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Abstract
Functional magnetic resonance imaging (fMRI) based on the blood oxygenation level-dependent

(BOLD) signal has been used to infer sites of neuronal activation in the brain. A recent study dem-

onstrated, however, unexpected BOLD signal generation without neuronal excitation, which led us

to hypothesize the presence of another cellular source for BOLD signal generation. Collective

assessment of optogenetic activation of astrocytes or neurons, fMRI in awake mice, electrophysio-

logical measurements, and histochemical detection of neuronal activation, coherently suggested

astrocytes as another cellular source. Unexpectedly, astrocyte-evoked BOLD signal accompanied

oxygen consumption without modulation of neuronal activity. Imaging mass spectrometry of brain

sections identified synthesis of acetyl-carnitine via oxidative glucose metabolism at the site of

astrocyte-, but not neuron-evoked BOLD signal. Our data provide causal evidence that astrocytic

activation alone is able to evoke BOLD signal response, which may lead to reconsideration of cur-

rent interpretation of BOLD signal as a marker of neuronal activation.
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1 | INTRODUCTION

Blood oxygenation level-dependent (BOLD) functional magnetic reso-

nance imaging (fMRI) is a fundamental imaging tool in basic and clinical

investigations of human brain activity (Ogawa, Lee, Kay, & Tank, 1990).

The BOLD signal is not a direct measurement of neuronal activity;

instead, the signal is influenced by cerebral blood flow (CBF), cerebral

blood volume (CBV), and the cerebral metabolic rate of oxygen con-

sumption (Ogawa, Menon, Kim, & Ugurbil, 1998; Shen, Ren, & Duong,

2008). Despite the above caveats, the BOLD signal has been widely

used as a surrogate marker of neuronal activation, because accumulat-

ing evidence has demonstrated a close correlation between BOLD sig-

nal response and electrophysiological activation of neurons following

sensory stimulation (Logothetis, Pauls, Augath, Trinath, & Oeltermann,

2001; Niessing et al., 2005). Recent optogenetic fMRI (ofMRI) studies

have further confirmed the correlation (Kahn et al., 2013; Lee et al.,

2010; Takata et al., 2015). However, the cellular mechanisms of BOLD

signal generation have not been fully elucidated (Ekstrom, 2010;

Vanzetta & Slovin, 2010). It is reported that coupling between BOLD

and electrophysiological signal in visual cortex of behaving monkeys is
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context dependent (Maier et al., 2008). Furthermore, unexpected

BOLD signal generation is found without activation of local neurons in

the visual cortex of monkeys performing a fixation-on-off task (Sirotin

& Das, 2009).

Astrocytes are also considered to participate in BOLD signal gener-

ation (Haydon & Carmignoto, 2006; Otsu et al., 2015; Schummers, Yu,

& Sur, 2008; Takano et al., 2006), but in a passive way that just couples

neuronal activity to the hemodynamic response to fulfill metabolic

demand of neurons (Petzold & Murthy, 2011; Raichle & Mintun, 2006).

A study that combined BOLD fMRI and fiber-optic calcium (Ca21)

recording in the cortex of anesthetized rats during electrical paw stimu-

lation reported a correlation between prolonged BOLD signal compo-

nents and Ca21 surge in astrocytes, and their modeling suggested

involvement of astrocytes in a late component of the BOLD response

(Schulz et al., 2012). However, direct investigation of causal relation-

ship between astrocyte activation and BOLD signal generation seems

difficult to examine in the study, because sensory stimulation inevitably

activates neurons in addition to astrocytes. Moreover, a recent study

reported intact BOLD signal response upon hindpaw stimulation of

anesthetized inositol 1,4,5-triphosphate receptor type 2 knock-out

(IP3R2-KO) mice, which lack large cytosolic Ca21 surges in astrocytes,

suggesting a minor role of astrocytic Ca21 activity in BOLD signal gen-

eration (Jego, Pacheco-Torres, Araque, & Canals, 2014) (but see (Srini-

vasan et al., 2015; Stobart et al., 2016) that demonstrate preserved

Ca21 dynamics in astrocytes of IP3R2-KO mice, and (Mishra et al.,

2016) that shows multiple sources of calcium signals in astrocytes).

Note that most of these studies were performed under anesthesia,

which could affect neurovascular coupling, energy metabolism, and

BOLD signal generation (Masamoto & Kanno, 2012; Sokoloff et al.,

1977).

