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ARTICLE INFO ABSTRACT

Keywords: Aims: Previous studies have reported that focused ultrasound (FUS) helps modulate the blood-
Blood-brain barrier brain barrier (BBB). These studies have generally used the paracellular pathway owing to tight
FO;“S.ed ultrasound junction proteins (TJPs) regulation. However, BBB transport pathways also include diffusion and
ggvz;;:;cnon transcytosis. Few studies have examined transcellular transport across endothelial cells. We

Major facilitator superfamily domain- supposed that increased BBB permeability caused by FUS may affect transcytosis. We investigated

containing 2a (Mfsd2a) drug delivery through transcytosis and paracellular transport to the brain after BBB modulation

Transcytosis using FUS.
Main methods: FUS and microbubbles were applied to the hippocampus of rats, and were
euthanized at 1, 4, 24, and 48 h after sonication. To investigate paracellular transport, we
analyzed TJPs, including zona occludens-1 (ZO-1) and occludin. We also investigated caveola-
mediated transcytosis by analyzing caveola formation and major facilitator superfamily
domain-containing 2a (Mfsd2a) levels, which inhibit caveola vesicle formation.
Key findings: One hour after FUS, ZO-1 and occludin expression was the lowest and gradually
increased over time, returning to baseline 24 h after FUS treatment. Compared with that of TJPs,
caveola formation started to increase 1 h after FUS treatment and peaked at 4 h after FUS
treatment before returning to baseline by 48 h after FUS treatment. Decreased Mfsd2a levels were
observed at 1 h and 4 h after FUS treatment, indicating increased caveola formation.
Significance: FUS induces BBB permeability changes and regulates both paracellular transport and
caveola-mediated transcytosis. However, a time difference was observed between these two
mechanisms. Hence, when delivering drugs into the brain after FUS, the optimal drug adminis-
tration timing should be determined by the mechanism by which each drug passes through the
BBB.
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1. Introduction

Focused ultrasound (FUS) is a potential non-invasive method that can modulate the blood-brain barrier (BBB) and substantially
contribute to drug delivery to the brain [1,2]. The BBB is a specialized and critical structure in the brain that protects the central
nervous system (CNS) from harmful substances in the bloodstream [3-5]. Its tight junctions and selective transport mechanisms
present a formidable challenge for delivering therapeutic drugs to treat brain diseases effectively. To overcome this obstacle, re-
searchers have explored the use of FUS in combination with microbubbles to transiently and reversibly open the BBB in targeted
regions [6-8]. This innovative approach allows for the delivery of drugs and water-soluble macromolecules with a size of several tens
of kilodaltons, which were previously restricted by the intact BBB.

The BBB is composed of specific endothelial cells, a basement membrane, pericytes, and astrocytic endfeet [9,10]. The most
well-known of these structures is the tight junction, which connects brain endothelial cells [4]. These comprise both tight junction
proteins, such as claudin, occludin, and junctional adhesion molecules, as well as scaffolding proteins, such as zonula occludens-1
(ZO-1), which bind to other components to favor strong adhesion [11]. In addition to the paracellular pathway, which is the pas-
sage transporting through the BBB owing to these tight junctions, several pathways, including the transcellular pathway,
receptor-mediated transcytosis, and cell-mediated transcytosis, can transport molecules through the BBB [12]. Among them, the
mechanism of transcellular transport across endothelial cells involves the formation of caveolae, a specific membrane-associated
microstructure abundantly expressing caveolin-1 [13,14]. Specifically, the major facilitator superfamily domain-containing 2a
(Mfsd2a) protein inhibits transcytosis in CNS endothelial cells [15] and is linked to changes in the lipid composition and caveola
formation [16].

The mechanisms of drug delivery facilitated by FUS differ depending on the nature of the drug and the specific transport route. For
example, the transcellular lipophilic mechanism allows heroin and theophylline to pass through, whereas p-glucose and 1-glutamate
are transporter-mediated [17-20]. Furthermore, paracellular leakage through widened tight junctions allows the passage of hydro-
philic molecules, whereas transcellular endocytosis allows the passage of large proteins, including DNA/RNA [21,22].

