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Unveiling astrocytic control 
of cerebral blood flow with 
optogenetics
Kazuto Masamoto1,2,3, Miyuki Unekawa4, Tatsushi Watanabe1, Haruki Toriumi4, 
Hiroyuki Takuwa3, Hiroshi Kawaguchi3,†, Iwao Kanno3, Ko Matsui5, Kenji F. Tanaka6, 
Yutaka Tomita4,7 & Norihiro Suzuki4

Cortical neural activities lead to changes in the cerebral blood flow (CBF), which involves astrocytic 
control of cerebrovascular tone. However, the manner in which astrocytic activity specifically leads 
to vasodilation or vasoconstriction is difficult to determine. Here, cortical astrocytes genetically 
expressing a light-sensitive cation channel, channelrhodopsin-2 (ChR2), were transcranially activated 
with a blue laser while the spatiotemporal changes in CBF were noninvasively monitored with 
laser speckle flowgraphy in the anesthetised mouse cortex. A brief photostimulation induced a 
fast transient increase in CBF. The average response onset time was 0.7 ± 0.7 sec at the activation 
foci, and this CBF increase spread widely from the irradiation spot with an apparent propagation 
speed of 0.8–1.1 mm/sec. The broad increase in the CBF could be due to a propagation of diffusible 
vasoactive signals derived from the stimulated astrocytes. Pharmacological manipulation showed 
that topical administration of a K+ channel inhibitor (BaCl2; 0.1–0.5 mM) significantly reduced the 
photostimulation-induced CBF responses, which indicates that the ChR2-evoked astrocytic activity 
involves K+ signalling to the vascular smooth muscle cells. These findings demonstrate a unique 
model for exploring the role of the astrocytes in gliovascular coupling using non-invasive, time-
controlled, cell-type specific perturbations.

Introduction
Astrocytes are the brain cells that form an interface between the brain vasculature and central nervous 
system. In response to neural requirements, astrocytes control the vascular tone, the mechanisms of which 
have been extensively studied in both brain slices in vitro1,2 and animal brains in vivo3. Because dysfunc-
tion of the astrocytic control of the cerebrovasculature is involved in the pathogenesis of several neuro-
degenerative disorders4, the underlying mechanisms for controlling the cerebrovascular dynamics have 
received a great deal of attention in relation to preventing or ameliorating neurovascular dysfunctions.

The major pathway for regulating cerebrovasculature is currently thought to involve the release of 
glutamate through locally evoked neurons, leading to either vasodilation or vasoconstriction depending 

1Faculty of Informatics and Engineering. 2Brain Science Inspired Life Support Research Centre, University of Electro-
Communications, 1-5-1 Chofugaoka, Chofu, Tokyo 182-8585, Japan. 3Molecular Imaging Centre, National Institute 
of Radiological Sciences, 4-9-1 Anagawa, Inage, Chiba 263-8555, Japan. 4Department of Neurology, Keio University 
School of Medicine, Shinanomachi, Shinjuku, Tokyo 160-8582, Japan. 5Department of Neuropsychiatry, Keio 
University School of Medicine, 35 Shinanomachi, Shinjuku, Tokyo 160-8582, Japan. 6Division of Interdisciplinary 
Medical Science, Tohoku University Graduate School of Medicine, 2-1 Seiryomachi, Aoba, Sendai, Miyagi 980-8587, 
Japan.7Tomita Hospital, 32 Minaminakamachi, Motojuku-cho, Okazaki, Aichi 444-3505, Japan. †Current address; 
Human Informatics Research Institute, National Institute of Advanced Industrial Science and Technology Central 6, 
1-1-1 Higashi, Tsukuba, Ibaraki 305-8566, Japan. Correspondence and requests for materials should be addressed 
to K.M. (email: masamoto@mce.uec.ac.jp)

