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SUMMARY

Blood brain barrier disruption (BBBD) using focused ultrasound (FUS) and micro-
bubbles (MB) is an effective tool for therapeutic delivery to the brain. BBBD de-
pends to a great extent on MB oscillations. Because the brain vasculature is het-
erogenic in diameter, reduced MB oscillations in smaller blood vessels, together
with a lower number of MBs in capillaries, can lead to variations in BBBD. There-
fore, evaluating the impact of microvasculature diameter on BBBD is of great
importance. We present a method to characterize molecules extravasation
following FUS-mediated BBBD, at a single blood vessel resolution. Evans blue
(EB) leakage was used as marker for BBBD, whereas blood vessels localization
was done using FITC labeled Dextran. Automated image processing pipeline
was developed to quantify the extent of extravasation as function of microvascu-
lature diameter, including a wide range of vascular morphological parameters.
Variations in MB vibrational response were observed in blood vessel mimicking
fibers with varied diameters. Higher peak negative pressures (PNP) were
required to initiate stable cavitation in fibers with smaller diameters. In vivo
in the treated brains, EB extravasation increased as a function of blood vessel
diameter. The percentage of strong BBBD blood vessels increased from 9.75%
for 2-3 um blood vessels to 91.67% for 9-10 um. Using this method, it is possible
to conduct a diameter-dependent analysis that measures vascular leakage result-
ing from FUS-mediated BBBD at a single blood vessel resolution.

INTRODUCTION

Safe, transient and localized blood-brain barrier disruption (BBBD) is essential for therapeutic delivery to
the brain for a variety of brain diseases, becausethe BBB creates an obstacle to effective drug delivery.’
The BBB is a unique formation that selectively restricts substance exchanges between the circulatory sys-
tem and the brain parenchyma. The BBB plays a significant role in preventing pathogenic contamination of
the brain; however, it also poses serious limitations on neurological treatment as it prevents most drugs
from reaching the brain.” The BBB normally excludes drugs that measure 0.4 kDa or more. In recent years,
focused ultrasound (FUS) has emerged as a noninvasive therapeutic approach that enables the treatment
of the brain at low frequencies (below 650 kHz) that can penetrate an intact human skull.** FUS-mediated
thermal ablation has been used to treat over 500 patients for brain indications including brain tumors,
essential tremor, psychiatric applications, chronic pain, and epilepsy.’ When low-energy ultrasound (US)
is combined with intravenously (IV) injected microbubbles (MBs); i.e., efficient theranostic probes that
concurrently serve as contrast agents and therapeutic agents, the BBB opens in a noninvasive and localized
manner,” thus enabling drug delivery via a variety of mechanisms, including transport through cells and
through gap junctions to cross from the bloodstream to the brain.® Currently, FUS-mediated BBBD clinical

trials are ongoing for a variety of brain diseases.>’"*

FUS-mediated BBBD is tightly linked to MB oscillations. Stable cavitation occurs when the MBs undergo
repeated cycles of expansion and contraction under relatively low peak negative pressures (PNP). In these
conditions, an MB that is present within a blood vessel exerts mechanical forces on the surrounding endo-
thelial cells that increases their permeability and allows substances to perfuse into the parenchyma.® When
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tissue.”'? Therefore, safe BBBD requires careful selection of the PNP to maintain the MBs in stable cavita-
tion. In situ, MB cavitation can be monitored in real time by passive cavitation detection (PCD), which makes
it possible to identify specific signatures in the MB echo spectra that are associated with stable vs. inertial
cavitation.'""'? For this reason, it is often used as live feedback for safe FUS-mediated BBBD.'® More recent
developments include the stable cavitation dose (SCD) and inertial cavitation dose (ICD) which are used as
advanced metrics for evaluating the MB vibrational response during FUS treatment.'*

MB oscillations depend on many parameters such as their formulation,’® size'® and concentration.'’
Another major parameter is the applied US frequency. For the low frequency range employed for BBBD
(around 250 kHz), MB oscillations are significantly enhanced.'®* Therefore, there is a narrow range of
PNPs that can be implemented for safe BBB.?* One key aspect that impacts MBs oscillations is the physi-
ological structure of the blood vessels. The brains of mammals and other species are composed of a dense
vascular network that facilitates the supply of nutrients and oxygen required for brain metabolism.?*?¢ This
network is inherently heterogenic in diameter, although small capillaries dominate in all brain regions.”’
Conversely, the blood vessels in the brain continuously undergo short and long-term changes in diam-
eter.”® The effective distribution of drugs within the brain is likely to require homogeneous openings in
large and small blood vessels. However, MBs oscillations were shown to be constrained when the MBs
are contained within vessel-mimicking rigid-walled tubes, and in ex vivo capillaries with highly compliant
wall.??? This is commonly attributed to interactions between the MB and the vessel wall, because of
the MB large diameter (1.5-4 um). Further, in super-resolution (SR) US imaging of the brain microvascula-
ture, the acquisition time was reported to be significantly increased in capillaries as a result of the limited
MB access and slower blood flow.*' Because both MB oscillations and concentration play a key role in the
success of BBBD, and because the brain vasculature is inherently heterogenic in diameter,”” reduced MB
oscillations in smaller blood vessels, together with the lower MB concentration in capillaries can lead to
variations in BBBD, which are likely to interfere with therapeutic outcomes. Therefore, a method that could
assess variations in BBBD as a function of blood vessel diameter is greatly needed.

Fluorescent molecules extravasation following FUS-mediated BBBD opening has been observed previ-
ously at a single blood vessel resolution using in vivo two-photon fluorescence microscopy (2PFM) in
mice.***¢ Although this method provides high spatiotemporal resolution, it has various limitations. First,
in vivo 2PFM is limited by the laser penetration depth mainly to superficial regions such as the cerebral cor-
tex, however, in many cases, FUS-mediated BBBD is applied to deeper brain regions. Furthermore, in 2PFM
there is a tradeoff between spatial resolution, sensitivity, and acquisition time. As a result, the field of view
generally covers only a small fraction of the brain, where the total amount of blood vessels observed simul-
taneously is on the order of tens of vessels. Finally, to enlarge the field of view, most in vivo 2PFM studies
minimize scan duration via a reduction of spatial resolution. Consequently, most studies focus on blood
vessels with diameters above 10 um, and include very few vessels with smaller diameters. Because the ma-
jority of the blood vessels in the mouse brains are smaller than 10 um,*~*® if variations in BBBD exist in these
vessels, they are likely to have a major effect. However, because of these limitations, little is known about
variations in small capillaries following FUS-mediated BBBD, and in different regions of the brain. In this
paper we developed a robust, high resolution and large-scale method for fluorescent molecules extrava-
sation assessment across the BBB after FUS-mediated BBBD at a single blood vessel resolution, to identify
variations as a function of blood vessel diameter. Our approach provides a high resolution of <1 um that
can detect differences between vessels with a diameter of less than 10 um, where large variations in BBB
extravasation were observed. In addition, it can detect variations in BBBD in all of the brain regions.

