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Abstract
INTRODUCTION: Transcranial pulse stimulation (TPS) is increasingly being investi-
gated as a promising potential treatment for Alzheimer’s disease (AD). Although the
safety and preliminary clinical efficacy of TPS short pulses have been supported by
neuropsychological scores in treated AD patients, its fundamental mechanisms are
uncharted.
METHODS: Herein, we used a multi-modal preclinical imaging platform combining
real-time volumetric optoacoustic tomography, contrast-enhanced magnetic reso-
nance imaging, and ex vivo immunofluorescence to comprehensively analyze structural
and hemodynamic effects induced by TPS. Cohorts of healthy and AD transgenic mice
were imaged during and after TPS exposure at various per-pulse energy levels.
RESULTS: TPS enhanced the microvascular network, whereas the blood-brain barrier
remained intact following the procedure. Notably, higher pulse energies were nec-
essary to induce hemodynamic changes in AD mice, arguably due to their impacted
vessels.
DISCUSSION: These findings shed light on cerebrovascular dynamics induced by
TPS treatment, and hence are expected to assist improving safety and therapeutic
outcomes.
Highlights:
- Transcranial pulse stimulation (TPS) facilitates transcranial wave propagation using
short pulses to avoid tissue heating.
Preclinical multi-modal imaging combines real-time volumetric optoacoustic (OA)
tomography, contrast-enhanced magnetic resonance imaging (CE-MRI), and ex
vivo immunofluorescence to comprehensively analyze structural and hemodynamic
effects induced by TPS.
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1 [ INTRODUCTION

As the leading cause of dementia affecting ~50 million people world-
wide, Alzheimer’s disease (AD) profoundly impacts the lives of patients
and their families, imposing an ever-increasing demand for social
and health care resources amid a rapidly aging global population.’~3
Therapies based on drugs, non-pharmacological activities, and men-
tal support focus mainly on symptomatic relief and life quality
improvement.*~¢ The limited effectiveness of these methods under-
scores the need for a deeper understanding of the basic disease
mechanisms, potentially leading to viable therapeutic alternatives.

Ultrasound has long been used to act on the human brain with high
spatial and/or temporal precision.” Recently, new effects induced by
focused ultrasound (FUS) on cerebral areas have been discovered, and
FUS-based methods are increasingly being investigated as promising
therapies for neurological disorders, such as AD, Parkinson’s disease,
essential tremor, and others.8-12 FUS is known to cause mechanical
and/or thermal effects that depend on the sonication frequency, inten-
sity, pulse or burst duration, and infusion of microbubbles, among other
factors.!314 The mechanical effects of the cavitational forces on the
blood-brain barrier (BBB) are known to loosen the tight junctions and
facilitate agent delivery into the brain parenchyma. Moreover, FUS-
induced BBB opening has been proven beneficial, even in the absence
of a deliverable compound, suggesting the activation of modulatory
mechanisms.1®

TPS differs from other ultrasound-based brain stimulation tech-
niques that often induce tissue heating through continuous or
long-duration pulses.’® Instead, TPS utilizes individual short pulses
that produce mechanical effects without causing any increase in
tissue temperature.1”-18 TPS pulses are dominated by low-frequency
content, which facilitates transcranial propagation while avoiding
reflected and standing waves. Preclinical evidence of TPS safety was
demonstrated in rats,’” and several clinical studies have suggested
a potential modulatory impact on cortical thickness and regional
atrophy.18-20 |ndependent studies on treated AD patients showed sig-
nificantly improved neuropsychological scores lasting up to 3 months,

which were consistent with the upregulation of memory networks

- Blood volume enhancement in microvascular networks was reproducibly observed
with real-time OA imaging during TPS stimulation.

- CE-MRI and gross pathology further confirmed that the brain architecture was main-
tained intact without blood-brain barrier (BBB) opening after TPS exposure, thus
validating the safety of the procedure.

- Higher pulse energies were necessary to induce hemodynamic changes in AD

compared to wild-type animals, arguably due to their pathological vessels.