Received: 17 December 2014

Accepted: 27 May 2015

Published: 16 June 2015

OPEN

mailto:masamoto@mce.uec.ac.jp


www.nature.com/scientificreports/

2Scientific RepoRts | 5:11455 | DOi: 10.1038/srep11455

on astrocyte-mediated mechanisms5,6. Metabotropic glutamate receptors (mGluR5 and 1) in astrocytes 
are believed to initiate the intracellular Ca2+ elevation that leads to the release of vasoactive molecules 
at the endfeet near the vascular smooth muscle cells1,2. Large-conductance Ca2+-sensitive K+ (BK) chan-
nels expressed in astrocytes have also been shown to play a key role in determining the vascular tone7,8. 
Early studies assumed that the intracellular Ca2+ elevation in the astrocytes is a prerequisite for alter-
ing the vascular tone9–11. However, whether the astrocytic Ca2+ elevation in response to neural activity 
exclusively triggers rapid vasodilation is highly debated12–19. Selective antagonists of mGluR5 had no 
detectable effects on the hemodynamic response to sensory stimulation13. The developmental changes in 
the mGluR expression profile were also noticed in the mouse cortical astrocytes20. Furthermore, several 
studies demonstrated that a genetic deletion of the cytosolic Ca2+ increase in the astrocytes has no effect 
on the neurovascular coupling15–18. One recent study revealed that Ca2+ transient in the astrocytic pro-
cess, but not soma, triggers a rapid hemodynamic response in the nearby vasculatures19. However, the 
source of the Ca2+ transient remains undetermined.

To study the astrocytic role in isolation, specific manipulation of astrocytic activity is required. Caged 
Ca2+ can be loaded into astrocytes, and astrocytes can be stimulated by the uncaging of these com-
pounds. However, astrocyte specific loading is often not warranted. Specific injection of current into 
astrocytes via patch electrodes has been conducted5; however, given the low impedance of the cells, 
somatic depolarisation will likely not propagate to the fine processes where the cells make contact with 
the vessels. In both cases, invasive methods are required to stimulate astrocytes, which are known to 
rapidly change their properties in response to invasive stimuli21; thus, the function of these cells in their 
natural state is difficult to discern.

In the present study, we utilised a recently developed mouse with genetically targeted expression of 
a light-gated cation channel, channelrhodopsin-2 (ChR2)22, in astrocytes23. Optogenetics is an ideal tool 
for accomplishing non-invasive, time-controlled, cell-type specific perturbation of astrocytic activity in 
the in vivo brain (for reviews24,25). With this animal model, previous studies demonstrated that astrocytic 
activity is specifically enhanced by photostimulation of the ChR2-expressing astrocytes23, leading to syn-
aptic plasticity and perturbation of cerebellum-modulated motor behaviour26. Photostimulation of the 
ChR2-expressing astrocytes causes a transient depolarisation of the membrane potential, and this effect 
is reversible and reproducible23,26.

Here, we tested whether optogenetic activation of ChR2-expressing astrocytes could influence 
local cerebral blood flow (CBF). Because the dynamic properties of cerebrovasculature are sensitive to 
mechanical insults, such as that generated by an invasive surgical procedure used to directly measure 
vessel diameters, we performed a non-invasive imaging of spatiotemporal CBF as an indirect assessment 
of the vascular dynamics using laser speckle flowgraphy (LSFG) through the intact skull (Fig. 1A). The 
ChR2 expression in the cortical astrocytes were ensured by labelling them with sulforhodamine 101 
(SR101) after the experiments (Fig.  1B). Because photostimulation of the ChR2-expressing astrocytes 
may lead to the release of glutamate and potassium ions26, pharmacological tests were further conducted 
to determine the signalling involved in the photostimulation-induced changes in CBF. The glutamate 
released from the activated ChR2-astrocytes could stimulate the neighbouring neurons and/or astrocytes, 
leading to vasodilation via activation of cyclooxygenase (COX)-derived prostaglandin pathways27,28. The 
involvement of this pathway was tested with topical application of tetrodotoxin (TTX) or a non-selective 
COX inhibitor, sodium indomethacin, applied to the stimulated cortex3,29. An increase in the extracellu-
lar concentration of K+ may induce a rapid vasodilation via an activation of K+ channels in the vascular 
smooth muscle cells30,31. To inhibit this K+ signalling, we topically applied BaCl2, an inward rectifier K+ 
(Kir) channel blocker, to the stimulated cortex.

