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Abstract

Alzheimer’s disease (AD), the most common age-related neurodegenerative disorder, is characterized by the invariant cerebral accumu-
lation of B-amyloid peptide. This event occurs early in the disease process. In humans, [18F]-fluoro-2-deoxy-D-glucose ([18F]-FDG)
positron emission tomography (PET) is largely used to follow-up in vivo cerebral glucose utilization (CGU) and brain metabolism
modifications associated with the Alzheimer’s disease pathology. Here, [18F]-FDG positron emission tomography was used to study
age-related changes of cerebral glucose utilization under resting conditions in 3-, 6-, and 12-month-old APPg,; o./PS1\1461» @ mouse
model of amyloidosis. We showed an age-dependent increase of glucose uptake in several brain regions of APP/PS1 mice but not in control
animals and a higher [18F]-FDG uptake in the cortex and the hippocampus of 12-month-old APP/PS1 mice as compared with age-matched
control mice. We then developed a method of 3-D microscopic autoradiography to evaluate glucose uptake at the level of amyloid plaques
and showed an increased glucose uptake close to the plaques rather than in amyloid-free cerebral tissues. These data suggest a macroscopic
and microscopic reorganization of glucose uptake in relation to cerebral amyloidosis.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer’s disease (AD), the most common age-
related neurodegenerative disorder, is a critical public

— health issue in our societies. Intracerebral amyloid-f3
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The discovery of new drugs against AD is largely based
on the use of transgenic (tg) mouse models of amyloidosis
expressing mutant forms of human amyloid precursor pro-
tein (APP) and presenilin-1 (PS1) (Duyckaerts et al., 2008).
The use of these models in preclinical trials requires the
validation of translational biomarkers. Ideally, such bio-
marker should rely on the same technology in humans and
in animal models. In both species, such biomarkers should
allow evaluating in vivo modifications of a biological end-
point after administration of an experimental drug. The
changes of a translational biomarker should also be similar
in animals and humans during pathology evolution or drug
administration. If so, modifications of a biomarker in pre-
clinical trials allow predicting expected changes in clinical
trials.

Cerebral glucose metabolism, as measured by [I8F]-
fluoro-2-deoxy-D-glucose ([18F]-FDG) positron emission
tomography (PET), is one of the most sensitive functional
biomarkers of AD (Herholz et al., 2007; Silverman et al.,
2001). Indeed, AD patients display early and progressive
reductions of glucose metabolism in cortical and hippocam-
pal regions (Mosconi et al., 2005; Nestor et al., 2004).

Cerebral glucose utilization (CGU) has been mainly
studied in tg AD mice using [14C]-2-deoxyglucose (2DG)
or FDG autoradiography, a method that requires the eutha-
nasia of the animals and does not allow longitudinal assess-
ments. Results varied depending on brain structures, mod-
els, and age of evaluated animals. For example, reductions
of CGU were observed in the cortex and hippocampus of
2-3-month-old amyloid deposit-free  APP 1,557, mice
(Niwa et al., 2002). By contrast, an increase of CGU was
described in cortical areas and hippocampus of 2-, 12-
(Valla et al., 2008), and 17-month-old PDAPP,,,,,r mice,
whereas a decrease of CGU was observed in some other
brain structures such as the posterior cingulate cortex in 3-,
10-, and 17-month-old PDAPPy,;,; mice (Reiman et al.,
2000). In APP (145576 XPS1y146. mice, an increased CGU
was detected in some cortical areas at 16 months of age
(Valla et al., 2006).

Advances in [18F]-FDG-PET technology have now en-
abled the accurate in vivo evaluation of CGU in small
animals (Matsumura et al., 2003). In mice, one major tech-
nical difficulty in measuring CGU is the need for arterial
blood sampling which cannot be repeatedly done in the
same animal without modifying profoundly its homeostasis.
This is probably why only few studies have been performed
in AD mouse models. After somatosensory activation, a
reduction of cortical CGU increase was demonstrated in
PDAPPg,, o, mice (Nicolakakis et al., 2008). Two studies
evaluated brain metabolism under resting conditions and did
not depict any significant alteration in 10—15-month-old
APP23 or APP 14,576y mice (Heneka et al., 2006; Kuntner et
al., 2009). A recent investigation highlighted brain hyper-
metabolism in 7- and 19-month-old APP 14,576, mice (Luo
et al., 2010). These mice start to develop amyloid deposits

