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Supplementary Materials 

 

Methods 

 

All procedures were performed in accordance with the protocols approved by the Institutional 

Committee for the Use and Care of Laboratory Animals of Tohoku University (2017Ikumikae-133, 

2017Idou-226), the Ethics Committee of Tohoku University Graduate School of Medicine (2016-1-

071), and the Guide for the Care and Use of Laboratory Animals published by the US National 

Institutes of Health.  The experimental timelines of the 2 mouse models of dementia are shown in 

Figs. 1A and 6A.  

 

Mice  

All mice were housed in a temperature-controlled (20±2°C) and humidity-controlled (60%) room 

under a 12h light/12 h dark cycle (with lights on and off at 8:00 and 20:00, respectively).  The 

number of animals used in each experiment is shown in Supplementary Table 1. 

Vascular dementia model.  Male C57BL/6 mice (10-12 weeks old) and eNOS-knockout (eNOS–/–) 

mice (10-12 weeks old, on a C57BL/6 background) underwent either sham surgery or bilateral carotid 

artery stenosis (BCAS) surgery to induce VaD.  BCAS was induced by the placement of micro-coils 

(0.18mm) as previously published [1].  Sham-operated mice underwent the same surgical procedure, 

except no micro-coils were inserted.  During surgery, the mice were anesthetized with 1.5% 

isoflurane and placed on a heating pad to prevent hypothermia; body temperature was maintained at 

36.5-37.5°C. 

AD model.  Male hemizygous 5XFAD transgenic mice [2] (14-16 weeks old, on a C57BL/6 

background) were obtained from the Jackson Laboratory.  

 

Measurement of the transmission efficiency of ultrasound in the brain   

To measure the transmission of ultrasound waves after passing through the mouse skull, a PVDF 

needle hydrophone (0.5-mm sensitive diameter with a 50-ns rise time, Müller-Platte Needle Probe 
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No.100-100-1, Dr. Müller Instruments Inc., Oberursel, Germany) was used to measure sound pressure 

in an aquarium.  The signal was stored in digital transient memory (DS-5334, Iwatsu Electric Co., 

Ltd., Tokyo, Japan) at a sampling rate of 2 GS/s.  The distance between the transducer and the 

hydrophone sensor was set to approximately the same distance as between the transducer and the 

mouse skull during LIPUS treatment. 

 

Whole-brain LIPUS therapy  

The experimental timelines for the experiments using the VaD and AD dementia models are shown in 

Figs. 1A and 6A respectively.  LIPUS therapy was performed as previously described, with slight 

modifications [3].  In the VaD mouse model, three LIPUS therapies were performed every two days 

beginning the day after BCAS or sham surgery (i.e., on days 1, 3, and 5 following surgery); the control 

group underwent the same procedures including anesthesia but without LIPUS treatment (Fig. 1A).  

In the AD model, three LIPUS treatments were applied on days 1, 3, 5, 28, 30, 32, 56, 58, 60, 84, and 

86; the control group underwent the same procedures without LIPUS therapy (Fig. 6A).  For LIPUS 

therapy, we used a diagnostic ultrasound device (Prosound 10, Hitachi, Ltd., Tokyo, Japan).  LIPUS 

therapy was performed using the following conditions; center frequency=1.875 MHz; pulse repetition 

frequency=6.0 kHz; the number of cycles=32 (17-s burst length), and spatial peak temporal average 

intensity=99 mW/cm2.  The ultrasonic beam was delivered from a sector-shaped probe and was 

focused at 9 cm in order to apply ultrasound to the entire brain.  The width of the ultrasound beam at 

each depth of brain tissue ranged from 3.6 to 4.0 mm.  The mouse’s head was shaved, and LIPUS 

was applied to the head via an agar phantom gel with no attenuation (Fig. 1A).  Under inhalation 

anesthesia with 1.2% isoflurane, LIPUS was applied to the brain at three different positions; right, 

midline, and left (Fig. 1A).  The duration of each LIPUS treatment was 20 min.   

 

Behavioral tests  

Behavioral tests were conducted on day 28 following BCAS or sham surgery in the VaD model (Fig. 

1A), and on day 86 in the AD mouse model (Fig. 6A).  The tests were conducted in a dimly lit room 

by experimenters who were blinded with respect to whether the mouse received LIPUS or control 
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treatment.  Between each test, the apparatus and objects were cleaned with 70% ethanol solution in 

order to eliminate odor cues. 