The US parameters control the extent of the BBBD, which dictates the size of the delivered molecules.
Typical molecules are a few nanometers in size,” such as Evans blue (EB), fluorescent dyes that are conju-
gated to larger molecules such as albumin or Dextran or magnetic resonance imaging contrast agents;
however, larger molecules such as antibodies, genes and stem cells can also be delivered.®” The molecular
weight (MW) of the conjugated Dextran determines the extent of dye penetration into the parenchyma
following BBBD."® Our method utilizes two fluorescent dyes. The staining is observed ex vivo in different
regions of the dissected brain, with submicronic resolution. Subsequent to FUS-mediated BBBD, mice
were co-injected with two dyes: a large 2000 kDa FITC-Dextran that remained in the blood stream following
BBBD, and EB, which is one of the most frequently used BBB impermeable dyes for BBB leakage observa-
tion. Its advantage lies in the fact that it appears blue in the visible spectrum, but also fluoresces in red,
which facilitates the identification of the treated area under microscopy. EB penetrates into the
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Figure 1. Passive cavitation detection in blood vessel mimicking tubes

(A) A 250 kHz single element transducer was used to insonify tissue-mimicking phantom embedding tubes of either 280 or
100 um containing an MB suspension. PCD was performed with an array transducer located perpendicularly to the
therapeutic transducer. The acoustic echoes were processed, yielding results as a function of the applied PNP and the
different tube diameters. (B) SCD, and (C) ICD.

(B and C) 280 pm and 100 um results are depicted by the blue and orange lines, respectively. The yellow line represents
the results of the 100 um capillary when multiplied by the cross-section ratio. All data are plotted as mean + SD.

parenchyma following BBBD, and can be found in the blood stream as long as 24 h following systemic
administration.”’ FITC-Dextran was used for morphological evaluation of the blood vessels, whereas the
EB was used to localize the source of the BBBD within single blood vessels, and for the evaluation of the
extent of extravasation to the parenchyma around each vessel. This approach was previously used for quan-
tifying BBB leakage after chemically induced BBBD.*%*? Here, we describe a robust platform for evaluating
the effects of microvasculature diameter on BBBD.

RESULTS

Passive cavitation detection

MB oscillations were evaluated in blood vessel mimicking tubes via PCD, to identify variations as a function
of tube diameter. PCD was performed with an imaging array (ATL P4-1, Philips, WA, USA), during MBs inter-
action with a therapeutic pulse at a center frequency of 250 kHz (Figure 1A). The SCD and ICD were
computed based on the recorded radiofrequency (RF) echoes.'” Both SCD and ICD increased as a function
of the applied PNP; however, the onset of the SCD increase occurred at a PNP of 200 kPa for the larger tube
with a diameter of 280 pm, and a PNP of 250 kPa for the smaller 100 um tube (both for the raw data and the
normalized data based on MB volume within the tube) (Figure 1B). The onset of ICD shifted similarly to the
SCD; however, the increase slope was steeper for the 100 pm normalized fiber (Figure 1C). This suggests
that there was a sharp transition between stable and inertial cavitation for MBs in smaller tubes.

In-vivo experiments

BBB extravasation as a function of blood vessel diameter was assessed in vivo. Mice underwent BBBD using
MB and 250 kHz US. Subsequently, two fluorescent dyes were systemically injected: 2000 kDa FITC-Dextran
that fluoresces in green and stains the blood vessels, and EB that fluoresces in red and serves to evaluate
the BBB extravasation. In the first set of experiments, the brain preservation and microscopy imaging tech-
niques were optimized to determine the brain slice thickness, microscope parameters and the dye circu-
lation duration before brain harvesting. The optimized parameters were then used to quantify BBBD.

Optimization experiments

Two brain preservation methods were tested on control mice (no BBB-opening), either using standard
paraformaldehyde (PFA) fixation or flash-freezing using liquid-nitrogen (Figure 2). After PFA fixation, there
was FITC-Dextran leakage from the blood vessels that made itimpossible to localize the blood vessels (Fig-
ure 2A). In comparison, blood vessels were easily identified in the green channel using the flash-freezing
technique which was hence selected for the subsequent experiments. The next step was to choose the slice
thickness using the control brains. The 12 um slices yielded blurry images with heterogeneous coloring
within the blood vessels, whereas the 50 um slices were blurry because of out-of-focus blood vessels
beyond the depth of field. The 20 um slices yielded the highest quality images, with a clear view of the
blood vessels, and an overlap between the green and red channels (Figures 2B-2D).
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A PFA fixation B 12 um slice Figure 2. Brain preservation and slice thickness
e optimization of the control brains

Microscopy images of (A) PFA fixed brain, and flash
frozen brains with slice thickness of (B) 12 um. (C) 20 um.
(D) 50 pm. Scale bars are 50 um.

C 20 um slice D 50 umslice

Next, BBBD was performed using a custom setup (illustrated in Figure 3A). Standard EB leakage following
BBBD resulted in blue stains that were visible in the brain (Figure 3B). However, these strong stains implied
broad extravasation and perfusion of the EB within the brain tissue that prevented blood vessel localiza-
tion. Here, to enable BBBD detection at the resolution of a single blood vessel, mild EB leakage was
required (Figure 3C). Fluorescent images of the EB leakage pattern can also be used to optimize EB extrav-
asation (Figures 3D-3G). Differences in the amount of extravasation were achieved by adapting the EB cir-
culation duration. This setp was done to identify a duration that was long enough to allow EB perfusion into
the parenchyma following BBBD, while avoiding widespread diffusion that would make the leakage source
undetectable (Figure S1). The FITC-Dextran circulation duration was 10 min, based on previous studies.””
This duration was selected as a tradeoff between effective vascular staining and minimized possible BBB
penetration, because larger molecules require a longer circulation time to extravasate from the blood
stream. The sonication pressure was chosen such that no signs of microhemorrhage were observed during
histology (PNP of 263 kPa).

