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Abstract: Astrocytes influence sleep expression and regulation, but the cellular signaling pathways
involved in these processes are poorly defined. We proposed that astrocytes detect and integrate a
neuronal signal that accumulates during wakefulness, thereby leading to increased sleep drive.
Noradrenaline (NA) satisfies several criteria for a waking signal integrated by astrocytes. We
therefore investigated the role of NA signaling in astrocytes in mammalian sleep. We conditionally
knocked out (cKO) β2-adrenergic receptors (β2-AR) selectively in astrocytes in mice and recorded
electroencephalographic and electromyographic activity under baseline conditions and in response
to sleep deprivation (SDep). cKO of astroglial β2-ARs increased active phase siesta duration under
baseline conditions and reduced homeostatic compensatory changes in sleep consolidation and
non-rapid eye movement slow-wave activity (SWA) after SDep. Overall, astroglial NA β2-ARs
influence mammalian sleep homeostasis in a manner consistent with our proposed model of neuronal–
astroglial interactions.

Keywords: adrenergic receptor; astrocyte; homeostasis; noradrenaline; siesta; sleep; sleep deprivation

1. Introduction

Sleep homeostasis refers to a regulatory process that controls the accumulation and
discharge of sleep drive as a function of prior wake time [1]. In contrast to the circadian
biological clock, which is anatomically and molecularly well-characterized, the biological
substrates of the sleep homeostat are poorly understood [1]. Recent findings indicate that
astrocytes are part of the mammalian sleep homeostat. For example, inhibition of astroglial
gliotransmission reduces the accumulation of sleep need as measured by reductions in com-
pensatory changes in sleep time and non-rapid eye movement sleep (NREMS) slow-wave
activity (SWA; i.e., delta) in the electroencephalogram (EEG) [2]. Subsequent investigations
showed that astrocytes dynamically change their activity across the sleep–wake cycle [3–6],
and manipulation of this activity influences sleep homeostasis [3,7,8].

Less is known about the transduction pathways that link neural activity in wakeful-
ness with changes in astrocytes necessary for sleep homeostasis. One possibility is that
this reflects a feedback loop consisting of a neuronal waking signal and an astroglial trans-
ducer/integrator of this signal that results in the release of somnogens [8,9]. The waking
signals are presently unknown, but a plausible scenario is that they satisfy at least three
basic criteria. First, they should be released at higher rates in wakefulness vs. sleep, second,
they should be linked to sleep homeostasis, and third, they should activate astrocytes
in vivo (e.g., by elevating intracellular calcium (Ca2+)) [2]. The monoamine noradrenaline
(NA) satisfies these criteria as NA brain concentrations peak during normal wakefulness
(or after sleep deprivation (SDep)) and reach a nadir during sleep [10–13]. In addition,
NA is a potent activator of astrocytes in vivo [14], and depletion of brain NA reduces the
homeostatic response to SDep [15].
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We therefore explored the role of astroglial NA beta-2 adrenergic receptors (β2-AR;
Adrb2) in murine sleep expression and homeostasis using inducible Cre-lox technology
(conditional knockout: cKO). The β2-AR receptor is expressed in mature astrocytes
in vivo and, when activated, increases intracellular Ca2+ [16]. In GFAP-CreERT2 mice, an
astrocyte-specific promoter (GFAP) drives Cre expression, and Cre activity is controlled
by an engineered fusion protein that binds to a synthetic ligand (tamoxifen) [17]. When
these mice are crossed with floxed lines (i.e., with a gene of interest flanked by loxP
sites), the floxed gene is deleted only in astrocytes in the offspring after tamoxifen
treatment (<1% recombination in neurons) [17]. We crossed GFAP-CreERT2 mice with
Adrb2flox mice to produce bigenic animals for astroglial cKO of β2-AR (and see [18]). Our
principal finding is that cKO of astroglial β2-ARs reduced compensatory (homeostatic)
responses to SDep. This is consistent with our proposed model of an astroglial sleep
homeostat [8,9].

