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Ultrasound guided blood brain
barrier opening using a diagnostic
probe in a whole brain model
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The blood-brain barrier (BBB) poses a significant challenge to drug delivery to the brain. A promising
approach involves low-frequency, low-intensity pulsed ultrasound (US) waves combined with
intravenously injected microbubbles (MB) to temporarily and non-invasively open the BBB. However,
current technologies cannot easily integrate this procedure with US imaging. Passive cavitation
detection, tracing the harmonic emissions of MB during sonication, has been the preferred method for
real-time monitoring of US-mediated BBB opening. We used an ultrasound advanced open platform
(ULA-OP) to simultaneously perform US-mediated BBB opening and US imaging with a single linear-
array probe. In vitro guinea pig brains were perfused with MB and sonicated with different plane-
wave transmission patterns. The most effective US pattern was interleaved with B-mode imaging
pulses, enabling the direct assessment of the MB distribution during treatment. The extent of BBB
permeabilization was assessed by quantifying FITC-albumin extravasation into the brain via confocal
microscopy. US-treated hemispheres displayed BBB permeabilization, while control hemispheres

did not. B-mode imaging allowed direct evaluation of MB distribution and interaction with the US
beam. Therefore, we achieved effective BBB opening and simultaneous MB imaging using the same
diagnostic probe, paving the way for US-guided therapeutic ultrasound application in the clinical
context.

The blood-brain barrier (BBB) is a dynamic, semipermeable, and selective interface between cerebral vessels and
the central nervous system (CNS). It is composed of endothelial cells, a basal membrane, mural cells, pericytes,
and astrocytic glial cells, all of which work together to preserve the neural environment. Separating the circulating
blood from the brain plays a critical role in controlling the influx and efflux of biological substances essential for
brain function. However, the structural and molecular characteristics of the BBB significantly restrict successful
drug delivery to the brain parenchyma, limiting the therapeutic effects of promising drug agents! .

Several strategies have been proposed to overcome this barrier. In particular, the combined use of low-
frequency, low-intensity ultrasound (US) waves and intravenously injected microbubbles (MB) has gained high
interest, allowing a localized, reversible, and non-invasive opening of the BBB%. MB are ultrasound imaging
contrast agents comprising encapsulated, gas-filled bubbles confined to the vasculature after intravenous
injection due to their micrometer size’. US-induced BBB opening relies on the phenomenon of “acoustic
cavitation”, in which MB act as intravascular “cavitation nuclei’, concentrating the acoustic energy within
blood vessels and sparing surrounding neurons by reducing the required US intensity®. When driven by an
intersecting US beam, MB oscillate at the same frequency as the applied US waves, a process known as stable
cavitation, inducing shear stress on endothelial cells and loosening vessel wall junctions, temporarily increasing
BBB permeability”®. Increasing the acoustic pressure amplitude and the acoustic frequency results in larger
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MB oscillations and stronger microstreaming, shifting from stable non-inertial to inertial cavitation. This can
result in adverse effects, such as shock waves and high-velocity jets, the release of free radicals, and high local
temperatures™!°. Therefore, it is important to use sufficiently low-pressure amplitudes to avoid side effects while
still inducing the desired BBB opening’. Contrast-enhanced MRI studies have shown that BBB opening can be
achieved with acoustic pressure levels typically lower than 1 MPa, without detectable adverse effects”!!. The
resulting temporary and reversible BBB impairment allows for greater drug delivery into the brain parenchyma
within a restricted and controlled spatial and temporal window. After US-mediated BBB opening, endothelial
cells show an increase in both transcellular and paracellular passages, as well as a higher number of vesicles, as
identified by electron microscopy studies. These changes return to pre-treatment levels within approximately
4-6 h, confirming the temporary and reversible effects of US on the BBB®1.

