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ABSTRACT 

Mammalian sleep comprises two distinct stages, rapid eye movement (REM) sleep 

and non-REM (NREM) sleep. Various drastic changes occur during NREM sleep are 

considered as regenerative function of sleep, in contrast, much less is known about the 

physiological changes during REM sleep. Cerebral blood flow (CBF) is critical in 

maintaining energy-dependent processes and clearance of metabolic byproducts generated by 

neuronal activity. Impaired CBF regulation can affect numerous biological functions and 

CBF dysregulation also showed correlated with neurodegenerative disorders such as 

Alzheimer’s Disease. CBF is strictly and independently regulated from the peripheral 

circulation. Till now, various approaches have been taken to investigate CBF dynamics 

across wake/sleep, but the results remained ambiguous. According to studies using positron 

emission tomography, global CBF is decreased during NREM sleep and comparable to the 

awake level during REM sleep, whereas according to studies using ultrasonic techniques, the 

CBF is highest during REM sleep. These conflicts are likely due to differences in the data 

processing and normalization procedures as well as differences in the type of blood vessels 

that are observed. To overcome these problems, I developed an alternative approach using 

two-photon microscopy imaging to directly measure the movement of individual red blood 

cells within capillaries, where actual substances exchange between blood and neurons/glia 

occurs, across wake/sleep cycle. As a result, I found that capillary CBF was largely elevated 

during REM sleep, whereas CBF during NREM sleep was comparable to the awake level 

across multiple cortices. Furthermore, at the molecular level, signaling via adenosine A2A 

receptor was crucial for capillary CBF upsurge during REM sleep. The results should provide 

a final conclusion on how CBF changes during sleep, and provide critical evidence on how 

REM sleep contributes to maintaining our health. 
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INTRODUCTION 

Introduction of mammalian sleep   

 Sleep is a distinct physiological state which occurs periodically in daily life and 

accounts for one-third of our lifetime. The feature of sleep is behavioral quiescence typically 

characterized by decreased locomotion activity, reduced consciousness, elevated arousal 

threshold to outer stimuli, rapid reversibility, and is homeostatically regulated (Miyazaki et 

al., 2017). In addition to behavioral characteristics, there are electrophysiological, molecular 

and pharmacological criteria to define sleep. Although these sleep criteria have not yet been 

examined upon a broad scope of animals, some criteria are species-specific. Mammalian 

sleep is composed of two distinct stages, rapid eye movement (REM) sleep (when people 

claim to have vivid dreams) and non-rapid eye movement (NREM) sleep. REM sleep has 

only been observed in various mammalian, avian, and perhaps some reptilian species so far, 

but not in other vertebrates (Campbell and Tobler, 1984; Rial et al., 2010). 

Electroencephalograms (EEG) and electromyograms (EMG) can be used to 

distinguish sleep stage and wakefulness easily. During wakefulness, the EEG is dominated 

with low amplitude and high-frequency activity, as well as high muscle activity evident in the 

EMG. Awake EEG and the EEG in REM sleep show similar patterns, but REM sleep can be 

easier distinguished from wakefulness by low EMG signal since animals lose muscle tone 

during REM sleep. EEG in REM sleep dominated with theta activity with a defined 

frequency of 6 to 10 Hz. NREM sleep is generally followed by REM sleep in a repeating 

cycle. During NREM sleep, highly synchronized hyperpolarization activity from cortical 

neurons results in high amplitude slow wave (or delta wave) detected in the EEG with a 

defined frequency of 0.5 to 4 Hz.  

 

Neurochemical mechanism of sleep regulation 

 The fact that sleep is homeostatic rebound to sleep deprivation implies that there are 

some physiological mechanisms involved in monitoring the sleep needs and keep tracks on 

the sleep debt. Adenosine is a nucleoside neuromodulator and plays a role in sleep regulation. 

The level of adenosine is influenced by neural activity since it is a secondary by-product of 

the ATP and cAMP breakdown. Extracellular adenosine concentration increases with brain 

metabolism, which in turn inhibits cholinergic neurons in the forebrain that promote 

wakefulness. Therefore, the accumulation of adenosine during prolonged wakefulness might 

serve as sleep-promoting substances (Porkka-Heiskanen et al., 1997). It is also known that 
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caffeine induces wakefulness through binding to adenosine A2A receptors as an antagonist 

(Huang et al., 2005).  

Acetylcholine is an important neurotransmitter involved in arousal. Microdialysis 

analysis revealed that the levels of acetylcholine were high during wakefulness and REM 

sleep when EEG show desynchronized activity, but low in NREM sleep (Marrosu et al., 

1995). Electrical stimulation of cholinergic neurons in the brain stem increases the release of 

acetylcholine and promotes REM sleep (Lydic and Baghdoyan, 1993; Thakkar et al., 1996). 

It is also known that monoamines promote wakefulness, for example, serotonin (5-

HT)-containing neurons of dorsal ráphe nucleus, norepinephrine-containing neurons of locus 

coeruleus, and histamine-containing neurons of the tuberomammillary nucleus fire at their 

fastest rate during wakefulness, and decline when entering NREM sleep, while ceasing firing 

during REM sleep and resume firing before waking up from REM sleep (Watson et al., 

2010). In addition, the highest firing rate of orexinergic neurons in the lateral hypothalamus 

is observed during alert and active waking, and lower firing rate is observed during quiet 

waking, NREM sleep and REM sleep (Mileykovskiy et al., 2005). 

 

Function of sleep  

 Accumulating evidence support the 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 plasticity. In addition, biological changes that 

occur during NREM sleep support critical roles of this sleep stage in basic functions related 

to brain maintenance or metabolisms, such as an increase in growth hormone secretion 

(Gronfier et al., 1996; Takahashi et al., 1968), suppression of cortisol secretion (Gronfier et 

al., 1997), and activation of the glymphatic system (Xie et al., 2013a). All of these events that 

accompany NREM sleep likely contribute to the regenerative function of sleep. By contrast, 

much less is known about how REM sleep might contribute to such basic vital functions, and 

thus, the function of REM sleep remains poorly understood.  

