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Amyloid plaques are one of the major microscopic lesions that characterize Alzheimer's disease. Current ap-
proaches to detect amyloid plaques by using magnetic resonance imaging (MRI) contrast agents require invasive
procedures to penetrate the blood–brain barrier (BBB) and todeliver the contrast agent into the vicinity of amyloid
plaques. Here we have developed a new protocol (US–Gd-staining) that enables the detection of amyloid plaques
in the brain of an APP/PS1 transgenic mouse model of amyloidosis after intra-venous injection of a non-targeted,
clinically approved MRI contrast agent (Gd-DOTA, Dotarem®) by transiently opening the BBB with unfocused ul-
trasound (1 MHz) and clinically approved microbubbles (Sonovue®, Bracco). This US–Gd-staining protocol can
detect amyloid plaques with a short imaging time (32 min) and high in-plane resolution (29 μm). The sensitivity
and resolution obtained is at least equal to that provided by MRI protocols using intra-cerebro-ventricular injec-
tion of contrast agents, a reference method used to penetrate the BBB. To our knowledge this is the first study
to demonstrate the ability of MR imaging to detect amyloid plaques by using a peripheral intra-venous injection
of a clinically approved NMR contrast agent.

© 2013 Published by Elsevier Inc.
Introduction

Alzheimer's disease (AD) is the most common neurodegenerative
disease of the central nervous system and is characterized by two
major microscopic lesions: amyloid plaque deposits and neurofibrillary
tangles. Amyloid plaques are one of the earliest hallmarks of the disease,
which can occur up to twenty years before the first clinical signs of de-
mentia (Sperling et al., 2011) and are thought to precede and trigger a
series of pathological events eventually leading to the onset of clinical
AD (Hardy and Selkoe, 2002). Because of their very early occurrence,
amyloid plaques are amajor target for several diseasemodifying agents
undergoing clinical development (Mangialasche et al., 2010).

In humans, amyloid plaques measure from 20 to 100 μm. Current-
ly, PET imaging with radioactive ligands, such as the Pittsburgh
compound B (PiB) radiolabeled with 11C (Klunk et al., 2004) or the
AV-45 radiolabeled with 18F (Doraiswamy et al., 2012), is the major
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method used to measure global amyloid load in humans. PET imaging
with 18F AV-45 can also detect amyloid load in transgenic mouse
models of AD (Poisnel et al., 2012), whereas contradictory results
concerning the ability of 11C PiB-PET to detect amyloid plaques in
transgenic mouse models have been reported in other studies
(Klunk et al., 2005; Maeda et al., 2011). Although PET has been widely
used for brain imaging, it suffers from some drawbacks, including low
resolution, the need to manipulate radioactive compounds, as well as
the low availability of PET scanners for routine diagnostic purposes in
patients suffering from neurodegenerative diseases and of μPET de-
vices for preclinical studies in animals. Thus, alternative methods
based on other imaging modalities, such as MRI, are currently being
developed to detect amyloid plaques.

Compared to PET imaging, MRI has a higher resolution, does not re-
quire radioactive compounds, and MR spectrometers are more readily
available than PET scanners. The imaging of amyloid plaques by MRI
can be achieved by exploiting the spontaneous contrast of the plaques
or by using NMR contrast agents. The detection of amyloid plaques on
the basis of their spontaneous contrast mainly relies on the accumula-
tion of iron in the core of these lesions which leads to hypointense
spots on T2, T2* or susceptibility-weighted MR images in transgenic
mice (Chamberlain et al., 2009; Dhenain et al., 2009; Jack et al., 2005)
and post-mortem human brain samples (Meadowcroft et al., 2009).
However, iron accumulation in amyloid plaques is not homogenously
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Table 1
Overview of the various protocols used in the current experiments.

Administration of
Gd contrast agent

Use of US
stimulation

IV administration
of microbubbles

US–Gd-stain IV Yes Yes
ICV-Gd-stain ICV No No
Ctrl No No No
Ctrl-US–Bb No Yes Yes
Ctrl-IVGd IV No No
Ctrl-IVGd–US IV Yes No
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distributed in all brain regions (Dhenain et al., 2009) and the detection
of amyloid plaques by using spontaneous contrast can be very challeng-
ing and time consuming (Dhenain et al., 2002). As a result approaches
based on the use of targeted or non-targeted contrast agents are being
used to improve the detection of amyloid plaques by MRI.