Alzheimer’s disease, blood-brain barrier, brain hemodynamics, magnetic resonance imaging,
mouse models, optoacoustic imaging, therapeutic ultrasound, transcranial pulsed stimulation

observed in functional magnetic resonance imaging (fMRI) data.”2

Extended TPS treatment over longer durations indicates that it may
improve AD symptoms over several years.22 TPS is clinically certified
for AD therapy according to the European Conformity (CE) mark and
is expected to play an important role in the clinical management of
the disease. However, the primary mechanism and the downstream
effects of TPS have not been studied, which hinders optimization of the
treatment regimen and a broader clinical adoption of the technique.

In this work we conducted a systematic preclinical study focused
on a thorough analysis of the immediate vascular and hemodynamic
effectsinduced by TPS in the murine brain. Healthy and transgenic mice
recapitulating AD-related phenotypes in humans were imaged during
and after TPS stimulation with a state-of-the-art, real-time, cross-
sectional optoacoustic (OA) tomography system and an advanced
high-field MRI scanner equipped with a cryogenic surface coil. The in
vivo results were validated with bright-field images of ex vivo brain sec-
tions and confocal microscopy. The primary outcome of the study aims
to characterize the safety profile of the TPS application and provide

valuable suggestions for clinical optimization.

2 | MATERIALS AND METHODS
2.1 | Animal experiments

The animals used in this study were housed in ventilated cages in a con-
trolled temperature (21 + 1°C) and humidity (55 + 10%) environment
under a 12 h dark/light cycle. Palleted food and water were provided
ad libitum. All experiments were, conducted in accordance with the
Swiss Federal Act on Animal Protection and approved by the Cantonal
Veterinary Office Ziirich.

All animals were initially anesthetized with a mixture of oxygen-
air and isoflurane at 100-400 mL/min, 5% v/v for induction and 2%
v/v for maintenance (Abbott, Cham, Switzerland). The animals were
placed on a heated bed in a prone position with their heads fixed into
a custom-designed stereotactic holder coupled with a breathing mask.

To minimize acoustic impedance mismatch and ensure TPS efficiency,
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RESEARCH IN CONTEXT

1. Systematic review: Articles relevant to transcranial pulse
stimulation (TPS), optoacoustic (OA) tomography, and
Alzheimer’s disease (AD) were identified by electronic
databases, PubMed and Google Scholar. Further relevant
articles were selected from the reference lists included in
the research studies we reviewed. We have focused pri-
marily on studies applying therapeutic ultrasound in the
brain, the in vivo and ex vivo imaging methods frequently
used to visualize the brain vasculature and structure,
and the quantitative outcomes that indicate therapeutic
effects.

2. Interpretation: Blood volume increase in microvascular
networks and intact blood-brain barrier following TPS
application were observed. Higher pulse energies were
necessary to induce hemodynamic changes in AD mice,
attributed to their affected vessels. Our study suggests
that the energy level delivered by the clinically approved
TPS handpiece (Neurolith, Storz Medical AG, Switzer-
land) should be determined according to the patients’
cerebrovascular and ventricular status.

3. Future directions: Our ongoing study focuses on the
biological outcomes triggered by TPS application, includ-
ing neuronal activation and functional network changes.
Future studies have been designed according to the cur-
rent therapeutic protocol for patients with AD. The longi-
tudinal study involves repeated TPS applications followed

by multimodal imaging and behavioral assessment.

the top of the head was depilated and covered with ultrasound gel. The
animals from each cohort were equally and randomly assigned to stim-
ulation and sham groups. The sham group of each cohort underwent
the respective experimental procedure for the same duration with-
out stimulation, thereby filtering out any effects unrelated to TPS in
the relative quantitative comparison. The duration from induction to
completion of the TPS application was 30 min.

Cohort I: The animals were continuously monitored with OA imag-
ing for 8 min with a 10-min break halfway. Within this timeframe
the animals received two, 4-min TPS applications as described in next
sections. Following completion, the animals recovered immediately.

