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SUMMARY
Mammalian sleep expression and regulation have historically been thought to reflect the activity of neurons.
Changes in other brain cells (glia) across the sleep-wake cycle and their role in sleep regulation are compar-
atively unexplored. We show that sleep and wakefulness are accompanied by state-dependent changes in
astroglial activity. Using a miniature microscope in freely behaving mice and a two-photon microscope in
head-fixed, unanesthetized mice, we show that astroglial calcium signals are highest in wake and lowest
in sleep and are most pronounced in astroglial processes. We also find that astroglial calcium signals during
non-rapid eye movement sleep change in proportion to sleep need. In contrast to neurons, astrocytes
become less synchronized during non-rapid eye movement sleep after sleep deprivation at the network
and single-cell level. Finally, we show that conditionally reducing intracellular calcium in astrocytes impairs
the homeostatic response to sleep deprivation. Thus, astroglial calcium activity changes dynamically across
vigilance states, is proportional to sleep need, and is a component of the sleep homeostat.
INTRODUCTION

The glial cells known as astrocytes are hypothesized to play

important roles in mammalian sleep [1]. They secrete sleep-

inducing substances, and sleep influences the morphology,

gene expression, and proliferation of different glial cells [1]. As-

trocytes are also densely concentrated throughout the brain

including regions important for sleep and wake [2]. They sur-

round synapses, respond non-linearly to neurotransmitters,

and via several different mechanisms (e.g., metabolism, neuro-

transmitter uptake, and gliotransmission) modulate neuronal ac-

tivity [3–6]. This confers upon these cells the ability to integrate

and respond to changes in neurons, providing a feedback

mechanism to regulate neuronal activity [3–5, 7, 8]. There are,

however, two critical and unaddressed issues regarding the

role of astrocytes in sleep.

A key feature of mammalian sleep is that it is accompanied by

widespread and diverse changes in cortical neuronal activity [9].

In the late 1950s, this observation led to a revolution in our under-

standing of sleep. Sleep was originally described as a ‘‘passive’’

state in which the sleeping brain was quiescent [10]. However,

the discovery of rapid eyemovement sleep (REMS) demonstrated

that sleep is accompanied by dynamic changes in neuronal activ-

ity [10–12]. Sleep has been subsequently discussed and

described almost entirely based on neuronal measurements. As-

trocytes, however, could be just as dynamic as neurons across

the sleep-wake cycle, albeit in different ways. If true, this could

trigger a fundamental change in our understanding of sleep by

revealing an entirely different level of brain organization that also
Current Bio
changes with sleep. This intriguing possibility has not been inves-

tigated. Previous sleep studies of astrocytes relied on ex vivo

measurements (e.g., changes in mRNAs or proteins) [13–15] or

did not measure natural patterns of activity in sleep [16].

Homeostasis is a second key feature of sleep. In all mammals,

sleep intensity (as measured by electroencephalographic [EEG]

activity) and/or sleep duration increases as a function of prior

time spent awake [17]. Sleep homeostasis has also been histor-

ically thought to be primarily a product of neurons [1]. Recent

findings suggest that astrocytes may be part of the mammalian

sleep homeostat [2, 18], but the cellular mechanisms governing

this putative feedback circuit are controversial and largely unex-

plored [1]. It is also unknown whether essential astroglial

signaling pathways, notably intracellular calcium (Ca2+), encode

sleep need or are essential components of sleep homeostasis.

Unlike neurons, astrocytes show minimal electrical activity and

use Ca2+ to mediate intracellular functions [19]. We performed

several experiments to investigate these two issues.

RESULTS

Astroglial Ca2+ Signals Change with Vigilance State
We first determined whether astroglial intracellular Ca2+ signals

change across naturally cycling vigilance states. To do this, we

expressed the genetically encoded Ca2+ indicator GCaMP6f

selectively in frontal cortex astrocytes of C57BL/6J mice (n =

6; Figure 1A). This is because the frontal cortex shows the great-

est dynamic range of non-rapid eye movement sleep (NREMS)

slow wave activity (SWA), a canonical index of mammalian sleep
logy 30, 4373–4383, November 16, 2020 ª 2020 Elsevier Inc. 4373
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Figure 1. Astroglial Ca2+ Signals Change with Vigilance State and Time of Day

(A) Representative images from one mouse showing microinjection of AAV2/5 GfaABC1D-GCaMP6f in cortex results in selective expression of GCaMP6f in

GFAP+ astrocytes (top) but not in NeuN+ neurons (bottom). GCaMP6f labeling (green) is native, whereas astrocytes (GFAP; magenta) and neurons (NeuN;

magenta) are immunolabeled. 403 objective; scale bar, 20 mm.

(B) Cartoon showing dual EEG & EMG recording and astroglial Ca2+ imaging in the frontal cortex through a cranial window.

(C) Maximum projection DF/F images of Ca2+ imaging in astrocytes during wake, NREMS, and REMS from Video S1 using the miniature microscope and Inscopix

Data Processing Software. The time incorporated for each image corresponds to the traces shown in (D) (REMS: 50 s; wake: 28 s; NREMS: 48 s). Scale bar, 100 mm.

(legend continued on next page)

ll

4374 Current Biology 30, 4373–4383, November 16, 2020

Article



ll
Article
need [2, 20]. We then recorded EEG and electromyographic

(EMG) activity while simultaneously imaging changes in astro-

glial GCaMP6f Ca2+ signals in unanesthetized, freely behaving

mice using a head-mounted, epifluorescent miniature micro-

scope (Figures 1B–1D; Figure S1; Video S1).

We found significant between-state differences in astroglial

Ca2+ signals based on three metrics: mean GCaMP6f fluores-

cence (DF/F), frequency of GCaMP6f Ca2+ events, and ampli-

tude of GCaMP6f Ca2+ events (see STAR Methods for details).

All threemeasures showed state-dependent changes (Figure 1E,

mean DF/F: c2 = 914.39, p < 0.001; Figure 1F, frequency of Ca2+

events: c2 = 295.64, p < 0.001; Figure 1G, amplitude of Ca2+

events: c2 = 779.48, p < 0.001). Mean DF/F, frequency of Ca2+

events and amplitude of Ca2+ events were all greatest in wake

and lowest in REMS. The negativemeanDF/F values in Figure 1E

indicate that, on average, fluorescent values for sleep were less

than the median fluorescent value used to calculate DF/F (see

STAR Methods for details). In other words, negative DF/F values

do not signify that absolute Ca2+ concentrations were less than

0. Instead, this means that cytosolic Ca2+ of astrocytes was

lower in sleep compared to wake. An additional striking observa-

tionwas the transition fromREMS towake, whichwas accompa-

nied by large changes inDF/F (Figure 1H; Video S1). Collectively,

these data show that astrocytes (like neurons) display dynamic

changes in activity across the sleep-wake cycle.

We next explored whether astroglial Ca2+ signals change

across the rest phase. This would provide insight into whether

astrocytes encode sleep need because sleep need (as

measured by NREM SWA) is high at the beginning of the rest

phase (Zeitgeber time [ZT] 0) and discharged by the end (ZT12)

[21, 22]. We found that mean DF/F during NREMS was maximal

at ZT0 and reached a nadir at ZT12 (F(2, 1566.18) = 85.93, p <

0.001) in parallel with changes in NREM SWA (Figure 1I; F(2,

387.07) = 9.13, p < 0.001). Changes in wake and REMS, howev-

er, were more variable over time (Figures S1C and S1D) as were

changes in frequency of Ca2+ events and amplitude of Ca2+

events (data not shown). These results suggest that astrocytes

change their activity in parallel with sleep need, and this is

most consistently found in NREMS.

Astroglial Ca2+ Signals Are More Dynamic in the
Processes Compared to Somata
We then determined whether changes in Ca2+ signals were uni-

form throughout the astrocyte or compartmentalized in the soma

versus the processes. This was of interest because Ca2+ signals

in astroglial processes can occur independently from the soma

and may reflect different types of functions [19, 23–27]. Because

the signal captured by the miniature microscope includes both
(D) Representative Ca2+-induced fluorescent trace from one ROI from Video S1,

(E) Mean (±SEM) DF/F during wake (W), NREMS (NR), and REMS (R) at ZT6 (Frie

(F) Number of astroglial Ca2+ events per 4 s vigilance state epoch expressed as

(G) Distribution of Ca2+ event amplitudes organized by smallest (low deciles) to

comparisons at ZT6. Black squares in boxplots denote means (wake = 4.84; NR

(H) Heatmaps show Ca2+-induced fluorescence traces from 110 regions of interes

between vigilance states. Line plots are meanDF/F (±SEM) during state transitions

state transition.

(I) MeanDF/F during NREMSand baseline NREMSEEGdelta (d) power (i.e., NREM

of the last 4 h of the light period. Values are means ± SEM. a, different from ZT0; b,

individual ROIs from 6 mice. *Vigilance state differences. p < 0.05. See also Figu
somatic and process activity, we used two-photon microscopy

to more precisely examine how astroglial Ca2+ signals

change in these subcellular regions in frontal cortex of unanes-

thetized C57BL/6J mice (n = 4) across vigilance states (Figures

2A and 2B; Video S2). During wake, NREMS, and REMS, astro-

glial processes showed greater frequency of single Ca2+ events

compared to somata (Figure 2C; wake: U = 41221.00, p < 0.001;

NREMS: U = 456161.50, p < 0.001; REMS: U = 45023.00, p <

0.001). Furthermore, mean DF/F was greater in astroglial pro-

cesses compared to somata during wake (Figure 2D; U =

99967.50, p < 0.001) and NREMS (U = 87228.00, p < 0.001).

