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Abstract

Rationale: Clinical trials are currently underway to test the safety and efficacy of delivering therapeutic
agents across the blood-brain barrier (BBB) using focused ultrasound and microbubbles (FUS+MBs).
While acoustic feedback control strategies have largely minimized the risk of overt tissue damage,
transient induction of inflammatory processes have been observed following sonication in preclinical
studies. The goal of this work was to explore the potential of post-sonication dexamethasone (DEX)
administration as a means to mitigate treatment risk. Vascular permeability, inflammatory protein
expression, blood vessel growth, and astrocyte activation were assessed.

Methods: A single-element focused transducer (transmit frequency = 580 kHz) and Definity™
microbubbles were used to increase BBB permeability unilaterally in the dorsal hippocampi of adult male
rats. Sonicating pressure was calibrated based on ultraharmonic emissions. Dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) was used to quantitatively assess BBB permeability at 15 min
(baseline) and 2 hrs following sonication. DEX was administered following baseline imaging and at 24 hrs
post-FUS+MB exposure. Expression of key inflammatory proteins were assessed at 2 days, and astrocyte
activation and blood vessel growth were assessed at 10 days post-FUS+MB exposure.

Results: Compared to saline-treated control animals, DEX administration expedited the restoration of
BBB integrity at 2 hrs, and significantly limited the production of key inflammation-related proteins at 2
days, following sonication. Indications of FUS+MB-induced astrocyte activation and vascular growth were
diminished at 10 days in DEX-treated animals, compared to controls.

Conclusions: These results suggest that DEX provides a means of modulating the duration of BBB
permeability enhancement and may reduce the risk of inflammation-induced tissue damage, increasing the
safety profile of this drug-delivery strategy. This effect may be especially relevant in scenarios for which
the goal of treatment is to restore or preserve neural function and multiple sonications are required.

Key words: blood-brain barrier; dexamethasone; dynamic contrast-enhanced magnetic resonance imaging;
inflammation; focused ultrasound

Introduction

The flexibility of using FUS+MB exposures to
enhance the delivery of a variety of therapeutic agents
to targeted brain regions has been demonstrated
under numerous experimental conditions [1-6]. By
transiently increasing the permeability of the BBB [7],
drugs can be delivered systemically and extravasate

in the targeted locations to exert a therapeutic effect.
Efficacious results in preclinical models of disease [8-
10] have prompted the translation of this technique
into human trials [11-18]. While FUS+MB-mediated
drug delivery may have the potential to aid in the
treatment of several neuropathologies, the safety of
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modulating BBB permeability continues to spark
debate [19-25], specifically in the context of diseases
for which the aim of treatment is to preserve or
improve long term neural function.

Broadly speaking, FUS+MB-mediated BBB
permeability enhancement involves the intravenous
administration of MBs, traditionally used as
ultrasound contrast agents, and the propagation of
ultrasound to spatially confined (lL.e. focal volume),
targeted locations within the brain. Mechanical
stresses exerted on vascular walls by oscillating MBs
drive subsequent changes in BBB permeability, thus
controlling the in vivo behaviour of MBs is essential
for producing predictable biological effects. To this
end, strategies of calibrating the peak negative
pressure (PNP) of sonication based on acoustic
emissions - which can provide insight into the
behaviour of MBs - have been developed [26,27] and
continue to be refined [28-31]. While the use of these
acoustic feedback control strategies have largely
minimized the risk of overt tissue damage (Le.
microhemorrhage, necrosis, substantial apoptosis),
increased transcription of key inflammatory
regulators (E.g. monocyte chemoattractant protein-1
(Mcp1) and intercellular adhesion molecule-1 (Icam1))
[22,32], blood vessel growth [33], and indications of
astrocyte activation [32] have all been noted in
preclinical studies following FUS+MB exposures that
employ some form of acoustic feedback control. While
there is debate regarding the degree, duration, and
impact of these responses, it would be advantageous
to develop strategies to mitigate the remaining risks.

DEX is a synthetic glucocorticoid used in a wide
range of clinical applications, including the
management of severe allergies, rheumatic diseases,
and shock [34]. Acting via glucocorticoid receptor
binding, DEX can activate or suppress the
transcription of specific genes controlled by
glucocorticoid response elements. DEX can also act
through non-transcriptional pathways, leading to the
rapid activation of protein kinases [35]. This can have
broad reaching effects, including the activation of
endothelial nitric oxide synthase, leading to altered
blood flow and decreased vascular inflammation [35].
In preclinical models, DEX has been shown to reduce
inflammation and edema following intracerebral
hemorrhage [36,37] and rapidly decrease vascular
permeability in glioma [38,39]. Clinically, DEX is
commonly used in the management of glioblastoma
multiforme-induced cerebral edema due to its low
mineralocorticoid ~ activity, long half-life, high
potency, and ability to reduce BBB permeability [40].
The effects of DEX on inflammation, cerebral edema,
and BBB integrity, have also been employed in the
context of mannitol-induced BBB permeability

enhancement [41] as a response to adverse events in
clinical trials [42].

The current study sought to determine if DEX
administration following sonication alters vascular
permeability, inflammation, blood vessel growth, and
astrocyte activation. The overarching goal was to
assess the ability of DEX to control the duration of
increased BBB permeability and to mitigate risks of
inflammation-induced tissue damage following
FUS+MB exposure.

Materials and methods

Animals

Male Sprague Dawley rats (n = 40), weighing
230-330 g on the day of sonication, were used in this
study (Taconic Biosciences, Germantown, NY, USA).
Animals were housed in the Sunnybrook Research
Institute animal facility (Toronto, ON, Canada) with
access to food and water ad Iibitum. All animal
procedures were approved by the Animal Care
Committee at Sunnybrook Research Institute and are in
accordance with the Canadian Council on Animal Care
and ARRIVE guidelines.

Study design

FUS+MB exposure was unilaterally targeted to
the dorsal hippocampus, followed by quantitative
MRI (L.e. Tl-mapping and DCE-MRI) at 15 min
post-sonication to assess BBB permeability. Saline or
DEX (5 mg/kg; ip) was administered following
imaging and animals were allowed to recover from
anesthesia. At 2 hrs following sonication, quantitative
MRI was repeated to determine the change in BBB
permeability relative to 15 min post-FUS+MBs. A
second dose of saline or DEX (5 mg/kg; ip) was
administered 24 hrs following sonication in order to
reduce potential inflammation related to extravasated
bloodborne substances remaining from the period of
elevated BBB permeability. For example, previous
work has observed the presence of albumin in brain
parenchyma 24 hrs following FUS+MB exposure [43],
which may drive inflammatory processes [44]. The
supraphysiological dose of DEX administered in this
study is at the high end of what has been employed
clinically [45] and was based largely on preclinical
research in rat models exploring the impact of DEX on
brain vascular permeability [38,46-48].

Prior to FUS+MB exposure, animals were
randomized to receive either saline or DEX following
sonication. Within these treatment groups, animals
were further randomized to be sacrificed at either 2
days or 10 days post-FUS+MBs, for protein expression
and immunohistological analysis, respectively. These
time points were designed to capture changes in
inflammatory protein expression, astrocyte activation,
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and vascular growth, based on previous work
[19,32,33,49]. The experiment timeline is graphically
depicted in Figure 1.

Animal preparation

Anesthesia was induced with 5% isoflurane and
oxygen (1 L/min), then maintained at 1.5-2%
isoflurane. During sonication and imaging, medical
air was used as a carrier gas due to the impact of
oxygen on MB circulation half-life [50,51]. Hair
overlaying the skull was removed with depilatory
cream and a 22-gauge angiocath was placed in the tail
vein. For the structural imaging and sonication,
animals were secured in a supine position on an
MRI-compatible sled, allowing transport between the
bore of the MRI and the FUS system. The dorsal
surface of the skull was coupled to a degassed,
deionized water-filled polyimide window with
ultrasound gel. Body temperature was maintained
with heated saline bags. For quantitative MRI,
animals were positioned prone to allow the receive
coil to be placed in closer proximity to the brain. A
bite bar and nose cone were used to secure the
position of the head.

FUS+MB exposure

Sonications were performed using an in-house
developed prototype system (FUS Instruments Inc.,
Toronto, ON, Canada) equipped with a spherically
focused transducer (focal number = 0.8, external
diameter = 75 mm, transmit frequency (f) = 580 kHz),
calibrated using a planar fiber optic hydrophone with
an active tip diameter of 10 pm (Precision Acoustics
Ltd., Dorset, UK). The transducer was situated in a
tank of degassed, deionized water and its movement
was controlled with a motorized positioning system
(3 degrees of freedom). Rapid motorized translation

FUS+MB Exposure

Dynamic contrast-enhanced MRI

- .

