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SUMMARY
Sleep is generally viewed as a period of recovery, but how the supply of cerebral blood flow (CBF) changes
across sleep/wake states has remained unclear. Here, we directly observe red blood cells (RBCs) within cap-
illaries, where the actual substance exchange between the blood and neurons/glia occurs, by two-photon
microscopy. Acrossmultiple cortical areas, average capillary CBF is largely increased during rapid eyemove-
ment (REM) sleep, whereas it does not differ between periods of active wakefulness and non-REM sleep.
Capillary RBC flow during REM sleep is further elevated following REM sleep deprivation, suggesting that
capillary CBF reflects REM sleep pressure. At the molecular level, signaling via adenosine A2a receptors is
crucial; in A2a-KO mice, capillary CBF upsurge during REM sleep is dampened, and effects of REM sleep
pressure are abolished. These results provide evidence regarding the dynamics of capillary CBF across
sleep/wake states and insights to the underlying mechanisms.
INTRODUCTION

Mammalian sleep comprises two distinct states, non-rapid eye

movement (NREM) sleep and rapid eye movement (REM) sleep.

Accumulating evidence supports causal roles of both NREM

sleep (Chauvette et al., 2012; Miyamoto et al., 2016; Norimoto

et al., 2018; Rasch et al., 2007; Roux et al., 2017; Yang et al.,

2014) and REM sleep (Boyce et al., 2016; Dumoulin Bridi et al.,

2015; Li et al., 2017) in memory consolidation and synaptic plas-

ticity. In addition, biological changes that occur during NREM

sleep support critical roles of this sleep stage in basic functions

related to brain maintenance or metabolism, such as increased

growth hormone secretion (Gronfier et al., 1996; Takahashi

et al., 1968), suppressed cortisol secretion (Gronfier et al.,

1997), and activation of the glymphatic system (Xie et al.,

2013). In contrast, much less is known about how REM sleep

may contribute to such basic vital functions.

Cerebral blood flow (CBF) is critical for maintaining energy-

dependent processes and clearance of metabolic by-products

generated by neuronal activity. Impaired CBF regulation can

affect numerousbiological functions, andCBFdysregulation cor-

relateswith the progression of neurodegenerative disorders such
This is an open access article und
as Alzheimer disease (Hossmann, 1994; Kisler et al., 2017). CBF

is strictly regulated and independent of the peripheral circulation

(Grant et al., 2005). Until now, various approaches have been

used to investigate CBF dynamics across sleep/wake cycles,

including positron emission tomography (PET), ultrasound

Doppler methods, near-infrared spectroscopy (NIRS), and func-

tional magnetic resonance imaging (fMRI). The conclusions

drawn from these different approaches, however, are conflicting.

According to studies using H2
15O-PET or NIRS, CBF decreases

during NREM sleep and is either comparable to or slightly lower

than theawake level duringREMsleep (Braunet al., 1997;Kubota

et al., 2011). In contrast, studies using ultrasonicmethods or laser

Doppler flowmetry suggest that CBF is highest during REM sleep

(Bergel et al., 2018; Grant et al., 2005; Natsubori et al., 2020). In

fMRI studies, blood oxygen level-dependent signals, which

correlate with increased blood flow, during REM sleep have not

yet been strictly compared with other stages, whereas during

NREM sleep, they become higher as sleep becomes deeper

comparedwith the awake state (McAvoy et al., 2019). These con-

flicting findingsare likely due todifferences in thedataprocessing

and normalization procedures used as well as differences in the

type of blood vessels that were observed. In addition, some of
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Figure 1. Experimental method for measuring capillary CBF across

sleep/wake states in mice

(A) Schematic illustration of the setup for simultaneous 2PM and EEG/EMG

recording in mice. Mice were trained to sleep on an air-floating spherical

treadmill with their head fixed by a head plate, and imaging was performed

through a chronic cranial window.

(B and C) Representative images of the cortical vasculature visualized by

labeling blood plasma with FITC-dextran (green). Note that RBCs are not

labeled and thus appear black (arrowheads). The movement of RBCs was

recorded by repeated single-line scans obtained in the longitudinal direction

along the capillary from point a to b (yellow arrow). Line scans (C) obtained in

(B) were used to generate a distance-time line scan (XT line scan) image. In this

example, the direction of the capillary blood flow is fromb to a. From the XT line

scan image, RBC velocity and RBC flow were calculated.
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the abovemethodsmeasure a combinedeffect ofCBFandmeta-

bolic rates,making interpretation evenmore difficult, as the cere-

bralmetabolic rate alsochangesalong thesleep/wakecycle,with

levels being comparable between wakefulness and REM sleep

and lower during NREM sleep, as revealed by 18F-fluoro-2-

deoxy-D-glucose PET studies (Maquet et al., 1990). Therefore,

the aim of this study was to directly observe the changes in red

blood cell (RBC) velocity and flowwithin cerebral capillaries using

two-photon microscopy (2PM) while simultaneously monitoring

sleep/wake states.

RESULTS

Capillary CBF largely increased during REM sleep, but
was comparable between activewakefulness andNREM
sleep
To analyze the dynamics of capillary CBF in unanesthetized

mice, we used 2PM to directly measure themovement of individ-

ual RBCs within capillaries (Figures 1A and 1B). Sleep stages

were simultaneously monitored by recording electroencephalo-

grams (EEGs) and electromyograms (EMGs) (Figure S1A).

