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ABSTRACT

Non-invasive and selective mesenchymal stem cell transplantation in a 192
IgG-saporin rat model using low-intensity focused ultrasound and the

mechanism of transplantation

Jihyeon Lee

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jin Woo Chang)

Stem cell therapy has been found to be effective against neurodegenerative
diseases. However, traditional transplant methods, such as parenchymal or
intravenous (I1V) injection, have several limitations including the development of

secondary injuries and infection and low survival rate of stem cells in the brain.

Recently, the possibility of stem cell therapy using focused ultrasound (FUS) in
the brain region has been reported. However, the mechanism underlying stem cell
transplantation using FUS and the possibility of cognitive recovery remain unknown.
This study was performed to identify the therapeutic effects and the mechanisms
underlying stem cell therapy using FUS in a memory-impaired rat model. First, when
FUS sonication was performed in the hippocampal region, the efficacy of
mesenchymal stem cell (MSC) transplantation increased by 2-fold relative to the

control group, and the mean number of intracellular adhesion molecule

1



(ICAM)-1-positive cells and vascular cell-adhesion molecule (VCAM)-1-positive
cells in the control group was significantly lower than that in the FUS group. MMP-2
expression was also significantly higher in the FUS group than that in the control
group. These findings suggest that increased expression of ICAM-1, VCAM-1 and

MMP-2 induced by FUS might be related to the targeted homing of MSCs.

Second, we found that cholinergic denervation-induced memory impairment was
effectively improved by cell transplantation using FUS. In the Morris water maze
probe test, the amount of time spent in the platform zone was significantly decreased
in the Lesion and FUS only groups compared to that in the normal group. However, it
was significantly increased in the FUS + Cell group compared to the Lesion group.
Moreover, the number of platform crossings was significantly increased in the FUS +
Cell group compared to that in the Lesion group. The number of cholinergic neuron
immunopositive cells, brain-derived neurotrophic factor (BDNF), immature neurons
and mature neurons were all significantly increased in the FUS + Cell group
compared to that in the Lesion group. Taken together, the memory improvement in the
FUS + Cell group may be possibly implicated in the enhanced neuroprotective effect
of the BDNF and the immunomodulatory effect of the transplanted MSCs, resulting in

higher neurogenesis.

The results of this study provide insight into the possibility of stem cell homing
and the therapeutic effects of FUS in a rat model of dementia. However, research
regarding the function of stem cells transplanted into the brain and more detailed

mechanism of stem cell homing by FUS should be further studied.



Key words: Focused ultrasound, mesenchymal stem cell, spatial memory,

hippocampus, brain-derived neurotrophic factor, neuroprotection, neurogenesis



Non-invasive and selective mesenchymal stem cell transplantation in a 192
IgG-saporin rat model using low-intensity focused ultrasound and the

mechanism of transplantation

Jihyeon Lee

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jin Woo Chang)

I. INTRODUCTION

Diseases of the central nervous system (CNS), such as Alzheimer’s disease (AD)
and Parkinson’s disease (PD), usually result in degeneration and irreversible damage
to the structure and function of the brain, a phenomenon that is often accompanied by
serious cognitive or physical impairments. These diseases are major causes of
disability and fatality worldwide, accounting for 17% of global deaths and 10% of
disability-adjusted life years.! The prevalence rate of dementia is constantly
increasing, particularly among the aging population. The World Alzheimer Report
2015 stated that among CNS diseases, dementia poses the greatest disease burden

globally, with 50 million people living with AD and related disorders worldwide.

Dementia is a term that describes disorders causing cognitive impairment,

capable of significantly affecting the functional status and is associated with

4



symptoms that impair multiple functions, such as memory, thinking, calculation,
learning, language, and judgment.? It is caused by various brain diseases including
AD and vascular dementia. Till date, due to the development of modern medical
science, treatments for many CNS diseases are available. A variety of novel
therapeutic modalities such as targeted medicine,® deep brain stimulation,*
radiosurgery,® and stem cell therapy® are being evaluated for treating patients with
CNS diseases.” However, treatment of some CNS diseases, especially

neurodegenerative diseases, remains challenging.

Stem cell therapy is a promising option to combat CNS diseases, and the positive
effects and feasibility of stem cell treatment have been verified in recent years.®
During the early stages of their development, stem cell therapies focused on replacing
damaged neural structures with neural stem cells (NSCs). For example, one of the
goals of NSC therapy is to replace the dopaminergic neurons in PD, a condition that is
characterized by the progressive degeneration of dopaminergic neurons in the
substantia nigra pars compacta. Many preclinical and clinical trials have been
conducted to achieve this goal. When human NSCs (hNSCs) were transplanted in
6-OHDA-induced parkinsonian mice, the protein profile of the subventricular zone
(SVZ) was almost completely restored, and the functional defects were ameliorated
by the hNSCs.® In a clinical trial, autologous NSCs obtained from patient brain
biopsies were injected into patients with PD; these patients showed some motor
recovery and increased dopamine uptake in the transplanted putamen, in addition to
certain clinical benefits.’> Although these results show acceptable outcomes, some
problems also arose, such as poor long-term efficacy, surgical risks during
transplantation, and the high cost of treatment.*! The application of NSC therapy for

)



CNS diseases has other limitations. First is the function of the transplanted NSCs.
Since these cells rarely connect to the existing neurons, there is little functional
improvement after NSC treatment.'? The second is transplantation yields. If the NSCs
are injected into a vein, most of these cells cannot pass through the lungs. Therefore,

only a small number of NSCs are able to reach their target area in the brain.

In addition to NSCs, mesenchymal stem cells (MSCs) have emerged as possible
candidates for stem cell therapy of CNS diseases.® MSCs exert various types of
biological effects, including neuroprotective and immunomodulatory effects.® Since
most neurodegenerative disorders are accompanied by abnormal immunological
function, MSCs have been proposed as potential candidates for treating these
disorders.? For instance, it has been reported that MSCs reduce the number of
amyloid-B plaques in a mouse model of AD by secreting soluble intracellular
adhesion molecule-1.® Further, other studies have confirmed that MSCs enhance
neurogenesis in SVZ and differentiation of neural precursor cells into dopaminergic
neurons in the substantia nigra in a PD model. The results of some clinical trials
support the therapeutic effects of MSCs in PD, stroke, and multiple system
atrophy.*™*® However, similar to NSC therapy, MSC therapy also has limitations,
especially with respect to transplantation modalities related to poor efficacy of

delivery and survival rate.

Recently, a new treatment for CNS diseases using thermocoagulation by high
intensity focused ultrasound (HIFU) has been developed. The therapeutic mechanism
underlying focused ultrasound (FUS) treatment for these diseases involves thermal
ablation of the area where the FUS energy is concentrated. This technique is clinically

used for treating various CNS diseases. MR-guided FUS pallidothalamic tractotomy
6



(PTT) improved the symptoms of patients with PD.? In case of essential tremor, Vim
nucleus lesioning with HIFU markedly improved the tremor symptoms in patients,*
and bilateral thermal capsulotomy with HIFU was used to treat patients with
obsessive-compulsive disorder.? It is also known that low-intensity FUS has various
biological effects such as blood-brain barrier (BBB) modulation, neuromodulation,
immune modulation, and alteration in the cerebral microenvironment.”#2 Although
the possibility of trans-endothelial migration of NSCs by FUS has been suggested,?®
the mechanism of BBB modulation during cell migration is unknown. Moreover, the

approach of combining FUS and stem cells is at an early experimental stage in the

CNS disease model.

Therefore, the aims of this study were to determine whether non-invasive FUS
can facilitate the migration of MSCs to the target area in the brain and to investigate
altered homing molecules induced by FUS. Moreover, the therapeutic effect of MSC
transplantation using FUS in a rat model of dementia has not been studied. Therefore,
it is necessary to examine whether MSCs transplanted using FUS can treat impaired

cognitive function.