—
—
—

Saline

of the transducer enabled the sonication of several
target locations in under one second (burst repetition
frequency =1 Hz). To allow ultrasound propagation
from the transducer to the brain, the bottom of the
polyimide membrane was coupled to the water tank
below (Figure 2a). Coregistration of the transducer
positioning system with MRI spatial coordinates
allowed targets to be chosen from structural MR
images. Three targets were placed in the left dorsal
hippocampus of each animal (Figure 2b).

Ultrasound was delivered in 10 ms bursts with a
burst repetition frequency of 1Hz for 120 sec. Acoustic
emissions were monitored with an in-house
manufactured PZT hydrophone located in a 25 mm
opening in the centre of the transducer. To calibrate
PNP, an acoustic control algorithm, similar to that
described by O'Reilly and Hynynen [26], was
employed. Briefly, starting PNP was set at 128 kPa
(measured in water without skull attenuation) and
increased by an increment of 8 kPa each second. MBs
(20 pl/kg; Definity, Lantheus Medical Imaging, North
Billerica, MA, USA), diluted in saline (1:9), were
infused intravenously at a rate of 0.5 ml/min starting
10 sec into sonication. This delay was designed to
allow baseline hydrophone measurements to be
obtained without MBs in circulation. Once the
magnitude of acoustic emissions at 1.5f or 2.5f passed
the mean of baseline plus 10 standard deviations of
the mean, the sonicating pressure was dropped by
50% and maintained at this level for the remainder of
sonication. This strategy is designed to calibrate PNP
based on in vivo MB response [26] and forms the basis
of the acoustic feedback control algorithm currently
employed for transcranial FUS+MB exposures in
phase I clinical trials at Sunnybrook Research Institute
[11,13-16].

Immunohistochemistry

Protein Expression

ICAM1
MCP1
GFAP
VEGF

TIMP1
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Figure 1. Experiment Timeline. FUS+MB exposure was unilaterally targeted to the dorsal hippocampus in each animal. Quantitative MRI (T 1-mapping and DCE-MRI) was
performed at 15 min following sonication to assess BBB permeability, afterwhich saline or DEX (5 mg/kg; ip) was administered. At 2 hrs following sonication, quantitative MRI was
repeated to determine the change in BBB permeability relative to the 15 min time point. A second dose of saline or DEX (5 mg/kg; ip) was administered 24 hrs following
sonication. Animals were sacrificed at either 2- or 10-days following sonication for protein expression and immunohistological analysis, respectively.
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Figure 2. MRI-Guided FUS+MB Exposure and Quantitative MRI. (A) During structural imaging and sonication, rats were positioned supine on an MRI compatible sled
with the dorsal surface of the head coupled to a polyimide membrane. The bottom of the membrane was coupled to a tank below filled with degassed, deionized water, housing
the transducer/hydrophone assembly. (B) FUS was unilaterally targeted to the dorsal hippocampus based on T2w images. Quantitative MRI protocol consisted of (C) pre-contrast
T1 mapping (colour bar indicates longitudinal relaxation time in ms) and (D) DCE-MRI (image depicts an average of the final 20 images captured). ROIs were drawn in the
sonicated dorsal hippocampus and left temporal muscle based on pre-contrast inversion prepared RARE images (Tl = 500 ms). (E) Contrast agent concentration was fit to a
modified Tofts-Kermode model to estimate Ktans in the dorsal hippocampus. A reference-tissue (temporal muscle) method was used to estimate an arterial input function for this

model. Scale bars = 4 mm.

Retrospective acoustic emissions analysis

Hydrophone signals captured during each burst
of the FUS+MB exposures (capture length = 11 ms,
sampling rate = 20 MS/s) using a 14-bit scope card
(ATS460; AlazarTech, Pointe-Claire, Quebec, Canada)
were analysed retrospectively to explore potential
relationships between BBB permeability enhancement
(prior to DEX or saline administration) and spectral
characteristics of the acquired acoustic emissions. At
each target, the first 10 bursts were used as baseline
measurements (MBs not in circulation). Fast Fourier
transforms (FFT) were calculated for each burst to
obtain signal spectra, from which specific frequencies
of interest were analyzed (integration bandwidth = +
0.2 kHz). The exposure-average magnitude of 0.5f, f,
1.5f, 2f, and wideband emissions were calculated for
each target by subtracting the corresponding baseline
signal values from each burst and then averaging
across all bursts and targets within an animal
Wideband emissions were monitored at 890 kHz + 5
kHz, corresponding to the peak sensitivity of the
hydrophone. The peak magnitude of 0.5f, f, 1.5f, 2f,
and wideband emissions were defined as the
maximum  signal value (after subtracting
corresponding baseline signal values) at a single burst
over the duration of sonication.

MRI data acquisition

All MR experiments were conducted on a 7 T
horizontal bore Avance BioSpec 70/30 scanner
(Bruker BioSpin, Ettlingen, Germany) with a 20 cm
inner diameter gradient insert coil with maximum
gradient amplitude of 668 mT/m (Bruker BioSpin,
Ettlingen, Germany). Images were acquired using an 8
cm inner diameter volume coil for transmit and a
quadrature rat brain coil to receive (Bruker BioSpin,
Ettlingen, Germany).

Structural T2w images used for FUS targeting
were acquired using a RARE sequence with TE 46.2
ms, TR 4000 ms, and 1.0 mm slice thickness, prior to
sonication. Targets were chosen in the sonication
system software based on these images.

Quantitative MRI consisted of DCE-MRI with
pre-contrast T1 mapping. A single slice with an axial
orientation at the level of the dorsal hippocampus was
selected for imaging. Identical slice location and
geometry were used for all quantitative MRI. For the
DCE-MRI, a FLASH sequence with TE 2.175 ms, TR 20
ms, 20° flip angle, 3 averages, matrix size 100 x 100,
field of view 24 mm x 24 mm, and slice thickness 1.0
mm, was acquired at a temporal resolution of 6.0 sec
for 15 min. A bolus of gadobutrol (0.4 mmol/kg;
Gadovist, Bayer AG, Leverkusen, Germany) was
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administered intravenously after 1 min (10
pre-contrast images), followed by an additional 14
min of imaging.

T1 mapping was performed immediately prior
to DCE-MRI using an inversion recovery RARE
sequence with TE 7 ms, TR 5000 ms, rare factor of 16, 1
average, matrix size 100 x 100, field of view 24 x 24
mm?, slice thickness 1.0 mm, and 5 inversion times:
125, 250, 500, 1500, and 4500 ms.

DCE-MRI analysis

To quantitatively assess BBB permeability, the
transfer constant (Ktrs) of gadobutrol from plasma to
extravascular-extracellular space (EES) was calculated
from T1-mapping and DCE-MRI. Ktans measurements
were obtained at 15 min and 2 hrs post-FUS+MBs,
denoted as Ktrans 15min gnd Ktrans, 2hrs, respectively. The
relationship between the concentration of contrast
agent and change in relaxation rate can be expressed
as:

CA(t) = YO 1T (1)

1

where CA(t) is contrast agent concentration as a
function of time, r1 is the longitudinal relaxivity of
gadobutrol (4.2 s mM! in human whole blood at
37°C in a 7T field [52]), T1(t) is the T1 of tissue as a
function of time, and T1j is the T1 of tissue in the
absence of contrast agent.

T1lp within each region of interest or on a
voxel-by-voxel basis (Figure 2c) was calculated from
the inversion recovery RARE images acquired
immediately prior to DCE-MRIL The inversion
recovery data was fit to the following equation using
Matlab (Mathworks Inc., Natick, MA, USA):

=TI -TR
S(TH = M, (1 — (1 +cos(a))eTt + cos(a)eT)
2)

where the initial magnetization (M), the error in
flip angle (a) and T1 are the free parameters. Contrast
agent concentration was fit to a modified
Tofts-Kermode model [53] that accounts for the
presence of separate intravascular and extravascular
extracellular compartments (Figure 2E). Least squares
regression was used for fitting. The tissue
concentration of gadobutrol was modeled with the
following equation:

_ktrans (t- t')
C(®) = v,C, O +K™ ['C, (e * -dt
®)
where Cy(t) is the concentration of contrast agent
in tissue (calculated using Equation 1) as a function of
time, Ktans js the transfer rate constant from the

intravascular space to the EES, v, and v. are the
plasma volume and distribution volume of contrast

agent in the EES (per unit volume of tissue),
respectively. Cpy(t), the plasma concentration of
gadobutrol as a function of time (arterial input
function, AIF), was estimated using a reference-tissue
method [54,55].

