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Abstract

With 90% of neuroscience clinical trials failing to see efficacy, there is a clear need for the development of disease biomarkers that can improve
the ability to predict human Alzheimer’s disease (AD) trial outcomes from animal studies. Several lines of evidence, including genetic
susceptibility and disease studies, suggest the utility of fluorodeoxyglucose positron emission tomography (FDG-PET) as a potential biomarker
with congruency between humans and animal models. For example, early in AD, patients present with decreased glucose metabolism in the
entorhinal cortex and several regions of the brain associated with disease pathology and cognitive decline. While several of the commonly used
AD mouse models fail to show all the hallmarks of the disease or the limbic to cortical trajectory, there has not been a systematic evaluation of
imaging-derived biomarkers across animal models of AD, contrary to what has been achieved in recent years in the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) (Miller, 2009). If animal AD models were found to mimic endpoints that correlate with the disease onset,
progression, and relapse, then the identification of such markers in animal models could afford the field a translational tool to help bridge the
preclinical-clinical gap. Using a combination of FDG-PET and functional magnetic resonance imaging (fMRI), we examined the Tg2576 mouse
for global and regional measures of brain glucose metabolism at 7 and 19 months of age. In experiment 1 we observed that at younger ages, when
some plaque burden and cognitive deficits have been reported, Tg2576 mice showed hypermetabolism as assessed with FDG-PET. This hypermetabolism
decreased with age to levels similar to wild type (WT) counterparts such that the 19-month-old transgenic (Tg) mice did not differ from age matched WTs.
In experiment 2, using cerebral blood volume (CBV) fMRI, we demonstrated that the hypermetabolism observed in Tg mice at 7 months could not be
explained by changes in hemodynamic parameters as no differences were observed when compared with WTs. Taken together, these data identify brain
hypermetabolism in Tg2576 mice which cannot be accounted for by changes in vascular compliance. Instead, the hypermetabolism may reflect a neuronal
compensatory mechanism. Our data are discussed in the context of disease biomarker identification and target validation, suggesting little or no utility for
translational based studies using Tg2576 mice.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer’s disease (AD), a progressive neurodegenera-
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neurodegeneration (Roberson and Mucke, 2006). In addi-
tion to potentially improving the accuracy of diagnosis,
translational medicine approaches seek to develop biomark-
ers in humans and animal models that can serve important
roles for the development of putative disease-modifying
drugs for AD (Thal et al., 2006). By providing evidence of
drug activity and indirect measures of disease severity, a
change in a biomarker could be considered supporting ev-
idence of disease modification. Moreover, appropriate bio-
markers will improve the predictability of drug discovery
and development efforts by improving the congruency of
preclinical models to clinical reality, thus establishing
proof-of-concept for efficacy and safety based on targeted
mechanism of action (Day et al., 2008).

There is great need for disease severity biomarkers in
AD (Day et al.,, 2008; Thal et al., 2006). These should
correlate statistically with the disease phenotypes for which
therapeutics are developed. Correlation of levels or expres-
sion patterns should signify disease initiation, progression,
regression, remission, or relapse (Day et al., 2008). In short
they should be able to serve as a surrogate for or be superior
to clinical assessments (Day et al., 2008; Thal et al., 2006). In
the past decade imaging studies using magnetic resonance
imaging (MRI), positron emission tomography (PET), and
single photon emission computerized tomography (SPECT)
have afforded major advancements in our understanding of the
disease process confirming, for example, that AD follows a
set limbic-cortical trajectory, with the earliest neuropatho-
logical features occurring in the entorhinal cortex, spreading
into the CA1 region of the hippocampus and then neocor-
tical regions (Norfray and Provenzale, 2004).

Whilst decreases in glucose utilization are not specific to
a particular disease, over 20 years of research on brain
metabolism has established that the AD brain is regionally
hypometabolic even in those genetically at risk but asymp-
tomatic (Norfray and Provenzale, 2004). In addition, de-
creases in fluorodeoxyglucose (FDG)-PET signals can be
seen very early in the disease process. For example, healthy
asymptomatic young and middle-aged individuals who
carry the APOE4 gene show reductions in metabolism in
brain regions affected in AD (Norfray and Provenzale,
2004; Reiman et al., 2005). Further, patients presenting with
AD or mild cognitive impairment (MCI) show reductions in
cerebral metabolic rates for glucose (CMRglu) in the pos-
terior cingulate, parietal, temporal, and prefrontal cortex
(Norfray and Provenzale, 2004). Moreover, this hypome-
tabolism is correlated with dementia severity and predicts
progression (Mega et al., 1997; Mosconi, 2005; Norfray and
Provenzale, 2004). For example, MCI subjects who decline,
compared with those that do not worsen or show spontane-
ous recovery, have been demonstrated to show decreased
metabolism in the parietal and temporal cortex (Jagust,
2006). In MCI-AD converters, the entorhinal cortex shows
a marked decrease in metabolic rate (de Leon et al., 2001;
Jagust, 2006).

