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Abstract 23 

Background: To explore the feasibility, efficacy and safety of ultrasound mediated 24 

microbubbles  destruction（UMMD） assisted dual delivery of β-amyloid antibody loaded 25 

by microbubbles (MBAβ) and neural stem cells (NSCs) on Alzheimer’s disease（AD）.  26 

Methods: 27 APP/PS1 double transgenic mice and 33 wild-type mice were used. The dual 27 

delivery of β-amyloid antibody and NSCs group (US+MBAβ+NSCs), single delivery of β-28 

amyloid antibody group (US+MBAβ), US+MB group, Control group and Wild group, were 29 

involved in the experiment. MBAβ or MB were injected via the tail vein, followed by NSCs or 30 

saline administration and exposed to ultrasound once a week for four times. The survival of 31 

NSCs was detected with the in vivo imaging method. Mice in each group were used for 32 

behavioral function evaluation and the pathology tests. Brain samples were used to detect β-33 

amyloid deposition, BDNF and synaptophysin expression. 34 

Results: BBB was opened by UMMD with an opening time about 10 h. The transplanted NSCs 35 

survived in AD brain for no more than 72 h. The learning and spatial memory function was 36 

significantly improved in the US+MBAβ+NSCs group, US+MBAβ group came second. 37 

Immunochemistry results showed amyloid plaques reduction in the US+MBAβ+NSCs group at 38 

the cortex and hippocampus. Higher level of BDNF was demonstrated in the US+MBAβ+NSCs 39 

group than the US+MBAβ group and the Control group with Western Blot and 40 

immunofluorescence examination, but synaptophysin remained no significant changes.  41 

Conclusions: UMMD assisted combined delivery of β-amyloid antibody and NSCs to AD mice 42 

brain can help to clear the Aβ peptide, increase BDNF level and restore the impaired neural 43 

function, which was superior to β-amyloid antibody delivery group. Therefore, the combined 44 
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targeted delivery assisted by UMMD strategy may be a promising and safe method on treating 45 

AD. 46 

Keywords: Alzheimer’s disease; Ultrasound mediated microbubble destruction; Beta-amyloid; 47 

Neural stem cells; Blood-brain barrier 48 

 49 

 50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 



4 

 

Background 67 

Alzheimer ’s disease（AD） is the leading cause of dementia in the aged population and is 68 

defined as a progressive neurodegenerative disorder. The pathological hallmarks are the β-69 

amyloid (Aβ) plaques and neurofibrillary tangles, which have become the most appropriate 70 

targets for the therapy of AD [1,2]. However, most of the therapeutants can hardly enter the 71 

brain owing to the blockage of blood brain barrier (BBB). Ultrasound (US) mediated 72 

microbubbles (MB) destruction (UMMD) induced BBB opening has provided a potential 73 

delivery approach for the therapeutic agents to enter the brain [3]. Several studies have focused 74 

on the reduction or clearance of Aβ plaque using US [4-7]. Nisbet and Xu have reported that 75 

both Aβ and Tau aggregates can be effectively cleared and the neuronal function has been 76 

restored with US [8-10]. Previous studies have proved that mesenchymal stem cells have been 77 

targeted and successfully homed into brain under UMMD induced BBB opening, which 78 

resulted in the improvement on neuronal loss and the cognitive and behavioral function in brain 79 

ischemic rats [11,12]. Other studies reported similar results following neuron stem cells (NSCs) 80 

implantation in AD animals [13,14]. Since Aβ peptide is released into the extracellular space 81 

whereas tau is distributed in the neuron and axon, Aβ may be more appropriate than Tau as a 82 

therapeutic target to be delivered into brain under UMMD in our research. Aiming to strengthen 83 

the recovery on the neuronal function and the clearance of Aβ deposits, a dual delivery of both 84 

the NSCs and Aβ antibody under UMMD was performed in APP/PS1 (+) transgenic AD mice 85 

in this study. 86 

Materials and Methods 87 

Experimental Animals 88 
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APP/PS1 double transgenic mice, B6/JNju-Tg （APPswe，PSEN1dE9）/Nju, were purchased 89 

from Animal Research Center of Nanjing University. Mice were housed in a specific pathogen 90 

free environment with a 12 h light-dark cycle at a constant temperature about 24 ℃. Twenty-91 

seven 9~12-month-old APP/PS1 (+) mice and thirty-three age-matched wild-type mice, 92 

weighed 25-30 g, were used in this study.  93 

All procedures involving animals were approved by the Institutional Animal Care and Use 94 