2. Results
2.1. Baseline Changes in Sleep Expression Following cKO of Astroglial β2-ARs

We assessed cKO of astroglial β2-ARs in two ways. First, we previously verified
via immunofluorescence that Cre recombination in GFAP-Cre/ERT2Tg+/− mice occurred
selectively in astrocytes [3], which is in agreement with other previous work [19–24].
Second, we further verified β2-AR cKO with an in vivo functional astroglial Ca2+ imaging
assay similar to what we used in our previous studies [3]. Because there are currently no
reliable antibodies for β2-AR [25], we were not able to immunohistochemically directly
quantify the reduction of β2-AR expression. Instead, we used the functional assay to
determine that Ca2+ activity of frontal cortex astrocytes—which we previously showed
changes with vigilance states and sleep need [3]—in cKO mice was impaired in response
to the β-AR agonist isoproterenol (5 mg/kg; intraperitoneally; Ca2+ event frequency:
U = 1350.00, p < 0.001; mean ∆F/F: U = 810.00, p < 0.001) (Figure S1).

We next found cKO of astroglial β2-ARs resulted in subtle changes in baseline sleep
expression (Figure 1). The most prominent change was an unexpected increase in sleep time
during the dark phase (Figure 1A; genotype x time effects, wake: F(3.77,90.54) = 2.84, p = 0.031;
NREMS: F(5,120) = 2.86, p = 0.018; rapid eye movement sleep (REMS): F(3.14,75.45) = 1.911,
p = 0.132). This occurred within a specific window corresponding to the ‘siesta’—a ~2 h
sleep period that typically occurs during the latter half of the active phase—reported in mice
of this C57Bl/6J background strain [26,27]. We also observed slight changes in REMS EEG
activity in the theta (5–9 Hz) band, but this was limited to only one frequency (Figure 1D;
genotype effect, F(1,24) = 4.43, p = 0.046; 9 Hz, p = 0.049). We did not find significant
differences in 24 h patterns in baseline NREM SWA (Figure S2A). Measures of body mass
(Figure S2C), diurnal/nocturnal patterns of core body temperature (Figure S2D), and core
body temperature range (minimum, wild type (WT): 33.98 ± 0.05 ◦C, cKO: 34.06 ± 0.19 ◦C,
t(5) = −0.23, p = 0.83; maximum, WT: 37.78 ± 0.31 ◦C, cKO: 37.86 ± 0.10 ◦C, t(5) = −0.37,
p = 0.73) showed no gross abnormalities in the cKO mice.