Capillaries in the cerebral cortex, typically between 30 and

50 mm from the surface of the brain, were targeted for observa-

tion. Capillaries in deeper areas were avoided as fluorescent sig-

nals derived from the dye had faded by the time the animals

started to engage in REM sleep (�3 h after injecting the dye;
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Figure S1F). Line scans acquired in the longitudinal direction of

the capillary allowed for the detection of temporal changes in

the positions of individual RBCs (Figures 1B, 1C, and S1B–

S1E). Evaluation of capillary CBF in the parietal cortex, primary

somatosensory cortex, and secondary visual cortex during

active wakefulness, NREM sleep, and REM sleep revealed

significantly increased capillary CBF in all cortical areas during

REM sleep in terms of both the RBC velocity (micrometers per

millisecond) and flow (number of RBC passing through a defined

point; 1 RBC/ms) compared with the other stages (Figures 2A–

2C). By contrast, surprisingly, there were no significant differ-

ences in the RBC velocity or flow between active wakefulness

and NREM sleep. Considering the variability in basal flow among

capillaries, we also compared the RBC velocity and flow of each

stage normalized to the awake level in each capillary, and the re-

sults also showed a similar surge in capillary CBF during REM

sleep in all cortical areas (Figures S2A–S2C). The sleep/wake

stages did not significantly affect capillary diameter (Figure 2F)

or the ratio of RBC flow to velocity (Figure S2F). Thus, the

increased capillary CBF during REM sleep is likely not due to

the dilation of individual capillaries, but rather to changes in the

pre-capillary arteries or structures farther upstream. We

observed that, upon entering REM sleep, capillary CBF gradually

increased across a period of �30–50 s and was maintained at a

high level thereafter, with some fluctuation until the termination

of REM sleep, after which it gradually decreased (Figures 2G–

2K and S2M). Thus, in contrast to EEGs and EMGs, which

show rapid changes during transitions into or out of REM sleep,

capillary blood flow may be regulated by slower mechanisms.

Considering that there are also some fluctuations in the EEG dur-

ing each sleep/wake stage, we next investigated the correlation

between capillary CBF and EEG power. RBC velocity was signif-

icantly and positively correlated with theta and gamma power

during REM sleep (Figure 3B), but not during active wakefulness

(Figure 3A). RBC flow was significantly and positively correlated

with theta-peak frequency during REM sleep, but not during

active wakefulness (Figure 3D). During NREM sleep, RBC veloc-

ity was significantly and positively correlated with delta power

(Figure 3C). In addition, REM sleep is accompanied by a charac-

teristic dynamism in the theta-gamma coupling (Bandarabadi

et al., 2019). However, we did not detect a significant correlation

between RBC velocity or flow and theta-gamma coupling during

REM sleep (Figure S2L).

Capillary RBC flow was elevated further during rebound
REM sleep
We next investigated whether capillary CBF during REM sleep is

affected by preceding homeostatic REM sleep pressure. We

used the flowerpot method, which disrupts sleep and leads to

a strong REM sleep rebound (Maloney et al., 1999; Verret

et al., 2006). We confirmed that REM sleep was largely increased

immediately in mice subjected to this method of sleep disruption

(Figures S3A and S3B). During the rebound REM sleep, the in-

crease in capillary CBF was enhanced compared with that dur-

ing basal REM sleep in terms of increased relative RBC velocity

and RBC flow (Figures 2D, 2E, S2D, and S2E), suggesting that

the system underlying the increased capillary CBF during REM

sleep is at least partly under the control of REM sleep pressure.



Figure 2. Capillary CBF is largely increased during REM sleep, whereas it is comparable between active wakefulness and NREM sleep

(A–C) RBC velocity and flow (means ± SEMs) during active wakefulness (aWake), NREM sleep (NREM), and REM sleep (REM) in the parietal cortex (A, 6 mice: 2

females and 4 males), primary somatosensory (S1) cortex (B, 3 mice: 1 female and 2 males), and secondary visual (V2) cortex (C, 3 mice: 1 female and 2 males). #

indicates a significant effect of the sleep/wake state in repeated-measures 1-way ANOVA (##p < 0.01; ###p < 0.001; ####p < 0.0001). * indicates a significant

difference in the post hoc Tukey’s multiple comparisons test (*p < 0.05; **p < 0.01; ***p < 0.001) (same in D).

(legend continued on next page)
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A2aR is involved in the capillary CBF elevation during
REM sleep
We also addressed the molecular mechanism of capillary CBF

regulation during sleep. Adenosine is released by neurons and

glia and acts as a vasodilator via adenosine A2a receptors

(A2aR) (Ngai et al., 2001). In addition, A2aR is a target of caffeine

in sleep inhibition, supporting its involvement in sleep regulation,

although A2aR knockout (A2aR-KO) mice exhibit no overt sleep

abnormalities or cardiovascular deficits at baseline (Chen et al.,

1999; Huang et al., 2005; Tsai et al., 2020). In the A2aR-KO

mice, capillary CBF in terms of RBC velocity was increased during

REM sleep, but to a lesser extent than that in wild-type (WT) mice

(Figures 4A, 4B, S2G, and S2H). By contrast, the RBC velocity

during active wakefulness or NREM sleep was comparable to

WTmice (Figure 4B). InA2aR-KOmice, theRBCflowalso seemed

affected in that RBC flow during REM sleep was not significantly

increased compared with that during active wakefulness (Fig-

ure 4A). The effect ofA2aR deletion wasmore evident when capil-

lary CBF was measured during rebound REM sleep after applying

the A2aR-KO mice to the flowerpot method. In contrast to WT

mice, there was no significant difference in the capillary CBF in

terms of both RBC velocity and flow between the basal sleep

and the post-flowerpot sleep (Figures 4C, 4D, S2I, and S2J).

Moreover, both RBC velocity and flow during the rebound REM

sleep were largely decreased in the A2aR-KO mice compared

to WT mice (Figures 4E and S2K). These results indicate that

A2aR-KOmice fail to generate the upsurge in capillary CBF during

REM sleep, even under high REM sleep pressure.

