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Abstract

Detection of amyloid plaques in the brain by in vivo neuroimaging is a very promising biomarker approach for early diagnosis of
Alzheimer’s disease (AD) and evaluation of therapeutic efficacy. Here we describe a new method to detect amyloid plaques by in vivo
magnetic resonance imaging (MRI) based on the intracerebroventricular injection of a nontargeted gadolinium (Gd)-based contrast agent,
which rapidly diffuses throughout the brain and increases the signal and contrast of magnetic resonance (MR) images by shortening the T1
relaxation time. This gain in image sensitivity after in vitro and in vivo Gd staining significantly improves the detection and resolution of
individual amyloid plaques in the cortex and hippocampus of AD transgenic mice. The improved image resolution is sensitive enough to
demonstrate an age-dependent increase of amyloid plaque load and a good correlation between the amyloid load measured by uMRI and
histology. These results provide the first demonstration that nontargeted Gd staining can enhance the detection of amyloid plaques to follow
the progression of AD and to evaluate the activity of amyloid-lowering therapeutic strategies in longitudinal studies.
© 2012 Elsevier Inc. All rights reserved.

Keywords: Alzheimer; Amyloid; Biomarker; Contrast agent; MRI; Gadolinium

1. Introduction provide a translational biomarker for longitudinal pharma-
cological studies in animal models and clinical trials.
Histological stains have been developed to detect amy-
loid plaques on brain sections. Besides this conventional
postmortem technique, most neuroimaging studies of amy-
loid load in humans have been performed with positron
emission tomography (PET) and several ligands have been
developed that can detect amyloid in human brains (Klunk
et al., 2004; Nordberg, 2007). However, the low spatial
resolution of PET does not allow the visualization of indi-
vidual plaques. Studies in animals have provided controver-
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The formation of senile plaques composed of aggregated
extracellular deposits of B-amyloid (AB) is 1 of the major
neuropathological hallmarks of Alzheimer’s disease (AD).
The development of in vivo neuroimaging techniques to
noninvasively detect amyloid plaques in the brain is a very
promising approach for an earlier diagnosis of AD and can
be used to evaluate the efficacy of antiamyloid therapies in
clinical trials. The ability to image amyloid load could also
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(Klunk et al., 2005). Various other imaging modalities have
been developed to detect amyloid plaques (see Delatour et
al.,, 2010 and Dhenain, 2008 for reviews). For example,
optical imaging dyes such as AOI987, an oxazine dye, have
been demonstrated to readily penetrate the intact blood-
brain barrier (BBB) and to bind to amyloid plaques (Hint-
ersteiner et al., 2005). Using near-infrared optical imaging,
a specific interaction of AOI987 with amyloid plaques was
shown in mice in vivo, and confirmed by postmortem anal-
ysis of brain slices.

Only neuroimaging studies based on magnetic resonance
imaging (MRI) have detected individual amyloid plaques in
human brain samples (Meadowcroft et al., 2009) and in
mouse models (Chamberlain et al., 2009; Dhenain et al.,
2009; Jack et al., 2004). Several approaches have been
evaluated based on the natural contrast of the plaques or
with dedicated targeted contrast agents. The plaques appear
as dark spots in T2, T2*-weighted (T2*w) or susceptibility-
weighted images because of the presence of iron in the core
of these lesions. However, in humans, the possibility to
detect iron within plaques has been controversial (Dhenain
et al., 2002; Meadowcroft et al., 2009). Also, iron accumu-
lation in mice mainly occurs in old animals, which makes
amyloid plaque detection very challenging in young ani-
mals. Using magnetic resonance (MR) contrast agents can
be another option to detect amyloid plaques with MRI. One
study using a fluorine-based MR contrast agent has been
reported to detect amyloid plaques following intravenous
injection of the agent in mice (Higuchi et al., 2005). Some
other studies have been successful for early stage detection
of amyloid plaques thanks to amyloid peptides tagged with
MR contrast agents (gadolinium chelates or monocrystalline
iron oxide nanoparticles) in combination with compounds
like mannitol that allow the contrast agent to cross the BBB
(Poduslo et al., 2002; Sigurdsson et al., 2008; Wadghiri et
al., 2003). However, these methods are technically difficult
and still require extensive validation.

Staining tissue samples with gadolinium (Gd) chelates
has previously been used to increase the signal- and con-
trast-to-noise ratios in MR images of whole mice (Johnson
et al., 2002) or of brains (Benveniste et al., 2000; Dhenain
et al., 2006; Kappeler et al., 2007). These protocols were
based on the administration of a Gd chelate and formalin by
intracardiac perfusion (active staining; Johnson et al., 2002)
or by immersion of tissues in the Gd solution (passive
staining; Dhenain et al., 2006). In the present study, we
describe a new Gd staining method based on the injection of
a nontargeted Gd agent into the cerebral ventricles that
significantly improves the in vivo detection of amyloid
plaques by uMRI in the brain of an APP/PS1 transgenic
mouse model of amyloidosis (Blanchard et al., 2003). This
method may also be applicable to detect amyloid plaques
and evaluate the activity of antiamyloid agents in longitu-
dinal studies in the same animals.