Committee of Army Medical University and were performed in accordance with the guidelines 95 

from the Chinese Animal Welfare Agency. The number of animals used was minimized. All 96 

mice were anesthetized intraperitoneally with 2, 2, 2-tribromoethanol (1.2%, 10 ml/Kg, Sigma-97 

Aldrich, St. Louis, MO, USA), placed in a prone position with arms and legs immobilized. The 98 

hair of the mice skull was removed using depilatory creams to expose the parietal. 99 

Diagnostic US parameters 100 

A linear array probe (X4-12L) of a VINNO 70 diagnostic US scanner (Vinno Technology 101 

Co.Ltd, SuZhou, China) was used as MB trigger to open the BBB of mice in this study. For 102 

image-guided therapy, the system was modified, and the mode was called V-flash with 103 

adjustable therapeutic parameters and treatment area. In this study, mice were sonicated for 5 104 

min with 3 MHz frequency, 50 Hz pulse repetition frequency and 26 cycles pulse length line 105 

by line at a density of 32/cm, and the transducer was positioned anterior to the connection line 106 

of ears to ensure the beams focused at the targeted area (Fig. 1).The MI value was around 0.8, 107 

the transmitting/intermittent time was 0.62/2 s, and the focal depth was set at 1 cm. 108 

The preparation and characterizations of β-amyloid antibody-loaded and unloaded MB 109 

The unloaded MB were prepared according to the protocols of the previous study [15]. And 110 
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the concentration of MB is (2-9) ×109/ml [16]. The β-amyloid antibody loaded microbubbles 111 

(MBAβ) were prepared by an electrostatic absorption method with the purified anti-β-amyloid, 112 

1-42 (mouse monoclonal, BioLegend, Inc. San Diego, CA) and MB. 10 μl of 1-42 anti-β-113 

amyloid was added into the lyophilized lipid suspension of MB and incubated together for 1 h 114 

at room temperature, followed by the infusion of C3F8 in each vial. After agitation, MB labeled 115 

with β-amyloid antibody was formed. In this study, both MB and MBAβ were diluted for 100 116 

times with normal saline (NS). 117 

The size and dispersion of the MBAβ were measured by a Malvern Zetasizer Nano ZS90 118 

detector (Malvern Instruments Inc., Worcestershire, UK). To further evaluate the property of 119 

MBAβ, the lipid membranes of MBAβ were labeled with1,1-dioctadecyl-3,3,3,3-120 

tetramethylindocarbocyanine perchlorate (1 μl, DiI, Yeasen Co. Ltd., Shanghai, China), and the 121 

β-amyloid antibody was labeled with FITC-labeled Goat Anti-Mouse Ig-G (1 μl, Beyotime 122 

Institute of Biotechnology, China). Both DiI and FITC were incubated for 45 min at room 123 

temperature. After incubation, the mixtures were washed for 3 times by centrifugation flotation 124 

at 300 rpm for 3 min to remove the extra DiI and FITC. The fluorescent microscopy of the 125 

labeled MBAβ was observed by confocal laser scanning microscope (Leica TCS SP5, Wetzlar, 126 

Germany). 127 

BBB Opening procedure and histological examination 128 

To ensure the acoustic beam targeted to the hippocampus, the transducer was positioned 129 

anterior to the line of ears and at the rear of eyes. To confirm the BBB opening efficacy and 130 

opening time duration, Evens Blue (EB, 1%, Sigma-Aldrich, St. Louis, MO, USA) was injected 131 

intravenously after US exposure to assess the increased BBB permeability. During the 5 min 132 
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sonication, 300 μl MB or MBAβ was administrated intravenously through the tail vein 133 

continuously to ensure there were enough cavitation nuclei in the mice brain. Both two-134 

dimensional and contrast-enhanced US imaging modality were performed to confirm the 135 

targeted irradiation area. After US exposure, EB was injected at a dose of 50 mg/Kg via the tail 136 

vein at various time point (0 h, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h) (n=3 at each time point). One 137 

hour after EB injection, the mice were transcardially perfused (30 ml NS) and sacrificed. Then, 138 

the gross views of the harvested brains were observed to access the BBB opening capability 139 

and opening time duration.  140 

To observe the safety of UMMD enhanced BBB opening, the mice (n=6) were transcardially 141 

perfused (30 ml NS followed by 10 ml 4% paraformaldehyde) and sacrificed immediately after 142 

the sonication. Then the brains were harvested and immersed in 4% paraformaldehyde for 24 143 

h. Afterwards, the brains were made into 25 µm paraffin sections and hematoxylin-eosin 144 

staining was performed to assess the potential brain damages. Images were visualized with a 145 

light microscope (BX63, Olympus, Japan).  146 

The preparation and characterization of Neural stem cells  147 

Neural stem cells (NSCs) were harvested from the wild-type C57 embryos at embryonic day 148 