Although transcranial US-induced BBB opening is a highly promising technique for treating CNS pathologies,
current technologies are still facing limitations, particularly in real-time MB tracking during sonication
procedures. Over the past decades, several techniques have been investigated for detecting and mapping MB.
MRI and CT images, whether pre-acquired or obtained during sonication itself, can be confidently used for
anatomical MB targeting and BBB opening with high spatial resolution'!~!*>. However, imaging feedback is not
possible with these techniques, as they cannot directly monitor the effect of cavitation. Consequently, efforts
have been made to detect cavitation events using acoustic approaches to monitor US treatments by recording
the emissions during transcranial focused ultrasound procedures. Acoustic detection methods, including active
and passive cavitation detection techniques, rely on the acoustic emissions generated by cavitation bubbles'®. In
active cavitation detection (ACD), a US wave for imaging is transmitted, and echoes from cavitation bubbles are
then imaged due to the difference in acoustic impedance between soft tissue and bubbles'. In passive cavitation
detection (PCD), one or more receiver-only probes operate passively, without transmitting US waves, to trans-
cranially acquire acoustic emissions stemming from the interaction between MB and brain tissue during BBB
opening'*. PCD is effective in monitoring cavitation events as well as providing information about the mode and
strength of the oscillations in real-time, with studies linking cavitation activity to the degree of BBB opening!®-15.
Clinical trials on animal models have confirmed the efficacy of US-mediated BBB opening in combination with
PCD'#Y, Furthermore, Singh et al. (2022) recently described an all-US method for combining power Doppler
imaging with a steerable focused ultrasound array to guide US-mediated BBB opening with high precision in
rodents®. Three-dimensional passive cavitation detectors have also been used to monitor cavitation activity
in three dimensions, ensuring precise targeting and minimizing off-target effects?’~?. The efforts of these
authors led to the development of passive acoustic mapping techniques, which exploit single or multiple passive
cavitation detectors to spatially translate cavitation phenomena and to distinguish stable and inertial cavitation.
These systems can monitor MB cavitation during sonication, allowing for MB spatial localization in the target
area at a specific point in time. However, they cannot evaluate MB distribution before and after sonication, thus
not allowing to study the distribution of MB in the 3D space over time. Furthermore, the acoustic feedback from
PCD does not consider the real-time variations in the spatial accumulation or flow of intravascular MB among
different brain regions and structures, which undoubtedly contributes to the bioeffects linked to BBB opening.
Consequently, simultaneous US imaging could effectively evaluate the MB 3D distribution during repeated
US-induced BBB opening procedures, enabling a tailored procedure and achieving the highest accuracy and
precision of sonication protocols.

Contrast-enhanced US (CEUS) imaging is a proven tool for intraoperative MB distribution evaluation,
enabling the assessment of brain perfusion in various regions, particularly when studying brain tumors.
Different studies have highlighted the importance of intraoperative CEUS (iCEUS) imaging in brain tumor
surgery®*~2°. The evaluation of intraoperative CEUS imaging is mainly qualitative, revealing differences in
enhancing patterns when different structures are observed. However, Prada and colleagues (2021) also described
the quantitative differences between different brain areas, as well as different grey and white matter regions?’.
Regarding treatment, identifying unique patterns of MB’s distribution across different brain regions, including
white and grey matter areas, could be beneficial to US-mediated BBB opening since different brain areas may
display distinct BBB opening patterns due to variations in vascularity and, consequently, MB concentration. As
a result, CEUS could be used to identify unique patterns of MB distribution, thereby enabling the detection of
different patterns of BBB opening. In addition, by exploiting the intravascular cavitation of MB, it is possible to
concentrate the mechanical effects of US waves into the vessels, while sparing the brain parenchyma. This auto-
focusing property of MB allows faster and more available treatments. Therefore, US-induced BBB opening might
benefit from both an unfocused approach and CEUS-based planning and real-time feedback.

This study aimed to perform an effective US-guided BBB opening procedure by using a dual function -
diagnostic and therapeutic — probe driven by a single ultrasound scanner. By using the ultrasound advanced
open platform (ULA-OP) developed by the Microelectronics Systems Design Laboratory (MSD Lab) of the
University of Florence, Italy, we conducted a BBB opening procedure in an in-vitro whole-brain preparation,
shown to support brain sonication and real-time MB visualization without structural interference®®?. This
approach focused on advanced ultrasound technology to achieve real-time monitoring and precise BBB opening.