2.2. Changes in Sleep Homeostasis Following cKO of Astroglial β2-ARs

cKO mice displayed a blunted response to a standard probe of sleep homeosta-
sis (i.e., 6 h SDep) [28]. While compensatory changes in sleep time were similar be-
tween cKO and WT mice (Figure 2A), the normal homeostatic increase in sleep conti-
nuity (as measured by bout frequency and duration) after SDep did not occur in cKO
mice. For example, cKO mice did not show an expected decrease in wakefulness or
NREMS bout frequency during the light period (Figure 2B; wake: genotype x time effect,
F(1,24) = 4.51, p = 0.044; NREMS: genotype effect, F(1,24) = 7.06, p = 0.014) nor an increase
in NREM bout duration during the dark period (Figure 2C; NREMS: genotype effect,
F(1,24) = 9.20, p = 0.006) compared to controls. Similarly, the normal homeostatic increase
in NREM SWA was blunted in cKO mice in frequency bands previously shown to be im-
pacted by astroglial manipulation (Figure 3, light period: genotype effect, F(1,24) = 4.37,
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p = 0.047) [2,3]. Further inspection of NREMS EEG spectra during SDep recovery did
not show any difference above 4 Hz (Figure S2B).
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Figure 1. Conditional deletion of astroglial β2-ARs increases duration of dark period siesta. (A) Time 
spent in wakefulness (top), NREMS (middle), and REMS (bottom) expressed as a percentage of total 
recording time in 2 h bins. (B) Average bout frequency and (C) bout duration for wakefulness (top), 
NREMS (middle), and REMS (bottom) during the 12 h light and dark periods. (D) Normalized EEG 
spectral power for wakefulness (top), NREMS (middle), and REMS (bottom) over 24 h. Open and 
closed bars on the x-axis denote the light and dark periods, respectively. Values are means ± SE from 
n = 13 WT and n = 13 cKO mice. * p < 0.05 (repeated measures ANOVA). 
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Figure 1. Conditional deletion of astroglial β2-ARs increases duration of dark period siesta. (A) Time
spent in wakefulness (top), NREMS (middle), and REMS (bottom) expressed as a percentage of total
recording time in 2 h bins. (B) Average bout frequency and (C) bout duration for wakefulness (top),
NREMS (middle), and REMS (bottom) during the 12 h light and dark periods. (D) Normalized EEG
spectral power for wakefulness (top), NREMS (middle), and REMS (bottom) over 24 h. Open and
closed bars on the x-axis denote the light and dark periods, respectively. Values are means ± SE from
n = 13 WT and n = 13 cKO mice. * p < 0.05 (repeated measures ANOVA).
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Figure 2. Conditional deletion of astroglial β2-ARs blunts the compensatory response to sleep
deprivation (SDep): sleep consolidation. (A) Time spent in wakefulness (top), NREMS (middle),
and REMS (bottom) after 6 h SDep expressed as a percentage of total recording time in 2 h bins.
(B) Average bout frequency and (C) bout duration shown as change from baseline (SDep–baseline
differences) during 6 h (light period) and 12 h (dark period) bins post-SDep recovery for wakefulness
(top), NREMS (middle), and REMS (bottom). Cross-hatched bars on the x-axis denote the 6 h SDep
period. Open and closed bars on the x-axis denote the recovery phase light and dark periods,
respectively. Values are means ± SE from n = 13 WT and n = 13 cKO mice. * p < 0.05 (repeated
measures ANOVA).
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rivation (SDep): NREM slow-wave activity (SWA). Normalized NREM SWA for (A) delta (δ) bands 
(0.5–4.0 Hz) and (B) low delta bands (0.5–1.5 Hz) shown in 2 h bins post-SDep. Cross-hatched bars 
on the x-axis denote the 6 h SDep period. Open and closed bars on the x-axis denote the recovery 
phase light and dark periods, respectively. Values are means ± SE from n = 13 WT and n = 13 cKO 
mice. * p < 0.05 (repeated measures ANOVA). 
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Figure 3. Conditional deletion of astroglial β2-ARs blunts the compensatory response to sleep
deprivation (SDep): NREM slow-wave activity (SWA). Normalized NREM SWA for (A) delta (δ)
bands (0.5–4.0 Hz) and (B) low delta bands (0.5–1.5 Hz) shown in 2 h bins post-SDep. Cross-hatched
bars on the x-axis denote the 6 h SDep period. Open and closed bars on the x-axis denote the recovery
phase light and dark periods, respectively. Values are means ± SE from n = 13 WT and n = 13 cKO
mice. * p < 0.05 (repeated measures ANOVA).

3. Discussion

We investigated the role of NA signaling in astrocytes in sleep homeostasis using con-
ditional and selective deletion (cKO) of astroglial β2-ARs in mice. We find several changes
in cKO mice indicating that astroglial NA β2-AR signaling influences sleep expression and
regulation. Our main findings are that cKO mice had a blunted response to SDep, similar
to mutant mice with reductions in gliotransmission or astroglial intracellular Ca2+ [2,3].
This did not appear to be due to gross abnormalities in the mutant mice as they showed
normal body mass and core temperature (relative to WT controls). We discuss aspects of
these findings in more detail below.