12 to 14 (E12-E14) as described in the previous study [17]. NSCs were cultured in T25 culture 149 

flasks containing DMEF/F12 (Gibco, NY, USA) serum-free medium supplemented with 2% 150 

B27 supplement (50×,Gibco, NY, USA), 1% recombinant murine epidermal growth factor 151 

(EGF, 20ng/ml, PeproTech, NJ, USA), 1% recombinant murine basic fibroblast growth factor 152 

(bFGF, 20ng/ml, PeproTech, NJ, USA) and 1% penicillin–streptomycin solution (Hyclone, UT, 153 

USA) in a humidified atmosphere containing 5% CO2 at 37 ℃. NSCs were grown as free-154 
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floating neurospheres. The medium was half replaced every other day. In addition, neurospheres 155 

were dissociated to get single cell using StemPro Accutase cell dissociation reagent (Gibco, NY, 156 

USA) for passaging or transplantation. NSCs at the third to fifth passage were used in this study.   157 

In vivo imaging of the luciferase labeled NSCs 158 

To evaluate whether the NSCs could pass the pulmonary circulation and home to the brain 159 

or not, a whole-animal imaging was performed to detect bioluminescent signals of NSCs using 160 

the in vivo imaging Spectrum system (IVIS, Xenogen, Alameda, CA, USA). Images were 161 

acquired and analyzed by Living Image 4.5 (Xenogen, Alameda, CA, USA). 162 

For the in vivo tracking, NSCs at the 3rd passage was labeled with firefly luciferase (fLuc) 163 

via lentivirus (GeneChem, Co. Ltd. Shanghai, China) transfection according to the 164 

manufacturer’s protocol and seeded in 96-well plates at 5×104 cells/ml. Seventy-two hours after 165 

transfection, NSCs encoding fLuc were sorted by the puromycin at different concentration 166 

(Solarbio Science & Technology Co., Ltd., Beijing, China) and collected for culturing and 167 

passaging.  168 

The Luciferase labeled NSCs (fLuc-NSCs, 200 μl，2×106 cells /ml) were injected into the 169 

APP/PS1 (+) mice (n=3) via the tail vein after BBB opening. The in vivo images of NSCs were 170 

captured 15 min after intraperitoneal injection of D-luciferin substrate (10 μL/g, Solarbio 171 

Science & Technology Co., Ltd., Beijing, China) to observe the distribution and survival of 172 

fLuc-NSCs in mice brain every 24 h until no bioluminescent signals were detected. 173 

Treatment protocol  174 

The treatment protocol was described in Table 1. Mice were randomly divided into five 175 

groups and the treatment protocol of each group was as follows: US+MBAβ+NSCs group 176 
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(UMMD assisted dual delivery group): during US exposure, the V-flash mode was switched on 177 

and the treatment center was focused at the hippocampus, 300 μl diluted MBAβ(2-9×107/ml) 178 

was administrated into the APP/PS1 (+) mice within 5 min, after the US exposure, 200 μl NSCs 179 

(2×106 cells /ml) were infused. US+MBAβ group (single delivery of Aβ antibody): 300 μl diluted 180 

MBAβ and 200 μl NS was given to the APP/PS1 (+) mice under US exposure for 5min. US+MB 181 

group: 300 μl MB and 200 μl NS infusion with US exposure on APP/PS1 (+) mice. Control 182 

group: 500 μl NS was administrated into the APP/PS1 (+) mice with a sham US exposure. Wild 183 

group: 500 μl NS was administrated into the APP/PS1 (-) mice with a sham US exposure.  184 

The treatment schematic diagram was shown in Figure 1. The treatment was performed in 185 

each group once a week for four times. After the treatment, the mice were used for the 186 

behavioral test and the histological examinations after heart perfusion. Half of the brains were 187 

fixed with 4% paraformaldehyde, and the other hemispheres were used for western blot. The 188 

diagram and time sequences of the treatment procedure were illuminated in Figure 1.  189 