REMS exhibited a similar trend (U = 63555.00, p = 0.102). Further

analyses measuring DF/F differences between somata and pro-

cesses revealed that the bias toward processes was largest in

wake and REMS (Figure 2E; c2 = 267.57, p < 0.001). Overall,

these findings indicate that astroglial activity is not uniformwithin

the cell during sleep and wake but biased to processes.

We next determined how the spread and movement of astro-

glial Ca2+ signals within the processes of single astrocytes

changes with vigilance state. Within individual astrocytes, Ca2+

signals display diverse spatiotemporal patterns, which may

serve different neurobiological functions [19, 27]. Using an

event-based analysis program, Astrocyte Quantitative Analysis

(AQuA) [28], Ca2+ events within single astrocytes were identified

via a series of previously established parameters [28] (see STAR

Methods) using two-photon microscopy data from unanesthe-

tized adult mice. We restricted our measurements to previously

used metrics that capture the heterogeneity of Ca2+ events

within astroglial processes [28]. Astroglial Ca2+ events were

divided into ‘‘propagating’’ (Figures 3A and 3B) and ‘‘static’’

events as described previously (Figures 3C and 3D) [28]. Briefly,

the AQuA algorithm defines propagating events as Ca2+ events

that grow or move toward or away from the soma (Figure 3A),

whereas static events are Ca2+ events that do not propagate

(Figure 3C) [28]. These events were further parsed into subcellu-

lar events that started closest to the soma (<50%) and events

that started farthest from the soma (>50%) based on the dis-

tance between the soma and the cell border (Figure S2A) [28].

We next determined the area (i.e., size in mm2) and duration

(i.e., length of event onset to event offset in seconds) of individual

astroglial Ca2+ events. We focused on wake and NREMS at ZT6.

Similar analyses were not performed in REMS as there were too

few REMS episodes of sufficient length for AQuA processing.

Under baseline conditions, the area and duration of propagating

(Figure 3B) and static (Figure 3D) Ca2+ events were generally

greater during wake compared to NREMS (see Table S1 for sta-

tistics). The area and duration of Ca2+ events also tended to be

larger in regions farther from the soma (i.e., >50%), which was
EEG, EEG power spectrogram, and EMG in each vigilance state.

dman test).

means ± SEM at ZT6 (Friedman test).

largest (high deciles) values during wake, NREMS, and REMS and boxplot

EMS = 2.71; REMS = 2.30; Friedman test).

t (ROI) from a representative mouse during the 12 s before and after transitions

under baseline conditions for n = 6mice. Vertical, dashed lines indicate time of

SWA; 0.5–4Hz) at ZT0, 6, and 12. NREM d power is expressed as a percentage

different from ZT6 (linear mixed-effects model). Group means are from n = 586

re S1 and Video S1.

Current Biology 30, 4373–4383, November 16, 2020 4375



Figure 2. Astroglial Ca2+ Signals Differ be-

tween Somata and Processes

(A) Sum t stack projection image of GCaMP6f+

astrocytes from two-photon microscopy. Inset

shows examples of regions of interest for the soma

and processes (P1–P3) for a single astrocyte de-

picted in (B). Scale bar, 10 mm.

(B) Representative Ca2+ traces from an astrocyte

soma and 3 of its respective processes (P1–P3)

with aligned EEG power spectrogram, EEG, and

EMG.

(C) Number of Ca2+ events per 4 s vigilance state

epoch in somata (S) and processes (P) expressed

as means ± SEM under baseline conditions for

wake (W), NREMS (NR), and REMS (R) during the

rest phase (Mann-Whitney U test).

(D) Mean (±SEM) DF/F for wake, NREMS, and

REMS for astroglial somata (S) and processes (P)

under baseline conditions during the rest phase

(Mann-Whitney U test).

(E) Difference scores for DF/F between process

ROIs and their respective soma for W, NR, and R

during the rest phase (Friedman test). Black

squares in boxplots denote means (W = 2.40%;

NR = 1.40%; R = 2.31%). Group means are from

n = 60 somata and n = 6,074 process ROIs (i.e.,

individual squares within the grid) from 4 mice.

*Different from somata. #Difference between vig-

ilance states. p < 0.05. See also Video S2.

ll
Article
most evident for propagating events (Figure 3B; Table S1). We

also performed a more comprehensive analysis in which we

plotted the area and duration of all events against the starting

proximity to the soma (i.e., not based on the 50% delineation).

In confirmation of our initial results, the area of propagating

Ca2+ events increased as they moved away from the soma (Fig-

ure S2). Additionally, the duration of static Ca2+ signals was

longer in events starting closer to the soma (Figure S2). These

findings show that the spread and movement of astroglial Ca2+

events changes from wake to sleep and reveal a subcellular het-

erogeneity of Ca2+ signals in natural brain states.

Changes in Astroglial Ca2+ Encode Sleep Need
We next directly tested whether changes in astroglial Ca2+

encode changes in sleep need. This was suggested by our

time-of-day measures (Figure 1I), but sleep homeostasis is tradi-

tionally explored using sleep deprivation (SD). More specifically,

in these experiments we determined whether astroglial Ca2+ sig-

nals increased with SD and decreased during recovery sleep. To

do this, we sleep deprived freely behaving mice for 6 h (ZT0–6; a

procedure that produces maximal sleep pressure in mice [29])

and imaged astroglial Ca2+ using two-photon microscopy (Fig-

ure 4A) and the miniature microscope (Figure S3) during the re-

covery period. We report those Ca2+ metrics that significantly

varied from baseline values.

Two-photon microscopy showed that SD increased mean

DF/F depending on vigilance state and subcellular location. We

found that, averaged across all states, mean DF/F increased

immediately after SD at ZT6 (when sleep need is maximally
4376 Current Biology 30, 4373–4383, November 16, 2020
discharging [21, 22]) and then declined in parallel with changes

in NREMSWA at ZT12 (ZT6, 187.55%± 20.56%versus baseline;

ZT12, 106.00% ± 10.51% versus baseline). These DF/F changes

were greater in the processes versus astroglial somata (Fig-

ure 4B; processes: c2 = 106.28, p < 0.001). We then examined

within-state changes. Wake was accompanied by a trend to-

ward lower somatic mean DF/F (Figure 4C; Figure S3), which

contributed to a shift in Ca2+ toward the processes (Figure 4D;

Z = �29.37, p < 0.001) at ZT6 compared to baseline. This shift

was maintained at ZT12 (Figure S3B) and accompanied by

reduced mean DF/F in the somata and processes compared to

baseline levels at ZT12 (Figure S3A). During NREMS, mean DF/

F in the processes was elevated after SD at ZT6 relative to base-

line (Figure 4E; Z = �16.05, p < 0.001; Figure 4F; Z = �6.53, p <

0.001) and reached baseline levels at ZT12 (Figure S3A). Ca2+

signals during REMS were more variable (Figure S3), but there

was not a sufficient amount of REMS at ZT6 for analyses. Similar

results were obtained using the miniature microscope (Figures

S3C and S3D). Overall, these results indicated that SD-induced

changes in astroglial Ca2+ were most consistently found during

NREMS and primarily reflected increases in the processes.

To further determine changes in astrocyte Ca2+ driven by

sleep need, we applied AQuA analyses, as described above in

the baseline period. At ZT6, SD increased the area and

decreased the duration of propagating (Figure 3B) and static

(Figure 3D) events in wake and NREMS (Table S1). In processes

farthest from the soma (i.e., >50%), the duration of propagating

events lengthened during NREMS (Figure 3B; Table S1). Using

the same analysis described above, we also found a positive



Figure 3. The Spread andMovement of Ca2+

Events within Astroglial Processes

Changes across Vigilance States

(A) Representative images of a propagating

astroglial Ca2+ event over time imaged with two-

photon microscopy and identified via AQuA

(irrespective of state).

(B) Average event area (top) and duration (bottom)

for propagating events in the processes during

wake (W) and NREMS (NR) under baseline (BL)

and sleep-deprived (SD) conditions at ZT6. Events

are shown for those events starting in subcellular

regions closest to the soma (<50%) and farthest

from the soma (>50%). Segregation of regions is

based on the halfway point between the soma and

the cell border. Values are expressed as means ±

SEM (left; W versus NR: Wilcoxon signed-rank

test; BL versus SD: Mann-Whitney U test) and

cumulative probabilities (middle, right; Kolmo-

gorov-Smirnov test).

(C) Representative images of five static astroglial

Ca2+ events over time imaged with two-photon

microscopy and identified via AQuA (irrespective

of state).

(D) Average event area (top) and duration (bot-

tom) for static events in the processes during W

and NR under BL and SD conditions at ZT6.