The general responsiveness of the vasculature in A2aR-KO

mice was likely unchanged, as suggested by the comparable re-

sponses betweenWT andA2aR-KOmice to sodium bicarbonate

(NaHCO3), a reagent that increases CBF (Buckley et al., 2013;

Yoon et al., 2012) (Figures 5A and 5B). In addition, we confirmed

that the duration of REM sleep episodes analyzed in the study

was comparable between WT and A2aR-KO mice (Figure S3C).

Moreover, the EEG power spectrum during REM sleep was not

affected (Figure S3E). Thus, reduced capillary CBF during REM

sleep in A2aR-KOmice is likely not due to a general deterioration

of REM sleep episodes. The increase in heart rate during REM

sleep (Sakai, 2015) may contribute to the increased capillary

CBF. However, the increase in the capillary CBF during REM

sleep appeared normal in A2aR-KO mice, suggesting that the

increase in the capillary CBF can be dissociated from the in-
(D) RBC velocity and flow (means ±SEMs) in the parietal cortex immediately after s

mice).

(E) Comparison of RBC velocity and flow (means ± SEMs) in the parietal cortex b

flowerpot method across sleep/wake cycles (same data shown in A and D). y ind
repeated-measures 2-way ANOVA (yp < 0.05). * indicates a significant difference

(F) Changes in the capillary diameter (means ± SEMs) across sleep/wake cycles

combined. No significant effect of the sleep/wake state was detected in the repe

(G) Representative data showing temporal changes in the EEG power spectrum a

sleep (NR), REM sleep (R), and wakefulness (W).

(H–K) Temporal changes in relative RBC velocity (H and I) and flow (J and K) ar

wakefulness (I and K).

Of the capillaries analyzed in (A)–(C), those for which measurements around the

represents an individual capillary, and the red or blue line represents the mean va

used in this figure were 3.5–4.5 months of age.

Detailed information on statistics is provided in Table S1.

4 Cell Reports 36, 109558, August 17, 2021
crease in the heart rate (Figure S3D). Finally, we conducted phar-

macological studies to further test the direct involvement of

A2aR in regulating capillary CBF. We were not able to test the ef-

fects of the A2aR antagonist (ZM241385) because its administra-

tion prevented mice from entering sleep (data not shown), which

is consistent with a previous report (Halassa et al., 2009). We

alternatively tested the effect of A2AR PAM-1, which is a positive

allosteric modulator of A2aR and thus enhances endogenous

A2aR signaling (Korkutata et al., 2019). Administration of A2AR

PAM-1 to WT mice increased RBC velocity, the effect of which

was maximal in REM sleep (Figure 5C). This effect was not

observed in the A2aR-KO mice, confirming that A2AR positive

allosteric modulator-1 (PAM-1) affected CBF via A2aR

(Figure 5D).

DISCUSSION

By observing the movements of individual RBCs in cerebral cap-

illaries, we were able to directly measure capillary CBF changes

across the sleep/wake cycle. Capillary CBF was drastically

increased in various cortical areas during REM sleep. This con-

flicts with findings from human H2
15O-PET studies that CBF is

highest in many cortical areas during wakefulness (Braun et al.,

1997), but is consistent with findings from ultrasound imaging

or laser Doppler flowmetry that blood flow is increased in multiple

brain areas during REM sleep (Bergel et al., 2018; Natsubori

et al., 2020). These differences are likely due to the data process-

ing and normalization procedures used as well as the type of

blood vessels that were observed, although differences in animal

species may also be involved. The advantage of our method is

that it required minimal normalization procedures and detected

blood flow from the capillaries, where the actual substance ex-

change occurs. We also demonstrated that capillary CBF ap-

peared to be the same during active wakefulness and NREM

sleep, in contrast to findings using H2
15O-PET (Braun et al.,

1997), ultrasound Doppler methods (Grant et al., 2005), NIRS

(Kubota et al., 2011), or fMRI (McAvoy et al., 2018), and perhaps

surprising, considering that the average firing rates of pyramidal

cells and metabolic rates are largely decreased during NREM

sleep (Evarts, 1964; Maquet et al., 1990).

During transitions to and fromREM sleep, we observed a delay

in the changes in capillary CBF relative to the changes in cortical

EEGactivity. Thus, although a change in cortical EEGactivity itself
ubjectingmice to 2 days of sleep disruption using the flowerpot method (4male

etween basal sleep and sleep after 2 days of sleep disruption induced by the

icates a significant interaction between the condition and sleep/wake state in

in the post hoc Sidak’s multiple comparisons test (*p < 0.05).

(8 mice: 4 females and 4 males). Data from parietal, S1, and V2 cortices was

ated-measures 1-way ANOVA.

nd the RBC velocity in a capillary during a period containing episodes of NREM

ound transitions from NREM sleep to REM sleep (H and J) and REM sleep to

timing of state transitions were available were plotted. Each gray dotted line

lue. Each line in (A)–(D) and (F) represents an individual capillary. All of the mice



Figure 3. Cortical oscillatory activities are correlated with capillary CBF during REM sleep

(A–C) Correlations between relative RBC velocity (upper panels) or flow (lower panels) and relative theta power (left panels in A andB), relative gamma power (right

panels in A and B) or relative delta power (C) during active wakefulness (aWake, A), REM sleep (B), and NREM sleep (C) (3 mice: 2 females and 1 male). Each

symbol represents an individual line scan taken during the indicated vigilance state and the horizontal axis indicates the associated EEG power during the 10-s

epoch. Pearson correlation coefficient r and level of significance p (2-tailed test) are indicated in each panel (same in D).

