1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

%

>

N4

o)
S

o VAT

NIH Public Access

Author Manuscript

Published in final edited form as:
Exp Neurol. 2013 October ; 248: 16-29. doi:10.1016/j.expneurol.2013.05.008.

Amyloid-g plaque reduction, endogenous antibody delivery and
glial activation by brain-targeted, transcranial focused
ultrasound

Jessica F. Jorddo2P.c, Emmanuel Thévenot?, Kelly Markham-Coultes?, Tiffany
ScarcelliaP:, Ying-Qi Weng?, Kristiana Xhima?, Meaghan O’Reilly?, Yuexi Huang®, JoAnne
McLaurin€, Kullervo HynynenP 4, and Isabelle Aubert?¢*

aBiological Sciences, Sunnybrook Research Institute, 2075 Bayview Ave, S112, Toronto, ON,
Canada M4N 3M5

bmaging, Sunnybrook Research Institute, 2075 Bayview Ave, S665B, Toronto, ON, Canada M4N
3M5

¢Department of Laboratory Medicine and Pathobiology, Faculty of Medicine, University of
Toronto, 1 King's College Circle, Rm 6243, Toronto, ON, Canada M5S 1A8

dDepartment of Medical Biophysics, Faculty of Medicine, University of Toronto, 610 University
Avenue, Rm 7-411, Toronto, ON, Canada M5G 2M9

Abstract

Noninvasive, targeted drug delivery to the brain can be achieved using transcranial focused
ultrasound (FUS), which transiently increases the permeability of the blood-brain barrier (BBB)
for localized delivery of therapeutics from the blood to the brain. Previously, we have
demonstrated that FUS can deliver intravenously-administered antibodies to the brain of a mouse
model of Alzheimer’s disease (AD) and rapidly reduce plagues composed of amyloid-p peptides
(AB). Here, we investigated two potential effects of transcranial FUS itself that could contribute to
a reduction of plaque pathology, namely the delivery of endogenous antibodies to the brain and
the activation of glial cells.

We demonstrate that transcranial FUS application leads to a significant reduction in plaque burden
four days after a single treatment in the TYJCRND8 mouse model of AD and that endogenous
antibodies are found bound to AB plagues. Immunohistochemical and western blot analyses
showed an increase in endogenous immunoglobulins within the FUS-targeted cortex.
Subsequently, microglia and astrocytes in FUS-treated cortical regions show signs of activation
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through increases in protein expression and changes in glial size, without changes in glial cell
numbers. Enhanced activation of glia correlated with increased internalization of Ap in microglia
and astrocytes.

Together these data demonstrate that FUS improved bioavailability of endogenous antibodies and
a temporal activation of glial cells, providing evidence towards antibody- and glia-dependent
mechanisms of FUS-mediated plaque reduction.
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Introduction

The blood-brain barrier (BBB) poses a challenge for the delivery of therapeutics to the brain
for treatment of neurological diseases. Chemicals administered intravenously can facilitate
the passage of therapeutics from the blood to the brain but produce variability in the extent
and duration of BBB opening (Joshi et al., 2010; Patel et al., 2009; Salahuddin et al., 1988).
Ideally, only brain areas affected by disease would be targeted for treatment, minimizing
BBB disruption in other brain regions.

In Alzheimer’s disease (AD), amyloid-p peptides (AB) aggregate and form extracellular
plagues. Animal studies delivering anti-Ap antibodies directly to the cortex have
demonstrated a rapid therapeutic response but employed invasive surgical techniques
(Kotilinek et al., 2002; Wilcock et al., 2003). The use of transcranial focused ultrasound
(FUS) guided by magnetic resonance imaging (MRI) to locally increase the permeability of
the BBB has several advantages, including non-surgical application, targeting of specific
brain regions, and control of the extent of BBB opening without damaging surrounding
tissues when combined with an intravenous injection of microbubbles (Hynynen et al., 2001;
Hynynen et al., 2005; McDannold et al., 2005; Sheikov et al., 2004). We previously
demonstrated that MRI-guided FUS (MRIgFUS) efficiently delivered systemically
administered anti-Ap antibodies to targeted brain regions of the TJCRND8 mouse model of
AD, reducing plaque load within 4 days (Jorddo et al., 2010).

Here, we hypothesize that MRIgFUS alone reduces in A pathology, considering that it
promotes the entry of monomeric endogenous antibodies (Raymond et al., 2008; Sheikov et
al., 2004). Previous studies have shown that endogenous antibodies present in the blood can
bind to and disaggregate Ap fibrils (Dodel et al., 2002; Du et al., 2003; Hyman et al., 2001).
We first detected the entry of endogenous antibodies at the site of cortical A plagues in
MRIgFUS-treated TJCRND8 mice. Then, we investigated whether MRIgFUS allowed
pentameric endogenous immunoglobulin M (IgM, ~900 kDa), in addition to monomeric
immunoglobulin G (1gG, ~150 kDa), to pass from the blood to the brain in T9CRNDS8 and
non-transgenic (non-Tg) mice. Finally, we evaluated whether MRI detection of FUS-
mediated changes in BBB permeability can predict the amount of endogenous
immunoglobulin entering the brain.

Exp Neurol. Author manuscript; available in PMC 2014 October 01.
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In addition, glia have been implicated in the mechanism of antibody-mediated AP clearance
(Bard et al., 2000; Koenigsknecht-Talboo et al., 2008; Magga et al., 2010; Nicoll et al.,
2006; Wilcock et al., 2003; Wilcock et al., 2004). Therefore, we investigated whether
MRIgFUS-enhanced BBB permeability activates microglia and astrocytes, and whether
these glia contain Ap, which would suggest their contribution to Ap internalization and
clearance. Glial activation can be characterized by an increase in the expression of certain
proteins, such as ionizing binding adaptor molecule 1 (Ibal) in phagocytic microglia (Ito et
al., 2001; Ito et al., 1998) and glial fibrillary acidic protein (GFAP) in astrocytes (Pekny and
Nilsson, 2005). Activated glial cells undergo morphological changes, including increased
volume and surface area. We aimed to establish the glial activation response to MRIgFUS,
and the potential role of glia in MRIgFUS-mediated plaque reduction. The temporal
response of glial activation following MRIgFUS was characterized using Ibal and GFAP
expression in the cortex of TJCRND8 and non-Tg mice. Changes in glial volume and area,
in addition to AR internalization by glia were also investigated.

MRIgFUS technology represents a major advance in the field of non-invasive drug delivery
to the brain. For validation of this delivery technique for a wide range of applications,
establishing the effects of MRIgFUS in animal models under normal and diseased
conditions is important. Here, we show that under disease conditions, MRIgFUS alone
reduces AP plaque load in the targeted cortex of TJCRND8 mice. Additionally, in both
TgCRND8 and non-Tg mice, MRIgFUS delivers endogenous antibodies to the brain and
activates glial cells.