2. Methods
2.1. Animals

Experiments were conducted on female APP/PS1 trans-
genic (Tg) mice overexpressing amyloid precursor protein
(APP) and presenilin 1 (PS1) mutations associated with
familial AD (double Thyl APP751 SL Swedish (KM670/
671NL) and London (V7171) mutations introduced in the
human APP751 sequence X HMG PS1 M146L transgenic
mouse line) (Blanchard et al., 2003; Delatour et al., 2006).
In these animals, amyloid deposition starts at the age of 2.5
months (Blanchard et al., 2003). Amyloid-free PS1 females
were used as controls. In vivo images were recorded for 4
groups of animals at ages (* 1 week) of 6, 9, 14, and 20
months. Six animals were followed longitudinally and were
injected at 2 time points: 4 animals were first injected at
3.5 months and then at 8 months; 2 animals were first
injected at 14.5 months and then at 17.5 months. Fourteen
additional animals were used to evaluate neuroinflamma-
tion and animal weight up to 42 days following intrace-
rebroventricular injection (ICV) of gadolinium. A total of
36 animals were used for this study (19 APP/PS1 and 17
PS1 controls).

2.2. Surgical procedure

The animals were anesthetized with an intraperitoneal (i.p.)
injection of a mixture of ketamine, 10 mg kg~ ' (Imalgéne®
500, Merial, Lyon, France) and medetomidine 0.68 mg/kg
(Domitor®, Pfizer Santé Animale, Paris, France). After
their heads were shaved, the mice were placed on a stereo-
taxic frame using ear bars and a tooth bar to hold them still.
A heating pad was used to keep them at physiological
temperature throughout the procedure. After a midline in-
cision into the skin, the coordinates of the bregma were
recorded for anterior-posterior (A/P) and lateral (L) refer-
ences. The skull was bilaterally perforated with a Dremel at
coordinates A/P -0.2 mm and L = 1 mm, according to a
stereotaxic atlas (Paxinos and Franklin, 2001). Blunt Ham-
ilton syringes were used to inject gadoterate meglumine
(Gd-DOTA, DOTAREM®, Guerbet, Aulnay-sous-Bois,
France) into the lateral ventricles at coordinate -1.8 mm
relative to the surface of the dura mater. A total volume of
1 nL (0.5 wmol) was injected in each side at a rate of 0.2
uL/minute. Upon completion of the injections, the needles
were very slowly withdrawn to minimize any outflow from
pressure release and the skin was then sutured back. The
anesthesia was reversed using atipamezole hydrochloride
(Antisedan®, Pfizer) at a dose of 10 mg/kg to allow recov-
ery before uMR imaging.

The effect of injection on animal’s physiology was fur-
ther evaluated by monitoring the weight of 17-month-old
PS1 mice over 42 days after ICV injection of gadolinium
(n = 6) or saline (n = 6).
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2.3. In vivo MRI experiments

In vivo uMRI studies were performed on a 7-Tesla
spectrometer (Pharmascan, Bruker Biospin, Ettlingen, Ger-
many) equipped with a 9-cm inner diameter gradient system
(strength of 760 mT/m and slew rate of 6836 T/m/s) and
interfaced to a console running Paravision 5.0. A birdcage
coil (Bruker Biospin GmbH) of diameter = 38 mm was
used for transmit-receive. A 3D gradient-echo sequence
(FLASH) was used to record T2*w images with repetition
time (TR) = 32 ms, echo time (TE) = 16 ms, flip angle
(FA) = 20°, receiver bandwidth (Bw) = 12.5 kHz, matrix
(Mtx) = 332 X 332 X 64, field of view (FOV) = 15 X 15 X
10 mm?, yielding a resolution of 452 X 452 X 156 um?,
number of averages (Nex) = 10, for a total acquisition time
(Tacq) of 1 hour, 54 minutes. The images were O-filled to 664 X
664 X 128 pixels resulting in an extrapolated resolution
of 22.6 X 22.6 X 78 wm?>. Values of signal-to-noise ratio
(SNR; tissue signal intensity over standard deviation of
the background noise) were calculated over the whole
brains on midcoronal slices. Contrast-to-noise ratios
(CNRs; signal difference between 2 tissues over standard
deviation of the background noise) between the cortex
and the white matter and between the parenchyma and the
amyloid plaques were also calculated. Complementary
experiments, including longitudinal studies, with an op-
timized receive-only surface coil (2-channel mouse brain
surface 'H coil, RapidBiomed GmbH, Rimpar, Germany)
were performed on a 7-T Varian system (rodent gradient
set of 700 mT/m). T2*w images (TR = 50 ms, TE = 25
ms, FA = 20, Bw = 12.5 kHz, FOV = 15 X 15 X 15
mm?>, Nex: 2, matrix = 512 X 512 X 128) were recorded
with a resolution as high as 29 X 29 X 117 wm® and
acquisition time of only 1 hour, 49 minutes.