 

Introduction of cerebral blood flow  

Cerebral blood flow (CBF) is critical in maintaining energy-dependent processes, 

eliminating metabolic byproducts generated by neural activity, and predicting 

neurotransmitter activities (Dukart et al., 2018). Impaired CBF regulation can affect proteins 

and ATP synthesis, disrupt generation of action potential, or cause ischemic neuronal death 
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(Hossmann, 1994). CBF dysregulation is associated with neurodegenerative disorders such as 

Alzheimer’s disease (Kisler et al., 2017). CBF can be affected by numerous factors including 

the autonomic nervous system, blood pressure, blood viscosity, nitric oxide, carbon dioxide, 

oxygen by-products from metabolisms and neurotransmitters and so on (Cipolla, 2009; 

Fantini et al., 2016). Generally, the brain is able to maintain relatively constant CBF within a 

certain range of systemic blood pressure (Paulson et al., 1990). Therefore, CBF is strictly and 

independently regulated from the peripheral circulation.  

Till now, various approaches have been taken to investigate CBF dynamics across 

sleep/wake cycles, including positron emission tomography (PET), ultrasound doppler 

methods, near infrared spectroscopy (NIRS), and functional magnetic resonance imaging 

(fMRI). However, conflicting conclusions have been drawn from different approaches. 

According to studies using H215O-PET or NIRS, CBF is decreased during NREM sleep and 

either comparable to or slightly lower than the awake level during REM sleep (Braun et al., 

1997; Kubota et al., 2011). By contrast, according to studies using ultrasonic doppler 

methods, CBF is highest during REM sleep (Bergel et al., 2018; Grant et al., 2005). In case of 

fMRI studies, blood oxygen level dependent (BOLD) signals, which correlate with increase 

in blood flow, during REM sleep have not yet been strictly compared to other stages, whereas 

during NREM sleep, it becomes higher as sleep becomes deeper compared to the awake state 

(McAvoy et al., 2018). These conflicts are likely due to differences in the data processing and 

normalization procedures as well as differences in the type of blood vessels that were 

observed. In addition, some of the above methods measure a combined effect of CBF and 

metabolic rates, which makes interpretations even more difficult, as the cerebral metabolic 

rate also changes along the sleep/wake cycle, with comparable levels between wakefulness 

and REM sleep and lower levels during NREM sleep, as revealed by 18F-fluoro-2-deoxy-D-

glucose PET studies (Maquet et al., 1990). 
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SPECIFIC AIM  

The function of REM sleep is still a large mystery. So far, researches related to REM 

sleep mostly focus on neuronal functions, such as neuronal activity, synaptic plasticity and so 

on. In this research, I aim to elucidate the function of REM sleep by focusing on the brain 

circulatory system.  

So far, many approaches were used to analyze the CBF dynamic across wakefulness and 

sleep, however, conflict results were shown. These conflicts are likely to come from 

differences in the data processing and normalization procedures as well as from differences in 

the type of blood vessels that are observed. I realized that current techniques all cannot 

directly measure blood flow in individual capillaries, where the actual substances exchange 

between blood and neuron/glia occurs. Therefore, I aim to develop an alternative approach 

using two-photon microscopy (2PM) to directly measure the movement of individual red 

blood cells (RBCs) within capillaries across wake/sleep cycle. The results acquired from this 

new approach should provide a final conclusion on how CBF changes during sleep, and 

provide critical evidence on how REM sleep contributes to maintaining our health. 
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MATERIAL AND METHOD 

Experimental 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 C57BL/6J and adenosine A2A 

receptor knockout (A2AR-KO) mice (Chen et al., 1999) in a C57BL/6J background.  

 
Animal surgery for in vivo 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 to 35oC using a heating pad. The skull (~3 

mm in diameter) over the parietal cortex (1.8 mm lateral and 1.8 mm caudal to bregma) was 

carefully thinned circularly by a dental drill (Emil Lange C1-500-104-001-001-005, 0.5 mm) 

and 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 type of cyanoacrylate glue 

(Konishi Co., Ltd. #30523). Two EEG electrodes, which were 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  

The procedures for in vivo 2PM during sleep/wake states was described previously 

(Nagayama et al., 2019). Starting from one week after surgery, adult mice (3-5 months old) 

of either gender underwent a habituation procedure 3 hours a day for at least 7 days to 

facilitate entrance to sleep in the imaging apparatus. During the habituation and the 

experiments, mice either stood or sat on an air-floated spherical treadmill while the head was 

immobilized by clamping the head plate. Capillary CBF was observed using an upright two-

photon microscope (Axio Examiner Z1 and LSM 780 NLO, Zeiss) operated by ZEN software 
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(Zeiss). Fluorescence was excited at 800 nm using a tunable Ti:Sa laser (Maitai DeepSee, 

Spectra-Physics). Laser were scanned by galvonometric scanners and was focused on the 

cortical capillaries within 30-50 µm 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 CBF was observed between Zeitgeber time (ZT)3 and ZT10, and white 

noise (70 dB) was applied. Before setting mice to the two-photon microscope, to label the 

blood plasma, mice received intravenous injection via lateral tail veins of FITC-Dextran with 

70 kDa molecular weight (Thermo Fisher Scientific, D1823) at a dose of 5 mg per kilogram 

body weight in saline. Blood vessels with diameters of 5 µm or less and only single red blood 

cell (RBC) passing through each point simultaneously were considered as capillaries. 

Immediately after setting mice on the imaging apparatus, mice typically stayed completely 

awake and often ran actively on the treadmill for about 2 hours. EEG/EMG recording 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 µm range for 

500 times with 1.3 milliseconds intervals per line to record the velocity and flow of RBC in 

XT line scans. Later, when mice entered NREM or REM sleep, XT line scans were 

performed for the same capillaries. For NREM sleep episodes, the scanning started at least 

one minute after the transition to NREM sleep. For REM sleep episodes, the first scan started 

immediately following the transition to REM sleep, but the scans taken during the first 30 

seconds of the REM sleep episodes were excluded from the statistical analysis. For each 

capillary, XT line scans were taken in each sleep/wake state typically 5 to 10 times 

(minimum 5 times), and each scan was separated by an interval of at least 12 seconds. More 

frequent scanning was avoided to minimize any deleterious effects of the laser on blood flow. 

