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ABSTRACT

Enhanced memory function after septo-hippocampal stimulation

by focused ultrasound in a mouse model of Alzheimer’s disease

Younghee Seo

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jin Woo Chang)

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder
characterized by cognitive decline, memory loss, and behavioral
impairments. Current therapeutic approaches for AD focus on
symptomatic management, with limited success in modifying disease
progression. Therefore, there is an urgent need for innovative interventions
that target the underlying pathological mechanisms of AD to preserve or
enhance cognitive function.

Focused ultrasound (FUS) has emerged as a promising non-invasive
neuromodulation technique with high spatial precision. This research

investigated the effects of low-intensity FUS on the septo-hippocampal

vi



area in normal and five familial AD (5xFAD) mouse models to explore its
potential for enhancing cognitive function. The septo-hippocampal
circuitry plays a crucial role in cognitive processes, and its dysfunction is
a prominent feature of AD pathology.

This study treated the septo-hippocampal area using low-intensity FUS,
and cognitive function was evaluated through behavioral assessments.
Remarkably, normal and AD model subjects exhibited significant
cognitive improvements following FUS treatment, indicating its potential
as a novel therapeutic strategy for AD. The potential involvement of the
brain-derived neurotrophic factor (BDNF) pathway in mediating the
observed cognitive enhancements was interrogated to elucidate the
underlying mechanisms. BDNF, a key protein in neuronal survival and
synaptic plasticity, has been implicated in the pathophysiology of AD.
Understanding the interplay between FUS, BDNF, and cognitive function
provides valuable insights into the potential therapeutic mechanisms of
FUS-based interventions.

This study’s findings suggest that the FUS neuromodulation of the
septo-hippocampal area holds promise for enhancing cognitive function in
AD. By offering a non-invasive and precise approach to modulating brain

activity, FUS presents a potential disease treatment.
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This study contributes to the growing body of evidence supporting FUS
as a viable treatment option for AD and fosters hope for individuals
affected by this disease. By investigating the impact of FUS on the septo-
hippocampal area of the brain and exploring potential molecular pathways,
these findings pave the way for developing targeted and effective
therapeutic strategies to improve cognitive function in AD and other

neurological disorders.

Key words: alzheimer’s disease, focused ultrasound, septo-hippocampal

pathway, brain-derived neurotrophic factor, cognitive function
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Enhanced memory function after septo-hippocampal stimulation

by focused ultrasound in a mouse model of Alzheimer’s disease

Younghee Seo

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jin Woo Chang)

I. INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder
characterized by progressive cognitive decline, memory impairment, and
behavioral disturbances.' As the global population ages, the prevalence of AD
continues to rise, presenting a substantial challenge for healthcare systems
worldwide.** Current therapeutic approaches for AD primarily focus on
managing symptoms and providing temporary relief, with limited success in
modifying the underlying disease process.>® As a result, there is an urgent need
for innovative interventions that target the fundamental pathological
mechanisms of AD, aiming to preserve or even enhance cognitive function.

In recent years, neuromodulation techniques have emerged as promising
avenues for treating AD.”” Among these techniques, focused ultrasound (FUS)

has gained considerable attention as a non-invasive modality capable of
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precisely targeting specific brain regions with high spatial resolution.!®!! By
focusing ultrasonic waves through the intact skull, FUS enables precise and
controlled neuromodulation without the need for invasive procedures or the
administration of exogenous substances.'>"* In addition, FUS modulation has
shown potential for influencing neural activity, offering a novel approach to
address the intricate brain circuitry implicated in AD pathogenesis.'* The ability
to non-invasively and precisely target brain regions holds significant advantages
over traditional interventions, which often have substantial risks and limited
precision.!> The focused ultrasonic waves can be applied with high accuracy to
stimulate or inhibit specific neural populations, thereby modulating neuronal
network activity in a controlled manner.!®!” Moreover, FUS allows for repeated
and reversible neuromodulation, presenting a unique advantage for personalized
treatment strategies and potentially reducing the risk of adverse effects

associated with irreversible interventions.'®!?

This adaptability opens the door
to tailored therapeutic protocols that can be adjusted based on individual
responses and disease progression. Additionally, FUS may offer a safer
alternative to invasive techniques, making it more accessible to a broader range
of patients, including those who might not be suitable candidates for surgical
interventions due to various health conditions or age-related factors.

In the context of AD, the septo-hippocampal area holds particular
significance. The septo-hippocampal circuitry plays a crucial role in cognitive

20,21

processes, including learning and memory. Dysfunction and degeneration
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within this circuitry are prominent features of AD pathology.?? Therefore,
targeting the septo-hippocampal area for neuromodulation presents a
compelling opportunity to enhance cognitive function in AD.

Additionally, the role of brain-derived neurotrophic factor (BDNF)
pathways in mediating the cognitive enhancements after FUS treatment has been
explored. BDNF, a critical protein involved in neuronal survival and synaptic
plasticity, has been implicated in the pathophysiology of AD.*? Therefore,
understanding the interplay between FUS, BDNF, and cognitive function could
shed light on the therapeutic mechanisms underlying FUS-based interventions.
Another advantage of FUS is that, in addition to spatial precision, it can
modulate brain activity at various levels, from neural circuits to molecular
pathways.”® Among these pathways, the BDNF pathway has garnered
significant attention in AD research due to its role in promoting neuronal
survival, synaptic plasticity, and cognitive function.’” Our exploration of the
specific connection between FUS and the BDNF pathways may uncover novel
and effective approaches to utilize FUS for AD treatment, thus advancing our
comprehension of the complex mechanisms underlying cognitive improvement.