This study aimed to investigate a causal relationship between

astrocyte activity and BOLD signal generation using ofMRI in awake

transgenic mice, whose cortical neurons or astrocytes express

channelrhodopsin-2 (ChR2) (Tanaka et al., 2012). Optical activation of

either neurons or astrocytes by light illumination through intact skull

evoked a BOLD signal response in the cortex. Oxygen consumption

upon stimulation of either neurons or astrocytes was suggested by

experiments of ofMRI in the presence of a vasodilator. Unexpectedly,

optical activation of astrocytes did not modulate neuronal activity,

which was confirmed with in situ hybridization for c-fos mRNA and in

vivo electrophysiology. Metabolic underpinnings of the oxygen con-

sumption was investigated with metabolite imaging of brain sections

using imaging mass spectrometry (IMS). Activation of astrocytes, but

not neurons, augmented synthesis of acetyl-carnitine (AC) from glu-

cose, which consumed oxygen. Collectively, our findings demonstrate

unexpected active role of astrocytes in BOLD signal generation.

2 | MATERIALS AND METHODS

2.1 | fMRI in awake mice

We have elaborated fMRI in awake mice using a high signal-to-noise

ratio cryogenic MRI detector, CryoProbe (Yoshida et al., 2016).

Confounding effects of anesthetics during fMRI in awake mice were

avoided because anesthesia is not necessary with this protocol to place

awake mice in an animal bed of MRI.

2.2 | In vivo multichannel extracellular recordings

Extracellular recording was performed as described previously (Takata

et al., 2015). A 16-channel, linear silicon probe was inserted through a

craniotomy (U 0.5 mm; AP 23.0 mm, ML 22.0 mm) for recording from

the cortex, which corresponds to the site of global peak of BOLD signal

response upon optogenetic astrocyte activation (Figure 2c).

2.3 | IMS with FMW-assisted brain fixation for 13C6-

glucose metabolic pathway tracing

Two-dimensional imaging of metabolites in the brain slices by combin-

ing IMS, focused microwave (FMW), and 13C-isotope was reported pre-

viously (Sugiura, Honda, Kajimura, & Suematsu, 2014; Sugiura, Taguchi,

& Setou, 2011). To trace the metabolic fate of glucose, 13C6-glucose

was injected intraperitoneally. Fifteen minutes later (Sugiura et al.,

2014), optogenetic stimulation of the left cortex through the intact

skull was performed. Thirty seconds later, mice were euthanized by

FMW-irradiation for 0.96 s on the brain (Sugiura, Honda, & Suematsu,

2015). Matrix-assisted laser desorption ionization (MALDI)-IMS was

performed on thin sections of the brain. See Supporting Information

Materials and Methods for more details.

3 | RESULTS

3.1 | Transcranial illumination of the cortex of awake

mice that express ChR2(C128S) in neurons or
astrocytes

Double transgenic animals that express ChR2(C128S), a step-function

opsin-type variant of ChR2 (Berndt, Yizhar, Gunaydin, Hegemann, &

Deisseroth, 2009), were generated by crossing a tetO-ChR2(C128S)-

YFP line with a cell-type specific-tTA line (Tanaka et al., 2012); here-

after, we refer to Chrm4-tTA::tetO-ChR2(C128S)-YFP and Mlc1-tTA::

tetO-ChR2(C128S)-YFP double transgenic lines as Neuron-ChR2 and

Astrocyte-ChR2, respectively. For gene manipulation strategies to gen-

erate transgenic mice, see Supporting Information Figure S1. Expres-

sion of ChR2(C128S)-EYFP was observed in the cortex and sub-cortical

brain structures of both Neuron- and Astrocyte-ChR2 mice (Figure 1a,

d). Double immunostaining for NeuN (neuron marker) and YFP (ChR2-

marker) showed high expression levels of ChR2(C128S) at neuronal

somas in layer IV and at dendrites in layer II/III of the cortex of

Neuron-ChR2 mice (Figure 1b,c). In Astrocyte-ChR2 mice, almost uni-

form expression of ChR2(C128S) was observed throughout the cortical

layers (Figure 1e). The enlarged view of the staining reveals the expres-

sion pattern of ChR2(C128S) with fine laminar morphology that is char-

acteristic of astrocytes (Figure 1f). Moreover, we have shown co-

expression of ChR2(C128S) and GLAST, an astrocyte specific glutamate

transporter, in the brain of Astrocyte-ChR2 mice (Tanaka et al., 2012),

further confirming astrocytic expression of ChR2(C128S). Expression of
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ChR2(C128S) across a wide cortical area in these transgenic mice lines

allows transcranial manipulation of neuronal or astrocytic activity

because ChR2(C128S) has higher sensitivity than conventional ChR2

(Mattis et al., 2012).