Dashed, vertical gray lines on the cumulative

probability plots indicate a saturation point

defined by a cumulative probability R0.99. Sta-

tistical comparisons were made between values

to the left of this line. Values are expressed as

means ± SEM (left; W versus NR: Wilcoxon

signed-rank test; BL versus SD: Mann-Whitney

U test) and cumulative probabilities (middle,

right; Kolmogorov-Smirnov). Group means are

from n = 27 cells for BL and n = 28 cells for SD

from 4 mice. *Different from W for bar plots or

different from >50% for cumulative probability

plots. #Different from BL. p < 0.05.

See also Figure S2 and Tables S1 and S2.
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correlation between the area and duration of propagating Ca2+

events during NREMSbased on initial proximity to the soma after

SD (Figure S2C). Similar relationships were observed in the dura-

tion of static events during NREMS (Figure S2D). These findings

demonstrate that Ca2+ spatiotemporal signals are altered by SD

within single astrocytes.
Current Biology
Synchrony of Astroglial Ca2+

Signals Changes with Vigilance
State and Sleep Need
Sleep is accompanied by changes in the

synchrony of neuronal networks [9]. It

was therefore of interest to explore pat-

terns of synchronous activity across as-

troglial networks during different vigi-

lance states. Although astrocytes in vitro

show highly synchronous activity [30],

their behavior across natural brain states

is unknown. Using the miniature micro-

scope (Figures 5A–5C), we found that as-

trocytes were highly synchronized in all
states, but this synchrony was greatest during wake and lowest

in sleep (Figure 5B; c2 = 544.73, p < 0.001). As SD increases

synchronized neuronal activity in NREMS [31], we then deter-

mined whether 6 h SD changed the network synchrony of

cortical astrocytes. Interestingly, SD reduced synchronous ac-

tivity in NREMS but increased it in REMS at ZT6 (Figure 5B;
30, 4373–4383, November 16, 2020 4377



Figure 4. Sleep Deprivation Alters Astroglial Ca2+ Signals
(A) Maximum projection images of GCaMP6f+ astrocytes at ZT6 (left) & ZT12

(right) for baseline (top; BL) and 6 h sleep deprivation (bottom; SD) conditions

from two-photon microscopy. Scale bar, 10 mm. Color bar shows arbitrary

fluorescence units (AFUs).

(B) Mean DF/F values from all vigilance states for somata (S) and processes (P)

during BL ZT6, SD ZT6, and SD ZT12. aDifference from BL ZT6 processes;
bdifference from SD ZT6 processes (Friedman test).

(C and E) Mean DF/F values during (C) wake and (E) NREMS at ZT6 under BL

and SD conditions (Wilcoxon signed-rank test).

(D and F) Distributions of differences in DF/F values between processes and

their soma at ZT6 under BL and SD conditions for (D) wake and (F) NREMS

(Wilcoxon signed-rank test). Black squares in boxplots denote means (wake:

BL = 2.20%, SD = 4.35%; NREMS: BL = 1.21%, SD = 1.24%).

Values are means ± SEM for (B), (C), and (E). Group means are from n = 60

somata and n = 6,074 process ROIs from 4 mice. *Different from BL. p < 0.05.

See also Figure S3.
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c2 = 45.44, p < 0.001). These results are in contrast to the elec-

trical activity of cortical neurons which becomes more synchro-

nous during NREMS following SD [31].

We then used two-photon microscopy and AQuA analyses to

perform similar measurements within single astrocytes at ZT6

to determine whether similar changes occurred at the level of

single astrocytes. We used separate AQuA algorithms for this

purpose that measured the number of Ca2+ events that either

overlapped in time (temporally co-occurring events; Figure 5D)

or in space (spatially co-occurring events; Figure 5E) [28].

Temporally and spatially co-occurring events were determined

within individual astrocytes and included all events within the

cell irrespective of the event’s location (e.g., soma, processes;

see STAR Methods) [28]. After SD, the number of temporally
4378 Current Biology 30, 4373–4383, November 16, 2020
co-occurring events (e.g., synchrony) decreased during wake

and NREMS (Figure 5D; wake: U = 13439267.00, p < 0.001;

NREMS: U = 56505290.50, p < 0.001). Similarly, the number

of spatially co-occurring events decreased during wake and

NREMS after SD (Figure 5E; wake: U = 20418397.00, p <

0.001; NREMS: U = 72492813.50, p < 0.001). Analyses were

not performed in REMS as there were too few REMS episodes

of sufficient length for AQuA processing. Collectively, these

data show that astroglial Ca2+ signals, at the network and sin-

gle-cell level, became less synchronous during the recovery

from SD.

Stromal Interaction Molecule 1 Regulation of Astroglial
Intracellular Ca2+ Is Important for Sleep Homeostasis
The time-of-day and SD experiments strongly suggested that

astroglial Ca2+ encodes sleep need. To more directly determine

whether astroglial Ca2+ was required for sleep homeostasis, we

inducibly deleted STIM1 in astrocytes by crossing STIM1fl/fl

mice with GFAP-Cre/ERT2Tg+/� mice. STIM1-mediated store-

operated Ca2+ entry (SOCE) is an essential mechanism by

which the intracellular Ca2+ concentration is elevated [32]. In-

hibiting STIM1 impairs SOCE in astrocytes [32], indicating

that STIM1 is an integral component of astroglial Ca2+ regula-

tion. We first determined that Cre recombination occurred

selectively in astrocytes using a floxed LacZ Cre reporter line

(R26Rfl/fl) crossed with GFAP-Cre/ERT2Tg+/� mice (Figure S4).

We next verified that astroglial Ca2+ was lower in freely

behaving mice lacking STIM1 in astrocytes (GSTIM1 condi-

tional knockout [cKO]) compared to GSTIM1 wild-type (WT)

mice using two approaches. In one approach, GSTIM1 WT

(n = 3) and cKO (n = 4) mice were injected with methoxamine

(20 mg/kg intraperitoneally) [33], an a1-adrenergic receptor

agonist (Figure S4). Methoxamine is a potent driver of Ca2+ ac-

tivity in cortical astrocytes [34]. We found that the GSTIM1 cKO

astroglial Ca2+ response to methoxamine was reduced

compared to GSTIM1 WT mice (Figure S4). For the other

approach using a different group of mice, we determined that

astroglial Ca2+ was lower in GSTIM1 cKO mice (n = 4) under

baseline and SD conditions compared to GSTIM1 WT mice

(n = 3; Figure 6A; BL: U = 12236.00, p < 0.001; SD: U =

11866.00, p < 0.001; see also Figure S5). Next, we tested

whether reduced astroglial Ca2+ affected sleep and wake

behavior under baseline conditions and after 6 h SD in freely

behaving mice. Interestingly, GSTIM1 WT (n = 8) and cKO

(n = 9) mice were largely similar for time spent in each vigilance

state, bout frequency, bout duration, and EEG spectral power

under baseline conditions (Figures S5A–S5D). Diurnal/nocturnal

patterns of running wheel activity, cage activity, and core body

temperature also did not differ between GSTIM1 WT (n = 3) and

cKO (n = 3) mice (Figure S6). After SD, however, the normal ho-

meostatic response to SD was blunted in GSTIM1 cKO mice as

measured by NREM SWA (0.5–4.0 Hz; Figure 6B; genotype 3

time effect: F(2, 26) = 4.00, p = 0.031 and Figures S5F–S5H),

NREM SWA in the lower frequency bands (0.0–1.5 Hz; Fig-

ure 6C; genotype effect: F(1, 13) = 7.00, p = 0.020), and sleep

time (Figure 6D, t(15) = 2.23, p = 0.041 and Figure 6E, genotype

effect for wake: F(1, 15) = 4.98, p = 0.041). These findings

demonstrate that astroglial STIM1-mediated Ca2+ contributes

to sleep homeostasis.



Figure 5. Synchrony of Astroglial Ca2+ Sig-

nals Changes across Sleep and Wake and

after Sleep Deprivation

(A) Pearson correlation coefficient matrices of DF/

F values across many astrocytes imaged with the

miniature microscope during wake (left), NREMS

(middle), and REMS (right) under baseline (BL; top

row) and sleep-deprived (SD; bottom row) condi-

tions at ZT6 from 119 regions of interest (ROI) from

one representative mouse. Bout lengths shown

in each matrix are as follows: wake = 20 s,

NREMS = 60 s, REMS = 60 s.

(B) Mean (±SEM) Pearson correlation coefficients

of DF/F values across many astrocytes imaged

with the miniature microscope during wake,

NREMS, and REMS at ZT6 under BL (closed bars)

and SD (open bars) conditions (n = 4 mice; Fried-

man test).

(C) Individual Pearson correlation coefficients of

DF/F values from each mouse reported in (B)

plotted against their respective p value. Vertical,

red, dashed line denotes a p value of 0.05. Data

points to the left of this line correspond to signifi-

cant Pearson correlation coefficients.

(D) Mean (±SEM) number of events that overlap in

time within individual astrocytes during wake (W)

and NREMS (NR) at ZT6 under BL and SD condi-

tions measured with two-photon microscopy and

analyzed with AQuA (BL: n = 27 cells from 4 mice;

SD: n = 28 cells from 4 mice). Picture shows cyan

event co-occurring with other events in gray within

a 9–11 s time period (between states: Wilcoxon

signed-rank test; BL versus SD: Mann-Whitney

U test).