Results
Photostimulation of ChR2-expressing astrocytes induced a rapid increase in the CBF. We 
observed that a brief photostimulation with blue laser irradiation (0.1–0.3 mW) of ChR2-expressing 
astrocytes induced a rapid increase in the CBF (Fig. 2A–B). The increased CBF gradually returned to its 
baseline level, and this transient response to photostimulation was reproducible (Supplementary Figure 
S1). The average response magnitude of the CBF increase evoked at the activation foci (1 mm in diam-
eter) was 35 ±  13% relative to the pre-stimulus baseline in the ChR2 mice (N =  7). We confirmed that 
neither low (0.1–0.3 mW) nor high (2.8–3.3 mW) power irradiation of the blue laser affected the CBF in 
normal C57BL/6J mice (N =  4; Fig. 2C). The results indicate that laser irradiation alone does not evoke 
changes in CBF in our experimental conditions. In addition, no measurable changes in the animal phys-
iology (systemic blood pressure and heart rate) upon photostimulation were observed.

Wide spread increase of photostimulation-induced CBF. We next compared the CBF responses 
in the laser-irradiated ipsilateral and unirradiated contralateral cortex in the same ChR2 mouse (N =  10). 
The average response magnitude evoked with a 0.5-sec short blue laser irradiation was 22 ±  6% relative 
to the baseline in the ipsilateral cortex, but it was negligible in the contralateral cortex (Fig.  3A,B). A 
longer blue laser irradiation (3.0 sec) evoked greater responses in both the ipsilateral and contralateral 
cortices (Fig. 3A,B). For all photostimulation levels tested (0.5-sec low power, 3-sec low and high power 
blue laser irradiation), statistically significant differences in the CBF response magnitude were observed 
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between the irradiated and unirradiated cortices (P =  2.8 ×  10−6, 6.8 ×  10−6 and 1.9 ×  10−4, respectively, 
paired t-test; Fig. 3C).

The average onset time of the CBF response at the ipsilateral activation foci for 3-sec blue laser irra-
diation was 0.7 ±  0.7 sec with a cut-off threshold of 2-folds standard deviation (SD) and 1.7 ±  0.9 sec for 
a cut-off threshold of 3-folds SD, which appeared to widely extend to the surrounding areas (Fig. 4A,B). 
A significant delay in the onset time was found at a distance of 0.75 mm (p <  0.05, Dunnett’s test) rela-
tive to the activation foci (Fig. 4C). Consequently, an apparent propagation speed measured from pixels 
0.25-mm to 0.75-mm from the activation centre was 1.1 ±  0.7 mm/sec and 0.8 ±  0.5 mm/sec at a cut-off 
threshold of 2-fold and 3-fold SD, respectively. The mean activation area induced by all photostimula-
tions tested was 3.9 ±  1.8 mm2, which was 20-fold larger than the irradiation spot of blue laser (0.2 mm2). 
These results indicate that widely spreading increase in the CBF could be due to a propagation of diffus-
ible vasoactive signals derived from the stimulated astrocytes.

Photostimulation-induced CBF changes involve activation of vascular K+ channels. Pharma 
cological manipulation showed that the CBF responses to photostimulation were significantly reduced 
by topical administration of BaCl2, but not indomethacin and TTX (Fig.  5). The magnitude of the 
CBF responses before and after administration of BaCl2 were 24% ±  6% and 11% ±  5%, respectively 
(P =  0.014, N =  6; Fig. 5A). In contrast, significant differences in the CBF response were neither detected 
for the treatment with indomethacin (24% ±  10% and 28% ±  14%, P =  0.29, N =  4; Fig.  5B) nor TTX 
(28% ±  22% and 28% ±  23%, P =  0.43, N =  4; Fig. 5C). We also observed that topical administration of 
BaCl2 on the exposed cortex had no detectable effects on the baseline neural activity and CBF meas-
ured with electroencephalography (EEG) and LSFG, respectively (Supplementary Figure S2, N =  4 ChR2 

