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Abstract 

Background: Extracellular vesicles, including exosomes, are secreted by a variety of cell types in the central 
nervous system. Exosomes play a role in removing intracellular materials from the endosomal system. 
Alzheimer's disease (AD) is caused by an overproduction or reduced amyloid-beta (Aβ) peptide clearance. 
Increased Aβ levels in the brain may impair the exosome-mediated Aβ clearance pathway. Therapeutic 
ultrasound stimulation demonstrated its potential for promoting Aβ degradation efficiency in clinical trials. 
However, the underlying mechanism of ultrasound stimulation is still unclear. 
Methods: In this study, astrocytes, the most abundant glial cells in the brain, were used for exosome 
production. Post insonation, exosomes from ultrasound-stimulated HA cells (US-HA-Exo) were collected, 
nanoparticle tracking analysis and protein analysis were used to measure and characterize exosomes. 
Neuroprotective effect of US-HA-Exo in oligomeric Aβ42 toxicated SH-SY5Y cells was tested. Cellular uptake 
and distribution of exosomes were observed by flow cytometry and confocal laser scanning microscopy. 
Focused ultrasound (FUS) with microbubbles was employed for blood-brain-barrier opening to achieve 
brain-targeted exosome delivery. After US-HA-Exo/FUS treatment, amyloid-β plaque in APP/PS1 mice were 
evaluated by Aβ immunostaining and thioflavin-S staining. 
Results: We showed that ultrasound resulted in an almost 5-fold increase in the exosome release from human 
astrocytes. Exosomes were rapidly internalized in SH-SY5Y cells, and colocalized with FITC-Aβ42, causing a 
decreased uptake of FITC-Aβ42. CCk-8 test results showed that US-HA-Exo could mitigate Aβ toxicity to 
neurons in vitro. The therapeutic potential of US-HA-Exo/FUS delivery was demonstrated by a decrease in 
thioflavin-S-positive amyloid plaques and Aβ immuno-staining, a therapeutic target for AD in APP/PS1 
transgenic mice. The iTRAQ-based proteomic quantification was performed to gain mechanistic insight into the 
ultrasound effect on astrocyte-derived exosomes and their ability to alleviate Aβ neurotoxicity. 
Conclusion: Our results imply that US-HA-Exo have the potential to provide neuroprotective effects to 
reverse oligomeric amyloid-β-induced cytotoxicity in vitro and, when combined with FUS-induced BBB opening, 
enable the clearance of amyloid-β plaques in vivo. 
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Introduction 
The pathophysiological process of Alzheimer’s 

disease (AD) is thought to begin many years before 
the diagnosis of AD [1]. Before the formation of 
plaques, amyloid-beta (Aβ)-induced neuronal 
dysfunction exists [2]. Developing strategies to reduce 
excess deposition of the neurotoxic protein and halt 
the related pathological changes is of paramount 
importance for Aβ clearance [3]. 

Recent studies have shown that failure in 

exosome production occurs in both AD mouse and 
human brains, and exosome pathway dysfunction 
plays a primary role in brain pathologies [4-7]. 
Disruption of interdependent endosomal-exosomal- 
lysosomal systems may contribute to amyloidogenic 
Aβ precursor protein processing, leading to a higher 
risk of AD disease development [8, 9]. Endosomal 
material released into the extracellular space via 
exosomes is an important mechanism by which 
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neurons remove debris. Therefore, failure of efficient 
exosome production and release can impair this 
process, resulting in endosomal pathway 
disturbances [10]. The imbalance in the production 
and clearance of Aβ is the main cause of AD. 
Therefore, increasing exosome production may be a 
therapeutic approach for AD. 

Exosomes are nano-sized vesicles secreted by 
cells, packed with information, including signaling 
proteins as well as coding and regulatory RNAs, and 
can be taken up by target cells, thereby facilitating the 
transfer of multilevel information [11]. Besides being 
beneficial for cell-to-cell delivery of RNA, proteins, 
and lipids [12], exosomes carry signaling information 
required to regulate neural circuit development [13]. 
Recent studies also suggested that exosomes 
contribute to nerve regeneration, synaptic function, 
and also the clearance of Aβ from the brain [12, 14]. 
Environmental changes such as laser, heat, and 
hypoxia could alter exosome production [15, 16]. 
Recently, exogenous electric stimuli, magnetic fields, 
or ultrasound have been used as new AD therapy 
approaches [17, 18]. Among the various commonly 
used external stimuli, ultrasound is advantageous due 
to its noninvasive nature and deep tissue 
penetrability. Ultrasound stimulation has shown great 
potential in AD therapy in animal models [19, 20]. 
However, its effect on exosome release and the precise 
Aβ clearing mechanisms remain elusive. 

Brain-targeted delivery of exosomes for neuronal 
diseases is hampered by the blood-brain barrier 
(BBB), limiting their efficient concentration in the 
brain [21]. Previously, focused ultrasound (FUS) has 
shown great potential in safely opening the BBB in 
AD patients in a clinical trial [22]. Delivery of 
therapeutics with FUS and microbubbles constitutes a 
safe and noninvasive strategy for brain targeted 
therapy [23]. 