Cerebral cortical areas were determined by referring to the Allan Brain Atlas 

(http://portal.brain-map.org/). To analyze the changes in the diameter of the capillaries, XT 

line scans were taken on the transversal direction of the vessel. During subsequent offline 

analyses, the vigilance states were confirmed based on the EEG/EMG data. Heart rate during 

REM sleep was measured by counting the number of heart beat spikes recorded in the EMG 

signal. 
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EEG/EMG recording under 2PM 

To monitor the sleep in mice during 2PM experiment, the EEG and EMG signals were 

recorded. The EEG and EMG signals were amplified 40,000x and 4,000x respectively and 

filtered with a pass-band of 0.5-500 Hz for the EEG signals and 1.5-1000 Hz for the EMG 

signals by an analog amplifier (MEG-5200, NIHON KOHDEN). The EEG/EMG signals 

were then digitized at a sampling rate of 2000 Hz by a 16-bit analog-to-digital converter 

(Digidata 1440A, Molecular Devices), and collected by Clampex 10.3 software (Molecular 

Devices). The scan signals for 2PM were also digitized and recorded by the same systems to 

temporally match the scan timing with the EEG/EMG data.   

 

Sleep stages analysis 

EEG signals were subjected to fast Fourier transform and further analysis using a custom-

written MATLAB-based algorithm. The vigilance state was classified as REM sleep, NREM 

sleep, or wake based on absolute delta (d; 0.5-4 Hz) power, theta (q; 6-10 Hz) power to d 

power ratio, and the integral of EMG signals. We applied 10-s sliding window epochs. 

Epochs with high EMG and low d power were classified as wake. Epochs with high d power 

and low EMG were classified as NREM sleep. Epochs with high q/d ratio and extremely low 

EMG were classified as REM sleep.  

 

Analysis of XT line scan images 

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

binarized image, the RBC velocity (distance/time) and flow (1 RBC/time) were calculated by 

measuring the average slope and number of lines, respectively, using custom-written 

MATLAB-based algorithms. For each capillary, the mean value was calculated from multiple 

(at least 5) scan images for each vigilance state. The experimenter was blinded to sleep stages 

when analyzing all line scan images. 

 

Flowerpot method of REM sleep disturbance 

The flowerpot method was performed following a previous paper (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 the depth of 2 cm. Food and water were easily accessible to the mice from 

the top. Mice were applied to this cage for 23.5 hours starting from ZT4.5. Then, mice were 

given a 30-minute rest period in the home cage, during which the flowerpot cage was 
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cleaned. This was repeated for 2 days (for simultaneous 2PM imaging and EEG/EMG 

recording) or 3 days (for EEG/EMG recording only). Similar to other experiments, 2PM 

imaging was performed from ZT5 to ZT8, considering that the REM sleep rebound was very 

high during this period (Fig. 4a). 

 

NaHCO3 and A2AR PAM-1 administration 

NaHCO3 (Wako-Fujifilm, 199-01351) was dissolved in distilled water (1M) and administered 

intraperitoneally (1.7 g per kilogram weight). Adenosine A2A receptor positive allosteric 

modulator (A2AR PAM-1) was prepared following a previous paper (Korkutata et al., 2019) 

and was dissolved in saline (7.5 mg/ml) and administered intraperitoneally (75 mg per 

kilogram weight).  

 

EEG/EMG recording from freely moving mice 

To confirm the occurrence of a REM sleep rebound following the flowerpot method and to 

compare the EEG power spectrum between A2AR -WT and A2AR-KO mice, EEG/EMG signals 

were obtained from freely moving mice following 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 trapezius muscles, similar to the mice 

used in 2PM imaging experiments. The mice were allowed to recover in their home cage for 

at least 3 weeks and then habituated to the sleep recording cages for 5 days. The EEG/EMG 

data were filtered (band pass 0.5-250 Hz) and collected and digitized at a sampling rate of 

500 Hz, and further filtered post hoc 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, Nagano, Japan). The vigilance state in each 4-s epoch was 

manually classified as wakefulness, NREM sleep, or REM sleep based on the same criteria 

used in 2PM imaging. If a single epoch contained multiple states, the state with the longest 

duration was assigned. For EEG power spectrum comparison, a custom-written MATLAB-

based algorithm was used. For each individual, the average EEG power spectrum of 

wakefulness, NREM sleep and 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, any 

epochs which contained multiple states were excluded.  
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Statistics 

All statistical analyses were performed in Prism8 (GraphPad). All values represent the mean 

of all samples in each group with mean ± s.e.m., except for Figure 5. The number of 

capillaries scanned per mouse was depending on the number of REM sleep episodes engaged 

in individual animals during 2PM imaging. In general, at least 2 capillaries per mouse were 

analyzed in all figures, except for one wild-type and two A2AR-KO mice from which only 1 

capillary was taken into statistical analysis. Detailed sample sizes, gender distributions, 

statistical methods and results of each group are indicated within each figure. 
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RESULTS 

1. Capillary CBF analysis in an unanesthetized mice across wake/sleep cycle 

 

1-1. Development of using two-photon microscopy to directly measuring the capillary 

CBF  

 To analyze how CBF is regulated across wake/sleep cycle, I developed an alternative 

approach to directly measure the velocity and number of an individual red blood cell (RBC) 

within capillaries by means of two-photon microscopy (Fig. 1a). Capillaries in cortex layer I, 

typically between 30 to 50 µm from the brain surface, were targeted for observation (Fig. 

1b), and sleep stages were simultaneously monitored by recording EEG and EMG (Fig. 2a). 

Capillaries in deeper areas were avoided since fluorescent signals derived from the dye faded 

by the time the animal started to engage in REM sleep (approximately 3 hours after injecting 

the dye). Distance (X)- Time (T) line scans acquired in the longitudinal direction of the 

capillary allowed to record the temporal change in the positions and numbers of individual 

RBCs (Fig. 1b, c and 2b-e). Therefore, the RBC velocity (µm/ms) and RBC flow (defined as 

the number of RBC passing through a defined point; 1RBC/ms) can be calculated from XT 

line scans taken at a specific sleep stage. 