The most commonly used targeted contrast agents rely on the
targeting of Aβ peptides or anti-amyloid antibodies that are linked to a
contrastophore, such as Gadolinium (Gd) or monocrystalline iron
oxide nanoparticules (MION) (Poduslo et al., 2002; Zaim Wadghiri et
al., 2003). Methods, such as ICV-Gd-staining, which rely on intra-
cerebro-ventricular (ICV) administration of a non-targeted contrast
agent (e.g. Gadoteric acid (Dotarem®, Guerbet, France), can also be
used to detect amyloid plaques in living mice with a very good resolu-
tion (45 μm) (Dhenain et al., 2006; Petiet et al., 2012). The underlying
mechanisms of contrast enhancement are due to the hydrophilic prop-
erties of Gd that prevent it fromassociatingwith thehighly hydrophobic
amyloid plaques (Petiet et al., 2012). The ICV-Gd-staining protocol uses
a commercially available and inexpensive contrast agent (Dotarem®),
which is also an advantage compared to other methods. This agent
does not interfere with amyloidogenesis, unlike specific contrast agents
composed of Aβ fragments (ZaimWadghiri et al., 2003) or Aβ antibod-
ies (Poduslo et al., 2002), that are less suitable for longitudinal follow-up
studies and the assessment of pharmacological treatments.

Since neither targeted nor non-targeted contrast agents readily cross
the blood–brain barrier (BBB), the ability to detect amyloid plaqueswith
these agents requires the use of specialized techniques to penetrate the
BBB and deliver the contrast agent in the vicinity of the amyloid plaques.
Examples of these techniques include, intracarotid arterial infusion of
hyperosmolar solutions (ZaimWadghiri et al., 2003), linkage of the con-
trast agents with polyamines, such as putrescine (Poduslo et al., 2002),
liposomes or nanoparticle drug carriers (Gulyaev et al., 1999; Huwyler
et al., 1996) and direct injection of the contrast agent into the brain ven-
tricles. However, these techniques have only limited effects on drug up-
take and can have toxic effects on brain tissues (Vykhodtseva et al.,
2008). By contrast, the use of ultrasound (US) and gas microbubbles
(also used as contrast agents in US imaging) is a very promisingmethod
to induce transient BBB openingwhich has been demonstrated to be se-
lective, reversible and relatively non-invasive in mice (Choi et al., 2007;
Hynynen et al., 2001;McDannold et al., 2005) and non-human primates
(Marquet et al., 2011). In addition, several reports have shown that this
technique is one of the least toxic methods that can be used to open the
BBB and to enable the uptake of an agent into the brain (Howles et al.,
2010a; Vykhodtseva et al., 2008).

The aim of the present studywas to evaluatewhether the use of unfo-
cusedUS andmicrobubbles could beused to improve the ICV-Gd-staining
protocol previously described by Petiet et al. (Petiet et al., 2012) by
enabling the detection of amyloid plaques after intra-venous (IV) admin-
istration of a Gd contrast agent and thereby avoid the need for adminis-
tration by ICV injection. Our data show that this new MR imaging
method, called US–Gd-staining, can be used to rapidly detect amyloid
plaques in the brain of transgenic mice.

Materials and methods

Animals

Experiments were conducted on female APP/PS1 transgenic mice
overexpressing amyloid precursor protein (APP) and presenilin 1
(PS1) mutations associated with familial AD (double Thy1 APP751 SL
Swedish (KM670/671NL) and London (V717I) mutations introduced
in the human APP751 sequence × HMG PS1 M146L transgenic mouse
line) (Blanchard et al., 2003;Delatour et al., 2006). In these animals, am-
yloid deposition starts at the age of 2.5 months (Blanchard et al., 2003).
Amyloid-free PS1micewere used as controls. A total of 12 animals aged
from 8 to 17 month-old were used for this study (6 APP/PS1 and 6 PS1
controls). Animal experimental procedures were performed in strict
accordance with the recommendations of the EEC (86/609/EEC) and
the French national committee (decree 87/848) for the care and use of
laboratory animals. The research was conducted under the authoriza-
tion number 91-326 from the “Direction Départementale des Services
Vétérinaires de l'Essonne”.