Although FUS holds great promise for enhancing drug delivery through the BBB, its exact mechanism of action remains a subject of
ongoing research, and long-term safety evaluations are still limited [23,24]. Several studies that deliver drugs after BBB modulation by
FUS have investigated paracellular passage through tight junctions [25,26], and only a few studies have examined transcellular
transport across endothelial cells. Therefore, we aimed to investigate whether FUS combined with microbubbles could control other
pathways in addition to the paracellular pathway of drug delivery and determine the optimal timing of drug injection according to the
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Fig. 1. Experimental FUS system. (A) Schematics of the focused ultrasound setup. (B) The experiment’s timeline for comparison at 1, 4, 24, and 48
h after sonication.
FUS, focused ultrasound; MB, microbubbles; MRI, magnetic resonance imaging.
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type of transport.

2. Material and methods

Ethics approval

The Institutional Animal Care and Use Committee of Yonsei University (South Korea) granted approval for all animal studies, which
were carried out in compliance with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals (IACUC
number: 2019-0208).

2.1. Experimental animals

Animals were kept in cages of groups of three individuals, with a 12/12 h light/dark cycle under regulated humidity and tem-
perature, and received food and water ad libitum. One control group (n = 14) and four FUS groups (n = 56, n = 14 per each group) were
created from a total of 70 male Sprague-Dawley rats (240-270 g). The rats were euthanized at 1, 4, 24, and 48 h after FUS treatment.

2.2. FUS treatment

A 515-kHz single-element spherically focused H-107MR transducer (focal depth, 51.7 mm; radius of curvature, 63.2 mm; Sonic
Concept Inc., Bothell, WA, USA), waveform generator (33220A; Agilent, Palo Alto, CA, USA), and radiofrequency power amplifier
(240 L; ENI Inc., Rochester, NY, USA) were used for FUS sonication. Parameters were set as previously described [27]. The transducer
assembly was fitted with a cone filled with distilled and degassed water (Fig. 1A). For transducer calibration, a needle-type hydro-
phone (HNA-0400; Onda, Sunnyvale, CA, USA) was used to measure the acoustic beam profile of the water-filled tank. For a total of
120 s, the average peak-negative pressure was set at 0.2 MPa with a 10-ms burst duration at a 1-Hz pulse-repetition frequency (Fig. 1B).

Before being put in a stereotaxic frame with ear and nose bars, the animals were given a combination of ketamine (75 mg/kg),
acepromazine (0.75 mg/kg), and xylazine (4 mg/kg) to induce anesthesia. After the animals’ scalps were removed, an ultrasonic
transmission gel (ProGel-Dayo Medical Co., Seoul, South Korea) was put to the space between the skull and the cone tip to maximize
the ultrasound’s efficiency. The FUS target region was the right hippocampal area (anteroposteriorly —3.5; mediolaterally +2.5 from
the bregma). Ten seconds before ultrasound sonication, saline-diluted DEFINITY® microbubbles (mean diameter range, 1.1-3.3 pm;
Lantheus Medical Imaging, North Billerica, MA, USA) were intravenously administered into the tail vein, and Evans blue (2 %, 100 mg/
kg) was intravenously administered at each time point after FUS treatment in the typical rats (n = 7), which were sacrificed 1 h later to
examine BBB permeability. In addition, 500-kDa dextran (Thermo Fisher Scientific, Waltham, MA, USA; D7136, Ry = approximately
16 nm) was intravenously administered (1 g/kg) at each time point after sonication (n = 5). The dextran was diluted to 10 mg/mL in
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Fig. 2. Confirmation of safe BBB opening by FUS. (A) Confirming FUS-mediated opening of the BBB using MRI. Contrast enhancement is visible in
gadolinium-enhanced T1-weighted images. BBB opening areas are indicated with an arrow. (B) No FUS-mediated edema is observed on T2-weighted
MRI scans. (C) T1-weighted MRI image. (D) Hematoxylin and eosin staining to identify tissue safety. Scale bar: 2000 pm (left) and 500 pm (right).
The right side is the enlarged part of the BBB opening.