Cohort Il: The animals in this cohort received the same TPS
treatments as Cohort | without being monitored with OA imag-
ing. Upon completion of the stimulation, the animals received
an intraperitoneal (i.p.) bolus injection of 0.08 mL of gadolinium-
tetraazacyclododecanetetraacetic acid (Gd-DQOTA). The animals were
immediately transferred to the 7T MRI scanner (Bruker Biospin,
Ettlingen, Germany), positioned on a dedicated mouse bed, and placed
within the scanner bore. Image acquisition was conducted with a

cryogenically cooled radiofrequency (RF) coil and a T1-weighted two-

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

dimensional (2D) fast low-angle shot (FLASH) sequence, 30 min after
the contrast-agent injection, to allow sufficient time for circulation
and diffusion.?® The total duration of the MRI process was 30 min. The
animals recovered after the image acquisition.

Following completion of the respective experimental procedure,
all animals were transcardially perfused (30 mL phosphate-buffered
saline [PBS] followed by 30 mL 4% paraformaldehyde [PFA] in PBS).
The brains were extracted, preserved in PFA for 24 h, and then trans-
ferred to 30% sucrose for at least 2 days prior to freezing, sectioning,

and immunohistochemistry.

22 | TPS

TPS was implemented with a clinically-approved TPS handpiece (Neu-
rolith, Storz Medical AG, Switzerland) that delivers ultrashort pulses
with duration ~3 ps. The ultrasound beam is focused at 50 mm in the
axial direction from the face of the TPS handpiece. It has full width
at half maximum (FWHM) of 56 and 5 mm in the axial and lateral
directions, respectively. Ultrasound pulses were emitted at a pulse
frequency of 4 Hz for a total of 100 pulses with per-pulse energy
densities at the focus of 0.05 mJ-mm=2 (referred as “low energy”)
and 0.25 mJ-mm~2 (referred as “high energy”), respectively. The low

energy level of 0.05 mJ-mm~2

is roughly equivalent to the energy of
0.25 mJ-mm~2 used in the clinical setting, taking into account the dif-
ferent thicknesses of the skull between humans and mice, whereas the
highest allowable energy (0.25 mJ-mm~2) was applied to examine the

vessel response and potential adverse effects.

2.3 | Cross-sectional real-time OA tomographic
imaging and processing

Real-time OA imaging of the murine cortex during TPS stimulation was
performed with a cross-sectional multi-spectral optoacoustic tomogra-
phy (MSOT) system tailored ad hoc for this purpose. The TPS handpiece
was inserted in a rigid custom-made holder to ensure the constant dis-
tance from the TPS emitter to the mouse brain. The optical fiber bundle
was distributed around the TPS handpiece for uniform illumination.
OA signal excitation was tuned to 730, 760, 800, and 850 nm opti-
cal wavelengths on a per-pulse basis. The raw data were anonymized
prior to post-processing to eliminate any bias. The cross-sectional OA
images were reconstructed using a filtered back-projection principle
considering signal weighting to minimize the artifacts associated with
acoustic scattering and reflections.24 Prior to reconstruction, the raw
data were band-pass filtered. A singular value decomposition (SVD)
clutter filter was applied to the reconstructed images, grouped per
wavelength, to isolate the signal fluctuations attributed to hemody-
namic changes from the static background.?> For each wavelength,
the frames corresponding to the seven different subsets (time inter-
vals) were selected and the maximum intensity projection (MIP) for all
frames of each subset was calculated. Frames affected by TPS interfer-
ences (<1%) were rejected. Each MIP image was further analyzed to

identify vessels with profound changes through the sections. Regions
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of interest (ROIs) were generated to isolate such vessels, and the aver-
age maximum intensity quantified and compared. The biodistributions
of oxygenated (HbO) and deoxygenated (HbR) hemoglobin were esti-
mated by normalizing the single-wavelength images with the optical
fluence estimated by imaging the circular face of a cylindrical agar
phantom (16 mm diameter) embedding uniformly-distributed black ink
positioned at the same location as the mouse scalp, followed by stan-
dard spectral fitting of the images at wavelengths different from the
absorption spectra of the two forms of hemoglobin.2¢ Detailed infor-
mation on the tomographic imaging and the respective processing can

be found in the Supplementary Material.