The time-dependent concentration of gadobutrol
in temporal muscle (Cuuscle; calculated using Equation
1) was used to derive AIF using literature values of
Ktrans, muscle (011 min=) and Ve, muscle (0.20) in rat muscle
[54] as follows:

1
Cp (t) = W ' dcmuscle (t)/dt + Cmuscle (t)/

ve,muscle (4)

This data-driven AIF approach has previously
been shown to produce accurate estimates of Ktrans
when compared to direct measurement [56,57] and
population-derived AIF approaches [55]. For
estimates of Ktrans in the dorsal hippocampus, a region
of interest was drawn based on pre-contrast inversion
prepared RARE images (TI = 500 ms).

Protein analysis

Two days following sonication, animals that
were randomized to be included in protein analyses
were transcardially perfused with ice-cold phosphate
buffer (PB; 0.1M, pH 7.4). Dorsal hippocampi were
rapidly dissected on ice, frozen with dry ice, and
stored at -80 °C until further processing. For protein
extraction, tissue was placed in 1x RIPA buffer with
protease inhibitors (ab65621, Abcam Inc, Cambridge,
MA, USA) on ice at a concentration of 10 pl/mg of
tissue. Samples were homogenized via sonication
(Sonifier 250, Branson Ultrasonics, Danbury, CT,
USA) then centrifuged at 15000 g for 20 min at 4 °C.
Supernatant was aliquoted and stored at -80 °C until
analysis. BCA assay (Thermo Scientific, Waltham,
MA, USA) was used to determine total protein
concentration for each sample.

Rat Cytokine Array Q2 (Raybiotech, Norcross,
GA, USA) was used to assess concentrations of MCP1,
ICAM1, interferon gamma (IFNy), interleukin-10
(IL10), IL1B, IL6, leptin (LEP), L-selectin, tissue
inhibitor matrix metalloproteinase-1 (TIMP1), and
tumour necrosis factor alpha (TNFa). The assay was
performed as per manufacturer's instructions using a
total protein concentration of 1000 pg/ml. To assess
the concentrations of GFAP and vascular endothelial
growth factor (VEGE), enzyme-linked
immunosorbent assays (ELISAs) were performed in
accordance with manufacturer’s instructions (GFAP:
ab233621, Abcam Inc, Cambridge, MA, USA; VEGEF:
ab100787, Abcam Inc, Cambridge, MA, USA). Total
protein concentrations of 1 pg/ml and 100 pg/ml
were used for GFAP and VEGF ELISAs, respectively.
All protein concentrations are expressed as a ratio of
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sonicated to non-sonicated hippocampi within each
animal.

Immunohistochemistry

Ten days following sonication, animals that were
randomized to be included in immunohistochemical
analyses were transcardially perfused with ice-cold
PB (0.1M, pH 7.4), followed by 4% paraformaldehyde
in PB. Brains were extracted, post-fixed for 24 hrs at 4
°C, then transferred to 30% sucrose in PB and stored
at 4 °C until fully saturated (~3 days). Brains were
embedded in optimum cutting temperature
compound (Tissue-Tek, Torrance, CA, USA) and
stored at -80 °C until cryostat sectioning. Coronal
sections (35 pm thick) were stored in cryoprotectant
(glycerin, ethylene glycol, and 0.2M PB in a ratio of
2:3:5, respectively) at -10°C until immunohistological
processing.

Free-floating sections were blocked for 1 hr at
room temperature (0.1% Triton X-100, 1% bovine
serum albumin, 2% goat serum, 1x PBS), then
incubated in rabbit anti-GFAP primary antibodies
(1:800; ab7260, Abcam Inc, Cambridge, MA, USA) for
48 hrs at 4 °C. Sections were incubated in goat
anti-rabbit IgG Alexa Fluor 647 secondary antibody
(1:800; ab150079, Abcam Inc, Cambridge, MA, USA)
for 24 hrs at 4 °C, then mounted onto charged glass
slides (X-tra, Leica Microsystems, Wetzlar, Germany)
and coverslipped with aqueous mounting media
(Fluoroshield™  with ~ DAPI,  Sigma-Aldrich
Corporation, St. Louis, MO, USA). Three 10-min
washes were performed following each step, except
blocking. Slides were stored in the dark at 4 °C until
imaging.

Staining for blood vessels followed the same
protocol as above with the addition of an antigen
retrieval step. Prior to primary antibody incubation,
sections were placed in 2 M HCl for 90 min, followed
by 10 min in 0.1 M borate buffer (pH 8.5). A
combination of rabbit anti-cluster of differentiation-31
(CD31; 1:800; ab28364, Abcam Inc, Cambridge, MA,
USA) and rabbit anti-glucose transporter-1 (GLUT1;
1:800; ab15309, Abcam Inc, Cambridge, MA, USA)
primary antibodies were used to produce more
complete blood vessel labeling.

Confocal imaging

For quantification of GFAP immunoreactive
density and blood vessel density by size, image stacks
(3 pm spacing, 0.60 pm/ pixel, 1024x1024-pixel field of
view) were collected through the entire thickness of
each section, bilaterally, in each of three hippocampal
subfields, CA1, CA4, and the DG. Sections (7-9 per
animal) were imaged with a 20x objective (NA 0.75)
using a confocal laser scanning microscope system

(A1+, Nikon, Tokyo, Japan) at excitation wavelengths
of 639.1 nm and 403.1 nm for GFAP/GLUT1/CD31
and DAPI, respectively. Emissions were received at
663-738 nm and 425-475 nm, respectively. All imaging
parameters (E.g. laser power, gain, scan-speed, etc.)
were kept constant across sections and animals to
allow for more accurate quantitative analyses. To
ensure subsequent image analysis was performed on
consistent regions of the dorsal hippocampus, image
stacks were cropped to include only stratum radiatum
of CA1, between the blades of the DG for CA4, and
the molecular layer of the DG. Image stacks were also
trimmed in the z-direction, keeping 5 images starting
at the first complete optical section.

Confocal image analysis

GFAP positive astrocytes were segmented using
an in-house designed Image] pipeline. The Tubeness
plugin (ImageJ), with sigma values of 0.2, 0.4, and
0.75, was used to detect tube-like structures within
each image. This plugin uses eigenvalues of the
Hessian matrix to calculate a measure of tubeness for
each pixel within an image [58]. Using larger values of
sigma, thicker tubes are detected. The sigma values
used in this study were empirically chosen to
highlight the full range of sizes of astrocytic processes.
Once detected, structures were segmented by
auto-thresholding and binary masking. GFAP
immunoreactive density for each image stack was
calculated as a sum of densities from all images, then
averaged across all image stacks in each hemisphere.
Density measurements are expressed as a ratio of
sonicated to non-sonicated dorsal hippocampi for
each animal.

Maximum intensity projections of GLUT1/CD31
stained sections were used to quantify the density of
blood vessel segments by size. Using the Object]
plugin (Image]), the diameter of each blood vessel
segment was manually measured in each image by an
author (DM) blinded to treatment. For each animal, a
histogram of blood vessel segment frequency, binned
to diameters of <5 pm, 5-7.5 pm, 7.5-10 pm, and >10
pm, was normalized to imaging volume to calculate
density. Mean densities of blood vessel segments for
each bin are expressed as a relative difference
between sonicated and non-sonicated dorsal
hippocampus for each animal.

Statistics

All statistical analyses were performed using R
3.4.3. For the comparison of dorsal hippocampal Ktrans,
15 min to Ktrans, 2 hrs - hetween saline and DEX-treated
animals, analysis of covariance (ANCOVA) was used
to assess statistical significance. Differences in the
density of blood vessel segments and protein
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expression between sonicated and non-sonicated
hemispheres within experimental groups were
assessed by repeated measures one-way analysis of
variance and post-hoc paired student’s t-tests
(two-tailed). False discovery rate correction for
multiple comparisons was used to account for the
simultaneous measurement of 5 proteins by rat
cytokine array and for the assessment of 4 bins of
blood vessel diameters. Differences in GFAP
immunoreactive density between sonicated and
non-sonicated hemispheres within experimental
groups were assessed by paired student’s t-tests
(two-tailed). Linear least-squares regression was used
to assess the relationship between dorsal
hippocampal Ktrans, 15 min and both the peak and
exposure-average magnitude of acoustic emissions at
specific frequencies. For all analyses, a p-value of 0.05
was used as the threshold for statistical significance.
Unless otherwise specified, variance is expressed as
standard deviation of the mean.