Neural function evaluation with Morris Water Maze Test 190 

The learning and memory function were assessed in a Morris water maze (MWM, Beijing 191 

Liuyi Co. Ltd., China) task, including the place-navigation test and spatial probe test. MWM 192 

was a white-colored circular water pool in 120 cm-diameter, 40 cm height and maintained at 193 

25±2 ℃. The place-navigation was assessed for 5 consecutive days. A platform submerged 2 194 

cm below the water surface was placed in the fourth quadrant. Mice were placed into the tank 195 

at the same point of each quadrant. If a mouse found the platform within 90 s and stayed on it 196 

for more than 10 s, it was considered successful. Otherwise, the mice were manually guided to 197 

the platform and remained on it for 10 s. The swimming paths and the time reaching the 198 
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platform were recorded by a computerized video imaging analysis system. The interval between 199 

each trial was 60 s.  200 

After the final place-navigation test on the 5th day, the spatial probe test was carried on with 201 

the platform removed. The mice were placed at any one of the four quadrants. The numbers of 202 

crossings in the area where the platform originally located and the time spending in the target 203 

quadrant were recorded for 60 s. 204 

Identification of NSCs with immunochemistry staining 205 

Immunocytochemistry was performed on the neurospheres at the 3rd passage to identify 206 

NSCs. The neurospheres were cultured in the confocal dishes for 5 days and fixed with 4% 207 

paraformaldehyde for 5 min and treated with 0.1% TritonX-100 for 15 min. After washing with 208 

PBS, the neurospheres were sequentially blocked in 10% goat serum (Abcam, Cambridge, UK) 209 

for 10min followed by the incubation with the Anti-Nestin Antibody (Mouse monoclonal, 1:200, 210 

Millipore, MA, USA) overnight at 4 ℃. The next day, they were sequentially washed in PBS 211 

and incubated with Fluorescence-Conjugated affinity pure goat anti-mouse IgG (1:1000, 212 

ZSGB-Bio, Beijing, China) at 37 ℃ for 60 min, followed by a washing and incubating in 213 

Hoechst33342 (Sigma-Aldrich) for 5 min. Images were acquired by a laser scanning confocal 214 

microscope (TCS SP5, Leica, Germany). 215 

Immunohistochemistry was performed by using specific antibody to identify senile plaques, 216 

brain-derived neurotrophic factor (BDNF) and synaptophysin (SYN) of the mice brain. After 217 

the fourth treatment, mice in each group were anesthetized and transcardially perfused with 30 218 

ml NS. Then, one hemisphere of a mouse brain was extracted and fixed with 4% 219 

paraformaldehyde for 48 h and cut into 4μm-thick paraffin slide sagittally. After dewaxing, 220 
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hydration and antigen retrieval, the sections were sequentially treated with 0.25% TritonX-100 221 

for 30 min and blocked with normal donkey serum (Abcam) for 30 min, followed by the 222 

incubation with specific antibody of anti-β-amyloid, 1-42 (1:100, BioLegend), BDNF (rabbit 223 

polyclonal, 1:100, Proteintech) and SYN (mouse monoclonal, 1:100, Millipore). Biotinylated 224 

antibody (SP9000, ZSBG-Bio, Beijing, China) or Alexa Fluor 647-labeled Goat Anti-Rabbit 225 

IgG (1:200, Beyotime) was used as the secondary antibody. Five slices of each sample were 226 

observed, and the images were captured with an Olympus BX51 microscope or a Leica laser 227 

scanning confocal microscope.  228 

BDNF and SYN expression assessed with Western blotting 229 

Brain samples at the targeted areas were homogenized in mortar with liquid nitrogen. The 230 

proteins were extracted in the protease and phosphatase inhibitors (Beyotime) on the ice for 30 231 

min. Bicinchoninic acid protein determination assay (BCA protein assay reagent; Beyotime) 232 

was used to analyze protein concentration. Samples (10 μl) were electrophoresed in 10% 233 

sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred to nitrocellulose membranes. 234 

Then, the membranes were sequentially blocked in 5% nonfat dry-milk solution for 1 h, 235 

incubated with the primary antibodies of anti-BDNF (1:1000), anti-SYN (1:1000) and Tubulin 236 