In vivo MRI experiments

In vivo MRI was performed on a 7 T-Spectrometer (Agilent, USA)
interfaced with a console running VnmrJ 2.3. The spectrometer was
equipped with a rodent gradient insert of 700 mT/m. A birdcage coil
(RapidBiomed, GmbH, Germany) and a mouse brain surface coil
(RapidBiomed GmbH, Germany) were used for emission and reception,
respectively. MR images were recorded using two different imaging se-
quences. First, a low resolution 3D-Gradient Echo sequence was used
to monitor the efficiency of BBB opening (FOV = 20 × 20 × 13mm3,
Mtx = 128 ∗ 128 ∗ 64, TR = 25 ms, TE = 2 ms, flip angle = 30°,
Nex = 1, bandwidth = 100 kHz, acquisition time: 3 min 24 s (Howles
et al., 2010a)). Second, a high-resolution 3D-Gradient Echo sequence
was used to achieve a resolution of 29 ∗ 29 ∗ 117 μm3 allowing amyloid
plaque imaging (FOV: 15 ∗ 15 ∗ 15 mm3, Mtx = 512 ∗ 512 ∗ 128,
TR = 30 ms, TE = 15 ms, flip angle = 20°, Nex = 1, bandwidth =
25 kHz, acquisition time: 32 min (Petiet et al., 2012)). All procedures re-
quiring IV injection were performed after insertion of a catheter (27G,
Microflex, Vygon, France) into the tail vein of the animals. The animals
were imaged using different experimental protocols (Table 1): 1) IV ad-
ministration of Gd contrast agent (Gd-DOTA, Dotarem®, Guerbet,
France, 4 mmol/kg) after BBB opening with US and microbubbles,
i.e. US–Gd-staining and 2) ICV administration of Gd contrast agent
i.e. ICV-Gd-staining which is our previously established reference
method to detect amyloid plaques by MRI (Petiet et al., 2012) and
3) four control conditions based on 3.1) no administration of Gd
contrast agents or microbubbles and no stimulation by US (Ctrl),
3.2) no administration of Gd contrast agents and US stimulation of
microbubbles (Ctrl-US-Bb), 3.3) IV administration of Gd contrast
agent without stimulation by US and microbubbles (Ctrl-IVGd),
3.4) IV administration of Gd contrast agent with US stimulation but
without microbubbles injection (Ctrl-IVGd-US). For all protocols,
the MR images were recorded starting at 60 min after administra-
tion of the Gd-based contrast agent or US stimulation for the
Ctrl-US-Bb condition. During the MRI experiment the animals were
anesthetized with a mixture of isoflurane (0.75–1.5%) and carbogen
(95% O2–5% CO2) and their breathing rate was monitored. Carbogen
was used to reduce the signal coming from circulating blood
(Thomas et al., 2003).

T1 was also evaluated to assess the dynamics of the Gd-based
contrast agent wash-out after its penetration in the brain using
BBB opening by ultrasound and microbubbles. The T1 calculation
was based on seven successive 2D multi-slice spin echo images
with five TR values (TR = 0.4, 0.75, 1.5, 2.5, and 5 s, TE = 14 ms,
Nex = 1, FOV = 25 × 25mm2, Mtx = 128 × 128, 6 slices, slice
thickness = 1 mm, bandwidth = 50 kHz). The images were recorded
before US–Gd-staining and every 80 min over 8 h after the BBB open-
ing. Parametric maps of relaxation times were calculated from expo-
nential regression curves (S = 1 − exp(−TR / T1)) where S is the
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signal intensity, TR is the repetition time and T1 is the longitudinal
relaxation time (ImageJ, MRI Analysis Calculator, Karl Schmidt). Relax-
ation times were measured from cortical regions in the frontal part of
the brain.