Results

BBB permeability enhancement following
sonication

BBB permeability was assessed at 15 min and 2
hrs post-FUS+MBs by quantitative MRI. Ktrans, 15 min jp
the sonicated dorsal hippocampus, prior to the
administration of DEX or saline, ranged from 0.0023
min? to 0.0231 min. The Ktrans, 15 min yalyes reported
here are consistent with previous observations
following FUS+MB exposure [59-62].

For inclusion in all analyses focused on the
effects of DEX, a minimum Ktrans, 15 min threshold was
set at 0.005 min~. This threshold was designed to
ensure that changes in BBB permeability were
detectable 2 hrs following sonication, enabling an
accurate assessment of the changes in vascular
permeability relative to 15 min post-FUS+MBs. Of the
40 animals that underwent unilateral dorsal
hippocampal FUS+MB exposure and DCE-MRI, 29
satisfied this criterion and 11 were excluded. Of these
29 animals, 14 were treated with saline and 15 were
treated with DEX following sonication.

Prior to saline or DEX administration, no
significant ~difference was detected in dorsal
hippocampal Ktrans, 15 min between groups (saline =
0.0132 min?! £ 0.0059 min?; DEX = 0.0128 min?! +
0.0047 min'; p = 0.85). Similarly, no significant
differences were detected in dorsal hippocampal
Ktrans, 15 min between groups sacrificed at 2 days (saline
= 0.0136 min! + 0.0050 min1; DEX = 0.0138 min?! *
0.0045 min; p = 0.95) or 10 days (saline = 0.0128 min
+ 0.0070 min; DEX = 0.0121 min™ + 0.0050 min; p =
0.80) following sonication. No significant difference

was detected in contralateral dorsal hippocampal
Ktrans, 15 min between groups (saline = 5.31 x 10-® min™ +
3.17 x 10-¢ min!; DEX = 6.42 x 10° min! + 4.81 x 10
min’; p = 0.47; Supplementary Figure 1).

Correlations between acoustic emissions and
BBB permeability

During sonication, PNP was increased until
acoustic emissions at 1.5f or 2.5f were detected above
baseline. Maximum PNP values (triggering PNP)
were 362 kPa *+ 74 kPa and 388 kPa = 72 kPa, in DEX
and saline-treated animals, respectively (p = 0.27).
PNP was maintained at 50% of the triggering pressure
for the remainder of sonication.

Due to software errors, complete scope card data
were captured for only 32 of 40 animals. The 8 animals
with truncated data were excluded from retrospective
acoustic emissions analysis; however, no minimum
Ktrans, 15 min threshold was set for inclusion.

Retrospective analysis of the exposure-average
magnitude of 2f emissions showed a strong linear
correlation to dorsal hippocampal Ktrans, 15 min (y2 =
0.689; Figure 3). The exposure-average magnitude of
0.5f, f, 1.5f, or wideband emissions showed no strong
correlations to dorsal hippocampal Ktrans, 15 min, yyjth 12
values of 0.012, 0.156, 0.107, and 0.004, respectively.
Similarly, linear regression analysis of the peak
magnitude of 0.5f, f, 1.5f, 2f, or wideband emissions
during sonication versus Ktans, 15 min djsplayed 12
values of 0.033, 0.046, 0.0264 0.597, and 0.005,
respectively (Supplementary Figure 2).

Effects of DEX on BBB permeability

To determine its impact on BBB permeability
following FUS+MBs, DEX was administered
immediately following Ktrans, 15 min measurements.
ANCOVA was used to assess the effect of treatment
(saline vs DEX) on the change in dorsal hippocampal
Ktrans between 15 min and 2 hrs following sonication.
Compared to saline-control (n = 14), DEX (n = 15) was
found to significantly reduce Ktrans, 2 hrs  after
administration (p = 0.003). At 2 hrs following
sonication, Ktars had dropped by 60.8% * 9.7% and
74.2% % 10.4% in animals that received saline and
DEX, respectively (Figure 4b). This result suggests
that DEX significantly alters BBB permeability
following FUS+MBs, acting to expedite the restoration
of BBB integrity.

Expression of inflammatory markers

The expression of key inflammatory markers
were assessed bilaterally in the dorsal hippocampi 2
days following sonication by rat cytokine array
(Figure 5). The mean ratios of ICAM1 and MCP1
expression in the sonicated to non-sonicated dorsal
hippocampi for saline-treated animals (n = 7) were
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1.83 + 0.81 (p = 0.049) and 2.05 + 0.72 (p = 0.049),
respectively. No significant differences in the
expression of TIMP1, LEP, and IFNg were detected
between hemispheres. No significant differences
between sonicated and non-sonicated dorsal
hippocampi in the expression of any of proteins

assessed were observed in DEX-treated animals (n =
7). For proteins of interest with more than 25% of
samples below the dynamic range of measurement
(IL10, IL1p, IL6, SELL, and TNFa), analysis of
differential expression between hemispheres was not
performed.
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GFAP expression and immunoreactivity

Elevations in GFAP protein expression [49] and
immunoreactivity [19,25,49] have previously been
observed  following  FUS+MB-mediated  BBB
permeability enhancement. In the current study,
dorsal hippocampi were bilaterally dissected 2 days
following sonication and GFAP expression was
measured by ELISA (Figure 6a). The mean ratio of
GFAP expression in the sonicated to non-sonicated
dorsal hippocampi for saline-treated animals (n = 7)
was 1.36 £ 026 (p = 0.005). Conversely, animals
receiving DEX (n = 7) displayed no significant
differences between hemispheres; the mean ratio of
GFAP expression in the sonicated to non-sonicated
dorsal hippocampi for DEX-treated animals was 1.07
+0.24 (p = 0.56).

GFAP immunoreactive density was assessed 10
days post-FUS+MB exposure in tissue sections using
confocal imaging and an automated image analysis
pipeline (Figure 6b). The mean ratio of GFAP
immunoreactive density in the sonicated to
non-sonicated dorsal hippocampi for saline-treated
animals (n = 7) was 1.10 + 0.07 (p = 0.01). Animals
receiving DEX (n = 8) did not display a significant
difference  in  dorsal  hippocampal = GFAP
immunoreactive density between hemispheres, with a
mean ratio of 1.06 + 0.09 (p = 0.11) for the sonicated to
the non-sonicated hemispheres; however, the current
study may be underpowered to detect significant
differences in GFAP immunoreactive density, given
the larger variance and smaller effect size in
DEX-treated animals compared to saline-controls.

Vascular changes

VEGF has well-established roles in vascular
growth and remodeling. Previous work has
demonstrated changes in VEGF expression following
FUS+MB exposure [19,33]. In the current study, 2
days post-FUS+MB exposure, the mean ratio of VEGF
expression in the sonicated to non-sonicated dorsal
hippocampi (Figure 7a) for saline-treated animals was
1.35 = 0.33 (p = 0.025). However, as with GFAP,
ICAM1, and MCP1 expression, animals receiving
DEX (n = 7) displayed no significant differences
between hemispheres; the mean ratio of VEGF
expression in the sonicated to non-sonicated dorsal
hippocampi for DEX-treated animals was 1.06 + 0.22
(p =0.83).

To assess blood vessel growth, the frequency of
blood vessel segments per unit volume of brain tissue
was compared across the dorsal hippocampi between
sonicated and non-sonicated hemispheres 10 days
post-FUS+MBs (Figure 7b). For this analysis, the
diameters of blood vessel segments were measured
and binned by size. Consistent with a previous report
[33], the volume-adjusted frequency of small blood
vessel segments (diameter < 5 pm) was significantly
greater in the sonicated hippocampus of
saline-treated animals (n = 7) compared to the
non-sonicated hippocampus (3.67 £ 2.11 more small
blood vessel segments per 1 000 000 pm? than
non-sonicated hippocampus; p = 0.015). No
significant differences were observed for other sizes of
blood vessels. Animals treated with DEX (n = §)
displayed no significant differences in blood vessel
frequency between hemispheres for any size of
vasculature.
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[26,28], transient effects on tissue health have been
noted under experimental conditions that calibrate
PNP based on MB activity [22,29,32,33,63-65]. Given
their magnitude and duration, the long-term impacts
of these changes are unlikely to represent a
prohibitive risk; however, multiple FUS+MB
exposures with a high repetition frequency (E.g.
weekly) may result in the accumulation of detrimental
effects. Additionally, as with any medical
intervention, there is a non-zero risk of adverse events
(E.g. microhemorrhages, infection, edema). DEX
administration may help to address these safety
concerns by providing a means to expedite the
restoration of BBB integrity and to reduce
inflammation following FUS+MB exposure.