Il. MATERIALS AND METHODS

1. Rat model of memory impairment

A. Animals

All animal experiments were performed in accordance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health and approved
by the Institutional Animal Care and Use Committee of Yonsei University, Korea
(IACUC number: 2018-0167). The male Sprague-Dawley rats (200-220 g) were
housed in groups of three per cage in a temperature/humidity-controlled room with a
12/12 hours light/dark cycle and were provided with ad libitum access to food and
water. Every effort was made to minimize the number of rats used and overall animal

suffering.

B. Surgical procedure

The rats were anesthetized with a mixture of 75 mg/kg ketamine, 0.75 mg/kg
acepromazine, and 4 mg/kg Rompun® and secured in a stereotaxic frame. After scalp
incision, rats were injected bilaterally with 8 uL of 192 IgG-saporin (0.63 ug/uL;
Chemion; Temecula, CA, USA) into the cerebroventricle as per the Bregma
coordinates: AP: —0.8 mm, ML: £1.2 mm, DV: —3.4 mm. The solutions were injected
at the rate of 1 uL/minute, and the syringe was left in place for 5 minutes after

injection.



2. Bone marrow-derived (BM)-MSC preparation

A. Isolation and culture of rat BM-MSCs

BM-MSCs were isolated and collected from aspirates of rat femurs and tibias
using 10 mL of Dulbecco’s Modified Eagle Medium (DMEM)-low glucose
supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA)
and 1% penicillin—streptomycin. Mononuclear cells that had been recovered from the
interface of Ficoll-Paque PLUS-separated (GE Healthcare; Little Chalfont, UK) BM
were washed twice and resuspended in DMEM with 10% FBS and seeded at a density
of 5 x 10° cells per 100 mm dish. The cultures were maintained at 37°C in a
humidified atmosphere containing 5% CO,. After 72 hours, the non-adherent cells
were discarded, and the remaining adherent cells were thoroughly washed (twice)
with PBS. Fresh MesenPRO RS™ Medium (Gibco, USA) was added and replaced

every three days for approximately 10 days to achieve stable status.?

B. Pre-staining of rat BM-MSCs with PKH26

The MSC medium was replaced every 2 or 3 days and BM-MSCs were
expanded until the fifth passage. Cells at this passage were prestained using the
PKH26 red fluorescent cell linker kit (Sigma-Aldrich; St. Louis, MO, USA) to

identify PKH26 bound to the cell membrane.



3. FUS

A. MSC transplantation using FUS

For the first experiment, 52 male Sprague-Dawley rats (200-220 g) were
randomly assigned to one of the five experimental groups before sonication. Rats in
the normal group (h = 9) did not undergo any surgical procedure and those in the 1V
group (n = 7) underwent stem cell transplantation via the tail vein without any
surgical procedure. All rats in the sonication group (n = 36) were bilaterally sonicated
with low-intensity FUS energy in the lateral hippocampal area, with 7 rats receiving
tail vein injection of BM-MSCs after 3 hours. Rats in the FUS only group (n = 24)
underwent sonication only and were euthanized 1, 2, and 3 hours after sonication to
determine the expression of cell homing molecules. The remaining rats (n=5) were
injected with Evans blue via the tail vein 3 hours after sonication to evaluate the BBB

permeability status at the time of MSC infusion.

Animals were deeply anesthetized with a mixture of 75 mg/kg ketamine, 0.75
mg/kg acepromazine, and 4 mg/kg xylazine and secured in a stereotaxic frame. An
FUS beam was targeted to the bilateral hippocampal region (AP: —3.5; ML: £2) using
a 3D positioning system. Definity (mean diameter range: 1.1-3.3 um; Lantheus
Medical Imaging; North Billerica, MA, USA) Microbubbles (MBs) were diluted in
saline and injected intravenously into the tail vein 10 seconds prior to ultrasound
sonication. In case of rats injected with Evans blue, the dye (2%, 100 mg/kg) was
injected intravenously 3 hours after sonication, and these rats were sacrificed 30

minutes later to examine the BBB opening.

3 hours after sonication, seven rats in the FUS+ Cell group received 200 pL of
10



BM-MSCs (3 x 10° cells/200 L) via tail vein injection. Another seven rats in the IV
group received 200 pL of BM-MSCs (3 x 10° cells/200 pL) via tail vein injection only.
All rats were immunosuppressed with 12.5 mg/kg cyclosporine via daily
intraperitoneal injection starting the day before transplantation and continuing until
the day they were sacrificed. These 14 rats were sacrificed 24 hours after stem cell

transplantation.

For the second experiment, 48 male Sprague-Dawley rats (200-220 g) were
randomly assigned to one of the five experimental groups before sonication. Rats in
the normal group (n = 10) did not undergo any surgical procedure and those in the
other four groups (n = 38) were injected with 192 IgG-saporin into the
cerebroventricle. Those assigned to the Lesion group (n=10) did not undergo any
additional treatment. Those in the Cell only group (n=10) received 200 uL of
BM-MSCs (3 x 10° cells/200 pL) via tail vein injection only. All rats in the sonication
group (n=18) were bilaterally sonicated with low-intensity FUS in the lateral
hippocampal area, with 10 rats additionally receiving BM-MSCs via tail vein

injection after 3 hours. Rats in the FUS only group (n = 8) underwent sonication only.

11
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Figure 1. Schematic diagram of the experimental procedure. (A) The first

experiment and (B) the second experiment.
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B. FUS preparation and sonication parameters

FUS setup and sonication parameters were established based on a previous
study.?® A single-element spherically focused transducer (center frequency: 515 kHz;
third harmonic: 1.6 MHz; focal depth: 51.7 mm; and radius of curvature: 63.2 mm;
H-107MR; Sonic Concept Inc., Bothell, WA, USA) was driven by a waveform
generator (33220A: Agilent Technologies, Palo Alto, CA, USA) and a
radio-frequency power amplifier (240L; ENI Inc., Rochester, NY, USA). The
transducer electrical impedance was matched to the output impedance of the amplifier
(50 QS with an external matching network (Sonic Concept Inc., USA). A cone filled
with distilled and degassed water was mounted on the transducer assembly, and a
needle-type hydrophone (HNA-0400; Onda; Sunnyvale, CA, USA) was used for
transducer calibration to measure the acoustic beam profile in the tank filled with
degassed water. The sonication parameters involved a 10 ms burst duration at a 1 Hz
pulse-repetition frequency for a total duration of 300 seconds to generate 0.25 MPa

peak negative pressure on average.

13
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4. Behavioral test: Morris water maze

5 weeks after MSC transplantation, the rats were trained on the Morris water
maze. The water maze consisted of a circular pool, 2 m in diameter and 0.5 m in depth,
filled with opaque tap water (23°C); a circular (0.15 m in diameter) black escape
platform was submerged 2 cm below the water surface. The rats were trained in 4
trials per day for 5 consecutive days with a fixed platform. For each training trial, the
rats were semi-randomly placed into the pool at one of the four start points and given
60 seconds to reach the platform. Any rat that did not reach the platform within 60
seconds was led to the platform by the experimenter and allowed to remain on the
platform for 10 seconds. 72 hours after the last training trial, the rats were given probe
trials, lasting 60 seconds. The platform was removed from the pool. Swimming speed,
distance, path, time in each zone, and path were recorded using a video tracking

system (Harvard Apparatus; Holliston, MA, USA).

5. Histology

Half of the rats in each group were anesthetized with a mixture of ketamine,
acepromazine, and Rompun® and perfused with normal saline and cold 4%
paraformaldehyde (Duksan; Seoul, South Korea). For immunohistochemistry, the
brains were stored in 4% paraformaldehyde for three days at 4°C and transferred to
30% sucrose (Duksan, South Korea). The brains were sectioned into 30 um sections
using a freezing microtome (Leica Biosystems; Wetzlar, Germany) and stored in a
cryoprotectant solution (0.1 M phosphate buffer (pH 7.2), 30% sucrose, 1%
polyvinylpyrrolidone (Sigma-Aldrich, USA), and 30% ethylene glycol (Thermo

Fisher Scientific; Rockford, IL, USA)) at -20°C. Anatomical landmarks from a
15



stereotaxic atlas®® were used to localize the medial septum (MS) and hippocampus.