Materials and Methods

Animals

Four month-old male and female non-Tg and TQCRNDS8 mice (Chishti et al., 2001) were
used in this study. Mice at this age were chosen because they exhibit abundant plaque load
and match our previous study (Jordao et al., 2010), for comparison purposes. Tissue for
western blot analyses was collected from mice sacrificed at 4 hours (n=7 for non-Tg; n=6
for TJCRND8 mice), 4 days (n=6 for non-Tg; n=7 for TJCRND8 mice) and 15 days (n=7
for non-Tg and n=7 for TJCRND8 mice).

A separate cohort of mice were treated for immunohistochemistry analyses and sacrificed at
4 hours (n=6 for non-Tg; n=6 for TJCRND8 mice), 4 days (n=7 for non-Tg; n=9 for
TgCRND8 mice) and 15 days (n=7 for non-Tg and n=6 for TJCRND8 mice). Of the 9
TgCRND8 mice used at 4 days post-MRIgFUS, 6 were treated as a MRIgFUS group in a
previous study (Jorddo et al., 2010) and 3 additional mice receiving the same treatment were
added to complete the current study.

All animal procedures were conducted with the approval of the Animal Care Committee of
Sunnybrook Research Institute and in compliance with the guidelines established by the
Canadian Council on Animal Care and the Animals for Research Act of Ontario.
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MRIgFUS treatment

Mice were anaesthetized with ketamine (150 mg/kg) and xylazine (10 mg/kg) and placed on
a small animal MRIgFUS compatible positioning system (Chopra et al., 2009). MRI
gadolinium contrast agent (Omniscan®, 0.2 ml/kg, 574 Da, GE Healthcare) and FUS
microbubble contrast agent (Definity®, 80ul/kg for TJCRND8 and 40ul/kg for non-Tg
mice; Lantheus Medical Imaging), were administered through a tail vein catheter at the
onset of ultrasound treatment. Several studies have been conducted demonstrating that
reproducible, reversible and non-damaging disruption of the BBB using FUS requires the
administration of microbubbles (Hynynen et al., 2001; McDannold et al., 2006). As
previously described (Jorddo et al., 2010), focused ultrasound (0.3 MPa, 120 s, 10 ms bursts,
1 Hz repetition rate) was targeted to four foci, 1.5 mm apart, which creates approximately a
6.5 mm rosto-caudal line along the right cortex (Fig. 1A). The FUS transducer had a 10 cm
diameter, 8 cm radius of curvature, and a frequency of 0.5 MHz). The positioning system
was placed in a 1.5T MRI scanner (GE Healthcare) and standard T2- and T1-weighted
imaging was performed. Anatomical mapping of target foci with MRI, prior to ultrasound,
provided a baseline image (Fig. 1B) to compare changes in BBB permeability. These BBB
changes were detected by an increase in intensity, also known as enhancement (Fig. 1B,
black arrows), using an MRI gadolinium-based contrast agent that only enters the brain
when the BBB is made permeable. A low enhancement (10-20%) was maintained to
increase the permeability of the BBB for endogenous immunoglobulin entry, but limit the
entry of larger macromolecules and prevent damage to the surrounding tissue (O’Reilly et
al., 2011).

MRI enhancement analysis

A time series of post-FUS MRI T1-weighted images were analyzed with MatLab software
(version R2008b, MathWorks) for determination of intensity differences between the left,
untreated (Fig. 1C) and right, treated (Fig. 1D) regions of the brain within boxes of 10x30
pixels. Comparing the mean intensity of the right and left regions (at ~ 6 minutes after FUS)
demonstrated that there is a significant influx of gadolinium contrast agent into MRIgFUS-
targeted areas (Fig. 1E, ***p<0.0001, paired t-test, n=15). This provided confirmation that
the permeability of the BBB was increased following FUS treatment.

Changes in BBB permeability over time were evaluated by collecting temporally sequential
mean intensities of the right and left regions, which were subtracted from the image taken
prior to MRIgFUS treatment (1B, left panel). The intensities of the untreated cortex were
subtracted from the treated cortex to plot enhancement over time (Fig. 1F) in GraphPad
Prism 5 (GraphPad Software Inc.). A one phase exponential association [Y=Ymax(1-e~K¥)]
was used to fit the data points. From these curves, the maximum enhancement (Y max) was
estimated, and the rate of enhancement was determined by the slope at the time of half the
estimated maximum enhancement (see example: Fig. 4A). The maximum enhancement and
rate of enhancement are related, but the rate is determined from within the initial linear
portion of the curve; whereas the maximum enhancement is an extrapolation of the data,
projecting the expected maximum gadolinium contrast agent delivered. Both the intensity
and relative enhancement are expressed in arbitrary units (a.u.).
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Immunohistochemistry

Mice were transcardially perfused with phosphate-buffered saline and 4% paraformaldehyde
(PFA). Brains were removed, post-fixed in 4% PFA overnight, and saturated in a 30%
sucrose solution. Coronal brain sections were cut at 40 pm.

For brightfield staining of AB plagues, 1gG and IgM, sections were pre-treated with 3%
hydrogen peroxide in methanol. AR plaques were stained using 6F3D anti-Af antibody
(1:400; Dako North American Inc.) and biotinylated donkey anti-mouse 1gG. 1gG and IgM
were stained using biotinylated donkey anti-mouse 1gG and IgM, respectively. Staining was
revealed using streptivadin-conjugated horseradish peroxidase (HRP) (Vectastain Elite,
Vector Laboratories) and 3,3"-diaminobenzidine (DAB; Sigma).

Fluorescent detection of 1gG and 1gM with AP plaques was performed using donkey anti-
mouse IgG Cy5 to detect 1gG, donkey anti-mouse IgM biotin and strepavidin-Dylight 488
for IgM, and rabbit anti-Ap1_4» (1:100; Millipore Corp.) and donkey anti-rabbit Cy3 for Ap.

Microglia were stained with rabbit anti-l1bal (1:1000; Wako Chemicals) and astrocytes with
goat anti-GFAP (1:500; AbD Serotec). For the glial activation time course, glial markers
were revealed on separate brain sections using donkey anti-rabbit Cy3 or donkey anti-goat
Cy3. For analysis of changes in volume and size of glia surrounding Ap plaques, donkey
anti-goat Cy5 and donkey anti-rabbit Cy3 were used, with 0.01% Thioflavin S to stain for
AP plaques.

To detect intracellular Ap, primary antibodies for Ap (6E10, mouse anti-Ap, 1:100; Sigma),
Ibal and GFAP were used. Sections were then incubated with donkey anti-mouse Cy3,
donkey anti-rabbit Dylight 488 and donkey anti-goat Cy5. All secondary antibodies were
incubated at 1:200 (Jackson ImmunoResearch Laboratories, Inc.).

AB plague quantification

A series of one in nine sections (between 1.94 mm anterior of Bregma to 0.34 mm posterior
of Bregma) were randomly selected to stain and quantify plaque load as previously
described (Jord&o et al., 2010). Six coronal sections were analyzed per mouse. Stereo
Investigator software (version 5.05.4; MBF Bioscience) was used to estimate plague number
(optical fractionator) and size (nucleator probe) in left and right cortical regions. The surface
area of AP was generated from the product of the estimated total number of plaques and the
mean plaque size.