The aim of this research was to investigate the impact of low-intensity FUS
on the septo-hippocampal area and its effect on cognitive function, in a normal
and five familial AD (5xFAD) mouse model of Alzheimer’s disease. The
5xFAD mice, characterized by the overexpression of amyloid beta, which is one
feature of Alzheimer's disease, express five mutations responsible for the
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accumulation and increase in amyloid beta plaques.”® By utilizing FUS as a
neuromodulation tool, the potential to improve cognitive function by leveraging
the inherent capacity of FUS to influence neural circuitry and promote
neuroprotection in the targeted brain regions was studied. Additionally, this
study aimed to explore the use of FUS as a neuromodulation tool for AD, with
a specific focus on leveraging BDNF pathways to enhance cognitive function.
This study elucidated FUS neuromodulation and its role in enhancing
cognitive function in normal and AD mouse models. By investigating the impact
on the septo-hippocampal area and exploring potential molecular pathways, the
study’s findings have the potential to influence the development of targeted and
effective therapeutic strategies for AD, offering hope for individuals affected by

this disease.



II. MATERIALS AND METHODS

Part 1. Effects of FUS stimulation on memory improvement

1. Experimental 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: 2023-0148). The male C57BL/6 mice (25—
30 g) were housed in groups of five per cage in a temperature/ humidity-
controlled room with a 12/12 hr light/dark cycle and were provided with ad
libitum access to food and water. Every effort was made to minimize the number

of mice used and overall animal suffering.

2. The FUS parameters
Experimental mice were anesthetized with 5% isoflurane in oxygen. After
fixing the mouse on the stereotaxic frame, the scalp was incised, and the medial
septum (MS) (Anteroposterior [AP] = +0.6 mm, mediolateral [ML] = 0) and
hippocampus (HP) (AP = =2 mm, ML = £1.3 mm) were located based on the
bregma. Next, the transducer, along with a water tank containing degassed water,
were placed on the area, ultrasound gel was applied, and the ultrasound was

sonicated (Figure 1).
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Amplifier
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Figure 1. Schematic diagram of the focused ultrasound (FUS) system.



First, the function generator controlled the pulse repetition frequency (PRF),
sonication duration (SD), and inter-stimulus interval (ISI) by triggering the
operation of the second function generator, which controlled the ultrasound
fundamental frequency (FF), tone-burst duration (TBD), and acoustic intensity
(AI). Sonication parameters of 515 kHz FF, 50% duty cycle (DC), 300 ms SD,
and 2 s ISI were used, and the PRF was varied and compared at 30, 300, 1000,

2500, and 4000 Hz to optimize the parameters (Figure 2).



Medial septum Hippocampus

SD I
300 ms 2s

1/PRF TBD
1 ms 0.5 ms

Figure 2. Sonication regions and parameters modulated by function
generators. (A) Sonication regions. (B) The sonication parameters included a
sonication duration of 300 ms, inter-stimulus interval of 2 s, pulse repetition
frequency of 1 kHz, tone-burst duration of 0.5 ms, duty cycle of 50%, and a total

sonication time of 40 min.



3. Efficacy and safety of FUS modulation

To determine the efficacy of FUS according to changes in sonication PRF,
the animals were divided into five groups: Group 1 (PRF 30 Hz), Group 2 (PRF
300 Hz), Group 3 (PRF 1000 Hz), Group 4 (PRF 2500 Hz), and Group 5 (PRF
4000 Hz), where n = 10 for each group.

The expression of c-fos, a neuronal activity marker, and BDNF, a
neurotrophic factor marker, was evaluated by western blotting (n = 7 per group)
and immunohistochemistry (n = 3 per group). Co-immunostaining of BDNF and
glial fibrillary acidic protein (GFAP) was confirmed, and hematoxylin and eosin
(H&E) staining was performed to confirm brain damage.

Mechanosensitive ion channel expression was confirmed to prove the FUS
stimulation site. The mechanosensitive ion channel of large conductance
(MscL)-G22S virus (rAAV-hsyn-MSCL-G22S-F2A-EYFP-WPRE-pA, AAV2/9)
was used, which works following the same principle as GCaMP6 and is
characterized by only excited neurons expressing fluorescence when
stimulated.?® Viruses were injected into the MS (n = 3) and right HP (n = 3) at 1
pL each, and the FUS was sonicated 5 weeks after virus injection considering

the expression time of the AAV virus.



4. Treatment with FUS

The groups were divided into a total of four groups: a control group and
three FUS groups. The FUS groups were as follows: FUS-stimulated on the MS,
FUS-stimulated on the HP, and FUS-stimulated on the MS + HP.

To demonstrate the most effective stimulation site among the FUS groups (n
= 12 per group), a western blot was performed (n = 7 per group) for BDNF and
tropomyosin receptor kinase B (TrkB) detection according to BDNF signaling,
and the expression of N-methyl D-aspartate receptor subtype 2B (NR2B) was
also confirmed through western blot to confirm the change in synaptic N-
methyl-D-aspartate (NMDA) receptors. In addition, BDNF and GFAP were

identified by co-immunostaining (n = 5 per group).

5. Behavioral test: Spontaneous alteration in the Y-maze
To investigate cognition and spatial memory after 2 days of FUS treatment,
spontaneous alternation in the Y-maze (n = 12 per group) was assessed. The
maze was constructed of black opaque acrylic with three arms of equal size and
height (40 x 15 x 9 cm) arranged in a Y shape. All mice were placed one by one
in the center of the maze and their alternation movements were recorded with a
camera for 8§ min. Analysis of the alternation ratios was performed by

determining whether the animals alternately entered the three arms.
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Part 2. Modulation of the septo-hippocampal pathway in a S5XFAD mouse

model of AD

6. Alzheimer’s disease model

The 5xFAD mouse expresses five mutations that accumulate and increase
beta-amyloid (AB) plaques: Swedish (KM670/671NL), Florida (1716V), and
London (V7171) mutations in amyloid precursor protein (APP), and M146L and
L286V mutations in presenilin-1 (PSEN1). This mouse is a transgenic model
maintained in the B6SJL background in a hemizygous state and shows stable
transmission and expression across generations. Genotyping was carried out
using a 2% agarose gel polymerase chain reaction (PCR) analysis of the ear
tissue DNA to confirm the presence of the human APP and PSENI1 transgenes.
Transgenic mice were identified using the primer sequences in Table 1. Only
individuals expressing both PSEN1 (608 bp) and APP (377 bp) were used in the
experimental group as transgenic (TG), and non-transgenic littermates (LM)
were used as controls (Figure 3A).