BBB, blood-brain barrier; FUS, focused ultrasound system; MRI, magnetic resonance imaging.
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phosphate-buffered saline.

2.3. Magnetic resonance imaging

An hour after FUS treatment, magnetic resonance imaging (MRI) was performed using a 9.4-T 20-cm bore-diameter MRI system
(BioSpec 94/20 USR; Bruker, Ettlingen, Germany) and a rat head coil. A gadolinium-based contrast agent, 0.2 mL/kg Dotarem
(gadoterate meglumine; Guerbet, Villepinte, France), was injected into the tail vein. To confirm FUS-mediated BBB permeability,
contrast-enhanced T1-weighted images were acquired. However, FUS-induced edema was not observed on T2-weighted images.
Moreover, T1-weighted images were obtained without Dotarem contrast (Fig. 2). The MRI sequences used in this study were described
in Supplemental Table 1.

2.4. Transmission electron microscopy

The number of caveolae was determined using transmission electron microscopy (TEM). Two samples were extracted from the
hippocampus of rats from each group. After securing the hippocampus where the focused ultrasound of the sectioned brain tissue was
targeted using an anatomical microscope, the CA1l area of the hippocampus was acquired in a size of 1 mm cubic. Tissues were fixed for
12 hin 2 % glutaraldehyde-paraformaldehyde solution in 0.1 M phosphate buffer (pH 7.4) and then washed in 0.1-M phosphate buffer.
Next, tissues were postfixed for 2 h with 1 % OsO4 dissolved in 0.1-M phosphate buffer, dehydrated using a graded series of ethanol
(50-100 %), and infiltrated with propylene oxide. Specimens were embedded using a Poly/Bed 812 kit (Polysciences, Philadelphia,
PA, USA) and underwent fresh resin embedding and polymerization for 24 h at 65 °C in an electron microscopy oven (TD-700; Dosaka
Em Co., Kyoto, Japan). Tissues were cut into 70-nm-thin sections using Leica EM UC-7 (Leica Microsystems, Wetzlar, Germany) and a
diamond knife (Diatome, Hong Kong, China) and were transferred onto copper and nickel grids. All sections were observed using the
JEM-1011 transmission electron microscope (JEOL, Tokyo, Japan).

2.5. Histological analysis

Animals were anesthetized and perfused with 0.9 % saline and 4 % paraformaldehyde at 1, 4, 24, and 48 h after FUS sonication.
After being extracted and postfixed in 4 % paraformaldehyde (Duksan, Seoul, South Korea) for 3 days at 4 °C, and 30 % sucrose
(Duksan) for 3 days at 4 °C. The brains were sectioned into 30 pm using a cryostat (Leica Biosystems, Wetzlar, Germany), and kept at
—20 °C in a cryoprotectant solution containing 30 % sucrose, 30 % ethylene glycol (Thermo Fisher Scientific), 1 % poly-
vinylpyrrolidone (Sigma-Aldrich, St. Louis, MO, USA), and 0.1-M phosphate buffer (pH 7.2).

2.5.1. Immunofluorescence staining

Brain sections were blocked with 5 % normal goat serum (Vector Labs, Burlingame, CA, USA) and incubated with primary anti-
bodies targeting markers for caveolae (caveolin-1; ab2910; 1:200; Abcam, Cambridge, UK) and endothelial cells (Recal; MCA970R;
1:150; Serotec, Oxford, UK) at 4 °C overnight in order to detect caveolin-1 and endothelial cells. The sections were incubated for 2 h at
25 °C with the following secondary antibodies: Alexa Fluor 488 (A11008; 1:300; Thermo Fisher Scientific) and Alexa Fluor 594
(A11005; 1:300; Thermo Fisher Scientific). The 4',6-diamidino-2-phenylindole mounting media (Vector Laboratories) was used to
mount each section. A Zeiss Axio Imager M2 microscope (Carl Zeiss, Oberkochen, Germany) was used for taking fluorescent images.

2.5.2. Hematoxylin and eosin staining
Hematoxylin and eosin (H&E) staining was used to evaluate hemorrhage and injury. Prior to H&E staining, brains were fixed in
paraffin wax and sliced into 4 pm sections. An optical microscope was used to observe the tissues (BX51; Olympus, Tokyo, Japan).