To perform light illumination through the intact skull of awake

mice during fMRI experiments, a skull-holder and an optic fiber were

attached horizontally on the skull (Yoshida et al., 2016). fMRI on awake

mice is advantageous to avoid the confounding effects of anesthetics

on neuronal and astrocytic activity (Greenberg, Houweling, & Kerr,

2008; Thrane et al., 2012). The tip of an optic fiber was positioned on

the intact skull over the left visual cortex (Figure 1g–i).

3.2 | Optogenetic stimulation of astrocytes as well as

neurons evokes BOLD signal response

We investigated whether transcranial photo-activation of neurons or

astrocytes was able to induce a BOLD signal response using Neuron-

or Astrocyte-ChR2 mice, respectively. Transcranial manipulation is

desirable to avoid inserting an optic fiber into the brain, which may

result in “reactive astrocytes” with distinct physiological characteristics

(Aguado, Espinosa-Parrilla, Carmona, & Soriano, 2002). We applied a

pair of blue and yellow lights with 30 s separation, which kept a cation

channel of ChR2(C128S) open for 30 s. This pair of lights was repeated

3 times at an interval of 2 min. The duration of each light was 0.5 and

5.0 s for Neuron- and Astrocyte-ChR2 mice, respectively. We

employed longer illumination in Astrocyte-ChR2 mice because we

speculated that effect of optogenetic stimulation was smaller in astro-

cytes, considering that astrocytic membrane resistance is lower than

neurons.

We found that transcranial optogenetic stimulation of either neu-

rons or astrocytes could evoke a BOLD signal response in the cortex

(Figure 2a,c). The response was observed dominantly in the left cortex,

which was ipsilateral to the site of light illumination. The most signifi-

cant BOLD signal response was located within the cortex of Neuron-

and Astrocyte-ChR2 mice (arrows in Figure 2a,c). Subcortical BOLD sig-

nal response may reflect direct photo-activation, based on our meas-

urements of ofMRI using a triple transgenic mouse whose astrocytes

express ChR2(C128S) except in the cortex (see Supporting Information

Results and Figure S2a–d). In addition, light illumination for optogenetic

stimulation seemed not enough to evoke BOLD signal response

FIGURE 1 Transgenic mice that express ChR2(C128S)-EYFP at neurons or astrocytes. (a and d) Immunostaining against YFP (ChR2-marker)
on coronal sections of the brain from Neuron- (a) and Astrocyte-ChR2 mice (d). (b and e) Double-immunostaining for NeuN (neuron marker,
red) and YFP (green) of coronal sections of the brain from Neuron- (b) and Astrocyte-ChR2 mice (e). (c and f) Higher magnification images
of cortical layer IV of Neuron- or Astrocyte-ChR2 mice. (g) Schematic drawings of attachment of a headbar (gray) and an optic fiber with a
cannula (red) on the intact skull. A headbar was used for cranial fixation during ofMRI in awake mice. (h) A photograph of a transgenic
mouse with an attached headbar (arrow head) and a fiber optic cannula (arrow). (i) Estimated area of illumination (pale blue) by an optic fiber
(red), drawn over a horizontal (left) and a sagittal (right) brain section of an anatomical MRI image. Scale bar: a and d, 3 mm; b and e,
200 lm; c and f, 50 lm; g, h, and i, 5 mm [Color figure can be viewed at wileyonlinelibrary.com]
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through visual stimulation nor brain-tissue heating (see Supporting

Information Results and Figure S3a,b). Further, ofMRI using anesthe-

tized Astrocyte-ChR2 mice and open field test suggested that behav-

ioral state-change, which may cause widespread astrocyte excitation in

the brain, seemed not to contaminate BOLD signal fluctuation upon

optogenetic stimulation of astrocytes (see Supporting Information

Results and Figures S2e,f and S4).