at 9 to 12 months (Hsiao et al., 1996). Some tg mouse
models develop a more severe phenotype and display am-
yloid plaques earlier. For example, in the APP;5,q;
xPS1y146. (APP/PS1) mice, extracellular amyloid deposi-
tion starts at the age of 2.5 months and then gradually
increases (Blanchard et al., 2003; El Tannir El Tayara et al.,
2006). The aim of our work was to evaluate, by in vivo
[18F]-FDG-PET, the age-related changes of CGU under
resting conditions in this double tg APP/PS1 mouse model.
We focused on 3-, 6-, and 12-month-old APP/PS1 mice, as
this is the age range used in pharmacological studies. We
show that, compared with age-matched controls, APP/PS1
mice have a decreased glucose uptake at 3 months in the
cortex and hippocampus as well as an increased glucose
uptake in the cortex at 6 and 12 months and in the hip-
pocampus at 12 months. The increased CGU in aged APP/
PS1 mice could be caused by a higher cerebral perfusion.
We ruled out this hypothesis by showing, by in vivo mag-
netic resonance imaging (MRI) experiments, that perfusion
is either constant or reduced in brain regions of aged APP/
PS1 mice. Finally, we developed a new technical approach
based on 2DG-autoradiography to evaluate CGU within
amyloid plaques and amyloid-free brain parenchyma.
Thanks to this method, we showed an increased glucose
uptake at the level of amyloid plaques rather than in adja-
cent amyloid-free cerebral parenchyma.

2. Methods
2.1. Animals

Animal experiment 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.

Our studies were performed in APP.5,q XPS1y 461
(APP/PS1), PS1yj 146, and C57/B16 mice. Heterozygous
APP,5, 1 XxPS1yj14¢;. double-tg mice were generated by
crossing heterozygous tg APP,_, mice (Thy-1 APP;s,g;
[Swedish mutation KM670/671NL], London mutation
V7171 introduced in the human APP.,5, sequence) with
homozygous tg PS1 ., mice (HMG PS1y;;4¢; ). The mice
had been backcrossed on a C57/Bl6 background for more
than 6 generations. Previous studies on these mice have
shown that they do not exhibit cortical atrophy or corpus
callosum agenesis (Delatour et al., 2006). APP_,_/
PS1,,_, mouse littermates (PS1y;461) and C57/Bl6 mice
that do not display amyloid plaques were used as controls.
Animals were housed at constant temperature (22 °C) and
humidity (50%) with a 12-hour light/dark cycle.

2.2. In vivo PET studies

PET studies were performed in 3-, 6-, and 12-month-old
APP.5,51 XPS1y 1146 (APP/PS1), PS1y;y46., and C57/Bl6
mice (n = 4 females per group). The PET protocol was the
following: animals were anesthetized by isoflurane (3% for
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induction, 1%-1.5% for maintenance), and the respiration
rate monitored during the experiment. The body tempera-
ture of the animals was maintained at 37 °C throughout the
PET examination using a warming system.

PET images were recorded on a high-resolution small-
animal PET imaging device with a spatial resolution of 1.35
mm and a field of view (FOV) of 7.6 cm (MicroPET Fo-
cus220, Siemens Medical Solutions, Inc., Hoffman Estates, IL,
USA) (Tai et al., 2005). The mice were scanned with an energy
window of 350-650 keV and a coincidence time window of 6
nseconds. Brain emission scans were acquired in 3-D mode
during 60 minutes after a tail-vein bolus injection of 16.8 = 0.4
MBq of [18F]-FDG (CisBio, Orsay, France).

Blood glucose concentration was measured once during
the scan using a One Touch Ultra glucose meter (LifeScan,
Issy-Les-Moulineaux, France). Blood glucose concentra-
tions were in the normal range (Yu et al., 2009) (APP/PS1
3 months, 10.8 = 1.2 mmol/L; 6 months, 10.9 = 0.8
mmol/L; 12 months, 13.2 = 1.9 mmol/L; PS1 3 months,
11.9 £ 0.8 mmol/L; 6 months, 8.2 = 0.9 mmol/L; 12
months, 11.1 = 0.9 mmol/L; C57B16 3 months, 10.9 = 0.8
mmol/L; 6 months, 11.6 = 2.5 mmol/L; 12 months, 11.1 =
1.9 mmol/L) and no difference was detected between the
various genotypes or ages of the groups (2-way analysis of
variance [ANOVA] with genotype and age as between-
subject factors, Fs < 1 for the main factors).