Fluorescence immunohistochemistry was performed to detect intercellular
adhesion molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1, microglial
cells, astrocytes and endothelial cells. The sections were blocked with 5% normal
goat serum (Vector Labs; Burlingame, CA, USA) for 1 hour at room temperature and
incubated with primary antibodies at the following dilutions overnight at 4°C:
ICAM-1 (Alexa Fluor 488; 1:100; Santa Cruz Biotechnology, Dallas, TX, USA),
VCAM-1 (Alexa Fluor 647; 1:100; Santa Cruz Biotechnology, USA), microglia
(Ibal; 1:300; Wako Chemicals, Richmond, VA, USA), astrocytes (glial fibrillary
acidic protein; GFAP; 1:300; Abcam, Cambridge, UK), and endothelial cells (rat
endothelial cell antigen-1; RECA-1; 1:300; Serotec, Oxford, UK). After the primary
immunoreaction, sections were incubated with secondary antibodies conjugated with
Alexa Fluor 647 (AF647; 1:300; Thermo Fisher Scientific, USA) or Alexa Fluor 488
(AF488; 1:300; Thermo Fisher Scientific, USA) for 2 hours at room temperature. The
staining intensity of the sections was visualized using a LSM 700 confocal

microscope (Carl Zeiss, Jena, Germany).

Hematoxylin (Mector Labs, USA) & eosin (Sigma-Aldrich, USA) (H&E)
staining was performed to examine brain tissue damage and red blood cell
extravasation. Brains were embedded in paraffin-wax, cut into 4 pm sections, and

stained with H&E.

The BBB opening was confirmed in gross tissue sections based on the presence
of Evans blue leakage in the FUS-sonicated regions of the brain and on the basis of

histological assessment.
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6. Western blotting

The brains of the remaining half of the anesthetized rats were quickly excised for
protein extraction. The MS and hippocampus were dissected using fine forceps from 1
mm coronal brain slices. The samples were homogenized in lysis buffer (Intron,
Seongnam, Korea) and placed on ice for 30 minutes. They were then centrifuged for
20 minutes at 12,000 rpm, and the protein content in the supernatant was measured
using the bicinchoninic acid protein assay reagent kit (Pierce, Rockford, IL, USA).
The protein samples were stored at -70°C. Proteins were separated by 10-15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto
polyvinylidene fluoride membranes. The membranes were incubated with blocking
buffer (5% non-fat dry milk in phosphate-buffered saline containing 0.05% Tween 20,
PBST) for 1lhour at room temperature. The membranes were then incubated with the
indicated antibodies overnight at 4°C and washed three times (5 minutes each) with
PBST. Subsequently, the membranes were incubated with the corresponding
secondary antibodies for 2 hours at room temperature. After washing with PBST,
proteins were detected using enhanced chemiluminescence solution (Pierce, USA)
and LAS-4,000 (Fujifilm, Tokyo, Japan). The intensity of each band was determined
using an analysis system (Multi Gauge version 3.0, Fujifilm, Japan). The membranes
were incubated with antibodies against MMP-2 (Matrix metalloproteinase-2; 1:1,000;
Santa Cruz Biotechnology, USA), DCX (Doublecortin; 1:1,000; Santa Cruz
Biotechnology, USA), NeuN (Neuronal nuclei; 1:1,000; Chemicon, Temecula, CA,
USA), BDNF (Brain-derived neurotrophic factor; 1:1,000; Millipore, Temecula, CA,
USA), NGF (Nerve growth factor; 1:1,000; Abcam, UK), TrkB (Tropomyosin

receptor kinase B; 1:1,000; Abcam, UK), IL-1B (Interleukin 1 beta; 1:1,000; Abcam,
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UK), and B-actin (1:10,000; Sigma-Aldrich, USA).

7. Acetylcholinesterase (AChE) assay

The protein sample used for this assay was the same as that used for western
blotting. The enzymatic activity of AChE was determined using the method proposed
by Ellman et al.** with some modifications. In brief, triplicate samples (20 uL) were
mixed with the reaction mixture (0.2 mM dithiobisnitrobenzoic acid (Sigma-Aldrich,
USA), 056 mM acetylthiocholine iodide (Sigma-Aldrich, USA), 10 uM
tetraisopropylpyrophosphoramide (Sigma-Aldrich, USA), and 39 mM phosphate
buffer (pH 7.2)) at 37°C. After 30 minutes, the optical density was measured at 405

nm.

8. Statistical analyses

A. Analysis of Morris water maze results

All data were expressed as the mean * standard error of the mean (SEM). SPSS
software (v.25; IBM Corp.; Armonk, NY, USA) was used for statistical analysis, and a
p value <0.05 was considered as statistically significant. Student’s t-test and One-way
ANOVA were used for the statistical analysis. ANOVA was performed followed by a
post hoc least significant difference test or Tukey’s honestly significant difference

test.
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B. Analysis of immunohistochemistry and western blotting results

The numbers of ICAM-1, VCAM-1, and Iba-1 immunopositive cells and PKH26
positive cells were counted in nine coronal sections per group, located 3.0 to 3.6 mm
posterior to the bregma. The protein band intensity was normalized to that of B-actin
in each sample and expressed as a percentage of the control values. Student’s t-test
and One-way ANOVA were used for the statistical analysis. ANOVA was performed
followed by a post hoc least significant difference test or Tukey’s honestly significant
difference test. p values <0.05 were considered as statistically significant. All

statistical analyses were performed using SPSS software.
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I11. RESULTS

1. Evans blue extravasation at the time of MSC infusion

To confirm BBB permeability during MSC injection, 5 rats injected with Evans
blue 3 hours after FUS sonication were examined. Leakage of Evans blue was
visualized in the sonicated hippocampal region. To clearly observe dye leakage,
Evans blue fluorescence (excitation at 620 nm, emission at 680 nm) was detected in
the cryostat sections of the brain tissue using LSM 700 confocal microscopy imaging

(Figure 3).
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Figure 3. Evans blue extravasation in the brain tissue 3 hours post-FUS

sonication. (A) In the sonicated region, Evans blue extravasation was confirmed in

the coronal section of the brain tissue, and (B) the fluorescence signal of Evans blue

was detected in the sonicated region. Scale bar represents 1 mm.
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2. Increased MSC transplantation efficacy by FUS sonication

To analyze the effects of FUS on trans-endothelial MSC migration, we compared
five rats not receiving FUS (Cell only group) with seven rats receiving FUS before
injection of PKH26-prestained MSCs (FUS + Cell group) via the tail vein. The
sonicated hippocampal region, which was the FUS-target area, was transected with a
30 um width in both the groups, and PKH26-positive cells were counted in nine
coronal sections per group, located 3.0 to 3.6 mm posterior to the bregma. The mean
number of PHK26-positive cells in the hippocampal region in the Cell only group was
758.8 £ 40.55, while that in the FUS + Cell group was 1701 + 42.26 (*p <0.0001),
indicating that FUS significantly increased the yield of trans-endothelial migrated

MSCs (Figure 4).
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Figure 4. Comparison of transplantation yield between the control and FUS
groups. (A) Immunohistochemistry of PKH26-positive cells in the hippocampal
region (white arrows) and (B) statistical analysis of the difference between groups.
“Cell only” indicates the group receiving cell transplantation without FUS. And FUS
+ Cell indicates the group receiving cell transplantation with FUS. Scale bar

represents 500 um. Data are expressed as the mean = SEM.