We compared temporal dynamics of BOLD signal fluctuations at

the site of the most significant response upon optogenetic stimulation

of Neuron- or Astrocyte-ChR2 mice, respectively (arrows in Figure 2a,

FIGURE 2 Transcranial optogenetic stimulation of neurons or astrocytes evoked BOLD signal response with oxygen consumption. (a and c)
Activation t maps overlaid on structural MRI images showing spatial distribution of positive BOLD response upon optogenetic activation of
cortical neurons (a) or astrocytes (c) from n 5 13 Neuron- or 9 Astrocyte-ChR2 mice, respectively. Illumination was applied on the left side of
the skull (left side in the figure). Values at the lower left indicate anterior-posterior (AP) distance from bregma in mm. Color bar indicates t values.
Arrows at AP 24.0 and 23.0 mm in (a) and (c), respectively, indicate approximate position of a global peak of t values, which were used for loca-
tions of ROIs for BOLD time courses. (b and d) Time-course of BOLD signal fluctuation upon optogenetic activation of neurons (b) or astrocytes
(d). Blue and yellow vertical lines show timing of illumination for each color. Note that ChR2 (C128S), a step function opsin with the closing time
constant (s) of 106 s, was kept open even after cessation of blue illumination until yellow illumination. The x-axis at the top shows the scan num-

ber of fMRI measurements. Gray shading indicates the SEM. (e–h) The same as (a–d), but in the presence of a vasodilator, SNP, from n 5 3 Neu-
ron- or 3 Astrocyte-ChR2 mice, respectively, showing negative BOLD response that indicates oxygen consumption upon optogenetic activation
of neurons (f) or astrocytes (h). Scale bar: a, c, e, and g, 2 mm [Color figure can be viewed at wileyonlinelibrary.com]
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c). A BOLD signal response could be evoked repeatedly in both Neu-

ron- and Astrocyte-ChR2 mice (Figure 2b,d). Peak amplitudes of the

response during the first stimulation period, that is, 30-s period

between a pair of blue and yellow vertical lines (Figure 2b,d), were sig-

nificantly higher for Neuron- than Astrocyte-ChR2 mice (6.1% 6 0.4%

vs. 4.7% 6 0.5%, p 5 .03, n 5 12 and 9 animals for Neuron- and

Astrocyte-ChR2 mice, respectively; two-sample t test). The magnitude

of the BOLD signal response was dependent on the light intensities

(Supporting Information Figure S3c,d).

3.3 | Oxygen consumption is elicited by optogenetic

stimulation of either astrocytes or neurons

Because BOLD signal has been considered to reflect augmentation of

the metabolic demand of neurons (Heeger & Ress, 2002), we

addressed whether astrocyte-evoked BOLD signal response resulted in

oxygen consumption. We performed ofMRI after injection of a nitric

oxide-releasing vasodilator, sodium nitroprusside (SNP), so that oxygen

consumption could be detected as negative deflection of the BOLD

signal (Nagaoka et al., 2006).

Neuronal activation by optogenetic stimulation using Neuron-

ChR2 mice in the presence of SNP resulted in a negative BOLD

response (Figure 2e,f), which was in good accordance with previous

studies (Nagaoka et al., 2006; Tsurugizawa, Ciobanu, & Le Bihan,

2013). The location of the most significant negative BOLD signal was

similar to that of the positive BOLD response in ofMRI experiments

without SNP (compare arrows in Figure 2a,e). The negative deflection

of the BOLD signal occurred only once, followed by a gradual increase

that exceeded baseline (Figure 2f).

Astrocyte activation by optogenetic stimulation using

Astrocyte-ChR2 mice in the presence of SNP also resulted in a nega-

tive BOLD response (Figure 2g,h), which suggests that activation of

astrocytes results in oxygen consumption. The location of the most

significant negative BOLD signal was comparable to that of the posi-

tive BOLD response in ofMRI experiments without SNP (compare

arrows in Figure 2c,g). Negative deflection of the BOLD response

was observed only once to the first optogenetic stimulation of astro-

cytes (Figure 2h), which was similar to the result in Neuron-ChR2

mice (Figure 2f), although the gradual increase of the BOLD signal

after the first optogenetic stimulation was not as clear as that in

Neuron-ChR2 mice.

It’s not clear in this study why negative deflection was hardly

induced by the second and the third illumination on Neuron- or

Astrocyte-ChR2 mice. BOLD signal is assumed to reflect increase of

(a) blood volume, (b) blood flow, and (c) oxygenation in the blood

(Shen et al., 2008). Considering that SNP suppresses the first two

factors, gradual increase of BOLD signals might indicate physiologi-

cal response to suppress oxygen consumption in the brain in the

presence of SNP after the first optical stimulation. This might explain

the absence of negative BOLD response upon the second and the

third illumination.