(D) Correlations between relative RBC velocity (upper panels) and flow (lower panels) and the theta-peak frequency during aWake (left panels) and REM sleep

(right panels) (3 mice: 2 females and 1 male). Each symbol represents an individual line scan taken during the indicated vigilance state, and the horizontal axis

indicates the associated theta-peak frequency during the 10-s epoch.

Detailed information on the statistics is provided in Table S1.
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should have some effects on CBF via neurovascular coupling,

additional mechanisms are likely involved. We demonstrated

that A2aR is crucial for the drastic increase in capillary CBF during

REM sleep, whereas they are dispensable for maintaining capil-

lary CBF during active wakefulness or NREM sleep. Thus, there

is a possibility that adenosine levels in the cerebrum are elevated

during REM sleep and cause vasodilation via A2aR. In addition to

CBF, REM sleep enhances slow-wave activity in the subsequent

NREM sleep episode (Hayashi et al., 2015). Considering that

slow-wave activity is also enhanced by adenosine via adenosine

1A receptors (Benington et al., 1995; Bjorness et al., 2009), aden-

osine signaling may somehow be upregulated during REM sleep.

While the average firing rate of pyramidal cells is highest during
wakefulness, pyramidal cells tend to fire in bursts during REM

sleep (Evarts, 1964), which may contribute to enhanced adeno-

sine signaling. There is also a possibility that A2aR is functioning

in other areas. A recent study using a genetically encoded aden-

osine sensor revealed that the level of extracellular adenosine in

the mouse basal forebrain is highest during REM sleep (Peng

et al., 2020). Considering that the basal forebrain sendsmany pro-

jections to the cortex and is involved in regulating CBF (Hotta

et al., 2020), A2aR in this area may somehow function to cause

CBF elevation during REM sleep. Although an increased heart

rate may be one factor contributing to the increased CBF during

REM sleep, A2aR-KO mice exhibited normal heart rates during

REM sleep, suggesting that CBF is regulated independently
Cell Reports 36, 109558, August 17, 2021 5



Figure 4. A2aR is involved in the capillary CBF elevation during REM sleep

(A) RBC velocity and flow (means ± SEMs) in the parietal cortex of A2aR-KOmice during active wakefulness, NREM sleep, and REM sleep (8 mice: 5 females and

3 males). # indicates a significant effect of the sleep/wake state in repeated-measures 1-way ANOVA (##p < 0.01; ###p < 0.001). * indicates a significant

difference in the post hoc Tukey’s multiple comparisons test (*p < 0.05; **p < 0.01; ***p < 0.001).

(B) Comparisons of RBC velocity and flow (means ± SEMs) betweenWT and A2aR-KOmice in the parietal cortex across the sleep/wake cycle (same data shown

in Figures 2A and 4A). y indicates a significant interaction between genotype and the sleep/wake state in repeated-measures 2-way ANOVA (yp < 0.05). * indicates

a significant difference in post hoc Sidak’s multiple comparisons test (*p < 0.05).

(C) RBC velocity and flow (means ± SEMs) in the parietal cortex immediately after subjecting A2aR-KO mice to 2 days of sleep disruption using the flowerpot

method (4mice: 3 females and 1male). # indicates a significant effect of the sleep/wake state in repeated-measures 1-way ANOVA (####p < 0.0001). * indicates a

significant difference in the post hoc Tukey’s multiple comparisons test (**p < 0.01; ***p < 0.001).

(D) Comparison of RBC velocity and flow (means ± SEMs) in the parietal cortex of A2aR-KO mice between basal sleep and sleep after 2 days of sleep disruption

induced by the flowerpot method across sleep/wake cycles (same data shown in Figures 4A and 4C).

(E) Comparison of RBC velocity and flow (means ± SEMs) in the parietal cortex after 2 days of sleep disruption induced by the flowerpot method across

sleep/wake cycles between WT and A2aR-KO mice (same data shown in Figures 2D and 4C). y indicates a significant interaction between genotype and the

sleep/wake state in repeated-measures 2-way ANOVA (yyyp < 0.001; yyyyp < 0.0001). * indicates a significant difference in post hoc Sidak’s multiple comparisons

test (****p < 0.0001).

Detailed information on statistics is provided in Table S1.
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from the peripheral blood flow. In addition to adenosine,

increased acetylcholine and melanin-concentrating hormone

(MCH) and decreased noradrenaline, serotonin, orexin, and hista-

mine during REM sleep (Monti, 2013) may also contribute to the

increase in CBF. We also found that during REM sleep, but

not during wakefulness, there is a positive correlation between

RBC velocity or flow and EEG theta and gamma power or EEG

theta-peak frequency, which may suggest that cortical oscillatory

activities and CBF during REM sleep are affected by a common

regulatory system. During NREM sleep, the RBC velocity was

positively correlated with delta power, which is consistent with

the results of a human PET study (Hofle et al., 1997).

Another advantage of our approach was that we could detect

changes in both RBC velocity and flow. RBC flow is determined

by RBC velocity and density, which can be differently regulated
6 Cell Reports 36, 109558, August 17, 2021
under some circumstances (Chaigneau et al., 2003). For example,

our study suggested that REM sleep pressure enhances the RBC

flow more than the velocity, suggesting that the RBC density was

upregulated under such conditions. Further studies are needed to

address the molecular mechanism underlying the respective ac-

tions of REM sleep on RBC velocity and density. By contrast, a

limitation of our current approach was the low throughput. In our

study, it was not possible to image the CBF on a large number

of capillaries because the fluorescein isothiocyanate (FITC)-

dextran was short-lived, lasting only a few hours, whereas it

took several hours for the mouse to enter REM sleep following

intravenous injection and installation to the 2PM apparatus, mak-

ing it possible to image only a few capillaries per day.