BBB opening by ultrasound and microbubbles for US–Gd-staining

Ultrasound system
A single element unfocused transducer (center frequency:

1 MHz, diameter: 13 mm, Imasonic, France) was used throughout
the study. Prior to experiments, the transducer field was character-
ized in a water tank filled with 4 L of deionized and degassed
water. The transducer could be positioned along 3 orthogonal axes
using a motion controller (MM4006, Newport, USA). The transducer
was excited in pulse-echo mode using a pulser-receiver (5900PR,
Olympus NDT Inc., USA). Signals reflected by a point-like reflector
were amplified by the receiver and digitized using an oscilloscope
(Tektronix TDS 1012, USA). Acquisition and transducer scanning
were driven by in-house Matlab software (Mathworks, USA). To
measure the−6 dB beam diameter (BD[−6 dB]) and near field dis-
tance (NF), ten 2D-scans were recorded with axial distances from 20
to 40 mm between the transducer and the point-like reflector. Fig. 1
shows the beam pattern measured based on maximum peak-
to-peak voltage (maximum scaled to 0 dB) at each point in the
2D-scan at the near field distance (29.5 mm between the transducer
and the point-like reflector). Near field distance is determined by
the last maximum peak-to-peak voltage measured along the central
axis of each 2D-scan. The theoretical (BD[−6 dB] ≈ 3.3 mm,
NF ≈ 28.5 mm) and measured values (BD[−6 dB] ≈ 4.0 mm,
NF ≈ 29.5 mm) of beam diameter and near field distances (D2/4λ
with D the element diameter and λ the wavelength of the US wave
in water) were in good agreement.

The transducer-induced pressure at the near field distance was
then measured with a calibrated hydrophone (HGL-0400, Onda
Corp, USA) in deionized and degassed water. An arbitrary function
generator (G5100A, Picotest, Taiwan) and a 50-dB power amplifier
(A075, Electronics and Innovation, USA) were used to generate sinu-
soidal tone bursts consisting of a 1-MHz centered burst of 10 000 cy-
cles leading to a 10 ms excitation with a pulse repetition frequency
(PRF) of 10 Hz. The peak-to-peak voltage (Vpp) given by the function
generator varied linearly from 0.05 to 0.60 Vpp. The resulting peak
Fig. 1. Color-coded US beam pattern measured at the near field distance in dB. The
black-dashed circle delimits the −6 dB zone (4 mm diameter). Scale bar = 2 mm.
negative acoustic pressures measured with the hydrophone ranged
from 0.17 MPa to 1.70 MPa.

BBB opening by ultrasound and microbubbles
Animals were anesthetized with a mixture of isoflurane (1–2%) and

air (1 L/min) during the procedure of BBB opening by US and
microbubbles. Their heads were shaved and placed in a supine position
on top of a tank filled with 2 L of pure and degassed water. The trans-
ducer was placed in this tank beneath the head of the animals. The dis-
tance between the transducer membrane and the top of the head was
adjusted to ensure that the near field distance of the transducer was
within themouse brain parenchyma. US excitation consisted of sinusoi-
dal tone bursts with the same parameters and electronics used for the
characterization of the transducer-induced pressure. The function gen-
erator peak-to-peak voltage was set to 0.40 Vpp to give a peak negative
pressure of 1.1 MPa at the near field distance in water. This value was
chosen on the basis of values reported in the literature to induce a tran-
sient BBB openingwith a mechanical index (MI) above 0.5 (McDannold
et al., 2008) and took into account US attenuation due to the skull (30%
at 1.5 MHz (Choi et al., 2007)). US excitation lasted for 3 min. Two IV
boluses of microbubbles (0.1 mL each; Sonovue®, Bracco Research SA,
Switzerland) were administered at the beginning and 1 min after the
start of US excitation. When used, the MR contrast agent was adminis-
tered 10 and 11 min after the end of the US excitation (two boluses of
0.1 mL).

Surgical procedure for ICV-Gd-staining

To compare results between the US-based BBB opening method
and direct injection into the brain ventricles, we performed ICV injec-
tions of MRI contrast agent in mice, as previously described (Petiet et
al., 2012). Briefly, the mice were anesthetized with a mixture of
isoflurane (1–2%) and air (1 L/min). They were placed on a stereotax-
ic frame and the skull was bilaterally perforated with a Dremel. Blunt
Hamilton syringes were used to inject MR contrast agent into the lat-
eral ventricles at coordinates A/P −0.2 mm, L ± 1 mm, −1.8 mm
relative to the surface of the dura mater (Paxinos and Franklin,
2001). A volume of 1 μL (0.5 mmol/mL) was injected into each side
at a rate of 0.2 μL/min. Upon completion of the injections, the needles
were slowly withdrawn to minimize any outflow from pressure re-
lease and the skin was then sutured.