3.1. Monoamines and Sleep Homeostasis

As reviewed in Greene and Frank [23], several neuromodulators have been proposed
as mediators of sleep homeostasis (and/or NREM SWA). Serotonin (5HT), for example, has
long been implicated in sleep drive [29], as its brain concentrations are highest in wakeful-
ness and low in sleep, pharmacological blockade of 5HT2 receptors increases NREM SWA,
and embryonic KO of the 5HT2c receptor increases the compensatory response to SDep [30].
On the other hand, it is not clear that 5HT is necessary and sufficient for sleep homeostasis
because while brain depletion of 5HT (using p-chlorophenylalanine) combined with SDep
reduces compensatory changes in sleep time [31], this has no effect on NREM SWA [32]. A
relatively stronger case can be made for NA. NA brain concentrations are also maximal in
waking, reach a nadir during sleep, and increase with SDep [10–13]. In rats, depletion of
NA using the neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) reduces
SDep-induced compensatory changes in NREM SWA and cortical immediate early gene
(IEG) expression [15]. The latter further suggests a link between NA and sleep homeostasis
because cortical IEG expression rises and falls with sleep drive with a time course compara-
ble to NREM SWA [33]. However, the precise signaling pathways involved in this process
are unclear (see [34] for discussion). Deletion of the dopamine β-hydroxylase (Dbh) gene
in mice—which results in the complete absence of NA—reduces compensatory changes
in sleep duration but has no effect on NREM SWA after SDep [34]. The contribution of
different NA receptors has also been minimally explored with respect to sleep homeostasis
and has chiefly been investigated with pharmacology which can lack specificity and is
highly dependent on the site of action (see [34] for discussion). This complicates the role of
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NA in sleep homeostasis as different NA receptors can change wakefulness or sleep time
via direct or indirect paths (e.g., changes in thermoregulation) [35] but may not provide
insights about the sleep homeostat per se. Therefore, the current role of monoamines in
sleep homeostasis is unresolved.

3.2. Astroglial Signaling and Sleep Homeostasis

One possible resolution for these disparate findings is that the effects of neuromodula-
tors depend on their activity in neurons and glia. Astrocytes may represent a parallel level
of brain organization that influences sleep expression and regulation [8]. Astrocytes express
several subtypes of NA receptors in vivo, including α1-, α2-, β1-, β2-, and β3-ARs [36,37].
The activation of both α- and β-ARs trigger similar intracellular cascades in astrocytes,
albeit through different pathways. Therefore, activation of either receptor subtype could
provide a waking signal that increases sleep drive as recently proposed [8,9]. There are,
however, several differences in signaling between astroglial α- and β-ARs that suggest that
β-ARs may be the critical subtype in this process. Astroglial α1- and α2-ARs have greater
affinity for NA [38] and trigger rapid changes in intracellular astroglial Ca2+ via activation
of Gq and Gi pathways, respectively [39]. This makes them well-suited for detecting fast
changes in NA release associated with specific behavioral contexts (e.g., during learning,
attention) or modulating rapid changes in synaptic transmission. In contrast, the β2-AR
has lower affinity for NA [38] and is coupled to Gs signaling which upregulates cyclic
adenosine monophosphate (cAMP) [39], and secondarily Ca2+ [16], under slower time
scales [38]. For example, astroglial cAMP takes longer to peak and decline compared to
Ca2+ in response to optogenetic stimulation of NA cortical terminals or fear-conditioned
foot shock in vivo [38]. Theoretically, this slower Gs signaling pathway would be more sen-
sitive to cumulative changes in surrounding NA concentrations as occurs during sustained
wakefulness and sleep periods. While speculative, activation of β2-AR fits our proposed
model that includes a signal that accumulates during prolonged waking (e.g., NA) and
triggers secondary events that have a time course similar to the discharge of NREM SWA;
an entire process that occurs over hours in mammals [8,9]. Additional support for this idea
is the observation that DSP-4 NA depletion specifically reduces energy in the slower delta
bands of NREMS (<2.0 Hz) [15]. Similar findings are reported after inducible reductions in
astroglial gliotransmission [2], intracellular Ca2+ [3], and β2-AR (present findings).

3.3. Astroglial β2-AR Signaling and Sleep Homeostasis

Our findings are consistent with ‘energy-charge’-based theories that link changes
in astroglial energy substrates with sleep drive [40,41]. As proposed by Benington and
Heller [42], waking activation of astroglial NA receptors triggers glycogenolysis and glu-
cose release, which supports neuronal metabolic activity. The progressive depletion of
this astroglial energy store during wakefulness increases NREM SWA via the release of
neuronal adenosine [42]. The NA receptor subtype mediating glycogenolysis was not
specified, but this likely involves the β2-AR [25,43]. While the original glycogen theory
of sleep homeostasis has received mixed experimental support [40,41], activation of as-
troglial β2-ARs also increases the transfer of another energy source (lactate) to neurons
via the astrocyte–neuron lactate shuttle (ANLS) [44]. There are several suggestive find-
ings linking the ANLS and related metabolic processes to sleep homeostasis. Astroglial
lactate mobilization increases during wakefulness and decreases during NREMS at a rate
positively correlated with NREM SWA [45–47]. SDep also upregulates ANLS-related
genes specifically in astrocytes [48], and disrupting lactate transport via KO of astroglial
connexin 43 decreases wakefulness amounts and wakefulness bout duration during the
active phase [49]. These results are similar to our findings of a longer siesta (Figure 1) and
reduced sleep continuity post-SDep (Figure 2) in the cKO mice. Collectively, these data
support the idea that β2-AR-mediated changes in astroglial energy substrates influence
sleep expression and homeostasis.
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3.4. Conclusions and Future Directions

