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Purpose: To validate whether repeated magnetic resonance (MR) 
imaging–guided focused ultrasound treatments targeted to 
the hippocampus, a brain structure relevant for Alzheimer 
disease (AD), could modulate pathologic abnormalities, 
plasticity, and behavior in a mouse model.

Materials and 
Methods:

All animal procedures were approved by the Animal 
Care Committee and are in accordance with the Cana-
dian Council on Animal Care. Seven-month-old transgenic 
(TgCRND8) (Tg) mice and their nontransgenic (non-Tg) 
littermates were entered in the study. Mice were treated 
weekly with MR imaging–guided focused ultrasound in the 
bilateral hippocampus (1.68 MHz, 10-msec bursts, 1-Hz 
burst repetition frequency, 120-second total duration). 
After 1 month, spatial memory was tested in the Y maze 
with the novel arm prior to sacrifice and immunohisto-
chemical analysis. The data were compared by using un-
paired t tests and analysis of variance with Tukey post hoc 
analysis.

Results: Untreated Tg mice spent 61% less time than untreated 
non-Tg mice exploring the novel arm of the Y maze be-
cause of spatial memory impairments (P , .05). Following 
MR imaging–guided focused ultrasound, Tg mice spent 
99% more time exploring the novel arm, performing as 
well as their non-Tg littermates. Changes in behavior 
were correlated with a reduction of the number and size 
of amyloid plaques in the MR imaging–guided focused ul-
trasound–treated animals (P , .01). Further, after MR 
imaging–guided focused ultrasound treatment, there was 
a 250% increase in the number of newborn neurons in 
the hippocampus (P , .01). The newborn neurons had 
longer dendrites and more arborization after MR imag-
ing–guided focused ultrasound, as well (P , .01).

Conclusion: Repeated MR imaging–guided focused ultrasound treat-
ments led to spatial memory improvement in a Tg mouse 
model of AD. The behavior changes may be mediated by 
decreased amyloid pathologic abnormalities and increased 
neuronal plasticity.
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required to target specific brain struc-
tures. By targeting focused ultrasound 
to relevant brain regions, the effect of 
BBB opening is limited to areas most 
affected by pathologic abnormalities. 
A key feature of AD is the reduction 
in hippocampal-based cognitive perfor-
mance, and TgCRND8 mice (hereafter, 
also referred to as Tg mice) show sig-
nificant deficits in spatial learning tasks. 
We performed MR imaging–guided fo-
cused ultrasound treatments in the bi-
lateral hippocampus and then assessed 
changes in the Y-maze test of spatial 
memory and the plasticity of newborn 
neurons in the hippocampus. In this 
study, we aimed to validate whether 
repeated MR imaging–guided focused 
ultrasound treatments targeted to the 
hippocampus, a brain structure rele-
vant for AD, could modulate pathologic 
abnormalities, plasticity, and behavior.

Materials and Methods

Animals
All animal procedures were approved 
by the Animal Care Committee at Sun-
nybrook Research Institute (Toronto, 
Ontario, Canada) and are in accor-
dance with the guidelines established 
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Advances in Knowledge

nn Repeated treatments of MR im-
aging–guided focused ultra-
sound–mediated blood-brain bar-
rier opening in the hippocampus, 
without exogenous drug delivery, 
is well tolerated in a mouse 
model of Alzheimer disease 
(AD).

nn Transgenic mice spend 99% more 
time in the novel arm of the 
Y-maze test of spatial memory 
following repeated MR imaging–
guided focused ultrasound treat-
ments (P , .05) and perform as 
well as nontransgenic mice.

nn MR imaging–guided focused 
ultrasound leads to increased 
number (252% increase, P , 
.05), dendrite length (332% 
increase, P , .01), and dendrite 
arborization (P , .05) of new-
born neurons in the hippo-
campus of transgenic mice.

Implication for Patient Care

nn MR imaging–guided focused 
ultrasound has the potential to 
positively affect symptoms and 
pathologic abnormalities associ-
ated with AD, in addition to its 
proven capability to improve 
drug delivery to the brain.

D isease-modifying therapeutics for 
treatment of Alzheimer disease 
(AD) are desperately needed to 

deal with the growing number of pa-
tients with AD and the ever-increasing 
burden of caring for patients with AD  
on the health care system (1). Current 
therapies that address the symptoms 
of dementia (ie, acetylcholinesterase 
inhibitors and memantine) show mod-
est and temporary benefits in these pa-
tients (2). Furthermore, most current 
and evolving therapies are designed for 
patients showing mild cognitive impair-
ment. Treatment options for patients 
with moderate to late-stage disease are 
limited.