(E) Mean (±SEM) number of events that overlap in

space within individual astrocytes during W and

NR at ZT6 under BL and SD conditions captured

with two-photon microscopy and analyzed with

AQuA (BL: n = 27 cells from 4mice; SD: n = 28 cells

from 4 mice). Heatmap indicates the number of

Ca2+ events per minute at each location. (Between

states: Wilcoxon signed-rank test; BL versus SD:

Mann-Whitney U test).

For (B), (D), and (E), *brackets denote comparisons

between vigilance states for BL (solid) and for SD

(dashed); # denotes comparisons between BL and

SD within each vigilance state. p < 0.05.
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DISCUSSION

We investigated the role of astroglial Ca2+ in mammalian sleep.

We find that this mediator of astroglial function changes dynam-

ically across sleep and wake and after SD. Reducing the astro-

glial Ca2+ signal in vivo also reduces the homeostatic response

to SD without altering baseline sleep or patterns of core body

temperature or activity. These findings demonstrate that sleep

is not only accompanied by widespread activity changes in neu-

rons but also by changes in glial cells. They further suggest that

astroglial Ca2+ signaling is part of the mammalian sleep

homeostat.

Our findings address several important issues in the field of

sleep and glial biology. First, they suggest that across the

sleep-wake cycle there is a separate level of brain organization

(glia) that changes as dynamically as neurons. If true, these
findings could fundamentally change our scientific understand-

ing of sleep, because this has been shaped almost entirely by

neuron-based studies. One possible explanation for our findings

is that changes in astroglial Ca2+ are passively driven by changes

in surrounding, local neuronal activity. For example, in all vigi-

lance states, most of the astroglial Ca2+ signal (as measured

by mean DF/F and frequency of Ca2+ events) was in processes

that often surround and respond to changes in local synaptic ac-

tivity and metabolism [23–26]. On the other hand, astroglial Ca2+

did not appear to merely mirror patterns of neuronal activity (re-

ported with electrophysiology [9, 31], but see [35]) characteristic

of wake and sleep. For example, wake and REMS display similar

levels and patterns of cortical neuron firing [9, 31], but this was

not true for astroglial Ca2+ activity. In addition, NREMS is typified

by highly synchronous neuronal electrical activity compared to

wake, and this neuronal synchrony increases further after SD
Current Biology 30, 4373–4383, November 16, 2020 4379



Figure 6. Reductions in Astroglial Ca2+ Attenuate Homeostatic Response to Sleep Deprivation

(A) Mean DF/F values for GSTIM1WT (black; n = 3) and GSTIM1 cKO (red; n = 4) at ZT6 under baseline (BL) and sleep-deprived (SD) conditions (Mann-Whitney U

test).

(B and C) Normalized NREM d power (i.e., NREM SWA; 0.5–4 Hz) (B) and normalized low NREM d power (0–1.5 Hz) (C) during the first 6 h of recovery post-SD

averaged across 2 h bins (repeated-measures ANOVA).

(D) Total time spent asleep (sum of NREMS and REMS) during the 18 h recovery phase post-SD expressed as percentage of total recording time for GSTIM1 WT

(WT) and GSTIM1 cKO (cKO) (unpaired t test).

(E) Time spent in wake (left), NREMS (middle), and REMS (right) during the 18 h recovery phase post-SD expressed as a percentage of recording time across 2 h

bins (repeated-measures ANOVA). Values are means ± SEM. Group means for (B)–(E) are from n = 8 GSTIM1 WT and n = 9 GSTIM1 cKO mice. *Genotypic

differences. p < 0.05. See also Figures S4–S6.
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[9, 31]. In contrast, synchrony of astroglial Ca2+ activity was

lower during NREMS and reduced even further after SD. If

changes in astroglial synchrony were merely driven by neurons,

one might expect slower oscillations (due to slower signaling in

astrocytes and GCaMP measures versus electrophysiology)

but not a reduction in synchrony as shown in Figure 5. In addi-

tion, astroglial Ca2+ oscillations can occur independently of

neuronal activity [36]. Therefore, while we cannot exclude the

possibility that the patterns of astrocyte activity we see are partly

driven by surrounding neurons, our findings raise the possibility

that the regulation and function of sleep may also directly involve

glial cells.

Second, our findings support the idea that astrocytes play a

role in sleep homeostasis [2]. SD in mammals produces homeo-

static and compensatory changes in neurons [31, 37]. We now

show that an entirely different class of brain cells also exhibits

compensatory changes in response to SD in vivo. NREMS

Ca2+ changes were aligned with the accumulation and discharge

of sleep need as measured by NREM SWA. This is notable

because the need for sleep is best modeled by changes in

NREM SWA [21, 22]. More fine-grained analyses of network

and single astrocyte activity further suggest that changes in

sleep need manifest in changes in astrocyte activity. More spe-

cifically, our findings suggest that increased sleep need in-

creases activity in astroglial processes relative to the soma dur-

ing sleep (Figure 4), and this increased activity is more prominent
4380 Current Biology 30, 4373–4383, November 16, 2020
in regions furthest from the soma. Indeed, the area and duration

of Ca2+ activity after SD progressively increased as the activity

moved further from the soma and closer to the more distal pro-

cesses during sleep (Figure S2). These findings are consistent

with greater activity in astroglial microdomains as they operate

independently from one another and often surround specific

subsets of neuronal synapses [19, 38]. Collectively, these results

demonstrate that astroglial activity (as measured by Ca2+ sig-

nals) changes in ways consistent with these cells playing a role

in sleep homeostasis. This interpretation is consistent with find-

ings in anesthetized animals, which show that elevated astroglial

Ca2+ activity can drive slow oscillations in cortical neurons [16].

To more directly test this idea, we showed that conditional

reduction of the astroglial Ca2+ signal selectively reduced classic

measures of sleep homeostasis (NREM SWA and sleep time)

without impacting basal sleep and wake expression, core body

temperature, or diurnal/nocturnal activity patterns in freely

behavingmice. These results indicate that thismanipulation spe-

cifically impacted sleep homeostasis. Similar results were re-

ported following inducible inhibition of astroglial gliotransmis-

sion, particularly in the lower SWA bands that are most

sensitive to sleep loss [2]. These findings suggest that changes

in astroglial intracellular Ca2+ encode sleep need and trigger

feedback onto neurons perhaps via gliotransmission of ATP

[24], which is hydrolyzed to the sleep-inducing molecule adeno-

sine [2].
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Third, our analyses may reveal different ways astrocytes

respond to neural inputs across different vigilance states. Under

baseline conditions, Ca2+ signaling was highly synchronized

across astrocytes, but this synchrony was most pronounced

during waking, a brain state characterized by high concentra-

tions of excitatory neuromodulators like noradrenaline.

Noradrenaline and other excitatory neuromodulators are

released throughout the neocortex [39] and can trigger wide-

spread astroglial activation that encompasses the entire cell

[40, 41]. Conversely, astroglial network synchrony was lowest

in sleep, which is when the release of noradrenaline is at a nadir

[39]. State-dependent shifts in noradrenaline concentrations

(i.e., highest in wake, lowest in REMS) may also explain why as-

troglial Ca2+ activity is highest in wake and lowest in REMS.

Additionally, changes in noradrenalinemay drive the dramatic in-

crease in astroglial Ca2+ signaling during REMS-to-wake transi-

tions, as the latter would be accompanied by a sharp increase in

cortical noradrenaline concentrations [42].

Our findings also address an ongoing controversy in the field

of glial biology. Astroglial Ca2+ dynamically changes in response

to neurotransmitters, metabolic signals, and mechanical stimu-

lation [43–45]. Studies in vitro have also shown that increases

in Ca2+ trigger gliotransmission [46, 47]. Yet, previous manipula-

tions of intracellular astroglial Ca2+ in vivo do not always reveal

significant behavioral phenotypes [48]. We used a novel

approach to this problem (GSTIM1 cKO mice) that targeted a

rate-limiting step in endoplasmic reticulum replenishment of as-

troglial intracellular Ca2+. We find that this manipulation reduces

the homeostatic response to SD, thus demonstrating a func-

tional role for astroglial Ca2+ in a complex, regulated brain pro-

cess in vivo.

Future Directions and Unanswered Questions
We show that astrocytes dynamically change their activity

across the sleep-wake cycle and in response to SD. These find-

ings support the idea that astrocytes play an important role in

mammalian sleep, but they raise many questions. For example,

while our studies demonstrate that astroglial intracellular Ca2+ in-

fluences sleep homeostasis, the precise sites and mechanisms

of action are unknown. Astrocytes enwrap neurons in areas

most sensitive to sleep need (e.g., frontal cortical neurons) as

well as many canonical sleep and wake executive circuits [15,

49]. Increases in intracellular Ca2+ trigger gliotransmission of

ATP [50], which is hydrolyzed to the sleep-inducing molecule

adenosine. It is therefore possible that the rise in intracellular

Ca2+ during wakefulness leads to greater gliotransmission and

increased sleep drive, a process reversed during sleep [51].