 

 

2. The role of sleep in cerebral capillary blood flow regulation 

 

2-1. Capillary CBF upsurged during REM sleep, but showed no significant difference 

between wakefulness and NREM sleep  

 According to the location of the optical window created, primary somatosensory 

cortex, secondary visual cortex and parietal cortex which include both primary and secondary 

cortices were analyzed in my study. As a result, all cortical areas exhibited significant 

elevated capillary CBF during REM sleep in terms of both RBC velocity and RBC flow 

compared to the other stages (Fig. 3a-c). By contrast, there were no significant differences 

between active wakefulness and NREM sleep in RBC velocity or flow. In addition, I did not 

detect a significant difference in capillary diameters change across awake and sleep states 

(Fig. 3d), which suggested that the elevated capillary CBF during REM sleep is likely not 
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due to the diameter of individual capillaries but rather than some changes in the pre-capillary 

arteries or further upstream structures. 

 

2-2. Larger elevation in capillary RBC flow during the rebound REM sleep observed 

after REM sleep disturbance.  

To investigate whether capillary CBF during REM sleep is affected by preceding 

homeostatic REM sleep pressure. I applied the flower pot method on mice before CBF 

imaging to disturbs sleep, especially REM sleep, and thus leads to a strong REM sleep 

rebound (Maloney et al., 1999; Verret et al., 2006). I confirmed that REM sleep is largely 

increased for hours after applying the flower pot method to mice (Fig. 4a). During the 

rebound REM sleep, capillary CBF elevation was significantly enhanced compared to basal 

REM sleep in terms of increased RBC flow, and, although not significant, a tendency for an 

increase in the RBC velocity was observed (Fig. 4b, c), suggesting that the system underlying 

the increased capillary CBF during REM sleep is at least partly under control of REM sleep 

pressure. 

 

2-3. Capillary CBF slowly rose after entering REM sleep and slowly declined after 

waking up from REM sleep 

 While analyzing capillary CBF across sleep/wake in mice, I observed that, upon 

entering REM sleep, capillary CBF in term of both RBC velocity and flow gradually 

increased across a period of approximately 30 to 50 seconds and was kept at a high level 

thereafter with some fluctuation until REM sleep termination, after which it gradually 

decreased (Fig. 5a-f). Thus, in contrast to rapid changes in the EEG (Fig. 5a,b) and EMG 

during transitions into or out of REM sleep, capillary blood flow might be regulated by some 

slow mechanisms (for example, secretory factors that are slowly up-regulated during REM 

sleep and then acting to dilate or contract blood vessels). 

 

 
3. Sleep architecture in adenosine A2A receptor knockout mice 

 

3-1. 24-hour of sleep recording in A2AR-WT and A2AR-KO mice 

 The results so far indicated that capillary CBF is largely elevated during REM sleep, 

which might be mediated by some secretory factors up- or down-regulated in REM sleep. As 

an entry point addressing the mechanism of REM sleep in enhancing capillary CBF, I next 
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focused on adenosine. Adenosine is known to be released by neurons and glia and acts as a 

vasodilator via the adenosine A2A receptor (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 do not exhibit advert sleep abnormality nor cardiovascular 

deficits at baseline (Chen et al., 1999; Huang et al., 2005).  

 I firstly performed sleep recording on freely moving animals to examine whether 

A2AR deficiency would drastically change the sleep architecture. In my results, total time 

spent in wakefulness, NREM sleep and REM sleep showed no significant difference between 

A2AR-WT and A2AR-KO mice (Fig. 6a, g-i). When I separately compared the light and dark 

phases, time spent in REM sleep was significantly increased during the light phase in A2AR-

KO mice (Fig. 6d). The duration and number of episodes were not significantly altered in 

A2AR-KO mice during wakefulness (Fig. 6b,c,e,f), while the episode duration of both NREM 

and REM sleep was reduced (Fig. 6b). Furthermore, the episode number of REM sleep 

increased mainly during the light phase (Fig. 6c,f). 

 

3-2. EEG power density in A2AR-KO mice was lower during NREM sleep in the delta 

range, but overall higher during REM sleep 

 To access EEG activity in mice with and without A2AR, I compared the normalized 

EEG power spectrum of wakefulness, NREM sleep and REM sleep between A2AR-WT and 

A2AR-KO mice across 24 hours or during the light and dark phases. In A2AR-KO mice, the 

EEG power density was decreased in the delta range (1.5-2.5 Hz) during NREM sleep, while 

the EEG power density was increased during REM sleep across 24 hours or the light and dark 

phases (Fig. 7b,c). During wakefulness, there was no significant difference between the 

genotypes across 24 hours or the dark phase, however, there was a significant genotype effect 

on the EEG power density during the light phase (Fig. 7a). In summary, congenital lack of 

A2AR has no large change, but minor disruption, on the basal sleep structure in mice. 

 

 

4. The involvement of adenosine A2A receptor in CBF regulation during sleep 

 

4-1. Adenosine A2A receptor knockout mice exhibited an impairment in the upsurge of 

CBF during REM sleep 

 After I established that there is no drastic change in the sleep architecture of A2AR-KO 

mice, I started to examine the role of A2AR in CBF regulation during sleep by analyzing the 
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capillary CBF across sleep/wake cycle in A2AR-KO mice. In my results, capillary CBF in 

A2AR-KO mice was elevated during REM sleep in terms of both RBC velocity and flow, but 

to a much lesser extent compared to wildtype mice in terms of RBC velocity (Fig. 8a, b). No 

significant decrease in CBF was detected during active wakefulness nor NREM sleep state 

(Fig. 8b). The selective effect of A2AR-KO on capillary CBF during REM sleep was further 

supported by a significant decrease in the ratio of capillary CBF during REM sleep over 

NREM sleep, but not wakefulness over NREM sleep (Fig. 8c,d). There was also a significant 

decrease in the ratio of capillary RBC velocity but not RBC flow during REM sleep over 

wakefulness in A2AR-KO (Fig. 8e). 

 

4-2. Similar capillary CBF responses to sodium bicarbonate in WT and A2AR-KO mice 

To examine whether the reduction of CBF observed in A2AR-KO mice was due to the 

impaired vascular function or was indeed due to the lack of A2AR, the vascular response to 

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

al., 2012), were tested in wild-type (WT) and A2AR-KO mice. From my results, both WT and 

A2AR-KO mice increased RBC flow but not RBC velocity after NaHCO3 treatment, which 

suggested that the general responsiveness of vasculature in A2AR-KO mice was likely 

unchanged as suggested by the comparable responses between WT and A2AR-KO mice to 

NaHCO3 (Fig. 9a, b). 