2.4 | Statistical analysis

All values are expressed as means + standard deviations (SDs). The
statistical analysis was carried out using the absolute intensity values
for the effect accuracy. Differences between the means of the groups
in the OA analysis were analysed using two-way repeated measures
analysis of variance (ANOVA) and in the BBB integrity with one-way
ANOVA. The iterative Grubbs’ method was used to detect any out-
liers in all groups and strains.2” The p values in the OA analysis were
adjusted based on the Holm Sidak post hoc correction. Statistical analy-
sis was performed on the mean value obtained per animal. All statistical

analyses were performed using Prism 10 (Graphpad).

3 | RESULTS

3.1 | Multiparametric characterization of TPS with
multimodal imaging

Multimodal imaging techniques facilitate a deeper understanding of
biological processes by combining complementary information from
tissue structure and function. It is of particular importance to eluci-
dating complex cerebral dynamics in response to different types of
stimuli. Our multimodal imaging platform consisted of preclinical OA
and MRI systems to monitor the TPS-induced effects in real time
and post-treatment, particularly pertaining hemodynamic changes and
potential alterations of BBB integrity. Separate cohorts of mice were
imaged with each modality to reduce the induced burden on the ani-
mals and to ensure that imaging was performed either during (OA) or
immediately after (MRI) TPS exposure (Figure 1A, see Methods for
details). TPS stimulation was performed under isoflurane anesthesia
with the mice immobilized in a prone position, a standardized body
posture allowing for consistency across experiments (Figure 1B). The
TPS handpiece emits a relatively wide ultrasound beam simultaneously
exciting a large portion of the murine brain (Figure 1B and Figure S1).
During the experiments, the TPS beam was directed to the center of
the brain to ensure that most brain areas were exposed (Figure 1B).
The stimulation paradigm consisted of subsequent application of three
sequences, 100 pulses each separated by 1 min with different per-

pulse energy densities (Figure 1B, see Methods for details). The same

process was repeated for a second time, 10 min after completion of
the first round of stimulations. The low energy level (0.05 mJ-mm~2)
is comparable to that used in clinical trials when adjusted for the
much thinner skull in mice relative to the human dimensions.?® The
high energy level, corresponding to the maximum intensity emitted
by the TPS handpiece (0.25 mJ-mm~2), was used to induce more pro-
nounced responses and to assess potential adverse effects in the brain.
A custom setup incorporating the TPS handpiece, a 512-element full-
ring ultrasound transducer array, and a multi-arm optical fiber bundle
was developed for real-time cross-sectional OA imaging of the murine
cortex of Cohort | of mice during TPS stimulation (Figure 1C, see
Methods for details). Per-pulse tuning of the laser wavelength enabled
capturing multi-spectral (multi-wavelength) images at a sufficiently
high frame rate (2 multispectral images per second) to characterize
the hemodynamic changes induced by brain activity?? (Figure 1C).
Multi-spectral unmixing enables distinguishing the biodistributions of
oxygenated and deoxygenated hemoglobin in the resolved microvascu-
lar networks (Figure 1C, see Methods for details), thereby facilitating
a comprehensive multi-parametric characterization of the induced
changes.?? Contrast-enhanced MRI (CE-MRI) imaging of Cohort Il of
mice was performed following TPS stimulation with the same proto-
col used for Cohort | and additional i.p. administration of gadodiamide
(Gd-DTPA, Omniscan, U.S.A.). A cryocoil significantly outperforming
standard room temperature coils in terms of sensitivity was employed
to image the mouse brain (Figure 1D). Gadolinium diffusion can be
captured by image reconstruction as bright diffuse areas in the brain
parenchyma, acquired with a T1-weighted fast low-angle shot (or
FLASH) sequence.?® Thereby, a stack of 17 coronal sections was
acquired to enable assessing BBB integrity across the entire brain
(Figure 1D).

3.2 | Real-time OA monitoring of hemodynamic
changes

OA imaging provides the unique capability to simultaneously capture
changes in oxygenated (HbO) and deoxygenated (HbR) hemoglobin
associated with neurovascular coupling or other hemodynamic
responses. The OA imaging system employed was tailored to visualize
the entire murine cortex in real time in order to reveal hemodynamic
changes during TPS stimulation in CD1, 5xFAD, and 3xTg-AD mouse
brains. CD1 mice represent a standard healthy model, whereas 5xFAD
and 3xTg-AD mice are established transgenic strains recapitulating
AD-related phenotypes for the selected ages (see Methods for details).
An increase in OA signal was observed in microvascular networks
across a relatively large cortical area following TPS stimulation for all
strains. The superposition of the baseline image (maximum intensity
from the first 100 frames) and the difference map (baseline image
subtracted from the maximum intensity at the last stimulation)
offers a full-scale view of the induced effects throughout the entire
cortex (Figure 2A). The OA signal intensity at the isosbestic point of
hemoglobin (%800 nm) corresponds to total hemoglobin signal, indica-