We show that NA signaling in astroglial β2-AR may provide a link between wake-
fulness and subsequent sleep drive. This is consistent with our proposed model of sleep
homeostasis comprised of three components: a neuronal signal that accumulates during
wakefulness, an astroglial transducer/integrator of this signal, and a feedback mechanism
that dampens the waking signal [8,9]. We previously identified putative components of a
feedback mechanism (gliotransmission of ATP > adenosine [2]), an integrator of a waking
signal (intracellular calcium [3]), and now the potential waking signal (NA) and its as-
troglial transducer (β2-AR). Nevertheless, there are many unanswered questions. First, the
contribution of other astroglial NA receptor subtypes to sleep is unknown. While we think
it likely that these are β-ARs (see above), similar studies using cKO of α-ARs are needed to
answer this question. It is interesting, however, that cKO of astroglial β2-AR only partially
reproduces changes in sleep homeostasis following brain depletion of NA in rats [15]. This
suggests that other NA receptors may be involved. Second, while we discuss one possible
connection between β2-AR (metabolism) and sleep homeostasis, other mechanisms are
also possible. For example, activation of α-AR triggers gliotransmission of ATP which is
hydrolyzed to the sleep-inducing molecule adenosine [50]. The role of β2-AR in gliotrans-
mission is less understood, but if they have similar effects, then it is conceivable cKO of
β2-AR would reduce gliotransmission of somnogens. Third, we do not know where in the
brain astroglial β2-ARs exert their effects on sleep. The distribution of different subtypes of
astroglial NA receptors in the mammalian brain is relatively unexplored, although there
is evidence α-ARs and β-ARs are located in cortical and subcortical regions [25,38,51–53].
Therefore, as previously suggested [8,9], astrocytes via NA signaling could influence sleep
via action in canonical subcortical sleep or wake centers, or through modulation of cortical
activity. Fourth, further exploration of potential sex differences for these factors is needed
because there is evidence for different noradrenergic neurocircuitry between male and
female mice [54,55]. Lastly, more work is needed to determine if this signaling pathway is
evolutionarily conserved. In mice and flies (Drosophila melanogaster), astroglial intracellular
Ca2+ rises and falls with sleep drive and influences the homeostatic response to sleep
loss [3,7,8]. Interestingly, sleep homeostasis in flies requires the astroglial expression of the
monoaminergic receptor TyrRII [7]. Astroglial KO of TyrRII in flies reduces the homeostatic
response to sleep loss in a manner similar to what we report in mice with cKO of astroglial
β2-AR. Finally, β2-AR cKO mice unexpectedly have a longer ‘siesta’—a ~2 h sleep period
that typically occurs during the latter half of the active phase. The timing of the siesta
is thought to reflect the clock and homeostatic processes [56]. Given that there were no
differences in baseline NREM SWA between cKO and WT mice, the longer siesta in cKO
mice might be due to altered circadian processes that could involve astroglial activity in the
suprachiasmatic nucleus—the primary pacemaker of circadian rhythms [57,58]. Astrocytes
influence circadian rhythms [59], but the role of astroglial β2-ARs in central or peripheral
clocks requires further investigation.