Immunoblots

Following perfusion with saline, brains were removed and frozen in liquid nitrogen. The left
(untreated) and right (MRIgFUS-treated) cortices were dissected and separately
homogenized in lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 10% glycerol)
containing a protease inhibitor cocktail (Calbiochem). Protein samples (20 ug for IgG, IgM,
and GFAP blots; 50 pg for Ibal blots) were separated by 12% SDS-PAGE (except for Ibal
blots which were run on 18% SDS-PAGE) and transferred to PVDF membranes (Sigma).
For detection of immunoglobulins, immunoblots were incubated with mouse anti-GAPDH
antibody (1:1000; Meridian Life Science, Inc.). The HRP-conjugated antibodies used were
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donkey anti-mouse IgM HRP, goat anti-mouse 1gG-Fc-© HRP and donkey anti-mouse 1gG
HRP (1:1000, 1:1000 and 1:2000 respectively, Jackson ImmunoResearch Laboratories,
Inc.).

For Ibal and GFAP quantification, immunoblots were incubated with primary antibodies,
anti-lbal (Abcam) or anti-GFAP (1:1000; Dako), and anti-GAPDH (1:5000 for Ibal blots;
1:2000 for GFAP blots; Meridian Life Science, Inc.). The peroxidase-conjugated antibodies
used were donkey anti-mouse 1gG (Jackson Immuno Research Laboratories, Inc.) and
donkey anti-rabbit IgG (Jackson Immuno Research Laboratories, Inc.).

Immunodetection was performed using the SuperSignal chemiluminescent reagent (Thermo
Scientific Pierce). Quantification was carried out after acquisition with a CCD camera
(SynGene) and analysis with adapted software (GeneSnap and GeneTools; SynGene). Each
protein of interest (IgG, IgM, Ibal and GFAP) was individually normalized to GAPDH
levels and to an internal control present in each blot. This procedure allows for comparison
of the levels of a given protein in the untreated and the MRIgFUS treated hemisphere and
across different time points.

To determine the concentration of 1gG and IgM in the brain, a concentration curve was
created with the 1gG 6F3D antibody (Dako North American Inc.) and the IgM anti-A2B5
antibody (Millipore). From the curves, the concentration of endogenous 1gG and IgM were
determined for the mouse used as the internal control, which was then used to determine the
concentrations of 1gG and IgM in all other animals.

Confocal analysis

Co-localization of immunoglobulins with AR plaques was detected by confocal microscopy
(Zeiss 18 Axiovert 100M, LSM 510; Carl Zeiss). Images from right, treated cortex and left,
untreated cortex were collected using the same exposure settings. Confocal microscopy was
also used to acquire Z-stack images (optical slices of 0.5 pm) of plaques and surrounding
glia. Three images were acquired from both the MRIgFUS-treated and untreated cortex of
two sections per animal (n=6-7 TgCRND8 mice).

Imaris Analysis

Confocal z-stack images were reconstructed in three dimensions using Imaris software
(Bitplane). Briefly, the surface function was used to create three-dimensional structures of
AP plaques, microglia and astrocytes (surface area detail level = 0.3 um, threshold = 80)
within each picture. The volume of A plaques were determined and used to set the volume
of two equal-volume cylindrical regions of interest (ROI). The volume of the ROIs was ten-
fold greater than the volume of the plaque. The ROI closest to the plaque is referred to the
proximal ROI, whereas the distal ROI is the volume just outside of the proximal ROl and
further away from the plaque. To detect Ap within cells, the Cy3 staining for the Ap plaque
is subtracted from the image to create a new Cy3 channel that only shows smaller Ap-
positive staining clusters. This was done to ensure glial projections into the plague would
not be considered as co-localizations. Then, only staining in the new Cy3 channel that
colocalized within the 488 channel staining (for microglia) or Cy5 staining (for astrocytes)

Exp Neurol. Author manuscript; available in PMC 2014 October 01.
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was isolated and a surface was created for Ap (surface area detail level = 0.25 pm, threshold
=90).

Based on the surfaces created, the software was used to quantify the number of Ibal-,
GFAP- or Ap-positive entities, which provided an estimate of the number of microglia,
astrocytes and AP co-localizations. The number of entities of microglia, astrocytes and Ap
are referred to herein as “counts”.

Statistical analysis

Results

Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Software Inc.).
Paired t-test analyses (two-tailed unless otherwise indicated, a=0.05) were used to compare
equivalent regions of the left (untreated) and right (MRIgFUS-treated) cortex of mice. In
cases of randomized ROIs (with varying plaque sizes), and to compare differences between
untreated and MRIgFUS-treated mice, unpaired t-tests or U-tests were used (two-tailed,
a=0.05). Correlation analyses were performed using linear regression analysis with 95%
confidence intervals (a.=0.05).

Plague burden is reduced in cortical brain regions targeted with focused ultrasound

TgCRND8 mice treated with MRIgFUS along the right cortex were sacrificed at 4 days
post-treatment. Brains were sectioned and stained for plaques with an anti-Ap antibody
specific for the N-terminus (residues 8-17). Contours were drawn outlining the MRIgFUS-
targeted cortical region (Fig. 2A, right) and an equivalent region on the contralateral side
(Fig. 2A, left). Plaques were quantified at 40X magnification within each of these contours.
After a single treatment, plaque size (Fig. 2B) and total surface area (Fig. 2C) were
significantly reduced by 20% and 13%, respectively, in the cortex targeted with MRIgFUS
compared to an untreated equivalent cortical region of the left hemisphere (B, *p=0.016,
paired t-test; C, **p=0.003, paired t-test, n=9). The number of AR plaques in the MRIgFUS-
targeted compared to the untreated cortex show a trend of reduction (9%, Fig. 2D, p=0.061,
two-tailed paired t-test, n=9) and a one-tailed t-test, appropriate for our hypothesis that
MRIgFUS will reduce plaque pathology, reached significance at *p=0.03 (n=9).

To examine the potential contribution of endogenous antibodies, found in the blood, to the
MRIgFUS-mediated reduction in A pathology, immunohistochemistry and confocal
microscopy were used to determine whether endogenous antibodies could be found
decorating AP plaques. Analysis of MRIgFUS-targeted cortex revealed that endogenous 19G
(Fig. 2E) and IgM (Fig. 2F) were bound to plaques (Fig. 2G, white arrows indicate the
location of plaques) at 4 days post-treatment. In the untreated cortex, plaques (Fig. 2H) were
decorated only with trace amounts of mouse 1gG (Fig. 21) and not mouse IgM (Fig. 2J).