tive of blood volume changes associated with vasodilation (Figure S2).
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FIGURE 1 Overview of the multimodal imaging study. (A) Timeline of the imaging protocols for two separate cohorts of mice treated with TPS.
Cohort | underwent continuous OA imaging while receiving two TPS stimulation sessions separated by a 10-min interval. Cohort Il received the
same TPS stimulation sessions without OA imaging followed by i.p. injection of Gd-DOTA and MRI 30 min after. (B) TPS configuration for the mice
immobilized in a prone position and profile of the emitted ultrasound beam relative to the entire murine brain and brain sections. The ultrasound
beam is focused at 50 mm in the axial direction, with FWHM of 56 and 5 mm in the axial and lateral directions, respectively. The stimulation
paradigm, consisting of subsequent application of three sequences, 100 pulses each separated by 1 min with different per-pulse energy densities,
is shown. Ultra-short pulses with duration 3 ps were emitted at a pulse frequency of 4 Hz for a total of 100 pulses, with per-pulse energy densities
at the focus of 0.05 mJ-mm~2 and 0.25 mJ-mm~2, respectively. (C) OA imaging configuration. A custom setup incorporating the TPS handpiece, a
512-element full-ring ultrasound transducer array and a multi-arm optical fiber bundle was developed for real-time cross-sectional OA imaging of
the murine cortex during TPS stimulation. Per-pulse tuning of the laser wavelength rendered multi-spectral images enabling unmixing of the
biodistributions of HbO and HbR based on the spectrally distinctive extinction coefficients (¢) of HbO and HbR. (D) MRI imaging. A cryocoil was
employed to image the mouse brain. Gd-DOTA administration can be visualized as bright diffuse areas in the brain parenchyma, acquired with a
T1-weighted FLASH sequence. FLASH, fast low-angle shot; FWHM, full width at half maximum; Gd, gadoteric acid; HbO, oxygenated hemoglobin;
HbR, deoxygenated hemoglobin; i.p., intraperitoneal; MRI, magnetic resonance imaging; OA, optoacoustic; TPS, transcranial pulse stimulation.
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Magnification of selected vessels that exhibited the most prominent
changes, as observed in the difference map, enables the visualization
of the response dynamics when alternating from stimulation and
inactive intervals (Figure 2B). It is important to note that different
vessel responses to TPS could be captured within the same brain
and across animals (Figure S3). This variability in the cerebrovascular
response could be attributed to differences in the vessel diameter and
the corresponding mechanics. It has been suggested that arterioles
and first-order capillaries dilate first, dictating the increase in cerebral
blood flow (CBF) that outweighs the local capillary resistance.3%:32 In
the selected CD1 mouse brain example, the vessel-response profile
followed the stimulation pattern. An intensity increase of 6%, 15%,
and 23% compared to the baseline was observed at the respective
stimulation intervals, whereas the intensity dropped during the inac-
tive intervals (Figure 2C). In the selected 5xFAD mouse brain example,
the vessel intensity increased over the course of the stimulation and
inactive intervals, reaching a maximum of 129% when TPS was applied
at the highest energy setting (Figure 2C). In the selected 3xTg-AD
mouse brain example, the vessel responded to the first stimulation
by an observed intensity increase on the order of 40% compared to
the baseline intensity, followed by an intensity drop at the inactive
interval (Figure 2C). The vessel intensity increased only when the TPS
handpiece was emitting pulses, yet at lower values compared to the
first stimulation (Figure 2B,C). The patterns for the selected vessels
in all mice confirmed the heterogeneities in the observed responses
(Figure S3), with some vessels responding to all three TPS stimulation
intervals and others to only one or two of them. In some cases the OA
intensity at the selected vessel kept increasing after a given stimula-
tion sequence. In others, a switch behavior was observed, where the
vessel intensity increased only during the stimulation sequence and
then returned to baseline. In most cases, the strongest response was
observed for the high-energy TPS sequence, with a few exceptions
probably due to saturation effects (Figure 2B,C, Figure S3).
Heterogeneous dynamic patterns were observed in the unmixed
biodistributions of oxygenated and deoxygenated hemoglobin for the
selected vessels. Changes in the oxygenation level normalized to the
baseline total hemoglobin signal are shown in Figure 2D for the repre-
sentative vessels from each mouse strain. Generally, changes in HbO