In this study, ultrasound were used for the 
mechanical stimulation of astrocytes to examine its 
effect on exosome production. In vitro and in vivo 
models of AD were implemented to investigate the 
neuroprotective potential of astrocyte-derived 
exosomes in neurons. Combined with FUS-induced 
BBB opening, a noninvasive, brain-targeted exosome 
delivery in APP/PS1 mice was achieved. We 
demonstrated, for the first time, the increased release 
of exosomes from astrocytes upon mechanical 
ultrasound stimulation, and more significantly, 
amyloid clearance by the astrocyte-derived exosomes 
in APP/PS1 transgenic mice. We believe that 
mechanistic insights into possible ultrasound 
stimulation mechanisms gleaned from our 
investigation could be exploited in future therapeutic 
approaches for AD. 

Materials and Methods 
Cell culture 

Human astrocytes (HA) and human 
neuroblastoma (SH-SY5Y) cells were purchased from 
the American Type Culture Collection, and cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM) 
(Corning, USA) supplemented with 10% fetal bovine 
serum (FBS, Gibco) and 1% penicillin/streptomycin 
(Sigma, USA). Cultures were maintained at 37 °C in a 
humidified atmosphere of 5% CO2. 

Reagents 
The sources of various reagents were as follows: 

Thioflavin-S (Th-S) (Sigma, USA), PKH26 Red 
Fluorescent Cell Linker Kit (Sigma Aldrich, USA), DiR 
(Beyotime, China), Amyloid-β42 peptides (GL 
Biochem, China, 95% purity), and FITC-labeled 
amyloid-β42 peptides (GL Biochem, China, 95% 
purity), Protease Inhibitor Cocktail Set III, EDTA-Free 
(Calbiochem, USA). 

Animals 
Male APP/PS1 mice and age-matched wild-type 

littermates were obtained from Nanjing University 
(Nanjing, China). Male BALB/c mice were obatined 
from Beijing Vital River Laboratory Animal 
Technology (Beijing, China). All animal procedures 
were approved by the Animal Care Committee of 
Shenzhen Institutes of Advanced Technology, 
Chinese Academy of Sciences. Animals were kept on 
a 12 h light/dark cycle and given ad lib access to food 
and water as per standard operating procedures. 

In vitro ultrasound stimulation for exosome 
production 

Ultrasound stimulation was generated by a 
transducer at 1-MHz working frequency with a 20% 
duty cycle. The spatial-peak temporal-average 
intensity (ISPTA) was 280 mW/cm2. Degassed water 
was used to cover the area between the transducer 
and the cell culture plate to maximize ultrasound 
transmission. Astrocytes were subjected to multiple 
ultrasound stimulations with 3 min duration per spot. 
The total sonication time of ultrasound stimulation 
was 15 min. Seventy-two hours later, the cell culture 
supernatant was harvested and centrifuged to collect 
exosomes. 

Exosome isolation 
Exosomes were harvested from cell culture 

supernatants. Three days before ultrasound 
stimulation, the medium was replaced with DMEM 
plus 10% exosome-depleted FBS (Vivacell, Germany). 
After ultrasound stimulation, the cells were incubated 
for three more days and allowed to reach about 80% 
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cell confluency. The culture media were collected and 
centrifuged sequentially at 300×g for 10 min, 2,000×g 
for 30 min, and 10,000×g for 30 min at 4 °C to remove 
cellular debris. Exoquick-TC (System bioscience, 
USA) was added to the supernatant at 1:5 ratio (V/V) 
and incubated overnight at 4 °C to precipitate 
exosomes followed by centrifugation at 3000×g for 60 
min. The pellet was resuspended in PBS and 
centrifuged at 12000×g for 60 min to collect exosomes. 

Characterization of exosomes 

Transmission electron microscopy (TEM) 
For negative-staining, purified exosomes were 

fixed in 2% (v/v) paraformaldehyde for 5 min at room 
temperature. Subsequently, suspensions were applied 
to formvar/carbon-coated grids (200 mesh) for 3 min 
and negatively stained with 2% uranium acetate. 
Excess uranyl acetate was removed with filter paper. 
The grids were examined under a transmission 
electron microscope at 120kV (JEM-1200EX, JEOL 
Ltd., Japan). 

Nanoparticle tracking analysis (NTA) 
The number and size of the exosomes were 

directly tracked using the NS300 instrument (Malvern 
Instruments Ltd., Worcestershire, UK) equipped with 
a 405 nm laser and a high-sensitivity CMOS camera. 
In this analysis, particles were automatically tracked 
and sized based on Brownian motion and the 
diffusion coefficient. The exosome pellets were 
resuspended and diluted in PBS to obtain a 
concentration within the recommended range 
(1 × 107-1 × 109 particles/mL) and vortexed for 1 min. 
The samples were loaded into the sample chamber at 
ambient temperature. One 60-s video was acquired 
for each sample. The videos were subsequently 
analyzed with the NTA3.2 software, which identified 
and tracked each particle’s center under Brownian 
motion to measure the average distance the particles 
moved on a frame-by-frame basis. 