In the present study, post-sonication DEX
administration was found to alter the dynamics of
vascular permeability in healthy brain tissue, leading
to a significantly greater reduction in Ktans relative to
saline-controls at 2 hrs following FUS+MB exposure.
This rapid effect on BBB permeability has previously
been characterized in the context of Cs glioma, with
Shapiro et al. noting a 37% reduction in the Ktrars of
14C-alpha aminoisobutyric acid 1 hr following
injection of DEX (10 mg/kg; ip), relative to baseline
measurements [38]. Similarly, significant reductions
in the Ktans of gadopentetate dimeglumine in
glioblastoma vasculature have been reported 48-72
hrs following DEX administration (16 mg/day) in
human patients [66].

Mechanisms through which DEX may act to alter
BBB permeability include: increasing the expression
of occludin [48,67] and zonula occludens-1 [67],
preventing TNFa-dependent trafficking of tight
junction proteins [68], altering vascular tone [69] and
mean arterial pressure [47], and reducing
cytokine-induced expression of matrix
metalloproteinase-9 [70]. Given the rapidity of the
effects observed in this study, it could be
hypothesized that non-transcriptional actions of DEX
on mean arterial pressure and/or T] protein
trafficking play a role in reducing BBB permeability
following FUS+MB exposure. Expediting the
restoration of BBB integrity would be expected to
reduce the accumulation of extravasated plasma
proteins and to lessen the duration for which the brain
is vulnerable to circulating pathogens. It is important
to note, however, that depending on the timing of
DEX administration, as well as the half-life and size of
drug being delivered, extravasation of the therapeutic
agent may also be reduced. Given that BBB
permeability enhancement decays exponentially with
time and in a size-dependent manner following
sonication [71], it should be possible to balance
treatment efficacy with safety. The administration of

DEX following FUS+MB exposure would be most
applicable in scenarios for which large molecule
therapeutic agents or those with short plasma
half-lives are being delivered and a transient
inflammatory response is undesirable. In these
situations, a majority of the therapeutic agent that will
passively extravasate in the targeted location occurs
in the several minutes to one hour following
sonication [71]. In these situations, delayed
administration of DEX (E.g. several minutes to one
hour following sonication) should reduce the
extravasation of bloodborne substances and reduce
the magnitude of inflammatory response with only a
small reduction in the quantity of therapeutic agent
delivered.

Two days following FUS+MB exposure,
saline-control ~ animals displayed significantly
elevated expression of MCP1 and ICAM1 in
sonicated, relative to non-sonicated, dorsal
hippocampi. Notably, animals that received DEX
administration following exposure did not display
these lateralized differences. Previous work has
demonstrated the inhibitory effects of DEX on both
MCP1 and ICAM1 expression, in vitro [72,73] and in
vivo [36,46]. Given the role of these proteins in
vascular inflammation and leukocyte endothelial
transmigration  [74,75], preventing prolonged
elevations in their expression may be important for
reducing the risk of tissue damage, specifically in the
context of repeated FUS+MB exposures in close
succession. Further work may be required to
determine the dose and administration schedule that
can effectively reduce inflammation following
repeated FUS+MB exposures while minimizing the
adverse effects associated with repeated DEX
administration. Conversely, there are several clinical
scenarios in which the inclusion of DEX may provide
no added benefit, such as in the FUS+MB-mediated
delivery of chemotherapeutics to glioblastomas where
inflammation may be considered immaterial. This
may also be the case for FUS+MB exposures where
inflammatory processes could conceivably be
involved mechanistically in the outcome, such as
amyloid p plaque clearance [49].

While  saline-control  animals  displayed
significantly elevated levels of MCP1 and ICAM1 two
days following sonication (2.06- and 1.84-fold
increase, respectively, relative to non-sonicated dorsal
hippocampi), it is important to consider the
magnitude of this change in relation to experimental
conditions that result in significant, long lasting,
tissue damage. Previous work has reported increases
in MCP1 and ICAM1 expression of approximately 19-
and 5-fold, respectively, relative to contralateral
hemisphere, 24 hrs following FUS+MB exposure [19].
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The expression of ICAM1 was found to be trending
upwards at every time point (5 time points) from 0.5
to 24 hrs post-treatment. Of note, the parameters used
by Kovacs et al. [19] have been shown to result in
hemorrhage and persistent tissue damage [25], as well
as to produce a significantly greater degree of
inflammation than parameters similar to those used in
the current study [22]. This suggests that while
significant increases in the expression of
inflammatory markers were detected, the magnitude
of this increase did not reach levels previously shown
to result in long-term, overt tissue damage.

In addition to the direct measurement of
inflammatory markers, GFAP expression was
assessed as an indicator of astrocyte activation [76]. At
2 and 10 days following FUS+MB exposure, protein
expression and immunoreactive density of GFAP,
respectively, were significantly elevated in the
sonicated dorsal hippocampi of saline-control rats, a
result that is consistent with previous reports [32,49].
The effect of DEX administration to prevent these
changes may be due to its immunosuppressive
actions and/or a more rapid restoration of BBB
integrity following sonication, leading to reduced
accumulation of plasma proteins known to correlate
to astrocyte activation [77]. Given the enhanced
phagocytic role astrocytes play when BBB
permeability is increased [78], some degree of
activation may be necessary to restore homeostatic
conditions. The non-significant trend of increased
GFAP immunoreactive density in the sonicated dorsal
hippocampus of DEX-treated animals may reflect this
process.

Within the CNS, acute inflammation can have a
number of downstream effects, some of which have
been observed following FUS+MB-mediated BBB
permeability enhancement. It may be hypothesized
that increases in the expression of VEGF [19,33], along
with vascular growth that has been observed
post-sonication [33], may be influenced by
inflammatory processes. In the current study, DEX
administration was shown to prevent an increase in
both VEGF expression at 2 days, and the density of
small capillaries at 10 days post-FUS+MB exposure.
The differential response observed in saline- and
DEX-treated animals may be due to the
anti-inflammatory effects of DEX, preventing a
feedback  response  that reciprocally links
inflammation and VEGF production [79]. By
preventing an initial spike in the production of
proinflammatory mediators, the concurrent and
subsequent production of VEGF and vascular growth
may be reduced. An important implication of this
study is that the biological impacts of FUS+MB
exposures in the brain may be altered

pharmacologically or by the physiological state of the
subject, adding another layer of complexity for
predicting treatment outcomes.

Surprisingly, no significant correlations were
found between Kt2rs, measured at 15 min or 2 hrs
post-sonication, and the expression of inflammatory
markers or morphological changes, measured at 2-
and 10-days post-sonication. This may be explained
by a non-linear progression of these processes. For
example, collecting samples at a single time point
following FUS+MB exposure may capture peaks or
valleys in the biphasic expression of specific proteins
depending on the initial impact on BBB permeability.
Conversely, strong correlations between changes in
vascular permeability and the transcription of several
inflammatory markers have been observed at 6 hrs
following post-FUS+MBs [22]. This suggests that the
time points of tissue collection in the current study
may not have been conducive to the detection of
correlations between Ktars and the expression of
inflammatory markers or morphological changes.

Beyond the effects of DEX, this work also
explored the relationship between acoustic emissions
and changes in BBB permeability measured by
DCE-MRI. This imaging technique allows for a more
quantitative measure of vascular permeability than
signal intensity changes in contrast-enhanced Tlw
imaging, a common approach in the field. Others have
demonstrated the utility of DCE-MRI in assessing the
half-life of increased vascular permeability [59,61], as
well as predicting the extravasated concentration of
doxorubicin [59,60] and Evans blue [62] following
FUS+MB exposure. Imaging parameters and major
findings from previously published work involving
DCE-MRI and FUS+MB exposures [59-61,80-86] are
compared to the present study in Supplementary
Table 1. These comparisons emphasize the variability
in both DCE-MRI methods and magnitude of
FUS+MB-mediated BBB permeability enhancement in
the field. In the present study, a strong correlation
was found between the exposure-average magnitude
of 2f emissions and dorsal hippocampal Ktrans, 15 min; no
strong  correlations = were detected  with
exposure-average or peak magnitude of 0.5f, f, 1.5f,
or wideband emissions. McDannold et al. previously
demonstrated that second and third harmonic
emissions strongly correlate to signal intensity
changes in contrast enhanced-Tlw MRI when
employing fixed PNP [87].

