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Abstract 

There is growing interest in the use of magnetic resonance spectroscopy (MRS) to relate brain 

functions with the concentrations of glutamate (Glu; chief excitatory neurotransmitter) and 

gamma-aminobutyric acid (GABA; chief inhibitory neurotransmitter) in specific regions. However, 

it remains unclear how robustly MRS-measured Glu and GABA reflect activities of excitatory and 

inhibitory neurons, respectively. To address this issue, we conducted MRS measurements of Glu and 

GABA along with large field-of-view, two-photon mesoscopic imaging of calcium signals in 

excitatory and inhibitory neurons in the same brain region of living, unanesthetized mice. For 

monitoring stimulus-driven activations of a brain region, MRS signals and mesoscopic neural 

activities were measured during two consecutive sessions of 15-min prolonged sensory stimulations. 

In the first session, activities of putative excitatory neurons were increased, while activities of 

inhibitory neurons remained at the baseline level. In the second half, while activities of excitatory 

neurons remained elevated, activities of inhibitory neurons were significantly enhanced. 

Correspondingly, the concentration of Glu increased without changes in GABA levels in the first 

MRS session, and the GABA concentration markedly increased from the baseline in the second 

session. We also assessed regional neurochemical and functional statuses related to spontaneous 

neural firing by measuring MRS signals and neuronal activities in a mouse model of Dravet 

syndrome under a resting condition without any task and stimuli. Mesoscopic assessments showed 

that activities of inhibitory neurons in the cortex were diminished relative to wild-type mice in 

contrast to spared activities of excitatory neurons. Consistent with these observations, the Dravet 

model exhibited lower concentrations of GABA than wild-type controls. Collectively, the current 

investigations demonstrate that the MRS-measured Glu and GABA can reflect spontaneous and 

stimulated activities of neurons producing and releasing these neurotransmitters in an awake 

condition. 
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Introduction 
Proton magnetic resonance spectroscopy (MRS) is a noninvasive technique that can measure the 

concentrations of glutamate (Glu; chief excitatory neurotransmitter) and gamma-aminobutyric acid 

(GABA; chief inhibitory neurotransmitter) within a region of interest in the brain. Since the first 

human application in the 1980s, there has been a growing interest in the use of MRS to correlate 

cognition and behavior with the concentrations of Glu and GABA in specific brain regions 1, 2, 3, 4, 5. 

Despite the ever-greater amount of findings based on MRS, one open question remains unsolved: do 

MRS-measured Glu and GABA in a brain region reflect activities of excitatory and inhibitory 

neurons, respectively, in the region? This uncertainty has been one of the main limitations to 

understanding the relationships between behavior and brain processing that underly MRS signals. 

While there have been several studies in which brain activity, as measured by non-invasive function 

measures such as functional MRI (fMRI) 6 or magnetoencephalography (MEG) 7, have been related 

to MRS neurotransmitter measures, to our knowledge, there has been no neuroscientific study 

directly addressed this question by monitoring neural activities at the cellular level.      

There is numerous evidence which showed the significant influence of anesthesia on 

neural activity 8, 9. Despite the importance of the awake condition for investigating neural activity 

and brain function, to our knowledge, no MRS work in rodents has been performed in an awake 

condition. Thus, to satisfactorily answer the above question, it is essential to establish a link between 

neural activities and MRS signals in awake and behaving conditions. 

 This study aims to test the hypothesis that MRS-measured Glu and GABA concentrations 

reflect activities of excitatory and inhibitory neurons, respectively, in an awake condition. We 

specifically focused on two types of awake conditions: task and quiet rest. Several studies in 

cognitive neuroscience have measured MRS signals in association with certain tasks 1, 2, 3, 4, 10, 11. On 

the other hand, clinical studies have measured MRS signals mainly at quiet rest 9, 12, 13, 14. If the 

hypothesis is correct, MRS-measured Glu and GABA should reflect both task-evoked and 

spontaneous activities of excitatory and inhibitory neurons, respectively. 