Magnetic resonance (MR) imaging–
guided focused ultrasound has emerged 
as a method for noninvasive, temporary, 
and localized opening of the blood-brain 
barrier (BBB) to improve drug delivery 
from the blood to the brain (3). Safe and 
reproducible BBB opening is achieved 
by delivering clinically approved micro-
bubble contrast agent intravenously at 
the onset of MR imaging–guided focused 
ultrasound treatment (3). The intravas-
cular microbubbles oscillate when they 
pass through the focal region of the 

ultrasound beam, leading to increased 
transcellular transport and widening of 
the tight junctions (4,5). MR imaging–
guided focused ultrasound has been used 
to temporarily permit entry of several 
imaging and therapeutic agents to the 
brain (6–10), including antiamyloid anti-
bodies, which were shown to effectively 
reduce plaque load in the TgCRND8 
mouse model of AD (11). When MR 
imaging–guided focused ultrasound was 
applied throughout one hemisphere, 
plaque load was significantly reduced 
even without additional drug delivery 
(12). It was suggested that this behavior 
was mediated by infiltration of endoge-
nous immunoglobulin or the activation 
of glial cells (12). These studies highlight 
the potential of MR imaging–guided 
focused ultrasound to help reduce AD 
pathologic abnormalities. In addition, 
MR imaging–guided focused ultrasound 
plus microbubbles was recently shown 
to increase neuronal plasticity in the hip-
pocampus. MR imaging–guided focused 
ultrasound increased the proliferation 
and survival of newborn neurons in the 
hippocampus in healthy mice that do 
not exhibit memory impairments (13). 
However, it is unknown whether focused 
ultrasound can also improve hippocam-
pal plasticity in the presence of AD path-
ologic abnormalities and whether these 
improvements contribute to improved 
learning and memory performance in 
a model that exhibits memory deficits. 
In this study, we evaluated whether the 
reported MR imaging–guided focused ul-
trasound–mediated reductions in plaque 
load and increases in plasticity can lead 
to behavior improvements, which would 
support MR imaging–guided focused ul-
trasound–mediated BBB opening as a 
potential treatment for AD.

MR imaging provides superior im-
age contrast and spatial resolution 
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by the Canadian Council on Animal 
Care. Seven-month-old transgenic mice 
(TgCRND8) from the Centre for Re-
search in Neurodegenerative Disease 
(University of Toronto, Toronto, On-
tario, Canada) have a double mutation 
of the amyloid precursor protein 695 
(KM670/671/NL and V717F) and de-
velop amyloid pathologic abnormalities 
and cognitive deficits by 3 months of 
age (14). TgCRND8 mice were bred 
to non-TgCRND8 mice (hereafter, also 
referred to as non-Tg mice), and both 
Tg and non-Tg offspring were housed 
in the animal facility at Sunnybrook Re-
search Institute. Mouse pups were tail 
clipped and genotyped to determine if 
they carried the transgenic genes by 
using polymerase chain reaction (14). 
Non-Tg mice were randomly assigned 
to MR imaging–guided focused ultra-
sound–treated (n = 8) and untreated 
(n = 8) groups. TgCRND8 mice were 
also randomly assigned to MR imag-
ing–guided focused ultrasound–treated 
(n = 7) and untreated (n = 6) groups. 
Fewer TgCRND8 mice were used per 
group because of the natural death 
of the animals throughout the experi-
ment. All experiments were performed 
between November 2012 and July 
2013.

MR imaging–guided Focused Ultrasound
MR imaging–guided focused ultrasound 
was performed by one author (A.B., 
with 3 years of experience). A spher-
ically curved focused transducer (1.68 
MHz), with a 75-mm diameter and a 
60-mm radius of curvature, was used 
to generate a focal spot approximately 
0.73 mm in the lateral direction by 4.5 
mm in the axial direction (full width at 
half maximum pressure). A custom-
manufactured polyvinylidene difluoride 
hydrophone was inserted into a small 
perforation in the center of the trans-
mit transducer. For each experiment, 
the focused ultrasound positioning 
system was registered with 7-T MR im-
aging (BioSpin 7030; Bruker, Billerica, 
Mass) by obtaining an MR image of the 
sonicated location of a phantom and 
registering the coordinates.