2.6. Western blot analysis

After the rats’ brains were removed, the hippocampus was cut out using a 1-mm coronal brain slicer matrix. To extract the proteins,
the tissues were homogenized with lysis buffer (PRO-PREP; iNtRON Biotechnology, Seongnam, Korea) and centrifuged for at 12 000
rpm for 20 min. Protein concentration in the supernatant was measured using a Pierce bicinchoninic acid Protein Assay Kit (Thermo
Fisher Scientific). Proteins were separated using 12 % sodium dodecyl sulfate-polyacrylamide gels and transferred onto polyvinylidene
fluoride membranes. After blocking using a solution containing 5 % non-fat dry milk, the membranes were incubated overnight at 4 °C
with primary antibodies against ZO-1 (61-7300; 1:1000; Thermo Fisher Scientific), occludin (ab167161; 1:5000; Abcam), Mfsd2a
(ab177881; 1:1000; Abcam), caveolin-1 (ab2910; 1:1000; Abcam), and p-actin (1:20 000; Sigma-Aldrich). The membranes were then
incubated for 2 h at 25 °C with secondary antibodies with goat anti-rabbit immunoglobulin (Ig)G(H + L)-HRP (1:2000 for ZO-1,
Mfsd2a, and caveolin-1; 1:10 000 for occludin; GenDEPOT, Katy, TX, USA) and goat anti-mouse IgG(H + L)-HRP (1:20 000 for
B-actin; GenDEPOT). The proteins were obtained through a chemiluminescence solution (WEST-Queen; iNtRON Biotechnology) and
the ImageQuant LAS 4000 (GE Healthcare Life Sciences, Chicago, IL, USA). The signals were evaluated using an analytical system
(Multi Gauge version 3.0; Fujifilm, Tokyo, Japan).
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2.7. Statistical analysis

Tukey’s post-hoc comparisons were used in conjunction with one-way analysis of variance to examine the data, and GraphPad
Prism 7 (GraphPad Software, Inc., San Diego, CA, USA) was used for statistical analysis. The mean =+ standard error of the mean is used
to show the data. Statistical significance was set at *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results
3.1. Increased BBB permeability after FUS

One hour after sonication, MRI was performed to confirm the signal change in the targeted right hippocampus. Contrast-enhanced
T1-weighted images confirmed that the BBB of the targeted region was opened (Fig. 2A). T2-weighted and T1-weighted images showed
that FUS did not cause edema (Fig. 2B and C). H&E staining showed no red blood cell outflow, which demonstrates absence of cerebral
hemorrhage caused by microbubbles (Fig. 2D). In addition, Evans blue was locally leaked only to the FUS-targeted site, thereby
confirming the permeability of the BBB along with its closure in 24 h. Evans blue is 961 Da, a size that cannot penetrate the BBB,
confirmed by the inability of Evans blue dye penetration in the control group that was not treated with FUS (Fig. 3A). In addition, we
confirmed that 500-kDa dextran molecules, which are larger than Evans blue molecules, leaked for up to 1, 4, and even 24 h after FUS
treatment (Fig. 3D).

3.2. Increased paracellular pathway through loosening of tight junctions

Our results indicate that the levels of ZO-1 and occludin were the lowest at 1 h after sonication, with gradual recovery to the pre-
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Fig. 3. Comparison of time points by molecular size during BBB opening between the control and focused ultrasound system groups. (A)
Extravasation of Evans blue in the brain. (B, C) Changes of ZO-1 and occludin using Western blot. (D) Quantity comparison of 500-kDa dextran
transport. Scale bar: 200 pm. (E, F) Comparison of Mfsd2a and caveolin-1 levels using Western blot. Data are expressed as the mean + standard
error of the mean (n = 4-6 per group). *P < 0.05, **P < 0.01, ***P < 0.001; data are analyzed by one-way ANOVA with Tukey’s post-hoc
comparisons. ANOVA, analysis of variance; BBB, blood-brain barrier; Mfsd2a, major facilitator superfamily domain-containing 2a; ZO-1, zonula
occludens-1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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sonication levels. Based on Western blot analysis, the levels of ZO-1 were significantly lower than those of the control group after 1 h of
FUS treatment (P = 0.028), and levels of occludin were significantly lower than those of the control group after 1 h of FUS treatment (P
= 0.0027) (Fig. 3).