MRIgFUS-dependent BBB opening allows endogenous immunoglobulin to enter the brain

MRIgFUS is known to have the capacity to deliver systemic IgG antibodies to the brain
(Jordao et al., 2010; Kinoshita et al., 2006a, b; Raymond et al., 2008; Sheikov et al., 2004).
However, to date MRIgFUS delivery of IgM antibodies has not been investigated. In
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comparison to monomeric 1gGs, IgMs have a molecular weight 6-times larger and can have
a greater avidity than IgG for the same antigen. Quantification of the increase of endogenous
IgG and IgM in the brain following MRIgFUS treatment is important, for the
characterization of the biological effects of this treatment technique, as well as for
determining its contribution to the mechanism of Ap clearance.

Blood was removed from the brain by transcardial perfusion. Using immunohistochemistry,
we detected greater levels of endogenous IgG (Fig. 3A-B) and IgM (Fig. 3C-D) in brain
regions targeted by MRIgFUS compared to the untreated hemisphere in TJCRNDS8 and non-
Tg mice at 4 days post-MRIgFUS treatment. Quantitative immunoblotting was performed
using a separate cohort of TJCRND8 and non-Tg mice treated with MRIgFUS on the right
hemisphere and sacrificed 4 days following treatment. 1gG levels were significantly
increased in the MRIgFUS-treated cortex, compared to untreated, in TQCRND8 (Fig. 3E,
1.8-fold increase, *p=0.047, paired t-test, n=7) and non-Tg mice (Fig. 3F, 1.5-fold increase,
*p=0.031, paired t-test, n=6). The increase in IgG levels was not significantly different
between MRIgFUS-treated TJCRND8 and non-Tg mice (p=0.73, unpaired t-test). In
TgCRND8 and non-Tg mice, the estimated mean concentration of 1gG in the MRIgFUS-
treated cortex after 4 days was 400 pg/ug of protein.

IgM levels were increased in the cortex targeted by MRIgFUS compared to the untreated
contralateral cortex by 4.6-fold in TJCRNDS8 (Fig. 3G, *p=0.031, paired t-test, n=6) and
6.7-fold in non-Tg mice (Fig. 3H, *p=0.031, paired t-test, n=6). These IgM level increases
were not statistically different between MRIgFUS-treated TQCRND8 and non-Tg mice
(p=0.39, unpaired t-test, n=6 per group). The estimated mean concentration of IgM present
in the targeted cortex of all MRIgFUS-treated mice was 200 pg/ug of protein.

Quantification of 1gG and IgM levels 4 hours after MRIgFUS treatment showed consistently
higher levels of immunoglobulin in the right, MRIgFUS-targeted cortex compared to the
untreated cortex (1.9- and 2.8-fold increase respectively, n=3, data not shown). These data
from 4 hours and 4 days post-treatment demonstrate that endogenous immunoglobulins enter
the brain following MRIgFUS treatment and remain in the brain for up to 4 days.

IgM levels correlate with MRI detected increases in BBB permeability

To further characterize MRIgFUS-mediated effects on endogenous immunoglobulin
delivery through the BBB, we investigated whether the levels of endogenous
immunoglobulin present in the brain correlated with the degree of BBB opening following
MRIgFUS. As we found no statistical difference in the increase in immunoglobulin between
TgCRND8 mice and non-Tg littermates, we combined the groups to examine the
relationship between BBB opening and immunoglobulin found in the brain. We used the
mean intensities over time to plot the curve for the enhancement (or difference in intensity)
seen on the right, MRIgFUS-treated hemisphere over time for each animal (Fig. 4A). From
each curve, the maximum enhancement was estimated and represents the maximum amount
of gadolinium agent that enters the brain (Fig. 4A, bold red dashed line). To indicate the
speed at which gadolinium enters the brain, the rate of enhancement (Fig. 4A, blue circle)
was determined at the time it takes to reach half of the maximum enhancement (faded red
dashed line). Both the maximum enhancement (Fig. 4B) and rate of enhancement (Fig. 4C)
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for each mouse was positively correlated with the levels of IgM detected in the brain 4 days
post-treatment (*p=0.026 and *p=0.020 respectively, n=12). In contrast, IgG levels did not
correlate with rate of enhancement or maximum enhancement (data not shown, p=0.081 and
p=0.531 respectively, n=13).

Time-dependent Increases in Glial Activation Markers Occur Following MRIgFUS

Treatment

In addition to the delivery of endogenous immunoglobulin, we considered the response of
glia cells to MRIgFUS as a possible contributor to the mechanism of Ap clearance. We
treated TYQCRND8 mice with MRIgFUS and sacrificed them at 4 hours, 4 days and 15 days
post-treatment. Ibal was used to detect phagocytic microglia and GFAP was used for
astrocytes.

As early as 4 hours following MRIgFUS treatment, there appeared to be a slight increase in
Ibal-positive staining in the right, MRIgFUS-targeted cortex (Fig. 5A”) compared to the
contralateral side (Fig. 5A). The increase in Ibal-positive staining in the MRIgFUS-treated
cortex (Fig. 5B”), compared to the untreated cortex (Fig. B), was most apparent at 4 days
and it resolved by 15 days (Fig. 5C, C"). Increases in GFAP staining, particularly in the
MRIgFUS-treated cortex compared to the untreated cortex were detected at 4 and 15 days,
but not at 4 hours (Fig. 5D-F"). These qualitative findings suggest MRIgFUS treatment has
an effect on glia, and that Ibal-positive microglia respond more rapidly than GFAP-positive
astrocytes. This glial response was found to be similar in the cortex of non-Tg mice treated
with MRIgFUS (data not shown).

MRIgFUS Induced Protein Expression of Ibal and GFAP

The relative expression levels of Ibal and GFAP in MRIgFUS-treated cortex compared to
untreated cortex were quantified by western blot in a new cohort of TJCRND8 mice and
non-Tg littermates. Shortly after MRIgFUS treatment (4 hours) there was an increase in Ibal
protein levels in TJCRNDS (Fig. 6A, 2.1-fold, *p=0.012, paired t-test, n=6) and non-Tg
mice (Fig. 6B, 5.2-fold, *p=0.019, paired t-test, n=6). At 4 days post-treatment, I1bal levels
were 2.8-fold and 2.9-fold greater in the MRIgFUS-treated cortex compared to the untreated
cortex of transgenic (Fig. 6C, *p=0.047, paired t-test, n=6) and non-transgenic mice (Fig.
6D, *p=0.032, paired t-test, n=6) respectively. By 15 days after MRIgFUS treatment,
targeted cortical regions did not exhibit a significant difference in Ibal levels compared to
untreated regions (TJCRNDS: Fig. 6E, p=0.18, paired t-test, n=7; non-Tg: Fig. 6F, p=0.16,
paired t-test, n=7). The increases in Ibal levels were not significantly different between
TgCRND8 and non-Tg mice (p>0.05 for all time points, unpaired t-test).