Western blotting 
Exosome samples were homogenized in RIPA 

lysis buffer with protease inhibitor cocktail and PMSF, 
and vortexed every 5 min for 30 min to lyse the 
exosomes on ice. Subsequently, lysates were 
centrifuged at 12,000g for 1 h, and supernatants were 
collected and stored at -80°C for later analysis. Protein 
concentration was determined by the BCA assay 
(Thermo Fisher Scientific). Protein was 
electrophoresed in 8-16% Tris-HCl polyacrylamide 
gel and transferred to a polyvinylidene difluoride 
membrane (Bio-Rad) for 90 min at 4 °C. After 1 h in 
TBS, 0.1% Tween-20 with 5% w/v nonfat dry milk, 
membranes were incubated overnight with primary 

antibodies against CD63 (1:1000; Biolegend), HSP70 
(1:1000; Cell Signaling Technology), TSG101 (1:200; 
Servicebio), CD9 (1:500; Bioss), Calnexin (1:1000; 
Santa Cruz). After rinsing, blots were incubated with 
peroxidase-linked secondary antibodies, treated with 
ECL substrate, and signals were visualized using 
BioRad. 

iTRAQ proteomic analysis 
HAs were grown to 80% confluency in Falcon 

T-125 flasks. Cells were treated by ultrasound 
stimulation as described. Exosomes were isolated 
from the supernatants by ultracentrifugation. Samples 
were stored at -80 °C until required. Proteins were 
extracted, the concentration was measured by the 
BCA assay, and the samples were analyzed by 
SDS-PAGE. Samples were reductively alkylated, and 
trypsin was used for enzymatic hydrolysis. The 
peptides were labeled with iTRAQ 8PLEX (SCIEX) 
and the equally mixed labeled peptides were 
pre-separated by UHPLC (Thermo SCIENTIFIC 
Vanquish) with C18 reversed-phase column 
(ACQUITY UPLC BEH C18 Column 1.7 µm, 2.1 
mm×150 mm, Waters, USA). Subsequently, liquid 
chromatography-tandem mass spectrometry 
(LC-MS-MS) was performed for the identification and 
quantification of proteins. After searching for the 
Sequence or Mascot module in Proteome Discoverer 
Software 2.2, statistical and bioinformatic analyses of 
the results were performed. 

Amyloid-β oligomer 
Aβ42 was dissolved in hexafluoro-2-isopropanol 

(HFIP) at 1 mg/mL−1 and stored at -20 °C. The 
amyloid-β peptide stock solutions were prepared in 
DMSO by vigorous vortexing and sonication 10 times 
for 3 s on ice, and finally filtering the solution through 
a 0.22 μm filter unit. SH-SY5Y cells seeded in a 96-well 
plate, Aβ42 peptides were added to the cells at a final 
concentration of 10 μM. 48 h after the addition of Aβ42, 
the medium was changed to fresh DMEM. US-HA- 
EXO at different protein concentrations were added to 
the Aβ42 intoxicated cells. Seventy-two hours later, the 
medium was replaced with fresh DMEM containing 
10% CCK-8 assay solution, and CCK-8 assay was 
performed according to the manufacturer’s protocol. 
The measurement of absorbance was performed at 
450 nm with a BioTek Synergy plate reader. 

Uptake of oligomeric Aβ42 in the presence of 
exosomes by FACS 

For the quantitative evaluation of exosomes on 
cellular uptake efficiency of FITC-Aβ42, SH-SY5Y cells 
were seeded in 24-well plate at 5×104 per well and 
cultured overnight. Then cells were co-incubated with 
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US-HA-Exo, and 2 μg/mL−1 FITC-Aβ42 for 0.5 h and 1 
h at 37 °C. Then cells were washed by PBS and 
harvested and subjected to the analysis under a FACS 
(Beckmann, USA). 

Cellular colocalization of exosomes with Aβ42 
PKH26, a red‐fluorescent lipophilic dye, was 

used for exosome labeling for in vitro trace. 
US-HA-exosomes were stained with PKH26 for 10 
min, followed by washes and resuspension at a final 
concentration of 2 µg/mL. SH-SY5Y cells were seeded 
and cultured overnight in the Lab-Tek chamber slide. 
For CLSM observation, cells were incubated with 
oligomeric FITC-Aβ42 (10 μM) and PKH26-labeled 
exosomes for 4 h at 37 °C. At the end of the 
incubation, the medium was removed by washing 
with PBS three times. Cells were fixed with 4% 
paraformaldehyde solution and stained by 
4′,6-diamidino-2-phenylindole (DAPI) for viewing 
and imaging. The chamber slides and exosomes were 
visualized with a Confocal Laser Microscope (Leica 
TCS SP5, Germany). 

Brain-targeted delivery of exosomes in mice 
assisted by FUS-BBB opening 

To study FUS-BBB opening, the FUS transducer 
(1.0 MHz and 38 mm diameter) was driven by a 
function generator connected to a power amplifier. A 
removable cone filled with degassed water was 
employed to hold the transducer and guide the FUS 
beam into the brain. The BBB was opened at acoustic 
pressure of 0.6 MPa, with 10Hz pulse repetition 
frequency, at 10% duty cycle, and a total sonication 
duration of 60 s. The PLGA-lipid hybrid microbubbles 
were prepared as previously reported [24], with mean 
diameter of about 300 nm and concentration of about 
1×109 bubbles per mL. Microbubbles were 
intravenously injected just before ultrasound 
treatment. To confirm the successful BBB opening, the 
mice were administrated evans blue (EB) dye (30 
mg/kg) via tail vein and sacrificed at 2 h after EB 
injection. 