4. Materials and Methods
4.1. Animals

B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J (GFAP-CreERT2; #012849) mice were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA), and Adrb2tm1Kry (Adrb2flox) mice
on a C57Bl/6J background were obtained from Dr. Gerard Karsenty at Columbia Uni-
versity (New York, NY, USA) [60]. Breeding pairs of hemizygous GFAP-CreERT2Tg+/−

male mice and homozygous Adrb2fl/fl female mice were established to obtain GFAP-
Cre/ERT2−/−;Adrb2fl/fl WT mice and GFAP-Cre/ERT2Tg+/−;Adrb2fl/fl cKO mutant mice.
We previously verified selective Cre recombination in astrocytes of GFAP-Cre/ERT2Tg+/−

mice [3], and we further verified astroglial β2-AR conditional knockdown using a func-
tional Ca2+ imaging assay (see below). Mice were housed in standard cages on 24 ± 1 ◦C
on a 12:12 h light:dark cycle with food and water ad libitum. All experimental procedures
were approved by the Institutional Animal Care and Use Committee of Washington State



Clocks&Sleep 2022, 4 339

University and conducted in accordance with National Research Council guidelines and
regulations for experiments on live animals.

4.2. Surgical Procedures
4.2.1. EEG and EMG Implantation

Adult male and female mice (WT (n = 13; females = 2) and cKO (n = 13; females = 2);
11–14-weeks old) were stereotaxically implanted with EEG and electromyographic (EMG)
electrodes under isoflurane anesthesia according to previously published methods [3,61,62].
Briefly, four stainless steel screw electrodes (BC-002MPU188, Bellcan International Corp,
Hialeah, FL, USA) were implanted contralaterally over frontal (2) and parietal (2) cortices,
and 2 EMG wire electrodes were inserted in the nuchal muscles. Mice were allowed 5 days
of recovery from surgery prior to habituation to the recording environment.

4.2.2. Cranial Window for Ca2+ Imaging

Adult male and female mice (WT (n = 3; female = 1) and cKO (n = 3; female = 1);
14–18-weeks old) were anesthetized using isoflurane and placed in a stereotaxic frame for
AAV2/5 GfaABC1D-GCaMP6f delivery and cranial window implantation as previously
described [3]. A 3 mm craniotomy was made over the frontal cortex leaving the dura intact.
AAV2/5 GfaABC1D-GCaMP6f (3.31 × 1013 GC/mL; Penn Vector Core, Philadelphia, PA,
USA) was injected at two adjacent sites (1.5 µL each site; 200 nl/min) in the frontal cortex
(AP: 2.0–2.5 mm, ML: −1.25–−1.75 mm, DV: −0.18 mm). The needle remained in place for
10 min after each injection. After vector delivery, a 3 mm glass coverslip was fixed over the
craniotomy with cyanoacrylate adhesive and the skull covered with dental acrylic. After
2–4 weeks recovery, mice were fitted with a baseplate under isoflurane anesthesia. This
recovery window allowed enough time to detect the fluorescent indicator [3,63,64]. The
baseplate was secured to the skull with dental acrylic mixed with black carbon powder to
house the miniature microscope (nVista 2.0; Inscopix, Palo Alto, CA, USA).

4.2.3. Telemeter Implantation for Core Body Temperature

Adult male and female mice (WT (n = 2; female = 1) and cKO (n = 5; female = 1);
12–15-weeks old) were implanted with a telemetry device (G2 E-mitter, STARR Life Sciences
Corp., Oakmont, PA, USA) in the peritoneal cavity under isoflurane anesthesia as previously
described [3]. The telemeter was secured to the abdominal musculature with a suture. The
skin was closed with wound clips which were removed after 8 days of recovery. During
the recovery period, body weight, hydration, and fecal output were monitored daily.

4.3. Tamoxifen Injections

Prior to all surgical procedures, all mice were injected with tamoxifen (180 mg/kg;
#T5648, Sigma-Aldrich, St. Louis, MO, USA) intraperitoneally once per day for 5 consecu-
tive days alternating sides as previously described [3,65]. Tamoxifen was sonicated and
dissolved in a solution of 90% sunflower oil (#S5007, Sigma-Aldrich) with 10% ethanol
for a final concentration of 30 mg/mL. The tamoxifen solution was then sterile filtered
through a 0.22 µm filter. Mice received 1 mL lactated Ringer’s solution with 5% dextrose
subcutaneously daily until they started regaining body weight, which was monitored daily.
Mice were given at least 10 days of recovery after the final tamoxifen injection prior to
surgical procedures.