Figure 1. A) Experimental setup (original drawing). To open ChR2 channels specifically expressed in the 
astrocytes, an argon laser was induced through an electromagnetic shutter, while spatiotemporal CBF were 
non-invasively monitored with laser speckle flowgraphy (LSFG), which consisted of an excitation infrared 
laser and a detection camera (CCD) attached to a microscope. To close the channels, an orange LED was 
also irradiated following the cessation of the blue laser irradiation. The field of view (FOV) for the LSFG 
was either 4.9 mm ×  4.7 mm or 2.4 mm ×  2.3 mm with an objective lens of 2 ×  (green square) or 4 ×  (blue 
square), respectively. A representative spatial arrangement of the irradiated laser spot (0.5 mm in diameter) 
and a baseline image of the LSFG are shown in bright field and mean blur rate (MBR) images, respectively. 
A colour bar represents the 8-bit signal level of the MBR. Two circles (1 mm in diameter) in the LSFG 
image represent the locations of the regions of interest used for calculation of the photostimulation-induced 
changes in CBF in the ipsilateral and contralateral cortices. Two types of photostimulation were tested: 
i) long blue laser irradiation (3 sec) followed by a 3-sec orange LED irradiation and ii) short blue laser 
irradiation (0.5 sec) followed by 3-sec orange LED irradiation. B) Representative images of ChR2-expressing 
astrocytes (green) co-labelled with sulforhodamine 101 (SR101; red) captured at depths of 45 μ m (top left) 
and 125 μ m (top right) from the cortical surface of the extracted brain with two-photon microscopy. The 
enlarged view (bottom) represents co-localisation (right) of the ChR2-expressing fine processes (left) with 
the SR101-positive astrocytic soma (middle).
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mice). These findings indicate that the photostimulation-induced CBF changes mainly involve direct K+ 
signalling to vascular cells.

Discussion
The present study shows that photostimulation of the ChR2-expressing astrocytes evokes rapid and robust 
increases in CBF. In contrast to traditional tools that use invasive patch electrodes or caged compounds, 
the technique used here has great advantages in its methodology in which we specifically activate cortical 
astrocytes noninvasively. As this model allows manipulation of the local CBF by stimulating a specific 
brain site, it could be used as a unique tool to potentiate the CBF on demand. The CBF can be manipu-
lated by different existing methods with pharmacological and/or respiratory perturbations; however, the 
optogenetic method has advantages because it does not affect the systemic circulation and global brain 
CBF, and thus effects originating from other body/brain regions would not complicate measurements. 
Combining the noninvasive manipulation and imaging of regional CBF therefore allows for region to 
region comparisons of the long-term neurovascular interactions in both healthy and neurovascular dys-
function models, such as evoked during aging, cerebral ischemia, and neurodegenerative diseases.

To noninvasively monitor the spatiotemporal CBF, we used LSFG which primarily reflect motion of 
red blood cells in the vessels32. Because LSFG is sensitive to any motions associated with induction of 
stimulation, other factors (such as swelling of the cells in the stimulated tissue) could also cause artificial 
signal changes. However, this possibility is unlikely because we observed that photostimulation to the 
astrocytes evoked vasodilation in the cortex (Supplementary Figure S3), indicating that the photostim-
ulation of ChR2-expressing astrocytes causes vasodilation around the activated astrocytes and leads to 
rapid and broad increases in CBF. The tentative mechanisms involved in the vasodilation induced by the 
astrocytic activation with photostimulation are i) an increase in the K+ efflux through an open of ChR2 