Amyloid load quantification from MR images

Cortical amyloid load was calculated from MR images of animals
that underwent US–Gd-staining procedure by using a method similar
to that previously reported procedure (Jack et al., 2005; Petiet et al.,
2012). Briefly, 8 coronal slices (antero-posterior direction), evenly
spaced by 468 μm, were selected and 4 circular ROIs (surface
~1 mm2 each) were drawn on each of these slices (2 in each hemi-
sphere). The 8 slices were positioned so that the third slice was local-
ized at the level of the anterior commissure. Hypointense spots were
manually counted, excluding hypointense elements that could be
followed over more than 2 adjacent slices, or that had a tube-like
shape, suggesting the presence of a blood vessel. Areas of hypointense
spots were measured in each ROI. Plaque load was determined as the
ratio of the mean area of the hypointense spots multiplied by the
number of spots counted over the area of the ROI.

Histology — correlation with in vivo MRI

All animals were sacrificed after theMRI exams using a high dose of
sodium pentobarbital (100 mg/kg) and then perfusion-fixed with 10%
buffered formalin. Their brainswere then removed, immersed in forma-
lin for at least 24 h and stored at 4 °C. The brains of the animals were
cryoprotected in sucrose (15% for 24 h then 30% for 24 h) and cut into
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Fig. 2. Low resolution MR images of brains from mice that were not injected with Gd
contrast agent and did not receive microbubbles/US stimulation (A — Ctrl condition),
that were not injected with Gd contrast agent but received microbubbles/US stimulation
(B — Ctrl-US–Bb condition), that were injected with contrast agent alone (C — Ctrl-IVGd
condition), that were injected with contrast agent and received US stimulation without
microbubbles (D — Ctrl-IVGd–US condition), that were injected with contrast agent and
received microbubbles/US stimulation (E — US–Gd-staining condition), and after ICV in-
jection of Gd-based contrast agent (F — ICV-Gd-staining condition). G. Longitudinal
follow-up of T1 signal recovery after administration of contrast agent and microbubbles/
US stimulation. Scale bar = 2 mm.
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40-μm thick coronal sections on a freezing microtome. The sections
were stained for β-amyloid deposits (anti-β-amyloid immunohisto-
chemistry) to detect amyloid plaques. The sections were first rinsed in
phosphate buffered saline (PBS 0.1 M) and then in 30% hydrogen per-
oxide. They were then pretreated with 0.2% octylphenol ethylene
oxide condensate (Triton X-100™, Sigma). After this pretreatment,
theywere incubatedwith an anti-amyloid primary antibody (monoclo-
nal BAM10 clone A3981, dilution 1:1000, Sigma-Aldrich®) for 48 h and
then with a secondary antibody (biotinated IgG anti-mouse, BA-9200,
dilution 1:1000, Vector® Laboratories, Burlingame, USA) for 1 h. Before
revelation (VIP substrate kit for peroxidase, Vector® Labs) the reaction
was amplified for 1 h with a biotin-avidin complex (ABC Vectastain kit,
Vector® Labs) (Berghorn et al., 1994). All sectionswere digitized using a
microscope (Axioplan-1TM, Zeiss Inc.) connected to a digital camera
(MicrofireTM, Optronics Inc.). Three-dimensional MR images were
manually registered to histological sections using the “3D/Volume
viewer” plugin from ImageJ (Rasband, 1997–2012). This plugin enables
manual rotation of the 3D MR images in any direction. We focused on
histological sections at the level of the hippocampus and identified typ-
ical landmarks such as the layers of the hippocampus, blood vessels or
amyloid plaques. The 3D MRI images were then manually rotated
until we could identify these landmarks in the MR images.