Results

US-mediated BBB opening

Following the transmission of plane waves according to each of four therapeutic US (TUS) patterns (A, B, C,
D), BBB opening was indirectly assessed by quantifying the fluorescent signal produced by FITC-albumin
extravasation using confocal microscopy. The neocortex, hippocampal formation, and thalamus were analyzed,
and the fluorescent signal resulting from each BBB opening procedure was precisely measured in each region.
Control hemispheres were compared with brains treated with the different TUS patterns. For convenience,
the most representative images were selected, resulting in twenty-five photomicrographs: twenty from treated
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hemispheres, each specific to a sonication pattern and brain region, and five from selected regions in control
brains. As illustrated in Fig. la, control hemispheres exhibited no BBB permeabilization, with very low
fluorescent signal confined to the vasculature (first row in Fig. 1a). The most efficient BBB opening was observed
when employing two specific sonication patterns, pattern A and pattern D. This was evidenced by the higher
fluorescent signal observed around vessels and occupying almost the entire photomicrograph following the BBB
opening procedure in each examined brain region (second and fifth rows in Fig. 1a). Conversely, brain sections
subjected to patterns B and C exhibited a completely intraluminal signal, similar to controls, or at least a minimal
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Fig. 1. (a) High-resolution confocal microscope photomicrographs of intra-parenchymal FITC-albumin
signal in the neocortex, dorsal, medial, ventral hippocampus, and thalamus, following the application of the
MB and different US sonication patterns. Control brains exhibited only intraluminal signal. Patterns B and

C yielded predominantly intraluminal signal with dispersed perivascular spots. Pattern A and D resulted in
more BBB opening, as evidenced by areas of FITC-albumin extravasation visible around the vessels. (b) and (c)
Quantification of FITC-albumin was performed by measuring the area occupied by the fluorescent signal in
the control hemispheres and across the four experimental conditions.
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fluorescent signal around vessels (third and fourth rows in Fig. 1a). Across all regions analyzed, no significant
qualitative differences in BBB opening were observed for individual sonication patterns. Quantification of
the FITC-albumin signal through the Image-Pro Premier 9.1 software corroborated the confocal microscopy
findings. Figure 1b,c present the average fluorescent signal values for each sonication pattern: Fig. 1b as
percentage area and Fig. 1c relative to the 1.6 mm? ROL. Dots in both figures represent average values for each
hemisphere across all five regions (neocortex, dorsal, ventral, medial hippocampus, and thalamus).

A significant increase in FITC-albumin signal was achieved through sonication patterns A (Fig. 1b,c; n=4)
and D (Fig. 1b,c; n=4), respectively. In particular control vs pattern A (3.7 vs. 31.2% and 0.06 vs. 0.50 mm?%
U=-2.1; p<0.05). Control versus pattern D (3.7 vs. 394% and 0.06 vs. 0.63 mm?% U=-2,1; p<0.05). In
contrast, patterns B and C showed lower median values (8.03 and 16.5% and 0.12 and 0.26 mm?, Fig. 1b,c;n=2),
respectively.

Real-time US imaging

Based on the results of the BBB opening procedure using the four sonication patterns, pattern D was selected.
This pattern allowed the introduction of B-Mode imaging sequences between two consecutive treatment
sequences, thereby enabling direct observation of the interaction between therapeutic US waves and previously
infused MB. The novel pattern, including TUS and B-Mode pulses, is hereinafter called D3.

As shown in Fig. 2, the US probe was positioned in a coronal plane over the brain, with the therapeutic
US beam intersecting solely the left hemisphere, while the diagnostic US beam intersected both hemispheres.
Several frames were acquired during the BBB opening procedure, and a qualitative imaging analysis was
performed throughout the treatment. Before starting the US treatment, real-time B-mode imaging permitted
observing the movement and circulation of MB within both hemispheres (Fig. 2a; time t=0"). The US treatment
was initiated 48" later. At t=80", just 32" into the US treatment, a reduction in MB signal intensity was observed
in the hemisphere corresponding to the US treatment area (Fig. 2b). The B-mode modality of the system showed
a persistent reduction in MB signal even at the end of the US treatment, which occurred at t=168" (Fig. 2¢).
Finally, the restoration of the initial MB distribution was observed approximately at t=180" (Fig. 2d).

Discussion
In this study, we have demonstrated the feasibility of disrupting the BBB while concurrently performing B-mode
imaging, through the use of a single clinical diagnostic probe.