Single-blood vessel-based BBB opening quantification

Microscopy images of brain slices following BBBD with US and MBs showed reliable blood vessel staining
(green) and widespread extravasation of EB (red) around the blood vessels compared to the control brains.
In the control brains, the EB was confined to the blood vessels and thus overlapped with the green channel
(Figure 4A). In the treated brains, EB extravasation increased with applied PNP, whereas variations in EB
intensity around each blood vessel were visible (Figures 4B-4D).

Quantification of the amount of EB extravasation was carried out by an automated image processing algo-
rithm developed for this task, which is further discussed in the STAR Methods section (Figure 5). Briefly, the
original image was split into two channels. The green channel was used for vessel segmentation and
morphological feature extraction (Figures 5B and 5C). The red channel was used to quantify EB intensity
around each blood vessel (Figure 5D). The median pixel intensity of the normalized red channel was calcu-
lated in the region of interest (ROI), and chosen according to the processing of the green channel. Extrav-
asation was then analyzed for each blood vessel individually, resulting in a detailed quantification of a
range of parameters, including blood vessel diameter distribution, blood vessel length and bifurcation
density for each brain region, amount of EB extravasation as a function of blood vessel diameter, and
the fraction of strong BBB opened blood vessels.

The image processing algorithm was initially applied to both the control and the treated datasets to

compute the microvasculature diameter distribution within the regions where the BBB was opened.
The average microvasculature diameter was 4.98 + 1.9 um and was similar in the control and treated
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Figure 3. Evans blue extravasation following US-mediated BBBD

(A) In vivo setup. The mouse was mechanically positioned at the focal spot of an US transducer, located at the bottom of a
water tank, using a custom holder.

(B) Standard EB leakage in treated brains, showing bright blue spots where BBBD was performed.

(C) Mild EB leakage in treated brains required for localizing BBBD at the resolution of a single blood vessel. Fluorescence
microscopy images of EB leakage for: (D) No BBBD.

(E) Insufficient EB leakage.

(F) Mild EB leakage.

(G) Extensive EB leakage.

(D-G) 50 um scale bars.

groups (p > 0.05, non-significant). This diameter distribution is consistent with previous reports of cere-
bral capillary diameters in mice.*®*® The vasculature bifurcation density and length were also evaluated
using the algorithm. Comparing these parameters for different brain areas revealed a significant increase
in vascular density, in terms of length and bifurcation density in the cerebral cortex as compared to more
ventral parts of the brain (hippocampus, hypothalamus, striatum, and thalamus) which is congruent with
previous reports®’ (Figures 6C and 6D). No significant differences were found between the control and
treated groups.

Next, the EB intensity in the perivascular area surrounding individual blood vessels was extracted and
compared across diameter groups for different perivascular area parameters (Figure 7A). A comparison
of the EB intensity histograms in a perivascular area of 10 pixels (2.9 um width), for 3-4 and 9-10 um blood
vessels (Figures 7B and 7C), showed increased levels of EB intensity in the MB + FUS treated brains
compared to the control brains (p < 0.01). In the control brains, a similar average EB intensity was observed
for the two vessel diameters, whereas in the treated brains, EB intensity increased significantly for 9-10 um
blood vessels, compared to 3-4 um (p < 0.05). Increased EB intensity as a function of vessel diameter, which
is exclusive to MB + FUS treated vessels, was maintained when comparing different diameter groups in the
range of 2-10 um, and was not observed in the control groups (Figures S2 and 7D). In the treated brains, the
EB intensity remained similar from 2 to 6 um, but then started to increase monotonically with vasculature
diameter. Changing the perivascular area parameters, such as the initial distance from the blood vessels
used for the calculations, or the total distance from the blood vessel, did not significantly affect the results
(Figure S3). For each blood vessel diameter histogram as shown in Figures 7B and 7C, the fraction of strong
BBB opened blood vessels was calculated by setting a threshold based on a value of two standard devia-
tions above the control mean for each diameter (95% confidence interval, dashed black line). The fraction of
blood vessels in the MB + FUS treated group that exceeded this threshold was considered BBB opened.
The percentage of strong BBBD also increased as a function of vessel diameter, from 9.75% for 2-3 um
blood vessels to 91.67% for 9-10 um (Figure 7E). Overall, it can be seen that the EB intensity in the

¢? CellPress

OPEN ACCESS

iScience 26, 106965, June 16, 2023 5




¢ CellPress

OPEN ACCESS

B MB + FUS (150 kPa)

Figure 4. Microscopy images of brain slices

Blood vessels appear in green, whereas extravasated EB is red.

(A) Control brain without BBBD, where the green and red channels overlap.

(B-D) MB + FUS treated brain demonstrating increasing levels of EB extravasation to the perivascular area as a function of
applied PNP: (B) 150 kPa, (C) 175 kPa, and (D) 263 kPa. Scale bars are 50 um.

perivascular area of treated vessels (Figure 7D, blue bars), and the percentage of vessels undergoing
strong BBBD (Figure 7E) presented a similar trend.

The effect of vasculature diameter dependent EB extravasation was evaluated as a function of applied PNP,
for three insonation PNPs of 150, 175 and 263 kPa. 150 kPa was chosen as a low bound where mild BBB open-
ing was observed, and 263 kPa represents the highest PNP where strong BBB opening with no microhemor-
rhage was detected. For the lower PNPs of 150 and 175 kPa, up to a diameter of 5-6 um, no significant
differences were observed compared to the control group (full statistical analysis is shown in Figure S4).
In comparison, at these small diameters, the EB intensity around vessels treated with 263 kPa was signifi-
cantly higher than in all other groups (control (p < 0.0001), 150 kPa (p < 0.01) and 175 kPa (p < 0.01)). EB in-
tensity for diameters larger than 5-6 pm was significantly higher in all the treated brains, compared to the
control group (Figure 8A). When calculating the fraction of strong BBBD vessels, all treated groups present
a similar trend of increase as function of vessel diameter (Figure 8B). Our results indicate that 150 kPa is the
threshold pressure for BBBD for blood vessels larger than 6 um, and that BBBD of smaller vessels require
higher PNP. Thus, BBBD depends both on blood vessel diameter and applied PNP.