Y-maze test. Spontaneous alternation rate was measured using a symmetrical Y-maze, as previously 

published [4].  During the 8-min test session, the mouse was placed in one arm and was allowed to 

explore the maze freely while the sequence and total number of arms entered was recorded.  

Spontaneous alternation was calculated as the number of triads containing entries into all 3 

arms/maximum possible alternations, expressed as a percentage (the total number of arms entered − 

1)×100.  

Passive avoidance test. The step-through type light and dark experimental box (PA-M, O’Hara & CO., 

Ltd, Tokyo, Japan) was used for the one-trial passive avoidance test as described previously [5].  The 

mouse was first placed in the light chamber for 3 min for habituation.  After habituation, the 

guillotine door was opened, and the mouse’s initial latency before entering the dark chamber was 

recorded (acquisition trial).  After the animal entered the dark chamber, the guillotine door was 

closed immediately, and an electric shock (0.3 mA, 3-sec duration) was delivered to the floor grid via 

a stimulator; the mouse was removed from the dark chamber 5 sec later.  Twenty-four hours after the 

acquisition trial, retention latency time was measured as described above, but without the electric 

shock (retention trial).  The maximum time allowed for each trial was 300 sec.  

Novel object recognition test. The novel object recognition test was performed as described previously 

[1].  During this test, the mouse was allowed to freely explore the empty plastic experimental box for 

5 min for habituation.  Twenty-four hours after habituation, the mouse was allowed to explore freely 

for 5 min with two identical objects present in the box.  One hour later, the mouse was again placed 

in the box and allowed to explore for 5 min in the presence of both a familiar object and a novel 

object.  The mouse’s behavior was videotaped for later analysis.  Exploration was defined as 

sniffing or touching the object with the nose and/or forepaws.  Sitting on or walking aimlessly around 

the object was not considered to be exploratory behavior.  

 

Measurement of cerebral blood flow (CBF)  

CBF was measured using a laser speckle blood flow imager (Omega Zone; Omegawave, Tokyo, 
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Japan) as described previously [6].  CBF was measured on days 0, 2, 4, 7, and 28 relative to BCAS or 

sham surgery (Fig. 1A) in the VaD model, and on days 0, 28, 56, and 84 in the AD model (Fig. 6A).  

To measure CBF, the mouse was placed in the prone position on a heating pad under 1.5% inhalation 

anesthesia with isoflurane, and body temperature was thermostatically maintained at 36.5-37.5°C via a 

rectal temperature probe.  The skull was exposed via a midline scalp incision, and color-coded blood 

flow images were recorded in high-resolution mode using a CCD camera positioned above the head; 

the data were transferred to a computer for later analysis.  The same settings were used for the CCD 

camera and the color image program during all measurements.  The mean CBF obtained from 30 

measurements was used for analysis and is presented as a percentage of baseline blood flow.  Blood 

pressure was measured using a tail cuff and was constant throughout the experiments. 

 

Histological analyses  

For the BCAS model, histology was performed on day 3 after BCAS surgery (i.e., the acute phase) 

and on day 28 (i.e., the chronic phase) (Fig. 1A); for the AD model, histology was performed on day 

86 (Fig. 6A).  Under deep anesthesia with isoflurane, the mouse was perfused with cold phosphate-

buffered saline (PBS), the brain was removed, fixed in 10% formaldehyde for 48 hours, embedded in 

paraffin, and cut into 3-m sections.  The severity of the white matter lesions was graded, and glial 

activity was counted as previously described [7].  For white matter lesions in the corpus callosum, 

the following grades were used; grade 0=normal, grade 1=disarrangement of nerve fibers, grade 

2=formation of markedly visible vacuoles, and grade 3=loss of myelinated fibers.  We counted the 

density of cell nuclei with immune-positive perikarya (per 0.125 mm2) in the white matter, 

hippocampus, and cortex.  The surface area of GFAP-positive cells and Aβ plaques was measured 

using WinROOF 2015 software (Mitani, Tokyo, Japan).  All counting procedures were performed in 

a blinded manner.  For immunofluorescence, the brain was fixed in 4% paraformaldehyde for 48 

hours after perfusion, cryoprotected in 30% sucrose, and 16-m coronial sections were cut using a 

cryostat.  The antibodies used in this study are listed in Supplementary Table 2.  