Results

In vivo MRI after opening of the BBB by US and microbubbles

Low resolution MR images were first recorded to evaluate BBB
opening in control mice. Visual inspection of images recorded in the
first control conditions, i.e. no injection of Gd-based contrast agent
without (Ctrl condition, Fig. 2A) or with (Ctrl–US–Bb condition,
Fig. 2B) administration of microbubbles and US revealed images
with a poor contrast and low signal to noise ratio. The second control
condition based on administration of Gd-based contrast agent either
without US stimulation (Ctrl-IVGd condition, Fig. 2C) or with US stim-
ulation in the absence of microbubbles (Ctrl-IVGd–US condition,
Fig. 2D) induced a signal increase mainly within the cerebral ventri-
cles, muscles and peripheral fat. The administration of Gd-based con-
trast agent with US stimulation and injection of microbubbles
induced an increased signal in the cerebral ventricles and cerebral pa-
renchyma, as well as in the tissues surrounding the brain (US–
Gd-staining condition, Fig. 2E). The signal increase in the brain was
similar to that obtained after ICV injection of the contrast agent
(ICV-Gd-staining condition, Fig. 2F). Measures of relaxation times
showed that the cortical T1 dropped from 2000 ms to ~360 ms
80 min post US–Gd-staining (Fig. 2G). The T1 progressively returned
to its initial value ~8 h (480 min) after the BBB opening. This suggests
that the contrast agent was cleared out of the cortex at that time.

In vivo MRI detection of amyloid plaques after US–Gd-staining

High resolution images (29 × 29 × 117μm3, acquisition time:
32 min) of the brains of APP/PS1 mice and control amyloid-free PS1
mice were recorded after US–Gd-staining, ICV-Gd-staining and in con-
trol conditions. In APP/PS1 mice, hypointense spots were detected in
the cerebral cortex after US–Gd-staining (Figs. 3A–B,4A). Similar spots
were detected after ICV-Gd-staining (Figs. 3C–D), a method previously
shown to detect amyloid plaques (Petiet et al., 2012). Cerebral images
of APP/PS1 mice recorded without IV injection of Gd and after IV injec-
tion of microbubbles and US stimulation (Ctrl-US-Bb condition,
Fig. 3E) or without US stimulation (Ctrl condition, data not shown)
had a poor signal to noise ratio and did not display any hypointense
spots. IV injection of Gd-based contrast agent alone produced a signal
enhancement in the cerebral ventricles, but a low signal increase in
the cerebral parenchyma (Ctrl-IVGd condition, Fig. 3F). Amyloid plaques
could not be detected in either of these images. A similar result was
obtained after IV administration of Gd-based contrast agent and US
stimulation in the absence ofmicrobubbles injection (Ctrl-IVGd–US con-
dition, data not shown). Images of the brains of control amyloid-free PS1
mice recorded after US–Gd-staining (Figs. 3G and 4C) had a signal en-
hancement in the parenchyma but did not display any hypointense
spots. Hypointense spots observed on the MR images recorded after
US–Gd-stainingwere colocalizedwith amyloid plaques detected on his-
tological sections (Figs. 4A–B (arrows)) thereby confirming that the
hypointense spots detected with US–Gd-staining are amyloid plaques.
We were also able to detect an increase in amyloid load between
8 month old mice (5.1 ± 1.0%) and 17 month old mice (9.1 ± 2.8%).
In addition, two 8 month-old APP/PS1 were imaged twice and the amy-
loid load quantified was found to be very reproducible (5.1 and 5.3% for
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Fig. 3. High resolution MR images (29 × 29 × 117μm3) of the brains of APP/PS1 mice and control amyloid-free PS1 mice and comparison with histological detection of amyloid
plaques. Hypointense spots (arrows) detected in the cerebral cortex of APP/PS1 mice after US–Gd-staining (A and B) or ICV-Gd-staining (C and D). Cerebral MR images of an
APP/PS1 mouse that was not injected with Gd contrast agent but received microbubbles/US stimulation (E — Ctrl-US–Bb condition), that was injected with Gd contrast agent
alone and showed signal enhancement in the cerebral ventricles (F — Ctrl-IVGd condition). (G) Signal enhancement in the parenchyma, but no detection of hypointense spots,
in the brain of a control amyloid-free PS1 mouse after US–Gd-staining. Scale bars = 2 mm.
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the first mouse and 7.3 and 7.7% for the second one) using a test/re-test
protocol.