Animals were anesthetized and 
placed supine on a positioning sled 

for MR imaging (Fig 1f). T2-weighted 
images (2000/60) were acquired and 
used for targeting the focused ultra-
sound beam to the dorsal hippocam-
pus on both sides of the brain (Fig 1a, 
1b). Two target spots were chosen in 
each of the dorsal hippocampi to cover 
the entire structure. The positioning 
sled was then fixed to the triple-axis 
positioning system (15) equipped with 
an in-house–manufactured focused 
transducer and hydrophone (Fig 1f). 
The animal’s head was coupled to 
a water bath. Animals were admin-
istered an intravenous dose of 0.02 
mL per kilogram of body weight of 
microbubble contrast agent (Defin-
ity; Lantheus Medical Imaging, North 
Billerica, Mass) at the onset of soni-
cation (Fig 1a). Two subsequent son-
ications, each treating two spots in 
either the left or right hippocampus, 
were completed 5 minutes apart by 
using standard BBB opening parame-
ters (10-msec bursts, 1-Hz burst rep-
etition frequency, 120 seconds in total 
duration). The applied acoustic pres-
sure was increased incrementally with 
each burst, and the acoustic emissions 
were recorded by the hydrophone. The 
acoustic information was processed in 
real time with an algorithm that de-
tects subharmonic emissions (16). 
Once subharmonic emissions that are 
indicative of enhanced microbubble ac-
tivity are detected, the acoustic pres-
sure is reduced to half and maintained 
until the end of the sonication. Using 
this feedback controller algorithm, the 
ultrasound pressure is standardized 
to the microbubble response in each 
animal and eliminates in situ pressure 
fluctuations due to variations in skull 
thickness or differences in vasculature 
between animals (16). The mean peak 
pressure reached was calculated by 
averaging the peak pressure required 
for BBB opening in each of the four 
treatment locations per animal. The 
peak pressure was then averaged again 
across the three treatments to ob-
tain the mean peak pressure for each 
animal.

Immediately following sonications, 
gadolinium-based contrast agent, ga-
dodiamide (Omniscan; GE Healthcare, 

Mississauga, Ontario, Canada), 0.2 
mL/kg, was injected, and contrast-en-
hanced T1-weighted images (500/10) 
were used to confirm BBB opening 
with focused ultrasound (Fig 1c). 
The amount of relative enhancement 
was estimated by measuring pixel in-
tensity in a 2 3 2-mm region of in-
terest and expressing the intensity as 
a percentage of a reference region of 
the brain by using a custom program 
(Matlab; MathWorks, Natick, Mass). 
The intensity values were averaged 
over each of the four spots per animal. 
The enhancement levels for each an-
imal were averaged over the 3 weeks 
of treatment. Animals underwent an 
MR imaging–guided focused ultra-
sound treatment to open the BBB in 
each hippocampus once per week for 3 
consecutive weeks. For 24 hours after 
each treatment for opening the BBB, 
mice were weighed and monitored un-
til normal nesting and grooming behav-
iors were observed. These treatments 
were followed by a week of behavioral 
testing, and the mice were sacrificed at 
8 months of age.

Y-Maze Analysis
The Y-maze analysis was performed by 
one author (S.D., with 1 year of expe-
rience). The Y maze consisted of three 
identical white plastic arms (50 cm 3 
10 cm 3 10 cm) placed at 120° from 
each other and with visual cues placed 
around the room. To evaluate spatial 
memory, mice were allowed to explore 
two arms for 10 minutes, followed by a 
90-minute intertrial interval, and then 
they were returned to the maze with 
access to all three arms. Videos were 
analyzed by using rodent behavior 
tracking software (Videotrack; View-
Point Behavior Technology, Montreal, 
Quebec, Canada). This test is based on 
the natural tendency of mice to explore 
new environments (in this case, the 
novel arm), as mice with intact hip-
pocampal memory function will spend 
more of the testing time exploring the 
novel arm (17). The mice had to enter 
the distal quadrant of the novel arm 
to be counted as time spent “explor-
ing the novel arm.” The percentage 
of time spent in the distal quadrant 
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Figure 1

Figure 1:  MR imaging (MRI)–guided focused ultrasound (FUS)–induced BBB permeability in the bilateral hippocampus. (a) Axial T2-weighted MR image (repetition 
time msec/echo time msec, 2000/60) revealed identification of target regions in the brain. (b) Same image as in a shows four spots corresponding to the bilateral 
hippocampus that were chosen. (c) Posttreatment contrast material–enhanced axial T1-weighted image (500/10) confirms that BBB opening was restricted to the 
targeted locations. (d) Bar graph shows that there was no significant difference in the levels of contrast enhancement between TgCRND8 mice (138% enhancement) 
and non-Tg littermates (148% enhancement), indicating that the levels of BBB opening were consistent between groups. (e) Bar graph shows that there was no 
difference in the mean peak pressure (megapascals) required to open the BBB by using the acoustic controller algorithm. The mean peak pressure reached during 
the sonications was estimated to be 1.25 MPa 6 0.13 (standard error of the mean) in the non-Tg mice and 1.18 MPa 6 0.15 in the TgCRND8 mice. (f) Schematic 
of the experimental setup. In d and e, bars represent means, and error bars represent standard errors of the means. 