3.4 | Neuronal activation is not observed by

optogenetic stimulation of astrocytes

Because BOLD signal is used as a marker of neuronal activation, we

examined the modulation of neuronal activity upon optogenetic stimu-

lation of Neuron- or Astrocyte-ChR2 mice. We first performed in situ

hybridization for c-fos mRNA, a neuronal activity marker, to obtain the

spatial distribution of neuronal activation. Animals were perfused

30 min after optogenetic stimulation, and then post-fixed, sliced, and

stained for c-fos mRNA.

Neuronal activation of Neuron-ChR2 mice increased c-fos mRNA

staining in the ipsilateral cortex to the site of light illumination (Figure

3a), which is consistent with previous reports (Stark, Davies, Williams,

& Luckman, 2006). Unexpectedly, astrocyte activation of Astrocyte-

ChR2 mice did not augment c-fos mRNA staining (Figure 3b). We quan-

tified staining intensity for c-fos mRNA in the left and right cortex (blue

and red rectangles in Figure 3a,b, respectively) by calculating their

mean pixel values. While Neuron-ChR2 mice showed significantly

higher staining for c-fos mRNA in the left cortex than that in the right

cortex (107 6 3 vs. 83 6 7 in the left and right cortex, p 5 .02, n 5 9

mice, paired t test; Figure 3a), Astrocyte-ChR2 mice showed compara-

ble staining for c-fos mRNA in the left and right cortex (79 6 6 vs.

79 6 6 in the left and right cortex, p 5 .86, n 5 9 mice, paired t test;

Figure 3b).

This result cannot distinguish the following possibilities: (a) optoge-

netic activation of astrocytes indeed did not modulate neuronal activity

or (b) it did modulate neuronal activity, but was not enough to increase

expression of c-fos mRNA. To directly examine neuronal activity upon

optogenetic stimulation of neurons or astrocytes, we next performed

electrophysiological recording in the cortex of awake, head-fixed Neuron-

or Astrocyte-ChR2 mice, using a linear 16-channel silicon probe elec-

trode. This was a separate experiment to the ofMRI. Again, we observed

neuronal activation upon optogenetic stimulation of Neuron-, but not of

Astrocyte-ChR2 mice (Fig. 3c-f), supporting the first possibility.

Specifically, in Neuron-ChR2 mice, local field potential (LFP) power

at the gamma and high frequency oscillation (HFO) significantly

increased at the beginning of the stimulation, followed by a gradual

decrease (Figure 3c). Average power of LFP at gamma and HFO during

the period of the first light-activation was significantly higher than that

during the pre-stimulus period (bar graph at lower right of Figure 3c;

6.3 6 1.2 and 2.0 6 0.6 for gamma and HFP; p 5 .003 and .02, respec-

tively; n 5 6 mice, paired t test). Multi-unit activities (MUA) in the cor-

tex were also augmented by the optogenetic stimulation of Neuron-

ChR2 mice (Figure 3e). The mean relative number of spikes during the

first activation period (60�90 s) was significantly higher than that dur-

ing the pre-stimulus period (lower panel of Figure 3e; 3.4 6 0.6,

p5 .01, n5 6 mice, paired t test). These results are in good accordance

with previous reports (Kahn et al., 2013; Lee et al., 2010; Takata et al.,

2015).

In Astrocyte-ChR2 mice, optogenetic activation of astrocytes did

not modulate LFP power (Figure 3d). The average power of LFP during

the first light activation period was not different from that during the

pre-stimulus period (bar graph at lower right of Figure 3d; 20.2 6 0.3,
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FIGURE 3 Optogenetic stimulation of neurons, but not astrocytes, results in neuronal activation. (a and b) Representative images of in situ
hybridization on coronal brain sections around AP 22.0 mm for c-fos mRNA, 30 min after optogenetic stimulation of cortical neurons (a) or
astrocytes (b) using Neuron- or Astrocyte-ChR2 mice, respectively (n 5 9 each). Optogenetic stimulation of neurons, but not astrocytes,
induced expression of c-fos mRNA (blue-purple signal) in the cortex ipsilateral to light illumination. Rectangles in blue and red were for
quantification of staining intensity of c-fos mRNA. Scale bar: 1 mm. (c and d) LFP fluctuations upon optogenetic stimulation of Neuron- (c)
or Astrocyte-ChR2 mice (d). Upper left: Representative traces of LFP recorded with a silicon probe electrode, inserted into the cortex of an
awake Neuron- (c) or Astrocyte-ChR2 mouse (d). The blue area indicates the period of blue-light illumination. Note that the duration of light
illumination was 0.5 and 5.0 s for Neuron- and Astrocyte-ChR2 mice, respectively. Upper right: Mean wavelet power spectrogram of LFP
recorded in the cortex of n 5 6 Neuron- (c) or n 5 5 Astrocyte-ChR2 mice (d). Power values of LFP were normalized for each recording ses-