GFAP levels at 4 hours post-treatment were not increased in the MRIgFUS-treated cortex of
TgCRNDS8 (Fig. 2G, p=0.65, paired t-test, n=6) and non-Tg mice (Fig. 6H, p=0.93, paired t-
test, n=7), compared to the untreated hemisphere. At 4 days after treatment, GFAP levels
were approximately two-fold greater in the MRIgFUS-treated cortex than in the untreated
cortex for both TQCRNDS8 (Fig. 61, *p=0.043, paired t-test, n=7) and non-Tg mice (Fig. 6J,
*p=0.045, paired t-test, n=6). At 15 days, GFAP levels remained significantly elevated in
the MRIgFUS-targeted cortex, relative to the untreated cortex, in TJCRND8 mice (Fig. 6K,
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2.6-fold, **p=0.006, paired t-test, n=7) but not in non-Tg mice (Fig. 6L, p=0.094, paired t-
test, n=6).

In summary, these data indicate that Ibal-positive microglia, but not GFAP-positive
astrocytes, are activated 4 hours following MRIgFUS treatment. At 4 days, when plaque
burden was reduced, both 1ba-1 positive microglia and GFAP-positive astrocytes are
activated. By 15 days, activation of microglia has subsided but activation of astrocytes
remains elevated in the TJCRND8 mice.

Quantitative Volume and Area Analysis of Glia Surrounding A Plagues

In addition to increases in protein expression, changes in glial cell size can indicate
activation of glial cells. To investigate glial cell changes and help elucidate a possible
relationship with MRIgFUS-mediated AP plaque reduction, we compared the volumes of
microglia and astrocytes surrounding Ap plaques in TJCRNDS8 mice at 4 days post-
MRIgFUS, when plaque load was reduced (Fig. 2). Coronal brain sections were stained for
AP plaques, microglia and astrocytes (Fig. 7A, plaques in red, microglia in green, astrocytes
in blue). Plagues within the cortex were randomly selected for Z-stack imaging with
confocal microscopy. Imaris software was used to create a surface structure for plaques,
microglia and astrocytes (Fig. 7B). The area immediately surrounding the A plaque (Fig.
7C, dark grey) was labeled as the proximal ROI and the area just further from the plaque
was referred to as the distal ROI (Fig. 7C, light grey). Microglia and astrocytes within these
two different ROIs were analyzed separately to evaluate possible differences between the
MRIgFUS-induced responses of glia that are immediately adjacent to, and at a distance
from, Ap plaques.

Glia surrounding plaques within MRIgFUS-treated and untreated cortex were analyzed and
their volumes were normalized to the volume of their respective ROIs. In the MRIgFUS-
treated cortex, compared to the contralateral, the microglia volume distal to plaques was
significantly increased, by 65%, in the MRIgFUS-treated cortex compared to the
contralateral (Fig. 7D, **p=0.004, Mann-Whitney test, n=42), but was not affected in the
proximal ROI (Fig. 7D, p=0.65, Mann-Whitney test, n=42). Similarly, astrocyte volume
located proximally to plaques was not significantly changed following MRIgFUS treatment
(Fig.7E, p=0.58, Mann-Whitney test, n=42), but did increase in the region distal to plaques
by 36% in MRIgFUS-treated cortex (Fig. 7E, *p=0.025, Mann-Whitney test, n=42).

In addition to increases in volume, the three-dimensional glial surface area (normalized to
ROI volume) also changed in response to MRIgFUS in ROI distal to plaques. Specifically,
microglia surface area was elevated by 29% in the distal ROI (Fig. 7F, **p=0.004, Mann-
Whitney test, n=42) while it remained not significantly affected by MRIgFUS in the
proximal ROI (Fig. 7F, p=0.77, Mann-Whitney test, n=42). Astrocytes also responded to
MRIgFUS treatment in the cortex by a 50% increase in surface area in the distal ROI (Fig.
7G, *p=0.014, Mann-Whitney test, n=42). The surface area of astrocytes was not changed
by MRIgFUS treatment in the proximal ROI (Fig. 7G, p=0.36, Mann-Whitney test, n=42).
The observed increases in microglial and astrocyte volume and surface area provide
evidence that MRIgFUS treatment is activating glial cells within brain-targeted regions.
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Glia Count is Not Affected by MRIgFUS Treatment

Increases in total glial volume and surface area may be due to either the increases of resident
cells or an increase in the number of glial cells in response to MRIgFUS. To differentiate
these possibilities, we estimated the number of Ibal-positive and GFAP-positive cells within
each ROl in MRIgFUS-treated and untreated cortices. We found that there was no statistical
difference in the number of Ibal-positive counts for the proximal and distal ROIs (Fig. 8A,
p=0.61 and p=0.83 respectively, Mann-Whitney test, n=36). Similarly, there was no
difference in GFAP-positive counts in the proximal and distal ROIs of the MRIgFUS-treated
hemisphere compared to the contralateral (Fig. 8B, p=0.99 and p=0.22 respectively, Mann-
Whitney test, n=36). These data indicate that the increase in glia volume and surface is not
due to an increase in cell number.

To further characterize glial cell volume, we quantified the volume per glial-positive count.
There was no difference between Ibal-positive volume per count in the MRIgFUS-treated
region compared to the untreated region proximal to the plaque (Fig. 8C, p=0.91, Mann-
Whitney test, n=36). In contrast, there was a 40% increase in Ibal-positive volume per count
distal to plaques in MRIgFUS-targeted areas (Fig. 8C, *p=0.016, Mann-Whitney test, n=36).
GFAP-positive volume per count was increased by 113% in the proximal ROI and 230% in
the distal ROI of the MRIgFUS-treated cortex (Fig. 8D, **p=0.001 and ****p<0.0001
respectively, Mann-Whitney test, n=36).

In summary, microglial volume per cell count was elevated in the ROI distal to plaques in
the MRIgFUS-treated cortex. MRIgFUS did not significantly increase the microglia volume
per count in the proximal ROI, where the population density of microglia is typically
greater. Astrocyte volume per count was increased both proximal and distal to plaques.
Astrocytes in the distal ROl exhibited a greater increase in volume compared to astrocytes in
the proximal ROI in response to MRIgFUS.

Greater Ap Co-localization in Glial Cells of the MRIgFUS-Treated Cortex

Finally, we investigated the co-localization of Ap with microglia and astrocytes, as an
indicator of Ap internalization by glial cells. Ap was found within microglia (Fig. 9A) and
astrocytes (Fig. 9B) of TJCRND8 mice in the untreated and MRIgFUS-treated cortex. In
order to evaluate how activation of glia by MRIgFUS treatment may contribute to Ap
plaque reduction by MRIgFUS treatment alone, Ap within glia in the proximal and distal
ROIs were identified (Fig. 9C) and the number of AB-positive counts within each glial cell
were quantified (Fig. 9D, representative internalized Ap within a single microglial cell). Ap
counts within microglia proximally located to plaques was 52% greater in the MRIgFUS-
treated cortex, compared to the untreated cortex (Fig. 9, *p=0.036, Mann-Whitney test,
n=36). Microglia found distal to plaques in the MRIgFUS-treated cortex contained 159%
more internalized A counts than those in the untreated cortex (Fig. 9E, ***p=0.0006,
Mann-Whitney test, n=36).