and HbR are linked to a complex combination of nitric oxide-induced
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vasodilation as well as neurovascular coupling and metabolic changes
associated with brain activity.3334

The responses to the stimulation events revealed statistically sig-
nificant differences to the baseline intensity (Figure 2E). For the CD1
mouse brains, the OA signal intensity at the last TPS session was sig-
nificantly higher compared to the baseline (40.4%, p = 0.0043). The
average vessel intensity in the 5xFAD mouse brains was found signif-
icantly higher during the last stimulation compared to the baseline and
all other stimulation intervals (percent change: baseline-third stimu-
lation: 49.7%, p = 0.0007; first-third stimulation: 38.0%, p < 0.0035;
second-third stimulation 28.9%, p < 0.0161). In accordance with the
5xFAD strain, the OA signal intensity of the 3xTg-AD mouse brain was
found to be significantly higher at the last stimulation compared to the
baseline and the other two stimulation sessions at lower energy levels
(percent change: baseline-third stimulation: 39.9%, p = 0.0273; first-
third stimulation: 27.7%, p = 0.0306; second-third stimulation 27.9%,
p=0.0306).

The analysis and comparison of the sham to the stimulated brains
is presented in the Supplementary Material. As expected, qualitative
evaluation of the sham CD1 and 5xFAD brain vasculature did not show
any prominent vessel changes throughout the 10-min OA imaging
interval (Figure S4). Quantitative analysis confirmed the absence of sig-
nificant vessel responses, whereas OA intensity changes were retained
within a + 10% range from the baseline, that served as the error range
in our analysis (Figures S3 and S5). The comparison between the stim-
ulation intervals is presented as percent change to capture the relative
change; however, the statistical analysis was carried out using the
absolute intensity values for the effect accuracy.

3.3 | BBB integrity following TPS

It is essential to confirm that TPS stimulation is driving the observed
hemodynamic changes and not a potential BBB opening induced by
the treatment. Although microbubbles were not injected in this study,
it is still possible that excess energy transfer to the brain could result
in a BBB compromise. Therefore, the brains of TPS-treated and sham
CD1, 5xFAD, and 3xTg-AD mice were examined in vivo and ex vivo in

terms of brain integrity with methods providing different (increasing)

FIGURE 2 Hemodynamic responsesin CD1, 5xFAD, and 3xTg mice visualized with OA imaging. (A) Baseline OA images (maximum intensity
from the first 100 frames) and difference maps (baseline OA images subtracted from the maximum intensity of the OA images during the last
stimulation) for the isosbestic point of hemoglobin (~800 nm). (B) Difference maps for ROls indicated in (A) corresponding to selected vessels with
conspicuous changes across time. (C) Percent changes of the OA signal intensity at 800 nm in the selected ROls revealing variability in the
hemodynamic responses to TPS. (D) Changes in the unmixed biodistributions of HbO and HbR for the selected vessels normalized to the baseline
total hemoglobin (HbT = HbO+HbR). (E) Statistical analysis of the OA signal changes at 800 nm for all CD1, 5xFAD, and 3xTg mice used in the
study. The values displayed are normalized to the baseline for better visualization, but statistical analysis was performed using the unnormalized
data. For CD1 mice, a significant difference in OA signal intensity at the last TPS session relative to the baseline was observed (40.4% increase,