The significant amyloid pathology in the 5SXFAD model appears rapidly.
High quantities of intraneuronal AB42 accumulate in these mice starting at 1.5
months of age?®. An assessment of spatial working memory called the Y-maze
spontaneous alternation test shows impairment starting at about 4 to 5 months
of age®. In this model, neuron loss has also been shown at about 6 months of
age in several brain areas’’.

11



Male 5-6-month-old SXFAD mice weighing about 20-30 g were used. The
amyloid plaques of TG mice used in this study were also confirmed (Figure 3B).
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: 2023-0148).

Table 1. Primer sequences

Product size

Gene Primer sequence (5’-3%) (bp)

PSEN1 forward: AAT AGA GAA CGG CAG GAG CA 608
reverse: GCC ATG AGG GCA CTAATC AT

APP forward: AGG ACT GAC CAC TCG ACC AG 377
reverse: CCG GGG TCT AGT TCT GCAT

GAPDH forward: AGG TCG GTG TGA ACG GAT TTG 123

reverse: TGT AGA CCA TGT AGT TGA GGT CA

12



PSEN1(608bp)

APP(377bp) - e

s e T PR F R L R P

Medial septum Hippocampus

Littermate (Control)

5xFAD

Figure 3. Verification of 5xXFAD mice with genotyping PCR and beta-
amyloid (AP) accumulation. (A) Genotyping PCR for amyloid precursor
protein (APP) and presenilin-1 (PSEN1) in 5XxFAD mice. (B) As a result of
medial septum and hippocampus area staining using the anti-Ap 6E10 antibody,
AP accumulation in 5XFAD mice was confirmed. The scale bar represents 200

pm.
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7. The FUS system for the septo-hippocampal pathway

Experimental mice were anesthetized with 5% isoflurane in oxygen. The
experimental group was divided into three groups of mice: littermate control
(LM, n = 12), transgenic (5xFAD) (TG, n = 12), and TG with stimulated septo-
hippocampal regions using FUS (TG + FUS, n = 60). The scalp was incised once
the mouse was secured to the stereotaxic frame. The FUS system consisted of a
515 kHz single-element spherically focused H-107MR transducer (Sonic
Concept Inc., Bothell, WA, USA), two waveform generators (33600A, 33500B;
Keysight, Santa Rosa, CA, USA), and a radiofrequency power amplifier (240 L;
ENI Inc., Rochester, NY, USA). The parameters used were as follows: 515 kHz
FF, 50% DC, 1 kHz PRF, 0.5 ms TBD, 300 ms SD, and 2 s ISI. Animals in the
TG + FUS group were stimulated at the MS (coordinates from bregma: AP +
0.6, ML 0 mm) and bilateral HP sites (coordinates from bregma: AP -2, ML +1.3
mm) for a total of 40 min. The FUS-treated animals were sacrificed after the Y-

maze test at 1 hour, 1 day, 2 days, 3 days, and 4 days (Figure 4).
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0 1 2 3 4 (day)

Figure 4. Experimental timeline for FUS modulation in SXFAD mice. Mice
were sacrificed after the implementation of the Y-maze test at 1 hour, 1 day, 2

days, 3 days, and 4 days, respectively, following the FUS treatment.
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8. Behavioral test: Spontaneous alteration in the Y-maze

Spontaneous alternation in the Y-maze (n = 12 for each group) was used in
the LM, TG, and TG + FUS groups (1 hour, 1 day, 2 days, 3 days, and 4 days
after FUS) to investigate cognition and spatial memory. The maze was composed
of black opaque acrylic with three arms of equal size and height (40 x 15 x 9 cm)
arranged in a Y shape. All mice were placed one by one in the center of the maze
and their alternation movements were recorded with a camera for 8§ min. The
alternation ratios were calculated by assessing whether the animals entered the

three arms alternately.

9. Immunohistochemistry analysis

Animals (n = 5 per group) were anesthetized and perfused with 0.9% saline
and 4% paraformaldehyde. The brains were extracted and postfixed in 4%
paraformaldehyde (Duksan, Seoul, South Korea) for 3 days at 4°C, then
transferred to 30% sucrose (Duksan, Seoul, South Korea) for 3 days at 4 °C,
sectioned into 30 pum slices using a cryostat (Leica Biosystems, Wetzlar,
Germany), and stored at —20 °C in a cryoprotectant solution containing 0.1 M
phosphate buffer (pH 7.2), 30% sucrose, 1% polyvinylpyrrolidone (Sigma-
Aldrich, St. Louis, MO, USA), and 30% ethylene glycol (Thermo Fisher
Scientific, Waltham, MA, USA).

For fluorescence immunohistochemistry, brain tissues were stored in 0.3%
H,O; for 30 min to inactivation endogenous peroxidase activity after washing in

16



phosphate-buffered saline (PBS). Blocking was conducted with 10% normal
goat serum (Vector Labs, Burlingame, CA, USA) for 1 hour. Primary antibodies,
BDNF (1:200; Abcam, Cambridge, UK), GFAP (1:400; Abcam, Cambridge,
UK), or S1I00A10 (1:100; Abcam, Cambridge, UK), were incubated with the
brain tissues overnight at 4 °C. The next day, the brain tissues were incubated
with secondary antibodies conjugated with Alexa Fluor 488 (A11001 or A11039,
1:400; Thermo Fisher Scientific, Waltham, MA, USA) or Alexa Fluor 633
(A21071, 1:200; Thermo Fisher Scientific, Waltham, MA, USA) for 2 hours at
room temperature. The staining intensity of the sections were visualized using
an LSM 700 confocal microscope (Carl Zeiss, Jena, Germany).