DISCUSSION

In this article, we present a method for quantitative evaluation of FUS-mediated BBBD at a single blood
vessel resolution. The method involves the injection of two fluorescent dyes, at specific time points
that are carefully designed for localized extravasation across the BBB. Microscopy imaging of brain slices
and an automated image processing algorithm is then used to characterize brain capillaries based on
diameter and morphology, and assess the variation in BBBD as a function of blood vessel diameter.
The focus of our research was on a capillary diameter range of 1-10 pm that was not studied in such detail
so far. This range is particularly important because the majority of the blood vessels in the mouse brains
are smaller than 10 pm. Furthermore, abnormalities and dysfunction in small capillaries play an important
role in various brain pathologies,44 such as cerebral small vessel disease which is one of the

%> and Alzheimer's disease which is the most

leading causes of stroke and cognitive decline in elderly,
common type of elderly dementia.”® Therefore, the ability to conduct BBBD in capillaries is important
for efficient drug delivery to brain diseases. The high resolution obtained with our method enables to
precisely explore drug delivery to the brain from these capillaries, at diameter scales that were not
feasible before. By being able to assess these smaller diameters, we detected significant changes in
BBB opening as a function of blood vessel diameter. To label the blood vessels, the injection of a large

MW green FITC-Dextran was used. Although large molecules, such as liposomes and cells,*”*” have been
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(A) The original composite image was split to two channels: (B) The green (FITC-Dextran) channel marking the blood vessels, and (C) the red, EB channel.

(D) Morphological operations were applied to (B) to perform vessel segmentation and skeleton extraction.
(E) The binary mask in (D) was applied to the EB channel in (C).

(F) The resulting image was used to determine the EB intensity in the perivascular ROl surrounding each vessel, and the vessel skeleton was used to extract

the morphological features of each vessel. Finally, the median pixel intensity was quantified as a function of blood vessel diameter for the entire

microvasculature population. Scale bars are 50 um in all subfigures.

shown to cross the BBB following FUS-mediated BBBD, their diffusion times into the parenchyma are
much longer. Here, mice were sacrificed 10 min post-injection, which suffices for efficient blood vessel
staining by FITC-Dextran, without identified BBB penetration. Using fluorescence microscopy, the
green FITC-Dextran channel was employed to segment the brain capillaries and extract their morpholog-
ical features. The second dye was EB, which is a standard marker for blood vessel imaging®’ and is widely
used for BBB opening identification and observation. Here, EB extravasation was probed for each indi-
vidual blood vessel with and without FUS-mediated BBBD. The high spatial resolution and the ability
to conduct single blood vessel extravasation quantification was challenging and required to carefully
optimize the method's parameters. Therefore, all of the optimization steps were clearly described in
the paper.

Applying the geometric blood vessel feature information, extracted from the green channel, to the red
EB channel enabled us to quantify the diffusion of EB into the perivascular area surrounding each blood
vessel. This method can quantify multiple parameters, such as the EB diffusion length, vascular density,
vascular tortuosity, and microvasculature diameter. This is used to gauge EB intensity as a function of
blood vessel diameter and compute the fraction of BBBD blood vessels. Our method is robust and
can be used to gain important insights into unresolved questions related to FUS-mediated BBBD,
such as the kinetics in capillaries with different diameters,®*** the impact of vasculature diameter on
BBBD properties such as the duration of opening, the ability to deliver molecules of different sizes
and their feasibility for brain drug delivery, and BBBD efficiency in different regions of the brain.*® In
addition, the method developed here can be used in future studies to assess the influence of multiple
parameters that affect BBBD, such as MB gas volume that was shown previously to be significant in deter-
mining the extent of BBB opening,'” and the influence of additional MB properties such as its shell
composition and gas type. The ability to probe BBB opening at the microvasculature level could
also aid in optimizing diffusion length for applications such as drug delivery to the proximal perivascular
area while avoiding wide-spread perfusion throughout the parenchyma. Examples include brain tumor
treatment for a perivascular space drug target,” or pericytes in various neurological disorders.”
Another future application of the method involves evaluating the effects of local microvasculature density
on BBB opening. Studies have shown that microvascular density differs considerably between different
brain regions and patients,”'">” which can lead to variations in BBB opening. Our platform is capable
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Figure 6. Blood vessel morphological characterization

(A) Microvasculature diameter histogram for the control and MB + FUS treated brains.

(B) Diameter comparison analysis for (A), Welch's t-test revealed no significant differences (total of n = 908 and n = 268
blood vessels for the control and MB + FUS groups, respectively). Vessel density analysis in different brain regions,

(C) length density, (D) bifurcation density (total of n = 45 and n = 39 frames for the control and MB + FUS groups,
respectively), Fisher’s LSD test. The p values were *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All data are plotted
as the mean + SD.

of assessing BBB openings at different regions while comparing the local vascular density, to identify
variations.

Here, we focused on evaluating the effects of microvasculature diameter and PNP on the efficacy of
BBBD. Variations in small blood vessels can be attributed to a combination of parameters. The first is
reduced MB oscillations, that have been shown to be constrained in small tubes and blood vessels.*%*%>2
Another contributing parameter is the effective number of MBs. Although their concentration remains
constant in the blood stream, given the smaller cross section of the capillaries, fewer MBs are present
within these vessels compared to larger blood vessels. Similarly, smaller amounts of EB molecules
flow within small capillaries, so that a gradual increase in EB intensity as a function of blood vessel diam-
eter is expected; however, this was not the case for the results shown here. For a PNP of 263 kPa, EB
extravasation remained almost constant for vessels smaller than 6 um, and increased as function of diam-
eter in larger vessels (Figure 7). At lower PNPs of 150 and 175 kPa, below 10% of blood vessels smaller
than 6 pm were opened. Beyond 6 pum, the results exhibited a similar trend to 263 kPa, where the EB
intensity in the perivascular area, and the fraction of BBB opened vessels were both increased signifi-
cantly as a function of vessel diameter (Figures 8 and S4). Figure 8 demonstrates BBBD for all of the pres-
sures that were tested. As such, because EB extravasation occurs via diffusion, once BBBD is achieved,
we do not expect to see significant variations between pressures, unless BBBD threshold varies as a func-
tion of blood vessel diameter and insonation pressure, as observed here. For blood vessels larger than
6-7 um BBBD is observed for all three PNP. For blood vessels smaller than 6 um, there is a statistical
significance between the 3 tested PNPs. Our results indicate that 150 kPa is the threshold pressure for
BBBD for blood vessels larger than 6 um. Smaller blood vessels show similar perivascular EB intensity
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Figure 7. EB extravasation quantification as a function of blood vessel diameter

(A) The perivascular area around each blood vessel with a diameter of 2r; was defined by its initial distance from the vessel
wall (W;) and total width (d). In each diameter group, the EB intensity in the perivascular area was calculated. The EB
intensity histogram for blood vessels with diameters of (B) 3-4 um, and (C) 9-10 um. Welch's t-test.