Figure 2. Photostimulation induced CBF changes. A) Baseline and activation-induced CBF images 
captured with LSFG. A robust increase in CBF was evoked only in the ChR2 mouse (top) and not in the 
C57BL/6 mouse (bottom). White and black circles in the image indicate the presence or absence of a 3-sec 
blue laser irradiation, respectively. The signal intensity was normalised to the baseline level of the mean blur 
rate (MBR). B) Average time course of the photostimulation-induced CBF changes in the ChR2 (N =  7) and 
C57BL/6 mice (N =  4). C) Comparison of the photostimulation-induced magnitude of the CBF changes. 
The photostimulation evoked an increase in CBF in the stimulated cortex of ChR2 mice but not in C57BL/6 
mice, even at a higher power of the blue laser. A significant increase in CBF (*P <  0.05) was detected in the 
ChR2 mice compared to the C57BL/6 mice.
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leading to a local change in the astrocytic membrane potential26 and/or ii) a change in the intracellular 
pH33.

We observed that a topical application of indomethacin (a non-selective COX inhibitor) had no meas-
urable effects on the CBF response to photostimulation (Fig. 5B). Because a COX synthesis is involved in 
the astrocytic vasodilation via an intracellular Ca2+ elevation of the astrocytes3, our results indicate that the 
intracellular Ca2+ signalling may not play a major role in the photostimulation-induced CBF responses. 
A previous study with ChR2-expressing astrocytes also demonstrated that the astrocytic response to 
photostimulation in the cerebellum involves the release of glutamate, resulting in modulation of synaptic 
plasticity26. However, this observation doesn’t necessarily indicate that photostimulation to the cortical 
astrocyte also causes the release of glutamate in our experimental conditions. Glutamate is a potent vas-
odilator that act on the vascular cells via glutamate-sensitive cells but not a direct uptake by the vascular 
cells34,35, and the astrocytic release of glutamate could evoke neural responses. However, we observed no 
detectable effects of neuronal suppression with TTX on the CBF response to photostimulation (Fig. 5C). 

Figure 3. Comparison of the photostimulation-induced CBF changes in the stimulated ipsilateral and 
unstimulated contralateral cortices in ChR2 mice (N = 10). A) Spatiotemporal dynamics of the CBF 
responses to short irradiation (top), long blue laser irradiation with low power (long_L, middle), and long 
blue laser irradiation with high power (long_H, bottom). Immediately after irradiation with the blue laser 
at time 0 (white circle), the CBF increased in the stimulated cortex. Weak stimulation evoked localised 
increases in the CBF, while greater stimulation provoked robust and prolonged increases in the CBF. B) 
Average time courses of the CBF responses for ipsilateral ROIs (top) and contralateral ROIs (bottom). 
C) Average response magnitude. A significant increase in the CBF was detected in the ipsilateral cortex 
compared to the contralateral cortex (*P <  0.05).
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The findings therefore indicate that the photostimulation-induced CBF increase is directly driven by the 
astrocytic signalling to the vascular cells.

A variety of K+ channels are expressed in the vascular smooth muscle cells, and the activation of 
these channels results in a rapid dilation of the cerebral arteries36. We found that the average onset time 
of the CBF increase in response to astrocytic activation was 0.7 ±  0.7 sec after the onset of photostimu-
lation (Fig. 4), which is within the range of previously reported values of the onset time examined for 
the CBF responses to physiological sensory stimulation37. Furthermore, topical application of BaCl2, 
a potent inhibitor of Kir channels, significantly reduced the photostimulation-induced CBF responses 
(Fig. 5A). The findings indicate that astrocytic activity can lead to a rapid vasodilation driven by direct 
K+ release from the endfoot and/or other fine processes. Assuming that the diffusion coefficient of K+ 
in saline is 2 ×  10−9 m2/sec38, it takes approximately 1 sec for K+ to reach a 60-μ m distance in the brain 
tissue, which is far slower than the apparent propagation speed of the CBF response onset observed 
in the present study (0.8–1.1 mm/sec). The propagation speed of the astrocytic calcium wave induced 
by spreading depression was 35 μ m/sec39, which is also slower than that observed in the present study. 
In contrast, a fast propagation of the vasodilation (2.4 mm/sec) along the pial artery was reported for 
sensory stimulation-induced vasodilation40. A rapid conduction of the vasomotion response (approxi-
mately 1 mm/sec) was also shown in the isolated cerebral arteries41. Considering these observations, we 
speculate that the rapid propagation of the CBF response to astrocytic activation observed in the present 