For diaminobenzidine (DAB) staining of choline acetyltransferase (1:100,
ChAT; Merck, Darmstadt, Germany), the sections were incubated with
biotinylated secondary antibodies, followed by the avidin-biotin complex
method (ABC Elite; Vector Labs, Burlingame, CA, USA). They were visualized
with DAB using a DAB substrate kit (Thermo, Rockford, IL, USA). Staining of
sections was visualized with an optical microscope (BX51; Olympus, Tokyo,

Japan).
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10. Western blot analysis

The brains of the anesthetized mice (n = 7 per group) were quickly excised
for protein extraction. The MS and HP 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 min. They were then centrifuged for
30 min at 13,000 rpm, and the protein content in the supernatant was then
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 8—15% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred onto polyvinylidene fluoride membranes.
The membranes were then blocked with 5% skim milk (BD Difco, Franklin
Lakes, NJ, USA) in Tris-buffered saline with Triton X-100 (Sigma-Aldrich, St.
Louis, MO, USA).

Membranes were incubated with primary antibodies c-fos (1:2000; Abcam,
Cambridge, UK), BDNF (Brain-derived neurotrophic factor, 1:2000; Abcam,
Cambridge, UK), TrkB (Tropomyosin receptor kinase B, 1:500; Abcam,
Cambridge, UK), Akt (1:1000; Proteintech, Rosemont, IL, USA), p-Akt
(phosphorylated protein kinase B, 1:1000; Proteintech, Rosemont, IL, USA),
NR2B (N-methyl D-aspartate receptor subtype 2B, 1:1000; NeuroMab, Davis,
CA, USA), and GAPDH (1:2000; Cell Signaling Technology, Danvers, MA,
USA) and stored overnight at 4 °C. The secondary antibody, horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (H+L) or goat anti-rabbit

18



IgG (H+L)-HRP (GenDEPOT, Katy, TX, USA), was applied at 25 °C for 2 hours.

The proteins were detected using an enhanced chemiluminescence solution
(West Save, Western blot detection kit; Abfrontier, Seoul, South Korea). Signals
were obtained using Amersham ImageQuant 800 (GE Healthcare Life Sciences,
Chicago, IL, USA). In addition, band signals were evaluated using an analytical

system (Multi Gauge version 3.0; Fujifilm, Tokyo, Japan).
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11. Acetylcholinesterase assay

The same protein samples that were used for western blotting were also used
for this experiment. The enzymatic activity of acetylcholinesterase (AChE) was
determined using the method proposed by Ellman et al*? with some
modifications. At 37°C, triplicate samples (20 pL) were combined with the
reaction mixture, which included 0.2 mM dithiobis nitrobenzoic acid (Sigma-
Aldrich, St. Louis, MO, USA), 0.56 mM acetylthiocholine iodide (Sigma-
Aldrich, St. Louis, MO, USA), 10 uM tetraisopropyl pyrophosphoramide
(Sigma-Aldrich, St. Louis, MO, USA), and 39 mM phosphate buffer (pH 7.2).

The optical density was measured at 405 nm after 30 min.

12. Statistical analyses
Data were analyzed by one-way analysis of variance (ANOVA) with
Tukey’s post-hoc comparisons, and statistical analysis was performed using
GraphPad Prism 7 (GraphPad Software, Inc., San Diego, CA, USA). Data were
presented as the mean =+ standard error of the mean. Statistical significance was

set at *P < 0.05, **P < 0.01, ***P <0.001, and ****P <0.0001.
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III. RESULTS

Part 1. Effects of FUS stimulation on memory improvement

1. Verification of brain modulation according to FUS parameters
To determine brain modulation depending on the changes in the PRF in a
constant DC of 50%, the expression of c-fos, a neuronal activity marker, was
confirmed in response to 30 (Group 1), 300 (Group 2), 1000 (Group 3), 2500
(Group 4), and 4000 (Group 5) Hz. In addition, among the parameters that
increase neural activity, the parameter in which BDNF, a neurotrophic factor,
increases the most was confirmed. As a result, when the PRF was 1000 Hz, c-

fos and BDNF increased the most (Figure 5).
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Figure 5. Expression levels of c-fos and mBDNF according to the pulse
repetition frequency (PRF). (A) The expression level of c-fos was elevated in
the focused ultrasound (FUS) groups. (B) The mBDNF expression level was
significantly increased in FUS Group 3 compared to that of the control group
(*¥***p <0.0001). Data were expressed as the mean + standard error of the mean

(n =7 for each group).

22



FUS using this parameter was used to treat the MS and HP, and
mechanosensitive channel expression was confirmed. The MscL virus, which
was injected before FUS, is a calcium indicator that can be used to image and
measure changes in calcium concentrations associated with neural activity. As
a result, it was confirmed that fluorescence was expressed in the targeting area

by the MS and HP groups, respectively (Figure 6).

A

Medial septum

Control

MscL + FUS

Hippoecampus

Control

MscL + FUS

Figure 6. Confirmation of FUS-targeted regions using MscL expression. (A)
Expression in the medial septum. (B) Expression in the hippocampus. The scale

bar represents 500 pm.
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2. Examination of safety of FUS modulation
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 7).

Figure 7. Confirmation of safety of focused ultrasound (FUS) modulation.

The sonicated brain regions were histologically evaluated by H&E staining.

The scale bar represents 500 pum.
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3. Increased BDNF in the astrocytes in the FUS-sonicated region

Changes in BDNF expressed in astrocytes according to PRF parameters
were confirmed through immunohistochemistry. As a result, the highest amount
of expression was confirmed in group 3 (Figure 8A). When group 3’s tissues
were enlarged, it was confirmed that the FUS-treated HP had an overall
increased expression of BDNF in astrocytes compared to that of the untreated,
contralateral sites (Figure 8B). To further confirm the co-expression of
astrocytes and BDNF, images at 40x magnification were also taken (Figure 8C).