The expression of Evans blue that was able to penetrate the right hippocampal area was at its highest at 1 h after FUS treatment but
returned to control levels at 24 h after FUS treatment (Fig. 3). The presence of tight junctions was confirmed by TEM imaging in the
control and all FUS-targeted tissues, with tight junctions being the most relaxed in the 1-h post-FUS group (Supplementary Fig. 1).

3.3. Enhanced transcellular pathway through Caveola formation

Caveolae levels started to increase 1 h after FUS (Fig. 4C and D) and reached their peak at 4 h after FUS (Fig. 4E and F). At this stage,
caveolae were observed to be in the process of transcytosis, indicating that the most active state of the transcellular pathway occurred
4 h after sonication. Compared to the control state (Fig. 4A and B), the caveolae maintained their formation for up to 24 h (Fig. 4G and
H) and finally returned to a normal state at 48 h after sonication (Fig. 4I and J).

Four hours after FUS treatment, caveolin-1 levels peaked, whereas Mfsd2a levels reached their lowest values. Based on Western blot
analysis, Mfsd2a levels at 4 h and 24 h after FUS treatment were significantly lower than that of the control (P = 0.0002 and P =
0.0175, respectively); those of caveolin-1 at 4 h and 24 h after FUS treatment were significantly higher than that of the control (P =
0.0001 and P = 0.013, respectively) (Fig. 3). Four hours after FUS treatment, the amount of 500-kDa dextran passing through the right
hippocampal region peaked, and 48 h after FUS treatment, it recovered to control levels (Fig. 3). Thus, levels of tight junction proteins
decreased immediately at 1 h after FUS treatment (Fig. 3), while the number of caveolae peaked at 4 h after FUS treatment (Fig. 4),
indicating the time interval between tight junction loosening and caveola-mediated transcytosis.

The levels of both caveolin-1, a marker of caveolae, and Recal, a marker of endothelial cells, were shown to be increased in FUS-
treated rats compared to untreated rats, according to immunohistochemical analysis. Caveolin-1 and Recal were co-localized pri-
marily in the same endothelial area (Fig. 5), indicating that caveolin-1 is expressed in endothelial cells.

4. Discussion

Currently, research on minimally invasive and reversible opening of the BBB through FUS is actively being conducted [17,20].

Fig. 4. Electron microscopic examination of caveola formation (arrowheads). (A, B) Control group, (C, D) 1 h, (E, F) 4 h, (G, H) 24 h, and (I, J) 48 h
after sonication. Scale bar: 500 nm.
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Fig. 5. Inmunohistochemical examination of caveolin-1 and Recal. Co-localization of caveolin-1 and Recal: FUS-treated rats show higher
amounts of both caveolin-1 and Recal than with untreated rats. Scale bar: 100 pm.
DAPI, 4',6-diamidino-2-phenylindole; FUS, focused ultrasound.
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However, the exact mechanism of action of this method remains unclear [7,27]. Therefore, an increased understanding of the cellular
and molecular pathways involved in FUS-mediated BBB opening is required to improve drug delivery to the CNS.

4.1. Enhanced paracellular delivery via BBB modulation

Early studies on the mechanisms of BBB opening using FUS have focused on the paracellular pathway [28,29]. This transport
process is suggested to be induced by microbubbles, which cause shear stress in endothelial cells [30], thus temporarily opening the
BBB. In the existing studies exploring the BBB opening through FUS, a predominant focus has been on the loosening of tight junctions
as the main mechanism facilitating drug delivery [25,26]. The disruption of tight junctions allows for increased paracellular leakage,
thereby enabling the delivery of water-soluble large molecules that were previously restricted by the intact BBB.