The increased capillary CBF detected in our study may be

important for ensuring an adequate exchange of substances



Figure 5. Pharmacological stimulation of A2aR affects capillary CBF

(A and B) Effects of NaHCO3 administration on capillary CBF in the parietal cortex in WT and A2aR-KO mice. CBF of each capillary before and after NaHCO3

administration was compared (WT: 2 mice [1 female and 1 male]; A2aR-KO: 2 female mice). Comparisons of absolute RBC velocity and flow are shown in (A). *

indicates a significant difference in paired t test (*p < 0.05). For a comparison of relative RBC velocity and flow (means ± SEMs) in post-NaHCO3 treatment over

pre-NaHCO3 treatment (B), no significant difference was detected between genotypes (Welch’s test).

(C andD) Effects of A2ARPAM-1 administration on capillary CBF in the parietal cortex ofWTmice (C) (A2ARPAM-1: 3malemice; saline: 3malemice) andA2aR-KO

mice (D) (A2ARPAM-1: 3mice [2 femalesand1male]; saline: 3mice [2 females and1male]). Comparisonsof absoluteRBCvelocity andflow (means±SEMs) across

sleep/wake cycles between conditions are shown in (C) and (D). y indicates a significant main effect of drug in repeated-measures 2-way ANOVA (yp < 0.05).

Each open/closed circle in (B)–(D), and each line in (C) and (D) represents an individual capillary. All of the mice used in this figure were 3.5–4.5 months of age,

except for (A) and (B), in which mice of 7–8 months of age were used.

Detailed information on statistics is provided in Table S1.
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between the brain and the blood. A reduction in both REM sleep

amount and CBF precede dementia, including Alzheimer dis-

ease (Pase et al., 2017; Sweeney et al., 2018). Our approach of

observing capillary CBF while simultaneously performing EEG/

EMG recordings is expected to be effective for future studies

elucidating the functional significance of the capillary CBF up-

surge during REM sleep.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

FITC-dextran Thermo Fisher Scientific Cat# D1823

NaHCO3 Wako-Fujifilm Cat# 199-01351

A2AR PAM-1 Korkutata et al., 2019 N/A

Experimental models: organisms/strains

Mouse: wild-type: C57BL/6J Charles River N/A

Mouse: A2aR-KO: adenosine A2a receptor knockout: Chen et al., 1999 N/A

Oligonucleotides

Genotyping primer: A2aR_WT_R2 50-AA
AGCCTCAGATGGGAGTCCCAGA-30

This paper N/A

Genotyping primer: A2aR_KO_Neo F2

50-ACTGGGCACAACAGACAATCG-30
This paper N/A

Genotyping primer: A2aR_KO_Neo_R2

50- GCTTCAGTGACAACGTCGAGC-30
This paper N/A

Genotyping primer: A2aR_WT_F1 50- AT
GGGCTCCTCGGTGTACATCATGGT-30

This paper N/A

Software and algorithms

Clamplex 10.3 Molecular Devices RRID: SCR_011323; https://www.molecular

devices.com/products/axon-patch-clamp-

system/acquisition-and-analysis-

software/pclamp-software-suite

MATLAB MathWorks RRID: SCR_001622; https://www.

mathworks.com/products/matlab.html

Sleep Sign (Version 3) Kissei comtec RRID: SCR_018200; http://www.

sleepsign.com

VitalRecorder2 Kissei comtec RRID: SCR_018199; https://www.kicnet.

co.jp/solutions/biosignal/humans/

biosignal-2/vitalrecorder2/

GraphPad Prism (Version 8) GraphPad RRID: SCR_002798; https://www.

graphpad.com

ZEN Carl Zeiss RRID: SCR_018163, SCR_013672;

https://www.zeiss.com/microscopy/us/

products/microscope-software/zen.

html#introduction

Algorithm of XT line scan analysis This paper; GitHub https://github.com/hayashi-laboratory/

2PLineScan; https://doi.org/10.5281/

zenodo.5119238

Algorithm of EEG power calculation for line scans This paper; GitHub https://github.com/hayashi-laboratory/

2PEEGcalc; https://doi.org/10.5281/

zenodo.5119217

Algorithm of EEG power spectrum analysis This paper; GitHub https://github.com/hayashi-laboratory/

EEGspectrumAnalysis; https://

doi.org/10.5281/zenodo.5119241

Bilateral Filtering (Algorithm) MATLAB Centeral File Exchange Douglas Lanman (2021). Bilateral Filtering

(https://www.mathworks.com/

matlabcentral/fileexchange/12191-

bilateral-filtering), MATLAB Central File

Exchange. Retrieved February 3, 2021.

(Continued on next page)