The PET images were reconstructed with the 2-D itera-
tive ordered-subset expectation maximization (FORE 2D
OSEM) mode. Sixteen subsets and 4 iterations were used
for reconstruction. The voxel size was 0.5 X 0.5 X 0.8
mm®. The reconstructed images were examined with a 3-D
display in axial, coronal, and sagittal views.

Cerebral glucose uptake was evaluated in 4 volumes of
interest (VOI), consisting of the cortex (from bregma 1.3
to —3.5 according to Paxinos and Franklin, 2001), the
hippocampus (from bregma 1.2 to —3.0), the striatum (from
bregma 1.0 to —0.9), and the cerebellum (from bregma
—6.3 to —7.5). The VOIs used in the current study were
larger than 9 mm®, as a recent study on a microPET system
similar to ours (Constantinescu and Mukherjee, 2009)
showed that this size avoids partial volume effects (Phelps,
2006). Also, the VOIs were far from harderian glands to avoid
spill-over effects. To ensure proper VOI placement on PET
images, we coregistered microPET images with T2-weighted
MRI scans from a representative mouse from each experimen-
tal group. MR images were recorded on a 4.7 Tesla Bruker
Biospec 47/30 system, equipped with a 12 cm diameter gra-
dient system (200 mT/m). A surface coil (diameter = 30 mm),
actively decoupled from the transmitting birdcage probe
(Bruker BioSpin SAS, Wissembourg, France) was used for
signal acquisition. Three-dimensional fast spin-echo (RARE)
images were recorded with an isotropic nominal resolution of
117 pwm (repetition time/echo time [TR/TE]/weighted-TE =
2500/10/75.4 msec, RARE factor = 16, number of averages

[NA] = 1, field of view = 3 X 1.5 X 1.5 cm, matrix =
256 X 128 X 128) (Delatour et al., 2006).

The mean [18F]-FDG activities, corrected for radioactive
decay, were evaluated for each VOI on integrated PET images
recorded during a 30—60-minute acquisition period. Standardized
uptake values (SUV) were obtained for each VOI by dividing the
mean [18F]-FDG activities by the injected dose and the animal
weight. Then, regional FDG data were normalized by the FDG
uptake within the cerebellum, a structure devoid of amyloid
plaques in the APP/PS1 mice (Blanchard et al., 2003).

2.3. MRI-based evaluation of cerebral perfusion

Cerebral perfusion was evaluated in 12-month-old APP/
PS1 and PS1 mice (n = 9 and 10, respectively). Cerebral
blood flow (CBF) was evaluated by using a pulsed arterial
spin labeling technique. The animals were anesthetized with
isoflurane (3% for induction, 1%—1.5% for maintenance), as
previously described (Faure et al., 2011). In vivo MRI
images were recorded on a 4.7 Tesla Biospec 47/30 system
(Bruker) with the same set-up used for the T2-weighted
images. Perfusion measurements were performed using a
flow sensitive alternating inversion recovery (FAIR) Look-
Locker gradient-echo method (Kober et al., 2008). Briefly,
a series of 50 echoes were acquired after global or slice-
selective magnetization inversion with the following imag-
ing parameters: TE/TR = 1.59/150 ms, o = 12.5°, field of
view: 20 X 20 mm?, slice thickness: 1.5 mm, input matrix:
128 X 64; total acquisition time 32 minutes. Data acquisi-
tion was performed in a tissue slab of the posterior cerebrum
(volume acquisition: from bregma —1.82 to bregma —3.28
according to Paxinos and Franklin, 2001). Because the
thickness of this sampling slice was too large to measure
perfusion in convoluted VOlIs, such as the hippocampus, we
evaluated perfusion in large cortical and thalamic VOIs with
minimal shape variations across the anteroposterior axis of
the studied slice. In these selected VOIs perfusion values
(P), expressed as mL.g ' min~ ', were calculated as fol-
lows: P/A = [(Tlglobal/Tlblood) X (1/Tl1selective-1/
Tlglobal)] (program developed in an IDL environment;
IDL 7.1, RSI, Boulder, CO, USA). T1 global was calculated
from images recorded with a global inversion pulse while
T1 selective was calculated with the selective inversion
pulse. The blood/tissue partition coefficient for water (A)
was assumed to be 0.9 mL/g (Sun et al., 2004), and T1
blood was 1.7 seconds (Williams et al., 1992).

2.4. Microscopic analysis of glucose utilization

In order to better interpret at the cellular level, the in-
crease in glucose uptake observed by PET, we performed a
complementary autoradiographic study using 2DG and a
new image processing protocol (Dubois et al., 2007). This
method allows to perfectly register autoradiographic and
histological sections. After definition of microscopic re-
gions of interest (ROIs) on histological sections, one can
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paste the ROIs on autoradiograms, and evaluate the CGU
within these microscopic regions.