 To test the hypothesis, we utilized the following two cutting edged modalities: a MRS 

compatible awake mouse restraint device and a large-field-of-view two-photon mesoscope with 

subcellular resolution, which has the advantage for measuring neural activities from a large number 

of neurons simultaneously 15. In a task condition (Experiment 1), we measured time-courses of 

calcium (Ca) signals and MRS during a 30-min whisker stimulation, since MRS-measured Glu and 

GABA in brain areas were found to be changed over the course of 20-30-min task loads 1, 16. To 

examine the relationships between MRS signals and neural activities at quiet rest (Experiment 2), we 

used a mouse model of Dravet syndrome, which is a severe epileptic encephalopathy from de novo 

mutations of SCN1A 17. It is known that activities of inhibitory neurons are specifically reduced in 
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these mice compared to wild-type mice 17, allowing us to test whether the GABA concentration, but 

not the Glu concentration, is specifically decreased in these model mice. 

Results 

Differential neural activities at awake and anesthetic conditions 

We first confirmed this assumption in our study: neural activities in the awake condition are different 

from those in the anesthetic condition. 1-Hz whisker stimulation, administered via air-puffs, was 

performed for 10 sec on a mouse while its skull was tightly fixed by a homemade awake mouse 

restraint device (Fig. 1A-C). Two-photon Ca imaging of neurons in the barrel cortex was performed 

on the head-fixed mice during awake condition and under anesthesia (isoflurane)8. While no 

significant increase of Ca signal intensities in neurons was found in the anesthetic condition 

(Supplementary Fig. 1A, B left), we found an increase in Ca signal intensities in the awake condition 

in response to whisker stimulation (Supplementary Fig. 1A, B right). The area-under-the-curve 

(AUC) for 40 sec from the beginning of the stimulation showed significant difference between the 

two conditions (two-sample t-test, t = -6.498, p = 8.324E-7) (Supplementary Fig. 1C). These 

differences clearly indicate that neural activities are different between the awake and anesthetic 

conditions. 

Secondly, we identified the area of the barrel cortex that responds to whisker stimulation using 

functional magnetic resonance imaging (fMRI)18. As shown in Fig. 1D, the region in the 

somatosensory cortex was activated by whisker stimulation. Based on this data, we localized a voxel 

of interest (VOI) that was used for the following MRS measurements (Fig. 1E).        

                                                                                                   

Activities of excitatory and inhibitory neurons changed in accordance with changes in 

MRS-measured Glu and GABA concentrations, respectively, during prolonged whisker 

stimulation  

To test whether MRS-measured Glu and GABA reflect excitatory and inhibitory neural activities, 

respectively, we applied the identical whisker stimulation protocol to both two-photon imaging and 

MRS experiments. To provoke changes of excitatory and inhibitory neural activities in the barrel 

cortex (Fig. 2A), we applied whisker stimulation (1-sec air-puff at 0.333 Hz frequency) for 30-min. 

The time duration was designed based on previous reports in which MRS-measured Glu and GABA 

in the cortex could be differentially altered over the course of 20-30-min task loads 1, 16. Before the 

stimulation, 10- to 15-min baseline measurements were performed in both two-photon imaging and 

MRS measurements. Data obtained from this pre-stimulation period served as a baseline. 

     During the first half of whisker stimulation (15 min), activities of putative excitatory neurons 

were increased from the baseline (Fig. 2B, C). The activities stayed at an increased level in the 

second half, resulting in insignificant difference between the first and second half sessions (paired 

t-test, n = 4 mice, t = -1.971, p = 0.143). On the other hand, the activities of inhibitory neurons 
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became increased from the baseline only during the second half (paired t-test, n = 4 mice, t = -3.354, 

p = 0.044) (Fig.2D, E). These results indicate that the prolonged whisker stimulation protocol 

successfully led to changes in activities of excitatory and inhibitory neurons at the different time 

points.   