During the uMRI scans the animals were anesthetized
with isoflurane (5% for induction, 0.75%—1.5% for mainte-
nance) and air (1.5 L/minute), administered via a facemask.
Respiration rate was monitored to ensure animal stability
until the end of the experiment. The body temperature was
maintained at 37 *= 1 °C with a circulating water-filled
heating blanket connected to a thermoregulated water bath
and rectal temperature was monitored throughout the exper-
iments.

2.4. In vitro MRI experiments

Following the in vivo experiments, the animals were
administered a high dose of pentobarbital sodium (100 mg/
kg) and then perfusion-fixed with 10% buffered formalin.
The brains were excised and immersed in formalin for
further fixation at 4 °C for at least 24 hours. We adapted and
optimized the previously published “staining” protocols
(Dhenain et al., 2006; Petiet et al., 2007) to Gd-stain the
fixed brains: the samples were soaked in a solution of
phosphate buffered saline (PBS) and 0.5 M gadoterate me-
glumine at a dilution of 1:200 (2.5 mM) and stored at 4 °C

for at least 24 hours prior to imaging. For scanning, the
brains were placed in a tight plastic tube filled with
Fluorinert® (3 M™, Cergy-Pontoise, France), an aprotonic
perfluorocarbon-based fluid that provides a black back-
ground in MR images.

In vitro studies were performed on a clinical 7-Tesla
spectrometer (Syngo MR, VB15, Siemens Medical Solu-
tions, Erlangen, Germany), equipped with an AC84 head
gradient set with 36-cm available bore (strength of 80 mT/m
and slew rate of 333 mT/m/s). A home-built birdcage coil
(inner diameter = 24 mm) was used for transmit-receive. A
3D gradient-echo sequence was used (FLASH) to acquire
T2*w images (TR = 100 ms, TE = 21 ms, FA = 25°, Bw =
50 Hz/pixel, Nex = 6, matrix = 1024 X 864, FOV = 24 X
20.25 mm?, slice thickness = 0.09 mm, yielding a resolution
of 234 X 234 X 90 um® and number of slices = 72 for a
total acquisition time of 13 hours, 49 minutes). SNR and
CNR were calculated in postmortem samples using the
same method as for the in vivo experiments.

2.5. Relaxation time measurements

Relaxation times for both in vivo (n = 2 APP/PS1) and
in vitro brains (n = 2 APP/PS1, n = 2 PS1) were measured
at 7T on the Bruker system. For T1 measurements, a 2D
turbo spin-echo sequence (RARE) was used with 6 TR
values (TR = 338, 500, 1000, 2000, 4000, and 8000 ms;
TE = 8.3 ms; FOV = 20 X 20 mm?; matrix = 128 X 128;
slice thickness = 0.5 mm; interslice spacing = 0.5 mm and
a total of 15 slices in ~12 minutes; RARE factor = 2). The
same 2D RARE sequence was used for T2 measurements
but with TR = 8000 ms and with 8 values of varying TE
from 7 to 105 ms with 14 ms increments in ~6 minutes. For
T2* measurements, a 2D multigradient echo sequence was
used with TR = 3000 ms and with 12 values of varying TE
from 2.8 to 79.8 ms with 7 ms increments in ~4 minutes.
The Bruker fit package (ParaVision 5.0) was used to calcu-
late relaxation times from exponential regression curves and
to generate parametric maps. Relaxation times were mea-
sured from 5 regions of interest (ROIs) drawn on midcoro-
nal slices: thalamus, hippocampus, corpus callosum, cortex,
and from the whole brain.

For in vivo experiments, relaxation maps were recorded
every 30—40 minutes over 4.5 hours. The first postinjection
imaging time point was about 40 minutes after the Gd
staining procedure. This was the minimum time to allow for
animal recovery after anesthesia reversal and before isoflu-
rane induction, and for animal setup in the magnet. The last
time point was recorded 24 hours postinjection. For in vitro
samples, relaxation times were measured before and after
the passive staining procedure.