FDG-PET also has advantages as an outcome measure
for drug trials. First, FDG-PET signals have shown phar-
macological sensitivity to agents known to improve cogni-
tion in AD (Potkin et al., 2001; Teipel et al., 2006). In
addition, based on longitudinal CMRglu declines in AD
patients, researchers have estimated that the number of AD
patients per treatment arm needed to detect an effect with
FDG-PET is roughly comparable to that needed to detect an
effect with volumetric MRI and almost 1 tenth the number
of patients needed using clinical end points, suggesting the
promise of this imaging technique in proof-of-concept trials
(Alexander et al., 2002; Dickerson and Sperling, 2005).
Taken together, these data suggest that changes in brain
glucose utilization may serve as a disease biomarker and/or
a marker for predicting drug efficacy in AD (Jagust, 2006).

Attempts to recapitulate the AD pathologies with trans-
genic (Tg) mice have led to several models of the disease
(McGowan et al., 2006). Amyloid precursor protein (APP)
Tg models display extensive plaque pathology and cogni-
tive deficits with age (McGowan et al., 2006). One of the
most widely used animal models for amyloid plaques is
the Tg (HuApp695.K670N/M671L) 2576 transgenic mouse
model, which overexpresses human APP with the double
Swedish mutation (Hsiao et al., 1996) and are thought to
reflect, in part, AD pathology, including elevated levels of
amyloid beta (AB),_4o and AB,_4,, the presence of amyloid
plaques, inflammation (Hsiao et al., 1996), as well as learn-
ing and memory deficits, herein referred to as the Tg2576
model (Hsiao et al., 1996; Irizarry et al., 1997; Jacobsen et
al., 2006; Westerman et al., 2002).

In order to evaluate the Tg2576 model for cerebral glu-
cose utilization (CGU)-based disease biomarkers, we inves-
tigated the effects of age (7 and 19 months) on CGU using
in vivo ['®F]-FDG-PET in experiment 1. In experiment 2,
using cerebral blood volume (CBV)-based fMRI, we aimed
further to determine whether there was intact vascular com-
pliance to hypercapnia in 7-month-old Tg mice compared
with wild type (WT) mice (Mueggler et al., 2002). Our
results are discussed in the context of Alzheimer’s disease
biomarker identification and target validation.

2. Methods
2.1. Animal preparation

A total of 30 heterozygous double Swedish mutation
(K670N/M671L) female Tg2576 transgenic mice express-
ing human APP complementary DNA (cDNA) (Hsiao,
1998; Hsiao et al., 1996; Spires and Hyman, 2005) and 30
age-matched wild type mice were employed in the study.
Mice were obtained from Taconic (Germantown, NY, USA)
at approximately 3 months of age but imaged at approxi-
mately 7 and 19 months of age. Different cohorts of animals were
used. Mean body weights (mean = SD) were 23.5 * 3.0 and
22.2 + 4.2 g respectively for 7-month-old WT and Tg mice,
and 26.5 £ 5.2 and 26.8 = 5.4 g respectively for 19-month-
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old WT and Tg mice. All mice were group housed on a
filtered, forced air isolation rack, and maintained on stan-
dard sterile wood chip bedding in a quiet room under con-
ditions of 12 hours lights on/12 hours lights off (on at
06:00), with food and water available ad libitum. An elec-
tronic chip, IMI-1000 from Bio Medical Data Systems (Sea-
ford, DE, USA), was implanted subcutaneously in the dor-
sal posterior region for identification purposes. This chip
was removed prior to fMRI studies. The various imaging
investigations (FDG-PET, fMRI) were performed during
the light phase under medetomidine (1 mg/kg intraperito-
neally; Pfizer Animal Health, Exton, PA, USA) + ketamine (75
mg/kg intraperitoneally; Fort Dodge Animal Health, Fort
Dodge, IA, USA) anesthesia. All experiments were con-
ducted in accordance with Abbott Institutional Animal Care
and Use Committee and National Institutes of Health Guide
for Care and Use of Laboratory Animals guidelines in
facilities accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care.

2.2. Glucose metabolism assessment using FDG-PET

Twenty Tg2576 and 20 WT control mice were imaged
using PET over 2 different age ranges: ~7 and ~19 months
old. FDG-PET experiments were conducted on an Inveon
PET/computed tomography (CT) (Siemens Medical Solu-
tions USA, Inc., Knoxville, TN, USA) high resolution sys-
tem dedicated to small animal imaging (microPET). The
animals were fasted with free-access to water for at least 6
hours before the study. After anesthesia preparation, a tail
vein catheter was inserted and the animal was placed in the
imaging bed of the PET-CT system. The imaging bed ex-
tended to the PET field of view (FOV) immediately after CT
image acquisition, controlled by a remote computer. PET
image acquisition was initiated when a bolus of 10-15 X
10° kBq of ['®F]-FDG in ~100 uL of saline was injected
through the tail vein catheter and continued for 60 minutes.
All raw PET scan data were first sorted into 3-dimensional
sinograms, followed by Fourier rebinning. The dynamic PET
images were framed as 1 X 3 seconds (s) + 12 X 0.5s + 2
X15s+1X16s+1X32s+1X180s+1X300s +
1 X460s +1X540s +1X600s +1X700s + 1 X
760 s. Images were reconstructed iteratively using 2-dimen-
sional (2D) ordered subset-expectation maximization recon-
struction algorithm (2D-OSEM) with the following param-
eters: a Ramp filter with 0.5 of the Nyquist frequency as the
cutoff, 5 iterations and 128 X 128 array size. The recon-
structed CT scan was initially used for the attenuation cor-
rections during image reconstructions, and was omitted af-
ter learning that the images without the attenuation
correction provided uncompromised quantification. The en-
ergy window was set between 350 and 650 keV and brains
were placed in the center of the axial FOV to minimize
scattered radiation. No postacquisition scatter correction
was performed. The voxel size was 0.4 X 0.4 X 0.8 mm°.
Inveon miroPET radial, tangential, and axial resolutions at