Discussion

In the present study we have described a novel method that en-
ables the MRI imaging of amyloid plaques in the brain of transgenic
Fig. 4. Hypointense spots seen on MR images recorded after US–Gd-staining (A) were coloc
the MR image of a control mouse after US–Gd-staining. Hypointense spots were not visible
mice after the IV injection of a non-targeted MRI contrast agent that
is approved for clinical use in humans. The protocol used also allows
the detection of amyloid plaques by using a very short imaging time
(32 min) and a very high in-plane resolution (29 μm). We focused
on amyloid plaques present in the cortex and hippocampus as these
are the regions that are typically affected in AD. Plaques from the sub-
cortical regions, such as the striatum, could also be detected but are
alized with amyloid plaques detected on histological sections (B) (arrows). (C) Shows
on this image. Scale bar = 1 mm.

image of Fig.�3
image of Fig.�4
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more difficult to dissociate from white matter bundles that also ap-
pear as hypointense spots after Gd-staining.

The imaging of amyloid plaques by MRI in humans and animals has
beenwidely studied and several protocols based on the natural contrast
of amyloid plaques (Braakman et al., 2006; Jack et al., 2005) or using
targeted and non-targeted contrast agents have been reported (Petiet
et al., 2012; Poduslo et al., 2002; Zaim Wadghiri et al., 2003). To the
best of our knowledge, the previous in vivo MRI studies that detected
amyloid plaques without using Gd-staining protocols were recorded
with an in plane resolution lower than 60 μm before zero-filling
(Braakman et al., 2006; Jack et al., 2005; Sigurdsson et al., 2008) and
with imaging time longer than 90 min (except in the study by
Braakman et al., 2006). Our protocol enables a shorter imaging time
and an increased resolution due to the high cerebral signal induced by
the penetration of the contrast agent in the brain parenchyma. The
Gd-based contrast agent is cleared out of the brainwithin approximate-
ly 8 h after administration by US–Gd-staining which is consistent with
previous studies by ICV-Gd-staining where clearance of the Gd-based
contrast agent occurred between 4.5 and 24 h (Petiet et al., 2012).

We have previously shown that the ICV-Gd-stainingmethod can de-
tect age-dependent increases of amyloid plaque load (Petiet et al., 2012).
Here we confirm that an age-dependent increase of amyloid load can
also be detected with the US–Gd-staining method and that this method
has consistent test/re-test sensitivity. Moreover, the amyloid load
detected in the APP/PS1micewith US–Gd-staining is similar to that pre-
viously reported with ICV-Gd-staining (5.5 ± 0.9% and 5.1 ± 1.0% at
8 months and 9.7% ± 2.3% and 9.1 ± 2.8% at 17.5 and 17 months for
ICV-Gd-staining and US–Gd-staining, respectively (Petiet et al., 2012)).
In this previous study, we also showed a good correlation between am-
yloid load quantified by MRI and histology, which suggests that
Gd-staining methods can be used to provide quantitative markers to
study anti-amyloid therapies. Our data also demonstrate that repeated
opening of the BBB is feasible without toxic side effects, since we were
able to use the US–Gd-staining protocol to image each mouse on at
least two occasions. However, further studies are necessary to evaluate
the potential long term side effects of the US–Gd-staining protocol.

In previous studies using contrast agents to detect amyloid plaques,
the contrast agents did not readily cross the BBB and needed to be ad-
ministered in combination with agents, such as mannitol or putrescine
to open the BBB (Poduslo et al., 2002; ZaimWadghiri et al., 2003) or re-
quired ICV injection (Petiet et al., 2012). With ICV injection the contrast
agent had to diffuse from the ventricle to the whole brain which can
lead to a low signal enhancement in regions far from the injection
sites and impeded amyloid plaque detection in these regions. Moreover,
ICV injections are susceptible to induce imaging artefacts close to the
site of the surgery. The novel method described here combines two pre-
viously published procedures and is based on the ability of non-targeted
Gd-based MR contrast agents to detect amyloid plaques when adminis-
tered in the brain (Petiet et al., 2012) and the ability to transiently open
the BBB using US andmicrobubbles to enable drug delivery in the brain
of rodents and non-human primates (Marquet et al., 2011; O'Reilly and
Hynynen, 2012; Treat et al., 2012). This technique has also been used to
administer MR contrast agents such as Manganese Chloride into the
brain and to perform Manganese-enhanced MRI (MEMRI) functional
imaging (Howles et al., 2010b).