 

4-3. Elevation of RBC velocity across the sleep/wake cycle in response to A2AR positive 

allosteric modulator in WT mice 

 To elucidate whether adenosine acts locally or whether the systemic action of 

adenosine at another site is important in regulating CBF during REM sleep, pharmacological 

experiment was conducted by using A2AR positive allosteric modulator (A2AR PAM-1) 

(Korkutata et al., 2019). Increased RBC velocity, but not RBC flow was observed in all 

stages after treating WT mice with A2AR PAM-1 (Fig. 10a), while no significant difference 

were detected in the ratio of capillary CBF during REM sleep over NREM sleep or active 

wakefulness, nor active wakefulness over NREM sleep (Fig. 10b-d). 

 

4-4. Comparison of various measures of REM sleep (heart rate, episode duration, EEG 

power spectrum) between WT and A2AR-KO mice  
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 To access other possible causes of lower CBF during REM sleep observed in A2AR-

KO mice, I also compared the heart rate, the episode duration of REM sleep, as well as the 

EEG power spectrum between WT and A2AR-KO mice. 

 In the current results showed in the CBF study, only the REM sleep episodes with 

durations longer than 40 seconds were analyzed since CBF gradually elevates after entering 

REM sleep (Fig. 5a-f). Thus, the heart rates and the average episode duration were obtained 

from the REM sleep episodes that underwent CBF analyses, and EEG power spectra were 

obtained by EEG/EMG recording from freely moving mice where episodes lasting 40 

seconds or longer were extracted. As a result, the heart rate calculated from the spikes 

recorded in the EMG signal during REM sleep between WT and A2AR-KO mice showed no 

significant difference (Fig. 11a). There was also no significant difference in the duration of 

REM sleep episodes analyzed in this CBF study between WT and A2AR-KO mice (Fig. 11b). 

Furthermore, the EEG power density of REM sleep was significantly higher in A2AR-KO 

mice than A2AR-WT mice, especially around the theta range, suggesting that REM sleep is not 

overall deteriorated. (Fig. 11c). 
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DISCUSSION 

CBF dynamics across sleep/wake cycle in wild type mice 

By observing the movements of individual RBC in cerebral capillaries, I achieved direct 

measurements of capillary CBF changes across the sleep/wake cycle. Capillary CBF was 

drastically increased during REM sleep in all three cortical areas that I analyzed. This finding 

does not match with studies that applied H215O-PET in humans to conclude that CBF is 

highest during wakefulness in many cortical areas (Braun et al., 1997), whereas it is 

consistent with a study that applied an ultrasound imaging technique in rats to conclude that 

blood flow is increased during REM sleep in multiple brain areas (Bergel et al., 2018). These 

differences are likely attributed to the data processing and normalization procedures as well 

as the type of blood vessels that were observed, although differences in animal species might 

also be involved. The advantage of my method was that it is subjected to minimal 

normalization procedures and that it detected blood flow from capillaries, where the actual 

substance exchange occurs. I also demonstrated that capillary CBF appeared the same 

between active wakefulness and NREM sleep, which is inconsistent with studies using 

H215O-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 the metabolic rates are largely decreased 

during NREM sleep (Evarts, 1964; Maquet et al., 1990). Interestingly, a recent study 

suggested that the burst firing of pyramidal neurons in the UP state of NREM sleep was 

higher than that in wakefulness (Watson et al., 2016). It is possible that the average firing rate 

of pyramidal neurons during NREM sleep is lower than the awake stage considering that 

NREM sleep shows a large fraction of time window with all neurons silent in its DOWN 

state, corresponding to alternating with non-silent UP states. The burst firing of neurons in 

the ON state of NREM sleep may be the reason why CBF is comparable between NREM 

sleep and wakefulness. 

 

The involvement of adenosine A2A signaling in the CBF increase during REM sleep 

During transitions to and from REM sleep, I observed a temporal delay in the changes in 

capillary CBF relative to the changes in cortical EEG. Thus, although changes in cortical 

EEG itself should have some effects on CBF via neurovascular coupling, additional 

mechanisms are likely involved. I demonstrated that the A2AR is crucial for the drastic 

elevation of capillary CBF during REM sleep, whereas it is dispensable for maintaining 
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capillary CBF during active wakefulness or NREM sleep. Although increase in heart rate 

might be one factor contributing to the increased CBF during REM sleep, A2AR-KO mice 

exhibited normal heart rates during REM sleep, implicating that the CBF is regulated 

independently from the peripheral. It is not known whether extracellular levels of adenosine 

in the cerebrum increase during REM sleep. In addition to CBF, REM sleep enhances slow 

wave activity (SWA) in the subsequent NREM sleep episode (Hayashi et al., 2015). 

Considering that SWA is also enhanced by adenosine, via the adenosine 1A receptor 

(Benington et al., 1995; Bjorness et al., 2009), adenosine signaling might be somehow 

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 might contribute to enhanced adenosine signaling. Future imaging studies using 

recently developed adenosine imaging FRET probes (Hoffmann et al., 2005) may reveal how 

extracellular adenosine levels change temporally and spatially across sleep/wake. 

In addition to adenosine, increased acetylcholine and decreased noradrenaline, 5-HT, 

orexin and histamine during REM sleep (Monti, 2013) may also contribute to the elevated 

CBF. Unfortunately, most sleep-state related neurotransmitters or neuromodulators interfere 

sleep in animals when their antagonists/agonists are systemically administrated, such as 

atropine (acetylcholine receptor antagonist), reboxetine (noradrenaline uptake inhibitor) and 

zm241385 (A2AR antagonist) which I have tested and was not successful in obtaining REM 

sleep for CBF analysis. Therefore, local microinjection of these drugs by inserting a glass 

capillary into the cerebral cortex through a silicone access port (Roome and Kuhn, 2014) on 

the cranial window might be an alternative approach to pharmacologically examining the 

molecular mechanism of CBF regulation during sleep in the future. 

 

Analytical perspective on capillary RBC velocity and RBC flow  

The delivery of energy substances and the removal of waste metabolic products at the 

tissue level are largely mediated by blood perfusion in capillaries. The exchange of 

substances is executed by the passage of RBCs which compress and flow through capillaries 

in a single-file manner. Hence, directly analyzing the CBF during sleep at the level of 

capillary brings a new perspective on the biology of sleep. 