(1:1000, Beyotime) overnight at 4 ℃. After washing the membranes with Tween-Tris-buffered 237 

saline buffer, the membranes were incubated in alkaline phosphatase-conjugated secondary 238 

antibody (1:5000, ZSGB-Bio) for 1 h. After the incubation, the membranes were washed three 239 

times and treated with enhanced chemiluminescence method (Millipore). Images were captured 240 

with a LAS-4000 mini (GE Healthcare, Wausaukee, WI). The bands were analyzed with the 241 

signal intensity ratio between the targeted protein and Tubulin using Image J.  242 
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Statistical analysis 243 

All the data were presented as mean values ± standard deviation. To account for the multiple 244 

mean comparisons, one-way analysis of variance (ANOVA) with least significant difference 245 

(LSD) post hoc testing or nonparametric tests with Kruskal-Wallis were used. All the statistics 246 

were analyzed by SPSS 20.0 software. P<0.05 was considered as statistically significant.  247 

Results 248 

Characterization of MBAβ 249 

The MBAβ were in milky and stable at room temperature, and mainly ranging from 300 to 250 

700 nm in diameter (Fig. 2D). MBAβ can achieve the same imaging intensity as the MB with 251 

contrast-enhanced US. There were both red and green fluorescence on the membrane of MB 252 

with the fluorescence imaging, indicating FITC-labeled anti-Aβ-amyloid has been successfully 253 

loaded onto the DiI-labeled MB (Fig. 2A-C).  254 

Characterization of NSCs 255 

NSCs isolated from E12-14 C57 embryos were in free-floating neurospheres and capable of 256 

proliferation, self-renewal and differentiation. A remarkable expression of Nestin was revealed 257 

in the neurospheres with the immunofluorescence analysis (Fig. 2E, F). 258 

In vivo tracking of the survival of luciferase labeled NSCs 259 

In order to tracking the viability of fLuc-NSCs, in vivo imaging of mice was captured every 260 

day until no visible bioluminescence was recorded after transplantation. The results revealed 261 

the bioluminescence intensity at 48 h (Fig. 2H) was higher than that at 24 h (Fig. 2G), while 262 

none at 72 h (Fig. 2I). No bioluminescence was found in the other organs at any time. And the 263 

results indicated that fLuc-NSCs infusion via tail vein can go through the pulmonary circulation 264 
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and home to the brain, and fLuc-NSCs were able to proliferate for a limited time and survive 265 

for 48 h in AD mice brain. 266 

Effect of UMMD on BBB opening 267 

A patchy distribution of EB extravasation was observed at the US-exposed area in the gross 268 

brain samples, while no visible EB at the unexposed area (Fig. 3A-B). Moreover, EB 269 

extravasation was visible from the activation point to the 10th h following UMMD. EB 270 

extravasation was evident in the previous 4 h and became weaker with time went on (Fig. 3C-271 

J). At 10 h, only a trace of EB extravasation could be seen in the brain parenchyma and nearly 272 

none at 12 h. These results indicated that BBB can be opened by UMMD transiently and 273 

restorable with an opening window for no more than 12 h.  274 

Histological findings were shown in Figure 3K-L. No erythrocyte leakages or other tissue 275 

damages were detected either in the cortex or hippocampus under the light microscope, which 276 

indicated the safety of BBB opening by this method. 277 

Improved cognition performance with Morris water maze 278 

In the place-navigation test, mice in the Wild group and the US+MBAβ+NSCs group 279 

displayed a similar latency. On day 3, 4 and 5, both the time spend of the Wild group and the 280 

US+MBAβ+NSCs group were shorter than the other groups and had significant difference with 281 

the Control group (P<0.05, Fig. 4F). US+MBAβ group also had significant difference when 282 

compared with the control group on day 5 (P <0.05, Fig. 4F). The average time of the 5 days 283 

in the US+MBAβ+NSCs group had significant difference with Control and US+MB group but 284 

had no difference with the US+MBAβ group (P <0.05, Fig. 4G). In the spatial probe test, the 285 

average time had no significant difference among each groups, but the average distance in the 286 
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target quadrant was much longer in the US+MBAβ+NSCs group than Control group (Fig. 4H, 287 

P <0.01), and the difference between the US+MBAβ group and Control group was less 288 

significant(Fig. 4H, P <0.05). Significant difference was noted in the crosses number between 289 

the US+MBAβ+NSCs group and Control group (Fig. 4I, P<0.05).These data indicated an 290 

improvement on the impaired learning and spatial memory of the single Aβ antibody delivery 291 

and the combined implantation of Aβ antibody and NSCs group, especially the dual delivery 292 

group. 293 

Aβ plaque reduction assessed by immunohistochemistry 294 

Immunohistochemistry was performed with anti-β-amyloid to investigate whether the 295 

treatments prompt the amyloid plaques clearance in the brain of the APP/PS1 (+) mice (Fig. 296 