Such a mechanism could theoretically influence ‘‘local’’ sleep

within the cortex as well as global changes in sleep behavior

via action in canonical sleep and wake executive circuits, but

this remains to be determined [1]. Additionally, previous studies

reported that different sources of Ca2+ are used by astroglial

somata (e.g., endoplasmic reticulum stores) and processes

(e.g., TRP or ion channels) [43]. Since our current studies high-

light the diversity of subcellular Ca2+ activity in astrocytes, future

studies are needed to determine how various Ca2+ sources are

impacted by SD and, more broadly, how they contribute to the

spatiotemporal diversity of astroglial Ca2+ signals. Future studies

are also needed to determine the functions of sleep-wake
dependent changes in astroglial activity. We show that, during

sleep, astroglial activity (as measured by intracellular Ca2+) is

biased toward the distal processes. As distal processes form

discrete microdomains around sets of synapses, this suggests

that astrocytes influence synaptic plasticity during sleep. While

speculative, this idea is supported by the strong association be-

tween sleep and plasticity [52] and findings implicating astro-

cytes and other glia in various forms of synaptic remodeling

[53]. While the manuscript was in review, supporting findings

were published by Bojarskaite et al. [54].
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-GFAP Cell Signaling Technology Cat# 3670; RRID: AB_561049

Mouse anti-NeuN Millipore Cat# MAB377; RRID: AB_2298772

Biotinylated horse anti-mouse Vector Laboratories Cat# BA-2000; RRID: AB_2313581

Texas Red streptavidin Vector Laboratories Cat# SA-1200; RRID: AB_2336464

Chicken anti-beta galactosidase Abcam Cat# ab9361; RRID: AB_307210

Rabbit anti-S100b Abcam Cat# ab52642; RRID: AB_882426

Goat anti-chicken 488 Abcam Cat# ab150169; RRID: AB_2636803

Donkey anti-rabbit 594 Abcam Cat# ab150076; RRID: AB_2782993

Goat anti-mouse 594 Abcam Cat# A-21125; RRID: AB_2535767

Bacterial and Virus Strains

AAV5.GfaABC1D.cytoGCaMP6f.SV40 Penn Vector Core Cat# AV-5-52925; Custom preparation

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma-Aldrich Cat# T5648; CAS: 10540-29-1

Sunflower oil Sigma-Aldrich Cat# S5007; CAS: 8001-21-6

Methoxamine hydrochloride Sigma-Aldrich Cat# M6524; CAS: 61-16-5

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory JAX: 000664; RRID: IMSR_JAX:000664

Mouse: B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J The Jackson Laboratory JAX: 012849; RRID: IMSR_JAX:012849

Mouse: B6(Cg)-Stim1tm1Rao/J The Jackson Laboratory JAX: 023350; RRID: IMSR_JAX:023350

Mouse: FVB.129S4(B6)-Gt(ROSA)26Sortm1Sor/J The Jackson Laboratory JAX: 009427: RRID: IMSR_JAX:009427

Software and Algorithms

Sirenia Acquisition v1.7.7 Pinnacle Technologies https://www.pinnaclet.com/

nVista HD v2.0.4 Inscopix https://inscopix.com

Data Processing Software v1.2.1 Inscopix https://inscopix.com

OpenEx Tucker-Davis Technologies https://www.tdt.com/

Prairie View Bruker https://www.bruker.com/

ImageJ [55] https://imagej.nih.gov/ij/

Fiji [56] https://imagej.net/Fiji

VitalRecorder v3,0,0,0 Kissei Comtec Co., LTD http://www.sleepsign.com/

SleepSign for Animal v3,0,0,812 Kissei Comtec Co., LTD http://www.sleepsign.com/

RunningWheelManager Data Acquisition Software Med Associates Inc. Cat# SOF-860; https://www.med-associates.com/

VitalView Telemetry Data Acquisition Software Starr Life Sciences Corp. https://www.starrlifesciences.com/

Astrocyte Quantitative Analysis [28] https://github.com/yu-lab-vt/aqua

SigmaPlot v11.0 Systat Software, Inc https://systatsoftware.com/products/sigmaplot/

SPSS for Windows 25 IBM https://www.ibm.com/analytics/academic-

statistics-software

R v3.6.0 [57] https://www.r-project.org/

Aligning and processing algorithm This paper Available upon request
RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, MarcosG.

Frank (marcos.frank@wsu.edu).
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Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The code generated for this study will be available upon request from the Lead Contact (Marcos G. Frank, marcos.frank@wsu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6J (#000664), B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J (GFAP-Cre/ERT2; #012849), B6(Cg)-Stim1tm1Rao/J (STIM1fl/fl; #023350),

and FVB.129S4(B6)-Gt(ROSA)26Sortm1Sor/J (R26Rfl/fl; #009427) mice were obtained from The Jackson Laboratory (Bar Harbor, ME).

Breeding pairs of hemizygous GFAP-Cre/ERT2Tg+/� and homozygous STIM1fl/fl were established to obtain GFAP-Cre/ERT2�/�;
STIM1fl/fl wild-type mice (GSTIM1 WT) and GFAP-Cre/ERT2Tg+/�;STIM1fl/fl conditional knockout (GSTIM1 cKO) mutant mice.

Breeding pairs of hemizygous GFAP-Cre/ERT2Tg+/� and homozygous R262Rfl/fl were established to obtain GFAP-Cre/

ERT2�/�;R26Rfl/fl wild-type (GR26RWT)mice andGFAP-Cre/ERT2Tg+/�;R26Rfl/fl conditional knockout (GR26R cKO)mice. Genotyp-

ing of GSTIM1 WT, GSTIM1 cKO, GR26R WT, and GR26R cKO mice was completed prior to experiments by Transnetyx, Inc (Cor-

dova, TN). Mice were housed in standard cages on 24 ± 1�C on a 12:12 h light:dark cycle with food and water ad libitum. Details

regarding the number, age, and sex of mice used are provided below. All experimental procedures were approved by the Institutional

Animal Care and Use Committee of Washington State University and conducted in accordance with National Research Council

guidelines and regulations for experiments in live animals.

METHOD DETAILS

Surgical procedures
Ca2+ imaging with EEG & EMG recording

Adult male mice [for miniature microscope: n = 6 C57BL/6J, n = 6 GSTIM1WT, n = 8 GSTIM1 cKO; for two-photon microscope: n = 4

C57BL/6J; 8 – 14-weeks-old] were anesthetized using isoflurane and placed in a stereotaxic frame. A 3-mm craniotomy was made

over the frontal cortex leaving the dura intact. AAV2/5GfaABC1D-GCaMP6f (3.313 1013 GC/ml; Penn Vector Core, Philadelphia, PA)

was injected at two adjacent sites (AP: 2.0 – 2.5 mm, ML: �1.25 – �1.75 mm, DV: �0.18 – �0.20 mm) in the frontal cortex. 1.5 ml of

vector was injected at each site at 200 nl/min. The needle remained in place for 10 min after the injection was complete. After vector

delivery, a 3-mmglass coverslip was fixed over the craniotomywith cyanoacrylate adhesive. For electrode implantation, four 0.5-mm

diameter holes were drilled in the skull unilaterally over frontal, somatosensory, and occipital cortices in the hemisphere contralateral

to the AAV2/5 GfaABC1D-GCaMP6f injection site. Sterilized stainless steel EEG electrodes were inserted into these holes just under

the skull, and 2 additional EMG electrodes were placed into the nuchal muscles. Cranial electrodes were secured with dental acrylic.

For two-photon imaging, a custom-milled head-restraint bar was then fixed to the skull with dental acrylic mixed with black carbon

powder. Mice were imaged 2 – 4 weeks later to allow time for the fluorescent indicator to be expressed [23, 58].

For imaging with the head-mounted miniature microscope, mice were fitted with a baseplate 1.5 – 2.5 weeks after surgery under

isoflurane anesthesia. The baseplate used to house the miniature microscope was secured with dental acrylic mixed with black car-

bon powder.

EEG & EMG implantation for sleep phenotyping
Adult male and female mice [GSTIM1 WT (n = 8; females = 1) and GSTIM1 cKO (n = 9; females = 4); 10 – 14-weeks-old] were ste-

reotaxically implanted with EEG & EMG electrodes under isoflurane anesthesia according to previously published methods

[59, 60]. Briefly, four stainless steel screw electrodes (BC-002MPU188, Bellcan International Corp, Hialeah, FL) were placed contral-

aterally over frontal (2) and parietal (2) cortices, and 2 EMG electrodes were inserted in the nuchal muscles. Mice were allowed 5 days

of recovery from surgery prior to habituation to the recording environment.

Telemeter implantation for activity & temperature
Adult male and female mice [GSTIM WT (n = 3; female = 0) and GSTIM1 cKO (n = 3; female = 1); 15 – 16-weeks-old] were implanted

with a telemetry device (G2 E-mitter, STARR Life Sciences Corp., Oakmont, PA) in the peritoneal cavity under isoflurane anesthesia.

The telemeter was secured to the abdominal musculature with a suture. The skin was closed with wound clips which were removed

after 8 days. During this recovery period, body weight, hydration, and fecal output were monitored daily.