Using the same stimulation protocol, we performed MRS to confirm the link between changes in 

excitatory and inhibitory neural activities and changes in the concentrations of MRS-measured Glu 

and GABA, respectively. Three 15-min MRS sessions were conducted consecutively (Fig.3A) � the 

baseline acquisition without stimulation, and the first half and second half acquisitions with whisker 

stimulation. Representative spectra (Fig.3B) and GABA fitted spectra in the awake condition (Fig. 

3C) were shown. All of the fitted spectra by LCModel19 are presented in Supplementary Fig.2. 

In the first half of the stimulation (15 min), a significant increase of Glu levels was observed 

(one-way repeated-measures ANOVA with Bonferroni post-hoc test (rm-ANOVA), n = 8, t = 4.288, 

p = 0.002) without significant alteration of the GABA levels (rm-ANOVA, n = 8, t = 1.505, p = 

0.155). In the second half, the GABA levels were increased significantly compared to baseline 

(rm-ANOVA, n = 8, t = 3.589, p = 0.003), while the Glu levels did not increase further (Fig. 3D, E). 

These results indicate that changes of MRS-measured Glu and GABA concentrations were consistent 

with changes of excitatory and inhibitory neural activities, respectively, in the awake condition. In 

contrast to those findings, Glu and GABA levels in the anesthetic condition did not increase by 

whisker stimulation, and in fact they rather decreased in the second half (Glu; rm-ANOVA, n = 8, t = 

3.055, p = 0.030, GABA; rm-ANOVA, n = 8, t = 2.737, p = 0.018), which may be attributable to the 

lack of brain fuel due to anesthesia (Supplementary Fig.3). 

      

Weaker activities of inhibitory neurons are associated with lower concentrations of 

MRS-measured GABA during quiet rest 

Next, we tested whether MRS-measured Glu and GABA during quiet rests reflect spontaneous 

activities of excitatory and inhibitory neurons, respectively. We employed an epilepsy mouse model 

of Dravet syndrome, which is known to have dysfunction of inhibitory neurons due to a gene 

mutation of SCN1A17. We found no significant changes in spontaneous activities of excitatory 

neurons measured by two-photon microscopy (two-sample t-test, n = 219-356 cells, t = 0.9315, p = 

0.3519; Fig. 4B, C) or MRS-measured Glu levels (two-sample t-test, n = 8, t = 0.066, p = 0.948; Fig. 

4F) between the model and wild-type mice. On the other hand, we found that spontaneous activities 

of inhibitory neurons in the model mice were significantly lower than those in wild-type mice 

(Two-sample t-test, n = 41-61 cells, t = -4.168, p = 6.628E-5; Fig. 4D, E). Consistent with these 

decreased activities, the model mice also showed lower GABA levels in gray matter than wild-type 

mice at the resting state (two-sample t-test, n = 7, t = 3.010, p = 0.008; Fig. 4C). These results 

indicate that MRS-measured Glu and GABA reflect excitatory and inhibitory neural activities, 
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respectively, at quiet rest condition. 

 

 

 

Discussion 
Despite the increasing number of findings based on MRS, one open question remains unresolved: do 

MRS-measured Glu and GABA in a brain region reflect activities of excitatory and inhibitory 

neurons, respectively, in the region? This uncertainty has been one of the main limitations to 

understanding the relationship between behavior and brain processing that underlies MRS signals. 

Using MRS and two-photon microscopy in the mouse brain, the present work collectively 

demonstrated that MRS-measured Glu and GABA levels can reflect excitatory and inhibitory neural 

activities, respectively, in the awake and behaving conditions. 

 

Awake MRS for exploring the neural basis of brain activities in human 

An increasing number of human MR studies for exploring brain function using MRS have been 

performed 1, 3, 20, 21; however, no human studies demonstrated the underlying neural basis of altered 

neurochemicals measured by MRS. Thus, we utilized a custom-made awake mouse restraint device 

to perform whisker stimulation for causing neural activities, which was confirmed by an awake 

two-photon imaging system, in the barrel cortex of a mouse brain. Using those devices, we 

successfully detected neural activities as well as Glu and GABA level alterations, both of which 

were significantly suppressed by isoflurane anesthesia (Supplementary Fig.3). Collectively, this 

work using awake mouse MRS provides the rationale for human MRS studies, most of which are 

performed in the awake condition, for exploring the neurochemical basis of cognition and learning 1, 

5, which has not been possible by other modalities.  