p =0.0043). For 5xFAD mice, significant differences in OA signal intensity for the last stimulation compared to the baseline and other stimulation
intervals were observed (percent change: baseline-third stimulation: 49.7%, p = 0.0007; first-third stimulation: 38.0%, p < 0.0035; second-third
stimulation 28.9%, p < 0.0161). For 3xTg mice, significant differences in the OA signal intensity at the last stimulation compared to the baseline and
the other two stimulation intervals at lower energy levels were observed (percent change: baseline-third stimulation: 39.9%, p = 0.0273; first-third
stimulation: 27.7%, p = 0.0306; second-third stimulation 27.9%, p = 0.0306). HbO, oxygenated hemoglobin; HbR, deoxygenated hemoglobin; OA,

optoacoustic; ROls, regions of interest; TPS, transcranial pulse stimulation.
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sensitivity levels (Figure 3 and Figure S6). Evans blue dye was used
initially to examine leakage in the brain indicative of BBB opening,
since the dye does not cross the BBB when intact. Gross pathology
of representative TPS-treated and sham CD1 mice did not show any
BBB disruption (Figure S6), which is clearly visible in mice with a
compromised BBB.3> MRl is the preferred imaging method for brain
applications given its non-ionizing and non-invasive nature. MRI cou-
pled with i.p. injection of gadolinium reveals sites of BBB permeability,
since this contrast agent cannot cross the intact BBB. CE-MRI coronal
slices of CD1, 5xFAD, and 3xTg-AD mouse brains showed no con-
trast agent leakage in the parenchyma, an indicator of an impermeable
BBB (Figure 3A). The presence of contrast is, however, recognized
by the bright signal in the vasculature as well as in one of the 3xTg-
AD sham brains, arguably corresponding to the disease phenotype
(Figure 3A, violet arrow). The brain with the spontaneously perme-
able BBB was used for quantitative analysis as a positive control of
the method. The average intensity of both hemispheres was computed
for all 17 brain slices and compared against a healthy sham brain and
the mouse brain with permeable BBB. As expected, the treated brains
do not differ from the untreated sham brain but have statistically
lower intensity values compared to the impacted BBB (p < 0.0001;
CD1: 56%, 5xFAD: 53%, 3xTgAD: 52%) (Figure S7B). The MR images
provide another interesting insight: the enlargement of the lateral ven-
tricles (LVs) of both AD strains compared to the CD1 brain examples
(Figure 3A, green arrow). Quantification of the LVs revealed a 3.5-fold
volume increase (p < 0.0001) in the AD brains compared to the CD1
brains at the age of the experiment (Figure S7A). This phenomenon
has been reported to occur in these AD mouse strains.?¢37 Although
not intended for quantitative analysis, immunohistochemistry was also
performed to visualize the BBB integrity. Glut-1 (red) is a hydropho-
bic protein that aids in the transport of glucose across the BBB and
is expressed in endothelial cells, astrocytes, and choroid plexus, which
make up the BBB. NeuN (green) is a neuronal differentiation marker
and was included in the staining to visualize neuronal density. Imaging
at lower and higher magnification settings revealed a healthy popu-
lated hippocampal structure with a complex vessel network that could
be observed through the cross-sections (Figure 3B). A closer look into
the CA subregion shows the vessel branching around the neurons
(Figure 3B).