 

RNA-sequence (RNA-seq) and data analysis   
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RNA-seq was performed on day 3 after the BCAS surgery in the VaD mouse model (Fig. 1A) and on 

day 86 in the AD mouse model (Fig. 6A).  RNA-seq was performed at Takara-Bio Inc. (Shiga, Japan) 

using Gene Expressionist (version 9.1.4a, Genedata, Tokyo, Japan).  The filtered reads were aligned 

to the mouse reference genome, mm10, using TopHat (version 2.0.14).  After alignment, the BAM 

files were used to annotate from the genome position information obtained by the mapping, and the 

expression level was calculated for each gene and for each transcript.  Approximately 10% of the 

total genes were extracted by filtering at FPKM ≠ 0, count >10, with a fold change >1.2 or <0.83.  

Heat maps and hierarchical clustering of gene expression were prepared using the statistical 

computing software program R (version 3.3.0).  Gene ontology (GO) functional classifications were 

performed using DAVID (http://david.abcc.ncifcrf.gov).  The percentage of LIPUS-enhanced genes 

was calculated as follows; (enhanced genes annotated to each cell type) / (the total number of genes). 

 

Quantitative real-time PCR   

Total RNA was isolated using the RNeasy universal kit (Qiagen) in accordance with the 

manufacturer’s protocol.  After reverse transcription, real-time PCR was performed using SYBR 

Premix Ex Taq II (Takara-Bio Inc.) and a CFX96TM Real-Time system C1000TM Thermal Cycler 

(Bio-Rad Laboratories Inc., Tokyo, Japan).  The number of transcripts was normalized to GAPDH as 

a housekeeping gene.  Melting curves were run to ensure amplification of a single product.  The 

primers used in this study are listed in Supplementary Table 3. 

 

Cell signaling pathway analysis using the Bio-Plex system and Western blot analysis   

Cell signaling pathways were analyzed 3 days after BCAS surgery using the Bio-Plex system (Bio-

Rad Laboratories Inc., Tokyo, Japan) as previously described [3], and Western blot analysis was 

performed on days 3 and 7 after BCAS surgery.  The levels of phosphorylated proteins in whole brain 

samples were measured using the Bio-Plex system in accordance with the manufacturer’s instructions.  

The brain tissue was perfused with PBS, and the tissue was homogenized using Tissue Protein 

Extraction Reagent (Thermo-Fisher Scientific, Tokyo, Japan) containing a protease inhibitor cocktail 

(Sigma-Aldrich, Tokyo, Japan).  The samples were then centrifuged at 15,000g for 20 min at 4°C, 
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and the supernatants were collected and normalized for protein concentration, which was measured 

using the BCA Protein Assay Kit (Biotechnology Inc., Rockford, IL).  The samples were then 

separated by SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane (GE 

Healthcare, Tokyo, Japan).  After blocking with Tris-buffered saline (TBS) containing 5% (w/v) skim 

milk and 0.05% Tween 20, the membranes were incubated with primary antibodies overnight at 4°C.  

The antibodies used in this study are listed in Supplementary Table 2.  The membrane was then 

incubated in the appropriate secondary antibody (1:4,000 dilution) for 1 hour at room temperature.  

The proteins were visualized using enhanced chemiluminescence (ECL Western Blotting Detection 

Kit; GE Healthcare) and were quantified using ImageJ Software (NIH, Bethesda, MD). 

 

Quantification of Aβ using enzyme-linked immunosorbent assay (ELISA)   

In the AD model study, on day 86, ELISA was performed in order to measure the accumulation of Aβ 

in the entire brain.  The brain was homogenized as described previously study [8].  In brief, the 

frozen hemispheres were homogenized in TBS containing a protease inhibitor cocktail (Sigma-

Aldrich) and centrifuged at 16,000g for 30 min at 4°C.  The supernatant (i.e., the TBS-soluble 

fraction) was collected and stored at –80°C.  The pellets were re-suspended in TBS containing 1% 

Triton X-100 (TBS-T), sonicated for 5 min in a 4°C water bath, and centrifuged at 16,000g for 30 min 

at 4°C.  The supernatant was collected and stored at –80°C as the Triton-soluble fraction.  Aβ was 

measured in the TBS-soluble and Triton-soluble fractions using an Aβ ELISA kit (Wako, Sendai, 

Japan) in accordance with the manufacturer’s protocol.  In brief, 100 l of the standard diluent or 

sample was added and incubated in the refrigerator overnight in a sealed plate.  After incubation, the 

samples were washed, 100 μl of HRP-conjugated antibody solution was added to the plate, and the 

plate was re-sealed and refrigerated for 1 hour.  After washing, 100 μl of TMB substrate solution was 

added, and the plate was re-sealed and incubated for 30 min at room temperature in the dark.  Stop 

solution (100 μl) was added, and absorbance at 450 nm was read in each well using a microplate 

reader. 