In addition, the expression of astrocytes according to the phenotype was also
confirmed. When the A1 phenotype marker C3 and BDNF were stained together,
there was no change in the astrocyte expression in the FUS group compared to
that of the control (Figure 9); whereas, when the A2 phenotype marker S100A10
and BDNF were stained together, it was confirmed that astrocyte expression in
the FUS group increased compared to that of the control group, and in particular,
the largest increase was confirmed in the MS+HP group (Figure 10A; enlarged

to 40 magnification in Figure 10B).
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1 (PRF 30 Hz) 2 (PRF 300 Hz) 3 (PRF 1000 Hz) 4 (PRF 2500 Hz) 5 (PRF 4000 Hz)

B
Group3. Contralateral

Group3. FUS-treated

Figure 8. Comparison of BDNF expression in astrocytes. (A)
Immunohistochemistry for glial fibrillary acidic protein (GFAP) and brain-
derived neurotrophic factor (BDNF) according to pulse repetition frequency
(PRF). (B) Untreated and FUS-treated regions of the PRF Group 3. (C) 40x%
magnification images. The scale bar represents 200 um (Figures 8A & B) and
20 pum (Figure 8C).
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DG Hilus CAl CA3
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FUS (HP)

FUS (MS+HP)

Figure 9. Co-staining BDNF and Al-type astrocytes. There was no change in
the astrocyte expression between groups as a result of staining the Al-type
astrocyte marker C3 (green) and BDNF (red). The scale bar represents 100 pm.
MS: medial septum; HP: hippocampus; MS+HP: medial septum + hippocampus.

DG: dentate gyrus; CA: cornu ammonis
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Figure 10. Co-staining BDNF and A2-type astrocytes. The A2 phenotype
marker SI00A 10 (red) and BDNF (green) were co-stained and were most highly

expressed in the focused ultrasound (FUS) medial septum + hippocampus
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(MS+HP) group, especially compared to that of the control group (Figure 10A).
The image was then visualized at 40x magnification (Figure 10B). The scale bar
represents 200 um (Figure 10A) and 20 um (Figure 10B). DG: dentate gyrus;

CA: cornu ammonis
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4. Changes in the expression of neuronal activity and neurotrophic factors
after FUS

The upregulation of BDNF/TrkB signaling by FUS modulation was
confirmed (Figure 11). Proteolytic processing converts proBDNF into the
mature form (mBDNF). TrkB binding to mBDNF activates the ERK1/2 and
PI3K/Akt pathways to support synaptic plasticity and cell survival.?’

As a result of western blot analysis of the FUS target area, the expression of
mBDNF increased significantly in the HP (**p = 0.0092) and the MSHP groups
(***p =0.0003) compared to that of the control. It was confirmed that the level
of TrkB expression also increased in the HP (*p = 0.0476) and MSHP groups
(**p = 0086). This BDNF/TrkB signaling also affected Akt activation and its

significance was confirmed in the MSHP group (*p = 0.013). Activation of the

NMDA receptor, NR2B, in the MSHP group (*p = 0.0462) was also confirmed.
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Figure 11. Expression levels of neurotrophic factors according to the FUS-
targeted regions. (A) Representative results of western blotting with 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). (B)
Representative results of western blotting with 8% SDS-PAGE gel. The
expression levels of (C) mature brain-derived neurotrophic factor (mBDNF) and
(D) tropomyosin receptor kinase B (TrkB) were increased in the hippocampus
(HP) and medial septum + hippocampus (MSHP) groups. The (E)

phosphorylated protein kinase B (p-Akt) and (F) N-methyl D-aspartate receptor
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subtype 2B (NR2B) expression levels were elevated in the MSHP group. Data
are expressed as the mean + standard error of the mean (SEM) (n = 7 for each
group). *p < 0.05, **p < 0.01, ***p < 0.001; One-way analysis of variance

(ANOVA) with Tukey’s multiple comparison test.
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5. Changes in cognitive function according to the FUS-sonicated region

The effect of FUS modulation in the MS, HP, or MS+HP groups on spatial
memory was evaluated using the Y-maze test. For each group, tests were
performed at 1 hour, 1 day, 2 days, and 3 days after FUS treatment. As a result,
the alternation rate increased overall in the FUS group compared to the control.
However, there was no significant difference between the MS (Figure 12A) and
HP groups (Figure 12B), and there was a statistically significant increase only
in the Day 2 group (*p = 0.038) of the MS+HP group (Figure 12C).

ACHhE activity was quantified by the Ellman assay in the MS and HP (Figure
13). AChE activity was not significant in the MS (Figure 13A), while the activity
increased in the HP of the FUS-treated groups compared to that of the control
group (Figure 13B). The AChE activity in the FUS-treated regions also
increased in the MS (*p = 0.0274), HP (**p = 0.0084), and MSHP groups (**p

=0.0011), respectively.
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Figure 12. The effect of FUS modulation on cognitive function according to
the FUS targets. Bar graphs show the spontaneous alternation rate according to
the FUS-sonicated region. (A, B) There was no significant difference between
the medial septum (MS) group and the hippocampus (HP) group. (C) Day 2 of
the MS+HP group had an increased alternation rate. Data are expressed as the
mean * standard error of the mean (SEM) (n = 12 for each group, *p < 0.05).
One-way analysis of variance (ANOVA) with Tukey’s multiple comparison test

were also performed.
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Figure 13. Change in acetylcholinesterase (AChE) activity by the FUS-
sonicated regions. (A) There was no significant difference in AChE activity
between any of the groups. (B) The AChE activity in the hippocampus of each
FUS-treated group increased significantly. The AChE activity was expressed as
the optical density at 405 nm. Values are represented as the mean + standard
error of the mean (SEM). *p < 0.05 and **p < 0.01 were considered as

statistically significant compared to the control group.
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Part 2. Modulation of the septo-hippocampal pathway in a 5XFAD mouse

model of AD

6. Elevation of BDNF protein levels in astrocytes after FUS

Changes in BDNF expressed in astrocytes in the 5xFAD mice were
confirmed through immunohistochemistry. As a result, it was confirmed that the
BDNF/GFAP of the 5xFAD mice decreased compared to the LM control and
increased in the SxFAD mice group ultrasonically treated at the MS+HP regions
compared to that of the untreated SxFAD mice (Figure 14).