2.6. Amyloid load quantification from MR sections

Cortical amyloid load was calculated for both in vivo and
in vitro datasets by using a method similar to that reported
by Jack et al. (2005). A total of 144 and 112 ROIs per
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Fig. 1. Regions of interest (ROIs) over which the measurements were
performed and amyloid load quantification from gadolinium (Gd)-stained
magnetic resonance imaging (MRI) and histological sections. Two cortical
regions of interest per hemisphere were selected in several magnetic
resonance (MR) slices (A) and in several Congo red (B) and BAM10
histological sections (C) to count the number of plaques per ROI. The
plaque load measured with wMRI shows a correlation with age (D). The
brain plaque load measured with uMRI also correlates with Congo red
staining (E) and with BAM10 immunohistochemistry (F).

animal were analyzed for in vivo and in vitro samples,
respectively: 36 or 28 slices evenly spaced by 780 um or
450 pwm, were selected and 4 circular ROIs (diameter ~900
wm) were drawn on each of these slices (2 in each hemisphere)
(Fig. 1A). Hypointense spots were manually counted, ex-
cluding 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 several
hypointense spots were measured in each ROI. Plaque load
was determined as the ratio of the mean area of the hypoin-
tense spots multiplied by the number of spots counted over
the area of the ROL

2.7. Neuropathology

After imaging, the brains of the animals evaluated in a
cross-sectional way were cryoprotected in sucrose (15% for
24 hours then 30% for 24 hours) and cut into 40-um thick
coronal sections on a freezing microtome. The sections were
stained for B-amyloid deposits (anti-B-amyloid immunohis-
tochemistry and Congo red) to quantify the amyloid load
and were also stained for iron deposits (Perls-DAB stain).
For anti-B-amyloid immunohistochemistry, the sections
were first rinsed in phosphate-buffered saline (PBS 0.1 M)

and in 30% hydrogen peroxide. They were then pretreated
with 0.2% octylphenol ethylene oxide condensate (Triton
X-100™, Sigma, St. Louis, MO, USA). After this pretreat-
ment, they were incubated with an anti-B-amyloid primary
antibody (monoclonal BAMIO0 clone A3981, dilution
1:1000, Sigma-Aldrich®) for 48 hours and then with a
secondary antibody (biotinated immunoglobulin G [IgG]
anti-mouse, BA-9200, dilution 1:1000, Vector® Labs, Bur-
lingame, CA, USA) for 1 hour. Before revelation (VIP
substrate kit for peroxidase, Vector® Labs) the reaction was
amplified for 1 hour with a biotin-avidin complex (ABC
Vectastain kit, Vector® Labs) (Berghorn et al., 1994). For
Congo red staining, the sections were immersed in an 80%
ethanol solution saturated with Congo red (Fluka 60910,
Sigma-Aldrich®) and sodium chloride for 30 minutes. For
Perls staining (EI Tannir El Tayara et al., 2006), endogenous
peroxidases were first inactivated by immersion in a meth-
anol/H,0, solution. The sections were then stained with 2%
potassium ferrocyanide (P9387, Sigma-Aldrich®) and 2%
hydrogen chloride for 20 minutes. Iron staining was finally
intensified using diaminobenzidine (DAB) (1 g/L), Tris (0.2
M), and 30% hydrogen peroxide for 20 minutes. All sec-
tions were digitized using a microscope (Axioplan-1™,
Zeiss Inc., Thornwood, NY, USA) connected to a digital
camera (Microfire™, Optronics Inc., Goleta, CA, USA).

To evaluate the neuroinflammation induced by Gd injec-
tion in mice, the brain of 2 APP/PS1 8-month-old animals
injected 2 times, at 3.5 and 8 months and 2 age-matched
APP/PS1 animals that did not receive any injection were
also compared using double immunofluorescence staining
against amyloid plaques and reactive astrocytes or micro-
glial cells. Sections were first rinsed in phosphate-buffered
saline (PBS 0.1 M) and then incubated in 0.2% Triton
X-100, 4.5% normal goat serum in PBS 0.1 M for 30
minutes. Section were then incubated overnight in a mix
solution of 2 primary antibodies (monoclonal BAM10 clone
A3981; dilution 1/500, Sigma-Aldrich®) and polyclonal
glial fibrillary acidic protein (GFAP; dilution 1/10,000,
Dako, Glostrup, Denmark) or polyclonal Ibal (dilution
1/500, Wako®, Osaka, Japan), followed by incubation in
a solution of secondary goat anti-mouse IgG coupled to
the fluorescent marker Alexa 488 (1:200) and secondary
goat anti-rabbit IgG coupled to the fluorescent marker
Alexa 594 (1:200) for 1 hour. Sections were mounted on
slides and coverslipped with Fluorosave™ reagent (Cal-
biochem, Darmstadt, Germany). Fluorescent sections
were observed using a DM 6000 Leica microscope con-
nected to a camera (Hamamatsu Photonics France,
Massy, France).