23



3. Changes in the expression of proteins related to MSC homing after FUS
sonication

Half of the rats without any treatment (normal) and the other half of rats
receiving FUS sonication in the hippocampal region (FUS only group) were used to
analyze the effect of FUS on ICAM-1, VCAM-1, and MMP-2 expression. The same
three hippocampal regions in both groups were selected for immunohistochemical
analysis, and cells reactive to antibodies for ICAM-1 and VCAM-1 were counted for
comparison. The mean number of ICAM-1-positive cells in the normal group was
significantly lower than that in the FUS only group (167.5 + 13.74 vs. 367.2 =+ 18.37,
respectively; *p <0.0001). Similarly, the mean number of VCAM-1-positive cells in
the normal group was significantly lower than that in the FUS only group (199.9

12.05 vs. 334.9 + 13.91, respectively; *p <0.0001) (Figure 5).
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Figure 5. Immunohistochemical analysis of ICAM-1 and VCAM-1. Expression of
both ICAM-1 and VCAM-1 was higher in the FUS-treated group (white arrows) (B)
than in the untreated group (A). Comparison of ICAM-1(C) and VCAM-1 expression
(D) between the control and FUS groups. Scale 200 um. Data are expressed as the

mean £ SEM.
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Analyses of ICAM-1 and VCAM-1 co-localization with other cells, such as glial
cells, microglia, and endothelial cells, were performed in the dentate gyrus, hilus of
hippocampus, cornu ammonis (CA)1, and CA3. The results showed that ICAM-1 was
expressed in both glial cells and microglia, whereas VCAM-1 expression was mainly

observed in the endothelial cells across all hippocampal structures (Figure 6).
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Figure 6. CAM co-localization. Co-localization of ICAM-1-positive cells with
astrocytes (A), endothelial cells (B), and microglia (C). Co-localization of VCAM-1

cells with endothelial cells (D). Scale bar represents 200 pum.
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Sonicated hippocampal tissues, from 4 rats in the normal group and 12 rats in the
FUS only group, were used to determine MMP-2 expression by western blotting.
MMP-2 expression was significantly higher in the FUS only group than that in the
normal group (2 hours, *p = 0.0222 and 3 hours, 0.0347) (Figure 7).
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Figure 7. Western blotting analysis of MMP-2 expression. The expression level of
MMP-2 was increased after sonication in the hippocampal region. (A) Statistical
analysis of the difference in expression at each time point (2 hours, *p = 0.0222 and 3
hours, 0.0347). (B) Representative results of western blotting. Values are represented
as the mean + SEM. p values < 0.05 were considered as statistically significant

compared to the normal group.
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4. Activation of microglia in the FUS-sonicated region

Microglial cells in the sonicated hippocampal region of both control and FUS
group of rats were counted using the microglial cell marker, Ibal. As shown in Figure
8, microglial activities were markedly increased after FUS (*p = 0.0128). Evaluation
of damage to the brain region by H&E staining revealed no visible structural injuries
or extravasated red blood cells in the sonicated brain regions (Figure 9), indicating

that FUS induced an inflammatory reaction without any structural damage.
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Figure 8. FUS-induced alteration of microglial activity. Changes in microglial
activity after FUS (white arrows) (A, B) and statistical analysis of differences
between groups (C). Microglial activity was markedly increased in the FUS group (B)
relative to that in the control group (*p = 0.0128) (A). Scale bar represents 200 um.

Data are expressed as the mean £ SEM.
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Figure 9. FUS-induced alteration of microglial activity. The sonicated brain

sections were histologically evaluated by H&E staining. Scale bar represents 200 pm.
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5. Continuance of increased transplantation efficacy of MSCs by FUS
sonication

To analyze the robustness of enhanced trans-endothelial MSC existence, we
compared 5 rats without FUS (Cell only) with 5 rats receiving FUS before injecting
PKH26-prestained MSCs (FUS + Cell group) via the tail vein. The sonicated
hippocampal region, which was the FUS-target area, was transected with a 30 pm
width in both the groups, and PKH26-positive cells were counted in 9 coronal
sections per group, located 3.0 to 3.6 mm posterior to bregma. The mean number of
PKH26-positive cells in the hippocampal region in the Cell only group was 850.8
65.63, while that in the FUS + Cell group was 1696 + 98.95 (*p <0.0001). This
number was not significantly different from the earlier experimental result (Figure 4),
indicating that the FUS-induced increase in MSC number was still significantly high

(Figure 10).
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Figure 10. Comparison of transplantation yield between the Cell only and FUS +
Cell groups in the 192 IgG-saporin rat model. Immunohistochemistry for
PKH26-positive cells in the hippocampal region (white arrows) (A) and statistical
analysis of the difference between groups (B). “Cell only” indicates the control group,
and “FUS + Cell” indicates the group receiving cell transplantation with FUS. Scale

bar represents 500 um. Data are expressed as the mean £ SEM.
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6. Spatial memory improvement by MSCs transplantation using FUS

The results of the Morris water maze training are shown in Figure 11. In all the
groups, the escape latency decreased from the first day until the last day of training
(from over 45 seconds to less than 16 seconds). During the acquisition phase, the
latency of the rats in the Lesion (second day, *p = 0.005), the Cell only (second day;,
*p = 0.027, third day *p = 0.023), the FUS + Cell (second day, third day *p = 0.020),
and the FUS only (second day, *p = 0.046) groups was significantly delayed but was
recovered within 1 week. These data demonstrate progressive learning of the hidden
platform location (Figure 11). In the Morris water maze probe test, rats of all groups
showed no differences in motor-related behavior compared to normal rats, as
evidenced by similar swim distances and speeds (Figure 12A). These findings suggest
that cholinergic lesion and FUS sonication had no effect on motor function. The time
spent in the target quadrant (where the platform was placed) was not significantly
different between the groups (Figure 12B). However, the amount of time spent in the
platform zone was significantly decreased in the Lesion and FUS only groups
compared to that in the normal group (*p = 0.007 and 0.018, respectively. Figure
12C). It was significantly increased in the FUS + Cell group compared to the Lesion
group (fp = 0.019, Figure 12C). Additionally, the number of platform crossings was
significantly reduced in the Lesion and FUS only groups compared to the normal
group (*p=0.00 and 0.00, respectively. Figure 12D). However, it was significantly
increased in the FUS + Cell group of rats compared to that in the Lesion group of rats
(p=0.00, Figure 12D). Moreover, it was significantly increased in the FUS + Cell

group compared to that in the Cell only group (*p = 0.029)
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Figure 11. Effect of MSC transplantation using FUS on the spatial
memory-training phase. Latency indicates the time required for the rats to find the
escape platform during training trials. Rats of all groups gradually reached the
platform location (*p = 0.00). During the acquisition phase, the latency of the Lesion
(second day, *p = 0.005), the Cell only (second day, *p = 0.027, third day *p = 0.023),
the FUS + Cell (second day, third day *p = 0.020), and the FUS only (second day, *p

= 0.046) group of rats was significantly delayed but was recovered within 1 week. All

data are expressed as the mean + SEM.
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Figure 12. Effect of MSC transplantation using FUS on spatial memory-probe
testing. (A) Rats of all groups showed no difference in motor-related behavior
compared to normal rats, as evidenced by similar swim distances and speeds. (B) The
time spent in the target quadrant (where the platform was placed) was not
significantly different between groups. (C) The amount of time spent in the platform
zone was significantly decreased in the Lesion and FUS only group of rats compared
to that in normal rats (*p = 0.007 and 0.018, respectively). It was significantly
increased in the FUS + Cell group compared to that in the Lesion group (fp = 0.019).
(D) The number of platform crossings was significantly decreased in the Lesion and

FUS only group of rats compared to that in normal rats (*p = 0.00 and 0.00
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respectively). However, it was significantly increased in the FUS + Cell group of rats
compared to that in the Lesion group of rats (fp = 0.00). And it was significantly
increased in the FUS + Cell group compared to that in the Cell only group (*p =
0.029) (E) Trajectories of rats in the Morris water maze probe test. All data are

expressed as the mean + SEM.
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7. Effects on cholinergic denervation by MSCs transplantation using FUS