Figure 4. Spatiotemporal dynamics of CBF responses to transcranial photostimulation in ChR2 
mice (N = 10). A) A representative image of the mean baseline MBR averaged for 10-sec pre-stimulus 
periods (left). The arrowhead indicates the location of the midline. Broad CBF changes were evoked with 
photostimulation (centre). A rapid increase in CBF was observed around the irradiation spot while the CBF 
onset spread from the activation foci (right). Different size ROIs (0.50 mm, 1.0 mm, and 1.5 mm in diameter; 
black dot circles) were placed in a concentric fashion at the activation centre. B) Average time course of 
the CBF responses measured at distances of 0.25 mm, 0.50 mm, and 0.75 mm from the central point of the 
activation. C) Mean onset time for CBF responses measured at distances of 0.25 mm, 0.50 mm, and 0.75 mm 
from the central point of the activation. Two different thresholds (2-fold and 3-fold standard deviations (SD) 
of the 10-sec baseline fluctuations) were applied to calculate the onset time of the CBF responses (left and 
right, respectively). A significant difference in the CBF response onset time compared to the activation foci 
was consistently found at a distance of 0.75 mm (*p <  0.05).
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study involves i) astrocyte-to-astrocyte communications and/or ii) electrical conduction through the 
vascular cells.

The involvement of the K+ signalling to vascular cells evoked by astrocytic activation seems to be 
consistent with the earlier prediction proposed by Paulson and Newman42, which states that astrocytic 

Figure 5. CBF responses to direct photostimulation measured before and after pharmacological 
treatment in ChR2 mice. A) Topical administration of BaCl2 (0.1–0.5 mM) significantly reduced the 
CBF responses (N =  6). B), C) Neither significant difference in the CBF response was detected for topical 
administration of indomethacin (Indo; 0.5 mM, N =  4) nor TTX (20–50 μ M, N =  4).
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release of K+ at the endfeet near the vasculature provokes a rapid vasodilation, rather than a diffusion of 
K+ into the extracellular space. In a later study, however, the hypothesis of K+ siphoning in neurovascular 
coupling was dismissed by Metea et al. (2007), who showed a negligible contribution of astrocytic depo-
larisation, via patch electrodes and elimination of astrocytic Kir channels (knockout of Kir4.1 expressed in 
the astrocytes), to the nearby vascular tone43. Due to the low impedance of the cells, somatic depolarisa-
tion might not be sufficient to cause depolarisation at the foot process. Additionally, deletion of the Kir4.1 
channels does not necessarily mean that K+ signalling to the vascular cells was exclusively deleted. Other 
K+ channels may contribute to the K+ signalling in the cells. An involvement of the voltage-dependent 
K+ (Kv) channel and BK channel activations or the gap junction pathways would be interesting to be 
examined in relation to the astrocyte-to-astrocyte communication in the photostimulation-induced CBF 
response.

Methods
Animal preparations. Animal use and experimental protocols (No. 09058) were approved by the 
Animal Ethics Committee of Keio University Medical School, and all experimental procedures were 
in accordance with the university’s guidelines for the care and use of laboratory animals. A total of 21 
male and female Mlc1-tTA::tetO-ChR2(C128S)-EYFP double transgenic mice (10–30 weeks, 32 ±  5 g) 
were used for the experiments. In these mice, C128S-modified ChR2 fused with EYFP was specifically 
expressed in astrocytes under the control of the Mlc1 promoter23. ChR2(C128S) is opened by blue light, 
and it requires yellow/orange light to close. As a control experiment, four normal male C57BL/6J mice 
(8 weeks, 21–25 g) were also subjected to repeated photostimulation to examine potential artefacts on the 
cortical microcirculation due to light irradiation. Under urethane anaesthesia (1.1 g/ kg, i.p.), the skull 
over the somatomotor cortex of both hemispheres was exposed. The body temperature was maintained 
at 36 °C with a heating pad (BWT-100, Bioresearch Centre Co. Ltd., Nagoya, Japan), and the systemic 
blood pressure and heart rate were monitored with a non-invasive blood pressure monitor (MK-2000ST, 
Muromachi Kikai Co. Ltd, Tokyo, Japan) at the tail, as needed.