The advantage of my approach of using 2PM is that it could detect changes in both 

capillary RBC velocity and flow. RBC flow is determined by RBC velocity and density, 

which can be differently regulated under some circumstances (Chaigneau et al., 2003). 

Although capillaries with high RBC flow generally have high RBC velocity (Kleinfeld et al., 
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1998), capillaries with similar RBC velocities may exhibit dramatically different RBC flow. 

(Guevara-Torres et al., 2016). Notably, my results show that REM sleep pressure enhanced 

RBC flow but not velocity, suggesting that the density of RBC was selectively upregulated 

under such condition. NaHCO3 also increased the flow of RBC but not the velocity in both 

WT and A2AR-KO mice. At the tissue level, the number of RBC passages is a more important 

determinant of capillary perfusion than RBC velocity alone (Lecoq et al., 2011; Parpaleix et 

al., 2013). However, it is still unclear what the role of RBC velocity is in terms of biological 

function. In the future, it would be interesting to address the molecular mechanism 

underlying respective actions of REM sleep on RBC velocity and density. 

The size and number of RBC positively correlates with hematocrit (volume ratio of 

RBCs: total blood). Hence, change in hematocrit might be a possible mechanism responsible 

for enhanced RBC velocity and flow during REM sleep. Comparing the XT line scans taken 

during active wakefulness, NREM and REM sleep, the lines in the scans appear to be thinner 

during REM sleep compared to the other two stages. This phenomenon could result from the 

decrease in RBC size probably due to erythrocyte deformation (Wei et al., 2016), however, 

along with the increased RBC number, the hematocrit during REM sleep may not 

significantly alter. Since I did not measure the hematocrit in the capillaries, it is difficult to 

know the dynamics of hematocrit across wake/sleep. Future studies may consider to measure 

the capillary hematocrit (Guevara-Torres et al., 2016) to clarify whether the change in 

hematocrit occurs in REM sleep.   

Systemic blood pressure is unlikely involved in the enhancement of CBF during REM 

sleep due to the autoregulation of the cerebral blood flow. However, it is possible that 

elevation of RBC velocity and flow resulted from the neural activation during REM sleep 

that induces an increase in the local blood pressure upstream or decrease in impedance 

downstream of the recorded capillaries. The similar functional recruitment of RBCs by 

neuronal activation has already been reported in cerebellar cortex of rats by scanning laser-

Doppler flowmetry (Akgören and Lauritzen, 1999). 

On the other hand, blood viscosity is directly correlated with the hemoglobin 

concentration and hematocrit. According to mathematical equations, low hematocrit 

decreases blood viscosity and thus increases CBF (Fantini et al., 2016). In contrast, my 

results show that both RBC density and CBF were upregulated during REM sleep. Hence, it 

is likely that REM sleep involves other factors such as local blood pressure in regulating 

CBF. 
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Sleep architecture in Adenosine A2A receptor knockout mice 

 Previous study shows that the circadian sleep/wake profile in WT mice but not A2AR-

KO mice is not affected by caffeine (Huang et al., 2005), however, the basal sleep of A2AR-

KO mice remains unclear. In this study, I compared the basal sleep between A2AR-WT and 

A2AR-KO mice. In my results, although total sleep amount of A2AR-KO mice was comparable 

to A2AR-WT mice, A2AR-KO mice exhibited less REM sleep duration and more bout number 

compared to A2AR-WT mice. In the future, it would be interesting to investigate whether the 

decline of CBF during REM sleep in A2AR-KO mice fails to maintain the duration of REM 

sleep and results in generating more REM sleep due to the REM pressure. 

 

Functional significance of CBF elevation during REM sleep 

The elevated capillary CBF detected in my study might be important for sufficient 

exchange of substances between the brain and the blood. Both reduction in REM sleep 

amount and CBF precede dementia including Alzheimer’s disease (Pase et al., 2017; 

Sweeney et al., 2018). A recent study showed that neutrophil adhesion in capillaries results in 

CBF reduction in Alzheimer’s disease mouse models (Cruz Hernández et al., 2019). The high 

capillary CBF during REM sleep might act as a flushing force to eliminate the plugged 

neutrophils and reduce the capillary occlusion. In addition, given that arterial pulse drives the 

flow of the glymphatic system (Iliff et al., 2013) and the meningeal lymphatics (Louveau et 

al., 2015), high CBF in REM sleep might contribute to promoting brain waste clearance via 

activation of the glymphatic system (Xie et al., 2013b) or meningeal lymphatic system 

(Mesquita et al., 2018) during subsequent NREM sleep. My approach of simultaneous 

capillary CBF observation combined with EEG/EMG recording is expected to be also 

effective for future studies that test these possibilities and elucidate the functional 

significance of the capillary CBF upsurge during REM sleep. 

 

Development and troubleshooting of CBF analysis by two-photon microscopy 

Infection or inflammation under cranial window between cortex and glass coverslip 

generates milky substances (“white window”) in the following days after surgery which is 

irreversible and impenetrable by laser, and it is unable to perform two-photon imaging under 

this condition. In most cases, this mouse should be discarded as the cranial window is 

compromised. Therefore, the surgical procedure of cranial window should keep as sterile as 

possible to prevent any infection occurs. Dura damage or entry of dust (bond dust, dust from 
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marker pen, metal dust generated during bending the needle, etc.) into the opened cortex 

should be avoided during surgery to prevent inflammation. However, ethanol should be 

avoided applying on the sterilization of glass coverslip which is one cause of the white 

window. On the other hand, bleedings under cranial window in most cases would be 

absorbed by tissue itself within a couple days and not affecting follow-up imaging.   

Habituation of mice upon air-floated spherical treadmill can start one-week after the 

surgery. Habituation typically held 3 hours per day for 7 days to train the mice becoming 

familiar to the air-floated treadmill system. Two-photon imaging on blood vessels should be 

performed at least 2 weeks after surgery to allow stabilization of angiogenesis under cranial 

window. For longer imaging needs, mice should be trained minimally once in every 2 weeks 

or re-performing the 7-day habituation before the next imaging section. 
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CONCLUSION 

For the first time, capillary RBC velocity and flow were directly analyzed in 

unanaesthetized mice during sleep/wake cycle by two-photon microscopy in this study. 