 

Spontaneous neural activities are associated with MRS-measured Glu and GABA levels  

The results obtained from the Dravet mouse model in this work indicated that MRS-measured Glu 

and GABA at quiet rest reflect neural excitatory and inhibitory activities, respectively. This may also 

imply that awake MRS is sensitive enough to detect neuronal activities via Glu and GABA level 

alterations at quiet rest, using persistent neuronal activities during a resting condition. This notion is 

supported by previous works that demonstrated the relationship between Glu and GABA levels and 

altered signals of the resting state fMRI 3, 22. The other previous work, which detected different Glu 

levels according to the open/closed eye status 21, also suggested the sensitivity of the MRS 

measurement during the awake condition. This line of evidence indicates that awake MRS is capable 

of investigating brain function using Glu and GABA alterations even during quiet rest.  
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Alterations of MRS-measured Glu and GABA levels in various conditions 

MRS-measured Glu and GABA reflect the total Glu and GABA levels in the brain region, which are 

derived from all compartments, including cytosol, synaptic vesicles, and extracellular space in the 

VOI. It is assumable that there are different levels of contribution from each compartment depending 

on the brain conditions such as resting/active, and pathological/physiological conditions. In the case 

of Glu levels at quiet rest, MRS-measured Glu may be prone to reflect the synaptic density, given the 

abundant localization of Glu in presynaptic vesicles 23. Indeed, a previous report about Alzheimer’s 

disease model mice demonstrated that synaptic loss was associated with decreased MRS-measured 

Glu24. On the other hand, the behavior of Glu levels may be different in the diseased brain compared 

to the physiological condition, as was shown in fMRI studies of the diseased brain 25. This notion is 

supported by the fact that Glu can be consumed when there is not enough glucose as brain fuel 26. 

Nevertheless, awake MRS in the diseased brain, such as in Alzheimer’s disease model mice, would 

be intriguing, since excitation and inhibition balance (E/I balance) disruption exists in Alzheimer’s 

disease 27 as an important potential pathological mechanism. 

In contrast to the complexity of Glu localization, a large portion of GABA in the brain 

under basal conditions is reported to localize in the cytoplasm 28, suggesting that MRS-measured 

GABA may reflect the GABA pool in the cytoplasm. While the functional significance of the GABA 

pool has remained unknown 29, several previous studies reported that baseline GABA levels in 

humans were associated with brain functions 30, 31, 32. The association between MRS-measured 

GABA and inhibitory neural activities at quiet rest in a Dravet mouse model 33 in the present work 

thus highlighted the importance of baseline GABA levels, which may be attributed to the 

cytoplasmic GABA and reflect inhibitory neural activities. 

 

Conclusion 
Our work indicates that MRS-measured Glu and GABA could be an index of excitatory and 

inhibitory activities, respectively, in both spontaneous and task-evoked neural activities. By using 

MRS in an awake condition, we can monitor the E/I balance in various conditions, such as epilepsy 

and neuropsychiatric/neurological disorders, which provide us with important information in clinical 

studies. Also, using awake MRS in mice, we may address physiological and/or pathological 

questions by combining with other modalities such as positron emission tomography 34, 35, 36. 

Moreover, this method can be combined with optogenetics 37 and chemogenetics for further 

validating the mechanistic link between MRS findings and neural activities. Lastly, given that glial 

cells, such as astrocytes, are also known to contribute to Glu metabolism 38, there are likely other 

factors, particularly in the pathological conditions, that contribute to MRS neurotransmitter measures 

besides neuronal activity, which should be addressed in future study. 
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Methods 

Animals  

C57BL/6J 

All mice were housed individually in separate cages with water and food ad libitum. Mouse cages 

were kept at a temperature of 25°C in a 12-h light/dark cycle. Prior to two-photon imaging and 

MRI/MRS scanning, all mice were handled daily for 5 days (5–10 min/day) to minimize handling 

stress.  