 

Statistical analysis   
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All summary data are presented as the mean ± s.e.m.  Differences between 2 groups were analyzed 

using an unpaired two-tailed Student’s t-test.  Data from multiple groups were analyzed using 

ANOVA followed by Tukey’s multiple comparison (GraphPad Prism Software Inc., San Diego, CA).  

Differences with a P-value <0.05 were considered to be statistically significant.  
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Supplementary Figure 1. Whole-brain LIPUS therapy reduces cognitive impairment in a mouse model of VaD  

(A) Schematic diagram showing the setup for applying LIPUS to the mouse brain.  (B) Measurement of the 

transmission of ultrasound waves measured with or without the skull, with 2 different distances from the transducer.  

(C) Time course of body weight and systolic blood pressure measured in the indicated groups (n=10-17 per group).  

(D) Summary of behavioral tests measured on the indicated days in the indicated groups.  Upper panels show the 

results of the Y-maze test, and lower panel shows the results of the novel object recognition test (n=3-17 per group).  

*P<0.05 and **P<0.005 (two-way ANOVA). 
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Supplementary Figure 2. BCAS does not induce astrogliosis or microgliosis in the VaD model 

Representative images of corpus callosum and hippocampal sections immunostained for GFAP and Iba-1 on day 28 

and Quantitative analysis.  The scale bar represents 100 μm; n=3 (sham) and n=12-13 (BCAS).   
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Supplementary Figure 3. LIPUS has potential for neurogenesis  

Representative images of hippocampal sections immunostained for DCX on day 28.  The scale bars represent 200 

μm (upper row) and 100 μm (lower row). 
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Supplementary Figure 4. LIPUS upregulates eNOS and angiogenesis-related genes in sham-operated mice  

(A) Scatter plot depicting differential gene expression between the control and LIPUS-treated sham groups on day 3.  

Significantly upregulated or downregulated genes (defined as a fold change >1.2 or <0.83, respectively) are colored in 

red and blue, respectively.  (B) Venn diagram showing the number of genes differentially regulated by the LIPUS 

therapy in the sham and BCAS groups.  (C) The top 10 GO terms are shown in descending order of P-value.  
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Supplementary Figure 5.  LIPUS therapy enhances MAPK signaling proteins and the downstream PI3K-Akt 

pathway   

(A) Summary of phosphoprotein assay using Bio-Plex for the control and LIPUS-treated BCAS groups on day 3 (n=5 

per group).  (B) Western blot analyses of total and phosphorylated ERK1/2 and Akt measured on days 3 and 7 (n=10 

per group).  (C) Western blot analysis of VEGF, NGF, and pro-BDNF on days 3 and 7 (n=10 per group).   (D) 

Western blot analysis of GFAP, Olig2, p-eNOS, t-eNOS, CXCR4, and FGF2 on days 7 (n=10 per group).  *P<0.05 

and **P<0.005 (Student’s t-test). 
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Supplementary Figure 6.  LIPUS therapy selectively upregulates eNOS among the NOS family, and eNOS 

expression was also increased histologically  

(A) Western blot analyses of iNOS and nNOS on days 3 and 7 (n=7-10).  (B) Representative images of corpus 

callosum sections co-immunostained for eNOS and CD31 on day 3.  The scale bars represent 50 μm.  (C) 

Representative images of corpus callosum sections immunostained for eNOS in the control and LIPUS-treated groups 

on day 3.  The scale bars represent 50 μm. 
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Supplementary Figure 7. LIPUS therapy is safe and increases neurotrophic factors and Hsp 90, decreased 

amyloid-related factors in a mouse model of AD  

(A) Time-course of body weight and systolic blood pressure measured in the indicated groups; n=3(WT) and n=17-

18(5XFAD).  (B) Summary of passive avoidance test results in control and LIPUS-treated mice; n=3(WT) and n=17-

18(5XFAD).  (C) Western blot analysis of APP, BACE-1, and Hsp 90 protein measured in the indicated groups (n=10 

per group).  (D) Western blot analysis of NGF, pro-BDNF, and VEGF protein measured in the indicated groups 

(n=10 per group).  *P<0.05 (Panel A-B; two-way ANOVA, C-D; Student’s t-test).  
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Supplementary Table 1. Number of animals used in each experiment 