In addition, the expression of astrocytes according to the phenotype was also
confirmed. The astrocyte expression of the FUS group remained unchanged
when the Al phenotypic marker C3 and BDNF were stained together (Figure
15). When the A2 phenotype marker ST00A 10 and BDNF were stained together,
it was shown that the astrocyte expression in the 5XFAD + FUS group increased
in comparison to that of the 5XFAD group (Figure 16A). Afterward, the image

was enlarged to a 40x magnification (Figure 16B).
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DG Hilus CAl CA3

Littermate

5xFAD

SxFAD + FUS

Figure 14. FUS improved the BDNF expression in astrocytes of 5xXFAD mice.
Co-staining of GFAP (green) and BDNF (red) after FUS in 5xFAD mice resulted
in noticeably more expression in the FUS group than in the SXFAD group. The

scale bar represents 100 um. DG: dentate gyrus; CA: cornu ammonis
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DG Hilus CAl CA3
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5xFAD

5xFAD + FUS

Figure 15. Co-staining of BDNF and A1 astrocytes after FUS in SxXFAD mice.
Changes in the expression of Al astrocytes (C3 in green) were not confirmed
after FUS in SXFAD mice. The scale bar represents 100 um. DG: dentate gyrus;

CA: cornu ammonis
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Figure 16. Changes in the expression of BDNF and A2 astrocytes after
FUS in 5xFAD mice. The A2 phenotype marker SI00A10 (red) and BDNF
(green) were co-stained and were expressed in the SXFAD + FUS group
compared to the SXFAD group (Figure 16A). Co-localization was identified by
a 40-fold magnification. (Figure 16B). The scale bars represent 200 pm

(Figure 16A) and 20 um (Figure 16B). DG: dentate gyrus; CA: cornu ammonis
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7. Activation of BDNF/TrkB and Akt signaling after FUS

The modulation of the MS and HP by FUS was found to increase
BDNF/TrkB signaling (Figure 17). The PI3K/Akt pathway was activated by
TrkB binding to mBDNF to enable synaptic plasticity and cell survival.?’

As a result of western blot analysis, the expression of mBDNF decreased
significantly in the TG group (**p = 0.0026) compared to that of the LM group
and increased in the TG + FUS group (*p = 0.0264) compared to that of the TG
group. It was confirmed that the level of expression of TrkB also decreased in
the TG group (*p = 0.0404) compared to that of the LM group and increased in
the TG +FUS group (*p = 00293) compared to that of the TG group. This
BDNEF/TrkB signaling also affected Akt activation and its significance was
confirmed by Akt downregulation in the TG group (**p = 0.0028) compared to
the LM group and Akt upregulation in the TG + FUS group (*p = 0.0189)
compared to the TG group. The activation of NR2B, an NMDA receptor, also
showed the same tendency. The expression of NR2B in the TG group decreased

compared to that of the LM group (*p = 0.0194) and increased in the TG + FUS

group (*p =0.0418).
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Figure 17. Comparison of the neurotrophic factors by FUS in 5XxXFAD mice.
Representative results of western blotting with (A) 12% and (B) 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. (C)
mature brain-derived neurotrophic factor (mBDNF), (D) tropomyosin receptor
kinase B (TrkB), (E) phosphorylated protein kinase B (p-Akt), and (F) N-methyl
D-aspartate receptor subtype 2B (NR2B) expression in the TG group decreased
compared to that of the littermate (LM) group but increased after FUS. Data are
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expressed as the mean =+ standard error of the mean (SEM) (n = 7 for each group,
*p < 0.05, **p < 0.01). Statistical analysis was performed using one-way

analysis of variance (ANOVA) with Tukey’s multiple comparison test.
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8. Cholinergic neuronal activity in AD by FUS modulation
The expression of choline acetyltransferase (ChAT) was evaluated by
immunohistochemistry (IHC) (Figure 18). The number of ChAT-
immunopositive neurons in the TG group was lower than that in the LM group.
Additionally, the amount was increased in the TG + FUS compared to that of

the TG group.

Figure 18. Representative images of choline acetyltransferase (ChAT)-
positive cells. The expression of cholinergic cells was decreased in the
transgenic (TG) group compared to that of the littermate (LM) control, but not

in the focused ultrasound (FUS)-treated group. The scale bar represents 200 um.
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9. Neuroprotective effects of FUS modulation
ACHhE activity was quantified by the Ellman assay in the MS and HP (Figure
19). In the MS, AChE activity was significantly reduced in the TG group (¥****p
< 0.0001) compared to that of the LM group. However, it was improved in the
TG + FUS group (****p <0.0001) compared to that of the TG group. In the HP,
like in the MS, the AChE activity was reduced in the TG group (**p = 0.0047)
compared to that of the LM group and was restored in the TG + FUS group (*p

= 0.0454) compared to that of the TG group.
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Figure 19. An increase in AChE activity by FUS in SxXFAD mice. (A) AChE
activity in the medial septum. The level of AChE activity decreased in the
transgenic (TG) group compared to that of the littermate (LM) control and
increased in the TG + FUS group. (B) AChE activity in the hippocampus. The
ACHhE activity in the TG group was decreased compared to that of the LM group
but increased after FUS treatment. The AChE activity was expressed as the
optical density at 405 nm. Values are represented as the mean + standard error
of the mean (SEM). *p <0.05, **p <0.01, and ****p < 0.0001 were considered

statistically significant.
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10. Improvement in cognitive function in 5xXFAD mice