e1 Cell Reports 36, 109558, August 17, 2021

https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.mathworks.com/products/matlab.html
https://www.mathworks.com/products/matlab.html
http://www.sleepsign.com
http://www.sleepsign.com
https://www.kicnet.co.jp/solutions/biosignal/humans/biosignal-2/vitalrecorder2/
https://www.kicnet.co.jp/solutions/biosignal/humans/biosignal-2/vitalrecorder2/
https://www.kicnet.co.jp/solutions/biosignal/humans/biosignal-2/vitalrecorder2/
https://www.graphpad.com
https://www.graphpad.com
https://www.zeiss.com/microscopy/us/products/microscope-software/zen.html#introduction
https://www.zeiss.com/microscopy/us/products/microscope-software/zen.html#introduction
https://www.zeiss.com/microscopy/us/products/microscope-software/zen.html#introduction
https://github.com/hayashi-laboratory/2PLineScan
https://github.com/hayashi-laboratory/2PLineScan
https://doi.org/10.5281/zenodo.5119238
https://doi.org/10.5281/zenodo.5119238
https://github.com/hayashi-laboratory/2PEEGcalc
https://github.com/hayashi-laboratory/2PEEGcalc
https://doi.org/10.5281/zenodo.5119217
https://doi.org/10.5281/zenodo.5119217
https://github.com/hayashi-laboratory/EEGspectrumAnalysis
https://github.com/hayashi-laboratory/EEGspectrumAnalysis
https://doi.org/10.5281/zenodo.5119241
https://doi.org/10.5281/zenodo.5119241
https://www.mathworks.com/matlabcentral/fileexchange/12191-bilateral-filtering
https://www.mathworks.com/matlabcentral/fileexchange/12191-bilateral-filtering
https://www.mathworks.com/matlabcentral/fileexchange/12191-bilateral-filtering


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Abfload (Algorithm) MATLAB Centeral File Exchange Harald Hentschke (2021). Abfload (https://

www.mathworks.com/matlabcentral/

fileexchange/6190-abfload), MATLAB

Central File Exchange. Retrieved

February 4, 2021.

Customizable Heatmaps (Algorithm) MATLAB Centeral File Exchange Ameya Deoras (2021). Customizable

Heatmaps (https://www.mathworks.

com/matlabcentral/fileexchange/24253-

customizable-heat-maps), MATLAB

Central File Exchange. Retrieved

February 4, 2021.

Natural-Order Filename Sort (Algorithm) MATLAB Centeral File Exchange Stephen Cobeldick (2021). Natural-Order

Filename Sort (https://www.mathworks.com/

matlabcentral/fileexchange/47434-natural-

order-filename-sort), MATLAB Central File

Exchange. Retrieved February 4, 2021.

MYGINPUT (Algorithm) MATLAB Centeral File Exchange Frederic Moisy (2021). MYGINPUT (https://

www.mathworks.com/matlabcentral/

fileexchange/12770-myginput), MATLAB

Central File Exchange. Retrieved

February 4, 2021.

Modulation Index (Algorithm, MATLAB) Bandarabadi et al., 2019 N/A
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Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Yu Hayashi

(hayashi.yu.4n@kyoto-u.ac.jp).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Rawdata fromall figures in the paper were available atMendeley (Mendeley Data: https://doi.org/10.17632/dm2gp8yyg8.1). TheMAT-

LAB-based programs for XT line scan analysis (https://github.com/hayashi-laboratory/2PLineScan; Zenodo: https://doi.org/10.5281/

zenodo.5119238) and EEG power calculation for line scans (https://github.com/hayashi-laboratory/2PEEGcalc; Zenodo: https://doi.

org/10.5281/zenodo.5119217), and EEG power spectrum analysis (https://github.com/hayashi-laboratory/EEGspectrumAnalysis;

Zenodo: https://doi.org/10.5281/zenodo.5119241) generated during this study are available at GitHub. Several tool packages were

used in coding the programs in this study: (1) Douglas Lanman (2021). Bilateral Filtering (https://www.mathworks.com/

matlabcentral/fileexchange/12191-bilateral-filtering), MATLAB Central File Exchange. Retrieved February 3, 2021. (2) Harald

Hentschke (2021). Abfload (https://www.mathworks.com/matlabcentral/fileexchange/6190-abfload), MATLAB Central File Exchange.

Retrieved February 4, 2021. (3) Ameya Deoras (2021). Customizable Heatmaps (https://www.mathworks.com/matlabcentral/

fileexchange/24253-customizable-heat-maps), MATLAB Central File Exchange. Retrieved February 4, 2021. (4) Stephen Cobeldick

(2021). Natural-Order Filename Sort (https://www.mathworks.com/matlabcentral/fileexchange/47434-natural-order-filename-sort),

MATLAB Central File Exchange. Retrieved February 4, 2021. (5) Frederic Moisy (2021). MYGINPUT (https://www.mathworks.com/

matlabcentral/fileexchange/12770-myginput), MATLAB Central File Exchange. Retrieved February 4, 2021. The MATLAB script for

calculating theta-gamma Modulation Index was provided by Mojtaba Bandarabadi and Antoine Adamantidis (Bandarabadi et al.,

2019). Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Tsukuba. Mice were

maintained under a 12-h light/dark cycle. Food and water were available ad libitum. Strains used in this study were in a C57BL/6J

background, and the adenosine A2a receptor knockout (A2aR-KO) mice (Chen et al., 1999) were provided by Jiang-Fan Chen
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(Wenzhou Medical University). Genotyping of mice was performed using the following primers: A2aR_WT_F1 50-ATGGGCTCC

TCGGTGTACATCATGGT-30; A2aR_WT_R1 50-AAAGCCTCAGATGGGAGTCCCAGA-30; A2aR_KO_Neo_F1 50-ACTGGGCACAACA

GACAATCG-30; A2aR_KO_Neo_R2 50- GCTTCAGTGACAACGTCGAGC-30. Animals with randomized sex and matched age were

used for 2PM, and animals with matched sex and age were used for EEG/EMG recording under freely moving conditions. All

mice were grouped housed (2 to 5mice per cage) before surgery, and single housed after surgery to avoid damage to the head plates

or recording electrodes. The age and sex of animals used is described in the figure legends. Considering that the upsurge of capillary

CBF during REM sleepwas similarly observed in bothmale and femalemice in the data related to Figures 2A–2C (data not shown), we

mixed the data of both sexes in the subsequent results and we did not perform further analyses on the influence (or association) of

sex.