The rationale behind this preclinical study was to investigate whether an open scanner, such as the ULA-
OP system, could perform US imaging and therapeutic US treatments simultaneously. In recent studies, US-
mediated BBB disruption has been assessed by different systems able to detect US emissions, but not through
B-mode imaging performed by the same scanner used for treatment. Passive cavitation detection has been the
preferred method for real-time monitoring of US-mediated BBB opening, tracing the harmonic emissions
of MB during sonication'*. However, PCD provides limited information, focusing only on the occurrence of
cavitation, without evaluating MB distribution across time and space. Real-time CEUS imaging could overcome
this limitation by assessing 3D MB distribution in target tissues during repeated therapeutic BBB procedures.
This would allow tailored sonication parameters to minimize the impact on physiological structures.

Using the same scanner and the same probe to perform both US-mediated BBB-opening and CEUS imaging
presents unavoidable technical challenges. These two modalities require the transmission of different US
patterns. The imaging scanner used in this work was not designed to sustain transmission bursts several ms
long, as usually requested in focused ultrasound approaches. Although this limitation could have been faced by
modifying the electronics, we decided to exploit the system’s flexibility to achieve the same overall sonication
length through the transmission of multiple shorter bursts at relatively high PRFs. We could also test different
transmission patterns and select the one most effective for BBB opening. Furthermore, this strategy permitted
the switch between the transmission of therapeutic pulses, capable of creating large openings, and imaging
pulses, although with a limited frame rate (4 Hz). Such a rate was sufficient to follow the phenomenon under
investigation, but higher frame rates, if needed, could be achieved by fitting more imaging pulses (i.e. using
higher PRF) between subsequent treatment pulses or even by applying high-frame rate US imaging methods™.

An open scanner, such as the ULA-OP system, represents a preliminary step toward the development of
fully US-based methods that can reliably modify sonication parameters in real-time, based on MB behavior
in the target tissue. BBB opening was here achieved through the transmission of plane waves over the brain
hemispheres after MB administration. By transmitting plane waves rather than focused waves, it was possible
to sonicate a wide region for each transmission event™. Different increases in BBB permeability were observed
by testing four different sonication patterns. As described in detail in the Methods section, these patterns were
designed to generate transmission pulses with different durations and pulse repetition frequencies (PRFs).
Patterns labeled A, B, and C were designed to sonicate with treatment pulses 2, 10, and 50 us long at a PRF of
2000, 400, and 80 Hz, respectively, to maintain a duty cycle of 0.4%. A fourth model, labeled D, was designed
to produce a sequence of 40 pulses, each 50 ps in duration, at a 2 kHz rate, followed by a pause of 480 ms. The
increase in BBB permeability was then assessed by quantifying at confocal microscopy the extravasation of
FITC-albumin perfused for 4 min at the end of each experiment. ULA-OP was effective in performing BBB
opening in hemispheres exposed to concomitant sonication and MB administration. As shown in Fig. 1, patterns
A and D were more effective than patterns B-C. This is due to the higher PRF (2 kHz) employed in A and D,
which is needed to obtain adequate BBB-opening when working with low-pressure pulsed US (340 kPa). The
most effective transmission pattern in terms of BBB opening (pattern D) was interleaved with the transmission
of B-mode imaging sequences, leading to the creation of a new pattern, labeled pattern D3. This pattern was
employed to observe the interaction between MB and TUS waves, which is the basis of BBB opening, and the
effect that sonication has on MB distribution.
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Fig. 2. B-mode images showing the MB distribution before (a), during (b,c), and after (d) the US-mediated
BBB opening. The white line represents the base of support for the brain. The therapeutic US beam is targeted
towards the left hemisphere, as indicated by the rectangles, while the grey diagnostic US beams intersect both
hemispheres. The yellow color in the first, third, and fourth panels indicates that the TUS beam is off, whereas
the red color in the second row indicates that the TUS beam is on. (a) B-mode acquisition before the start of
US treatment, showing the MB distribution within the brain (time t=0"). (b: t=80") and (c: t=168") Effects
of the interfering TUS beam on MB distribution during and at the end of the US treatment, respectively. (d:
t=180") B-mode acquisition following the conclusion of the US treatment.