A mouse model of Dravet syndrome 

Balb/c-Scn1a<+/−> mouse (Dravet mouse) was provided by RIKEN BRC through the National Bio 

Resource Project of the MEXT, Japan (BRC No.: RBRC06422) 39.  For in vivo two-photon imaging, 

heterozygous mutant and wild-type control mice (6 – 7 months old) were generated by crossing 

once with the C57BL/6 background. 

 All animal experiments were approved by the Institutional Animal Care and Use 

Committee of the National Institute of Radiological Sciences (Chiba, Japan) and were performed in 

accordance with the institutional guidelines on humane care and use of laboratory animals approved 

by the Institutional Committee for Animal Experimentation. 

 

MRI/MRS-compatible awake mouse restraint device and whisker stimulation 

To measure the levels of neurochemicals from an awake mouse by MRS, we developed an 

MRI/MRS compatible awake mouse restraint device to hold the skull of the mouse tightly on the 

holder (Fig. 1A). The fixation method of a mouse head is in principle identical to the one for 

two-photon microscopy 40. The surgery was performed two weeks before the MRI and MRS 

measurements, then after recovery from the surgery, mice were habituated for the mouse restraint 

device for five days. The homemade holder for the MRI scanner was optimized for adjusting the 

space in the bore of the 7T magnet with cryoprobe for mice. Whisker stimulation, by the use of 

air-puffs is available on this holder (Fig. 1B). To give sufficient stimulation to the mouse brain, 

multiple whiskers on the right side were stimulated together using the air-puff for 1 sec at a rate of 

once every 3 sec. 

 

MRI and MRS Measurements 

C57BL/6J 

MRI and MRS were performed on a 7.0 T MRI scanner (20 cm bore, Biospec, Avance-III system; 

Bruker Biospin, Ettlingen, Germany) with a 2-channel phased-array cooled surface coil for 

transmission/reception (cryoprobe for mouse brain, Bruker Biospin). For awake mouse experiments, 

mice were lightly anesthetized (1–2% isoflurane in air; 50 : 50 at 1 L/min) for < 3 min while being 

placed in the MRI/MRS-compatible awake mouse restraint device. After moving the mouse on the 
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holder, anesthesia was turned off. Axial and sagittal multi-slice TurboRARE T2-weighted images 

(Axial: TR = 3000 ms, TE = 12 ms (effective TE = 36 ms), Rare Factor = 8, number of averages = 1, 

number of slices = 20, FOV = 19.2 mm × 19.2 mm, matrix = 256 × 256; Sagittal: TR = 3000 ms, TE 

10 ms (effective TE = 30 ms), Rare Factor = 8, number of averages = 1, number of slices = 13, FOV 

= 19.2 mm × 12.8 mm, matrix = 128) were acquired. To confirm that the VOI of MRS in the barrel 

cortex is appropriately localized, functional MRI (fMRI) was performed under whisker stimulation 

at a rate of 2 Hz with 1-sec stimulation using a gradient-echo echo-planar sequence (TR = 500 ms, 

TE = 15 ms, BW = 250 kHz, number of averages = 2, number of slices = 13, spatial resolution = 200 

μm × 200 μm × 1000 μm, FOV = 19.2 × 19.2 mm, matrix = 96 × 96). The stimulus was delivered 

using a block design paradigm of 100-sec rest and 20-sec activation alternately repeated five times. 

Magnetic resonance spectra were acquired from a VOI centered in the left barrel cortex. The size of 

the voxel was 1.175 mm × 2.0 mm × 3.5 mm. Localized MRS was applied using Point Resolved 

Spectroscopy (PRESS) with TE/TR = 11/3000 ms, 292 averages. MRS measurements were repeated 

three times continuously. At first, MRS scan was performed without whisker stimulation. Then, two 

more MRS scans (1st half and 2nd half) were performed with whisker stimulation at 0.333 Hz with 

1-s pulse duration and 2-sec interval. The MRS protocol is shown in Fig. 3A. For experiments under 

isoflurane anesthesia, induction was performed by using 3% anesthesia, and anesthesia then was 

maintained with 1.5% isoflurane during the experiments. The rest of the manipulations were the 

same between awake mice and anesthetized mouse experiments.  