Four APP/PS1 (12-month-old) and 3 age-matched
control PS1 mice were evaluated. Animals were anesthe-
tized with isoflurane and a catheter was inserted intra-
peritoneally. Mice were then allowed to recover from
anesthesia for 1 hour until 2DG injection (16.5 wCi/100
g body weight; PerkinElmer, Boston, MA, USA). After a
45-minute uptake period, the animals were euthanized by
injection of a lethal dose of sodium pentobarbital. The
brain was removed and immediately snap-frozen in iso-
pentane at —40 °C before being entirely cut on a
CM3050S cryostat (Leica, Rueil-Malmaison, France)
into 20-um thick coronal sections. One out of 4 sections
were mounted on Superfrost (Menzel-glaser, GmbH,
Braunsheig, Germany) glass slides, heat-dried, and ex-
posed onto the autoradiographic film (Kodak Biomax
MR, Sigma-Aldrich, France) for 1 week, together with
radioactive [14C] standards (146C, American Radio-
chemical Company, St. Louis, MO, USA). The same
sections were then processed for Nissl staining to provide
complementary information about brain anatomy and am-
yloid load. The autoradiograms, the corresponding Nissl
stained sections, and the [14C] standards were digitized
as 8-bit gray-scale images, using a flatbed scanner
(ImageScanner, GE Healthcare, Orsay, France) with a
1200 dpi (dots per inch) in-plane resolution (pixel size
21 X 21 wm?), as previously described (Dubois et al.,
2007). Each 2-D autoradiographic section was coregis-
tered with its corresponding histological Nissl section.

Several ROIs of 42 X 42 um?, corresponding to re-
gions containing amyloid plaques, were outlined in the
cortex (n = 100 different ROIs; 25 per animal), hip-
pocampus (n = 36 different ROIs; 9 per animal), and
striatum (n = 36 different ROIs; 9 per animal) from
histological sections from APP/PS1 mice. The same
number of ROIs were positioned over regions without
amyloid plaques in APP/PS1 and in control PSI1 mice.
The ROIs were then pasted on corresponding registered
autoradiograms and the radioactivity counted. Radioac-
tivity was also assessed from the cerebellum of the ani-
mals. A glucose utilization index was obtained for each
ROI by dividing the regional radioactivity values by the
radioactivity within the cerebellum. Data were evaluated
as a percentage of radioactivity compared with radioac-
tivity values in the amyloid-free regions of PS1 mice.

2.5. Immunohistochemistry and histochemistry

Further histopathological analysis was performed on the
mice used in the PET studies. Immediately after the PET
examination, animals were euthanized by an overdose of
5% isoflurane followed by cervical dislocation (n = 9 ani-
mals; 1 mouse per genotype and age group). The brains
were quickly removed from the skull and immediately fro-
zen in dry ice precooled isopentane and stored at —20 °C.

Then serial sagittal sections (20 wm) were cut from frozen
tissue using a cryostat and transferred to glass slides (Su-
perfrost plus; Menzel-glaser, GmbH). Prior to immunostain-
ing, brain sections were fixed with 4% paraformaldehyde
for 30 minutes at room temperature. Immunohistochemical
detection of amyloidosis (4G8 antibody), reactive astrocytes
(glial fibrillary acidic protein; GFAP), and microgliosis
(Ibal) were performed using the Discovery XT automated
stainer (Ventana, Strasbourg, France).

Sections for B-amyloid (AB) detection were pretreated
with 80% formic acid for 3 minutes at room temperature
and were then treated with a primary antibody (biotinylated
mouse monoclonal antibody 4G8, 1/500; Covance Signet
antibodies, Dedham, MA, USA) during 60 minutes at room
temperature.

For reactive astrocyte detection, the slides were pre-
treated by an automated heat-induced epitope retrieval pro-
cedure (CC2 standard protocol, Ventana) and then pro-
cessed with a rabbit polyclonal anti-GFAP; 1:1000 (Dako,
Carpintera, CA, USA) during 60 minutes at room temper-
ature.

For reactive microgliosis detection, the slides were pre-
treated by an automated heat-induced epitope retrieval pro-
cedure (CCI mild protocol; Ventana) and were then pro-
cessed with an anti-Ibal primary antibody (Ibal, 1/250;
Wako Pure Chemicals, Richmond, VA, USA) during 60
minutes at room temperature.