2.8. Quantification from histological sections

For amyloid load quantification, the immunohistochemi-
cally and Congo red stained sections were scanned at a 1200
dpi in-plane resolution (pixel size 0.5 wm) using a flatbed
scanner (ImageScanner III, G.E. Healthcare, Orsay,
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Fig. 2. Amyloid plaque detection after gadolinium (Gd)-staining of a 14-month-old APP/PS1 mouse brain. After in vitro Gd staining (A-D), the image quality
was significantly improved (A vs. B) such that hypointense spots could be identified in the cortex and hippocampus. These hypointense spots (arrows in C
and D) colocalized with amyloid deposits detected by BAM10 immunohistochemistry (E) and Congo red (F) section staining. After in vivo Gd staining (G-J),
the signal and contrast improvements revealed similar hypointense spots (arrows in I and J) that also colocalized with BAM10 (K) and Congo red (L)
stainings. The Perls-DAB stainings showed strong iron accumulation within some thalamic plaques (M, 14-month-old APP/PS1 mouse) and lower iron
accumulation in the subiculum (circles in N, 20-month-old APP/PS1 mouse). Hippocampal plaques showed only very light iron accumulation at 14 months
(O) and at 20 months (P). Note that on in vitro and in vivo images (arrows on G and H) only thalamic plaques were visible both before and after Gd staining.

Scale bars on A, B, G, H = 1 mm; scale bars on C-P = 500 um.

France). Amyloid load was quantified with the same method
as for the quantification of amyloid plaques on uMR images
(Fig. 1B and C).

2.9. Correlation between in vivo MRI, in vitro
MRI, and histology

In vivo and in vitro uMR images and histological sec-
tions were manually registered using ImagelJ freeware (rs-
bweb.nih.gov/ij): the uMR images were rotated in 3 direc-
tions until the best matching planes with the histology
sections were found.

2.10. Statistical analysis

Correlations between amyloid plaque load evaluated
by wMRI and histology were based on Pearson’s corre-
lation coefficient (Statistica 7.1; StatSoft, Inc., Tulsa,
OK, USA). A value of p < 0.05 was considered statis-
tically significant.

3. Results

3.1. Gd staining improves detection of amyloid
plaques by MRI

In vivo Gd staining of the brain of APP/PS1 and control
mice was performed by injecting gadoterate meglumine into
the lateral ventricles of the mice. In vitro Gd staining (or
passive staining) was obtained by soaking the fixed brains in
a solution of PBS and 0.5 M gadoterate meglumine at a
dilution of 1:200 (2.5 mM) for at least 24 hours prior to
imaging. Fig. 2 shows representative images recorded be-
fore (Fig. 2A and G) and after (Fig. 2B and H) in vitro and
in vivo Gd staining of a 14-month-old APP/PS1 mouse
brain. After Gd staining, several hypointense spots could be
detected in the cortex and hippocampus of APP/PS1 mice.
Without Gd staining, the images did not show any hypoin-
tense spots except in the thalamus (arrows in Fig. 2G and
H). The cortical and hippocampal hypointense spots ob-
served after Gd staining were identified as amyloid deposits
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Table 1

SNR and CNR measurements before and after in vitro and in vivo Gd staining

In vitro

In vivo

Before Gd staining

After Gd staining

Before Gd staining After Gd staining

SNR whole grain 29 *0.6 8829 7814 16.2 * 1.0
CNR wm/gm 0.7*+0.2 8.0=x22 1.5+09 33+ 1.7
CNR plaques parenchyma — 7.6 £2.6 — 4809

Measurements were performed in 14-month-old APP/PS1 mice.

Key: CNR, contrast-to-noise ratio; Gd, gadolinium; gm, gray matter; SNR, signal-to-noise ratio; wm, white matter.

by coregistering the in vitro and in vivo images with Congo
red and Ap-stained histological sections (Fig. 2C-F and
I-L). In our experiments, Perls-DAB staining detected iron
within the plaques mainly in the thalamus (Fig. 2M, and see
Dhenain et al., 2009; El Tannir El Tayara et al., 2007) and
in the subiculum (Fig. 2N), 2 brain regions known to be
highly loaded with iron (El Tannir El Tayara et al., 2000).
Only slight iron staining was detected within a few cortical
and hippocampal plaques in animals older than 14 months
(Fig. 20 and P). This indicates that most of the hypointense
spots detected by wMRI were colocalized with iron-free
amyloid plaques.

Gd staining increased the SNR and CNR of the in vitro
and in vivo brain images (Table 1). For example, in the in
vitro images the SNR from the whole brain and the CNR
between the gray and the white matter were increased ~3-
fold and ~12-fold, respectively. In the in vivo images, the
SNR and the CNR were both increased ~2-fold. The in-
creased SNR and CNR could be explained by changes in the
relaxation times caused by the Gd administration. Indeed, it
has been previously shown (Dhenain et al., 2006; Petiet et
al., 2007) that “passive staining” shortens the T1 of in vitro
samples. Fig. 3A shows that the T1 dropped over the whole
brain (from ~1500 ms to ~200 ms). The T2 (Fig. 3B) and
the T2* (Fig. 3C) shortenings were less severe (from ~37
ms to ~32 ms and from ~27 ms to ~23 ms, respectively).
Similarly, in vivo Gd staining shortened all 3 relaxation
times relative to the preinjection values 40 minutes after Gd
injections and remained low for at least 3 hours (Fig. 3D-F).
Over the whole brain, the T1 shortened from ~1750 ms
before injection to ~210 ms after injection. Similarly, the
T2 and T2* values decreased from ~45 ms and 28 ms,
respectively, before injection to ~25 ms and 10 ms after
injection. All 3 relaxation times reached minimal values of
T1 = 204 ms, T2 = 25 ms, and T2* = 8.6 ms at 80 minutes.
Twenty-four hours after injection, the relaxation times had
all fully recovered to their initial values (T1 ~1780 ms, T2
~43 ms, and T2* ~23 ms). This suggests that the contrast
agent was cleared out of the brain within 24 hours.