During sonication, a reduction in MB signal intensity was observed in the treated area. This reduction can be
attributed to the acoustic cavitation phenomenon. We believe that at least some MB collapse due to transient -
not sustained—inertial cavitation caused by the pressures used by our ultrasound device. Being this effect only
transient, the negative effects of sustained inertial cavitation were not observed in our model. This observation
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is a crucial step to unveil MB dynamics during TUS procedures and was possible thanks to the concomitant US
imaging provided by our system. The B-mode modality of the system demonstrated a persistent reduction in MB
signals even after the US treatment. This probably indicates persistent cerebral hypoperfusion due to cerebral
vasospasm, which persisted for approximately 12-15 s. The effect was only temporary, with the restoration of
the initial MB distribution pattern, thereby confirming the reversibility of the BBB opening procedure. However,
as sonication pattern D3 was used solely in the final experiment, further trials should be conducted with this
pattern to verify the reproducibility of the results and to confirm the efficacy of B-mode imaging during BBB
opening procedures.

This study provides evidence of the effectiveness of the ULA-OP system in real-time monitoring BBB
opening, enabling both US imaging and US disruption treatment to be performed simultaneously. The anatomy
of the brain and the circulation of MB were easily visualized through US imaging, and it was possible to observe
real-time changes in the B-mode pattern during US treatment. This is of great relevance as it would allow us to
adjust sonication parameters to align with the pattern of MB enhancement of target tissues. A significant aspect
of this study is that the US probe was the same as those used in current clinical practice, possibly smoothening
the transition between the pre-clinical and the clinical setting.

Unfortunately, the use of CEUS in neurosurgery is counteracted by the presence of the skull, which limits the
use of real-time US imaging modality to in vitro settings or during in vivo surgery after the skull’s removal. In this
paper, we used the isolated guinea pig brain preparation, maintained in vitro by arterial perfusion, which retains
normal physiological properties close to the in vivo condition and represents a unique experimental preparation
in which neuronal connectivity between remote brain regions is completely preserved for several hours. Brain
activity can be monitored by multisite extracellular, intracellular, and ion-selective neurophysiological recordings
and by functional imaging>!*2. The in vitro isolated guinea pig brain represents an optimal preparation for BBB
opening procedures, as it provides a whole functioning brain with an intact BBB that can be sonicated and imaged
without interfering structures. However, the use of the in vitro brain preparation also presents some limitations.
Primarily, the in vitro nature of the study removes numerous potentially confounding factors that comprise a
more complex in vivo model. The controlled brain delivery of MB and FITC-albumin is easily achieved in vitro,
whereas it may be more difficult and unreliable when both compounds are delivered by intravenous perfusion in
vivo. For a possible in vivo application, our group has proposed the use of sonolucent cranial prostheses, which
were demonstrated to allow focal BBB opening under real-time imaging feedback in vitro®. Trans-prostheses
BBB-opening would be performed post-operatively in a selected cohort of patients that require cranial surgery,
such as patients harboring brain tumors. In this cohort, our approach does not increase the invasiveness of the
standard of care and would allow us to follow-up patients with trans-prostheses US imaging and therapy in an
out-patient setting.

The results of the present study represent a significant advance in the field of ultrasound-mediated BBB
opening, overcoming the limitations of passive cavitation detectors. Our system exploits the ambivalent nature
of MB, which can be used for both imaging and therapy, by using a single US probe capable of performing both
TUS and imaging simultaneously. This approach allows for the direct assessment of MB circulation within the
treated area, enabling real-time spatial imaging of TUS-induced BBB opening.

Materials and methods

Study design

16 hemispheres from 8 guinea pig brains were sonicated with the ULA-OP US system. For the first 7 brains,
different TUS patterns, labeled from A to D, were programmed to understand which modality yields the best
results in terms of BBB opening. In brain #8, one hemisphere was sonicated with a modified version of pattern
D, designated as pattern D3, which includes imaging pulses, whereas the contralateral served as control.