For each staining, 32-minute incubation with a secondary
antibody (biotinylated goat anti-rabbit IgG; 1/500; Vector
Laboratories, Burlingame, CA, USA) was performed using
the ABC method with diaminobenzidine (DAB Map Kkit,
Ventana) as the chromogen (brown stain). Endogenous per-
oxidase activity and nonspecific binding sites were blocked
according to the manufacturer’s instructions. Endogenous
biotin activity was blocked by adding an avidin/biotin
blocking kit (Ventana) for 8 minutes.

The sections were then counterstained with hematoxylin (4
minutes; Ventana, 760—2021) and a bluing reagent (Ventana;
760-2037) was applied for counterstaining (4 minutes).

Amyloid was also labeled using Congo red staining (30
minutes in an 80% ethanol solution saturated with Congo
red and sodium chloride, followed by rinsing in water,
dehydration in ethanol, and clarification into toluene).

All slides were covered and evaluated by using a stan-
dard microscope (Olympus, Hamburg, Germany).

2.6. Statistical analyses

Statistical analyses of FDG and perfusion data were
based on Pearson’s and Mann-Whitney’s tests. Autoradio-
graphic data were analyzed using a 2-way ANOVA with
animal and tissue type (location of the pixel within or
outside amyloid deposits) as coefficients. Post hoc analyses
were performed to analyze differences between glucose
utilization index within amyloid plaques and within tissue
without amyloid plaques. Statistica 7.1 (StatSoft, Inc.,
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Fig. 1. [18F]-fluoro-2-deoxy-D-glucose ([18F]-FDG) positron emission tomography (PET) images from a 12-month-old APP/PS1 mouse in the coronal (a),
sagittal (d), and horizontal (g) directions. Magnetic resonance (MR) images of the corresponding animal are shown in (b), (e), and (h). Registered PET and
brain structure contours extracted from MR images are shown in (c), (f), and (i). Examples of regions of interest outlined on a MR imaging slice are shown
in (j). Regions of interest were outlined on several slices from the whole brain. Three-D volumes showing the regions of interest are displayed in (k). Cx,

cortex; Hpc, hippocampus; St, striatum.

Tulsa, OK, USA) was used for all the analysis. Two-tailed
p < 0.05 was considered statistically significant.

3. Results
3.1. [18F]-FDG-PET study

To study age-related changes of CGU, [18F]-FDG-PET
images were recorded in APP/PS1, PS1, and C57/Bl16 mice
at 3, 6, and 12 months of age. After anatomofunctional
combination, cerebral regions, such as the cortex, the hip-
pocampus, the striatum, and the cerebellum could be out-
lined on PET images (Fig. 1).

A significant positive correlation was found between the
age of APP/PS1 mice and the [I8F]-FDG uptake in the
cortex (r = 0.87, p < 0.001; Fig. 2a), the hippocampus (r =
0.76, p < 0.005; Fig. 2b), and the striatum (» = 0.60, p <
0.05; Fig. 2c¢). In control mice (either C57/B16 or PS1 mice),
no such relationship between age and [18F]-FDG uptake
could be seen, whatever the examined brain region (p >
0.05; Fig. 2).

Evaluation of age-matched animals revealed a decrease
of cortical and hippocampal glucose uptake in 3-month-old
APP/PS1 mice (0.8365 = 0.0099; 0.9660 = 0.0096, respec-
tively) as compared with PS1 mice (0.8647 = 0.0041;
1.0112 % 0.0055, respectively) (Mann-Whitney test, p <
0.05; Fig. 3a and b). At 6 months, the glucose uptake was
increased in the cortex of APP/PS1 mice (0.9216 % 0.0309)
as compared with age-matched C57/B16 animals (0.7637 *=
0.0295; p < 0.05; Fig. 3a). In 12-month-old APP/PS1 ani-
mals, the cortical glucose uptake was increased (1.0407 =
0.0343) as compared with PS1 (0.8755 = 0.0345) and
C57/B16 mice (0.9095 = 0.0117; p < 0.05; Fig. 3a). An
increase of glucose uptake was also detected in the hip-
pocampus of 12-month-old APP/PS1 mice (1.2094 =

0.0602) as compared with age-matched C57/Bl6 animals
(1.0340 = 0.0067; p < 0.05; Fig. 3b).

3.2. Cerebral perfusion

To further evaluate the origin of the increased glucose
uptake in aged APP/PS1 mice, we focused on another co-
hort of 12-month-old animals. First thanks to a pulsed ar-
terial spin labeling technique, a cortical hypoperfusion was
detected in the APP/PS1 mice (p < 0.05; Fig. 4). No change
in cerebral blood flow was detected in the thalamus of the
APP/PS1 mice (p > 0.05; Fig. 4).