5A-E). A significant difference was found in the number of plaques between the 297 

US+MBAβ+NSCs group and Control group both in the cortex and in the hippocampus (P <0.05, 298 

Fig. 5F,G). Although no significant difference was observed among the US+MB group, 299 

US+MBAβ group and US+MBAβ+NSCs group, the number of plaques in US+MBAβ+NSCs 300 

group was fewer than the other two groups. No difference was found out between Wild group 301 

and US+MBAβ+NSCs group. These data showed that the NSCs transplantation combined with 302 

MBAβ delivered by UMMD can efficiently help eliminate amyloid plaques in AD mice.  303 

Elevated BDNF but not SYN expression with western blot and immunofluorescence (IF) 304 

method 305 

To determine whether the combined delivery approach improves the expression of BDNF 306 

and SYN, IF and western blot were performed. IF result indicating an elevated BDNF 307 

expression in the US+MBAβ+NSCs group, second to that of Wild group both at the cortex and 308 
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hippocampus (Fig. 6 A-E). In contrast, much lower level of BDNF was detected in Control 309 

group. The expression of BDNF was improved in the US+MB group and the US+MBAβ group 310 

when compared to Control group, but the degree was inferior to that in the US+MBAβ+NSCs 311 

group. Western blot analyses of BDNF were shown in Figure 6K. Much higher level of BDNF 312 

was demonstrated in the US+MBAβ+NSCs group than the US+MBAβ group and Control group 313 

(P <0.05). Disappointingly, no obviously elevated expression of SYN was observed by IF (Fig. 314 

6F-J) and western blot (Fig. 6L) in neither group. Thus, the treatment tried in the current study 315 

did not alter the level of SYN. 316 

Taken together, these data confirmed that the combination of NSCs transplantation and MBAβ 317 

mediated by US has recovered the expression of BDNF but not SYN in AD mice in the present 318 

study. 319 

Discussion 320 

AD affects millions of people; however, there is still no effective treatment. Therapeutic 321 

agent delivery to the brain is a potential approach for AD treatment. The great challenge of 322 

BBB blockage on these therapeutic agents delivered into brain has been resolved by the 323 

application of UMMD [18,19]. Stem cells such as NSCs or mesenchymal stem cells has been 324 

successfully and targeted transplanted to the AD animals, and consequently the neural function 325 

was improved and recovered [20,21]. Approaches involving the Aβ plaque clearance by Aβ 326 

antibody delivery in AD mice have also been reported [4-7]. But the failure of many clinical 327 

trials suggest inefficacy in the treatment of AD using only one target [22]. Aiming to further 328 

prompt the clearance of Aβ plaque and cognition improvement in AD mice, a dual delivery 329 

approach including both the NSCs and Aβ antibody under UMMD was tried in the present 330 
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study.  331 

BBB opening window is important on the therapeutic targets delivered into brain. BBB 332 

permeability was increased safely, transiently and restorablely in mice brain before UMMD 333 

assisted delivery treatment in the study. EB extravasation was observed to evaluate the BBB 334 

opening and lasted for no more than 12 h in the wild type mice following UMMD. The amount 335 

of EB extravasation reached the peak at the first time of US exposure and remained a high level 336 

in the first 4 h, then decreased till 10 h and became invisible at 12 h. In order to get the optimal 337 

delivery efficiency, MB carried Aβ antibody was injected during US irradiation and NSCs was 338 

infused at the first time after finishing US exposure in the study. The optimal time for the brain 339 

targeted delivery of therapeutants was no more than 4 h following US exposure. 340 

The survival and the proliferation of the transplanted NSCs were vital for AD recovery. The 341 

survival of the intravenous injected NSCs in AD mice were detected with fLuc-NSCs by in 342 

vivo imaging system. Luminescence was recorded at the calvaria at 24 h, 48 h and 72 h 343 

following fLuc-NSCs injection under UMMD assisted BBB opening. The luminescence 344 

intensity was higher at 48 h than at 24 h. At 72 h, no luminescence was observed. Few studies 345 

have emphasized on the survival time of NSCs in AD with the in vivo imaging method and it 346 

is difficult to quantify the viable cell number for the methodological problems [23,24]. Our 347 

results proved that the survival time of NSCs was limited for no more than 72 h in AD micro-348 