Cholinergic denervation was evaluated by counting the ChAT immunopositive
cells (Figure 13) and quantifying AChE activity by Ellman assay in the MS (Figure
14). The number of ChAT immunopositive neurons in normal rats was 97.17 + 15.6.
In contrast, the number of cholinergic neurons in rats injected with 192 1gG-saporin
was significantly low (*p = 0.003). The number of cholinergic neurons in the Lesion,
Cell only, FUS + Cell and FUS only groups of rats was 24.87 + 8.462, 43.07 + 5.84,
72.13 £ 3.813 and 23.78 + 7.595, respectively. Thus, it was increased in the FUS +
Cell group (72.13 + 3.813) compared to that in lesion rats. And also it was
significantly increased in the FUS + Cell group compared to that in the Cell only
group (*p = 0.029). AChE activity was significantly reduced in the MS of the Lesion
group of rats (*p = 0.013) compared to that in normal rats. However, it was improved
in the Cell only and FUS + Cell group of rats compared to the Lesion group (fp =
0.027 and 0.028, respectively). In the hippocampus, unlike MS, the AChE activity

was not restored in the Cell only and FUS + Cell group of rats (Figure 14).
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Figure 13. Representative images showing the effects of the cholinergic lesion
after intraventricular injection of 192 IgG-saporin. (A) Normal group, (B) Lesion
gourp, (C) Cell only group, (D) FUS + Cell group, (E) FUS only group. (F) The
number of ChAT immunopositive cells was significantly decreased in the 192
IgG-saporin injected lesion group compared to the normal group (A) in the MS (*p =
0.00). And it was significantly increased in the FUS + Cell group of rats compared to
that in the Lesion group of rats (p = 0.001). And also it was significantly increased in
the FUS + Cell group compared to that in the Cell only group (*p = 0.029). Scale bar

represents 500 um. All data are expressed as the mean + SEM.
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Figure 14. Change in AChE activity in the Cell only and FUS + Cell groups. (A)
AChE activity in the MS. AChE activity was significantly decreased in the Lesion
group compared to the normal group (*p = 0.013), while it was significantly increased
in the Cell only and FUS + Cell groups compared to the Lesion group (Tp = 0.027 and
+p = 0.028, respectively). (B) AChE activity in the hippocampus. Hippocampal AChE
activity in all the groups was significantly lower than that in the normal group (*p =
0.000). The AChE activity was expressed as the optical density at 405 nm. Values are

represented as the mean + SEM. p values <0.05 were considered as statistically

significant compared to the normal group.
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8. Changes in the expression of BDNF and NGF

Neurotrophic factors, such as BDNF and NGF, are proteins related to neuronal
survival and plasticity of cholinergic neurons in the CNS. Especially, cognitive deficit
is related to alterations in the levels of neurotrophic factors such as these 2 factors.*>*
MSCs can produce and secrete neurotrophic factors.*** Western blotting was
performed to measure the changes in the expression levels of BDNF and NGF. The
expression of NGF was not significantly different in the sonicated hippocampal
regions of the Lesion, Cell only, FUS + Cell, and FUS only groups of rats compared

to the normal group (Figure 15B). However, BDNF expression in the hippocampus

was markedly higher (tp = 0.012) only in the FUS + Cell group of rats (Figure 15A).
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Figure 15. Expression levels of BDNF and NGF associated with MSC
transplantation using FUS. (A) The expression level of BDNF was increased only in
the FUS + Cell group compared to the Lesion group (fp = 0.012). (B) The NGF
expression level showed an increase in the Cell only and FUS + Cell groups but, the
increase was not significant. (C) Representative results of western blotting. Values are

represented as the mean + SEM.
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9. MSC transplantation by FUS influenced proinflammatory cytokine levels in
the 192 1gG-saporin rat model

Some studies have shown the effects of MSCs on immune cells and
inflammation-associated cytokines in diseases associated with CNS damage.* Hence,
to verify the anti-inflammatory and immunomodulatory properties of MSCs
transplanted by FUS in the 192 1gG-saporin rat model, the expression of IL-1p, an
important mediator of inflammatory response, was evaluated by western blotting.
IL-1p expression was significantly increased in the Lesion and FUS only groups of
rats (*p=0.026 and 0.007, respectively). The Cell only group of rats showed a
decrease compared to the Lesion group of rats, but there was no significant difference
between the levels. The level in the FUS + Cell group of rats was significantly lower

than that in the Lesion group of rats (*p=0.012, Figure 16).
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Figure 16. Expression levels of IL-1p associated with MSC transplantation using
FUS. (A) Protein levels of IL-1p were significantly elevated in the Lesion and FUS
only groups compared to the normal group (*p = 0.026 and 0.007, respectively).
However, these high levels were significantly reduced in the FUS + Cell group
compared to the Lesion group (fp = 0.012). (B) Representative results of western

blotting. Values are represented as the mean + SEM.
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10. Enhanced neurogenesis by MSC transplantation by FUS

It has been reported that MSC transplantation enhances functional recovery and
endogenous neurogenesis in neurodegenerative diseases.®”*® To evaluate the effect of
MSC transplantation using FUS on endogenous neurogenesis and differentiation,
neuroblasts or post-mitotic immature neuron (DCX) and mature neuron (NeuN) were
quantified (Figure 17). DCX and NeuN expression was significantly decreased in the
Lesion (DCX, *p = 0.005 and NeuN, *p = 0.047) and FUS only (DCX, * p = 0.024
and NeuN, *p = 0.047) groups of rats compared to that in normal rats. However,
compared to the Lesion group of rats, levels of both the factors were increased in the
FUS + Cell group of rats (DCX, tp = 0.012 and NeuN, tp = 0.003). They were also
increased in the Cell only group of rats compared to the Lesion group of rats; however,
it was not a significant increase (Figure 17 A, B). And NeuN expression was
significantly increased in the FUS + Cell group compared to that in the Cell only
group (*p = 0.031). In addition, since it has been reported that the BDNF-TrkB
signaling contributes to neurogenesis and TrkB is the high-affinity receptor for BDNF,
we confirmed the expression of TrkB.**“° The expression of TrkB in the sonicated
hippocampal region of the FUS + Cell group of rats was significantly increased (tp =

0.002, Figure 17 C).
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Figure 17. Effects of MSC transplantation using FUS on adult hippocampal
neurogenesis. Protein levels of DCX (A) and NeuN (B) were significantly decreased
in the Lesion and FUS only groups compared to the normal group (DCX, *p = 0.005
and 0.024, respectively and NeuN, *p = 0.047 and 0.047, respectively) but were
elevated in the FUS + Cell group (DCX, fp = 0.012 and NeuN, fp = 0.003). And
NeuN expression was significantly increased in the FUS + Cell group compared to
that in the Cell only (*p = 0.031). (C) The expression levels of TrkB were
significantly increased only in the FUS + Cell group compared to the Lesion group
(fp = 0.002). (D) Representative results of western blotting. Values are represented as

the mean + SEM.
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IV. DISCUSSION

In this study, first, we focused on the possibility of using FUS for stem cell
homing and its biological effect. Therefore, we hypothesized that FUS at a specific
area of the brain could non-invasively increase stem cell transplantation efficacy. In
the FUS-treated rats, we observed more than 2-fold increase in MSC migration
relative to that observed in untreated rats and verified the upregulated expression of
cell adhesion molecules and MMP-2 in FUS-treated rats. Interestingly, both ICAM-1
and VCAM-1 were expressed in endothelial cells, whereas only ICAM-1 was
expressed in subendothelial cells, such as astrocytes and microglia, even without
structural injury and hemorrhage. A previous study has reported that the activation of
CAMs and MMPs is related to stimulation by various cytokines and that stem cells
migrate to the activated site. Therefore, the results of our first experiment suggest that
FUS can enhance the efficacy of stem cell homing, and FUS-induced ICAM-1,
VCAM-1, and MMP-2 expression could be associated with the targeted homing of

MSCs. However, further studies are required to confirm these findings.

Recently, the possibility of stem cell transplantation using FUS has been studied,
but in practice, the effects of transplanted stem cells in CNS diseases have not been
evaluated. Therefore, in the second experiment, we confirmed that the effect of
transplanted MSCs, was 2-fold more in the specific brain area by FUS, in the 192
IgG-saporin rat model to prove the therapeutic efficacy. The highest restoration of

cognitive function was observed in FUS + Cell group of rats in the Morris water maze
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test. In addition, we confirmed that the expression levels of endogenous neurogenesis
factors and BDNF were increased in the FUS + Cell group of rats. Moreover, we
observed that the immuno-modulatory effect of transplanted MSCs was 2-fold more
in the FUS + Cell group of rats. Therefore, the results of our second experiment
suggest that FUS-induced MSC transplantation can improve cognitive function by
stimulating endogenous neurogenesis and upregulating the expression levels of BDNF

and TrkB in the 192 IgG-saporin rat model.