Through this approach, I identified a novel pattern of CBF across sleep/wake cycle and 

succeeded in drawing a final conclusion. I show that CBF is greatly elevated during REM 

sleep, while, surprisingly, the CBF is comparable between wakefulness and non-REM sleep. 

This is largely different from how the firing rate of cortical neurons changes across 

sleep/wake stages. Moreover, I identified that adenosine A2A receptor is critical for the 

regulation of CBF specifically during REM sleep, but not required for CBF regulation in 

other sleep/wake stages. The approach of simultaneous capillary CBF observation combined 

with EEG/EMG recording is expected to be also effective for future studies that test these 

possibilities and elucidate the functional significance of the capillary CBF upsurge during 

REM sleep. 
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FIGURES 

Figure 1. Experimental method for measuring capillary CBF across sleep/wake in mice.  

a, Schematic illustration of the setup for simultaneous 2PM imaging and EEG/EMG 

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

with head fixed by a head plate in advance, and imaging was performed through an opened 

cranial window. b,c, Representative images of cortical vasculature visualized by labeling 

blood plasma with FITC-Dextran (green). Note that RBC are not labeled and thus appear 

black (arrow heads). Movements of RBC were recorded by repetitive single-line scans taken 

on the longitudinal direction along the capillary from point A to B (yellow line). c, Line scans 

obtained in b were used to generate a distance-time line scan (XT line scan) image. From the 

XT line scan image, RBC velocity and RBC flow were calculated. 
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Figure 2. Representative images of EEG/EMG signals and XT line scans.  

a, Representative images of EEG and EMG signals during active wakefulness, NREM sleep 

and REM sleep. b-e, Representative XT line scan images taken from cerebral capillaries in 

WT (b,c) and A2AR-KO (d,e) mice during active wakefulness, NREM sleep and REM sleep. 

Each scan lasted 650 milliseconds. 
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Figure 3. Capillary CBF is largely elevated during REM sleep, whereas is comparable 

between wakefulness and NREM sleep.  

a-c, RBC velocity and flow (mean± s.e.m.) during active wakefulness (aWake), NREM sleep 

(NREM) and REM sleep (REM) in the primary somatosensory (S1) cortex (a; n= 9 

capillaries; 3 mice (1 female, 2 males)), secondary visual (V2) cortex (b; n= 9 capillaries; 3 

mice (1 female, 2 males)), and parietal cortex (c; n= 15 capillaries; 6 mice (2 females, 4 

males)). # indicates significant effect of sleep/wake state in repeated-measures one-way 

ANOVA (## P<0.01; ### P<0.001). * indicates significance in the post-hoc Tukey’s 

multiple comparisons test (* P <0.05; ** P <0.01). d, Changes in the diameter of capillaries 

(mean± s.e.m.) across sleep/wake cycles (n= 5 capillaries; 3 mice (2 females, 1 male)). No 

significant effect of sleep/wake state was detected in the repeated-measures one-way 

ANOVA. Each line represents an individual capillary.  
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Figure 4. Larger elevation in capillary RBC flow during the rebound REM sleep 

observed after flowerpot method of sleep disturbance.  

a. Time spent (mean± s.e.m.) in wakefulness (a), REM sleep (b) and NREM sleep (c) under 

basal condition (basal sleep, grey line) and immediately after application to the flowerpot 

(post-flowerpot, green dashed line) in A2AR-WT mice (n=3 male mice). Application to the 

flowerpot ended at Zeitgeber time (ZT)4. Each dot represents the time spent in each stage 

every 30 minutes. † indicates a significant interaction between conditions and ZT in repeated-

measures two-way ANOVA († P <0.05; †† P <0.01). * indicates significance in post-hoc 

Sidak’s multiple comparisons test at each time point (* P <0.05; ** P <0.01). b. RBC 

velocity and flow (mean± s.e.m.) in the parietal cortex immediately after subjecting mice to 2 

days of flowerpot method of sleep disturbance (n= 9 capillaries; 3 mice (1 female, 2 males)). 

# indicates significant effect of sleep/wake state in repeated-measures one-way ANOVA (## 

P<0.01; ### P<0.001). * indicates significance in the post-hoc Tukey’s multiple comparisons 

test (* P <0.05; ** P <0.01). Each line represents an individual capillary. c, Comparison of 

RBC velocity and flow (mean± s.e.m.) between natural sleep and sleep after 2 days of 

flowerpot method in the parietal cortex across sleep/wake cycles (same data shown in 3c and 

4b). † indicates significant interaction between the condition and sleep/wake state in 

repeated-measures two-way ANOVA (†† P <0.01). * indicates significance in the post-hoc 

Sidak’s multiple comparisons test (** P <0.01). Each line represents an individual capillary.   
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Figure 5. Temporal dynamics of capillary CBF across sleep/wake cycle. 

a, b, Representative datum showing temporal changes in the EEG power spectrum and the 

RBC speed of a capillary during a period containing episodes of NREM sleep (NR), REM 

sleep (R) and sustained active wakefulness (W). Note that the wakefulness episode is longer 

in the recording in b than in a. The animal entered an active wakefulness state after NREM 

sleep in b, where it ran actively on the treadmill. c-f, Temporal changes in relative RBC 

velocity (c,d) and flow (e,f) around transitions from NREM sleep to REM sleep (c,e) and 

REM sleep to wakefulness (d,f). Of the capillaries analyzed in  3a-c, those whose 

measurements around the timing of state transitions were available were plotted. In c-f, each 

grey line represents an individual capillary, and the red and blue line represents the mean 

value of RBC velocity and flow respectively. 
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Figure 6. 24-hour of sleep recording in A2AR-WT and A2AR-KO mice on the 3rd week 

after surgery. 

a-c, Total amount (a), episode duration (b), and episode number (c) of wakefulness, NREM 

sleep and REM sleep in A2AR-WT (closed circle) and A2AR-KO (open circle) mice during 24 

hours are shown (n= 9 male A2AR-WT mice, n=10 male A2AR-KO mice). * indicates 

significance in Welch’s test (* P < 0.05; ** P < 0.01). d-f, total amount (d), episode duration 

(e), and episode number (f) of wakefulness, NREM sleep and REM sleep in A2AR-WT (closed 

circle) and A2AR-KO (open circle) mice during the light and dark phases. # and † indicate 

significant main effect of genotype and significant interaction between genotype and 

light/dark phase, respectively, in two-way repeated-measures of ANOVA (#, † P < 0.05; ††† 