environment. The possible reason might be that the US and MB parameters tried in this study 349 

were not the best for the living and survival of NSCs in AD mice brain and should be optimized 350 

in the future study. A repeated treatment strategy of once a week for four times has been 351 

preliminarily designed and carried out. According to the limited survival time of NSCs within 352 
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the AD brain, it is highly recommended to increase the transplantation of NSCs and therapeutic 353 

frequency to twice a week rather than once a week for 4 times. 354 

The combined delivery approach is superior to the Aβ antibody delivery assisted by UMMD 355 

on the neural functional, pathological and molecular biological improvement in AD mice. As 356 

demonstrated by the place-navigation test of MWM, the learning function was improved with 357 

shorter training time in both the dual delivery group and the Aβ antibody delivery group. In 358 

spatial probe test, the spatial memory function was greatly recovered with much longer distance 359 

in the targeted quadrant in both the dual delivery and Aβ antibody delivery group, and with 360 

much more crosses number in the dual delivery group compared to the control group. The 361 

neural function recover was greater in the combined delivery group than the Aβ antibody 362 

delivery group. All these results proved that the learning and memory function was repaired 363 

greatly both in the dual delivery group and the Aβ antibody delivery group, especially in the 364 

dual delivery group. Significant decrease on Aβ deposition was demonstrated in the 365 

US+MBAβ+NSCs but not in Aβ antibody delivery group when compared to the control group 366 

at the cortex and hippocampus, and the Aβ plaques were fewer in the dual delivery group than 367 

Aβ antibody delivery group with no significant difference, which showed no superiority on Aβ 368 

clearance with dual delivery approach to the single delivery method. Similarly, Aβ antibody 369 

delivery approach could not greatly reduce the deposition of Aβ protein [24], combined with 370 

the NSCs implantation could further help the reduction of Aβ protein. Blurton-Jones M has 371 

reported that the cognitive and memory function was greatly improved without remarkable 372 

pathological changes of Aβ deposition following NSCs transplantation [14]. From the similarity 373 

and difference between their study and ours results, single target of NSCs or Aβ antibody could 374 
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not greatly prompt the Aβ clearance, however UMMD assisted dual delivery approach played 375 

an intensifying effect on the clearance of Aβ plaque in AD mice. BDNF is a neurotrophic 376 

molecule of structural and functional integrity of the hippocampus formation, as well as the 377 

consolidation of hippocampus-dependent memory [1,8]. Even single target of NSCs could 378 

result in BDNF elevation and cognition function recover in AD mice [13,14,21,24]. When 379 

combined with Aβ antibody and assisted with UMMD, BDNF was greatly improved at the 380 

cortex and hippocampus in both the dual delivery and single delivery group with 381 

immunofluorescence (IF) and western blot analysis, and the enhancement degree in the dual 382 

targets groups was greater than the single target group. This could explain the greater efficacy 383 

on neural function recovery in the combined delivery group. 384 

SYN is correlated with the degree of cognitive decline and the progressing of AD. Give that 385 

increasing the expression of SYN is essential. An up-regulation of BDNF was demonstrated in 386 

our result, however, there were no significant improvement in SYN with the same methods 387 

between the combined delivery group and the single Aβ antibody delivery group, even though 388 

following a consecutive four times treatment. SYN was significantly reduced in relation to the 389 

deposition of Aβ plaques in the hippocampus and cortex in AD, leading to the loss of synapses 390 

and dysfunction of synaptic transmission [25-27]. According to our results, Aβ clearance has 391 

been improved in the dual delivery approach, while SYN remained nearly no recover. As we 392 

known, synapse formation and connection were a complex and long-term period [28]. Zhang 393 

W. et al have reported that after 10-weeks NSCs transplantation, an increased expression of 394 

SYN and post-synaptic protein-95 were demonstrated [20]. In the present study, SYN was 395 

detected 4 weeks post-treatment, and the results might be different if a longer time about 10 396 
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even more weeks was designed and performed. Besides, the in vivo imaging revealed that the 397 

NSCs survived no more than 72 h, so the effect of the implanted NSCs was weak and the effect 398 

on synaptic recover was limited. Furthermore, a non-invasive and repeatable method using 399 

intravenous infusion of NSCs was tried, and only part of NSCs was able to home to the AD 400 

brain through systemic circulation. So, the efficiency of NSCs on synaptic recover was 401 

restricted. Until now, no exact reasons are elaborated, and further study needs to be explored. 402 