A mouse model of Dravet syndrome 

Heterozygous mutant and wild-type mice (2-6 months old) were used for MRS measurements in the 

awake condition. Magnetic resonance spectra were acquired from a VOI centered in the middle 

frontal cortex. The voxel size was 1.2 mm × 2.5 mm × 3.0 mm. Localized MRS was applied using 

PRESS with TE/TR = 11/4000 ms, 192 averages.  

 

fMRI Data analysis  

fMRI images were created using a statistical parametric mapping package (SPM8; 

www.fil.ion.ucl.ac.uk/spm). Image processing steps, including (1) realigning and reslicing all EPI 

images within a time-series, based on their averaged image, to minimize movement artifacts, and (2) 

smoothing the images by using a Gaussian kernel with full width at half maximum (FWHM) of 0.5 

mm, were applied to the raw data. Statistical analysis was conducted using general linear modeling 

with a hemodynamic response function. To control the probability of false positive clusters below 

0.05, we determined the significant BOLD response areas with an individual voxel threshold of P < 

0.05. This analysis was performed after the fMRI experiment. 

 

MRS data analysis 
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Acquired spectra were analyzed using LCModel (Stephen Provencher Inc, Oakville, Ontario, 

Canada). The unsuppressed water signal measured from the same VOI was used as an internal 

reference for the absolute quantification of metabolites. Data were fitted to a linear combination of 

21 metabolites in a simulated basis set containing: alanine, aspartate (Asp), phosphorylcholine (PCh), 

creatine (Cre), phosphocreatine (PCr), GABA, glutamine (Gln), Glu, glutathione (GSH), glycine 

(Gly), myo-inositol (mI), lactate (Lac), N-acetylaspartate (NAA), Scyllo-inositol (Scyllo), taurine 

(Taur), glucose (Glc), N-acetylaspartylglutamate (NAAG), glycerophosphorylcholine (GPC), 

phosphorylethanolamine (PE), serine (Ser) and β-hydroxybutyrate (bHB). The average Cramér-Rao 

lower bounds (CRLB) values of the following 10 metabolites were < 15%: Asp, GABA, Gln, Glu, 

GSH, mI, Taur, total choline (tCho; the sum of GPC and PCh), total NAA (tNAA; the sum of NAA 

and NAAG) and total Cre (tCre; the sum of Cre and PCre). Since we focused on excitatory and 

inhibitory neuronal activities, Glu and GABA were utilized for the further analysis.  

 

Plasmid construction and AAV preparation  

cDNA encoding GCaMP6s, an ultra-sensitive genetically encoded fluorescent calcium indicator 41, 

was amplified by polymerase chain reaction from pGP-CMV-GCaMP6s plasmid (a gift from 

Douglas Kim, Addgene plasmid # 40753) and inserted into the multi-cloning site of Adeno 

Associated Virus (AAV) transfer plasmid with rat synapsin promoter (pAAV-Syn), woodchuck 

posttranscriptional regulatory element (WPRE), and polyA signal flanked with ITRs. To generate 

AAV plasmid drive mCherry expression in inhibitory neurons, the promoter was substituted by 

mDlx enhancer sequence from pAAV-mDlx-GFP-Fishell-1 (a gift from Gordon Fishell, Addgene 

plasmid # 83900) and cDNA encoding mCherry was further inserted into multicloning site 42. For 

large scale preparation of recombinant AAV, each AAV transfer plasmid and AAV serotype DJ 

packaging plasmids (pHelper and pRC-DJ) were introduced into HEK293T cells with 

polyethyleneimine transfection. 48h after transfection, cells were harvested, lysed, and AAV particles 

were purified with HiTrap heparin column (GE Healthcare) as described previously 43. 