Several studies have demonstrated the successful delivery of large molecules across the BBB following FUS treatment in preclinical
models. For instance, one study demonstrated the delivery of large protein-based therapeutics, including antibodies and enzymes, into
the brain parenchyma by exploiting the FUS-mediated BBB opening [25]. Other studies have identified the possibility of FUS for
dopamine D (4) receptor target antibodies to pass through the BBB after FUS to treat neurodegenerative diseases, and antibodies to
amyloid-p have increased transmission to the brain, weakening cognitive deficits in Alzheimer’s disease [31,32].

To check for tight junction loosening, some studies confirmed that the levels of occludin and ZO-1 were significantly decreased 1 h
after sonication [26], which is consistent with our results. Although the loosening of tight junctions has shown significant potential in
enhancing the delivery of large molecules, it is essential to acknowledge that FUS-assisted BBB opening is a complex process involving
multiple mechanisms beyond paracellular leakage.

4.2. Enhanced transcytosis via BBB modulation
We also explored whether FUS can modulate other mechanisms of BBB opening such as vesicle-mediated transport, particularly
through caveolae, which are small membrane invaginations rich in lipid-anchoring proteins, glycosphingolipids, and cholesterol [33].

Specifically, caveolae are related to the transcellular movement of macromolecules, such as albumin and lipoproteins [34]. As the main
vesicle transporter of endothelial cells, caveola constituted of caveolin-1 are membrane invaginations measuring 50-100 nm in
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Fig. 6. Time gap in peak activity between the paracellular and transcellular pathways.

The BBB interferes with drug delivery as a homeostatic barrier, whereas FUS may modulate BBB permeability to enable drug delivery. After FUS
sonication, the paracellular pathway is activated at 1 h, and the transcytosis pathway reaches peak activity at 4 h after FUS treatment. Tight junction
proteins are downregulated following FUS usually at 1 h; thus, hydrophilic molecules could pass through the BBB. Caveolae are associated with
transcytosis and can deliver plasma proteins with the most active transcytosis 4 h after FUS treatment.BBB, blood-brain barrier; FUS, focused ul-
trasound; Pre, pre-sonication; ZO-1, zonula occludens-1.
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diameter that selectively endocytose macromolecules across cells (e.g., size >3 nm) [35,36]. It is thought that alterations in lipid
content and caveola development in endothelial cells are related to the Mfsd2a transmembrane protein, which is expressed exclusively
in vascular endothelial cells [15,16]. Mfsd2a transports docosahexaenoic acid into endothelial cells, which blocks caveolae from
forming in the BBB [37]. Research on Mfsd2a-knockout mice showed that the absence of Mfsd2a increases BBB permeability and brain
endothelial cell vesicular transcytosis without affecting tight junctions [37]. Therefore, understanding the role of Mfsd2a can
contribute to the development of effective drug delivery methods for treating CNS disorders, including neurodegenerative diseases
[38]. A few reports have indicated that caveolin-1 expression increases following ultrasound treatment in both animals and in vitro
models [18,19]. Furthermore, a study suggested a similar finding and showed that caveolin-1 has a crucial role in the transportation of
large (500 kDa), but not smaller (3 and 70 kDa) cargoes [39].

Our study observed an increase in the number of caveolae after FUS through TEM (Fig. 4). Additionally, we observed an increase in
cavolin-1 and a decrease in Mfsd2a levels through Western blot experiments for quantification, and as a result, we suggested that 4 h
after FUS treatment was the peak time (Fig. 3). This indicates that the decrease in the level of regulatory Mfsd2a is associated with an
increase in the level of caveolin-1, which subsequently increases the number of caveolae available for caveolin-mediated transcytosis
through the transcellular pathway. Dextran, a large molecule with a 500-kDa size, was also demonstrated to have passed through the
BBB.

4.3. Time gap between paracellular and transcellular delivery

In addition to the aforementioned results, we conducted research on whether the timing for achieving maximum effectiveness
would be the same if FUS regulates the BBB through two different mechanisms. According to our results, tight junction protein levels
were at their lowest 1 h after FUS treatment, began to recover at 4 h after FUS treatment, and reached their control levels at the 24-h
after FUS time point. Specifically, caveolin-1 and Mfsd2a levels peaked at 4 h after FUS treatment and returned to normal levels at 48 h
after FUS treatment, indicating activation of transcytosis-mediated transport. Indeed, Evans blue passing through the BBB via the
paracellular mechanism showed the most penetration at 1 h after FUS treatment, as shown in the TJP results, although 500-kDa
dextran molecules passing through the BBB via the transcytosis mechanism had the best delivery efficiency at 4 h after FUS treat-
ment (Fig. 3). This suggest that there is a time gap in delivery through the paracellular and transcellular pathways (Fig. 6).