4 | DISCUSSION

The primary purpose of this study was to assess alterations in cerebral

hemodynamics and BBB permeability in mice by using a multi-modal

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

methodology. Real-time monitoring of brain hemodynamics and oxy-
genation was achieved with a state-of-the-art OA tomographic system
customized to facilitate transverse cross-sectional imaging of the
murine brain during repeated TPS exposure. Specifically, gadolinium-
enhanced MRI confirmed that the brain architecture was maintained
intact without BBB opening after TPS exposure, establishing the safety
profile of the procedure. Moreover, increased OA signal was detected
systematically during stimulation, suggesting increased CBF. This was
followed by a subsequent return to baseline levels for some mice,
whereas it was sustained after stimulation for others. Saturation
effects during repeated stimulations were also observed. The sta-
tistically significant differences among the stimulation intervals and
the baseline evinced response differences between healthy and dis-
eased mice. The CD1 brains responded to every stimulation interval,
whereas significant responses were observed only for the high-energy
stimulation interval in AD brain vessels. This observation suggests
that higher energy, yet within the safety window, is necessary to
induce hemodynamic changes in the AD mice, probably due to their
pathological vessels. Indeed, we observed cerebral amyloid angiopa-
thy associated with accumulation of amyloid on the vessel walls in
3xTg mice (Figure S8). Capillary constriction driven by contractile per-
icytes, evoked, probably, by oligomeric amyloid beta (Ag), is a primary
biomarker for AD.383? Moreover, CBF reduction has been implicated
in driving the cognitive decline in patients with AD. Given the role of
CBF intheinitial stages of AD, TPS stimulation could reverse the patho-
logical vasoconstriction and halt cognitive deterioration, offering an
essential breakthrough in AD treatment. In addition, the pathological
capillary constriction in AD patients compared to healthy controls jus-
tifies the necessity of higher intensity to increase the blood flow in
the transgenic animal models. This observation highlights an impor-
tant aspect in the treatment planning, that brain integrity at the time
of treatment should drive the development of personalized protocols.
Apart from the pathological vessels, the LV enlargement was evident
for AD mice relative to CD1 healthy controls in the CE-MRI coro-
nal images. Similarly, the rate of ventricular volume increase has been
a proposed biomarker for AD progression, as it correlates with an
increase in senile plaques and neurofibrillary tangles.“C Little is known
of the ventricular response to ultrasound, yet a recent study indicated
enhanced cortical cerebrospinal fluid (CSF) influx during FUS stimula-
tion in rodents.*! These findings are promising, but whether TPS under
the examined protocol triggered a CSF response should be explored.
The observations regarding the ventricular pathology, however, indi-
cate pathological progression of the disease and could be correlated
with hindered blood flow.

FIGURE 3 Screening of BBB integrity with MRI. (A). CE-MRI coronal slices acquired following i.p. injection of Gd-DOTA are shown for a sham
(untreated) CD1 brain, TPS-treated CD1, 5xFAD, and 3xTg brains, and a PC sham 3xTg brain featuring spontaneous BBB impairment (magenta
arrows). The images confirm the absence of Gd-DOTA in the brain parenchyma, an indicator of impermeable BBBs. The presence of contrast is
apparent by the bright signal in the vasculature, evincing the enlargement of the LVs of both AD strains relative to CD1 mice (green arrows). (B)
Immunohistochemical analysis of a stimulated CD1 mouse brain to visualize the BBB integrity with the anti-Glut-1 (red) and anti-NeuN (green).
Imaging at lower and higher magnification settings revealed a healthy populated hippocampal structure with a complex vessel network that could
be observed through the cross-sections. AD, Alzheimer’s disease; BBB, blood-brain barrier; CE, contrast-enhanced; Gd-DOTA, gadoteric acid; i.p.,
intraperitoneal; LVs, lateral ventricles; MRI, magnetic resonance imaging; PC, positive control; TPS, transcranial pulse stimulation.
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The vascular responses reported herein are consistent with those
of previous studies tracking cerebral hemodynamic alterations in
response to ultrasound treatments.*243 Low-energy extracorporeal
shock wave application has also been shown previously to promote
the release of nitric oxide in other organs, consequently resulting in
an increase in blood flow.*4~4¢ Nitric oxide is growingly recognized
to have a therapeutic role in many conditions, for example, due to
cytoprotective effects stemming from its capacity to enhance local
blood flow and neutralize highly reactive free radicals.*’ Moreover,
ultrasound has been shown to activate mechanosensitive ion chan-
nels through increases in membrane tension,*® and neuronal responses
detected by the increase in calcium signals in cerebral cortical struc-

tures during and following ultrasound neuromodulation.*?

5 | CONCLUSION

In conclusion, this study highlights the potential of TPS as a non-
invasive therapy for AD, demonstrating its safety and measurable
effects in the murine brain. We capitalized on the unique in vivo
imaging capabilities of our multi-modal preclinical imaging platform to
provide valuable insights into the hemodynamic effects of TPS, notably
observing the increase in blood volume within microvascular networks
without compromising the BBB integrity. Moreover, we provide evi-
dence of the dynamic relationship between AD pathology, blood flow
constriction, and the necessary TPS intensity for therapeutic effects.
These results pave the way for further exploration and optimization of
TPS, facilitating advancements in therapeutic strategies for AD.
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