Tamoxifen injections
Prior to all surgical procedures in GSTIM1 WT and GSTIM1 cKO mice, these mice were first injected with tamoxifen (180 mg/kg;

#T5648, Sigma-Aldrich, St. Louis, MO) intraperitoneally once per day for 5 consecutive days alternating sides [18]. Tamoxifen

was made up at 30 mg/ml in 90% sunflower oil (#S5007, Sigma-Aldrich) with 10% ethanol and sterile filtered through a 0.22 mm filter

[18]. All mice received 1 mL lactated Ringer’s solution with 5% dextrose subcutaneously daily until mice started regaining body

weight. Surgical procedures were performed no sooner than 10 days after the final tamoxifen injection when mice regained body
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weight. This same injection procedure was followed for GR26R WT and GR26R cKO mice prior to tissue collection for immunoflu-

orescence (see below).

Immunofluorescence
C57BL/6J mice (n = 2 males; 12-weeks-old) expressing GCaMP6f in cortex were transcardially perfused with 1x phosphate buffered

saline (PBS) followed by 10% buffered formalin. Brains were extracted and placed in 30% sucrose in PBS for 24 – 48 h. Brains were

frozen in�50�C2-methylbutane and stored at�80�Cuntil processing. Brainswere sectioned coronally at 25 mmon a cryostat. Native

green fluorescent protein (GFP) signal from GCaMP6f expression was assessed, and sections were also counterstained for astro-

cytes and neurons using immunofluorescent techniques. Sections were washed 3 3 15 min in PBS and then incubated overnight

at room temperature with primary antibodies against astrocytes (1:1000; mouse anti-GFAP, #3670, Cell Signaling Technology, Dan-

vers, MA) or neurons (1:100; mouse anti-NeuN, #MAB377, Millipore, Burlington, MA) in 1x PBS with 0.3% Triton-X (PBSt). The next

day, sections were washed 33 10 min in PBS and then incubated for 1.5 h at room temperature with biotinylated horse anti-mouse

secondary antibody (1:1000; #BA-2000, Vector Laboratories, Burlingame, CA) in PBSt. Sections were again washed for 33 10min in

PBS and then incubated for 2 h at room temperature in Texas Red streptavidin (1:500; #SA-1200, Vector Laboratories) in PBSt. After

3 3 10 min washes in PBS, sections were mounted on slides for imaging.

GR26R WT (n = 3) and GR26R cKO (n = 3) male mice were treated with tamoxifen as described above. Mice were then transcar-

dially perfused with 1x PBS followed by 10% buffered formalin 21 days after the last tamoxifen injection. Brains removed and serially

post-fixed for 5 days in solutions of 10% buffered formalin containing 10%, 20%, and 30% sucrose. Brains were frozen in �50�C 2-

methylbutane and stored at�80�C until processing. Brains were sectioned sagittally at 25 mmon a cryostat. Sections were then incu-

bated in protein blocking solution containing 1%bovine serum albumin fraction V (#10735094001, Sigma-Aldrich) and 0.1%Triton X-

100 (#X100, Sigma-Aldrich) in 1x PBS containing primary antibodies. Brain sections were incubated for 40 h at 25�C on a gentle

rocker with the following primary antibodies (1:500): chicken anti-beta galactosidase (#ab9361, Abcam, Cambridge, MA), rabbit

anti-S100b (#ab52642, Abcam), and mouse anti-NeuN clone A60 (#mab377, Millipore). These primary antibodies were contrasted

using the following secondary antibodies, respectively, used at 1:1500 for 2 h at 25�C on a gentle rocker: goat anti-chicken 488

(#ab150169, Abcam), donkey anti-rabbit 594 (#ab150076, Abcam), and goat anti-mouse 594 (#A-21125, ThermoFisher Scientific,

Waltham, MA). Brain sections were then mounted on slides for imaging.

EXPERIMENTAL DESIGN

Ca2+ imaging with EEG & EMG recording
Adult male C57BL/6J mice underwent a counterbalanced design of 24 h undisturbed baseline sleep and 6 h SD via gentle handling

followed by 18 h recovery sleep to account for potential order effects of imaging over multiple days. For epifluorescent imaging with

theminiature microscope (n = 6), EEG & EMGwere continuously recorded, and imaging occurred at zeitgeber times (ZT) of high (ZT0)

and low (ZT6 and ZT12) sleep need. At ZT0 and ZT12, imageswere acquired during a 2-min imaging session every 20min. At ZT6, our

primary analysis time point, images were acquired during 2 – 7min imaging sessions at varying intervals to capture all vigilance states

and state transitions. For two-photon microscopy using a different group of mice (n = 4), imaging and EEG & EMG recordings

occurred at ZT6 and ZT12 during 3-min imaging sessions at varying intervals to capture all vigilance states. During imaging exper-

iments, vigilance states were determined by visual inspection of the EEG & EMG signals in real time. While in head-restraint in the air-

lifted cage, mice spent sustained periods of time (> 20 s) in a ‘transitional’ or ‘intermediate’ state characterized by high amplitude,

high frequency EEG signals and low amplitude EMG signals. This state was preceded by NREMS but followed by either NREMS,

REMS, or wake. This state, as measured by cortical EEG, was not observed in freely behaving animals and seemed to be an artifact

of head-restraint conditions. Therefore, Ca2+ data collected during this state were not included in analyses as this atypical state is not

representative of physiological sleep-wake behavior in mice [61, 62]. For epifluorescent imaging in GSTIM1 mice (n = 3 GSTIM1 WT

males; n = 4 GSTIM1 cKOmales), EEG & EMG recordings occurred continuously during a 24 h undisturbed baseline day followed by

6 h SD via gentle handling and 18 h recovery sleep. Ca2+ imaging occurred at ZT0, 6, and 12 as described for C57BL/6J mice.

GSTIM1 response to methoxamine
Male and female GSTIM WT (n = 3; female = 2) and GSTIM1 cKO (n = 4; female = 2) adult mice (13-weeks-old) were injected with

tamoxifen (180 mg/kg) intraperitoneally once per day for 5 consecutive days alternating sides as described above. Ten to 13 days

after the last tamoxifen injection, mice underwent surgery for AAV2/5 GfaABC1D-GCaMP6f microinjection in the frontal cortex, cra-

nial window placement, and EEG & EMG electrode implantation as described above. Mice were later fitted with a baseplate 1.5 –

2.5weeks after surgery and imaged 3 – 4weeks later after habituation to the EEG/EMG tether andminiaturemicroscope as described

above.

On the experimental day, mice were attached to the EEG/EMG tether andminiaturemicroscope and placed in the recording cham-

ber. Micewere allowed at least 10min to settle in the familiar chamber. Next, we imaged 5mins of pre-injection astroglial Ca2+ activity

using the miniature microscope. Mice were then injected intraperitoneally with 20 mg/kg methoxamine hydrochloride (#M6524,

Sigma-Aldrich) made in saline [33]. Image capture then occurred at 0 min (t0), 20 min (t20), 60 min (t60), and 110 min (t110) post-in-

jection for 2 min at each time point. Mice were left undisturbed during all recordings.
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GSTIM1 sleep phenotyping
Male and female GSTIM1 WT (n = 8; females = 1) and GSTIM1 cKO (n = 9; females = 4) adult mice (8 – 12-weeks-old) were injected

with tamoxifen (180mg/kg) intraperitoneally once per day for 5 consecutive days alternating sides as described above. Ten days after

the last tamoxifen injection, mice underwent surgery for EEG & EMG electrode implantation. Mice were allowed 5 days of recovery

from surgery. Animals were then connected to a lightweight, flexible tether and allowed at least 3 days to habituate to the tether and

recording environment. After habituation, mice underwent 24 h undisturbed baseline EEG & EMG recording starting at light onset

(ZT0). The next day, mice were sleep deprived for 6 h via gentle handling beginning at light onset according to previously published

methods [2, 63]. Mice were then allowed 18 h undisturbed recovery sleep. There were no differences between male and female mice

for our sleep measures of interest with two exceptions. Female GSTIM cKOmice had fewer NREMS bouts during the BL light period

(male: 9.37 ± 0.36, female: 7.79 ± 0.40; repeated-measures ANOVA, effect of sex: F(1, 7) = 9.87, p = 0.016), and there was an effect of

sex on BLREMS bout duration for GSTIM cKOmice (repeated-measures ANOVA: F(1, 7) = 9.86, p = 0.016) but no significant pairwise

differences.

GSTIM1 patterns in activity & core temperature
Male and female GSTIM WT (n = 3; female = 0) and GSTIM1 cKO (n = 3; female = 1) adult mice (14-weeks-old) were injected with

tamoxifen (180 mg/kg) intraperitoneally once per day for 5 consecutive days alternating sides as described above. Four weeks after

the last tamoxifen injection, mice were implanted with an abdominal telemetry device. Mice were allowed 8 days of recovery from

surgery. Mice were then allowed 5 days to habituate to running wheels (#ENV-047, Med Associates, Inc, Fairfax, VT). After habitu-

ation, mice were recorded for 7 days under 12:12 h light:dark conditions. During this time, running wheel activity, cage activity, and

core body temperature were recorded continuously.