1. Non-invasive and targeted MSC transplantation into the brain using
FUS

Stem cell-based therapy is positively studied and utilized in all fields of
regenerative medicine in the CNS. Furthermore, many clinical trials that focus on
treating CNS diseases using stem cells have been conducted; however, few have
reported successful outcomes, despite preclinical studies for each disease model
showing excellent therapeutic effects. These unfavorable results could be associated
with various factors, including the number of transplanted stem cells, biological
properties of each stem cell, and the route of transplantation. Since the number of
stem cells in the target area is a critical factor for successful treatment, invasive
surgical methods including direct transplantation and transplantation using a catheter
and reservoir implantation have been used.***? However, because these modalities
require direct injection or implantation into the brain parenchyma, tissue damage and

surgical complications may occur.
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Other strategies to increase the number of transplanted MSCs include
modulation of stem cells to exhibit reactivity to migratory stimuli and alteration of
target sites to attract stem cells.”® These strategies include treatment of MSCs with
chemical compounds,** preconditioning with hypoxia,* genetic modifications,* and
coating with antibodies.*” Additionally, target site modulation to attract MSCs
involves direct injection of chemokines*® and direct transfection of target tissue with
chemokine-encoding genes.* However, these methods have limitations. Treatment
with various factors or genetic alteration of MSCs can cause unwanted side effects,

50,51

including degradation of MSC function and angioma formation,>** and modulation

of the target site through direct application into the tissue is still invasive.

Apart from the previously mentioned somewhat invasive and inefficient methods,
magnetic guidance® and radiotherapy® are 2 relatively non-invasive methods that
have been developed. However, these methods also have limitations: magnetic
guidance cannot reach deep areas of the brain, and radiotherapy can cause
unnecessary tissue injuries as well as various side effects by exposure to radiation.>*
Additionally, when applying stem cell therapies to the brain, the BBB can restrict the
entry of stem cells into the CNS.* Therefore, several studies have utilized FUS to

overcome these limitations.

Recent studies have evaluated the effect of FUS on stem cell application in
various organs. Ghanem et al. applied FUS to a rat model of acute myocardial

infarction to promote stem cell grafting in a “proof of concept” study involving
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intravenous MSC transplantation, resulting in approximately (~) 50% to 60% higher
cell count in the myocardium of the FUS group of rats than untreated rats.®
Furthermore, they found that the activities of cytokines, such as interleukin (IL)-1p,
tumor necrosis factor (TNF)-a, and matrix metalloproteinase (MMP), increased in the
FUS-treated rats, which was possibly related to the increased trans-endothelial MSC
migration. Another study reported the use of FUS without MBs for targeted homing
of stem cells,*® where intravenous injection of MSCs and endothelial precursor cells
along with FUS treatment was applied to the skeletal muscle. The results indicated
that maximal stem cell delivery was achieved when FUS was performed before cell
infusion, which was possibly due to the increased activities of chemo-attractants.
Interestingly, they observed increased stem cell homing when FUS treatment and cell
infusion were repeated daily, which indicated that the number of targeted cells can be
modulated and substantially increased over short periods of time, regardless of the
type of stem cell. It has also been reported that various chemokines and cytokines are
activated after ultrasound sonication of the brain.>” These include IL-1B, TNF-a, and

MMPs, which have been reported as FUS-induced stem cell attractant factors.

Recently, simultaneous application of FUS treatment with MB and stem cell
transplantation into the brain was investigated.?® The histological and
immunohistochemical results of the brain obtained after FUS treatment and prior to
NSC transplantation indicated the presence of live NSCs in the targeted area of the
brain. However, limited tissue damage was confirmed by H&E staining that showed

red blood cell extravasation. Although the vascular microstructure in the brain differs
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from that in other organs due to the unique microstructure of the BBB, this study
demonstrated the efficacy of FUS-mediated induction of stem cell homing in the

brain.

In the present study, we determined whether FUS treatment with MB could
enhance MSC homing to the target area without causing structural brain injury such
as red blood cell extravasation. FUS treatment was targeted to the hippocampal region
since the hippocampus is a potential target for cognition-related disorders,*® and
represents one of the major indications of MSC treatment.®® We used BM-MSCs
without any pretreatment, such as hypoxic preconditioning or treatment with chemical
compounds, and in the absence of any factor that could possibly artificially modulate
the microenvironment of the target site. Burgess et al. delivered NSCs to the rat brain
using FUS with MB acutely, resulting in NSC migration to the parenchyma.? In the
present study, we applied MSCs to the rat brain using FUS with MB, 3 hours after
sonication via tail vein injection and quantified the transplant efficiency. MSCs were
counted in nine coronal sections of the hippocampus in both treated and untreated
groups, and we observed more than 2-fold higher average number of MSCs in the
hippocampus of the FUS-treated rats than in the untreated rats (Figure 4; p<0.0001).
This result suggests the possibility that ultrasound application can efficiently transfer
other stem cells in addition to NSCs through the BBB to the brain parenchyma. Alkins
et al. evaluated whether FUS treatment could increase immune cell migration into the
targeted area of the brain region, revealing that FUS treatment enhanced immune cell

migration by ~2-fold relative to the control group.®® This result was comparable to the
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transplantation yield of MSCs with FUS treatment in the present study and suggests
that FUS treatment can enhance trans-endothelial MSC migration into the brain tissue

similar to the immune cell response.

Our findings address the limitations of invasiveness and low delivery efficiency
of transplantation methods and demonstrate a strategy for enhancing MSC homing

noninvasively with high efficacy to the desired brain regions.

2. Role of CAMs, MMPs, and microglial activation in FUS-mediated
targeted MSC transplantation into the brain

Stem cells exhibit a homing response to injured tissues mediated by the
increased expression of chemokine receptors or enhanced secretion of chemokines by
the injured tissue.5* FUS can not only selectively focus activity to specific areas of the
tissue, but can also target deep structures using magnetic resonance imaging
technology without affecting other tissues. At the target region, the mechanical
pressure applied by sound waves induces various biological effects. Previous studies
have demonstrated that FUS sonication with MBs to the brain can cause a sterile
inflammatory response by upregulating a variety of inflammatory and trophic
factors;>"%2 however, MSC homing to the brain has not yet been assessed using this
method. To induce diapedesis or transmigration through the endothelial cell layer and
the underlying basement membrane, lytic enzymes, such as MMPs, are required to
cleave the components of the basement membrane. It has been reported that MSC

migration is regulated by MMP-2.°* However, apart from the trans-endothelial
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migration induced by lytic enzymes, the tight arrest of MSCs to the endothelium
under high-flow conditions is also critical for targeted MSC transplantation. In this
study, we determined whether the expression levels of CAMs and MMP-2 were
enhanced following FUS treatment. The endothelium of the target tissue can possess a
molecular signature that helps determine the specificity of the local immune response
through binding to homing receptors, such as VCAM-1 and ICAM-1, when MSCs are
delivered systemically.** Moreover, coating MSCs with ICAM-1 can promote MSC
attachment to endothelial cells in vitro under high-flow conditions.®® Therefore, we
confirmed the levels of ICAM-1 and VCAM-1 and observed marked FUS-induced
increase in ICAM-1 expression in endothelial cells (Figures 5 and 6 B, respectively),
which possibly indicates a mechanism of targeted MSC transplantation, where FUS
induces MSC binding to endothelial cells in the target area. Interestingly, ICAM-1
expression in subendothelial cells such as astrocytes and microglia also increased
(Figure 6 A, C). ICAM-1 in subendothelial cells plays a role in transporting drugs
across the BBB;®® therefore, this result suggested that increased ICAM-1 levels in
subendothelial cells also affect targeted MSC transplantation. Additional studies,

however, are needed to confirm this observation.