While this study still has some limitations. In the future study, a much longer observation 403 

time about 10 weeks should be designed due to the restricted recovery of synaptic function and 404 

the parameters optimization should be carried out to improve NSCs survival in AD micro-405 

environment for the limited survival time. 406 

Conclusions  407 

A novel and dual delivery approach of UMMD assisted Aβ antibody and NSCs into AD brain 408 

could efficiently, safely increase the expression of BDNF, decrease the deposition of beta-409 

amyloid protein and restore the impaired learning and the spatial memory function when 410 

compared to single Aβ antibody delivery approach, which may be a promising strategy on the 411 

treatment of AD. 412 
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 530 

Figure 1 UMMD treatment diagram and timeframe in 5 groups of AD mice 531 

The US probe was kept anterior to the line of ears of the mice brain. MBAβ, MB and/or 532 

NSCs were injected via tail vein per week for 4 times according to the groups. After the last 533 

treatment, cognitive function was performed with MWM. 534 

 535 

Figure 2 Successful MB loaded with Aβ antibody, neurosphere and in vivo imaging of fLuc-536 

labeled NSCs  537 

Anti-β-amyloid antibody (Green) was successfully loaded on DiI-labeled MB (Red) (A-C, 538 

×1600), and the size of MBAβ was mainly distributed from 300nm to 700nm (D). NSCs were 539 

amassed as neurospheres at the 6th day of culture with expression of Nestin (Green, E-F, 540 

×400). In vivo imaging, luminescence was observed at the calvaria following 24h and 48h with 541 

UMMD assisted BBB opening and fLuc-NSCs implantation. The luminescence intensity was 542 

higher at 48h (H) than at 24h (G) and disappeared at 72h (I).  543 

 544 

Figure 3 EB extravasation at different time point and histological changes in wild mice 545 

Strips of EB extravasation was observed in the gross views under US-exposed area (A, B). 546 

After US mediated BBB opening, the degree of EB extravasation was different at different 547 

time (0h, 1h, 2h, 4h, 6h, 8h, 10h and 12 h), and no EB was observed after 12h following 548 

UMMD (C-J). No capillary injuries and erythrocyte leakages were observed in cortex (K, 549 

×200) and hippocampus (L, ×200) in HE stains.  550 

 551 
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Figure 4 The cognitive functions were analyzed with MWM after UMMD treatment 552 

The search paths in the place-navigation test were shown (A-E). The latency to find the 553 

hidden platform was indicated with MWM analysis (F, * Wild vs. Control, % US+MBAβ vs. 554 

Control, # US+MBAβ+NSCs vs. Control, P<0.05).The average time in the place-navigation test 555 

and their comparisons among 5 groups (G, * P<0.05, ** P<0.01). Spatial probe test of the 556 

distance in the target quadrant was shown in the histogram(H): Significant difference between 557 

US+MBAβ+NSCs vs. Control (** P<0.01), less significance between US+MBAβ vs. Control (* 558 

P<0.05). The cross number in the target quadrant was significant different between 559 

US+MBAβ+NSCs vs. Control (I, * P<0.05).  560 

 561 

Figure 5 The histological changes in 5 groups following UMMD treatment 562 

Amyloid proteins were detected in the hippocampus (A1-E1, ×200) and cortex (A2-E2, 563 

×200) by immunohistochemistry. The number of amyloid plaques was counted and 564 

statistically analyzed in the hippocampus (F) and cortex (G), respectively. (* P<0.05). 565 

 566 

Figure 6 The expression of BDNF and SYN with IF and western blot analysis 567 

Expression of BDNF (red) was shown in IF results (A-E, ×400). Obvious expression of 568 

BDNF (red) was demonstrated in the hippocampus (A1, E1) and cortex (A2, E2) in the Wild 569 

group and US+MBAβ+NSCs group, only faintly visible expression in the other three groups. 570 

Significant differences were noted between US+MBAβ+NSCs vs. Control, and 571 

US+MBAβ+NSCs vs. US+MBAβ with western blot analysis (K, P<0.05). No obvious difference 572 

expression of SYN (red) was demonstrated by IF (F-J, ×400) and western blot analysis (L).  573 
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 574 

Table1: Treatment protocols in different groups 575 

Group(n=6) US MB（300μl） NSCs（200μl） NS（200μl） 

Wild - - - + 

Control - - - + 

US+MB + MB - + 

US+MBAβ + MBAβ - + 

US+MBAβ+NSCs + MBAβ + - 

 576 
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