Miniature microscope imaging with EEG & EMG
Data acquisition

Adult male mice (n = 6 C57BL/6J, n = 3 GSTIM1 WT, n = 4 GSTIM1 cKO) were connected to a counterbalanced, light-weight EEG &

EMG recording tether coupled to a nano connector (#A79108-001, Omnetics, Minneapolis, MN) and a head-mountable, epifluores-

cent miniature microscope (nVista 2.0; Inscopix, Palo Alto, CA) coupled to a baseplate affixed to the skull. Animals were allowed at

least 3 days to habituate to the recording environment. EEG & EMGdata were acquired through Pinnacle Technology, Inc. Data Con-

ditioning and Acquisition System (#8401HS) and Sirenia Acquisition software (v1.7.7, Pinnacle Technology, Inc., Lawrence, KS). EEG

data were digitized at 250 Hz, high pass filtered at 0.5 Hz, and low pass filtered at 40 Hz. EMG data were digitized at 2 kHz, high pass

filtered at 10 Hz, and low pass filtered at 100 Hz. The systemwas set up to detect rising transistor-transistor logic (TTL) pulses gener-

ated by the imaging system, which was used to synchronize imaging frames and electrophysiological data.

Ca2+ imaging data was acquired through the head-mountable, epifluorescent miniature microscope and Inscopix nVista HD soft-

ware (v2.0.4). Imaging frames were captured at 10.1 frames per second with an exposure time of 49.664 ms at a gain of 2.0. LED

power ranged from 50 – 80% to adjust the upper tail of the histogram to be as close to a pixel value of 1500 to ensure good

signal-to-noise ratio [64]. The LED power was set at the beginning of the experiment for each mouse and did not change for the

remainder of the experiment. During image capture, TTL pulses were sent to the Sirenia Acquisition software at 50% duty and re-

corded as annotations in the EEG & EMG data file. The microscope remained in place in the baseplate for the entirety of the EEG

& EMG recording period.

Data processing and analysis
Imaging data were pre-processed using the Data Processing Software (v1.2.1; Inscopix). For each animal, movies acquired during

baseline and during SD and recovery were concatenated into a timeseries. This timeseries was spatially downsampled by a factor of

2 from 14403 1080 pixels to 7203 540 pixels and temporally downsampled by a factor of 5 to 2 Hz to reduce the data footprint [64].

Defective pixels were also rectified [64]. Small lateral displacements were then corrected for by registering all frames to a single refer-

ence frame free of movement using the motion correction algorithm in the Data Processing Software. Next, ROIs were identified

manually. Because astroglial Ca2+ activity is highly synchronous, the Data Processing Software PCA-ICA analysis failed to identify

individual cells. Therefore, to identify individual cells, images were converted toDF/F images by expressing each frame as the relative

change from the mean image obtained from the entire movie [DF/Fmean = (F - Fmean)/Fmean] [64, 65]. A spatial bandpass filter was also

applied using default settings (low cut-off = 0.005; high cut-off = 0.500) to help delineate individual cells. Regions of interest (ROI)

were selected by manually identifying cell-body-sized, high-contrast regions over the course of the timeseries, and contours were

drawn to contain pixels from the ROI [66]. Raw fluorescent values were exported for each individual ROI for the full timeseries.

ROIs were further validated by inspecting temporal traces from individual ROIs for Ca2+ signals consistent with Ca2+ transients

from individual cells, and only ROIs with clearly identified signals were included in further analyses [23, 67–69]. We identified 586 in-

dividual ROIs from 6 mice. Custom MATLAB scripts were then used to align exported raw ROI fluorescent values from imaging

frames with scored sleep and wake states using annotations in the EEG & EMG data generated by the TTL pulses from Inscopix

nVista imaging system.

To correct for slight decays in fluorescent signal across each recording, Ca2+ traces for each ROI were detrended by subtracting an

exponential curve fit from each individual raw Ca2+ imaging trace using the ‘fit’ function from MATLAB’s Curve Fitting toolbox [70].

The exponential curve is given by:
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y = aebx

where a is the starting fluorescent value, b is the decay constant, x is time, and y is the fluorescent value at time x. The curve fit from all

recordings across the timeseries were then averaged and added back to each trace to bring traces to a common baseline. Ca2+

values were then expressed as percent change from the median fluorescent value of the full timeseries for each ROI:

DF=F ð%Þ = ðFt-- FmedianÞ=Fmedian � 100

where Ft is the individual detrended fluorescent value at a specific time point and Fmedian is themedian fluorescent value for the times-

eries [70, 71]. We used Fmedian because it is not influenced by large changes in calcium activity like other reference measurements

(i.e., Fmean). Additionally, we computed Fmedian from all vigilance states in order to directly compare DF/F between vigilance states.

Event detection with a 0.5% prominence threshold was then performed using the ‘findpeaks’ function from MATLAB’s Signal Pro-

cessing toolbox. Two conditions had to be met to identify an ROI’s frame as an event: 1) the value of that frame is larger than its two

neighboring frames, and 2) the difference between that value and the value of the larger neighboring trough (prominence) is greater

than 0.5% of the range of the entire trace. Identified events were then used to determine frequency of Ca2+ events per 4 s epoch.

Additionally, the amplitudes of these events were sorted into deciles of the range. Typically, Ca2+ imaging studies set a threshold

(e.g., 2 standard deviations) that an event or peak must cross to be counted as an event. However, this thresholding would limit

the detection of astroglial Ca2+ events that occur during non-rapid eye movement sleep (NREMS) and rapid eye movement sleep

(REMS) because these events are smaller compared to those in wake. Instead, all detected astroglial Ca2+ events were binned

into deciles of the range by calculating the event’s amplitude as a percentage of the amplitude range of the trace across the full times-

eries (i.e., across all states) rounded to the nearest 10%. To inspect Ca2+ signals during vigilance state transitions, Ca2+ data were

extracted frame-by-frame for the 12 s before and after the transition. These transitions were removed from analysis for DF/F com-

parisons over time in Figure 1I and Figure S1 as more state transitions were captured during ZT6 compared to other time points. The

removal of these transitions allowed for comparisons of Ca2+ during steady state epochs. We did not include wake-to-REMS or

REMS-to-NREMS transitions as these transitions rarely occur in mice. Pearson’s correlation coefficients were calculated from

DF/F values across individual bouts of wake, NREMS, and REMS at ZT6. Vigilance state bouts used for the cross-correlation analysis

were 20 – 60 s long.

Two-photon imaging with EEG & EMG
Data acquisition

During experiments, adult male mice (n = 4 C57BL/6J) were connected to a tether coupled to a nano connector. The tether was

coupled to an interface box (S-Box, Tucker-Davis Technologies, Alachua, FL), transmitted EEG & EMG signals were amplified via

a low impedance amp (PZ3-32, Tucker-Davis Technologies), and data were processed and recorded via the Z series 2 DSP High

Performance Processor (RZ2-2, Tucker-Davis Technologies) and OpenEx software (Tucker-Davis Technologies). EEG & EMG

data were digitized at 1017.3 Hz. EEG signals were high pass filtered at 0.3 Hz and low pass filtered at 30 Hz. EMG data were

high pass filtered at 10 Hz and low pass filtered at 100 Hz. The system was also set up to receive and incorporate TTL pulses gener-

ated by the two-photon imaging system.

Prior to experiments, mice were habituated to increasingly prolonged periods of time in head restraint in the flat-floored, air-lifted

Mobile HomeCage (Neurotar, Helsinki, Finland). During experiments, unanesthetized mice were head-fixed inside the Mobile Home-

Cage at least 30min prior to imaging and then imaged using resonant scanning microscope UltimaIV running Prairie View acquisition

software (Bruker Corporation, Billerica, MA). To excite, filter, collect, and detect GCaMP6f fluorescence changes in astrocyte somata

and processes, we used an excitation wavelength of 920 nm (Chameleon II, Coherent Inc., Santa Clara, CA) with ET-GFP (FITC/CY2)

emission filter cube (#49904, Chroma Technology Corporation, Bellows Falls, VT) with a 20x (1.0NA) XLUMPLFL20XW/IR-2 objective

(Olympus, Shinjuku, Tokyo, Japan) and GaASP photo-multiplier tube (H7422-40, Hamamatsu Photonics KK, Hamamatsu City, Shi-

zuoka, Japan). The imaged field of view was 277 3 277 mm, pixel dimensions were 0.188 3 0.188 mm, and rate of acquisition was

3.7 Hz. During frame acquisition, TTL pulses were sent from the two-photon imaging system to the Tucker-Davis Technologies sys-

tem and incorporated in the EEG & EMG data file for subsequent alignment of imaging frames and electrophysiological data.

Data processing and analysis
We used ImageJ [55] and Fiji [56] for image processing. The ImageJ plugin ‘‘Kalman Filter’’ was applied to collected image stacks to

remove high gain noise and to recover faint image details. Imaged stacks were then visually inspected frame-by-frame which occa-

sionally revealed motion artifacts along the x- and y-axes and required registration using the ‘‘Template Matching’’ ImageJ plugin.