 
  WT eNOS–/– 5XFAD 

  Days 

after 

BCAS 

Sham BCAS BCAS  Days 

after first 

treatment 

WT 5XFAD 

  Ctrl LIPUS Ctrl LIPUS Ctrl LIPUS Ctrl LIPUS Ctrl LIPUS 

Body weight  10 10 15 17 6 6  3 3 18 18 

Systolic blood 

pressure 
 10 10 14 15 6 6  3 3 5 6 

Behavioral test        86     

 Y-maze   28 16 13 17 14 6 6  3 3 18 18 

 56 12 12 13 13        

 84 12 12 13 13        

 Passive avoidance 28 12 13 13 14 6 6  3 3 18 18 

Novel object  

recognition 
28 6 5 12 10 6 6      

 56 3 3 11 10        

 84 3 3 10 10        

CBF  10 9 25 20 6 6    14 14 

RNA-seq 3 4 4 4 4   86   4 4 

Bio-plex 3 3  5 5        

RT-PCR 3   18 18        

Western blotting 3   6-10 6-10 5 5 86   9 9 

 7   10 10 5 5      

Histological 

examination 
3 3 3 10 9   86 3 3 11 15 

 28 3 3 12 13 6 6      

ELISA        86   9 9 

Total   107 100 218 211 52 52   15 15 106 111 

 

Ctrl; control 

WT; wild type 
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Supplementary Table 2. Antibodies used for Western blot analysis (WB), immunohistochemistry 

(IHC-P), and immunofluorescence (IF) 

 

Antibody Application Dilution Manufacturer Cat. no 
GST- IHC-P 1:1000 MBL 311 
CD31 IHC-P 1:20 Optistain DIA-30 

 IF 1:50 Optistain DIA-31 
Doublecortin (DCX) IHC-P 1:1000 Abcam ab18723 

 IF 1:250 Abcam ab18724 
GFAP WB 1:1000 Abcam ab7260 

 IHC-P 1:10 DAKO IS524 
Iba-1 IHC-P 1:1600 Wako 019-10741 
Olig2 WB 1:1000 IBL 18593 

 IHC-P 1:400 IBL 18593 
 IF 1:200 Millipore MABN50 

phospho-eNOS WB 1:1000 BD Biosciences 612393 
eNOS WB 1:1000 BD Biosciences 610296 

 IHC-P 1:200 BD Biosciences 610296 
CXCR4 WB 1:1000 Abcam ab124824 
FGF2 WB 1:1000 Santa Cruz sc-79 

phospho-ERK1/2 WB 1:1000 Cell Signaling 9106 
total-ERK1/2  WB 1:1000 Cell Signaling 9102 
phospho-Akt  WB 1:1000 Cell Signaling 9271 

total-Akt  WB 1:1000 Cell Signaling 9272 
VEGF WB 1:1000 Santa Cruz sc-152 
NGF WB 1:1000 Abcam ab52918 

BDNF WB 1:1000 Abcam ab108319 
α-tubulin  WB 1:1000 Sigma T5168 

iNOS WB 1:1000 BD Biosciences 610310 
nNOS WB 1:1000 BD Biosciences 610328 
Ki67 IHC-P 1:600 Abcam ab66155 

 IF 1:250 Abcam ab1655 
semaphorin3A WB 1:1000 Abcam ab23393 

 IHC-P 1:250 Abcam ab23393 
β-amyloid (4G8) IHC-P 1:500 Biolegend 800709 

APP WB 1:1000 abcam ab32136 
BACE-1 WB 1:1000 abcam ab2077 
Hsp 90 WB 1:1000 proteintech 13171-1-AP 
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Supplementary Table 3. Primers used for gene expression analysis 

 

  Primer sequences for PCR 

Gene Forward Primer (5'>3') Reverse Primer (5'>3') 

GFAP 5'GACCAGCTTACGGCCAACAG 5'TCTATACGCAGCCAGGTTGTTCTC 

Olig2 5'AGTAGACGCTGGCGTGGGTATC 5'AAAGCTTGCTCCTGTGCTCTGAA 

eNOS 5'ATTCTGGCTACACGCAAGACAGA 5'TCCCGGTAGAGATGGTCCAG 

CXCR4 5'CCATGGAACCGATCAGTGTG 5'GCCGACTATGCCAGTCAAGAA 

FGF2 5'AAGCGGCTCTACTGCAAGAA 5'TACCGGTTGGCACACACACTC 

GAPDH 5'TGTGTCCGTCGTGGATCTGA 5'TTGCTGTTGAAGTCGCAGGAG 

 

 