3.3. Microscopic analysis of glucose utilization

A subgroup of the mice evaluated by spin labeling tech-
nique was further studied by autoradiography to evaluate
CGU at the level of cortical, hippocampal, and striatal
amyloid plaques. First, high-resolution autoradiograms
were registered on Nissl-stained sections thanks to a spatial
normalization algorithm. Nissl-stained sections were used
to localize ROIs (42 X 42 um?) either containing amyloid
plaques or without amyloid plaques in APP/PS1 mice (Fig.
Sa, ¢, e, and f) and amyloid free-ROIs in PS1 mice (Fig. 5b
and d). The ROIs were then pasted on the corresponding
autoradiographic sections from the same slices (Fig. Se and
f). A glucose utilization index was quantified in each ROL
In the cortex and the hippocampus, glucose uptake was
higher in regions containing amyloid plaques compared
with amyloid-free brain areas from APP/PS1 or PS1 mice
(ANOVA followed by post hoc analysis, all p < 0.0001;

Fig. 5g).
3.4. Neuropathological study

As we have previously shown (El Tannir El Tayara et
al., 2006), amyloid load detected by 4G8 immunohisto-
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Fig. 2. Correlation between [18F]-fluoro-2-deoxy-D-glucose ([18F]-FDG)
uptake and age in the cortex (a), hippocampus (b), and striatum (c) of
C57/Bl16, PS1, and APP/PS1 mice. A significant correlation was found only
in APP/PS1 mice (drawn lines).

chemistry and Congo red staining increased with age in
APP/PS1 animals (Fig. 6): at 3 months of age APP/PSI
mice had sparse, but detectable, AB deposits and by 12
months of age, AB deposits were distributed throughout
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Fig. 3. Quantification of [18F]-fluoro-2-deoxy-D-glucose ([18F]-FDG) up-
take in the cortex (a), hippocampus (b), and striatum (c) of C57/BI6, PS1,
and APP/PS1 mice at 3, 6, and 12 months (n = 4 per group; mean *
standard error of the mean). Age-matched animals were compared by using

the Mann-Whitney test (¥ p < 0.05).
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Fig. 4. Cerebral perfusion in the cortex and thalamus of 12-month-old
APP/PS1 mice (black boxes) compared with age-matched PS1 animals
(gray boxes) (n = 9-10 per group; Mann-Whitney tests; * p < 0.05).

microgliosis, labeling was low in the striatum (Fig. 5h and
i). As expected, GFAP and Ibal immunoreactivities were
low in the PS1 and C57/B16 mice (Fig. 6e and 1).

4. Discussion

4.1. Age-related increase of glucose uptake in APP/PSI
mice

[18F]-FDG is one of the most frequently used ligands for
clinical PET imaging of cerebral metabolism in AD pa-
tients. Here, we have performed in vivo PET imaging to
measure [I18F]-FDG uptake in 3-, 6-, and 12-month-old
APP/PS1 mice. This age range is the one typically used in
pharmacological studies on this model.

In APP/PS1 mice, we observed an age-related increase of
[18F]-FDG uptake in the cortex, the hippocampus, and the
striatum. No age-related change in [18F]-FDG uptakes were
detected in control PS1 and C57/BI6 animals. This age-
related increase led to a higher [18F]-FDG uptake in the
cortex and hippocampus of 12-month-old APP/PS1 mice as
compared with age-matched PS1 or C57/B16 control mice.
By contrast, in young 3-month-old APP/PS1 mice, there
was a decrease of [18F]-FDG uptake in the cortex and the
hippocampus. The discrepancy that we reported between
young and old animals is consistent with results from the
literature showing, at the cerebral and cellular levels, a
hyperactivity in old (8-month) but not in young (2-month),
amyloid-free, mouse brains (Busche et al., 2008; Kuchib-
hotla et al., 2009).