of the novel arm was calculated as a 
percentage of the total time in the Y 
maze. The maximum alternation index 
test was based on evidence that mice 
tend to alternate entry into each of the 
three arms, choosing to enter the less 
recently visited arm. After a 5-minute 
exposure to all three arms, the maxi-
mum alternation index is expressed as 
the number of completed triads as a 
percentage of the total arm entries.

Immunohistochemical Analysis
Immunohistochemical analysis was 
performed by one author (A.B., with 
7 years of experience). Mice were 

anesthetized and sacrificed by means 
of intracardiac perfusion with 4% 
paraformaldehyde. Brains were re-
moved, postfixed in formaldehyde, and 
immersed in 30% sucrose. Coronal 
sections of 50 mm were cut through 
the hippocampus by using a cryostat 
and were stained with mouse anti-
6F3d (1:200) (Dako, Glostrup, Den-
mark) to visualize amyloid plaques or 
goat antidoublecortin (1:200) (DCX; 
Santa Cruz Biotechnology, Santa Cruz, 
Calif) to identify newly born or imma-
ture neurons. Donkey antimouse Alexa 
555 (Invitrogen, Burlington, Ontario, 
Canada) and Donkey-antigoat Alexa 

555 (Invitrogen) were used as second-
ary antibodies.

Plaque Analysis
Plaque analysis was performed by one 
author (S.Y., with 1 year of experi-
ence). Z-stack images from six equally 
spaced sections spanning the hippo-
campus of each mouse were obtained 
by using the 103 objective of the laser 
scanning microscope (LSM510; Zeiss, 
Oberkochen, Germany) with a helium-
neon laser at wavelength 543 nm and 
an emission filter of 585/50. Gray-
scale maximum intensity projection 
images were adjusted automatically for 
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brightness and contrast by using ImageJ 
(18). The total number of plaques and 
the cross-sectional area of the plaques 
were automatically calculated by using 
the particle analysis function of ImageJ. 
Sections were visually assessed for 
plaque-coated vessels, and these were 
excluded from the analysis. The plaque 
data were measured on individual sec-
tions, and an average size and number 
were obtained for each animal. The un-
paired Student t test was used to com-
pare treated and nontreated TgCRND8 
mice.

Analysis of Immature Neurons in the 
Dentate Gyrus
The analysis of immature neurons in 
the dentate gyrus was performed by 
three authors (A.B., with 2 years of 
experience; N.E. and O.H., with 1 
year of experience each). Following 
immunohistochemical analysis for 
DCX, which was used to identify new-
born neurons in the dentate gyrus of 
the hippocampus, Z-stacks of the en-
tire dentate gyrus were obtained by 
using the laser scanning microscope 
(LSM510; Zeiss) and the setting de-
scribed above. Z-stacks of the im-
ages were obtained from four equally 
spaced sections from the hippocam-
pus of each animal. The neuronal cell 
bodies were counted by using the Cell 
Counter plug-in (ImageJ). Approx-
imately 200–400 cell bodies were 
counted in each animal and were ex-
pressed as the total number of cells 
per section. Neuronal processes (den-
drites) extending from each DCX-pos-
itive cell body were traced by using 
Simple Neurite Tracer (ImageJ), as 
long as the process was vertically ori-
ented into the granular cell layer (19). 
The total dendrite length was calcu-
lated by using spreadsheet software 
(Excel; Microsoft, Redmond, Wash). 
To better characterize the branch-
ing pattern of these longer dendrites, 
Sholl analysis was performed. Sholl 
analysis uses the number of dendrite 
intersections with concentric circles 
to describe the dendrite branch-
ing pattern. The three-dimensional 
morphologic characteristics of the 
dendrites were analyzed by using a 

Fiji-compatible Sholl analysis plug-in 
(19). We used concentric circles at 
radial increments of 1 mm. The data 
on dendrite intersections were con-
solidated and postprocessed by using 
software (Matlab; MathWorks).