sion. Blue and yellow triangles with white vertical lines indicate the delivery of blue and yellow light pulses, respectively. Lower left: Mean
time courses of LFP-power at each frequency band. Vertical lines of blue and yellow indicate the delivery of light pulses of each color. The
SEM envelopes the mean traces. Lower right: The bar graph compares the mean power of LFP at each frequency band during the first acti-
vation period (60�90 s). No modulation of LFP power was observed in Astrocyte-ChR2 mice (d). *p < .05, **p < .01; paired t test. (e and f)
MUA response upon optogenetic stimulation of Neuron- (e) or Astrocyte-ChR2 mice (f). Upper left: A representative time course of high-
pass filtered LFP (upper trace) and MUA (lower trace). A horizontal red line in the upper trace indicates a threshold for MUA extraction.
Upper right: Representative mean traces of MUA during a baseline period (0�60 s, blue), and first (60�90 s, green), second (210�240 s,
red), and third (360�390 s, pale blue) activation periods. Lower panel: Relative number of MUA counts, recorded from the most superficial
10 channels of the silicon probe in the cortex, from n 5 6 Neuron- (e) and n 5 5 Astrocyte-ChR2 mice (f). The SEM envelopes the mean
traces [Color figure can be viewed at wileyonlinelibrary.com]
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20.5 6 0.4, 20.4 6 0.4, and 20.1 6 0.3 for delta, theta, gamma, and

HFO, respectively, p > .25, n 5 5 mice, paired t test). Neither was

MUA modulated (mean relative number of spikes during the first

activation period: 1.3 6 0.2, p 5 .22, n 5 5 mice, paired t test).

Illumination using only yellow light did not evoke electrophysiolog-

ical response in Neuron- or Astrocyte-ChR2 mice (Supporting Informa-

tion Figure S5a–d). The magnitude of electrophysiological response

was dependent on intensities of blue light (Supporting Information

FIGURE 4 Synthesis of AC at the site of optogenetic activation of astrocytes, but not of neurons. (a) Upper panel: Schematic of IMS
experiments, which involved pathway tracing of 13C6-labeled glucose upon optogenetic stimulation. A red circle indicates 13C-isotope in a
glucose molecule. Optic fiber was attached on the left intact skull. Lower panel: Experimental time course. FMW fixation of the brain was
performed 30 s following optogenetic stimulation. (b) Schematic representation of 13C6-glucose metabolism into acetyl-carnitine (AC). (c and
d) Representative IMS images for carnitine (right top), AC (left middle), 13C2-AC (middle right), AC/carnitine ratio (left bottom), and 13C2-
AC/carnitine ratio (right bottom), after optogenetic stimulation of a Neuron- (c) or an Astrocyte-ChR2 mouse (d). Astrocyte activation aug-
mented synthesis of AC that accompanies O2 consumption (d, left middle). Upper left panel shows optical images of brain sections used for
IMS. Each panel shows three consecutive slices. Dotted circles in a top right panel in (d) indicates area that showed reduction of carnitine.
These experiments were repeated with n 5 3 Neuron- and n 5 5 Astrocyte-ChR2 mice, obtaining similar results. Scale bar: c and d, 2 mm
[Color figure can be viewed at wileyonlinelibrary.com]
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Figure S5e–h). These results were consistent with that of ofMRI (Sup-

porting Information Figure S3).

3.5 | 13C6-glucose is metabolized into 13C2-AC by

optogenetic activation of astrocytes, but not neurons

We asked whether neuron- or astrocyte-evoked BOLD signal was

underlain by the same metabolic activity because astrocyte-evoked

BOLD signal accompanied oxygen consumption without neuronal acti-

vation (Figures 2 and 3). We used IMS to examine two-dimensional

distribution of brain metabolites upon optogenetic stimulation of

Neuron- or Astrocyte-ChR2 mice (n 5 3 and 5 mice, respectively).