3.2. Quantification and correlation of amyloid plaques
detected by MRI and histology

APP/PS1 mice were examined with in vivo and in vitro
Gd staining at the ages of 6, 9, 14, and 20 months. The
excellent image quality and high resolution of 23 X 23 X 90

wm® achieved for in vitro brains allowed us to clearly
visualize an age-related increase of plaque density (Fig.
4A-E). In the in vivo images, the signal and contrast en-
hancement and the 45 X 45 X 156-um® resolution were
also sufficient to quantify a similar increase in plaque load
(Fig. 4F-]). Fig. 1A—C shows the ROIs over which the
measurements were performed. Fig. 1D-F shows the mean
in vivo/in vitro amyloid plaque load measurements with
means =* interspecimen standard deviations: 2.0 £ 0.6%/
33 £ 1.0% at 6 months; 2.8 = 0.1%/3.4 = 1.4% at 9
months; 3.1 = 0.3%/5.8 = 0.6% at 14 months; and 4.2 *
0.2%/6.6 = 1.9% at 20 months. We found a significant

in vitro in vivo
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Fig. 3. Effect of gadolinium (Gd) staining on relaxation times T1, T2, and
T2*. For in vitro samples, the T1 was significantly reduced (A), whereas
the T2 (B) and T2* (C) were only slightly reduced. For in vivo brains, the
T1 (D), T2 (E), and T2* (F) were significantly shortened immediately after
the injections for about 3.5 hours. At 280 minutes (4.5 hours), all 3
relaxation times started to increase until complete wash out of the Gd at 24
hours (last bar) when they returned to their initial values. The last time
point in the in vivo data was recorded at 24 hours postinjection. Error bars
represent interspecimen standard deviations. CC, corpus callosum; CTX,
cortex; HC, hippocampus; TH, thalamus; WB, whole brain.
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In vitro

Fig. 4. In vitro and in vivo staining of APP/PS1 mouse brains at 6, 9, 14, and 20 months (from left to right in A-D and F-I, respectively) and of a 14-month-old
control PS1 (E and J). Close-up views of the temporal cortex (A’~E’ and F’-J’). The APP/PS1 brains showed amyloid plaques (some are indicated with
arrowheads in A’-D’ and F’-I") but not the PS1 brains (E’ and J*). Notice the clear visualization of plaque load increase with age. Scale bars = 1 mm on

all images, except on F’-J’: scale bar = 500 um.

correlation between the age of the animals and the amyloid
load measured from the in vitro and in vivo uMR images
(Fig. 1D: r = 0.79, p < 0.005, and r = 0.88, p < 0.001,
respectively). Furthermore, the plaque load calculated from
the uMR images was also correlated with the amyloid load
calculated from the Congo red stained brain sections (Fig.
1E: r = 0.73, p < 0.05, and r = 0.69, p < 0.05 for the in
vitro and in vivo experiments, respectively) or from
BAMI0 immunohistochemistry (Fig. 1F: r = 0.82, p <
0.005 and » = 0.79, p < 0.01 for the in vitro and in vivo
experiments, respectively).

The histology staining allowed the count of very fine
plaques of sizes down to 20 um in diameter. For compari-
son, after O-filling, the in vivo MR images had an extrapo-
lated resolution of ~23 um, same as the in vitro raw
datasets. The smallest plaque size detected with both in vivo
and in vitro MRI was therefore 45 wm (i.e., 2 pixels), about
twice as large as the plaque size measured with histology.

The images previously presented were recorded on a 7T
spectrometer, with a 38-mm transmit-receiver coil. Using
better coils can greatly improve signal detection, as shown
in Fig. 5 where 3D T2*w images were recorded with a
receive-only, 2-channel mouse brain surface 'H coil. With
this system, a significant gain in SNR allowed us to reach a
resolution of 29 X 29 X 117 um?® (Fig. 5A: SNR over the
whole midcoronal brain slice = 33), which is comparable to
the in vitro resolution and also allowed us to record images
with a longer TE. This greatly improved individual plaque
detection after Gd staining (see arrows in Fig. 5B and a
close-up view in Fig. 5C).