Data and Statistical Analyses
Statistical analysis was performed by 
one author (A.B., with 7 years of ex-
perience) using software (GraphPad 
Prism 5.0; GraphPad Software, San 
Diego, Calif). Two-tailed, unpaired t 
tests were used to compare MR imag-
ing–guided focused ultrasound–treated 
animals and untreated animals with 
respect to measurements of plaque 
size and number. One-way analysis of 
variance with the Tukey posttest was 
used to determine significant differ-
ences between the groups of non-Tg 
and TgCRND8 mice and untreated 
and treated mice with respect to en-
hancement levels, mean peak pressure 
reached, time in novel arm, maximum 
alternation index, dendrite number 
and path length, and the Sholl analysis. 
A significant difference was noted if P 
was less than .05. Figures were created 
with software (Photoshop; Adobe, San 
Jose, Calif).

Results

MR imaging–guided focused ultra-
sound was targeted to the bilateral 
hippocampus by using T2-weighted 
MR images (Fig 1a, 1b). Following MR 
imaging–guided focused ultrasound, 
effective BBB opening in the targeted 
location was evaluated by using con-
trast-enhanced T1-weighted images 
(Fig 1c). The relative amount of BBB 
opening correlates with the enhance-
ment level on T1-weighted MR images 
(20). We found no significant differ-
ence in the levels of contrast enhance-
ment between TgCRND8 mice (138% 
enhancement) and non-Tg littermates 
(148% enhancement), indicating that 
the levels of BBB opening were consis-
tent between groups (Fig 1d). There 
was no difference in the mean peak 
pressure in megapascals required to 
open the BBB by using the acoustic 
controller algorithm. The mean peak 

pressure reached during the sonica-
tions was estimated to be 1.25 MPa 
6 0.13 in the non-Tg mice and 1.18 
MPa 6 0.15 in the TgCRND8 mice (Fig 
1e). After reaching this peak value, 
the pressure amplitude was reduced 
to one-half for the remainder of the 
sonication. Therefore, consistent BBB 
opening was achieved by using similar 
acoustic pressures in both TgCRND8 
and non-Tg mice.

TgCRND8 and non-Tg littermates 
were treated multiple times in the same 
location to demonstrate that repeated 
MR imaging–guided focused ultrasound 
treatments to a structure relevant for 
the treatment of AD are well tolerated. 
All mice recovered well from the anes-
thetic administered and were found to 
nest and groom normally at 24 hours 
after each MR imaging–guided focused 
ultrasound treatment (data not shown). 
Over the course of the experiment, 
TgCRND8 mice weighed significantly 
less than their non-Tg littermates, but 
weight was unaffected by MR imaging–
guided focused ultrasound treatments, 
indicating normal feeding patterns 
following recovery from ultrasound ex-
posure (data not shown).

We found that 8-month-old untreated 
TgCRND8 mice spent 24 seconds (8% of 
the total time) exploring the novel arm of 
the Y maze, compared with 1 minute spent 
by the nontransgenic littermates (20% of 
the total time). The 61% less time spent 
in the novel arm by the TgCRND8 mice 
was significant (P , .05) (Fig 2a) (21). 
Following MR imaging–guided focused 
ultrasound treatments, TgCRND8 mice 
spent 48 seconds exploring the novel arm 
(16% of the total time), representing a 
99% increase in the time spent in the 
novel arm. This time was similar to the 
time that the treated non-Tg mice spent, 
which was 54 seconds (18% of the total 
time), in the novel arm. Using the max-
imum alternation index test, TgCRND8 
mice performed the correct alternation 
29% of the time; by comparison, non-Tg 
mice performed the correct alternation 
61% of the time. The 52% reduction in 
maximum alternations was significant (P 
, .05) (Fig 2b). Following MR imaging–
guided focused ultrasound treatment, the 
TgCRND8 mice increased the number of 
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Figure 2

Figure 2:  MR imaging–guided focused ultrasound (FUS)–treated TgCRND8 mice perform better in the Y 
maze than untreated TgCRND8 mice. (a) Bar graph shows that TgCRND8 mice spent 24 seconds (8% of the 
total time) exploring the novel arm of the Y maze, compared with 1 minute spent by the non-Tg mice (20% 
of the total time). The 61% difference between the TgCRND8 mice and the non-Tg mice was significant (P , 
.05). Following MR imaging–guided focused ultrasound, TgCRND8 mice spent 99% more time in the novel 
arm (48 seconds, 16% of the total time), which was similar to the 54 seconds that the mice treated with 
MR imaging–guided focused ultrasound spent exploring the novel arm (18% of the total time). (b) Bar graph 
shows that TgCRND8 mice perform 52% fewer completed alternations than the non-Tg littermates (P , 
.05), but after MR imaging–guided focused ultrasound treatment, the TgCRND8 mice performed the correct 
alternation 50% of the time, which was similar to result for the treated non-Tg mice who performed correct 
alternations 61% of the time. Bars represent means, and error bars represent standard errors of the mean, 
with n = 6–8 per group. A significant difference is noted if P , .05. ∗ = P , .05.

completed alternations to 50%, a level 
that was comparable to that of the non-
Tg mice.