The age-related increase of cerebral metabolism in APP/
PS1 mice is however surprising because mouse models of
AD show cognitive impairment and high amyloid deposi-
tion. Most of the studies, that have previously evaluated
glucose uptake in the brain of AD mouse models, have used
[14C]-FDG or [14C]-2DG autoradiography. Our results can
be compared with these studies because regional CGU eval-

uated by [18F]-FDG PET and [14C]-2DG autoradiography
are strongly correlated (Toyama et al., 2004). Some of these
studies have shown reduced brain metabolism in AD mouse
models, but severe morphological alterations, such as agen-
esis of the corpus callosum, were detected in some of these
models, e.g., the PDAPPy,,,;r mice. These alterations
could, in part, explain the decreased cerebral metabolism
(Dodart et al., 1999; Gonzalez-Lima et al., 2001; Reiman et
al., 2000). Several studies have also shown enhanced cere-
bral metabolism at more than 12 months in the cortex, the
hippocampus, and the striatum of tg mouse models of AD
(see studies in PDAPPy,;,,r mice; Reiman et al., 2000;
Valla et al., 2008; or APP (145576/PS1y1461. mice; Valla et
al., 2006). A recent study by [18F]-FDG-PET also showed
similar results in APP 14,576, mouse model (Luo et al.,
2010). These findings are consistent with our data in aged
APP/PS1 mice. In addition to previous findings, our results
demonstrate that glucose uptake increases progressively
with aging in APP/PS1 mice. More importantly, our results
are based on PET imaging. Unlike autoradiography, PET is
a noninvasive method that allows following-up the animals
for example during drug evaluations.

4.2. FDG-PET in APP/PSI mice: a translational
biomarker?

The increased glucose uptake that we observed in aged
APP/PS1 mice is clearly different from the decreased glu-
cose uptake described in syndromal AD patients (Mosconi,
2005). In these patients, the decreased [18F]-FDG uptake
are supposed to be related to the presence of neurofibrillary
tangles rather than amyloid deposition (Barrio et al., 2008;
Choo et al., 2007; Edison et al., 2007). This hypothesis is
supported by results obtained in a triple tg model of AD,
which overexpresses human APP, PS1, and tau mutations.
In these mice, the tau overexpression leads to a global
age-related reduction of glucose uptake (Nicholson et al.,
2010).

Our study, in an animal model of pure amyloidosis, thus
emphasizes that amyloid deposits lead to an increased glu-
cose uptake. Interestingly, in prodromal stages of AD, an
increased cerebral metabolism (Cohen et al., 2009) or a
reorganization of brain metabolism (Vlassenko et al., 2010)
have recently been described. Recent reviews suggest that tg
mice simulate the asymptomatic phase of the disease rather
than the clinical stage of the disease (Zahs and Ashe, 2010).
The increased glucose uptake seen in tg mice is consistent
with this view.

4.3. Potential biological endpoints associated to
increased glucose uptake in APP/PS1 mice

Several cerebral alterations possibly occurring in tg mice
could explain the increased glucose uptake in aged animals.
These modifications could occur at the level of the vascular
system or at the level of the tissue. Here, we evaluated 2 of
them. First, alterations of the vascular function could lead to
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Fig. 5. Evaluation of metabolic activity in brain regions containing amyloid plaques in 12-month-old APP/PS1 mice and control tissue from APP/PS1 and
PS1 mice. (a, b) Nissl stain sections from APP/PS1 (a) and PS1 (b) mice (n = 3—4 per group). Insets outlined correspond to magnified Nissl stain sections
in (e) and (f). Amyloid plaques were visible on sections from APP/PS1 mice (a; red circles in e and f). Autoradiographic images corresponding to the same
sections are shown in (c), (d), (e), and (f). In the autoradiographic section in (e) and (f), an increased glucose uptake is seen within the regions where plaques
were present (red circles). (g) Increased glucose uptake is observed in the cortical and hippocampal regions containing amyloid plaques from APP/PS1 mice
as compared with amyloid-free regions from APP/PS1 or PS1 mice (analysis of variance [ANOVA] and post hoc analysis, *** p < 0.0001). (h and i) amyloid
plaques (h, arrows, 4GS staining) and activated microglia (I, arrows, Ibal staining) in the frontal cortex (FCx) and striatum (St) of a 12-month-old APP/PS1
mouse. In the striatum, the density and maturity of amyloid plaques and associated activated microglia were low as compared with those observed in the
cortex or hippocampus. Abbreviation: cc, corpus callosum. Autoradiographic scales are in nCi/g. Scale bars, 1 mm in (a, b); 500 wm in (h, i).