 

Wide-field two-photon imaging in mice  

AAV vector driving GCaMP6s gene (AAV-Synapsin) and DLX (AAV-DLX) were co-injected into 

the barrel cortex two months before the experiment with two-photon imaging. For surgery, the 

animals were anesthetized with a mixture of air, oxygen, and isoflurane (3–4% for induction and 2% 

for surgery) via a facemask, and a cranial window (3-4 mm in diameter) was attached over the left 

somatosensory cortex, centered at 1.8mm caudal and 2.5mm lateral from the bregma, according to 

the ‘Seylaz-Tomita method’ 44. All two-photon imaging experiments were performed four weeks 

after the cranial window surgery. The method for preparing the chronic cranial window was 

previously reported elsewhere 40, 45. The awake animal was placed on a custom-made apparatus, and 
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real-time imaging was conducted by wild-field two-photon laser scanning microscopy (Multiphoton 

Mesoscope, THORLABS, NJ, USA). In this study, two laser oscillators were used to efficiently 

separate red and green fluorescence (Supplementary Fig.4). One is a commercially available laser 

oscillator (Mai Tai, Spectra-Physics, CA, USA) and the other, a Yb-doped fiber laser system, was 

used as a pump laser for the two-photon microscope. The latter laser system is home-made and 

consisted of a mode-locked fiber oscillator, multi-stage fiber amplifiers and a pulse compressor. We 

used a nonlinear amplification method 46,
 

47, 48 in the amplifiers. The laser had a pulse repetition 

frequency of 73 MHz, a central wavelength of 1036 nm, a pulse length (full width at half maximum) 

of 130 fs and an output power of 5 W. Excitation wavelength of 900 nm (commercial laser oscillator) 

and 1036 nm (home-made laser system) were used for simultaneous measurements of GCaMP and 

DLX, respectively. An emission signal was separated by a beam splitter (560/10 nm) and 

simultaneously detected with a band-pass filter for GCaMP (525/50 nm) and mCherry (610/75 nm). 

The visual field size of the image was 500 μm × 500 μm and 3000 μm × 3000 μm, and in-plane pixel 

size was 1 µm. Temporal resolution was 1- 4 Hz for 60 sec (60 - 240 frames/trial) depending on the 

size of the field of view. Images were acquired at a depth of about 150 μm from the brain surface.  

 In the case of Supplementary Fig. 1 (500 μm × 500 μm image), ten trials were successively 

performed with an inter-trial interval of 60 sec. After 30 sec from the start of the scan, activation of 

neurons was induced by sensory stimulation with an air puff for 10 sec. In case of Fig. 4 (3000 μm × 

3000 μm image), 60-sec images were made 15 times (total 30 min), once per min. Immediately after 

the start of the scan, air puff stimulation was given continuously for 30 min, once every 3 sec. The 

patterns of whisker stimulation were the same condition as for the MRS experiments.  

 Two-photon imaging was performed in awake mice. The experimental protocol for 

measurements by two-photon imaging was reported previously 8, 45. Briefly, the handmade fixing 

device on the animal's head was screwed to a custom-made stereotactic apparatus. The animal was 

then placed on a styrofoam ball that was floating using a stream of air. This allowed the animal to 

exercise freely on the ball while its head was fixed to the apparatus.  

 

Image analysis of two-photon microscopy  

Image analysis of two-photon calcium imaging was performed using Matlab (MathWorks, MA, 

USA). For analysis of sensory stimulation experiments, data on the timing when the mouse moved 

were first removed. Next, motion correction was performed using NoRMCorre. The images for all 

time points were divided by the first image, and the images of signal change rate were obtained. 

Region of interests (ROIs) were manually drawn on the image obtained by maximum intensity 

projection (MIP) processing for images of the sensory stimulation period. The time-dependent 

change in average luminance value was then obtained for each ROI. 
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Statistical analyses 

Results are presented as mean ± standard error of mean. Normality testing was performed, all data 

passed normality (Shapiro-Wilk test), and then parametric statistical analysis was performed.  