Intraperitoneal injection of 13C-isotope labeled glucose (13C6-glucose)

was performed fifteen minutes before optogenetic stimulation, which

allowed us to trace flows of 13C from glucose to various metabolites

(Figure 4a,b). Transcranial light illumination for optogenetic stimulation

of neurons or astrocytes was executed as before. Thirty seconds after

the stimulation, was applied for 0.92 s to the head of the mouse to rap-

idly inactivate enzymatic reactions in the brain, which minimizes post-

mortem alterations in metabolites during brain extraction (Sugiura

et al., 2015). Brains were then extracted, frozen, and sliced coronally at

a thickness of 8 lm. The spatial distribution of 13C-containing metabo-

lites that were synthesized from 13C6-glucose was explored and visual-

ized using IMS.

Optogenetic stimulation of astrocytes, but not neurons, resulted in

an increase of non-labeled AC and 13C2-AC at the site of light illumina-

tion in the cortex (Figure 4c,d, middle row), suggesting that AC was

metabolized from glucose via oxidative decarboxylation of pyruvate to

produce acetyl-CoA followed by transfer of acetyl-group to carnitine

(Figure 4b). Concomitantly, reduction of carnitine, a substrate for AC

synthesis, was observed at the same region in the brain of Astrocyte-

ChR2 mice (dotted circles in Figure 4d, upper right panel), indicating that

synthesis of AC from acetyl-CoA and carnitine occurred in the brain.

Spatial patterns of fluctuation of these metabolites were similar to that

of the BOLD signal response upon astrocyte activation (cf. Figure 2c

with the bottom panels of Figure 4d or Supporting Information Figure

S6a), implying that astrocyte activation accelerated the metabolic path-

way that produces AC in the brain. Notably, optogenetic stimulation of

astrocytes did not result in accumulation of NADH (Supporting Informa-

tion Figure S6b, upper right panel). This suggests the presence of oxida-

tive conversion of NADH to NAD1 by mitochondrial complex I activity

(Figure 4b). These imaging results were also supported by a capillary

electrophoresis (CE)-electrospray ionization (ESI)-mass spectrometry

(MS) technique (Morikawa et al., 2012; Sugiura et al., 2016; Supporting

Information Figure S7). Taken together, these results suggest that while

comparable a BOLD signal response was evoked by optogenetic stimu-

lation of either neurons or astrocytes, the respective BOLD signal fluctu-

ations were accompanied by distinct metabolic flows.

4 | DISCUSSION

We demonstrated that (a) selective stimulation of astrocytes is suffi-

cient for the induction of a BOLD signal response with oxygen

consumption in the absence of neuronal activation, and (b) activation

of astrocytes, but not neurons, resulted in glucose oxidation with pro-

duction of AC, which is known to modulate neuronal energy processes

(Pettegrew, Levine, & McClure, 2000; Traina, 2016). Our data present

a causal relationship between astrocyte activation and BOLD signal

generation, suggesting that BOLD signal fluctuations can reflect meta-

bolic demands of astrocytes in addition to neurons. These findings may

challenge the current interpretation of the BOLD signal response as a

surrogate marker of neuronal activation in fMRI studies (Figley & Stro-

man, 2011; Gurden, 2013).

The physiological relevance of optogenetic stimulation of astro-

cytes has not been resolved completely, while increasingly many stud-

ies have recently employed optogenetic manipulation of astrocytes to

utilize its advantages to shift the states of astrocytes non-invasively

with cell-type specificity (Figueiredo et al., 2014; Gourine et al., 2010;

Masamoto et al., 2015; Pelluru, Konadhode, Bhat, & Shiromani, 2016;

Perea, Yang, Boyden, & Sur, 2014; Sasaki et al., 2012; Tanaka et al.,

2012; Tang et al., 2014). The responses of astrocytes upon optogenetic

activation have been reported as a few mV of depolarization, pH

decrease, and cytosolic Ca21 surge (Beppu et al., 2014; Perea et al.,

2014; Sasaki et al., 2012), which can be observed in physiological situa-

tions (MacVicar, Crichton, Burnard, & Tse, 1987; Rose & Ransom,

1996; Seigneur, Kroeger, Nita, & Amzica, 2006; Takata et al., 2011).

Among the above three responses, depolarization of astrocytes

might be the primary cause for BOLD signal induction in the current

study, because we reported previously that astrocytic depolarization

was coupled to efflux of potassium ions, a potent vasodilator, from

astrocytes (Masamoto et al., 2015; Sasaki et al., 2012). Although we

have shown that only �5 mV depolarization was evoked with signifi-

cantly larger light power (7 mW/mm2 blue light illumination for 10 s;

see Supporting Information Materials and Methods) on Bergmann glial

cells (astrocytes in the cerebellum) in slice preparation from young

Astrocyte-ChR2 mice (postnatal day 17–24), we have also demon-

strated that amplitude of optogenetically induced inward currents

developed age-dependent manner (Sasaki et al., 2012), suggesting that

effect of optogenetic stimulation is larger in the current study that uses

adult Astrocyte-ChR2 mice.