an increased cerebral perfusion. Indeed, vascular modifica-
tions such as amyloid angiopathy, changed 3-D architecture
of brain vasculature, perturbations of the cerbrovascular
regulation, leading to altered cerebral blood flow have been
shown in AD tg mouse models (Bell and Zlokovic, 2009;
Meyer et al., 2008; Niwa et al., 2002). It is thus possible that
the higher glucose uptake that we detected by PET was
mediated by increased cerebral perfusion linked to vascular
alterations. However, our data show that cerebral perfusion
is reduced in the cortex of 12-month-old APP/PS1 mice.
These results are consistent with data obtained by MRI (Faure
et al., 2011) or other methods (Niwa et al., 2002) on other tg
mice. Such alteration should reduce and not increase [18F]-
FDG uptake. We cannot however exclude modifications of the
blood brain barrier (BBB) leading to an increased leakage of
[18F]-FDG into the brain to explain the increased FDG uptake
that we reported. Indeed, such alterations have been reported in
tg mouse models of amyloidosis (Ujiie et al., 2003), but not in
all (Bourasset et al., 2009).

Second, local modifications occurring in the brain paren-
chyma or close to the amyloid plaques could also explain

increased glucose uptake seen by FDG-PET. In our study,
we developed a new protocol to study CGU at the cellular
level. Thanks to a spatial normalization algorithm applied to
autoradiograms and histological sections, we showed that
glucose uptake is increased in regions presenting amyloid
plaques as compared with amyloid-free brain regions. Sev-
eral hypotheses can explain the local CGU increase close to
the plaques. For example, the high astrocytosis and micro-
gliosis, that we and others (Bolmont et al., 2008) have seen
in association with the plaques, might increase the CGU
locally. An increased basal metabolic rate of the cells sur-
rounding amyloid plaques caused by amyloid oligomers
(Puzzo et al., 2008), by disturbed astrocytic calcium waves
(Kuchibhotla et al., 2009) or by an increased neuronal
activity (Busche et al., 2008) might also explain CGU in-
crease close to the plaques. The biological endpoints asso-
ciated with the increased cerebral glucose uptake in tg mice
must be further evaluated.

Several hypothesis can be proposed to explain the de-
creased [18F]-FDG uptake in the cortex and hippocampus
of young 3-month-old APP/PSI mice. In young mice, the
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Fig. 6. Increased number and size of amyloid deposits, associated astrocytosis, and microgliosis with aging in APP/PS1 mice. (a—d) Staining for amyloid
deposits (arrows) in the cortex and the hippocampus of 3-, 6-, and 12-month-old APP/PS1 mice (b, c, and d, respectively). (a) Lack of staining in a
12-month-old control (C57/B16) mouse (4G8 antibody). (e—h) Reactive astrocytes (arrows) in the brain of a 12-month-old control (C57/Bl16) mouse (e) and
3- (), 6- (g), and 12-month-old (h) APP/PS1 mice (glial fibrillary acidic protein [GFAP] antibody). Microgliosis (arrows) in the brain of 3- (j), 6- (k), and
12-month-old (I) APP/PS1 mice (Ibal antibody). No staining could be detected in control mice (i). Abbreviations: CA1, CAl region of the hippocampus;
cc, corpus callosum; Cx, cortex; DG, dentate gyrus of the hippocampus. Scale bars, 200 wm.

amyloid plaque load is very low (Blanchard et al., 2003) but
other lesions such as intraneuronal A3 have been described
in this line (Langui et al., 2004). Interestingly it has been
evidenced that intraneuronal A deposition precedes extra-
cellular plaque formation in APP/PS1 mice and that while
intracellular AB accumulates in young mice it disappears in
older animals (Wirths et al., 2001). Intraneuronal A has an
exquisite toxicity. In particular, its accumulation leads to
synaptic defects and impairments in oxygen consumption
(see LaFerla et al., 2007 for review) that could thus lead to
a reduced glucose uptake in young APP/PS1 mice. Alter-
natively it is possible that extracellular soluble A oligom-
ers leads to the decreased [18F]-FDG uptake in young mice.
Oligomers are known to alter synaptic morphology and
function (Selkoe, 2008) which in turn can affect brain me-
tabolism. Hence AD patients with no plaques but harboring
high levels of A oligomers undergo severe cerebral hypo-
metabolism (Shimada et al., 2011). A characterization of
oligomers deposition in young versus old APP/PS1 mice
would provide further information on their association with
abnormal glucose uptake in the transgenic mice.

In conclusion, APP/PS1 mice present an age-related in-
crease of cerebral glucose uptake that can be detected at the
level of brain regions by in vivo PET imaging and at the
level of amyloid plaques by autoradiography. These data

suggest a reorganization of glucose uptake in the vicinity of
amyloid plaques. Understanding the origin of these changes
will help to clarify disease mechanisms associated to AD
and to screen potential treatments.
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