Fluorescent labeling of exosomes by DiR 
Near-IR (NIR) fluorescent lipophilic tracer DiR 

(1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyani
ne iodide) was used to label the lipid bilayer of 
exosomes for in vivo tracking. For labeling, the 
exosome solution was incubated with 1 µM DiR at 
room temperature for 15 min. The unincorporated 
dyes were removed by using 100 KDa ultrafiltration 
tubes (Amicon Ultracel, Millipore) and washing with 
PBS. The exosome protein concentration was 
measured by using the BCA Protein Assay Kit (Pierce, 
ThermoFisher). 

In vivo imaging of FUS-assisted brain-targeted 
delivery of exosomes 

For evaluating the blood-brain-barrier opening 
effect induced by ultrasound, the mouse head was 
depilated for detection by DiR. Each mouse was i.v. 
injected with 2 mg lyophilized microbubbles. After 
the microbubble-assisted BBB opening, BALB/c mice 
were anesthetized with isoflurane and injected 
intravenously with 60 µg DiR-labeled exosomes in 200 
µL PBS. Brain-targeted delivery of DiR-exosomes in 
live mice was determined using IVIS SPECTRUM 
(Caliper Life Sciences). IVIS pictures were taken after 
2 h and 4 h post-I.V. injection, with excitation/ 
emission at 745/800 nm. Fluorescent background 
subtraction was performed and mice were imaged 
with identical instrument settings. Live Image 4.2 
Software was used for quantitative analysis. 

Immunohistochemistry 
Animals were deeply anesthetized, killed, and 

perfused intracardially with normal saline and fixed 
with 4% paraformaldehyde (PFA). Brains were placed 
in 15% sucrose in PBS for 6-12 h, then 30% sucrose in 
PBS until equilibrated. Brain coronal sections (10 μm) 
were cut with a cryostat (Leica CM1900), sections 
were used for immunohistochemistry. Slices were 
washed with PBS and fixed with 4% 
paraformaldehyde, permeabilized with 0.05% Triton 
X-100, then pre-incubated in 1% BSA solution for 
blocking. Slices were incubated overnight at 4 °C with 
the primary antibody solution (rabbit anti-amyloid-β 
antibody, Abcam; 1:500), mouse anti-NeuN (1:100, 
Sigma), rabbit anti-glial fibrillary acidic protein 
(GFAP) (1:250, Sigma) on a shaker. After washing 
with PBS, the sections were incubated with the 
secondary antibody (goat anti-rabbit Alexa Fluor 488 
antibody, Abcam; 1:1000; goat anti-mouse Alexa Fluor 
488 antibody, Abcam; 1:1000) for 2 h at room 
temperature. Sections were mounted in the 
vectashield mounting medium with DAPI (Vector 
laboratories). For the detection of amyloid plaques, 
brain tissue sections were stained in 0.1% thioflavin-S 
(Sigma) and rinsed with 70% ethanol. The brain tissue 
sections were also stained with hematoxylin and eosin 
(H&E) to assess the histological damage. 

Electron microscopy 
HA cells were treated with ultrasound, 24 h later, 

cells were collected and fixed with 3% 
glutaraldehyde, after pre-embedding with agarose 
and postfixed in OsO4 in 0.1 M PBS (pH 7.4). After 
dehydration with ethanol, resin penetration, then cells 
were embedded in EMBed 812. The resin blocks were 
cut to 60-80nm thin on the ultra-microtome (Leica 
UC7), and the tissues were fished out onto the 150 
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meshes cuprum grids with formvar film, then stained 
with 2% uranium acetate saturated alcohol solution. 
The cuprum grids are observed under TEM (Hitachi, 
HT7800/HT7700) and take images. 

Statistical analysis 
Statistical analysis was performed using 

Graphpad Prism Software. Data are presented as the 
means ± standard deviations (SD). Statistical analysis 
were conducted by unpaired two-tailed Student’s 
t-test. Differences were considered significantly at *P < 
0.05; **P < 0.01. 

Results 
Isolation and characterization of exosomes 
derived from insonated astrocytes 

To study the effects of ultrasound stimulation on 
exosome production, HA cells were cultured for in 
vitro experiments and treated with ultrasound as 
described in Methods. The size and number of the 
isolated US-HA-Exo (Figure 1A) were measured on a 
Marvern Nanosight, showing a relatively uniform 
distribution of particles with a size distribution of 
131.4 ± 1.2 nm in diameter for HA-Exo and 131.7 ± 2.2 
nm for US-HA-Exo. Total number of exosomes 
(Figure 1B) were 1.46 ± 0.06 E+10 particles/mL and 
6.06 ± 0.23 E+10 particles/mL for HA-Exo and 
US-HA-Exo, respectively. Thus, ultrasound treatment 

resulted in a 4.14-fold increased production of 
exosomes. The CCK-8 assay was used to test HA cell 
proliferation after 72 h of ultrasound treatment. As 
shown in Figure S2, OD450 nm did not show a 
significant difference between control cells and 
ultrasound-treated cells. Thus, ultrasound treatment 
did no induce increased proliferation of astrocytes. 