METHOD DETAILS

Study design
Experiments were designed to allow comparison of RBC velocity or flow between different sleep/wake states or conditions or ge-

notypes. Mice were excluded from 2PM if the clarity of the imaging window became low. Mice were excluded from sleep recording

in freely moving conditions if EEG/EMG signals were poor prior to data acquisition. Capillaries in which RBC failed to be imaged

continuously for a sufficient number of line scans during sleep/wake states due to insufficient head fixture etc. were excluded.

The sample sizes in our study were based on a previous study (Tran andGordon, 2015). We did not encounter problems in replicating

results on CBF in different mouse individuals of the same genotype throughout the duration of the study across several mouse co-

horts. Analyses of line scan data obtained by 2PMwere conducted by an experimenter blinded to the sleep/wake stage. Analyses of

EEG/EMG data obtained from freely moving animals were conducted by an experimenter blinded to the genotype. Detailed sample

sizes, sex distributions, statistical methods, and the results of each group are indicated in each figure and in Table S1.

Animal surgery for chronic two-photon imaging
Chronic cranial windows were made according to a previous report (Holtmaat et al., 2009). Briefly, adult mice (2-3 months old) were

anesthetized with isoflurane (3%–5% for induction and 2%–2.5% for maintenance) and placed in a stereotaxic frame (David Kopf

Instruments). The core body temperature was maintained at 32-35�C using a heating pad. A dental drill (Emil Lange C1-500-104-

001-001-005, 0.5 mm) was used to carefully thin a circular area on the skull (�3 mm in diameter) over the parietal cortex (1.8 mm

lateral and 1.8 mm caudal to bregma) and the portion of the skull was then removed using an angle-tipped needle and sharp forceps.

A 4 mm-diameter glass coverslip was placed on the dura and sealed with high viscosity cyanoacrylate glue (Konishi Co., Ltd.

#30523). Two EEG electrodes (stainless steel screws) were implanted epidurally over the cortex (1.5 mm lateral and 1.0 mm rostral

to lambda, on the hemisphere contralateral to the craniotomy) and the cerebellum (6.8 mm caudal to bregma), respectively. EMG

electrodes were stainless steel Teflon-coated wires placed bilaterally into the nuchal muscles and fixed with soldered (Taiyo Electric

Ind. Co., Ltd; SE-OST16) ends. Finally, a rectangular aluminum head plate was placed on the skull and attached with dental cement

(Super-Bond C&B set; Sun Medical).

In vivo two-photon microscopy
For two-photon observation of the brain during sleep/wake states, head-fixed mice were placed on an air-floating ball, the detail of

which was reported previously (Miyazaki et al., 2020). Starting at 1 week after surgery, adult mice (3-4 months old) of either sex un-

derwent a habituation procedure for 3 h daily for at least 7 days to facilitate entrance into sleep on the floating ball apparatus. Capillary

CBF was observed using an upright two-photon microscope (Axio Examiner Z1 and LSM 780 NLO, Zeiss) operated by ZEN software

(Zeiss). Fluorescence was excited at 800 nm using a tunable Ti:Sa laser (Maitai DeepSee, Spectra-Physics). Laser beams were

scanned by galvanometric scanners and focused on the cortical capillaries within 30-50 mm of depth from the brain surface through

a 20x water-immersion objective lens (W Plan-Apochromat 20x/NA = 1.0, Zeiss). The emitted fluorescence in a range of 500-550 nm

from FITC-dextran was detected with a non-descanned GaAsP detector (BiG, Zeiss).

Capillary CBFwas observed between Zeitgeber time (ZT) 3 and ZT10 (ZT0 = light on). White noise (70 dB) was continuously applied

throughout the recording sessions to preventmice fromwaking up by the sounds generated during the scanning. Before placingmice

under the two-photon microscope, the blood plasma was labeled with FITC-dextran (70 kDa molecular weight, Thermo Fisher Sci-

entific, D1823) at a dose of 5 mg/kg body weight in saline by intravenous injection into the lateral tail vein. Blood vessels with diam-

eters of 5 mmor less and only a single RBC passing through each point simultaneously were considered capillaries. Immediately after

placing the mice on the imaging apparatus, the mice typically stayed completely awake and often ran actively on the treadmill for

about 2 h (Figure S1F). EEG/EMG recording was started during this period, during which data for active wakefulness was collected.

For each capillary, repetitive single-line scans were conducted typically along a 20-50 mm range 500 times with 1.3-ms intervals per

line to record the velocity and flow of RBC in XT line scans. Later, when the mice entered NREM or REM sleep, XT line scans were

acquired for the same capillaries. For NREM sleep episodes, the scanning started at least 1 min after the transition to NREM sleep.

For REM sleep episodes, the first scan was started immediately following the transition to REM sleep, but the scans obtained during

the first 30 s of the REM sleep episodes were excluded from the statistical analysis. For each capillary, XT line scans were obtained in

each sleep/wake state typically 5 to 10 times (minimum 4 times), and each scan was separated by an interval of at least 12 s. More
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frequent scanningwas avoided tominimize any potential deleterious effects of the laser on blood flow. The focal plane of imagingwas

re-adjusted when needed, which mostly occurred when the mouse ran actively or when the mouse entered REM sleep. Cerebral

cortical areaswere determined by referring to the Allan Brain Atlas (http://portal.brain-map.org/). To analyze the changes in the diam-

eter of the capillaries, XT line scans were acquired in the transverse direction of the vessel. During subsequent offline analyses, the

vigilance states were confirmed on the basis of the EEG/EMGdata. Heart rate during REM sleep wasmeasured by counting the num-

ber of heartbeat spikes recorded in the EMG signal.