(D) EB extravasation as a function of microvasculature diameter.

(E) Fraction of strong BBBD blood vessels.

(D and E) Mixed-effect model with Geisser-Greenhouse correction and the two-step step-up method for FDR control. The
p values were *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The data in (D,E) is plotted as mean + SD.

as in the control group. For 263 kPa, BBBD was observed in all blood vessels’ diameters, however stron-
ger EB extravasation was detected around the larger vessels.

Compared to other methods that use 2PFM in mice,***

our method can be applied to all brain regions,
whereas in vivo 2PFM is limited mainly to superficial regions such as the cerebral cortex. Furthermore, our
method utilizes a fast, simple approach that does not involve complex in vivo procedures such as craniot-
omies, or unique experimental setups. It also enables the imaging and processing of large brain regions,
which facilitates the characterization of larger quantities of blood vessels simultaneously. Finally, the short
scan duration used here compared to 2PFM enables the imaging of entire brain sections whilst maintaining

the high spatial resolution required for imaging the capillary network, at a 1 um vessel resolution.

PCD experiments were used to evaluate the MB vibrational response within different diameter blood vessel
mimicking tubes. Although the two dimeters tested (280 and 100 um) are both significantly larger than MBs,
changes in MB echoes were detected, even when normalizing the results for volume within the fibers (Fig-
ure 1). Our findings suggest that stable cavitation initiates at lower sonication PNP within larger diameter
fibers. We acknowledge that in vivo, the capillaries are smaller than the tubes used for the PCD experi-
ments. To match the number of MBs between the different tube diameters, we placed a bundle of
100 um tubes, such that the MB volume in both insonified regions will be similar. Reducing tube diameter
further would necessitate a large number of parallel tubes, as the tube area increases exponentially with
diameter, which poses severe technical limitations. Therefore, the PCD experiments were used as a perqui-
site step to identify variations as a function of tube diameter, followed by in vivo experiments to assess var-
iations in capillaries. in vivo, because the sonication region is likely to include diverse diameters of blood
vessels, lower PNP can be used to induce safe BBBD in larger vessel. However, at this lower PNP, reduced
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Figure 8. EB intensity quantification as a function of applied PNP and microvasculature diameter

(A) EB extravasation as a function of microvasculature diameter and applied PNP.

(B) Fraction of strong BBBD blood vessels as a function of applied PNP. All data are plotted as mean + SD. Statistical
analysis is shown in Figure S4.

stable cavitation in smaller capillaries may occur, causing less BBBD in these capillaries. The ICD also
increased as a function of PNP in the two fiber diameters; however, the graph’s slope has a steeper incline
for the smaller fibers (Figure 1). This further narrows the PNP’s operational range for safe BBB opening in
smaller blood vessels.

MB responses depend crucially on the excitation frequency. A center frequency of 250 kHz was used
here because this is a common frequency for noninvasive brain treatment. The low frequency facilitates
skull penetration because of reduced attenuation.® However, at this low frequency range, MB oscillations
are significantly enhanced so that there is only a narrow PNP range for safe BBBD.? The mechanism
for these enhanced oscillations stems from the Blake threshold effect, which manifests as an infinite pre-
dicted bubble expansion beyond a critical PNP when the MBs are excited well below their resonance fre-
quency. The PCD experiments confirm a sharp incline in MB vibrational response in both fiber diameters as
a function of PNP, with a steeper slope in the smaller fibers. The current Blake threshold theory assumes
that the bubbles are in free space. To fully predict MB behavior in different sized blood vessels, a modified
Blake threshold effect that takes the effect of the surrounding blood vessels into account should be
developed.

In vivo, the successful implementation of the single blood vessel BBBD assessment method developed
here requires the following carefully controlled protocol components: Selection of US parameters (fre-
quency, PNP and duration), titration and injection of the MBs and the two fluorescent dyes, as well as circu-
lation times, brain harvesting, preservation, and slicing, microscopy imaging parameters, and the image
processing algorithm. We showed that EB intensity increases with the microvasculature diameter, and
that the fraction of vessels that undergo strong BBB openings also increases with diameter. EB was chosen
here because itis a widely used molecule for BBBD visualization. However, EB is also known to diffuse quickly
within the tissue. Thus, after a certain time following BBBD, the entire treated region will appear blue, and
differences between blood vessels can no longer be distinguished.** Because EB eventually distributes
across the tissue, it remains unclear whether the BBBD variations observed here at shorter time points
have clinical significance. The image processing method here was used to characterize vascular features
such as vessel length and bifurcation densities in different brain areas. Variations were observed between
regions, with the highest length and bifurcation density in the cortex, which is consistent with previous
reports.”’

Limitations of the study

There are a number of study limitations that should be mentioned. First is that our transducer’s focal spot
was large, such that most of the brain regions were insonated. Nevertheless, BBBD was observed primarily
in the hypothalamus region that was also characterized here to have a low vascular density (Figures 5C and
5D). This suggests that vascular density may also play a significant role in BBBD, and that lower density re-
gions may be more susceptible to BBBD (e.g., higher PNPs are required for BBBD in other regions). In the
current configuration, increasing the PNP will result in damage in the form of microhemorrhage in the hy-
pothalamus region. A smaller focal spot generated by a larger transducer aperture or a higher frequency
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could be used to induce BBBD more precisely, and the specific treatment parameters for each brain region
can be optimized using our method.

In addition, this study focused on EB extravasation assessment. Although it is the most commonly used
BBBD marker, it is a small molecule dye (~1 kDa) without a therapeutic value. This small molecular weight
represents small anticancer drugs such as chemotherapy (<1 kDa).”*>" It should be noted that there are
various small molecules commonly used for the assessment of BBB opening such as Dextran-tetramethylr-
hodamine, Alexa-fluor-cadaverine, and Texas-Red-Dextran, with spectral properties that differ from
FITC.>*>° Therefore, the same study could be repeated to examine the penetration of these molecules.
In future studies, larger molecules extravasation as a function of vasculature diameter will be assessed.
Because the pharmacokinetics of each molecule is different, delivery of larger molecules will likely require
calibrating the circulation duration.”” From the therapeutic standpoint, 20 kDa molecules, match siRNA
and miRNA (~14 kDa),”® " whereas 70 kDa corresponds to the size of proteins, macromolecules, and
genes.®”®° The method developed here can be used to optimize the delivery of a specific molecule using
a fluorescent molecule with similar molecular weight and structural properties. For therapeutic applica-
tions, it is possible to link the drug of interest to a fluorescent marker and perform the method with the
actual molecule. Alternatively, the therapeutic drug could be injected instead of the EB following BBBD.
10 min before brain harvesting, the large molecular weight FITC should be injected, to mark the blood ves-
sels. Microscopy could then be used to analyze the therapeutic efficacy of the drug, as a function of the
blood vessel diameter.