Total protein concentration was measured by 
SDS-PAGE (Figure 1C) and BCA analysis. Results for 
BCA assay (Figure 1D) was 0.41 ± 0.16 μg/μL 
(HA-Exo) and 1.03 ± 0.19 μg/μL (US-HA-Exo), 
demonstrating a significantly increased production of 
astrocyte-derived exosomes post-insonation. Western 
blotting confirmed that ultrasound stimulation of HA 
cells (US-HA-Exo) led to a significant increase in 
exosome marker proteins, such as CD63, HSP70, CD9, 
and Tsg101, compared with the control HA cells 
(Figure 1E-F). We also carried out Western blotting for 
calnexin, and cell lysates were used as positive 
control. It is clear from Figure S1, exosomes did not 
have calnexin, showing that there was no cytoplasmic 
contamination in the preparation. Furthermore, 
consistent with the NTA results (Figure 1A), electron 
microscopic analysis confirmed that exosomes 
secreted by US-HA cells were identical in size 
distribution and morphology (Figure 1G) to those 
produced by untreated HA cells. 

 

 
Figure 1. Characterization and quantification of astrocyte-derived exosomes. (A) NTA of ultrasound-stimulated astrocytes and astrocyte-derived exosomes 
showing the number and size distribution and (B) Total concentrations; total protein level of exosomes determined by SDS-PAGE (C) and BCA (D). (E, F) Western blotting 
of biomarker proteins of exosomes from both ultrasound-stimulated astrocytes and astrocytes without any treatment. (G) Representative TEM of exosomes. Scale bars: 100 nm. 
* denotes significant difference compared with controls. Data are presented as means ± SD (n = 3). *P < 0.05; **P < 0.01. 
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Figure 2. Uptake of PKH26-labeled exosomes by SH-SY5Y cells. (A) Confocal images of cultures exposed to HA-Exo, and US-HA-Exo for up to 4 h. Fluorescent signals 
are merged with transmission images (red = PKH26, blue = DAPI). Scale bar is 10 µm. (B) Images of SH-SY5Y cells were taken. (C) CCK-8 assays were performed. 

 

Cellular uptake of exosomes in SH-SY5Y cells 
  

Exosomes are known to be taken up by other 
cells by endocytosis, triggering cellular responses [25]. 
We performed uptake studies with PKH26-labeled 
exosomes in human neuroblastoma SH-SY5Y cells, 
which were grown using a Lab-Tek chamber. Uptake 
of PKH26-labeled exosomes was evaluated with 
CLSM after 4 h incubation. As shown in Figure 2A, 
exosomes (red fluorescence) were internalized in 
SH-SY5Y cells rapidly and accumulated in the 
cytoplasm. After 48 h of incubation with exosomes, 
cell proliferation of serum-starved SH-SY5Y cells was 
tested by the CCK-8 assay. And morphological 
changes of SH-SY5Y cells were taken (Figure 2B). The 
results (Figure 2C), showing the values of 0.41 ± 0.036, 
1.40 ± 0.18, 1.36 ± 0.033, and 2.08 ± 0.18 for DMEM, 
HA-Exo, US-HA-Exo, and 10% DMEM, respectively. 
Morphological images and CCK-8 assays 
demonstrated that both HA-Exo and US-HA-Exo 
increased proliferation of serum-starved SH-SY5Y 
cells. 

US-HA-Exo mitigate the toxicity of Aβ42 
oligomers to SH-SY5Y cells 

  

To test whether HA-exosomes could rescue the 
neurotoxic effects of Aβ42, cellular uptake and 
colocalization of exosomes were analyzed by CLSM 
and flow cytometry. Exosomes were visualized by 
staining with PKH26. SH-SY5Y cells were treated with 
10 μM FITC-Aβ42 (green) and 50 μg US-HA-Exo (red). 
After incubation, the confocal micrograph of bright 
field and fluorescence images were acquired (Figure 
3A). The yellow color indicated that exosomes could 
colocalize with oligomeric amyloid-β in the cytoplasm 
of neurons, demonstrating intracellular 
internalization of FITC-Aβ42. 

Exosomes from astrocytes and 10 μM FITC-Aβ42 
were added to neuroblastoma SH-SY5Y cells and 
incubated for 0.5 h and 1 h at 37 ºC. Subsequently, 
cells were washed with PBS twice, trypsinized, and 
detected by flow cytometry. FACS-based 
internalization assay showed that exosomes from 
astrocytes decreased the uptake of FITC-Aβ42 by 
SH-SY5Y cells (Figure 3B). 

To investigate the protective potential of 
US-HA-exosomes against Aβ42 oligomers-induced 
neuronal toxicity, SH-SY5Y cells were exposed to 10 
μM Aβ42 oligomers or vehicle for 24 h. Subsequently, 
the culture medium was replaced with fresh DMEM 
and exosomes were added to Aβ42 oligomers-treated 
SH-SY5Y cells for another 24 h. Representative 
bright-field images of the DMEM-, Aβ42-, and 
exosomes-exposed neurons are shown in Fig. 3C. The 
CCK-8 assay showed that Aβ42 oligomers decreased 
SH-SY5Y cell viability by 39.3% relative to DMEM 
controls (Figure 3D). The CCK8 assay results at 
OD450 nm were as follows: DMEM: 1.05 ± 0.1, Aβ42: 
0.64 ± 0.07, US-HA-Exo: 1.64 ± 0.31 and 
Aβ42+US-HA-Exo: 1.57 ± 0.13. These results indicated 
that the exosomes rescued the cells from Aβ 
oligomers-induced toxicity. And Aβ ELISA for cell 
lysates was performed. Compared with Aβ42 exposed 
cells, a 26.3% decrease of Aβ concentration was found 
post Aβ42+US-HA-Exo treatment (Figure S3). 