The data presented here also suggest that the
magnitude of 1.5f emissions during bursts that
initiate a software-triggered drop in PNP are not
significantly ~— predictive of subsequent BBB
permeability enhancement. Additionally, these results
suggest that inertial cavitation, as assessed by the
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presence of wideband emissions, did not contribute
substantially to the effects of sonication on vascular
permeability. Sun et al. previously demonstrated a
strong correlation (r2 = 0.73) between wideband
emissions and mean Ktans within the targeted location
when employing sonication parameters that induce
prolonged (L.e. greater than 48 hrs) BBB permeability
enhancement [84]. The strong correlation of 2f
emissions to Ktrans, 15 min jn the present study
emphasizes the notion that while inertial cavitation
should be avoided, the modulation of stable
cavitation may produce more predictable changes in
BBB permeability. This concept has been integrated
into closed-loop acoustic feedback control strategies,
with promising results [28,30].

Limitations

One potential limitation of this study is in the
use of single-slice DCE-MRI. This approach assumes
that changes in vascular permeability measured at the
imaging plane are consistent throughout the dorsal
hippocampus, as subsequent analyses were
performed across this entire brain region. While the
geometry of the ultrasound focus is ellipsoidal in the
direction of propagation, there may be small
variations in BBB permeability above and below the
imaging plane. This imaging protocol was designed to
achieve adequate signal-to-noise ratio with high
temporal and spatial resolution, but at the expense of
imaging volume.

Another limitation of this work is the small
number of inflammatory markers assessed.
Inflammation involves the initiation of a wide range
of pathways and changes in the expression,
localization, and function of a large number of
proteins. Evaluating changes in the expression or
immunoreactivity of a limited number of markers at
two time points does not capture the complexity of
processes that follow FUS+MB exposure. The proteins
evaluated in the current study were chosen based on
results from previous array-based analyses,
implicating their involvement in inflammatory
processes following sonication [19,22,32]. Further
work, however, is required to obtain a more complete
picture of the effects of DEX on inflammation
following FUS+MB exposure.

Conclusions

DEX  administration following FUS+MB
exposure was found to expedite the restoration of BBB
integrity in the targeted dorsal hippocampus and to
prevent a subsequent elevation in the production of
inflammatory markers. These results suggest that
DEX may provide a means of modulating the degree
to which BBB permeability is increased and may

enable repeated FUS+MB exposures with a reduced
risk of tissue damage, induced by the accumulation of
detrimental effects. Given its widespread clinical use
and well documented mechanisms of action, the
results presented here suggest that DEX
administration following FUS+MB exposure may be
warranted in clinical cases in which vascular damage
is suspected and the goal of treatment is to restore or
preserve neural function.

Abbreviations

AIF: arterial input function; ANCOVA: analysis
of covariance; AU: arbitrary units; BBB: blood-brain
barrier; CA1-4: cornus amonis 1-4; CD: cluster of
differentiation; Cp: concentration of contrast agent in
plasma; Ci: concentration of contrast agent in tissue;

DCE: dynamic contrast-enhanced; DEX:
dexamethasone; DG: dentate gyrus; EES:
extravascular-extracellular space; ELISA:
enzyme-linked immunosorbent assay; f: transmit

frequency; FFT: fast Fourier transform; FUS: focused
ultrasound; GFAP: glial fibrillary acidic protein;
GLUT1: glucose transporter-1; ICAM1: intercellular
adhesion molecule-1; IFNy: interferon gamma; IL:
interleukin; Ktrans: transfer constant; MB: microbubble;
MCP1: monocyte chemoattractant protein-1; MRI:
magnetic resonance imaging; PB: phosphate buffer;
PNP: peak negative pressure; ri: longitudinal
relaxivity; t: time; T2w: T2-weighted; TE: echo time;
TI: inversion time; TIMP1: tissue inhibitor of
metalloproteinase-1;, TNF: tumour necrosis factor; TR:
repetition time; ve: fractional EES volume; vp:
fractional plasma volume; VEGEF: vascular endothelial
growth factor.

Supplementary Material

Supplementary figures and table.
http:/ /www.thno.org/v10p1604s1.pdf

Acknowledgements

The authors would like to extend their thanks to
Shawna Rideout-Gros and Viva Chan for animal
preparation. This work was supported by funding
from The National Institute of Biomedical Imaging
and Bioengineering of the National Institutes of
Health (grant number: R01 EB003268) and the
Canadian Institutes of Health Research (grant
number: FDN 154272).

Competing Interests

KH is the founder of FUS Instruments, from
which he receives non-study related financial
support. DM and WO declare no competing financial
interests. Authors declare no other financial or
non-financial interests.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 4

1617

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Treat LH, McDannold N, Vykhodtseva N, Zhang Y, Tam K, Hynynen K.
Targeted delivery of doxorubicin to the rat brain at therapeutic levels using
MRI-guided focused ultrasound. International journal of cancer. 2007; 121:
901-7.

Thévenot E, Jordao JF, O'Reilly MA, et al. Targeted delivery of
self-complementary adeno-associated virus serotype 9 to the brain, using
magnetic resonance imaging-guided focused ultrasound. Hum Gene Ther.
2012; 23: 1144-55.

Kinoshita M, McDannold N, Jolesz FA, Hynynen K. Targeted delivery of
antibodies through the blood-brain barrier by MRI-guided focused
ultrasound. Biochem Biophys Res Commun. 2006; 340: 1085-90.

Burgess A, Ayala-Grosso CA, Ganguly M, Jordéao JF, Aubert I, Hynynen K.
Targeted Delivery of Neural Stem Cells to the Brain Using MRI-Guided
Focused Ultrasound to Disrupt the Blood-Brain Barrier. PLoS One. 2011; 6:
e27877.

Burgess A, Huang Y, Querbes W, Sah DW, Hynynen K. Focused ultrasound
for targeted delivery of siRNA and efficient knockdown of Htt expression. J
Control Release. 2012; 163: 125-9.

Baseri B, JChoi ], Deffieux T, et al. Activation of signaling pathways following
localized delivery of systemically administered neurotrophic factors across the
blood-brain barrier using focused ultrasound and microbubbles. Phys Med
Biol. 2012; 57: N65-81.

Hynynen K, McDannold N, Vykhodtseva N, Jolesz FA. Noninvasive MR
imaging-guided focal opening of the blood-brain barrier in rabbits. Radiology.
2001; 220: 640-6.

Treat LH, McDannold N, Zhang Y, Vykhodtseva N, Hynynen K. Improved
anti-tumor effect of liposomal doxorubicin after targeted blood-brain barrier
disruption by MRI-guided focused ultrasound in rat glioma. Ultrasound Med
Biol. 2012; 38: 1716-25.

Kovacs Z, Werner B, Rassi A, Sass JO, Martin-Fiori E, Bernasconi M. Prolonged
survival upon ultrasound-enhanced doxorubicin delivery in two syngenic
glioblastoma mouse models. ] Control Release. 2014; 187: 74-82.

Jordao JF, Ayala-Grosso CA, Markham K, et al. Antibodies targeted to the
brain with image-guided focused ultrasound reduces amyloid-beta plaque
load in the TgCRNDS8 mouse model of Alzheimer’s disease. PLoS One. 2010; 5:
€10549.

Lipsman N, Meng Y, Bethune A], et al. Blood-brain barrier opening in
Alzheimer’s disease using MR-guided focused ultrasound. Nat Commun.
2018; 9: 2336.

Carpentier A, Canney M, Vignot A, et al. Clinical trial of blood-brain barrier
disruption by pulsed ultrasound. Sci Transl Med. 2016; 8: 343re2.

Mainprize T, Lipsman N, Huang Y, et al. Blood-Brain Barrier Opening in
Primary Brain Tumors with Non-invasive MR-Guided Focused Ultrasound: A
Clinical Safety and Feasibility Study. Sci Rep. 2019; 9: 321.

Abrahao A, Meng Y, Llinas M, et al. First-in-human trial of blood-brain barrier
opening in amyotrophic lateral sclerosis using MR-guided focused
ultrasound. Nat Commun. 2019; 10: 4373.