4.4. Experimental Procedures
4.4.1. Sleep Phenotyping

Following postoperative recovery from EEG and EMG implantation, each mouse was
placed in its own polycarbonate recording cage and connected to a lightweight, flexible
recording cable. Mice acclimated to the recording cable and environment for at least 3 days
prior to data collection. After acclimation, mice underwent a 24 h undisturbed baseline
EEG/EMG recording starting at light onset. The next day, mice were sleep deprived for 6 h
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starting at light onset using the gentle handling technique as previously described [2,66].
Sleep deprivation by gentle handling involves introducing stimuli (e.g., tactile, auditory) to
a mouse when the EEG/EMG and behavior (e.g., posture, quiescence) is indicative of sleep.
Mice were then left undisturbed for the remaining 18 h (recovery period).

4.4.2. Ca2+ Response to Isoproterenol

Ca2+ imaging started 2–5 weeks after surgical procedures to allow for postoperative
recovery and fluorescent indicator expression [3,63,64]. On the experimental day, mice
were attached to the miniature microscope and placed in the recording chamber. Mice were
allowed at least 10 min to settle in the familiar chamber to which they were previously
habituated. Next, baseline image capture occurred for 5 min. Mice were then injected
intraperitoneally with 5 mg/kg of the β-AR agonist (-)-isoproterenol hydrochloride (#I6504,
Sigma-Aldrich) made in saline [67,68]. Image capture occurred 20 min post-injection for
2 min. Mice were undisturbed during recordings.

4.4.3. Daily Core Body Temperature Patterns

After postoperative recovery from abdominal transmitter implantation, mice were
individually housed in standard mouse cages and allowed at least 5 days to habituate to
the recording environment. After habituation, mice were recorded for 7 days under 12:12 h
light:dark conditions. During this time, core body temperature was recorded continuously.

4.5. Data Acquisition and Processing
4.5.1. EEG and EMG

EEG and EMG data were collected with a Grass 7 polygraph system (Natus Medical
Incorporated, Pleasanton, CA, USA) via a lightweight recording cable for sleep phenotyping
experiments. EEG and EMG signals were amplified and digitized at 256 Hz using Vital
Recorder acquisition software (v3.0.0.0; SleepSign for Animal, Kissei Comtec Co., Ltd.,
Nagano, Japan). EEG and EMG data were high- and low-pass filtered at 0.3 and 100 Hz
and 10 and 100 Hz, respectively [3].

EEG and EMG data were scored using SleepSign for Animal (v3.3.8.1803; Kissei
Comtec Co., Ltd.) to assign vigilance states. Wakefulness, NREMS, and REMS (Figure S3)
were scored by visual inspection of the EEG waveform, EMG activity, and fast Fourier
transform (FFT) analysis using 4 s epochs by an experimenter blinded to genotype. Bout
lengths were defined as ≥7 consecutive epochs (≥28 s) for wakefulness and NREMS and
≥4 consecutive epochs (≥16 s) for REMS [3]. Time spent in each state was expressed as a
percentage of total recording time in 2 h bins. Frequency (number of bouts per 2 h) and
duration of wakefulness, NREMS, and REMS bouts were expressed in 12 h bins for baseline
conditions. Bout frequency and duration after SDep were expressed as differences from
baseline by subtracting baseline values from SDep values [61,66,69]. These differences
were then shown in 6 h and 12 h bins for the light and dark periods, respectively, for the
post-SDep recovery phase.

FFT of the EEG was used to produce power spectra between 0–20 Hz with 0.5 Hz
resolution. Delta (δ) was defined as 0.5–4 Hz and low delta as 0.5–1.5 Hz [2]. For genotypic
comparisons of (1) baseline EEG spectral data and (2) NREMS EEG spectral data during
the first 6 h of recovery sleep post-SDep, each spectral bin was expressed as a percentage
of the total power in baseline wakefulness, NREMS, and REMS averaged across the three
vigilance states. For hourly NREM delta power (i.e., NREM SWA) analysis after SDep,
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 (h9–12) and expressed as a percentage shown in 2 h bins [70]. EEG
epochs with visually detected artifacts were excluded from spectral analyses.
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4.5.2. Ca2+ Imaging

Ca2+ imaging data was acquired through the head-mountable epifluorescent miniature
microscope and Inscopix nVista HD software (v2.0.4) as previously described [3]. 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. The LED power was
set at the beginning of the experiment for each mouse and did not change for the remainder
of the experiment.