The effect of FUS modulation in the MS+HP of 5xFAD mice on spatial
memory was evaluated using the Y-maze test. For each group, tests were
performed at 1 hour, 1 day, 2 days, 3 days, and 4 days after FUS treatment. As
a result, the alternation rate increased overall in the FUS group compared to that
of the TG group (Figure 20A). There was also a significant difference in the TG
group (**p = 0.013) compared to the LM group, and there were statistically
significant increases in the Day 1 (¥*p =0.0186) and Day 2 groups (**p = 0.0059).
There was no significant difference in the total number of arm entries in the

experimental groups (Figure 20B).
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Figure 20. Effect of FUS modulation in the septo-hippocampal area of
5xFAD mice on cognitive function. (A) The bar graphs show the spontaneous
alternation rate. The percentage of spontaneous change increased significantly
on days 1 and 2 after FUS compared with that in the transgenic (TG) mice. (B)
The number of arm entries exhibited no significant difference among any group
of animals. Data are expressed as the mean =+ standard error of the mean (SEM)
(n=10 for each group, *p <0.05, **p <0.01). Statistical analysis was performed
using one-way analysis of variance (ANOVA) with Tukey’s multiple

comparison test.
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IV. DISCUSSION

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by
cognitive decline and memory impairment, and it poses significant challenges
for healthcare systems globally.** Current treatments mainly address symptoms
with limited success in altering the disease’s progression, thus necessitating
innovative interventions to target the underlying mechanisms of AD and
preserve cognitive function.** Recently, neuromodulation techniques have
gained attention as potential AD treatments, with FUS emerging as a promising
non-invasive method capable of precisely targeting specific brain regions.’* FUS
allows for controlled modulation of neural activity without invasive procedures
or exogenous substances.® The septo-hippocampal area, vital for cognitive
processes, was set as a FUS target in this study, as dysfunction and degeneration
within this circuitry are prominent in AD pathology.’” Moreover, the role of
BDNF pathways in mediating cognitive enhancements after FUS treatment has
been explored, offering a potential therapeutic mechanism. By investigating the
impact of low-intensity FUS on the septo-hippocampal area and its effect on
cognitive function in normal and AD mouse models, this study sheds light on

the potential use of FUS as a targeted and effective therapeutic strategy for AD.
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1. FUS modulation for cognitive enhancement in normal and AD mouse
models

FUS neuromodulation offers adaptability and reversibility, allowing for
personalized treatment approaches that can be adjusted based on individual
responses and disease progression.*® Moreover, its non-invasive and safe nature
makes it accessible to a broader range of patients, including those who may not
be suitable candidates for surgical interventions.*

Intriguingly, FUS neuromodulation has shown promise in improving
cognitive function in normal mice. Studies on normal mice have demonstrated
cognitive enhancements after FUS treatment, suggesting that FUS’s positive
effects on brain circuitry and neural activity could be harnessed to benefit
individuals without AD.

The versatility of FUS neuromodulation in addressing both AD pathology
and general cognitive enhancement highlights its broad therapeutic potential. By
shedding light on the mechanisms underlying FUS-induced cognitive
improvements in AD and normal mouse models, this research opens new
possibilities for utilizing FUS to enhance brain function in various contexts. FUS
has recently emerged as a promising non-invasive neuromodulation technique
for AD treatment. Its precise targeting of specific brain regions with focused
ultrasonic waves, without invasive procedures or exogenous substances, offers

advantages over conventional interventions.*
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2. Targeting the septo-hippocampal area with FUS

The septo-hippocampal pathway is a bidirectional neural connection
between the septum and the HP. The septo-hippocampal pathway is crucial for
memory and cognitive functions.*! The cholinergic projections from the septal
nuclei to the HP are involved in enhancing memory encoding and
consolidation.* Acetylcholine release in the HP helps facilitate synaptic
plasticity, which is essential for memory formation and learning.** Therefore, in
this study, the MS was first stimulated with FUS to stimulate choline neurons
projected into the HP. This could lead to the release of acetylcholine in the HP,
which, as mentioned earlier, is important for memory formation and learning.
By priming the HP with increased acetylcholine levels, subsequent stimulation
of the HP may enhance synaptic plasticity and further potentiate memory-related
processes.

Furthermore, FUS’s capability to modulate neural activity with high spatial
resolution makes the septo-hippocampal area an attractive target for AD
treatment. This region plays a vital role in cognitive processes, including
memory and learning, and is significantly affected by AD pathology.** By
leveraging FUS to influence this circuitry, there is potential to enhance cognitive

function.

50



3. Influence of FUS on BDNF pathways

The results of our study demonstrate a significant increase in BDNF
expression in astrocytes following ultrasonic stimulation. Moreover, the
upregulation of BDNF was accompanied by an increased expression of its
associated receptors, TrkB and Akt, as well as the NMDA receptor subunit
NR2B. These findings shed light on the potential mechanisms underlying the
neurotrophic effects of ultrasonic stimulation and its implications for
neurological disorders and brain plasticity.*> Understanding the mechanisms
underlying neuroprotection, such as BDNF-mediated signaling, could lead to
novel therapeutic interventions for neurological disorders and brain injuries. %

The observed increase in BDNF expression in astrocytes is consistent with
previous studies that have shown astrocytes as a source of BDNF in the
brain.?** This suggests that ultrasonic stimulation might induce BDNF release
from astrocytes, contributing to the overall neurotrophic effects. BDNF is a key
neurotrophin known to promote neuronal survival, growth, and synaptic
plasticity, making it a critical factor in maintaining brain health and function.*

The concurrent increased expression of TrkB, the high-affinity receptor for
BDNF, reinforces the likelihood of enhanced BDNF-TrkB signaling upon FUS
stimulation. Activation of the TrkB pathway has been associated with various
neuroprotective effects, including increased cell survival and neurite
outgrowth.***’ Thus, the upregulation of TrkB expression suggests a potential
mechanism through which ultrasonic stimulation could exert its neurotrophic
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actions.