Plaques were identified in sections 
from untreated (Fig 3a) and MR imag-
ing–guided focused ultrasound–treated 
(Fig 3b) TgCRND8 mice by using im-
munohistochemical analysis. The mean 
plaque size of the TgCRND8 mice was 
352 µm2 6 38, which was reduced by 
20% to 279 µm2 6 16 after MR imag-
ing–guided focused ultrasound treat-
ments (Fig 3c) (P , .01). We also quan-
tified the total number of plaques in the 
hippocampus and found that the mean 
number of plaques in the untreated 
TgCRND8 mice was 17 6 3 and was 
reduced to 12 6 1 after MR imaging–
guided focused ultrasound treatment. 
MR imaging–guided focused ultrasound 
treatment significantly reduced the 
plaque load in the hippocampus by 19% 
(Fig 3d) (P , .01).

Immunohistochemical analysis re-
vealed that there are increases in the 
number of DCX-expressing, imma-
ture neurons in the dentate gyrus af-
ter MR imaging–guided focused ultra-
sound treatment in both non-Tg and 

TgCRND8 mice (Fig 4a). The mean 
number of DCX-positive cells per sec-
tion was 51 6 9 in untreated non-Tg 
mice, compared with 96 6 18 in non-
Tg mice receiving MR imaging–guided 
focused ultrasound treatments, which 
is a 188% increase in the number of 
immature neurons in the hippocampus 
(Fig 4b) (P , .05). The difference was 
greater in the TgCRND8 mice who had 
a mean of 43 6 12 DCX-positive cells 
per section without treatment and a 
mean of 108 6 20 DCX-positive cells 
per section following treatment (252% 
increase) (Fig 4b) (P , .05). To con-
firm that the increases in DCX-positive 
cell bodies reflected an increase in the 
total number of neurons, total dendrite 
length was also measured and found 
to be 227% greater in treated non-Tg 
and TgCRND8 mice. In non-Tg mice re-
ceiving MR imaging–guided focused ul-
trasound treatment, the total dendrite 
length was a mean of 152 mm 6 30 
compared with a mean of 67 mm 6 11 
in untreated non-Tg mice (Fig 4c) (P , 
.05). In TgCRND8 mice, MR imaging–
guided focused ultrasound–treated ani-
mals had a mean dendrite length of 194 

mm 6 27, which was 332% greater than 
the mean of 60 mm 6 14 observed in 
the untreated TgCRND8 mice (Fig 4c) 
(P , .01). In animals treated with MR 
imaging–guided focused ultrasound, the 
number of intersections of the dendrite 
with the virtual ring was increased as 
the distance from the soma was greater 
in both the non-Tg (Fig 4d) (P , .05) 
and TgCRND8 mice (Fig 4e) (P , .05). 
These data demonstrate that branching 
of the dendrites is greater in MR imag-
ing–guided focused ultrasound–treated 
animals compared with their untreated 
controls, suggesting that MR imaging–
guided focused ultrasound increases 
the differentiation and maturation of 
DCX-positive cells in the dentate gyrus, 
potentially contributing to the improved 
behavior.

Discussion

In this study, we showed that MR im-
aging permits the targeting of specific 
brain structures, such as the hippo-
campus, for focused ultrasound–medi-
ated opening of the BBB with micro-
bubbles. MR imaging–guided focused 
ultrasound, applied weekly to the hip-
pocampus of TgCRND8 mice led to 
improvements in cognition, potentially 
mediated by reduced plaque load and 
increased neuronal plasticity. The BBB 
was opened repeatedly in the bilateral 
hippocampus, a structure severely af-
fected in AD and appropriate for clin-
ical treatment targeting. In addition 
to having positive effects on behavior 
and pathology, the three weekly MR 
imaging–guided focused ultrasound 
treatments did not impair the animals’ 
weight, grooming, or other activities 
related to general health. There were 
no histologic signs of tissue damage in-
duced by the treatment.

