncbi.nlm.nih.gov/pubmed/23522048
https://doi.org/10.1073/pnas.1308295110
https://doi.org/10.1073/pnas.1308295110
https://doi.org/10.1038/s41598-017-06073-7
http://www.ncbi.nlm.nih.gov/pubmed/28729692
https://doi.org/10.1523/JNEUROSCI.2341-06.2006
https://doi.org/10.1523/JNEUROSCI.2341-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17021184
https://doi.org/10.1523/JNEUROSCI.5289-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22159127
https://doi.org/10.1016/j.neuron.2016.02.032
http://www.ncbi.nlm.nih.gov/pubmed/26996081
http://www.ncbi.nlm.nih.gov/pubmed/26996081
https://doi.org/10.1016/j.smrv.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/16376591
https://doi.org/10.1016/j.neuron.2013.12.025
http://www.ncbi.nlm.nih.gov/pubmed/24411729
https://doi.org/10.7554/eLife.63329

e Llfe Research article

Neuroscience

Tononi G, Cirelli C. 2020. Sleep and synaptic down-selection. European Journal of Neuroscience 51:413-421.
DOI: https://doi.org/10.1111/ejn.14335, PMID: 30614089

Trulson ME, Jacobs BL. 1979. Raphe unit activity in freely moving cats: correlation with level of behavioral
arousal. Brain Research 163:135-150. DOI: https://doi.org/10.1016/0006-8993(79)90157-4, PMID: 218676

Ulv Larsen SM, Landolt HP, Berger W, Nedergaard M, Knudsen GM, Holst SC. 2020. Haplotype of the astrocytic
water channel AQP4 is associated with slow wave energy regulation in human NREM sleep. PLOS Biology 18:
€3000623. DOI: https://doi.org/10.1371/journal.pbio.3000623, PMID: 32369477

Valderrama M, Crépon B, Botella-Soler V, Martinerie J, Hasboun D, Alvarado-Rojas C, Baulac M, Adam C,
Navarro V, Le Van Quyen M. 2012. Human gamma oscillations during slow wave sleep. PLOS ONE 7:e33477.
DOI: https://doi.org/10.1371/journal.pone.0033477, PMID: 22496749

Volgushev M, Chauvette S, Mukovski M, Timofeev |. 2006. Precise long-range synchronization of activity and
silence in neocortical neurons during slow-wave oscillations [corrected]. Journal of Neuroscience 26:5665-5672.
DOI: https://doi.org/10.1523/JNEUROSCI.0279-06.2006, PMID: 16723523

Wang Y, DelRosso NV, Vaidyanathan TV, Cahill MK, Reitman ME, Pittolo S, Mi X, Yu G, Poskanzer KE. 2019.
Accurate quantification of astrocyte and neurotransmitter fluorescence dynamics for single-cell and population-
level physiology. Nature Neuroscience 22:1936-1944. DOI: https://doi.org/10.1038/s41593-019-0492-2,
PMID: 31570865

Wolansky T, Clement EA, Peters SR, Palczak MA, Dickson CT. 2006. Hippocampal slow oscillation: a novel EEG
state and its coordination with ongoing neocortical activity. Journal of Neuroscience 26:6213-6229.
DOI: https://doi.org/10.1523/JNEUROSCI.5594-05.2006, PMID: 16763029

Woolf NJ. 1991. Cholinergic systems in mammalian brain and spinal cord. Progress in Neurobiology 37:475-524.
DOI: https://doi.org/10.1016/0301-0082(91)90006-M, PMID: 1763188

Wu Z. 2020. A GRAB sensor reveals activity-dependent non-vesicular somatodendritic adenosine release.
bioRxiv. DOI: https://doi.org/10.1101/2020.05.04.075564

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, Phatnani HP, Guarnieri P, Caneda C, Ruderisch
N, Deng S, Liddelow SA, Zhang C, Daneman R, Maniatis T, Barres BA, Wu JQ. 2014. An RNA-sequencing
transcriptome and splicing database of Glia, neurons, and vascular cells of the cerebral cortex. Journal of
Neuroscience 34:11929-11947. DOI: https://doi.org/10.1523/JNEUROSCI.1860-14.2014, PMID: 25186741

Zucca S, D'Urso G, Pasquale V, Vecchia D, Pica G, Bovetti S, Moretti C, Varani S, Molano-Mazén M, Chiappalone
M, Panzeri S, Fellin T. 2017. An inhibitory gate for state transition in cortex. eLife 6:26177. DOI: https://doi.
org/10.7554/elife.26177, PMID: 28509666

Vaidyanathan et al. eLife 2021;10:€63329. DOI: https://doi.org/10.7554/eLife.63329 32 0of 32


https://doi.org/10.1111/ejn.14335
http://www.ncbi.nlm.nih.gov/pubmed/30614089
https://doi.org/10.1016/0006-8993(79)90157-4
http://www.ncbi.nlm.nih.gov/pubmed/218676
https://doi.org/10.1371/journal.pbio.3000623
http://www.ncbi.nlm.nih.gov/pubmed/32369477
https://doi.org/10.1371/journal.pone.0033477
http://www.ncbi.nlm.nih.gov/pubmed/22496749
https://doi.org/10.1523/JNEUROSCI.0279-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16723523
https://doi.org/10.1038/s41593-019-0492-2
http://www.ncbi.nlm.nih.gov/pubmed/31570865
https://doi.org/10.1523/JNEUROSCI.5594-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16763029
https://doi.org/10.1016/0301-0082(91)90006-M
http://www.ncbi.nlm.nih.gov/pubmed/1763188
https://doi.org/10.1101/2020.05.04.075564
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25186741
https://doi.org/10.7554/eLife.26177
https://doi.org/10.7554/eLife.26177
http://www.ncbi.nlm.nih.gov/pubmed/28509666
https://doi.org/10.7554/eLife.63329