Although not the predominant phagocytes in the brain, astrocytes can also internalize A
and following MRIgFUS treatment, astrocytes within the proximal ROl had 79% increase of
internalized A counts (Fig. 9F, *p=0.019, Mann-Whitney test, n=36). Astrocytes distal to
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plaques in the MRIgFUS-treated cortex showed an even greater increase in Ap counts by
270% compared to the distal astrocytes in untreated cortex (Fig. 9F, ****p<0.0001, Mann-
Whitney test, n=36).

In addition to AP count, we also quantified the total Ap volume present within glia. The
total volume of AR found in microglia in the MRIgFUS-treated cortex compared to the
untreated cortex was increased by 239% in the proximal and 386% in the distal ROI (Fig.
9G, ****p<0.0001 for both proximal and distal ROIs, Mann-Whitney test, n=36).
Astrocytes proximal to plaques in the MRIgFUS-treated cortex contained 584% greater
volume of AR than those in the untreated cortex (Fig. 9H, **p=0.006, Mann-Whitney test,
n=36). Astrocytes distal to plagues internalized an Ap volume 414% greater in the
MRIgFUS-targeted hemisphere than in the contralateral hemisphere (Fig. 9H,
****p<0.0001, Mann-Whitney test, n=36).

These analyses demonstrate that MRIgFUS has the potential to increase Ap phagocytosis by
microglia and astrocytes in the MRIgFUS-treated cortex proximal and distal to Ap plaques.

Discussion

MRIgFUS is a promising strategy to enhance the delivery of therapeutics to the brain for
treatment of neurological disorders (Burgess et al., 2012; Burgess et al., 2011b; Huang et al.,
2012; Jorddo et al., 2010; Kinoshita et al., 2006b; Raymond et al., 2008; Thévenot et al.,
2012; Treat et al., 2007). Although disrupting the BBB can allow potentially harmful cells or
toxins into the brain (Miller, 2002), unlike osmotic or chemical BBB disruption, MRIgFUS
can target permeabilization to relatively small areas of the BBB at a time (Burgess et al.,
2011b; Jorddo et al., 2010; Thévenot et al., 2012). Additionally, in a previous study, we
demonstrated that by maintaining an enhancement of < 20% prevents the extravasation of
red blood cells (Jordao et al., 2010) and by extension, also other similarly-sized blood-borne
cells. The application of MRIgFUS modifies the BBB in a reversible and controlled manner
(Burgess et al., 2011a; O’Reilly and Hynynen, 2012). The MRIgFUS parameters used here
are below the threshold of damage and are not likely to cause acidophilia or neuronal
atrophy (Hynynen et al., 2003; Hynynen et al., 2005; Kinoshita et al., 2006a). Ultrasound
technology is being adapted to propagate safely through the skull, with controlled effects in
several species, including non-human primates and humans (McDannold et al., 2012;
McDannold et al., 2010). From these studies, MRI and post-mortem histology confirmed
that brain integrity was preserved and no adverse effects were observed in behavior of
treated animals or humans.

These previous studies are very promising. Nonetheless, further investigations are required
to discover potential mechanisms, and establish safety and efficacy of MRIgFUS treatments.
Here, we found that MRIgFUS itself, without the administration of exogenous therapeutics,
reduces AP pathology, facilitates the entry of endogenous antibodies and activates glial cells
in the brain. We propose that antibodies invading the MRIgFUS-targeted area contribute to
plaque reduction. Furthermore, A was found to colocalize with activated microglia and
astrocytes, suggesting that these glial cells can internalize Ap and facilitate its clearance.
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In a previous study, we have shown that the delivery of peripherally-administered,
exogenous anti-Ap 1gG antibody, BAM-10, to MRIgFUS-targeted brain areas significantly
reduced plaque number (12%), mean plaque size (12%) and total AP surface area (23%) in
TgCRND8 mice within four days (Jord&o et al., 2010). Here, using the same MRIgFUS
parameters, but without the intravenous supplementation of exogenous antibodies, we found
that MRIgFUS alone significantly reduces mean plaque size (20%) and total AP surface area
(13%) within four days. A trend of 9% reduction in plague number was noted in MRIgFUS-
targeted cortex. Both studies may involve similar mechanisms of Ap clearance, although the
peripheral sink mechanism, which employs intravenously-administered antibodies to draw
AP out of the brain (DeMattos et al., 2001), is likely to play a greater role in the previous
study where antibodies were delivered to the bloodstream, in comparison to MRIgFUS
treatment alone. In addition, considering the data obtained in the current study, the reduction
in plague pathology observed in Jorddo et al. (2010) likely represents the combined effects
of exogenous BAM-10 and endogenous antibodies being delivered to the brain by
MRIgFUS. Nonetheless, the effects of MRIgFUS on amelioration of plaque pathology
emphasizes the benefit of using MRIgFUS as a delivery method to facilitate anti-Ap
treatment. However, this effect is modest and complementing MRIgFUS treatment with the
intravenous administration of anti-Ap antibodies may be required for treatment efficacy that
is therapeutically relevant,

The finding that MRIgFUS alone reduces plaque load is unprecedented and therefore the
mechanism by which this occurs has not previously been explored. In this study, we
explored two probable contributing factors, namely the delivery of blood-borne endogenous
antibodies to the brain and glial activation.

Increased levels of endogenous immunoglobulin in the cortex of TJCRND8 mice treated
with MRIgFUS were observed within the same region and time-frame that decreased Ap
deposition was found. Previous studies have shown that small amounts of systemic IgG can
cross the BBB (Banks et al., 2002; Bard et al., 2000; Deane et al., 2005). Due to their larger
size, IgM are less likely to cross the BBB (Sigurdsson et al., 2004). Our data are in support
of greater amounts of 1gG entering the brain compared to IgM, with increased
bioavailability to targeted brain regions following MRIgFUS treatment. The co-localization
of endogenous mouse 1gG and IgM with plaques in the MRIgFUS-treated cortex suggests
that these delivered endogenous antibodies facilitate plaque reduction.

The demonstration of a correlation between MRI enhancement and the levels of endogenous
IgM entering the brain is relevant to the application of MRIgFUS as a method of drug
delivery to the brain in general, and in cases of immunotherapy for AD in particular.
Previous BBB permeability studies have been conducted indicating size limits of molecules
that can enter the brain following FUS treatment using dextrans of different molecular
weights (Choi et al., 2011), HRP and 1gG (Sheikov et al., 2004). However, size is not the
only variable determining passage across the BBB, and delivery across the BBB following
MRIgFUS may occur by more than one mechanism, including both paracellular and
transcellular routes (Cho et al., 2011; Deng et al., 2012; Hynynen et al., 2005; Sheikov et al.,
2008; Sheikov et al., 2004). This highlights the benefit of determining MRIgFUS delivery of
different molecules empirically. Future studies evaluating correlations between enhancement
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and the amount of therapeutics entering the brain will be helpful to establish the use of MRI
data during FUS treatment to estimate how much of a given drug enters specific brain
regions. Based on this study, enhancement data correlates best with the entry of molecules
that are above the threshold of bypassing the BBB, such as IgM. After MRIgFUS is applied,
the BBB continuously diminishes in permeability and returns to its normal state of
homeostasis within about 6 hours (Sheikov et al., 2004). Hence, larger molecules (such as
IgM compared to 1gG) are likely to be more affected by this change over time and their
concentration will be more easily predicted by enhancement data.