Evaluation of animal weight following ICV injection of
gadolinium or saline did not highlight any change of weight
2 weeks after injection compared with before injection (Fig.
6B). Because the animals recovered well from the first
injection and imaging experiments, we evaluated the feasi-
bility to perform additional imaging studies in the same
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Fig. 5. In vivo magnetic resonance (MR) images of the whole brain (A) and hippocampus (B) of a 12-month-old APP/PS1 mouse after gadolinium (Gd)
staining. The T2*w in vivo images were acquired at 29 X 29 X 117 um?® with a receive-only, 2-channel mouse brain surface 'H coil. The very high resolution
improved individual plaque detection (some are indicated with arrows). (C) Close-up view of 120 wm large plaques (**) and a 60 wm large plaque (*). Scale

bar (B) = 500 wm; scale bar (C) = 300 wm.

animals by reinjecting 6 mice with contrast agent 3 to 5
months after the first injection. Four APP/PS1 mice were
injected and imaged at 3.5 months (Fig. 7A) and then again
at 8 months (Fig. 7B) and 2 APP/PS1 mice were injected
and imaged at 14.5 months (Fig. 7C) and then again at 17.5
months (Fig. 7D). Signal and contrast enhancements fol-
lowing the second Gd staining procedure were similar to
those obtained during the first Gd injection, and plaques
could therefore be detected. The measurements showed a
plaque load increase from 0% to 5.5% from 3.5 to 8 months
and from 6.2% to 9.7% from 14.5 to 17.5 months (Fig. 7E).
Also, comparison of histological sections stained for amy-
loid plaques and astrocyte or microglial cells did not high-
light any change between the mice Gd-injected twice at 3.5
and 8 months and noninjected mice (Fig. 6A). These results
demonstrate that in vivo Gd staining can be used to quantify
amyloid plaque load in longitudinal studies.

4. Discussion

In the present study we have described a new method that
significantly improves the ability to detect amyloid plaques
in the brain of AD transgenic mice by uMRI. This method
is based on the intraventricular injection of a nontargeted

Gd-based contrast agent that rapidly diffuses throughout the
brain and increases the SNR and CNR of MR images by at
least 2-fold in all major brain areas by shortening the T1
relaxation time. Through this gain in image sensitivity we
have been able to detect individual amyloid plaques after in
vitro and in vivo Gd staining in brain areas, such as the
cortex and hippocampus, which are known to be particularly
sensitive to amyloid plaque formation in human and AD
transgenic mice. Interestingly, in the strain of mice that
were used, amyloid plaques could not be detected with our
7T MRI without a contrast agent.

This Gd staining protocol enabled the detection of
amyloid plaques by both in vivo and in vitro uMRI in
APP/PS1 mice brain from as early as 6 months of age. At
this age, cortical and hippocampal plaques contain no or
low levels of endogenous iron and are thus weakly de-
tected by uMRI without contrast agent. The Gd staining
method was sensitive enough to demonstrate an age-
dependent increase of amyloid plaque load and a good
correlation between amyloid load measured by uMRI
and histology. The underlying mechanisms of contrast
enhancement induced by Gd staining could be due to the
hydrophilic properties of Gd that prevent it from associ-
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Fig. 6. Evaluation of the effect of gadolinium (Gd) injections on neuroinflammation and on animals’ weight. (A-Left panels) Sections stained for microglia (Ibal,
red staining) and amyloid (BAMI10, green staining) did not show any obvious changes between 8-month-old animals injected twice in the cerebral ventricles (ICV)
with Gd (at 3.5 and 8 months, bottom) versus noninjected age-matched animals (top). (A-Right panels) Sections stained for reactive astrocytes (glial fibrillary acidic
protein [GFAP], red staining) and amyloid (BAMI10, green staining) also did not show any obvious changes between the 2 groups of animals. (B) The animals
injected with Gd vs. saline did not show any significant changes of weight over 42 days following injection (Day O = injection day).

ating with the highly hydrophobic amyloid plaques. As a tween the parenchyma and the amyloid deposits. Previ-
result the Gd agent is expected to specifically stain the ous studies have used active or passive Gd staining pro-
parenchymal tissue and thereby increase the contrast be- tocols of postmortem rodent brains to improve in vitro
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Fig. 7. Longitudinal study of 2 APP/PS1 mice injected at 2 time points with gadolinium (Gd) (datasets recorded on the Varian system with the imaging
parameters described in the methods section). One was injected and scanned at 3.5 months (A) then at 8 months (B); and another mouse was injected at 14.5
months (C) then at 17.5 months (D). Notice the comparable signal-to-noise ratio (SNR) between the first (A and C) and the second injections (B and D). Amyloid
plaques can clearly be seen in the cortex at 8 months (B and close-up view in B), 14.5 months, and 17.5 months, but not at 3.5 months. Scale bars = 1 mm. The
close-up views in (A) and (B) are magnified 2X (scale bar = 500 wm). The bar graph in (E) shows the plaque load measured in these 2 mice: 0% at 3.5 months
increased to 5.5% at 8 months, and 6.2% at 14.5 months increased to 9.7% at 17.5 months. The error bars represent the standard deviations.

uMR imaging of brain samples (Dhenain et al., 2006;
Kappeler et al., 2007). Here we provide the first demon-
stration that Gd staining can be used to enhance the
detection of amyloid plaques by in vivo uMR imaging.