Data were analyzed in OriginPro 2019 (OriginLab, Northampton, MA, USA) with two-sample, 

paired t-test or one-way repeated-measures ANOVA with Bonferroni post-hoc test, when appropriate. 

P < 0.05 was considered significant.  
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Figure Legends 
 

Fig. 1. Pictorial features of the MRI/MRS-compatible awake mouse restraint device (A) The 

overview of the MRI/MRS-compatible awake mouse restraint device mouse holder is shown. The 

region within the red-dotted rectangle is magnified in B. (B, C) Two parts (front and back) of the 

head plate, which is fixed on the mouse head, are inserted into the mouse holder to prevent 

movement of the mouse. (C) Whisker stimulation by air puff is possible for a mouse on the holder. 

(D) BOLD signals during whisker stimulation are shown on the barrel cortex. (E) A representative 

voxel placement on the barrel cortex for MRS is shown. 

 

Fig. 2. Neural activities measured by two-photon laser microscopy at the awake condition.  

(A) A large field-of-view of the two-photon mesoscope is shown. Calcium indicator GCaMP6s 

driven by Synapsin 1 promoter were utilized to express specifically in neuron cells. To generate AAV 

plasmid drive mCherry expression in inhibitory neurons, the promoter was substituted by mDlx 

enhancer sequence. By overlapping both colors, inhibitory neural activity could be deduced by 

yellow colored cells. After 10 min of two-photon imaging without stimulation, 30-min scans were 

conducted; the 1st half for 15 min and the 2nd half for 15 min by the same protocol as for the MRS 

measurements. At the 1st half session of whisker stimulation, Ca signals of putative excitatory 

neurons became evident (B, C) and inhibitory neurons remained small (D, E). At the 2nd half session 

of whisker stimulation, Ca signals of putative excitatory neurons remained evident (B, C) and 

inhibitory neurons became significantly higher than in the 1st half session (paired t-test, n = 4 mice, t 

= -3.3536, p = 0.044) (D, E).  

      

Fig. 3. Alterations of Glu and GABA levels during whisker stimulation measured by MRS. (A) 
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Three MRS acquisitions (one baseline measurement and two measurements with whisker 

stimulation) were performed in the awake condition. The MRS protocol is shown in (A). (B,C) 

Representative spectra in the awake condition are shown. GABA signals after LCModel fitting are 

also shown at the lower middle. Significant alterations of Glu and GABA were found during the 

awake condition. In the first half of the stimulation (15 min), a significant increase of Glu levels was 

observed (one-way repeated-measures ANOVA with Bonferroni post-hoc test (rm-ANOVA), n = 8, t 

= 4.288, p = 0.002) without significant alteration of the GABA levels (rm-ANOVA, n = 8, t = 1.505, 

p = 0.155). In the second half, the GABA levels were increased significantly compared to baseline 

(rm-ANOVA, n = 8, t = 3.589, p = 0.003) whereas the Glu levels decreased slightly (D, E). 

Quantitative alterations of Glu and GABA at the awake condition are shown.  

      

Fig. 4. MRS-measured Glu and GABA and neural activities in a mouse model of Dravet 

syndrome with spontaneous brain activities. (A, B, C) Ca signals of putative excitatory neurons 

imaged by two-photon microscopy showed no significant difference between the two groups (paired 

t-test, n = 4 mice, t = -1.971, p = 0.143), which was in accordance with the unchanged 

MRS-measured Glu levels (two-sample t-test, n = 7, t = 0.0659, p = 0.9482; Fig. 4C). (D, E, F) Ca 

signals of inhibitory neurons decreased significantly in a mouse model of Dravet syndrome 

(two-sample t-test, n = 41-62 cells, t = -4.168, p=6.628e-5), which was in accordance with the results 

of MRS-measured GABA (two-sample t-test, n = 8, t = 3.0098, p = 0.008; (F)). In the Fig.4B and E, 

the percent coefficient of variance (%CV), which is defined as the ratio of standard deviation (SD) to 

the mean of fluorescence intensities, is shown.  
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Fig.1 
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Fig.2  
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Fig.3 
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Fig.4  
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