The opening of the BBB after administration of US andmicrobubbles
can be obtained by using focused (Hynynen, 2008) or unfocused US
(Howles et al., 2010b). Focused US opens the BBB very locally and is
used to target precise anatomical regions e.g. to deliver genes or focused
therapies (Hynynen, 2008; Jordao et al., 2011) whereas unfocused US
opens the BBB over a larger area of the brain which explains its use to
deliver contrast agents that have to reach the whole brain (Howles et
al., 2010a). We chose to use unfocused US since a large penetration of
theGd contrast agentwas required to homogeneously label the amyloid
plaques. Moreover, the method has been shown to be safe and does not
induce any behavioral alterations in mice (Howles et al., 2010a) and
BBB opening by using ultrasound stimulation without microbubbles
can be performed without producing any lesion (Ballantine et al.,
1960). However more recent studies have shown that administration
of microbubbles in conjunction with US stimulation reduces the acous-
tic energy needed to produce the BBB opening (Vykhodtseva et al.,
1995) and limits the interaction of the ultrasound with the endothelial
cells thereby reducing the chance of damage to other brain structures
(Vykhodtseva et al., 2008). This justifies the use of US andmicrobubbles
in the current protocol.

The opening of the BBBwithUS andmicrobubbles can bemodulated
by varying different parameters, including the pulse repetition frequen-
cy (PRF), the duration of excitation bursts and the number of cycles of
the acoustic excitation. Variations of many of these parameters have al-
ready been investigated for focused US (Choi et al., 2011; O'Reilly et al.,
2011) but it is difficult to extrapolate the results from these studies to
unfocused US protocols. Furthermore, refinement of the unfocused
US–Gd-staining protocol will require the evaluation of the effects of
modulating these parameters on US–Gd-staining efficacy. For example,
the quality of the BBB disruption is expected to be linked to the amount
of fresh microbubbles brought by the bloodstream below the
ultrasound beam before an excitation burst. The amount of fresh
microbubbles is modulated by the PRF which regulates the delay be-
tween two successive excitations and the effect of this parameter on
the quality of BBB disruption is expected to be strong after unfocused
US as the insonified volume (the beam size) is large as compared to fo-
cused US. We can therefore expect that short PRF leads to a reduced
number of freshmicrobubbles experiencing excitation between two cy-
cles which could lead to a reduced opening of the BBB. By contrast, long
PRF leads to an increased number of fresh bubbles experiencing excita-
tion between two cycles which could lead to a better opening of the
BBB.

In conclusion, we have developed a new experimental protocol to
detect amyloid plaques in transgenic AD mice by MRI. This protocol
has a short imaging time, a high in-plane resolution (29 μm) and
uses an inexpensive contrast agent that can be obtained in any labo-
ratory. It can be used repeatedly to follow the progression of AD in
longitudinal studies in the same animal and has the potential to eval-
uate the activity of amyloid lowering therapeutic strategies on dis-
ease progression. This technique also has the potential to be used
with other contrast agents, such as targeted agents. The opening of
the BBB with US and microbubbles has been used in animal studies
for more than 10 years and ongoing studies are being performed to
implement this technique in humans. For example, commercial pro-
totypes have been developed for clinical applications and have been
successfully tested in large animals (Beccaria et al., in press;
McDannold et al., 2012). These prototypes seem to be now ready for
phase 1 studies to administer drugs locally in the brain of patients
with brain cancer (Beccaria et al., in press). Although US and
microbubbles cannot be currently used to open the BBB in humans,
further development of this technology may enable a local opening
of the BBB to evaluate amyloid load in the brain by MRI. Our study
also provides a proof of concept for the use of US–Gd-staining to de-
tect amyloid plaques by MR imaging after peripheral injection of a
non-targeted contrast agent.
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