Previous attempts to visualize amyloid plaques in trans-
genic mice by uMRI without contrast agents have been
limited by the fact that the ability to detect individual
plaques is dependent on the relaxation effects mediated by
the presence of iron associated with the plaques. Because
iron accumulation and its association with plaques are

mainly observed in old animals, this has hindered the ability
to quantify the age-dependent accumulation of amyloid
plaques in the brain. Other studies have used targeted con-
trast agents in combination with agents, such as mannitol
and putrescine (Poduslo et al., 2002; Wadghiri et al., 2003)
to open the BBB to deliver agents via intravascular injec-
tions, but this approach still requires extensive validation.
Here we show that stereotaxic intraventricular injection of a
nontargeted contrast agent can be used to detect amyloid
plaques in the brain by in vivo uMRL
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Our results show that Gd staining enables the detection
of amyloid plaques by wMRI that contain no or little iron.
It is therefore possible to use this technique to detect the
progression of amyloid pathology at different ages and to
evaluate the ability of antiamyloid therapies to inhibit or
slow down the age-dependent accumulation of amyloid
plaques. Although several targeted contrast agents based on
the chemical synthesis of Gd or iron agents linked to mol-
ecules targeting amyloid plaques (Poduslo et al., 2002;
Sigurdsson et al., 2008; Wadghiri et al., 2003) are under
development, our method has the advantage of using a
commercially available and inexpensive contrast agent
(gadoterate meglumine; Gd-DOTA; DOTAREM®). In ad-
dition, such a nonspecific contrast agent is not expected to
interfere with amyloidogenesis, unlike specific contrast
agents composed of A fragments (Wadghiri et al., 2003) or
A antibodies (Poduslo et al., 2002), that are consequently
less suitable for longitudinal follow-up studies and the as-
sessment of pharmacological treatments.

There are also several possibilities to further refine this
protocol both at the level of contrast agent administration
and at the level of imaging protocols. Regarding contrast
agent administration, one limitation of our approach is that
it requires intracerebroventricular injection of the agent to
bypass the blood-brain barrier. Indeed, in normal condi-
tions, after intravenous (IV) injection, gadolinium contrast
agents do not extravasate from the bloodstream into the
interstitial space because of the blood-brain barrier (Giesel
et al., 2010). BBB breakdown can lead to a leakage of
gadolinium contrast agents into the brain. Such BBB break-
down can occur in pathological condition and several stud-
ies, but not all (Bourasset et al., 2009), have shown BBB
alterations in transgenic mouse models of AD (Cirrito et al.,
2005; Ujiie et al., 2003). However, in our mice, BBB dam-
age, if any, was not severe enough to allow a significant
leakage of gadolinium contrast agents into the brain (data
not shown). Several protocols, based on ultrasound
(Hynynen et al., 2005; Raymond et al., 2008) or drug
carriers such as solid lipid nanoparticles (Peira et al., 2003)
are currently being developed to artificially open the BBB,
including in humans (Deffieux and Konofagou, 2010; Mad-
sen and Hirschberg, 2010) and allow the passage of intra-
venously injected MRI contrast agents into the brain
(Howles et al., 2010). Future work will have to implement
these protocols for amyloid plaque detection. Imaging pro-
tocols can also be refined to improve the quality of the in
vivo images, including the use of cardiorespiratory trigger-
ing (Jack et al., 2004) or sequence optimization (Chamber-
lain et al., 2009) and the use of a more efficient MR coil (see
Fig. 5), such as a small diameter birdcage with a high filling
factor or a surface coil closely positioned on the head of the
animal. In addition, the availability of very high-field mag-
nets (14-21 Tesla) in several laboratories will allow higher
spatial resolution and faster scans for routine screening of
animal cohorts.

In conclusion, we have shown that in vivo and in vitro Gd
staining enables the detection of amyloid plaques in the brain
of transgenic mice by uMRI. This approach can repeatedly be
used to follow the progression of AD in the same animal and
has therefore the potential to evaluate the activity of amyloid-
lowering therapeutic strategies in longitudinal studies at the
preclinical level. The contrast enhancement technique used
also has the potential to be applied to other types of neuropa-
thologies such as multiple sclerosis (MacKenzie-Graham et al.,
2009) or neurodevelopmental alterations (Badea et al., 2007) to
enable significant increases in the sensitivity of in vivo micro-
scopic imaging of brain lesions in animal models. The trans-
lation to the clinic, to detect Af3 plaques in human AD brains,
should be possible by developing similar contrast agents that
can cross the BBB.
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