FUS-assisted brain targeted delivery of 
exosomes 

The BBB impedes the delivery efficiency of 
therapeutics. To enhance exosomes’ brain-targeting 
abilities, BBB was non-invasively opened by applying 
low-intensity focused ultrasound (FUS) with 
microbubbles as previously reported [26]. Mice were 
intravenously injected with exosomes immediately 
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followed by FUS-mediated BBB opening. 
Normally Evans blue (EB) cannot pass through 

the BBB and, therefore, extravasation of EB in the 
brain tissue indicates alterations in BBB permeability. 
In this study, successful BBB opening was validated 
by extravasation of the EB dye (Figure 4C, right), 
while the BBB remained intact when mice were 
injected with saline instead of microbubbles (Figure 
4C, left). EB staining indicated successful and 
localized BBB opening (Figure 4C). H&E staining of 
the brain showed no tissue damage or hemorrhage 
induced by FUS-BBB opening (Figure 4D). Thus, 
FUS-mediated BBB opening was demonstrated to be 
safe and effective. 

To characterize the brain distribution of 
exosomes facilitated by the FUS-BBB opening, in vivo 
imaging of the brain was performed by an IVIS 
imaging system. BALB/c mice were anesthetized 
with isoflurane and injected intravenously with 
DiR-labeled exosomes immediately after the FUS-BBB 
opening. NIRF imaging was carried out at 2 h and 4 h 
post exosome injection. Figure 4F demonstrated a 
rapid uptake of exosomes in the brain when combined 
with FUS-BBB opening, consistent with our previous 
results of the enhanced brain accumulation of 
therapeutics [27]. Two hours after intravenous 
injection, the majority of exosomes accumulated in the 
brain. We also detected the presence of exosomes in 
the mice brain tissue sections by fluorescence imaging 
of brain tissues. Fluorescence images of brain slices 
from the Exo/FUS group revealed a wide distribution 
of DiR-labeled exosomes (red fluorescence) in the 
mice brain (Figure 4G). These observations indicated 
that FUS-BBB opening enhanced exosome 

accumulation in the brain compared to the sham 
group. After GFAP staining for astrocytes, or NeuN 
staining for neurons, confocal laser microscopy was 
used to detect the localization of DiR-labeled 
exosomes in the brain. The results displayed in Figure 
S4 showing that exosomes were localized in the brain 
parenchyma, and mainly internalized in neurons, not 
in astrocytes. 

FUS-BBB opening-assisted exosome delivery 
augments Aβ clearance in APP/PS1 mice 

Biodistribution of exosomes in mice after 
systemic delivery is affected by routes of injection or 
other factors [28]; the BBB impedes the delivery 
efficiency of exosomes to the brain. To determine 
whether US-HA-Exo combined with FUS-BBB 
opening affected amyloid-β in vivo, 
immunofluorescent staining of amyloid-β and 
thioflavin-S staining of plaques were performed on 
brain slices after four weeks of treatment (Figure 5A, 
5B). APP/PS1 mice treated with US-HA-Exo and FUS 
showed significantly reduced Aβ immunostaining 
(Figure 5C). Importantly, thioflavin-S staining 
revealed that the amyloid plaque deposition in treated 
APP/PS1 mice (US-HA-Exo/FUS) was also 
significantly lower than the control APP/PS1 mice 
(Figure 5E). Quantitative image analysis confirmed 
this statistically significant reduction for both Aβ 
immunostaining and thioflavin-S staining in 
US-HA-Exo/FUS-treated mice compared to APP/PS1 
mice treated with saline (5D, 5F). H&E staining 
performed on major organs showed no damage after 
four weeks of treatment (Figure 5G). 

 

 
Figure 3. Colocalization of exosomes with FITC-Aβ42 in SH-SY5Y cells, exerting neuroprotective effects against Aβ42 oligomers. (A) Exosomes were labeled 
with PKH26 (red fluorescence), and observed by confocal laser microscopy, scale bar: 10 µm. (B) FACS-based internalization assay. (C, D) Effects of HA-Exo and US-HA-Exo 
on cell viability in human SH-SY5Y neuroblastoma cells treated with oligomeric Aβ42 or vehicle (DMEM). The cells were preincubated with 10 µM Aβ42 for 24 h prior to the 
addition of exosomes. The morphological pictures were taken, scale bar: 50 µm. The viability of the cultures was assessed by the CCK-8 assay 72 h after the addition of exosomes. 
(E) Schematic of exosome production, isolation and its cellular effects. 
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Analysis of iTRAQ-based quantitative 
proteomics of HA- and US-HA-exosomes 

To investigate whether ultrasound treatment of 
astrocytes is reflected in exosome protein content, 
iTRAQ-based quantitative proteomic analysis was 
performed. HA-Exo and US-HA-Exo were isolated by 
ultracentrifugation and a total of 1226 proteins were 
quantified (Table S1). Among these proteins, 12 
proteins were significantly upregulated and six 
proteins were significantly downregulated in US-HA- 
Exo compared to the control group (as determined by 
p<0.05 & Fold-Change (FC)<0.83 or FC>1.20. Table 

S2). The expression levels of 18 proteins identified 

in the US-HA-Exo group relative to the 
control group (HA-Exo) are displayed in a 
heatmap (Figure 6A). The iTRAQ-based 
proteomic results demonstrated that 
ultrasound-treated astrocytes released 
exosomes that exhibited specific 
proteomic alterations compared with 
control cells. 