Regarding ICAM-1 activation by FUS, various cytokine stimulations are
associated with ICAM-1 activation, and certain disease-like conditions can result in
ICAM-1 overexpression.?® In the present study, microglia were activated by FUS
(Figure 8), even in the absence of structural injury (Figure 9), indicating that FUS

induced disease-like conditions without structural damage. Moreover, this might be a
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reason for ICAM-1 overexpression and enhanced MSC trans-endothelial migration.

Additionally, VCAM-1 expression in endothelial cells was elevated upon FUS
treatment (Figures 5 and 6 D). VCAM-1 enhances stem cell homing due to its
propensity to render blood vessels resistant to detachment.®’ It has been confirmed
that the overexpression of a subunit of VLA4, which interacts with VCAM-1, resulted
in increased BM-MSC homing.®® Also, another study focusing on the systemic
delivery of MSCs in mice with inflammatory bowel disease (IBD) showed that
coating MSCs with antibodies against VCAM-1 increased their efficacy to improve

IBD.5°

In the present study, MMP-2 expression in the sonicated region was also
increased by FUS (Figure 7). MMPs are proteinases known to have a role in cell
migration. Bhoopathi et al. have inhibited MMP-2 expression in tumors in vivo to
evaluate the role of MMP-2 on tropism of MSC in a human medulloblastoma tumor
model and confirmed the repression of MSC migration toward tumors.™ In this study,
MMP-2 expression did not increase significantly 1 hour after FUS sonication but
significantly increased after 3 hours, which is the time of MSC injection. Thus,
FUS-induced increased expression of ICAM-1, VCAM-1, and MMP-2 might be
related to the targeted homing of MSCs, although further studies are required to

confirm this.
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3. Confirmation of memory impairment model induced by 192 1gG-saporin

In this study, a 192 IgG-saporin-induced memory-impaired rat model was used;
this rat model mimics the cholinergic deficit in patients with AD. The 192
IgG-saporin, comprising a monoclonal antibody, has low affinity toward the rat nerve
growth factor receptor (NGFr) p75 expressed on cholinergic cell bodies in the basal
forebrain and contains a ribosome-inactivating protein called saporin.”* The 192
IgG-saporin was injected into the cerebroventricle to damage the cholinergic neurons
in the basal forebrain. Degeneration of cholinergic neurons in the basal forebrain is
one of the characteristic features of AD and vascular dementia and has been correlated
with cognitive decline.?”?® Cholinergic neurons in the basal forebrain express higher
levels of NGFr p75 than other cholinergic and non-cholinergic neurons. Injecting 192
IgG-saporin is likely to damage most of the cholinergic projections from the basal
forebrain to the cortex or hippocampus.” In the present study, injection of 192
IgG-saporin led to a decrease in the number of ChAT positive cholinergic cells in the
basal forebrain of the Lesion and FUS only groups of rats (Figures 13 B, E). The rats
with cholinergic neuron damage showed impaired spatial memory (Figures 13 C, D)
and reduced AChE activity in both groups (Figure 14). These results demonstrated
that cholinergic deficit was well-established in this rat model, which was also shown

in our previous studies.
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4. Application of MSC transplantation by FUS in the 192 IgG-saporin rat
model

In the first experiment, we confirmed the enhanced transplant efficacy of the
MSCs by FUS (1701 £ 42.26 (*p <0.0001)) compared to the Cell only group of rats
(758.8 £ 40.55). Likewise, in the second experiment, we confirmed similar enhanced
efficacy compared to the first experiment (FUS + Cell group 1696 + 98.9, Cell only
group 850.8 + 65.63, *p<0.0001), and the duration of efficacy lasted until 6 weeks
after MSC transplantation (Figure 10). These results suggest that FUS-induced MSC
transplantation is valid in the 192 I1gG-saporin rat model, and the increased efficacy is

maintained up to 6 weeks.

5. Behavioral therapeutic efficacy of FUS-induced MSC transplantation
compared to that in Cell only and FUS only groups of rats

Although all rats injected with 192 lgG-saporin showed a significant difference
compared to normal rats on the second day, and rats with transplanted MSCs showed
significant difference on the third day of training, all rats gradually showed
improvement in the Morris water maze training phase during the last 5 days of
training (Figure 11). This indicates that all rats managed to adopt a certain strategy for
escaping the water maze.”®™ It has been reported that rats with denervation of
cholinergic pathways show poor acquisition of spatial memory and alternatively adopt
a non-spatial search strategy.” Our test results validated such findings. Lesioned rats
showed the same improvement in training latency as the normal rats on the final day

of training. It is likely that the lesioned rats used a random search approach to reach
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the platform rather than relying on learning and spatial cognitive functions. This
supposition is also obvious in the water maze probe test results, where the lesioned
rats displayed significantly poor performance than the normal rats with respect to the
time spent in the platform zone and the number of platform crossings. However, rats
with transplanted MSCs using FUS showed improved spatial memory and cognition
in the probe test compared to the Lesion group of rats (Figure 12). Interestingly, in our
probe test, the Cell only and FUS only groups of rats did not show improved spatial
memory and cognitive function compared to the Lesion group of rats. A few points
need to be considered to achieve more effective stem cell therapy outcomes. For
example, it is critical for transplanted cells to migrate into the impaired brain region
after stem cell application. It has been demonstrated that MSC homing toward the
injured tissue do not induce an efficient result since very few cells reach the impaired
region.”® Many transplanted cells were trapped in the lung and other organs or cells
were lost during the systemic journey.”” In this case, it is believed that the insufficient
number of cells reaching the target will partially account for the decreased number of
transplanted MSCs in the target region thereby further decreasing the effects of cell
therapy. In the present study, we used 3 x 10° cells, but usually experiments with
IV-delivered MSCs in a small animal model require the use of at least 1 x 10° cells
and, more frequently, numbers as high as 5 x 10° cells to observe any effect.”® This
suggests that in certain circumstances, increased absolute numbers of cells are needed
to ensure that a minimum number of cells reach the injury site distal to the brain.
Therefore, we suggest that enhanced number of MSCs transplanted into the
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hippocampus by FUS affected the recovery of cognitive function. However, simple IV
injection of MSCs may have poor therapeutic effects since relatively few cells reach

the hippocampus.

Recently, Shin et al. have reported that FUS treatment increased adult
hippocampal neurogenesis and improved spatial memory that was mediated by
increased hippocampal BDNF in the 192 IgG-saporin rat model.” However, in this
study, we could not observe any improvement of hippocampal neurogenesis and
spatial memory in the FUS-treated 192 IgG-saporin rat model. In the present study,
we confirmed the effects of FUS treatment at 6 weeks after FUS sonication, since it
has been reported that stem cells require at least 4-5 months to affect degenerative
diseases.®’ However, Shin et al. confirmed the effects 18 days after FUS sonication.
Although the animal model is similar, Shin et al. applied FUS 3 days after 192
IgG-saporin infusion, but we applied FUS and MSCs 1 week later. In addition, Shin et
al. reported that the mean number of ChAT immunopositive cells in MS of the Lesion
group of rats 5 days after sonication was 65.5+13.1, but we confirmed that the mean
number of ChAT immunopositive cells in MS was 24.87 = 8.462 in our study.
Although the binding and uptake of 192 IgG-saporin are rapid, the neurons continue
to function for 1-3 days after injection. Resolution of the histological reaction to the
lesion takes 10-14 days.®' Taken together, since we applied FUS sonication when the
cholinergic denervation was more severe than that in the study by Shin et al. and, the
results of the effects of MSCs were confirmed after 6 weeks, it is suggested that the

FUS effects in the 192 IgG-saporin rat model did not sustain 6 weeks later.
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6. Neuroprotective and neurogenesis effects of FUS-induced MSC
transplantation

MSC-based therapies for neurodegenerative diseases aim at impeding the clinical
deterioration by regeneration and helping the local improvement of the damaged brain
region. MSCs have advantages in cell therapy since they can be efficiently isolated
from adult tissue, expanded in culture, and be safely transplanted autologously. MSCs
can differentiate into neuronal cells and secrete various factors related to neurotrophic
factor-mediated protection, enhanced neurogenesis, and modulation of inflammation.
In addition, MSCs also exhibit the property of homing toward lesioned areas. In the
present study, we confirmed the increased efficacy of MSC transplantation in the
sonicated region of the brain by FUS-induced disease-like environment. These results

were associated with the improvement of the spatial memory function.