In terms of the microscopy imaging limitations, because the images taken here are two dimensional,
whereas the blood vessels are three-dimensional, classification and accuracy could be affected. In the
future, a tissue clearing method alongside 3D microscopy techniques such as light sheet microscopy, could
be implemented with our method to assess BBBD volumetric effects as a function of microvasculature.
Finally, in this study we did not quantify the amount of MBs within each vessel. Therefore, it is unclear
whether the changes in MB cavitation are a function of the vessel diameter, the number of MBs within
the vessel or the density of MBs within the vessel.

Overall, the robust method developed here showed that BBBD depends on capillary diameter. These var-
iations can affect the pharmacokinetics of substances that are delivered across the BBB as a function of the
local microvascular content. Therefore, the impact of blood vessel diameter should be considered when
developing safe and reliable protocols for FUS-mediated BBBD. It is possible that the FUS-mediated
BBBD should be optimized for specific regions, vascular diameters, and vascular densities. These param-
eters can vary as a function of target region, animal models, and may even diverge temporarily in the same
region during vasodilative or vasoconstrictive events.”® The method here can help identify these variations
and should thus be included in the arsenal of BBBD characterization protocols. Moreover, it can be used to
study BBB intactness integrity as a metric to evaluate and characterize conditions and diseases that affect
the BBB, such as neurodegenerative conditions, cancer and inflammation.
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Chemicals, peptides, and recombinant proteins

Perfluorobutane (C4F10)
Distearoylphosphatidylcholine (DSPC)
18:0 PEG2000 PE

Glycerol

propylene glycol

Saline

agarose powder

Dulbecco’s phosphate buffered saline
isoflurane

Evans Blue Dye

Fluorescein isothiocyanate—Dextran 2000

OCT cryo compound
Paraformaldehyde
Hematoxylin Stain

Eosin Secondary-Counter Stain

F2 Chemicals LTD
Avanti Polar Lipids
Avanti Polar Lipids
Sigma-Aldrich
Sigma-Aldrich

Fischer scientific

Holland Moran

Biological Industries Israel

UspP
Sigma-Aldrich

Sigma-Aldrich

Leica Biosystems
Fisher Scientific
Leica Biosystems

Leica Biosystems

CAS: 355-25-9
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880120, CAS: 474922-77-5
G5516, CAS: 56-81-5
BP868, CAS:

57-55-6

21376, CAS: 7647-14-5
400402500, CAS: 9002-18-0
02-023-1A

1349003, CAS: 26675-46-7
E2129, CAS:

314-13-6

52471, CAS:

60842-46-8

14020108926

50-259-99

3801542

3801602

Deposited data

Example microscopy data This paper https://zenodo.org/badge/|atestdoi/637521961
Experimental models: Organisms/strains
Female C57BL/6 mice (10-11 weeks old, 16-21gr) Envigo C57BL/6JOlaHsd

Software and algorithms

MATLAB
Rapid Editable Analysis of Vessel Elements Routine (REAVER)

The MathWorks, Inc.

Corliss et al.®®

https://www.mathworks.com/products/matlab.html

https://github.com/uva-peirce-cottler-lab/public_REAVER

Image processing and data analysis software This paper https://zenodo.org/badge/latestdoi/637521961
Prism GraphPad https://www.graphpad.com/
Other

AccuSizer® FX-Nano, Particle Sizing Systems Entegris A9AD 000

250 kHz, single element, focused ultrasound transducer Sonic Concepts H115

Arbitrary/Function generator Tektronix Inc. AFG1012

Laboratory Linear Power Amplifier E&l 2100L

Transducer Power Output™ Sonic Concepts TPO-200

Needle hydrophone NHO0500 Precision Acoustics

280 um ID PTFE tube Instech laboratories Inc. BTPE-10

100 pum ID PTFE tube Zeus Sub-Lite-Wall®

Phased array ultrasound transducer Philips ATL P4-1

Vantage™ Research Ultrasound System Verasonics Inc. Vantage 256

Low-Flow Electronic Vaporizer Kent Scientific SomnoFlo

cryostat microtome Leica Biosystems CM1950

Automated Fluorescence Microscope Olympus life science BX63

%20 microscope objective Olympus life science UPLFLN 20X
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and data should be directed to and will be fulfilled by the
lead contact, Tali llovitsh (ilovitsh@tauex.tau.ac.il).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All original code has been deposited at Zenodo and is publicly available as of the date of publication
together with a set of example microscopy images. DOls are listed in the key resources table. Additional
data will be shared by the lead contact upon request. Any additional information required to analyze the
data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL

A total of 110 mice were used in the in vivo experiments. Female C57BL/6 mice (10-11 weeks old, 16-21g,
Envigo, Jerusalem, Israel) were used. All the animal experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and
Use Committee at Tel-Aviv University.

METHOD DETAILS
Microbubble preparation

MBs were prepared and measured as described in previous studies.”* The MBs were composed of a
phospholipid shell and a Perfluorobutane (C4F10) gas core. The lipids (2.5 mg per 1mL) were Distearoyl-
phosphatidylcholine (DSPC; 850365C) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000PE; 880120) which were combined at a molar
ratio of 90:10 and made using a thin film hydration method. A buffer (mixture of glycerol (10%), propylene
glycol (10%) and saline (80%) (pH 7.4)) was added to the lipids and sonicated at 62°C. The MB precursor
solution was aliquoted into vials with liquid volume of 1 mL and saturated with perfluorobutane. Upon
use, the vials were shaken for 45 s in a vial shaker and purified via centrifugation to remove MBs smaller
than 0.5 um in radii. Size selection was applied as described previously to remove MBs larger than 5 um
in diameter. The size and concentration of the MBs were measured twice with a particle counter system
(AccuSizer FX-Nano, Particle Sizing Systems, Entegris, MA, USA). The bubbles were used within 3 h of their
preparation. The size distribution and concentration varied by less than 10% between the measurements.