These findings align with those of a previous study that suggested different temporal dynamics of leakage might be at play in FUS-
induced BBB opening. Particularly, fast leakage would reach extracellular peak intensity during sonication, whereas slow leakage
would only begin 5-15 min after FUS treatment and occur along the vessel length [40]. According to the authors’ conjectures, fast and
slow leakage could be carried out through paracellular and transcellular transports, respectively [41].

In another previous study, Deng et al. reported that modulation of the transcellular pathway by FUS studied to date only observed
an increase in caveolin-1 and caveolae formation, which was confirmed 1 h after sonication [18]. Compared with the report by Deng
et al., our study confirmed various time-based observations of FUS-induced effects and whether FUS affects Mfsd2a, which is
considered one of the cellular signaling pathways, rather than mechanistically generated in caveolae formation. Moreover, the
decrease in tight junction protein levels supports the hypothesis that molecules paracellularly move through the opened BBB after FUS.
The extravasation of Evans blue into the brain parenchyma, which is used as a method of confirming BBB permeability by ultrasound
[27,42], was also confirmed with the same result.

Importantly, the time gap between these two pathways offers valuable insights into efficient drug delivery. Molecules transported
via transcytosis would be more effective 4 h after BBB opening, whereas those transported via the paracellular route would be more
effective 1 h after sonication. Consequently, the optimal delivery time for bigger or lipophilic compounds may be 4 h after sonication,
whereas that for smaller or hydrophilic molecules may be 1 h after FUS treatment.

This has practical implications for clinical drug delivery, as different drugs require specific timing for optimal delivery based on
their characteristics. In clinical practice, drugs such as mannitol, transported through the paracellular pathway, are best delivered
immediately after BBB opening, whereas drugs such as Moriah 1000, made from proteins, DNA/RNA, and oligopeptides, are trans-
ported through adsorptive-mediated transcytosis [41,43,44]. It is best delivered 4 h after FUS treatment. This knowledge could be
useful for establishing optimal treatment guidelines. Therefore, the timing of drug injection should be carefully selected according to
the components of the compound to be delivered.

This study has a few limitations that require acknowledgment. First, whether the time points of 1, 4, 24, and 48 h that we set were
the most optimal is unknown. In fact, some studies have reported that delivery through the paracellular mechanism is better imme-
diately, although specifying the optimal timing according to each mechanism was difficult in this study [45]. However, since a time
gap was observed, further research is needed. Second, other methods exist, such as the receptor-mediated method, in addition to the
two methods that we studied for delivery through the BBB [46]. Studying the FUS effect of this mechanism seems necessary. Third, a
difference in drug delivery efficiency according to BBB control was observed, although how much these differences affect disease
treatment is unknown. However, in this study, only the hippocampus area was targeted and evaluated, so there is a limitation when
trying to deliver drugs to other areas of the brain. Therefore, research is needed to verify differences in treatment effects according to
drug penetration efficiency by applying these characteristics in specific animal models.

5. Conclusions

Our study provides evidence for multiple pathways across the BBB that can be stimulated by FUS, including paracellular transport
and caveola-mediated transcytosis. We identified a time gap between the initiation of paracellular and transcellular transports after
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FUS. Loosening of tight junction proteins was at the lowest 1 h after FUS treatment and recovered at 24 h after FUS treatment, whereas
the caveola formation involved in the transcellular pathway reached a peak at 4 h after FUS treatment and recovered at 48 h after FUS
treatment. In the future, FUS could have applications in various fields such as stem cell treatment and genetics [47]. When delivering a
drug after BBB opening induced by FUS, injection times should be carefully determined depending on the drug’s characteristics to
establish optimal treatment guidelines.
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