Antibodies entering the brain can contribute to A clearance by solubilization of Ap (Bard
et al., 2000; McLaurin et al., 2002; Solomon et al., 1997), facilitating transport of
Ap:antibody complexes (Deane et al., 2005), opsonizing Ap for microglial phagocytosis
(Bard et al., 2000; Wilcock et al., 2003), or a combination of the aforementioned
mechanisms (Wilcock et al., 2003; Wilcock et al., 2004). In the current study, to gain a
better understanding of MRIgFUS effects in both diseased and non-diseased cases, we
characterized the response of microglia and astrocytes to MRIgFUS treatment in TJCRND8
and non-Tg mice, and we examined the potential involvement of glia in MRIgFUS-mediated
AP plague reduction in TQCRND8 mice.

We found that MRIgFUS increased the immuno-positive signal and protein expression of
glial cell markers, specifically Ibal for microglia and GFAP for astrocytes, in both
TgCRND8 and non-Tg mice. Although the level of glial activation in untreated AD mice is
already elevated in comparison to non-Tg mice (Chen et al., 1998; Chishti et al., 2001;
Frautschy et al., 1998; Masliah et al., 1996), the overall increase in Ibal and GFAP protein
expression, due to MRIgFUS treatment, was similar in transgenic and non-transgenic mice
compared to their respective basal levels. MRIgFUS activation of astrocytes may occur due
to effects on astrocytic endfeet in contact with the BBB during disruption or by an
imbalance in water or ions resulting from a breach in the BBB. Disruption of the BBB is
also known to cause activation of nearby microglia, which can be stimulated by serum
products such as fibrinogen (Adams et al., 2007; Ransohoff and Perry, 2009). The entry of
endogenous immunoglobulin into brain can also activate microglia, as expected based on
immunotherapy studies (Bard et al., 2000; Magga et al., 2010; Wilcock et al., 2003).

The volume and surface area of glial cells in the brain of MRIgFUS-treated TQCRND8 mice
was increased, with no apparent change in glia counts. These data suggest that MRIgFUS
enhances the activation of glial cells within targeted brain regions without leading to glial
cell proliferation or recruitment to the treatment site. By 15 days following MRIgFUS,
astrocyte activation was lower compared to 4 days and microglia activation had subsided to
untreated levels. Our findings indicate that activation of glial cells by MRIgFUS is likely to
be transient.

Activation of glial cells at 4 days following MRIgFUS treatment, when AR plaque load was
reduced, was accompanied by a significant increase in the amount of Ap found within glial
cells in the MRIgFUS-targeted region. These findings are consistent with a role for
microglia and astrocytes in the internalization and clearance of Ap. Counts and total volume
of Ap were increased within microglia in close contact with, and distal to, AB plaques.
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These data agree with other studies demonstrating microglia phagocytosis of fibrillar Ap can
occur as early as a few days following immunization (Bacskai et al., 2001; Schenk et al.,
1999; Wilcock et al., 2003).

The contribution of astrocytes to AP clearance is often considered negligible compared to
that of microglia (Nicoll et al., 2006). In the present study, we found that although microglia
contained a greater volume of A, astrocytes in MRIgFUS-treated regions demonstrated a
significant increase in AP uptake compared to astrocytes in the untreated cortex. These data
suggested that astrocytes could also play an important role in A clearance following
MRIgFUS treatment. Activation of astrocytes due to MRIgFUS-microbubble effects at the
cerebrovascular level may stimulate these cells to internalize Ap. Alternatively, the delivery
of endogenous immunoglobulin may opsonize Ap and stimulate A phagocytosis.

Clearance of AB is greatly impaired during the course of AD and this could be related to a
dysfunction of glial cells occurring early in the progression of the disease (Yeh et al., 2011).
Additionally, proteins associated with Ap may contribute to the impairment of glial cells to
internalize AR (Familian et al., 2007; Takata et al., 2012), rendering clearance of Ap more
difficult. In the current study, analysis of glial cells in regions of close proximity and distal
to plaques demonstrated that distal glial cells have greater potential to increase in size and to
take up AP after treatment. Under a different treatment paradigm, microglia in non-plaque
areas of TQCRND8 mice demonstrated increased uptake of Ap (Hawkes et al., 2012).
Furthermore, glia in close proximity to plaques are already activated and may not have the
capacity to respond further, whereas glia further from plaques may show greater changes in
activation due to lower initial activation levels.

Conclusions

Our study demonstrates that Ap plaque size is significantly reduced within 4 days of treating
TgCRND8 mice, using MRIgFUS as the only external therapeutic intervention. At the same
time, MRIgFUS increases endogenous immunoglobulin levels and glial activation. The
decoration of AP plaques with IgG and IgM in the MRIgFUS-treated cortex, when plague
load was reduced, suggests a potential role for endogenous antibodies in the mechanism of
MRIgFUS-mediated amelioration of Ap pathology. Furthermore, activated glial cells in the
MRIgFUS-treated cortex contained increased amounts of A, indicating that glial cells may
contribute to AB uptake and clearance following MRIgFUS treatment. These possible
mechanisms of MRIgFUS-induced A plaque reduction emphasize the advantage of this
delivery strategy for AD, and for other neurological disorders benefiting from treatment with
endogenous antibodies or the activation of glial cells.
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Fig. 1.

MRIgFUS setup and confirmation of BBB disruption. A, Mice were placed in a supine position over a transducer, generating
FUS waves upwards to target locations in the brain. B, Target locations along the right hemisphere were chosen using MRI
images taken before MRIgFUS treatment (left). Effectiveness of BBB opening along the right hemisphere was confirmed from
MRI contrast-enhanced images and the entry of gadolinium agent after MRIgFUS treatment (right hemisphere, black arrows).
The image chosen here for representation of gadolinium entry in the brain was taken from a mouse displaying high enhancement
levels. MRI intensities were detected and compared between the untreated (C, left hemisphere) and MRIgFUS-treated region
with influx of gadolinium (D, right hemisphere). E, The mean intensity in the MRIgFUS-treated cortex was significantly higher
than in the untreated contralateral cortex. F, The amount of gadolinium agent entering the MRIgFUS-treated region over time
was calculated by subtracting the increase in enhancement seen in the MRIgFUS-treated region to the background intensity in
the untreated region. Scale bar: B = 0.5 cm. Data is presented as paired values between left, untreated and right, MRIgFUS-
treated, ***p<0.0001.
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Fig. 2.