Image frames along the x- and y- axes that could not be registered or any that occurred along the z axis were manually removed

from analysis. These registered t stacks could then be used to produce sum projection images (sums the slices in the stack) or

maximum projection images (image displaying maximum pixel values from slices in the stack) in ImageJ. For selection criteria, first,

astrocyte somata and processes were identified from high resolution, maximum projected image stacks. Second, individual

GCaMP6f expressing astrocytes in which the soma and its processeswere capturedwithin the same image plane and did not overlap

with other cells were identified for further analysis. For signal extraction, two separate ROIs were drawn per astrocyte: one circum-

scribing the cell soma and one defining the territory of its processes. With the territory of the astrocyte processes delineated, a sam-

pling-grid containing 2.7 mm x 2.7 mm squares was overlaid. Data were extracted only from those ROI grid squares contained, in their
e5 Current Biology 30, 4373–4383.e1–e7, November 16, 2020



ll
Article
entirety, within the circumscribed processes territory. From 4mice, we identified n = 60 astroglial somata along with n = 6074 process

ROIs.

Ca2+ imaging data were processed as described above for the epifluorescent imaging data for each ROI and their respective pro-

cess ROIs using the customMATLAB scripts. To compare differences in DF/F of the somata and processes across vigilance states,

we calculated frame-by-frame difference scores by subtracting theDF/F value of the soma from theDF/F value from each associated

process ROI (DF/FDIFF = DF/FProcess - DF/FSoma).

We also used the Astrocyte Quantitative Analysis (AQuA) software to analyzemore dynamic features of astroglial Ca2+ signals from

two-photon microscopy data (i.e., event area, event duration, temporally co-occurring events, spatially co-occurring events) using a

cross-sectional design [28]. Astrocyte soma and processes located in the same optical plane were identified via sum projections of

two-photon image stacks. Two ROIs were used to delineate areas used for further analysis for each individual cell: one ROI circum-

venting the entire astrocyte and a second ROI circumventing the soma. We used the following recommended AQuA detection pipe-

line parameters to identify Ca2+ events [28]: Signal: intensity threshold scaling factor (thrARScl) = 2, smoothing_sigma (smoXY) = 1,

minimum size_pixels (minSize) = 16; Voxel: temporal cut threshold (thrTWScl) = 2, growing z threshold (thrExtZ) = 1; Event: rising time

uncertainty (cRise) = 2, slowest delay in propagation (cDelay) = 2, propagation smoothness (gtwSmo) = 1; Clean: z-score threshold

(zThr) = 3;Merge: not used; Recon: temporally extend events (extendEvtRe) = not used; Feature: ignore decay tau (ignoreTau) = yes.

Ca2+ events were then parsed into propagating events and static events. Propagating events were identified based on a series of

algorithmic parameters to asses if a Ca2+ event grew, shrunk, or moved [28]. Events that did not propagate were defined as static

events [28]. These propagating and static events were further parsed based on their starting distance from the soma: those that

started closer to the soma (i.e., < 50%) and those that started farther from the soma (i.e., > 50%) based on the distance between

the soma and the cell border [28]. We determined the area (i.e., size in mm2) and duration (i.e., length of event onset to event offset

in seconds) of each propagating and static astroglial Ca2+ event [28]. We also used a separate set of AQuA algorithms to identify the

number of Ca2+ events that either overlapped in time (i.e., temporally co-occurring events) or overlapped in space (i.e., spatially co-

occurring events) [28]. Temporally and spatially co-occurring events were determined within individual astrocytes and included all

events within the cell irrespective of the event’s location (e.g., soma, processes) [28].

Sleep phenotyping
EEG & EMG data were collected with a Grass 7 polygraph system (Natus Medical Incorporated, Pleasanton, CA) via a light-weight

cable for sleep phenotyping experiments in GSTIM1 WT and cKO mice. EEG & EMG signals were amplified and digitized at 256 Hz

using VitalRecorder acquisition software (SleepSign for Animal, Kissei Comtec Co., LTD, Nagano, Japan). EEG & EMG data were

high- and low-pass filtered at 0.3 and 100 Hz and 10 and 100 Hz, respectively.

All EEG & EMG data (including data collected with the Pinnacle Technology, Inc. and Tucker-Davis Technologies systems) were

scored using SleepSign for Animal. Wake, NREMS, and REMS were determined by visual inspection of the EEG waveform, EMG

activity, and fast Fourier transform (FFT) analysis by an experimenter blinded to experimental conditions. Data were scored as

wake, NREMS, or REMS with 4 s resolution as previously described [2, 60]. Bout lengths were defined as R 7 consecutive epochs

(R28 s) for wake and NREMS and R 4 consecutive epochs (R16 s) for REMS.

The EEG was subjected to FFT analysis to produce power spectra between 0 – 30 Hz with 0.5 Hz resolution. Delta (d) was defined

as 0.5 – 4 Hz and low delta as 0 – 1.5 Hz [2]. For genotypic comparisons of EEG spectral data, each spectral bin was expressed as a

percentage of the total power in baseline wake, NREMS, and REMS averaged across the 3 states. For hourly NREMdelta power (i.e.,

NREM slow wave activity) analysis after SD, spectral values within the delta band or low delta band for each hour were normalized to

the average NREM delta or low delta band value, respectively, from the last 4 h of the baseline light period (ZT8 – 11) and expressed

as a percentage [22]. EEG epochs containing visually-detected artifacts were excluded from spectral analyses. Two GSTIM1 cKO

mice were removed from spectral analyses due to artifact.

QUANTIFICATION AND STATISTICAL ANALYSIS

Plots were generated in SigmaPlot (v11.0, Systat Software, Inc., San Jose, CA) and R (v3.6.0) [57]. For simplicity, outliers were not

plotted with boxplots. Actograms of wheel running activity and heatmaps of cage activity and core body temperature were made in

Microsoft Excel [72]. Statistical analyses were performed using SPSS for Windows (IBM Corporation, Armonk, NY) unless otherwise

noted. Statistical details are provided in the main text and figure legends. Data are presented as means ± standard error of the mean

(SEM) unless otherwise stated. Normality of the data was determined with Shapiro-Wilk or Kolmogorov-Smirnov tests. Comparisons

of baseline DF/F, events per epoch, amplitude deciles, Pearson correlation coefficients, and process-somata difference scores

across vigilance states were made using Friedman tests. Post hoc pairwise comparisons were made using Wilcoxon signed rank

tests with Bonferroni corrections. The mice, mitml, and lme4 R packages were used to compare NREMS DF/F values and NREM

EEG delta power across ZT0, 6, and 12 with multiple imputations using the 2l.pan mixed-effects model and 100 imputations. The

imputed models were then fit using a linear mixed-effects model through the lmer function with individual mice as a random effect.

Post hoc pairwise comparisons of the fitted model were made with the emmeans function and Tukey correction. Comparisons of

events/epoch and DF/F values between somata and processes were made with the Mann-Whitney U test. Comparisons of DF/F

values between baseline and SD days were made with Wilcoxon signed rank tests. Comparisons of area, duration, temporally

co-occurring events, and spatially co-occurring events between vigilance states were made with the Wilcoxon signed rank test.
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Comparisons of area, duration, temporally co-occurring events, and spatially co-occurring events between baseline and SD days

were made with Mann-Whitney U tests. Comparisons of the cumulative probability curves for area and duration between subcellular

region (i.e., < 50% versus > 50%) were made with Kolmogorov–Smirnov tests. For static events, these comparisons were restricted

to values that fell below the saturation point. We defined the saturation point as the area or duration that corresponded to a cumu-

lative probability value R 0.99. Based on this criterion, the area saturation point was set at 8 mm2 and the duration saturation point

was set at 14 s. Correlations made between area or duration versus starting proximity to the soma for propagating and static Ca2+

events were made using Pearson’s correlation tests. Comparisons of these correlations based on treatment (BL versus SD) were

made using Fisher’s Z-transformation tests. Comparisons of DF/F values between GSTIM1 WT and GSTIM1 cKO mice at baseline,

after SD, and post-methoxamine treatment were made using Mann-Whitney U tests. For sleep phenotyping and analysis of diurnal/

nocturnal temperature and activity patterns, a general linear model for repeated-measures (RM) using time (hours or period) as the

repeated-measure and genotype (GSTIM1 WT versus GSTIM1 cKO) as the between subjects factor was used when multiple mea-

surements were made over time (i.e., time-in-state, bout number, bout duration, hourly NREM delta power, running wheel activity,

cage activity, core body temperature). Repeated-measures were tested for sphericity, and a Greenhouse-Geisser correction was

applied when appropriate.Post hoc pairwise comparisons using Sidak corrections were performedwhen there were significant inter-

action effects or main effects of genotype. Baseline time-in-state and bout data RM comparisons were made over all time intervals

during the full 24-h recording period (ZT0 - 23). Running wheel activity, cage activity, and core body temperature RM comparisons

were made over all time intervals for the full 7-d recording period. For SD experiments, RM comparisons were made over all time

intervals during the full recovery period (ZT6 – 23) for time-in-state data. Comparisons of 2 h averages of NREM delta power

post-SD were made with RM over ZT6 – 11 of the recovery phase. Comparisons of normalized EEG spectral power during baseline

and after SD were made using RM comparison from 0 – 30 Hz with spectral power as the dependent variable and genotype as the

between-subjects factor. If the RM comparisons yielded a significant result, unpaired Student’s t tests with Benjamini-Hochberg

correction were then used for comparisons of individual EEG spectral frequency bins with genotype as the grouping variable. Un-

paired Student’s t tests with genotype as the grouping variable were used to analyze total sleep time post-SD. An alpha level of

0.05 was used to indicate significance.
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