Increases in number of 
multivesicular bodies (MVBs) in 
ultrasound-treated HA cells 

Exosomes are formed as intraluminal 
vesicles (ILVs) by budding into early 
endosomes and multivesicular bodies 
(MVBs) [29]. To gain further insight into, 
we performed electron microscopic 
analysis to investigate the number and 
morphology of MVBs and better 
understand the underlying mechanisms 
for increased exosome secretion in 
ultrasound-treated astrocytes. A dramatic 
increase of the number of MVBs (indicated 
by red arrows in Figure 7) per cell was 
observed by TEM compared with control 
cells, whereas the MVB morphology was 
unchanged. 

Discussion 
Therapeutic ultrasound over a wide 

range of frequencies and pressures is 
currently used for treating many diseases 
[30, 31], and is a promising therapeutic 
approach for neuromodulation in AD 
therapy. Although ultrasound 
neuromodulation therapies have clear 
beneficial effects on neurodegenerative 
diseases [32], detailed mechanistic studies 
are needed to address various concerns. 
As the most abundant cell type in the 
brain, astrocytes may be centrally 

involved in exerting the neuro-modulatory effects. 
Astrocytes secrete a wide array of neurotransmitters, 
neuromodulators, and hormones, as well as metabolic 
and trophic factors, contributing to the gliocrine 
system [33]. Emerging evidences show that exosomes 
secreted from astrocytes contain neuroprotective 
cargoes that could support the survival of 
neighboring neurons [34, 35], possibly providing 
neuroprotection in neurodegenerative diseases. Our 
findings suggested that exosomes secreted from 
astrocytes are protective against AD pathology. More 
importantly, ultrasound treatment could enhance the 
release of exosomes from astrocytes. 

 
Figure 4. Enhanced delivery efficiency of DiR-exosomes by FUS-BBB opening. (A) Setup of 
FUS-BBB opening equipment. (B) SEM of microbubbles, scale bar: 1 µm. (C) BBB opening by FUS was 
indicated by evans blue dye. (D) H&E staining of brain post FUS treatment. (E) In vivo imaging scheme of 
FUS-BBB opening-assisted brain-targeted delivery of DiR-labeled exosomes. (F) IVIS imaging of brain 
accumulation of DiR-labeled exosomes after i.v. injection post FUS-BBB opening. (G) Brain accumulation 
of DiR-labeled exosomes after FUS-BBB opening demonstrated by CLSM pictures of brain slices, scale 
bar: 100 µm. 
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Figure 5. Brain-targeted delivery of US-HA-Exo combined with FUS-mediated BBB opening. (A, B) Schematic of FUS-BBB opening-assisted delivery of exosomes. 
(C) Brain sections obtained from 10-month-old APP/PS1 mice were immuno-stained for Aβ, scale bar: 100 µm. (D) The percentage area of positive amyloid-β stainning was 
quantified. (E, F) Aβ plaques in the brain were detected by thioflavin-S staining (scale bar: 100 µm), and quantified. (G) H&E staining of major organs of mice, scale bar: 100 µm. 

 
The upregulation of exosome release represents 

a potential therapeutic goal for neurodegenerative 
disorders with endosomal pathology. For example, 
dysfunctional oligodendrocyte exosome release is 
linked to multiple system atrophy [36]. Recently, it 
was reported that increased Aβ levels in the brain 
might be the consequence of impaired 
exosome-mediated Aβ clearance pathway [6]. 
APOE4-driven decreases in exosome levels in the 
post-mortem brains of neuropathologically healthy 
humans as well as in APOE mice in an age-dependent 
manner have been described [8]. As previously 
reported, ultrasound stimulation upregulated BDNF 
production in astrocytes [37, 38], exerting protective 
effects against aluminum-induced AD rat model [39]. 
Deficient exosome release was also observed in the 
mouse model of Huntington’s disease [34]. 

AD is believed to be associated with a severely 
damaged clearing function of toxic proteins, such as 
oligomeric amyloids. It has been reported that 
increased exosome release may be an endogenous 
mechanism mitigating endosomal abnormalities in 
Downs Syndrome [10]. It was also reported that the 
modulation of release of exosomes might alter the risk 
of AD [40, 41]. Consistent with previous studies, 
herein, we confirmed that significantly increased 

exosome release by ultrasound treatment was 
beneficial for AD therapy. This finding offers a novel 
insight into ultrasound neuromodulation, suggesting 
that US-stimulated increased release of astrocyte 
exosomes exerts a neuroprotective effect in AD 
transgenic mice. 