Previous studies have demon-
strated that repeated MR imaging–
guided focused ultrasound treatments 
can be performed without causing 
tissue damage in the healthy brain 
(22–24). More convincingly, repeated 
MR imaging–guided focused ultra-
sound treatments in the central visual 
cortex and the bilateral hippocampus 
of the macaque brain did not result 
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Figure 3

Figure 3:  MR imaging–guided focused ultrasound (FUS) reduces plaque pathologic abnormalilties in the 
TgCRND8 brain. Plaques were identified by using the 6F3d antibody and were quantified by using ImageJ 
analysis. (a, b) Representative 10× images of the plaque pathologic abnormalities in untreated TgCRND8 
mice (a) and MR imaging–guided focused ultrasound –treated TgCRND8 mice (b). (c) Bar graph shows that 
mean plaque size in the hippocampus of untreated TgCRND8 mice was 352 µm2 6 38 which was reduced 
by 20% to 279 µm2 6 16 after MR imaging–guided focused ultrasound (P , .01). (d) Bar graph shows that 
the total number of plaques in the hippocampus of untreated TgCRND8 mice was a mean of 17 6 3 and 
was reduced to a mean of 12 6 1 after MR imaging–guided focused ultrasound treatment, representing a 
reduction of 19% (P , .01). In c and d, bars represent means, and error bars represent standard errors of 
the mean, with n = 6–8 per group. ∗∗ 5 P , .01.

in deficits in visual or hippocampal-
driven cognitive tests (24), support-
ing the safety of MR imaging–guided 
focused ultrasound in the healthy 
brain. Few studies have examined 
the effects of MR imaging–guided fo-
cused ultrasound on a brain affected 
with complex pathologic abnormal-
ities, such as in AD. By using a mouse 
model of AD, MR imaging–guided fo-
cused ultrasound–mediated opening 
of the BBB was found to improve the 
delivery of endogenous and intrave-
nously administered antibodies into 
the brain without damage to the brain 
tissue (7). In addition, no differences 

in the timing or the characteristics of 
BBB opening between transgenic mice 
and non-Tg littermates have been de-
scribed (25). In 2013, Jordão et al (12)  
reported that, when MR imaging–
guided focused ultrasound was applied 
to one hemisphere, there were corre-
sponding reductions in cortical plaque 
load, compared with the untreated 
hemisphere. The researchers in these 
previous studies have performed uni-
lateral MR imaging–guided focused 
ultrasound treatments to directly 
compare the effects of targeted BBB 
opening with the untreated contralat-
eral hemisphere. While these studies 

have been effective for demonstrating 
safety of the treatment, the current 
study uses a more clinically relevant 
approach to studying the effects of MR 
imaging–guided focused ultrasound. 
The bilateral treatment of the hippo-
campus shows that the effects of MR 
imaging–guided focused ultrasound on 
behavior and pathologic abnormalities 
are robust and significant between 
groups of animals.

Compared with the studies in which 
the researchers applied MR imaging–
guided focused ultrasound to one entire 
hemisphere to reduce plaque load in 
the cortex (11,12), we used a higher-
frequency transducer (1.68 MHz), 
which has a smaller focal volume, en-
abling us to target brain substructures 
and limiting the brain regions affected 
by the ultrasound treatment. We show 
that repeated MR imaging–guided 
focused ultrasound treatments lead 
to a 20% reduction in plaque load in 
TgCRND8 mice even at 8 months of 
age, representing an advanced stage of 
the disease and abundant plaque path-
ologic abnormalities. Reduced plaque 
potentially contributes to the improved 
cognitive performance of the mice in 
the Y maze, as the amount of amyloid 
in the brain is known to correlate with 
cognition (26–28).

The investigators in previous stud-
ies have suggested two potential mech-
anisms for plaque reduction (12). First, 
opening of the BBB permits the entry 
of endogenous immunoglobuline G and 
immunoglobulin M from the periph-
ery into the brain, which assists with 
plaque clearance. Second, MR imaging–
guided focused ultrasound causes mild 
activation of astrocytes and microglia, 
which were shown to internalize amy-
loid and contribute to plaque reduction 
(12). These potential mechanisms are 
likely to also contribute to the reduced 
plaque observed in this study.