Photostimulation. For comparisons of the photostimulation-induced CBF changes between nor-
mal C57BL/6J mice and ChR2 mice, a 488-nm argon laser (CVI Melles Griot, Carlsbad, CA) supplied 
through an optical fibre and a beam collimator (FBC-203S, Neoark, Tokyo, Japan) was used to irradiate 
a spot at the centre of the parietal bone. The irradiation spot on the skull was 0.50 ±  0.02 mm in diam-
eter (i.e., 0.2 mm2), which was captured with CCD camera (480 ×  640 pixels with a pixel resolution of 
35 μ m/pixel). The irradiation image was converted to a binary image with applying a threshold at a half 
maximum of the pixel intensity in the image. The irradiation area was then approximated with a circle 
shape, and the diameter of the circle was measured. The mean irradiation power was measured with 
an optical power meter (8230 ADCMT, ADC, Tokyo, Japan). The duration of the laser irradiation was 
0.5 sec (short) or 3 sec (long), which was regulated with an electromagnetic shutter (F77-7, Suruga Seiki, 
Shizuoka, Japan), and the intensity of the irradiation was adjusted using an ND filter placed in the opti-
cal path. Following cessation of the laser irradiation, a 595-nm LED light (0.1–0.3 mW, LEDP_HB01-A, 
Doric Lenses, Quebec, Canada) was used to irradiate the skull for 3 sec to close ChR2(C128S) channels 
(Fig. 1A). These sequential events were controlled with a pulse generator (Master-8, AMPI, Israel).

Laser speckle flowgraphy. Spatiotemporal CBF was monitored using laser speckle flowgraphy 
(LSFG-Micro, Softcare, Fukuoka, Japan). An 830-nm laser diode was selected as a light source for the 
flow imaging because this wavelength of light likely has no effect on the ChR2(C128S), as the irradiated 
wavelength is far from its excitation range44. While the skull or exposed cortex was continuously illu-
minated, a speckle pattern was captured at a rate of 30 frames per sec (i.e., an exposure time of 33 ms 
in each frame), using a charge-coupled device (CCD) camera (600 ×  480 pixels) attached to a micro-
scope (SZ61TR, Olympus Corporation, Tokyo, Japan). The field of view was either 4.9 mm ×  4.7 mm 
or 2.4 mm ×  2.3 mm at 2-fold or 4-fold magnification of the objective lens (NA =  0.071 and a working 
distance of 110 mm), respectively (see Fig. 1A). The raw intensity image was converted to a flow image 
by calculating the mean blur rate (MBR) of each pixel using 3-consecutive frames45. The pre-stimulation 
baseline images were acquired for 30 sec before induction of photostimulation in each recording, and 
the post-stimulation images were acquired for at least 90 sec depending on the duration of the evoked 
changes in CBF. In each animal, 1–8 trials (average 3 trials per stimulation) were repeated for the same 
paradigms of the photostimulation with an onset-to-onset interval of >2 min.