In the current study, optogenetic stimulation of astrocytes did not

significantly activate neurons, which may appear inconsistent with pre-

vious reports that showed induction of c-fos mRNA in neuronal and/or

glial cells upon optogenetic activation of astrocytes in the cortex or

cerebellum using Astrocyte-ChR2 mice (Sasaki et al., 2012; Tanaka

et al., 2012). While light intensity at the tip of the optic fiber was com-

parable among studies, the layout of the optic fiber differed: earlier

studies placed an optic fiber perpendicular to the cranial skull, while

the fiber was placed horizontally in the present study. Thus, it is con-

ceivable that less light reached the brain in the current study, which

may explain the lack of modulation of neuronal activity upon optoge-

netic manipulation of astrocytes. In line with this, astrocytes show dis-

tinct physiological response depending on stimulation intensity

(Sekiguchi et al., 2016). It is possible that previous studies employed

light illumination that was strong enough to modulate neuronal activity,

because most of the studies used neuronal response as a readout for

8 | TAKATA ET AL.



optogenetic manipulation of astrocytes. It should be noted, however,

that axonal activity cannot be detected with our extracellular electro-

des. Therefore, the current study cannot exclude a possibility that

optogenetic manipulation of astrocytes might have modulated axonal

activity (Tang et al., 2014), which may lead to BOLD signal generation.

Note that even in this case, our results support the idea of causal

involvement of astrocytes in BOLD signal generation.

Optogenetic stimulation of astrocytes resulted in unexpected oxy-

gen consumption without neuronal activation. We have previously

shown that optogenetic activation of astrocytes results in potassium

efflux from astrocytes (Masamoto et al., 2015), which should be fol-

lowed by restoration of the ionic gradient of astrocytes by Na1/K1-

ATPase. Thus, synthesis of adenosine triphosphate (ATP) might be a

candidate to account for the oxygen consumption, although we did not

observe a significant increase in ATP upon optogenetic stimulation of

astrocytes (Supporting Information Figure S6). AC might be another

candidate for oxygen consumption upon optogenetic astrocyte activa-

tion, because metabolism from glucose to AC involves production of

NADH, an electron donor that transfers an electron to molecular oxy-

gen during oxidative phosphorylation in mitochondria (Figure 4b). In

accord with this idea, NADH was not accumulated (Supporting Infor-

mation Figure S6) while AC synthesis was evident (Figure 4d) upon

optogenetic stimulation of astrocytes, suggesting consumption of a

molecular oxygen by oxidization of NADH to NAD1 in mitochondria

(Figure 4b). See Supporting Information Discussion on the possibility of

AC as an energy substrate for neurons.

The BOLD signal response has been used to infer activation of

neurons because accumulating evidence has shown a close correlation

between BOLD signal fluctuations and electrophysiological activation

of neurons (Logothetis et al., 2001; Niessing et al., 2005). However, in

the present study, we demonstrated that astrocytes can evoke a BOLD

signal response that accompanies oxygen consumption without activa-

tion of local neurons. This may suggest the existence of BOLD signal

fluctuations that are irrelevant to activation of local neurons. Indeed, a

recent study found unexpected BOLD signal fluctuations that occurred

without activation of local neurons during a repeated anticipation task

(Sirotin & Das, 2009). Activation of astrocytes might be a cellular sub-

strate underlying this type of BOLD signal fluctuation. What physiolog-

ical mechanism might stimulate astrocytes without activation of local

neurons? One possibility might be the release of neuromodulator(s)

from axonal fibers of distant origin. It’s shown that astrocytes are sensi-

tive to neuromodulators such as acetylcholine and noradrenalin, which

can be released in the cortex by axonal fibers ascending from the Mey-

nert nucleus or Locus coeruleus, respectively (Bekar, He, & Nedergaard,

2008; Pankratov & Lalo, 2015; Takata et al., 2011). Thus, astrocytes

may be able to respond to neuromodulatory activity of remote neu-

rons, by augmenting metabolic activity including synthesis of AC that

can be used as preparatory energy fuel for local neurons.
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