Furthermore, the increased expression of Akt, a downstream effector of the
TrkB pathway, provides additional evidence of the activation of BDNF-
mediated signaling cascades in response to FUS stimulation.”® Akt is a
serine/threonine kinase that is involved in cell survival and synaptic plasticity.
Its upregulation may promote neuronal survival and enhance synaptic
connectivity, contributing to the observed neurotrophic effects.’!

Interestingly, our findings also revealed an increase in NR2B expression
following ultrasonic stimulation. The NR2B subunit is a critical component of
NMDA receptors, which play a crucial role in synaptic plasticity and learning.>
The enhanced expression of NR2B suggests that FUS stimulation may influence
NMDA receptor activity, potentially impacting synaptic plasticity and cognitive
processes.

The collective evidence from our study suggests that ultrasonic stimulation
elicits a complex neurotrophic response in astrocytes and neurons through the
upregulation of BDNF-TrkB signaling, Akt activation, and enhanced NMDA
receptor expression. These findings have significant implications for
understanding the therapeutic potential of ultrasonic stimulation in various
neurological disorders.

Neurological disorders, such as Alzheimer’s disease and Parkinson’s disease,
which are characterized by impaired neurotrophic support, could potentially
benefit from ultrasonic stimulation as a non-invasive and targeted approach to
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boost BDNF levels and promote neuronal survival. Additionally, the observed
increase in NR2B expression may suggest a role for ultrasonic stimulation in
modulating synaptic plasticity and cognitive function, making it a promising

avenue for enhancing learning and memory.
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4. Neuroprotective effects of FUS on cholinergic neurons

AD is characterized by the progressive loss of cholinergic neurons, leading
to a reduction in the acetylcholine (ACh) level, which is crucial for cognitive
function. The 5XxFAD mouse model is widely used to study AD due to its ability
to recapitulate key pathological features of the disease, including Af plaque
deposition and cholinergic neuron loss.?%3°

In this study, we investigated the potential neuroprotective effects of
ultrasonic stimulation on cholinergic neurons in the septo-hippocampal area of
5xFAD mice. The septo-hippocampal cholinergic pathway involves cholinergic
neurons, which release ACh, an important neurotransmitter responsible for
various cognitive functions.’ These neurons are found in the septal nuclei and
project their axons to the HP, specifically to the subfields known as the dentate
gyrus (DG) and cornu ammonis (CA) regions.?! This cholinergic projection is
essential for modulating hippocampal activity and promoting memory formation
and retrieval.** Our findings demonstrate that FUS can rescue cholinergic
neurons from degeneration, leading to increased cholinergic neuron survival in
the stimulated group compared to the non-stimulated 5xFAD mice.

The activity of AChE, the enzyme responsible for degrading ACh, is
significantly reduced in the 5xFAD mice due to the lower availability of ACh,
resulting from cholinergic neuron loss. Interestingly, the ultrasonic stimulation
group exhibited increased AChE activity compared to the non-stimulated
5xFAD mice. This unexpected observation could be attributed to the
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preservation of cholinergic neurons through neuroprotective mechanisms
induced by the ultrasonic waves. The survival of cholinergic neurons in response
to ultrasonic stimulation may lead to higher ACh release and subsequently
trigger a compensatory upregulation of AChE activity to maintain cholinergic

neurotransmission.
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5. Implications for AD therapeutics

This study provides valuable insights into the molecular and cellular effects
of ultrasonic stimulation on astrocytes and neurons. The upregulation of BDNF,
TrkB, Akt, and NR2B expression points towards the activation of neurotrophic
and synaptic plasticity pathways. In addition, the neuroprotective effects of
ultrasonic stimulation on cholinergic neurons in the 5XxFAD mouse model
provide valuable insights into potential therapeutic strategies for AD.

However, it is essential to acknowledge that the field of FUS
neuromodulation for AD and cognitive enhancement is still in its early stages,
and further research is needed to fully understand its safety, long-term efficacy,
and the optimal parameters for treatment. Rigorous clinical trials with larger
sample sizes and longer follow-up periods are necessary to assess FUS’s
potential as a viable therapeutic option for AD patients and its potential for

cognitive enhancement in non-AD individuals.
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V. CONCLUSION

This study aimed to investigate the effects of FUS on the septo-hippocampal
region and cognitive function in both normal and AD mouse models. FUS
neuromodulation holds promise as a non-invasive and versatile approach for
treating AD and enhancing cognitive function.

In Part 1, optimal ultrasonic parameters that are safe and effective in normal
mice were established. An improvement in cognitive function was observed in
the group where the septo-hippocampal area of general mice was stimulated.
The potential benefits of these results suggest a broader application of FUS in
improving cognitive function for the general public. In Part 2, the recovery of
cognitive function was confirmed in the group of AD mice with ultrasonically
treated septo-hippocampal areas. Moreover, this study highlights the
neuroprotective potential of ultrasonic stimulation on cholinergic neurons in the
5xFAD mouse model of AD. These findings open new avenues for exploring
novel therapeutic strategies that aim to preserve cholinergic neurotransmission
and cognitive function in AD.

However, further research and rigorous clinical trials are required to fully
explore the safety, long-term efficacy, and optimal parameters of FUS
neuromodulation for AD and general cognitive enhancement. As research in this
field continues to evolve, FUS may hold the key to a brighter future for
individuals affected by AD and those seeking to optimize their cognitive
capabilities.
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