Meng Y, MacIntosh BJ, Shirzadi Z, et al. Resting state functional connectivity
changes after MR-guided focused ultrasound mediated blood-brain barrier
opening in patients with Alzheimer’s disease. Neuroimage. 2019; 200: 275-80.
Meng Y, Abrahao A, Heyn CC, et al. Glymphatics visualization after focused
ultrasound induced blood-brain barrier opening in humans. Ann Neurol
[Internet]. 2019; Available at: http:/ /dx.doi.org/10.1002/ana.25604

Dréan A, Lemaire N, Bouchoux G, et al. Temporary blood-brain barrier
disruption by low intensity pulsed ultrasound increases carboplatin delivery
and efficacy in preclinical models of glioblastoma. ] Neurooncol. 2019; 144: 33—
41.

Asquier N, Bouchoux G, Canney M, et al. Blood-brain barrier disruption in
humans using an implantable ultrasound device: quantification with MR
images and correlation with local acoustic pressure. ] Neurosurg. 2019; -1: 1-9.
Kovacs ZI, Kim S, Jikaria N, et al. Disrupting the blood-brain barrier by
focused ultrasound induces sterile inflammation. Proc Natl Acad Sci U S A.
2017; 114: E75-84.

Silburt J, Lipsman N, Aubert I Disrupting the blood-brain barrier with
focused ultrasound: Perspectives on inflammation and regeneration. Proc Natl
Acad Sci US A. 2017; 114: E6735-6.

Kovacs ZI, Burks SR, Frank JA. Reply to Silburt et al.: Concerning sterile
inflammation following focused ultrasound and microbubbles in the brain.
Proc Natl Acad Sci U S A. 2017; 114: E6737-8.

McMahon D, Hynynen K. Acute inflammatory response following increased
blood-brain barrier permeability induced by focused ultrasound is dependent
on microbubble dose. Theranostics. 2017; 7: 3989-4000.

Kovacs ZI, Burks SR, Frank JA. Focused ultrasound with microbubbles
induces sterile inflammatory response proportional to the blood brain barrier
opening: Attention to experimental conditions. Theranostics. 2018; 8: 2245-8.
McMahon D, Hynynen K. Reply to Kovacs et al .. Concerning acute
inflammatory response following focused ultrasound and microbubbles in the
brain. Theranostics. 2018; 8: 2249-50.

Kovacs ZI, Tu T-W, Sundby M, et al. MRI and histological evaluation of pulsed
focused ultrasound and microbubbles treatment effects in the brain.
Theranostics. 2018; 8: 4837-55.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

O’Reilly MA, Hynynen K. Blood-brain barrier: real-time feedback-controlled
focused ultrasound disruption by using an acoustic emissions-based
controller. Radiology. 2012; 263: 96-106.

Arvanitis CD, Livingstone MS, Vykhodtseva N, McDannold N. Controlled
ultrasound-induced blood-brain barrier disruption using passive acoustic
emissions monitoring. PLoS One. 2012; 7: e45783.

Sun T, Zhang Y, Power C, et al. Closed-loop control of targeted ultrasound
drug delivery across the blood-brain/tumor barriers in a rat glioma model.
Proc Natl Acad Sci U S A. 2017; 114: E10281-90.

Jones RM, Deng L, Leung K, McMahon D, O'Reilly MA, Hynynen K.
Three-dimensional transcranial microbubble imaging for guiding volumetric
ultrasound-mediated blood-brain barrier opening. Theranostics. 2018; 8: 2909~
26.

McDannold N, Zhang Y, Supko JG, et al. Acoustic feedback enables safe and
reliable carboplatin delivery across the blood-brain barrier with a clinical
focused ultrasound system and improves survival in a rat glioma model.
Theranostics. 2019; 9: 6284-99.

Bing C, Hong Y, Hernandez C, et al. Characterization of different bubble
formulations for blood-brain barrier opening using a focused ultrasound
system with acoustic feedback control. Sci Rep. 2018; 8: 7986.

McMahon D, Bendayan R, Hynynen K. Acute effects of focused
ultrasound-induced increases in blood-brain barrier permeability on rat
microvascular transcriptome. Sci Rep. 2017; 7: 45657.

McMahon D, Mah E, Hynynen K. Angiogenic response of rat hippocampal
vasculature to focused ultrasound-mediated increases in blood-brain barrier
permeability. Sci Rep. 2018; 8: 12178.

Shaikh S, Verma H, Yadav N, Jauhari M, Bullangowda J. Applications of
Steroid in Clinical Practice: A Review. International Scholarly Research
Notices. 2012; 2012.

Limbourg FP, Liao JK. Nontranscriptional actions of the glucocorticoid
receptor. ] Mol Med . 2003; 81: 168-74.

Yang J-T, Lee T-H, Lee I-N, Chung C-Y, Kuo C-H, Weng H-H. Dexamethasone
inhibits ICAM-1 and MMP-9 expression and reduces brain edema in
intracerebral hemorrhagic rats. Acta Neurochir . 2011; 153: 2197-203.

Gu Y-T, Zhang H, Xue Y-X. Dexamethasone treatment modulates aquaporin-4
expression after intracerebral hemorrhage in rats. Neurosci Lett. 2007; 413:
126-31.

Shapiro WR, Hiesiger EM, Cooney GA, Basler GA, Lipschutz LE, Posner JB.
Temporal effects of dexamethasone on blood-to-brain and blood-to-tumor
transport of 14C-alpha-aminoisobutyric acid in rat C6 glioma. ] Neurooncol.
1990; 8: 197-204.

Stegmayr C, Bandelow U, Oliveira D, et al. Influence of blood-brain barrier
permeability on O-(2-18F-fluoroethyl)-L-tyrosine uptake in rat gliomas. Eur J
Nucl Med Mol Imaging. 2017; 44: 408-16.

Kostaras X, Cusano F, Kline GA, Roa W, Easaw J. Use of dexamethasone in
patients with high-grade glioma: a clinical practice guideline. Curr Oncol.
2014; 21: e493-503.

Neuwelt EA, Barnett PA, Bigner DD, Frenkel EP. Effects of adrenal cortical
steroids and osmotic blood-brain barrier opening on methotrexate delivery to
gliomas in the rodent: the factor of the blood-brain barrier. Proc Natl Acad Sci
US A.1982; 79: 4420-3.

Doolittle ND, Miner ME, Hall WA, et al. Safety and efficacy of a multicenter
study using intraarterial chemotherapy in conjunction with osmotic opening
of the blood-brain barrier for the treatment of patients with malignant brain
tumors. Cancer. 2000; 88: 637-47.

Alonso A, Reinz E, Fatar M, Hennerici MG, Meairs S. Clearance of albumin
following ultrasound-induced blood-brain barrier opening is mediated by
glial but not neuronal cells. Brain Res. 2011; 1411: 9-16.

Calvo C-F, Amigou E, Tencé M, Yoshimura T, Glowinski ]. Albumin
stimulates monocyte chemotactic protein-1 expression in rat embryonic mixed
brain cells. ] Neurosci Res. 2005; 80: 707-14.

Hari P, Srivastava RN. Pulse corticosteroid therapy with methylprednisolone
or dexamethasone. Indian ] Pediatr. 1998; 65: 557-60.

Rhodes JK], Sharkey J, Andrews PJD. The temporal expression, cellular
localization, and inhibition of the chemokines MIP-2 and MCP-1 after
traumatic brain injury in the rat. ] Neurotrauma. 2009; 26: 507-25.

Ekerbiger N, Inan S, Tarakg F, Barut T, Giirpinar T, Ozbek M. Effects of acute
treatment with dexamethasone on hemodynamic and histopathological
changes in rats. Biotech Histochem. 2012; 87: 385-96.

Gu Y-T, Qin LJ, Qin X, Xu F. The molecular mechanism of
dexamethasone-mediated effect on the blood-brain tumor barrier
permeability in a rat brain tumor model. Neurosci Lett. 2009; 452: 114-8.
Jordao JF, Thévenot E, Markham-Coultes K, et al. Amyloid-p plaque
reduction, endogenous antibody delivery and glial activation by
brain-targeted, transcranial focused ultrasound. Exp Neurol. 2013; 248: 16-29.
Mullin L, Gessner R, Kwan ], Kaya M, Borden MA, Dayton PA. Effect of
anesthesia carrier gas on in vivo circulation times of ultrasound microbubble
contrast agents in rats. Contrast Media Mol Imaging. 2011; 6: 126-31.
McDannold N, Zhang Y, Vykhodtseva N. The effects of oxygen on
ultrasound-induced blood-brain barrier disruption in mice. Ultrasound Med
Biol. 2017; 43: 469-75.

Shen Y, Goerner FL, Snyder C, et al. T1 relaxivities of gadolinium-based
magnetic resonance contrast agents in human whole blood at 1.5, 3, and 7 T.
Invest Radiol. 2015; 50: 330-8.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 4

1618

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

Tofts PS, Kermode AG. Measurement of the blood-brain barrier permeability
and leakage space using dynamic MR imaging. 1. Fundamental concepts.
Magn Reson Med. 1991; 17: 357-67.