Passive cavitation detection in blood vessel mimicking tubes

The US setup (Illustrated in Figure 1A) was composed of a spherical single element FUS transducer (H115,
Sonic Concepts, Bothell, WA, USA), operating at 250 kHz center frequency, with a focal distance of 45 mm,
and an aperture diameter of 64 mm. The transducer was located at the bottom of a water tank, facing up-
wards. This transducer was operated either by a function generator (AFG1012, Tektronix Inc., Beaverton,
ORUSA) and an RF amplifier (2100L, Electronics & Innovation, Ltd., Rochester, NY, USA) for the fiber exper-
iments, or a transducer power output system (TPO-200, Sonic Concepts, Bothell, WA, USA) for the in vivo
experiments. The PNP at the focal spot was calibrated using a needle hydrophone (NH0500, Precision
Acoustics, UK). Pure agarose phantom embedding blood vessel mimicking tubes were placed at the trans-
ducer focal spot. These agarose phantoms were prepared by mixing 1.5% agarose powder (A10752, Alfa
Caesar, MA, USA) and deionized water. The solution was heated until all the powder had completely dis-
solved, and then was poured into a custom laser-cut mold. The mold measured 65 mm x 29 mm X 25 mm
(length x width x height) and contained a hole in the parallel sides to insert the tubes. The PTFE tubes had
inner diameters of either 280 um (BTPE-10, Instech laboratories Inc., Plymouth meeting, PA, USA), or
100 pm (PTFE Extruded Sub-Lite-Wall Zeus, Orangeburg, SC, USA). Because the liquid volume, and hence
the quantity of MBs was larger within the 280 um tubes, three 100 um tubes were connected in parallel to
increase the total cross-section. An imaging phased array transducer (ATL P4-1, Philips, Seattle, WA, USA)
was placed perpendicularly to the agarose phantom, and to the FUS transducer, and was aligned to focus
on the tube. This transducer was controlled by a programmable US system (Verasonics, Vantage 256, Ve-
rasonics Inc., Redmond, WA, USA), that was used for conducting PCD.
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A diluted MB solution was injected into the tube phantom. To match the MB concentration to a similar con-
centration as used in mice models?®, the MB solution was diluted with degassed Dulbecco’s phosphate
buffered saline (PBS; 02-023-1A, Biological Industries Israel, Beit-Haemek, Israel) to a final concentration
of 1.25 x 107 [MB/ml]. The function generator was triggered by the Verasonics system and transmitted a
single sinusoidal burst of 100 cycles at a center frequency of 250 kHz. During sonication, the PCD array re-
corded for 1.6 s. This injection-transmit-receive sequence was repeated with different sonication PNPs, and
the tube was flushed with PBS between measurements. For controls, the same sequence was performed
while PBS was injected instead of diluted MB solution.

PCD data analysis

The acquired RF signals from each transducer element were applied with a fast Fourier transform, and the
frequency-domain signals were averaged to enhance the signal-to-noise-ratio. SCD and ICD were ex-
tracted according to the method presented in Farny et al.®” Briefly, a 20 kHz window was defined around
each harmonic of the transmission frequency (a harmonicis defined asn xfo, n = 1,2,3 ...). Amodified comb
filter was applied to eliminate the peaks in these windows and replace them with random samples from the
conjugated regions of the spectrum. A high-pass-filter with a cutoff frequency of 1.5 x fo was then applied to
eliminate the contribution of the transmitted wave. The ICD was defined as the root-mean-square ampli-
tude of the filtered signal. The SCD was calculated as the difference between the root-mean-square of the
original signal amplitude and the ICD. Finally, the results of SCD and ICD were normalized by the vessel
cross-section to compensate for a possible decrease in MB quantity caused by the liquid volume as in
the 100 pm tubes.

In-vivo BBBD

The mice were anesthetized with 1.5% isoflurane using a low flow vaporizer system (50 mL/min, SomnoFlo,
Kent Scientific). The mice heads were completely shaved, and US gel was applied. The mice were placed in
a supine position on top of an agarose pad, at the focal spot of the FUS setup described in the PCD exper-
iments section. The mice were mechanically aligned using a custom two-axis (X-Y) stereotaxic system that
was connected to the water tank (Figure 3A). The focal spot size was 7 mm laterally and 50 mm axially, which
is appropriate to conduct BBBD in large brain portions, and mainly in the hypothalamus. BBBD was per-
formed by systemically injecting 2 X 10’ MB in 50 pL of degassed PBS. Thirty seconds post MB injection,
the mice received the FUS treatment consisting of 1 ms bursts at 250 kHz. The total sonication period was
60 s with a PRF of 1 Hz (0.1% duty-cycle). Sonication PNP was optimized to induce safe, mild BBBD, that was
visible in fluorescent microscopy, without signs of microhemorrhage in histology. Three PNPs were tested:
150, 175 and 263 kPa. After sonication, the mice were systemically injected with two dyes: 2% Evans Blue
dye (EB; E2129, Sigma Aldrich) (4 mL/kg, diluted in PBS), and é mg/mL Fluorescein isothiocyanate—
Dextran (FITC-Dextran; 52471, Merck, Kenilworth, NJ, USA) (4 mL/kg, diluted in normal saline). Three
different EB circulation times were tested: 8, 18, and 28 min, to identify the optimal circulation duration
that enabled localized EB detection for each blood vessel (Figure S1). FITC-Dextran circulation time was
10 min to maintain a strong fluorescence signal inside the vessels, without leakage.*? In between injections,
the mice were allowed to wake up for better circulation. Two groups of mice were tested in each experi-
ment: a no treatment control group that was injected with the two dyes but did not receive MB + FUS treat-
ment, and a treated group with MB + FUS and the dyes.

Ten minutes post FITC-Dextran injection, the mice were euthanized. The brains were quickly harvested,
covered in tissue freezing medium (Leica OCT cryo compound, Leica Biosystems, Nussloch GmbH, Heidel-
berger, Germany) and flash-frozen using liquid nitrogen. After flash-freezing, the brains were transferred to
a —80°C refrigerator. The freezing procedure was established by comparison to standard Paraformalde-
hyde (PFA; 50-259-99, Fisher Scientific). Fixation was done by placing the fresh tissue in 4% PFA solution
for 24 h, then transferring to 30% sucrose solution up to full precipitation. The brains were washed with
PBS, frozen with liquid nitrogen and transferred to —80°C for storage. The PFA preservation resulted in
the leaking of the FITC-Dextran outside the vascular system and did not allow for vessel segmentation.