Recent data suggested that the release of 
extracellular vesicles could be enhanced by 
ultrasound combined with microbubbles [42], or 
nanodroplets [43]. However, the biological 
application of this approach remained unclear, and 
there are currently no published reports linking the 
enhanced release of exosomes with ultrasound- 
mediated neuro-modulatory effects. The present 
study used ultrasound for astrocyte stimulation, even 
without microbubbles, resulting in a significantly 
enhanced exosome release from astrocytes. To the 
best of our knowledge, our study is the first to 
evaluate ultrasound-stimulated astrocyte-derived 
exosomes (US-HA-Exo), mitigating the neurotoxicity 
of amyloid-β oligomers. Our results imply that 
US-HA-Exo have the potential to reverse amyloid-β- 
induced cytotoxicity and provide neuroprotective 
effects in vitro and, when combined with FUS- 
induced BBB opening, cross the BBB and enable the 
clearance of amyloid-β plaques in vivo. 
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Figure 6. Comparative proteomic analysis of HA-Exo with US-HA-Exo. (A) Heatmap of HA-Exo- vs US-HA-Exo-regulated proteins. Each column represents a sample, 
and each row represents a protein. The colors in the diagram represent the relative expression of the protein in the group. Red represents a higher protein expression level in 
the sample, and the green represents a lower expression level. (B) Cluster of Orthologous Groups (COG) function classification. (C) Each pie chart has a different color 
representing a different GO Term, and its area represents the relative proportion of protein in the GO Term. The chart contains three pie charts; three rows from left to right 
represent three branches of GO, MF (molecular function, pink), CC (cell component, blue), and BP (biological process, green); each row is illustrated below with the 
corresponding GO classification term. 

 

 
Figure 7. Electron microscopy analysis of representative ultrasound- 
treated astrocytes (US) and untreated astrocytes (control). MVBs, (red 
arrowhead) containing exosomes inside are evident in ultrasound-treated cells. Scale 
bars: 1 µm (left images), and 500 nm (right images). 

 
Furthermore, we performed a detailed 

proteomic analysis of exosomes following ultrasound 
treatment. The mechanistic insight into the enhanced 
exosome release upon insonation is lacking. It may be 
because ultrasound stimulation triggers Ca2+ influx in 
astrocytes [44], or the cavitation effect causes the 
upregulated release by plasma membrane 

deformation [45]. Besides, protein expression was 
altered in astrocyte exosomes upon ultrasound 
stimulation. Ultrasound stimulation also upregulated 
MVB in US-HA cells compared with the control 
group. Since exosomes are derived from MVB [46], 
thus, our findings furnish significant new mechanistic 
insights into the ultrasound-enhanced release of 
exosomes. Also, astrocytic exosomes carry heat shock 
proteins (hsp) which are reported to reduce cellular 
toxicity of misfolded proteins, thus preventing 
neurodegeneration in vitro [35]. Consistent with this 
finding, hsp70 protein expression was significantly 
increased in our study due to ultrasound-stimulated 
amplified exosome production. 

Some proteins are highly expressed in 
US-HA-Exo compared with HA-Exo, such as P62191, 
P51665; they are multiprotein complexes involved in 
the ATP-dependent degradation of ubiquitinated 
proteins, which play an important role in the 
maintenance of protein homeostasis by removing 
misfolded proteins [47]. Therefore, it may explain the 
ability of US-HA-Exo to remove misfolded proteins 
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such as oligomer amyloid-β in this study. Tamboli et 
al. showed that enhancement of exosome generation, 
especially secretion of insulin-degrading enzyme 
(IDE) via exosomes, improved Aβ clearance ability 
[48]. Yuyama et al. injected exosomes intracerebrally, 
resulting in reductions in Aβ pathology in mice, and 
exosomal glycosphingolipids were critical for the Aβ 
clearing activity [49]. 

It has been reported that cells are able to sense 
external stimulation, such as mechanical or optical, 
and transduce these stimuli into biochemical signals 
[50], triggering cellular repair pathways [51]. 
Ultrasound stimulation upregulated BDNF 
production in astrocytes by activating calcium 
signaling pathways [37], and increasing protein levels 
of neurotrophic factors [38]. Also, ultrasound 
treatment significantly attenuated the LPS-induced 
increase in Aβ and amyloid precursor protein (APP) 
expression in the hippocampus of LPS-treated mice 
[52]. Consistent with previous results [53], our 
findings indicated that exosomes from astrocytes 
could mitigate in vitro toxicity of Aβ oligomers. As 
previously demonstrated [27, 54, 55], FUS-mediated 
BBB opening is a temporary, reversible, and safe 
method for brain-targeted exosomes delivery. In the 
present study, we have demonstrated that exosomes, 
assisted by the FUS-induced noninvasive and 
transient opening of BBB, exhibit Aβ removing effect 
in APP/PS1 mice. 

Conclusion 
In summary, ultrasound may treat 

neurodegenerative diseases via amplified production 
of astrocyte exosomes, thereby mitigating the Aβ 
toxicity to neurons. Astrocyte-derived exosomes can 
decrease in vitro toxicity of Aβ and clear the Aβ 
plaques in AD mice. Therefore, we propose that the 
augmented exosome release by ultrasound may 
provide a new therapeutic modality for the treatment 
of AD. 
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