Kovar DA, Lewis M, Karczmar GS. A new method for imaging perfusion and
contrast extraction fraction: Input functions derived from reference tissues. J
Magn Reson Imaging. 1998; 8: 1126-34.

Heisen M, Fan X, Buurman J, van Riel NAW, Karczmar GS, ter Haar Romeny
BM. The wuse of a reference tissue arterial input function with
low-temporal-resolution DCE-MRI data. Phys Med Biol. 2010; 55: 4871-83.
Wang S, Fan X, Medved M, et al. Arterial input functions (AIFs) measured
directly from arteries with low and standard doses of contrast agent, and AIFs
derived from reference tissues. Magn Reson Imaging. 2016; 34: 197-203.
Yankeelov TE, Cron GO, Addison CL, et al. Comparison of a reference region
model with direct measurement of an AIF in the analysis of DCE-MRI data.
Magn Reson Med. 2007; 57: 353-61.

Sato Y, Nakajima S, Shiraga N, et al. Three-dimensional multi-scale line filter
for segmentation and visualization of curvilinear structures in medical images.
Med Image Anal. 1998; 2: 143-68.

Park J, Zhang Y, Vykhodtseva N, Jolesz FA, McDannold NJ. The kinetics of
blood brain barrier permeability and targeted doxorubicin delivery into brain
induced by focused ultrasound. ] Control Release. 2012; 162: 134-42.

Park J, Aryal M, Vykhodtseva N, Zhang Y-Z, McDannold N. Evaluation of
permeability, doxorubicin delivery, and drug retention in a rat brain tumor
model after ultrasound-induced blood-tumor barrier disruption. J Control
Release. 2017; 250: 77-85.

Chai W-Y, Chu P-C, Tsai M-Y, et al. Magnetic-resonance imaging for kinetic
analysis of permeability changes during focused ultrasound-induced
blood-brain barrier opening and brain drug delivery. ] Control Release. 2014;
192:1-9.

Wu S-K, Chu P-C, Chai W-Y, et al. Characterization of Different Microbubbles
in Assisting Focused Ultrasound-Induced Blood-Brain Barrier Opening. Sci
Rep. 2017; 7: 46689.

Mooney SJ, Shah K, Yeung S, Burgess A, Aubert I, Hynynen K. Focused
ultrasound-induced neurogenesis requires an increase in blood-brain barrier
permeability. PLoS One. 2016; 11: e0159892.

Burgess A, Dubey S, Yeung S, et al. Alzheimer disease in a mouse model: MR
imaging-guided focused ultrasound targeted to the hippocampus opens the
blood-brain barrier and improves pathologic abnormalities and behavior.
Radiology. 2014; 273: 736-45.

Mooney SJ, Nobrega JN, Levitt AJ, Hynynen K. Antidepressant effects of
focused ultrasound induced blood-brain-barrier opening. Behav Brain Res.
2018; 342: 57-61.

Armitage PA, Schwindack C, Bastin ME, Whittle IR. Quantitative assessment
of intracranial tumor response to dexamethasone using diffusion, perfusion
and permeability magnetic resonance imaging. Magn Reson Imaging. 2007; 25:
303-10.

Romero IA, Radewicz K, Jubin E, et al. Changes in cytoskeletal and tight
junctional proteins correlate with decreased permeability induced by
dexamethasone in cultured rat brain endothelial cells. Neurosci Lett. 2003; 344:
112-6.

Aveleira CA, Lin C-M, Abcouwer SF, Ambrésio AF, Antonetti DA. TNF-a
signals through PKC(/NF-kB to alter the tight junction complex and increase
retinal endothelial cell permeability. Diabetes. 2010; 59: 2872-82.
Hafezi-Moghadam A, Simoncini T, Yang Z, et al. Acute cardiovascular
protective effects of corticosteroids are mediated by non-transcriptional
activation of endothelial nitric oxide synthase. Nat Med. 2002; 8: 473-9.
Harkness KA, Adamson P, Sussman JD, Davies-Jones GA, Greenwood ],
Woodroofe MN. Dexamethasone regulation of matrix metalloproteinase
expression in CNS vascular endothelium. Brain. 2000; 123 ( Pt 4): 698-709.
Marty B, Larrat B, Landeghem MV, et al. Dynamic Study of Blood-Brain
Barrier Closure after its Disruption using Ultrasound: A Quantitative
Analysis. ] Cereb Blood Flow Metab. 2012; 32: 1948-58.

Harkness KA, Sussman JD, Davies-Jones GAB, Greenwood J, Woodroofe MN.
Cytokine regulation of MCP-1 expression in brain and retinal microvascular
endothelial cells. ] Neuroimmunol. 2003; 142: 1-9.

Burke-Gaffney A, Hellewell PG. Regulation of ICAM-1 by dexamethasone in a
human vascular endothelial cell line EAhy926. Am J Physiol. 1996; 270: C552-
61.

Stanimirovic D, Satoh K. Inflammatory mediators of cerebral endothelium: a
role in ischemic brain inflammation. Brain Pathol. 2000; 10: 113-26.

Steffen BJ, Butcher EC, Engelhardt B. Evidence for involvement of ICAM-1
and VCAM-1 in lymphocyte interaction with endothelium in experimental
autoimmune encephalomyelitis in the central nervous system in the SJL/J
mouse. Am | Pathol. 1994; 145: 189-201.

Eng LF, Ghirnikar RS. GFAP and Astrogliosis. Brain Pathol. 1994; 4: 229-37.
Okimura Y, Tanno H, Fukuda K, et al. Reactive astrocytes in acute stage after
experimental brain injury: relationship to extravasated plasma protein and
expression of heat shock protein. ] Neurotrauma. 1996; 13: 385-93.

Jung Y-J, Chung W-S. Phagocytic Roles of Glial Cells in Healthy and Diseased
Brains. Biomol Ther . 2018; 26: 350-7.

Kasselman LJ, Kintner ], Sideris A, et al. Dexamethasone treatment and
ICAM-1 deficiency impair VEGF-induced angiogenesis in adult brain. J Vasc
Res. 2007; 44: 283-91.

80.

81.

82.

83.

84.

85.

86.

87.

Vlachos F, Tung Y-S, Konofagou EE. Permeability assessment of the focused
ultrasound-induced ~ blood-brain  barrier ~opening using dynamic
contrast-enhanced MRI. Phys Med Biol. 2010; 55: 5451-66.

Vlachos F, Tung Y-S, Konofagou E. Permeability dependence study of the
focused ultrasound-induced blood-brain barrier opening at distinct pressures
and microbubble diameters using DCE-MRI. Magn Reson Med. 2011; 66: 821~
30.

Yang F-Y, Ko C-E, Huang S-Y, Chung I-F, Chen G-S. Pharmacokinetic changes
induced by focused ultrasound in glioma-bearing rats as measured by
dynamic contrast-enhanced MRI. PLoS One. 2014; 9: €92910.

Aryal M, Park J, Vykhodtseva N, Zhang Y-Z, McDannold N. Enhancement in
blood-tumor barrier permeability and delivery of liposomal doxorubicin using
focused ultrasound and microbubbles: evaluation during tumor progression
in a rat glioma model. Phys Med Biol. 2015; 60: 2511-27.

Sun T, Samiotaki G, Wang S, Acosta C, Chen CC, Konofagou EE. Acoustic
cavitation-based monitoring of the reversibility and permeability of
ultrasound-induced blood-brain barrier opening. Phys Med Biol. 2015; 60:
9079-94.

Chu P-C, Chai W-Y, Tsai C-H, Kang S-T, Yeh C-K, Liu H-L. Focused
Ultrasound-Induced  Blood-Brain Barrier Opening: Association with
Mechanical Index and Cavitation Index Analyzed by Dynamic
Contrast-Enhanced Magnetic-Resonance Imaging. Sci Rep. 2016; 6: 33264.
Samiotaki G, Karakatsani ME, Buch A, et al. Pharmacokinetic analysis and
drug delivery efficiency of the focused ultrasound-induced blood-brain
barrier opening in non-human primates. Magn Reson Imaging. 2017; 37: 273
81.

McDannold N, Vykhodtseva N, Hynynen K. Targeted disruption of the
blood-brain barrier with focused ultrasound: association with cavitation
activity. Phys Med Biol. 2006; 51: 793-807.

http://lwww.thno.org