Since the MS-hippocampus memory circuit consists of a cholinergic system,%2%

we first assessed the cholinergic neuronal activities in both these regions of interest
using the Ellman assay. Injection of 192 IgG-saporin significantly decreased AChE
activity in the MS and hippocampus (Figure 14). MSC administration with or without
FUS resulted in a significant increase in AChE activity relative to that in the Lesion
group in the MS region, while no functional recovery of AChE activity was observed
in the hippocampus. However, the ChAT positive cells were significantly restored
only in the MS of FUS + Cell group. Moreover, the Cell only group tended to have
increased ChAT positive cell counts, but there was no significant difference compared

to that in the Lesion group (Figure 13). Since the hippocampus is a major region of
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granule cell neurogenesis and as the contiguous periventricular area also exhibits
NSCs, the hippocampal region provides a proper environment for stem cell migration
and neurogenesis.®*® In fact, the transplanted MSCs regardless of FUS migrated to
the hippocampal region and facilitated in restoring the cholinergic activity in the MS
but not in the hippocampus. Franz et al. reported that when cholinergic neurons were
impaired by partial fimbrial transections, injecting BDNF into the hippocampal
ventricles protected the cholinergic neurons in the MS.% However, long-term studies

are needed to confirm AChE activity in the hippocampus.

In this study, the most effective memory enhancement occurred in the FUS +
Cell group. The memory enhancement could be mainly due to the increased BDNF
expression owing to the enhanced efficacy of MSC transplantation by FUS. BDNF
release associated with MSC transplantation has been reported.# Our experimental
results showed that FUS-induced MSC transplantation increased BDNF expression in
the hippocampus. The crucial role of BDNF in hippocampus-dependent learning and
memory has been investigated.®® Memory formation is thought to involve both
short-term changes such as variations in electrical properties and long-term structural
changes in synapses.® A significant role of BDNF in long-term potentiation (LTP) in
the hippocampus and cortex has been revealed. The immediate release of BDNF
modulates the induction and early maintenance phase of LTP.** Additionally,
sustained BDNF upregulation and activation of TrkB receptor, which is a
neurotrophic receptor tyrosine kinase well known primarily for its function during

CNS development, are involved in the formation of stable LTP.*® TrkB-/- knockout
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mice had lower densities of synaptic transmission and important structural alterations
such as decreased density of synaptic vesicles.** Additionally, BDNF is involved in
both spatial memory formation and maintenance.” Moreover, enhanced expression of
hippocampal BDNF is associated with an increased number of newly generated cells
in the granule cell layer,” and a lack of endogenous BDNF caused neurodeficiency,

cognitive function impairment, and decreased neurogenesis in the hippocampus.®”

Adult neurogenesis is restricted to the hippocampus including the subgranular
zone of dentate and new neurons continue to be generated throughout life. Adult
hippocampal neurogenesis is considered to be related to hippocampus-dependent
spatial memory.*® BDNF and TrkB signaling pathways are well known to be involved
in adult neurogenesis as they mediate neuronal differentiation and survival of newly
generated neurons.’® In our study, MSC transplantation using FUS also enhanced
TrkB expression in the hippocampus (Figure 17 C). DCX is a protein that triggers
microtubule polymerization and is a molecular marker for adult neurogenesis in late

mitotic neuronal precursors and early post-mitotic neurons.*®%% |t

is expressed
specifically in newly generated neurons and not in GFAP-expressing astrocytes.
Additionally, DCX expression is absent during neuronal regeneration or
lesion-induced gliogenesis.'® In this study, the FUS-induced MSC transplantation
after cholinergic deficit recovers DCX and NeuN immunopositive cells, suggesting

that increased MSC homing promotes neurogenesis in the hippocampus, which in turn,

may promote hippocampus-dependent spatial memory function.
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Previous studies have shown beneficial effects of MSC transplantation in CNS
disease. Most studies have suggested the potential repair mechanisms associated with
neuronal differentiation to replace damaged cells, as well as the secretion of
neurotrophic and growth factors by MSCs. Few studies have preponderantly reported
the effects of MSCs on immune cells and their immunomodulatory functions.*®* IL-1p
is a cytokine, which is an important mediator of the inflammatory response, involved
in a variety of cellular activities, including apoptosis. MSCs can improve the recovery
of neurological functions, decrease apoptosis, and increase endogenous cell
proliferation.’® Run et al. have reported that MSC transplantation in a traumatic brain
injury model can modulate inflammation-associated immune reaction by reducing the
levels of proinflammatory cytokines such as IL-1f in the injured brain.® In our study,
MSCs, transplanted by FUS, reduced the levels of IL-1f in the sonicated hippocampal
region compared to that in the Lesion group (Figure 16). Therefore, our result
suggests that MSCs transplanted by FUS can effectively modulate the

immunopathogenic process caused by cholinergic denervation.

7. Safety issues associated with using FUS for MSC delivery and study
limitations

There are several possible issues associated with using FUS treatment for MSC
transplantation. First, the safety of FUS treatment should be guaranteed before being
applied in humans. In this study, we selected the sonication parameters using MBs

based on the results of our previous experiment and verified the absence of
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FUS-induced injury by microscopic examination.'®®°” A previous study has reported
a tendency for MSCs to migrate to injured/inflammatory sites.”® In the present study,
we showed increased levels of ICAM-1 and VCAM-1 in the FUS-sonicated regions,
implying that the inflammatory reaction is induced by FUS in the targeted brain area.
Additionally, Figure 4 shows the quantitative results indicating increased migration of
stem cells to the target site. Therefore, our results represent indirect evidence
confirming the enhanced migration of stem cells to the targeted regions induced by
FUS using MBs. Although there was no extravasation of red blood cells in our acute
model, it is necessary to observe long-term inflammatory responses, since repeated

inflammation can cause structural changes in tissues.'%

Another issue involves the duration of BBB opening related to stem cell homing.
Burgess et al. confirmed that NSCs cross the BBB to enter the brain parenchyma
during FUS sonication.?® Previous studies have reported that the FUS-induced BBB
opening persists for extended periods of time (1-10 hours).’®° We experimentally
confirmed through Evans blue leakage that the BBB opening was maintained for 3
hours after FUS sonication (Figure 3). Our data also demonstrated enhanced homing
of BM-MSCs to the targeted brain region (Figure 4). We chose an MSC infusion time
based on studies describing MSC transplantation into various tissues 3 hours after

FUS treatment.®!

In contrast to previously published data,® our study parameters using the MBs

did not appear to cause red blood cell extravasation (Figure 9). Therefore, we suggest
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that FUS successfully promoted MSC delivery without tissue damage. However, as
uncontrolled MB cavitation can damage sonicated tissue,™ the use of acoustic
feedback control (e.g., passive cavitation detection) needs to be evaluated in future
studies.'®*** Additional studies with FUS treatment alone, without MBs, are

necessary to avoid the uncontrolled effects of cavitation.
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V. CONCLUSION

FUS treatment is an emerging modality for treating brain diseases, including
neurodegenerative disorders, since the BBB is an important physical barrier, which
makes it difficult for therapeutic agents to be permeable, in the treatment of CNS
diseases. When applying stem cell therapies to CNS diseases, the BBB can restrict the
transmigration of stem cells into the CNS. Recently, various biological effects of FUS
treatment have been investigated, and here, we determined whether FUS treatment
could increase the efficacy of stem cell homing and have therapeutic effects in the 192
IgG-saporin rat model. Our results demonstrated that FUS increased MSC
transplantation into the brain tissue by more than 2-fold, and this effect was possibly
related to the activation of ICAM-1, VCAM-1, and MMP-2. Additionally, we
confirmed that FUS-induced MSC transplantation restored spatial memory function
by increasing endogenous neurogenesis and BDNF expression, thereby suggesting
that FUS could enhance spatial memory formation and maintenance. However, the
long-term safety and the combined effects of FUS treatment with other strategies for

enhancing MSC homing require additional investigations.
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