The behavioral studies presented 
here contribute to the knowledge that 
focused ultrasound is safe for applica-
tion in AD. The improvements in spatial 
learning observed in treated TgCRND8 
mice indicate that MR imaging–guided 
focused ultrasound activates endoge-
nous mechanisms related to learning 
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Figure 4

Figure 4:  MR imaging–guided focused ultra-
sound (MRIgFUS) treatment increases DCX-positive 
number of cells and branching. (a) Images from DCX 
immunocytochemical analysis was performed in four 
equally spaced sections from all animals. Represen-
tative 10× images of the newborn neurons in the 
hippocampus are provided for each treatment group. 
(b) Bar graph shows that the number of DCX-positive 
cell bodies increased by 188% in non-Tg mice (P , 
.05) and by 252% in TgCRND8 mice treated with MR 
imaging–guided focused ultrasound (P , .05). (c) 
Bar graph shows that the total dendrite path length 
was increased by 227% in non-Tg mice (P , .05) 
and by 332% in TgCRND8 mice (P , .01) treated with MR imaging–guided focused ultrasound. (d) Graph depicts that the number of intersections of a dendrite with 
the concentric circles, which describes the relative amount of dendrite branching, showed that MR imaging–guided focused ultrasound treatment increased dendritic 
branching in non-Tg mice at distant radii (P , .05). (e) Graph depicts that the dendritic branching was also increased in TgCRND8 mice following repeated treatment 
with MR imaging–guided focused ultrasound (P , .05). In b and c, bars represent means, and error bars represent standard errors of the mean, with n = 6–8 per 
group. ∗ 5 P , .05, ∗∗ 5 P , .01.

and memory processes. To relate the 
changes in behavior to biologic changes 
in the brain, the immature neurons of 
the dentate gyrus were characterized 
by using a specific marker, DCX. In-
creases in the number of DCX-positive 
neurons in the hippocampus are known 
to be required specifically for the ac-
quisition of new spatial memories (29). 
Increased DCX-positive neurons have 
been correlated with improvement in 

cognitive behavior in a model of AD, 
even in the absence of changes in 
plaque pathologic abnormalities or total 
number of neurons (30). We show that 
MR imaging–guided focused ultrasound 
increases the proliferation and matu-
ration of newborn cells in the hippo-
campus and is correlated to improved 
spatial memory function, but the mech-
anisms are unknown. In a study with 
no microbubbles, it was suggested that 

focused ultrasound can stimulate intact 
brain circuits and increase production 
of brain-derived neurotrophic factor, 
a potent mediator of neural plasticity 
in the hippocampus (31). Although it 
would have to be shown that focused 
ultrasound parameters that open the 
BBB could also increase brain-derived 
neurotrophic factor, this could be one 
mechanism supporting the increased 
DCX-positive cells following MR 
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imaging–guided focused ultrasound. 
Another potential mechanism might be 
induction of Akt signaling in neurons, 
which has been shown to occur in the 
regions of BBB opening after MR im-
aging–guided focused ultrasound (32). 
Akt is a downstream signaling molecule 
of tyrosine kinase receptors and is ac-
tivated on ligand binding to receptors 
such as neurotrophin receptors, gluta-
mate receptors, and others. It has been 
well established that activation of Akt 
signaling leads to increased survival of 
DCX-positive cells in the presence of 
amyloid (33).

There are limitations to this study 
in which we assessed behavioral chang-
es by using only one experimental test. 
The cognitive changes exhibited by pa-
tients with AD extend far beyond the 
cognitive test used in this study. Fur-
ther analysis of how repeated MR im-
aging–guided focused ultrasound treat-
ments affect anxiety, depression, and 
other types of memory are required. 
In addition, the TgCRND8 mice do not 
exhibit all of the pathologic abnormal-
ities observed in clinical cases of AD, 
and therefore, these experiments need 
to be performed in a larger cohort of a 
variety of animal models of AD to gain 
a true understanding of how BBB open-
ing with MR imaging–guided focused 
ultrasound can affect behavior and pa-
thology in AD.

Repeated MR imaging–guided fo-
cused ultrasound treatments for BBB 
opening can improve spatial memory, 
decrease plaque pathologic abnormal-
ities in the hippocampus, and increase 
neuronal plasticity in the dentate gyrus. 
It remains to be tested whether the in-
travenous administration of therapeu-
tics such as antibodies, stem cells, or 
therapeutic transgenes, in combination 
with MR imaging–guided focused ultra-
sound to the hippocampus, would have 
greater effects on memory and plaque 
pathology in mouse models of AD. The 
positive effect of MR imaging–guided 
focused ultrasound alone on some of 
the cognitive functions related to pa-
thology in AD is most promising for 
future consideration of MR imaging–
guided focused ultrasound treatments 
in patients with AD.
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