EEG/EMG recording under 2PM
During the experiments, wemonitored EEGand EMGactivity. The EEG and EMG signals were amplified and band-pass filtered (EEG:

40,000x, 0.5–500 Hz; EMG: 4000x, 1.5–1000 Hz) using an analog amplifier (MEG-5200, NIHON KOHDEN). A 16-bit analog-to-digital

converter (Digidata 1440A, Molecular Devices) digitized both signals at 2000 Hz, and the signals were acquired using Clampex 10.3

(Molecular Devices). To temporally match the EEG/EMG data to the 2PM data, the 2PM scan timing signals were digitized using the

same systems.

Sleep stages analysis
EEG signals were subjected to fast Fourier transform and further analysis using a custom-written MATLAB-based algorithm. The vig-

ilance state was classified as REM sleep, NREM sleep, or wakefulness based on absolute delta (0.5-4 Hz) power, theta (6-10 Hz)

power to delta power ratio, and the integral of EMG signals. We applied 10 s sliding window epochs. Epochs with high EMG and

low delta power were classified as wakefulness. Epochs with high delta power and low EMGwere classified as NREM sleep. Epochs

with a high theta power to delta power ratio and extremely low EMGwere classified as REM sleep. Prolonged periods of wakefulness

(lasting more than an hour) during which mice actively ran on the treadmill were classified as active wakefulness.

Analysis of XT line scan images
XT line scan images were binarized to allow for detection of individual RBC. Then, for each binarized image, the RBC velocity

(distance/time) and flow (1 RBC/time) were calculated by measuring the mean slope and number of lines, respectively, using

custom-written MATLAB-based algorithms. For each capillary, the mean value was calculated frommultiple (at least 3) scan images

for each vigilance state. The experimenter was blinded to the sleep stage when analyzing all line scan images. Relative RBC velocity

and flow were calculated by dividing the average value of each capillary during each vigilance state by the median value of that

capillary during active wakefulness.

Correlation analysis of capillary CBF and EEG
For each line scan, absolute RBC velocity and flow were normalized to the median value of the same capillary during active wake-

fulness. 10 s epochs and 5 s sliding windows were used to calculate EEG power. For each mouse, absolute theta (6-10 Hz), gamma

(25-100Hz) or delta (0.5-4 Hz) powerwas normalized to the average power (0-30Hz) across all REMsleep epochs. For each line scan,

the theta-peak frequency was assigned to the frequency bin with the highest EEG power between 6 to 10 Hz (0.1 Hz resolution) using

10 s epochs.Modulation Index calculated by aMATLAB script provided byMojtaba Bandarabadi and Antoine Adamantidis was used

to measure theta (6-10 Hz)-gamma (55-95 Hz) coupling (Bandarabadi et al., 2019).

Flowerpot method
The flowerpotmethodwas performed as previously described (Verret et al., 2006). Briefly, a stainless-steel platform (3 cm in diameter

and height) was placed in a cage that was filled with water to a depth of 2 cm. Food and water were easily accessible to themice from

the top.Mice were placed in this cage for 23.5 h, starting at ZT4.5.Micewere then given a 30-min rest period in the home cage, during

which the flowerpot cage was cleaned. This was repeated for 2 days (for simultaneous 2P measurements and EEG/EMG recording)

or 3 days (for EEG/EMG recording only). Similar to other experiments, 2P measurements was performed from ZT5 to ZT8, consid-

ering that the REM sleep rebound was very high during this period (Figures S3A and S3B).

NaHCO3 and A2AR PAM-1 administration
NaHCO3 (Wako-Fujifilm, 199-01351) was dissolved in distilled water (1M) and administered intraperitoneally (1.7 g/kg body weight).

A2AR PAM-1 was prepared according to a previous paper (Korkutata et al., 2019), dissolved in saline (7.5 mg/ml), and administered

intraperitoneally (75 mg/kg body weight).

EEG/EMG recording in freely moving mice
To confirm the occurrence of REM sleep rebound after subjecting mice to the flowerpot method and to compare the EEG power

spectrum between A2aR-WT and A2aR-KOmice, EEG/EMG signals were obtained from freely moving mice according to a previous

study (Hayashi et al., 2015). Briefly, EEG electrodes were implanted epidurally over the parietal cortex and cerebellum, and EMG

electrodes were placed bilaterally into the nuchal muscles, similar to that in mice used in the 2PM experiments. The mice were al-

lowed to recover in their home cage for at least 3 weeks and were then habituated to the sleep recording cages for 5 d. The EEG/

EMG data were filtered (band pass 0.5-250 Hz), collected, and digitized at a sampling rate of 500 Hz, and further filtered post hoc
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by software (EEG: high pass 0.5 Hz). For judging vigilance stages, EEG signals were subjected to fast Fourier transform and further

analysis using SleepSign (Kissei Comtec). The vigilance state in each 4 s epochwasmanually classified aswakefulness, NREMsleep,

or REM sleep according to the same criteria used for the 2PM experiments. If a single epoch contained multiple states, the state with

the longest duration was assigned. For EEG power spectrum comparison, a custom-writtenMATLAB-based algorithmwas used. For

each individual, the mean EEG power spectrum of REM sleep epochs was calculated and normalized by the total EEG power across

all frequencies and across all 24 h. To avoid the effect of mixed states, epochs containing multiple states were excluded.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
All statistical analyses were performed in Prism8 (GraphPad). All bar graphs represent themean ± s.e.m. of all samples in each group.

At least two capillaries per mouse were analyzed in all figures, except for one WT and one A2aR-KO mouse from which only one

capillary was used in the statistical analysis. Detailed sample sizes, sex distributions, statistical methods, and the results of each

group are indicated in each figure and in Table S1. Where applicable, all statistical tests were two-tailed. Statical significance was

considered when p < 0.05.
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