The ULA-OP system

The ULA-OP system is an ultrasound advanced open platform designed, implemented, and tested by the MSD
Lab (University of Florence, Italy)*. The ULA-OP platform consists of two boards that include all the electronics
necessary to control (in groups of 64) up to 192 elements of an array probe. The ULA-OP system was designed to
permit the testing of new and advanced US methods, including original beamforming strategies, real-time image
processing, pulsed Doppler, and vector Doppler techniques™.

The open scanner can be used with a wide range of US probes. In this project, it was coupled with the LA332
(Esaote SpA, Florence, Italy), a linear array of 144 elements operating in the frequency range of 3-11 MHz. The
system was programmed to produce different US patterns (see Tables 1 and 2) addressed to induce the mechanical
stimulation of the microbubbles. In all cases, 16 mm-wide plane waves were generated by 64 adjacent elements
of the linear array probe through the transmission of 4 MHz sinusoidal pulses with programmable length (T)
and pulse repetition frequency (PRF). The amplitude of these pulses produced a peak-negative-pressure (PNP)
of 340 kPa in water. The total duration of the treatment interval was always 120”. T and PRF were set to obtain,
altogether, approximately 0.5” of sonication distributed over such an interval.

As reported in Table 2, the patterns labeled A, B, and C were designed to produce stimulation with PRF of
2 kHz, 400 Hz, and 80 Hz and correspondingly increasing pulse durations, so that a duty cycle (T x PRF) of 0.4%
was maintained. The fourth pattern, labeled D, included a sequence of 40 pulses, each 50 us long, at PRF=2 kHz.
After such a sequence, the transmission was paused for 480 ms, before being repeated until the 120 s treatment
interval was fully covered. The pattern labeled D3 was derived from pattern D by inserting the transmission of
B-Mode imaging sequences during the 480 ms of transmission pause. The imaging sequence, transmitting 144
pulses (3-cycle at 5 MHz), allowed to achieve an overall rate of 4 frames/s.
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Brain | Hemisphere | Sonication pattern
1 Control
1
2 A
3 Control
2
4 D
5 Control
3
6 A
7 A
4
8 B
9 C
5
10 D
11 D
6
12 C
13 B
7
14 A
15 D3
8
16 Control

Table 1. Sonication patterns used for each brain hemisphere.

Treatment
Pattern name | pulse duration (T) (us) | PRF
A 2 2kHz
B 10 400 Hz
C 50 80 Hz
D 50 2 kHz for 20 ms,
followed by 480 ms of pause
as D+ B-Mode pulses (at 2 kHz PRF) transmitted
D3 50 .
during the 480 ms pause

Table 2. Main parameters of the transmission patterns used for BBB-disruption and B-Mode imaging.

The in vitro brain preparation

The experimental procedures and the animal care were conducted following the guidelines defined by the
European Communities Council directive (2010/63/EU).), ARRIVE guidelines and RRR principles. Every effort
was made to limit the number of animals used. The experimental protocol was reviewed and approved by the
Ethics Committee and by the Committee on Animal Care and Use of the Fondazione IRCCS Istituto Neurologico
Carlo Besta (Approval reference number: DO-01-2021).

According to the standard procedure described in previous literature, the brain is isolated from young adult
female Hartley guinea pigs (150-200 g; Charles River, Calco, Italy)®!. After isoflurane anesthesia (Aerrane,
Baxter, 4%), the guinea pig is transcardially perfused using a peristaltic pump with a cold (15 °C) oxygenated
(95% O, / 5% CO,; pH 7.1) complex saline solution composed by NaCl, 126 mM, KCl, 3 mM, KH,PO,, 1.2 mM,
MgSO,, 1.3 mM, CaCl,, 2.4 94 mM, NaHCO,, 26 mM, glucose, 15 mM, 3% hydroxyethyl starch (Voluven,
Fresenius Kabi) with M.W. of 130 KDa. Then, the animal is decapitated, and the brain is carefully transferred
into the incubation chamber, whose bottom is coated with a US-absorbing plate. The brain’s ventral surface is
positioned upward to visualize the base of the brain, and the olfactory bulbs and the cervical spinal cord are held
down by two silk threads for mechanical stabilization. After the dura mater’s removal, a polyethylene cannula
(terminal gauge 0.25 mm) is inserted into the basilar artery to allow the restoration of brain circulation with the
above solution (pH 7.3) at a rate of 6 ml/min via a peristaltic pump (Gilson Minipulse 4). Then, the carotid and
the hypophyseal arteries are closed to re-establish the physiological perfusion of the brain. The temperature of
the incubation chamber is successively increased from 15 to 22 °C, with an increase of 0.2 °C per minute. Isolated
in vitro guinea pig brain can maintain close to-physiological activity for approximately 6-8 h.