MRIgFUS treatment causes a reduction in Ap plaque pathc?logy. Plague load was assessed 4 days following MRIgFUS
treatment using immunohistochemistry and stereology. A, Plaques were quantified in MRIgFUS-treated (right) and an
equivalent untreated (left) region of the cortex. Significant reductions were observed in mean plaque size (B) and total Ap
surface area (C) in the MRIgFUS-treated compared to untreated cortex. D, Plaque counts within the MRIgFUS-targeted region
demonstrated a trend of reduction compared to the untreated region. Within the MRIgFUS-treated cortex, endogenous 19G (F)
and IgM (G), were found to be co-localized with plaques (E). At the site of plaques in the untreated cortex (H), a small amount
of 19G (I) but no IgM (J) was found. White arrows indicate the location of Ap plaques (E-J). Scale bar: A=0.5 mm, E-J = 50
um. Data is presented as paired values between left, untreated and right, MRIgFUS-treated, *p<0.05, **p<0.01.
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Fig. 3.

MRIgFUS facilitates the entry of IgG and IgM into the brain. Ugsing immunohistochemistry, high levels of 1gG were detected in
MRIgFUS-treated compared to untreated cortex of TJCRND8 (A) and non-Tg (B) mice. Similarly, IgM observed in MRIgFUS-
treated cortical regions was greater than that detected in contralateral cortex of TJCRND8 (C) and non-Tg mice (D).
Quantitative western blot analysis revealed that compared to untreated cortex, the cortex treated with MRIgFUS had greater
levels of IgG in TgCRNDS (E) and non-Tg (F) mice; and of IgM in TgCRND8 (G) and non-Tg (H) mice. Scale bar: A-D= 500
pum. Data are presented as the mean + SEM, *p<0.05.
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Fig. 4.

Increases in IgM are proportional to the enhancement in MRIgFUS-treated cortical regions. A, Using enhancement data gathered
from MRI post-treatment scans, the estimated maximum enhancement (red) and rate of enhancement (blue) can be determined
for all MRIgFUS-treated mice (representative enhancement graph for one mouse). B, The maximum enhancement,
representative of the maximum amount of gadolinium able to enter the brain after BBB opening, was positively correlated to the
increase in IgM levels measured in the MRIgFUS-treated cortex of the same mice (r2=0.4055, p=0.026, n=12). C, Similarly, the
increase of endogenous IgM detected within the MRIgFUS-treated cortex was correlated to the rate of enhancement (r2=0.4310
p=0.020, n=12), which is indicative of the speed at which gadolinium enters the brain. Dashed lines indicate a 95% confidence

intervals (B-C).
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Fig. 5.
A time-dependent increase in Ibal and GFAP staining in TgC??NDS mice treated with MRIgFUS. At 4 hours post-MRIgFUS
treatment, Ibal staining appears to be slightly increased in the MRIgFUS-treated cortex (A”) compared to the untreated cortex
(A). Ibal-immunostaining intensity appeared to be elevated at 4 days (B, B”) and dampened by 15 days (C, C’). D, D, GFAP
expression did not seem affected by the MRIgFUS treatment at 4 hours. In contrast, at 4 (E, E") and 15 (F, F”) days post-
treatment, GFAP-positive staining was found to be increased on the right, MRIgFUS-targeted side compared to the left,
untreated side. Scale bar: A-F’ = 200 pm.
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Fig. 6.
Levels of Ibal and GFAP protein expression in response to MRIgFUS in TgCRNDS8 and non-transgenic mice. Ibal protein

levels were significantly increased at 4 hours post-treatment in the MRIgFUS-treated cortex (FUS, grey column) relative to the

left, untreated cortex (UT, white column) in TJCRND8 (A) and non-Tg (B) mice. At 4 days, Ibal levels remained elevated in
the MRIgFUS-treated cortex of transgenic (C) and non-Tg mice (D). E-F, At 15 days, no statistical difference was found

between treated and untreated cortical levels of Ibal. GFAP protein levels were not different between MRIgFUS-treated and
untreated cortex at 4 hours (G—H), but they were significantly increased in the MRIgFUS-targeted cortex at 4 days in

TgCRNDS8 (1) and non-Tg (J) mice. At 15 days post-MRIgFUS treatment, TJQCRND8 mice had a significant increase in GFAP

levels in the MRIgFUS-treated cortex (K), whereas GFAP levels in the MRIgFUS-treated cortex of non-Tg mice were not
statistically different from the untreated cortex (L). Mean = SEM shown, *p<0.05, **p<0.01.
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Fig. 7.
Ibal- and GFAP-positive cells located distally to plaques in(?rease in size following MRIgFUS treatment. A, Ibal-positive
(green) and GFAP-positive (blue) cell volume surrounding plaques (red) were detected by immunohistochemistry. B, Optical
sections were obtained using confocal microscopy and used to create three-dimensional reconstructions. C, Ap plaque volumes
were determined using the surface function and then regions of interest (ROIs) were created, one in contact with the plaque
(proximal ROI, dark grey) and second, further from the plaque (distal RO, light grey). The volume of Ibal-positive cells (D)
and GFAP-positive cells (E) were significantly increased in the distal ROI of the MRIgFUS-targeted cortex, compared to the
untreated cortex. Similarly, the surface area of microglia (G) and astrocytes (H) were also increased in the distal ROl following
MRIgFUS treatment. Scale bar: C = 30um. Mean + SEM shown, *p<0.05, **p<0.01.
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Fig. 8.

MRIgFUS treatment does not change the number of glial cellg']s but increases their volume per cell. Representative images of
microglia (A) and astrocytes (B) found in the proximal (dark grey) and distal (light grey) ROIs surrounding a single plaque in
the MRIgFUS-treated cortex of a TJCRND8 mouse are shown. The number of Ibal- and GFAP-positive counts were not
different between MRIgFUS-treated and untreated cortex (C, D respectively). E, The volume per Ibal-positive cell count,
however, was increased significantly in the distal ROI of plaques in the MRIgFUS-targeted cortex compared to the untreated
cortex. F, GFAP-positive volume per cell was significantly increased both in proximal and distal ROIs within the cortex treated
with MRIgFUS. Mean = SEM shown, *p<0.05, **p<0.01, ****p<0.0001.
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Fig. 9.
ApB internalization by Ibal- and GFAP-positive cells is increased in MRIgFUS-treated cortex. Brain sections were stained for

AP (red), Ibal (green) and GFAP (blue). Orthogonal views of confocal imaging show AR within Ibal-positive (A,
representative Ibal-Ap co-localization encircled) and GFAP-positive cells (B, representative GFAP-A co-localization
encircled) indicating internalization of Ap at 4 days following MRIgFUS treatment. Imaris software was used to create three-
dimensional surfaces of glial cells and detect AR within the glia found proximal (Ap in red) and distal (Ap in purple) to plagues
(C, Ap within a single cell shown in D). E, Ap counts within Ibal-positive cells was greater within MRIgFUS-treated cortex in
both proximal and distal regions surrounding plaques. F, Similarly, GFAP-positive cells within the MRIgFUS-treated cortex
also contained a greater number of Ap counts than those in the untreated, contralateral cortex. In addition, the total volume of
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internalized AP was greater in Ibal-positive (G) and GFAP-positive (H) cells within MRIgFUS-treated regions, proximal and
distal to plaques. Scale bar: A-B = 25 pm. Mean = SEM shown, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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