Pharmacology. To apply the drugs to the stimulated cortex, a section of skull approximately 3 mm 
in diameter was removed (N =  10 ChR2 mice), and the dura located near the edge of the opened area 
was carefully removed. Both the left and right hemispheres were opened in five out of ten animals to 
test a single drug in respective hemispheres. First, saline was applied to the opened area of the cortical 
surface, and the CBF response to photostimulation was measured with LSFG (i.e., pre-treatment control 
measurement). Then, a K+ channel inhibitor BaCl2 (0.1–0.5 mM in saline; Yoneyama Yakuhin Kogyo 
Co., Ltd., Japan), the non-selective COX inhibitor sodium indomethacin (0.5 mM in saline; INDACIN 
IV; MSD K.K., Japan), or voltage gated sodium channel inhibitor tetrodotoxin (TTX; 20–50 μ M in saline; 
Nacalitesque, Kyoto, Japan) were topically applied (0.1–0.3 mL) to the overall exposed cortical surface. 
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The concentration of the drugs used in the present study was determined according to previous stud-
ies3,30,31,46. At 20–60 min after drug administration, the photostimulation-induced CBF response was eval-
uated with the same protocols used for the pre-treatment control measurements. In this experiment, a 
stimulation power of the blue laser irradiation was adjusted so that the evoked CBF does not spread out 
of the field of view under pre-treatment conditions.

Histology. At the end of the experiments, SR101 (10 mM in saline, Sigma, Japan), a marker of 
astrocytes/olligodendrocytes47,48, was intraperitoneally injected (0.10–0.15 mL, N =  6 ChR2 mice). At 
3–4 hours after the injection, the brain was removed and fluorescently visualised to verify the expression 
of ChR2(C128S)-EYFP in SR101-labelled astrocytes using two-photon microscopy (TCS SP5MP, Leica 
Microsystems)49. Note that ChR2(C128S)-EYFP is expressed throughout the cell membrane including 
the astrocytic fine processes. The astrocytic expression of ChR2(C128S)-EYFP was dense in the paren-
chyma of the measured somatomotor cortex, but the astrocytes in the subsurface layers only sparsely 
expressed the transgene (Fig. 1B).

Data analysis. A region of interest (ROI) was manually placed at the centre of the maximum response 
area for the LSFG flow images, and the mean time-course of the relative CBF changes normalised to 
the baseline averaged over 10-sec a pre-stimulation period were calculated by averaging the pixel values 
within the ROI. For comparisons of the CBF responses between laser-irradiated cortex (i.e., ipsilateral 
cortex) and unirradiated cortex (i.e., contralateral cortex), two ROIs (1 mm in diameter) were located 
at an activation foci in the ipsilateral cortex and an area contralateral to the activation foci in the other 
cortex (see Fig. 1A). Then, the response magnitude of the CBF was calculated by averaging CBF changes 
over 5 to 15 sec after the onset of photostimulation within the ROI. For the LSFG through the intact 
skull, it was shown that evoked changes in CBF were influenced by a large static scattering50. In this 
study, we did not correct any static components that may cause a slight underestimation of the CBF 
response magnitude.

Two-points of the onset time of the CBF response were defined. One is the time at which the relative 
CBF surpassed the mean plus 2-fold standard deviation of the pre-stimulation baseline, and the other 
one is the relative CBF surpassed the mean plus 3-fold standard deviation. For this particular analysis, a 
low-pass filter (< 0.5 Hz) for time-course data in each pixel and a Gaussian filter for imaging data of the 
onset map across the pixels were applied. To characterise the spatial propagation of the CBF responses, 
the average onset times at pixels located 0.25 mm, 0.50 mm, and 0.75 mm from the centre of the acti-
vation were measured. The apparent propagation time was calculated by dividing the difference of the 
mean onset time between the target pixels (located on a circle of 0.25 mm, 0.5 mm, and 0.75 mm in radius 
around the activation foci) by a distance of 0.25 mm. The areas of activation induced by photostimulation 
were calculated as the number of pixels that exhibited a CBF response of more than 50% of the maximum 
response observed within the field of view.

Data are represented as means ±  standard deviation in the animals measured. The statistical signif-
icance (P <  0.05) for comparisons between two strains of mice was determined with Student’s t-test, 
and a paired t-test was used for the comparisons of the ipsilateral and contralateral responses and the 
pharmacological tests (control vs. treatment). Dunnett’s test was also used to evaluate the propagated 
response onset time from the activation foci.
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