Imaging data were preprocessed using the Data Processing Software (v1.2.1; Inscopix)
as previously described [3]. For this preprocessing, movies were spatially and temporally
downsampled by a factor of 2 and 5, respectively, to reduce the data footprint, and defective
pixels were rectified [71]. Small lateral displacements were then corrected using the motion
correction algorithm in the Data Processing Software. Next, regions of interest (ROIs) were
selected by manually identifying cell-body-sized, high-contrast regions over the course
of the recording, and contours were drawn to contain pixels from the ROI as described
previously [3,72]. ROIs were further validated by inspecting temporal traces of each ROI
for Ca2+ signals consistent with Ca2+ transients from individual cells [3,63,73–75]. We
identified 115 ROIs from 3 WT mice and 84 ROIs from 3 cKO mice. Raw fluorescent
values were exported for each ROI for the entire recording. 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 (R2019a; MathWorks, Natick, MA, USA) Curve Fitting
toolbox [76] as previously described [3]. The curve fit was 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 entire recording for each ROI [3,76,77]. Event detection
with a 0.5% prominence threshold was then performed using the ‘findpeaks’ function from
MATLAB’s Signal Processing toolbox as previously described [3]. 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 5 s.

4.5.3. Core Body Temperature

Core body temperature was recorded using VitalView Activity Data Acquisition
software (v5.1; STARR Life Sciences Corp.) with 10 min resolution. Data were calculated in
2 h bins to assess diurnal/nocturnal patterns and as 7 d means of minimum and maximum
values to determine if temperatures were within normal range.

4.6. Statistical Analysis

Plots were generated in SigmaPlot (v11.0, Systat Software, Inc., San Jose, CA, USA)
and R (v4.1.1), and statistical analyses were performed using SPSS for Windows 25 (IBM
Corporation, Armonk, NY, USA). Data are presented as means ± standard error of the mean
(SE) unless otherwise stated. Normality of the data was determined with Shapiro–Wilk
or Kolmogorov–Smirnov tests. A general linear model for repeated measures (RM) using
time (hours) as the repeated measure and genotype (WT vs. cKO) as the between-subjects
factor was used when multiple measurements were made over time (i.e., time-in-state,
bout frequency, bout duration, NREM delta power, core body temperature). Baseline
time-in-state RM comparisons were made over all time intervals during the light (h1–12)
and dark (h13–24) periods. For recovery data post-SDep, RM comparisons were made
over all time intervals during the light (h7–12) and dark (h13–24) recovery periods for
time-in-state and NREM delta power data. Bout data RM comparisons were made over
all time intervals during the full 24 h recording period (h1–24) for baseline and SDep
recovery. RM was also used to compare normalized EEG spectral power using frequency
(Hz) as the repeated measure from 0–20 Hz, spectral power as the dependent variable, and
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genotype (WT vs. cKO) as the between-subjects factor. RM comparisons were tested for
sphericity, and a Greenhouse–Geisser correction was applied when appropriate. Post-hoc
pairwise comparisons using Sidak corrections were performed when there were significant
interaction effects or main effects of genotype. Baseline NREM delta power was assessed
with a Kruskal–Wallis test due to normal periods of prolonged wakefulness during the dark
(i.e., active) period. Genotypic comparisons of Ca2+ event frequency and ∆F/F values under
baseline conditions and in response to isoproterenol were made using a Mann–Whitney U
test. For simplicity, outliers were not plotted with the boxplots. Body mass at the time of
surgery (post-tamoxifen treatment) was compared using a Mann–Whitney U test. Unpaired
Student’s t-tests with genotype as the grouping variable were used for 7 d minimum and
maximum core body temperature comparisons. An alpha level less than 0.05 was used to
indicate significance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/clockssleep4030028/s1, Figure S1: Verification of Astroglial β2-
AR cKO, Figure S2: Assessment of Astroglial β2-AR cKO on Electroencephalographic Activity and
Physiology, Figure S3: Arousal State-specific Electroencephalography (EEG) and Electromyography
(EMG) from a WT Mouse and a cKO Mouse.
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