P < 0.001). Each closed/open circle represents an individual mouse. All bar graphs represent 

the mean of all samples in each group with mean ± s.e.m. * indicates significance in post hoc 

Bonferroni’s multiple comparison test (* P < 0.05; **** P < 0.0001). (g-i) Daily variations in 

the amount of wakefulness (g), NREM sleep (h) and REM sleep (i) every hour in A2AR-WT 

(closed circle, solid line) and A2AR-KO (open circle, dotted line) mice. † indicates significant 
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interaction between genotype and ZT in two-way repeated-measures of ANOVA (†† P < 

0.01). 
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Figure 7. EEG power density during wakefulness, NREM sleep and REM sleep in A2AR 

-WT and A2AR-KO mice. 

a-c, Comparison of EEG power density (mean± s.e.m.) during wakefulness (a), NREM sleep 

(b) and REM sleep (c) for 24 hours, light and dark phases between A2AR -WT and A2AR-KO 

mice (n= 8 male mice for each genotype; number of mice differs from that in Fig. 10 because 

individuals that exhibited contamination of large noise during wakefulness were excluded). # 

and † indicate significant main effect of genotype and significant interaction between 

frequency and genotype, respectively, in two-way ANOVA (## P<0.01; ### P<0.001; †††† 

P<0.0001). * indicates significance in post-hoc Bonferroni’s multiple comparisons test (*P 

<0.05, **P <0.01, *** P<0.001, **** P <0.0001). Note that the EEG power density of REM 

sleep in Fig. 11c was comparing only the REM sleep episodes which duration were longer 

than 40 seconds, while in Fig. 7, all length of REM sleep episodes were analyzed. 
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Figure 8. A2AR-KO mice exhibited an impairment in the upsurge of CBF during REM 

sleep. 

a, RBC velocity and flow (mean± s.e.m.) in the parietal cortex of A2AR-KO mice during 

active wakefulness, NREM sleep and REM sleep (n=18 capillaries; 8 mice (5 females, 3 

males)). # indicates significant effect of sleep/wake state in repeated-measures one-way 

ANOVA (# P<0.05; ### P<0.001). * indicates significance 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 (mean± s.e.m.) between WT and A2AR-KO mice in parietal cortex across the 

sleep/wake cycle (same data shown in 3c and 8a). † indicates significant interaction between 

genotype and sleep/wake state in repeated-measures two-way ANOVA (†† P <0.01). * 

indicates significance in post-hoc Sidak’s multiple comparisons test (* P <0.05). c-e Relative 

RBC velocity or flow (mean± s.e.m.) during REM sleep (c) or active wakefulness (d) in 

terms of ratio over NREM sleep, as well as relative RBC velocity or flow (mean± s.e.m.) of 

REM sleep over active wakefulness (e) in WT and A2AR-KO mice. * indicates significance in 

Welch’s test (* P <0.05). Each line in a and each open/closed circle in c-e represents an 

individual capillary.  
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Figure 9. Similar capillary CBF responses to sodium bicarbonate in WT and A2AR-KO 

mice. 

a,b, Effects of sodium bicarbonate (NaHCO3) systemic 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: n= 6 capillaries; 2 mice (1 female, 1 male); 

A2AR-KO: n=6 capillaries; 2 mice (2 females)). Comparisons of absolute RBC velocity and 

flow are shown in a. * indicates significance in paired t test (* P <0.05). For comparison of 

relative RBC velocity and flow (mean± s.e.m.) in post-NaHCO3 treatment over pre-NaHCO3 

treatment (b), no significant difference was detected between genotypes (Welch’s test). Each 

line a and each open/closed circle in b represents an individual capillary. Treatments and 

2PM imaging were performed on WT and A2AR-KO mice in age of 7-8 month in this figure. 
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Figure 10. Elevation of RBC velocity across the sleep/wake cycle in response to A2AR 

positive allosteric modulator in WT mice. 

a-d, Effects of A2AR positive allosteric modulator (A2AR PAM-1) systemic administration on 

capillary CBF in parietal cortex (A2AR PAM-1: n= 12 capillaries; 3 mice (3 males); saline: n= 

12 capillaries; 3 mice (3 males)). Comparisons of absolute RBC velocity and flow (mean± 

s.e.m.) across sleep/wake cycles between conditions are shown in a. † indicates significant 

main effect of drug in repeated-measures two-way ANOVA († P <0.05). In comparisons of 

relative RBC velocity and flow (mean± s.e.m.) during REM sleep (b) or active wakefulness 

(d) over NREM sleep, as well as relative RBC velocity or flow (mean± s.e.m.) of REM sleep 

over active wakefulness (c), no significant difference between A2AR PAM-1 and saline 

treatment groups was detected (Welch’s test). Each open circle in b-d represents an 

individual capillary. Treatments and 2PM imaging were performed on WT mice in age of 3-5 

month in this figure. 
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Figure 11. Comparison of various measures of REM sleep (heart rate, episode duration, 

EEG power spectrum) between WT and A2AR-KO mice . 

a, Heart rate (mean± s.e.m.) during REM sleep in WT (n=4 mice (2 females, 2 males)) and 

A2AR-KO (n=5 mice (4 females, 1 male)) mice are plotted. Each dot represents an individual 

mouse. No significant difference between genotypes was detected (Welch’s test). b, Duration 

(mean± s.e.m.) of REM sleep episodes from which XT line scans were analyzed in 3c and 8a 

between WT (n=4 mice (2 females, 2 males)) and A2AR-KO (n=6 mice (4 females, 2 male)). 

Each circle represents a single REM sleep episode. No significant difference was detected 

between genotypes (Welch’s test). c, REM sleep episodes with durations longer than 40 

seconds (roughly corresponding to the minimum duration of REM sleep episodes for 

collecting CBF data) were analyzed (n=4 male mice for each genotype). Note that the EEG 

power density of REM sleep in Fig. 7c was comparing all the REM sleep episodes in spite of 

its duration. † indicates significant main effect of genotype in repeated-measures two-way 

ANOVA (††  P <0.01). Each open/closed dot represents an individual mouse (a) and 

individual REM episode (b). 
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