Microbubbles circulation and sonication protocol

MB (SonoVue, Bracco, Italy) infusion and US sonication protocols were conducted as in previous experiments?.
MB were employed to obtain the necessary cavitating gas for US-mediated BBB opening. MB, provided as a
sulfur hexafluoride powder, were dissolved in 10 ml of 0.9% NaCl solution (0.5-2.5x 108 MB/ml). As shown
in Fig. 3, MB were then perfused into the isolated guinea pig brain with a continuous infusion at a steady rate
of 1 ml/min, through a syringe-infuser (KD Scientific) connected to the main arterial perfusion line. The BBB-
opening sonication protocol started 1 min after MB infusion. At the end of sonication, the MB infusion was
interrupted and a 5-min washout with standard solution followed. The LA332 probe was oriented in the coronal
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Fig. 3. Scheme of the experimental setup for MB perfusion via the resident arterial system of the in vitro
isolated brain preparation. MB are injected via a syringe tributary of the main perfusion line.
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Fig. 4. Sonication set up. MB sonication was performed using the LA332 probe, connected to the ULA-OP
platform and oriented in the coronal plane over the brain. The area of influence of the TUS beam was limited
to one hemisphere. A US-absorbing polyurethane plate was positioned at the bottom of the incubation
chamber to prevent US wave reflections.

plane over the brain, with the US beam directed to the target hemisphere, sparing the contralateral hemisphere
(see Fig. 4). In the final experiment using the pattern D3, the same LA332 probe was used to achieve the BBB
opening in the treated hemisphere and to visualize the MB in both the treated and untreated hemispheres.

Evaluation of BBB permeability change

The extravasation of fluorescein isothiocyanate (FITC)-albumin (50 mg/10 ml, Sigma - Aldrich), perfused for
4 min at the end of each experiment, was quantified using a confocal microscopy to evaluate US-mediated BBB
opening. Brains were removed from the incubation chamber after each experiment and were fixed by immersion
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for 48 h in a cold 4% paraformaldehyde solution in phosphate-buffered saline (PBS; 0.1 M, Ph 7.4). Serial coronal
sections were obtained by vibratome (VT 1000S Leica) throughout the extension of the hippocampus (plates
A5.4-A6.24 of the guinea pig brain atlas by Luparello); sections were then collected on gelatin-coated slides,
mounted in Fluorosave (Calbiochem) and cover-slipped. Two representative sections corresponding to coronal
rostral-caudal levels A5.40 and A6.00 of the Luparello atlas were collected for each brain. Slices were studied
using a laser scanning confocal microscope D-Eclipse C1 (Nikon), equipped with three laser lines, mounted on
a light microscope Eclipse TE2000-E (Nikon) using excitation light of 488 nm (Laser Ar). The FITC-albumin
fluorescent signal was quantified in the neocortex, hippocampal formation, and thalamus. Five high-power non-
overlapping fields (region of interest, [ROI] of 1.6 mm? each) per section were acquired bilaterally at x 10g, with
an image size of 512 x 512 pixels. The Image-Pro Premier 9.1 software (Media Cybernetics) was used to assess
and quantify the percentage of FITC-albumin signal (number of pixels) in each nonoverlapping field, and the
data measured per slice were finally averaged, providing a single value for each hemisphere.

Statistical analysis

The normal distribution of samples was checked with the Shapiro-Wilks test and the homogeneity of variances
was evaluated with the F test. The nonparametric Mann-Whitney tests was used. The format of Mann-Whitney
test results is: median; U=x, p <significance value. All statistical tests were performed with Origin 9.0 (OriginLab
Corporation). The tests are two-sided and a confidence interval (CI) of 95% (p<0.05) was required for values
to be statistically significant. The data illustrated with boxplots show median (central line), quartiles (25% and
75%; box).

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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