Microscopy imaging

On the day of microscopy imaging, the frozen brains were transferred to a —20°C cryostat microtome
(CM1950, Leica Biosystems) and coronally cut to slices of different thicknesses. The sections were
placed on standard microscope slides within a closed slide box for air-drying at room temperature for
5-60 min. Three different slice section thicknesses of 12, 20 or 50 um were tested for the control brains,
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to optimize the number of clearly visible blood vessels with a good signal and reduced blurriness that can
be abyproduct of out of focus planes (Figure 1). The optimal thickness of 20 um was selected for the treated
brains and the PFA preserved brains. The brain slides were imaged within 1 h of sectioning to avoid further
EB perfusion.”” Images were acquired with a motorized upright fluorescence microscope (BX63, Olympus
life science, Waltham, Massachusetts, USA) with an x20 objective (UPLFLN 20X, Olympus life science). This
objective had a focal depth of 1.1 um. The excitation wavelengths and exposure times were 508 nm and
1150 msec for FITC-Dextran, and 615 nm and 115 msec for EB. All the imaging parameters were consistent
for all sections. The final images were 1920 x 1200 pixels in size, with a pixel size of 0.29 um in the imaging
plane.

Image processing

Microscopy image processing was performed using MATLAB. Preprocessing included the splitting of all
images into two channels: the green channel that marked the blood vessels with FITC-Dextran and the
red channel that showed EB extravasation from the blood stream into the surrounding perivascular area.
Post processing was then applied as follows. The first step utilized the green channel to perform blood-
vessel segmentation and characterization. This was carried out using a modified version of the Rapid Edit-
able Analysis of Vessel Elements Routine (REAVER) tool,“® that was adjusted specifically for this task. Seg-
mentation yielded a binary mask of all vessels in the frame, from which the vascular skeleton was extracted
(Figure 5D). Branchpoint localization was used to separate the vascular network into individual vessels,
which were then used for BBB leakage quantification.

The second step was to calculate the single vessel median radius as described by Corliss et al.*® Briefly, for
each point on the vessel centerline, the distance to the closest point outside the vessel was calculated. This
distance represented the local vessel radius. The median of all local radii of the vessel was calculated. Two
other network morphology features were extracted for each frame: the bifurcation density and the length
density. The bifurcation density was calculated as the number of bifurcations in the vascular skeleton
divided by the frame area, and the length density was calculated as the total length of the vessels divided
by the frame area.

After obtaining the morphological features of the blood vessels, the following steps were carried to quan-
tify EB extravasation and BBBD for each blood vessel. In the third step, the binary mask obtained from the
green channel was applied to the red channel. By doing so, the interior of each blood vessel was removed
from the frame, leaving behind a frame with the EB intensity in the perivascular area (Figure 5E). This step
served to remove the blood vessel content itself and focus on the EB extravasation.

In the fourth step, the size of the perivascular area around the blood vessels was determined. This area was
defined by two user specified constants: the initial distance from the vessel wall (W;) which was used to elim-
inate segmentation-related errors, and the perivascular area width (d). Then, individual blood vessels were
extracted from each image by subtracting the entire vascular mask from the single-vessel perivascular area
mask. This was done to make sure that the perivascular area did not include nearby vessels.

In the final step, the EB channel intensity was rescaled to a range of [0,1] and the median pixel intensity in
the perivascular area (defined in the previous steps) was calculated. Steps 3-5 were repeated for each
blood vessel in each frame.

Hematoxylin & Eosin staining

The safety of the BBBD treatments was assessed with standard Hematoxylin (3801542, Leica Biosystems)
and Eosin (3801602, Leica Biosystems) staining of the sliced brain sections. The stained slides were imaged
using the brightfield channel of the same microscope as for fluorescence imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS
Quantitative analysis

Vascular morphology in different regions of the brain (hippocampus, hypothalamus, striatum, and thal-
amus) for the control and MB + FUS treated groups was evaluated by quantification of length and bifurca-
tion density (Figures 6C and 6D). The microvasculature diameter distribution was calculated and plotted as
a diameter histogram (Figures 6A and 6B). Because the majority of the blood vessels in the mouse brains

18 iScience 26, 106965, June 16, 2023

iScience



iScience

were smaller than 10 um (average diameter was 4.98 £ 1.9 um), we chose to focus on blood vessels that are
below 10 um, and exclude vessels with unclear borderlines.

In the second stage, EB quantification was performed for individual blood vessels, where in bifurcating ves-
sels the segments before and after the bifurcation were considered two separate blood vessels. Different
perivascular areas were compared. Three initial distances from the blood vessel wall, W;, of 0, 2 and 5 pixels
(corresponding to 0, 0.59 and 1.46 um), and three different perivascular widths, d, of 1, 5, and 10 pixels (0.29,
1.46 and 2.93 um). For each combination of hyperparameters, the EB intensity results were divided into
groups based on the vessel diameter. Vessels with diameters of 2-10 pm were sorted into diameter groups
at 1 um intervals (2-3, 3-4, ...,9-10 um). The EB intensity in the perivascular area was calculated for each
blood vessel in each diameter group, for the control and treated brains, and plotted as EB intensity histo-
grams (Figures 7B and 7C), and as a comparison to other diameters (Figures 7D and 7E). Note that each
frame contained blood vessels with different orientations, ranging from circular cross sections when the
blood vessels were perpendicular to the image plane, to lines when they were parallel to the imaged plane.
To reduce segmentation noise in the small capillaries (<4 pm), blood vessels with a minimal length of less
than 10 um were removed. The number of capillaries that were used for the analysis was 1075.

Finally, the percentage of BBBD blood vessels for each diameter group was assessed by setting a threshold
that was determined based on the EB intensity of the control group for each diameter. The threshold was
two standard deviations above the mean control EB intensity. In the treated group, and for each diameter,
all the blood vessels whose EB intensity exceeded the corresponding threshold were considered a strong
BBBD (Figure 7E). This analysis was conducted for each frame and vessel diameter. Comparisons were car-
ried out between frames.

Statistics

Statistical analysis was performed using MATLAB and GraphPad Prism. The results are presented as the
mean =+ SD. Statistical tests are reported in the captions. p values of less than 0.05 were considered sig-
nificant and were adjusted for multiple comparisons as indicated in the captions.

ADDITIONAL RESOURCES

All the code used for image processing and analysis can also be found in the following GitHub repository:
https://github.com/ThellovitshLab/BBBD-REAVER.
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