center of FOV were 1.46 mm, 1.49 mm, and 1.15 mm,
respectively (Constantinescu and Mukherjee, 2009).

The ordered subsets estimation algorithm (OSEM) was
introduced in 1994 (Hudson and Larkin, 1994) and since
that time 2D-OSEM has become the most commonly used
iterative method for statistically based PET reconstruction
(Leahy and Qi, 2000). Compared with traditional analytical
methods such as filtered back-projection (FBP), 2D-OSEM
provides improved image quality with only slightly higher
computational demands. Further, for dynamic datasets with
relatively low counts during early time points, the use of
FBP typically results in poor image quality with high noise
and low contrast. A comprehensive evaluation of OSEM
reconstruction of both phantom and patient data showed that
OSEM has equal quantitative accuracy as FBP and also
provides improved signal-to-noise ratio that improves im-
age resolution and reduces partial volume effects (Boellaard
et al., 2001). In addition, our PET/CT scanner is calibrated
regularly with known sources to ensure accurate quantifi-
cation of 2D-OSEM reconstructed images.

A calibration factor for converting units on microPET
images into absolute tracer concentration was first generated
by imaging a Ge-68 phantom with known concentration.
FDG concentration in the whole brain was quantified from
each image using image analysis software from Inveon
Research Workplace (Siemens Medical Solutions USA,
Inc., Knoxville, TN). Brain volume was first obtained with
the volume of interest (VOI) technique utilizing the CT and
magnetic resonance (MR) imaging to include the entire
volume inside the skull (whole brain) as well as several
VOIs (hippocampus, perirhinal cortex, entorhinal cortex,
striatum, thalamus, cerebral cortex, and cerebellum), which
are thought to be related to AD pathology (Fig. 1). The
average FDG concentrations within the brain VOI were
registered and then converted into absolute concentration
(kBg/cc) by the calibration factor.

Standard uptake value (SUV) was calculated as tissue
tracer concentration divided by the ratio of injected dose
over subject mass (grams, with the assumption 1 cc = 1 g).
Although semiquantitative, SUV is a widely accepted clin-
ical outcome for glucose utilization in neurology and on-
cology (see Thie, 2004 for review). Like percent injected
dose (%ID)-kg/g (Klunk et al., 2005), SUV eliminated the
variability in the injected doses and subject masses, facili-
tating comparison among animals and results from different
laboratories (Klunk et al., 2005).

CT scans were performed using the Siemens Inveon
preclinical scanner and Siemens Inveon Acquisition Work-
place software (Version 1.0, Siemens Medical Solutions
USA, Inc., Knoxville, TN, USA). Briefly, the x-ray source
was set at 80 kV and 500 A with an effective pixel size of
83 uwm. One hundred seventy-five projections were acquired
over a 220 degree range with a total scan length of 4.3
minutes. Data were then reconstructed using a modified
Feldkamp algorthim with a Shepp-Logan filter.
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Fig. 1. Anatomical localizations of 7 volumes of interest (VOIs) from
horizontal, sagittal, and coronal slices of mouse brain, according to Paxinos
and Franklin sterotaxic coordinates of mouse brain. A T2-weighted mag-
netic resonance (MR) image (anatomical images were acquired using the
fast spin-echo rapid acquisition relaxation enhanced (RARE) pulse se-
quence with repetition time (TR) = 3 seconds, effective echo time (TE) =
100 ms, matrix = 256 X 256, field of view (FOV) = 2.56 X 2.56 cm, and
giving an in-plane resolution = 100 X 100 wm) is fused to computerized
tomography (CT) and mouse atlas. Hippocampus, perirhinal cortex, ento-
rhinal cortex, striatum, thalamus, cerebral cortex, and cerebellum are color
coded based on mouse atlas.

2.3. CBV measurement using fMRI

Acetazolamide is a well characterized carbonic anhy-
drase inhibitor which causes rapid increases in CBV
(Vorstrup et al., 1984) by acidifying cerebral extracellular
fluids through an increase in extracellular PO, (Mueggler
et al., 2002). This effect of acetazolamide on CBV can be
used to assess vascular function, and is detectable in rodents
via MRI (Graham et al., 1994). Ten Tg2576 and 10 WT
control mice were imaged via fMRI over 2 different age
ranges: ~7 and ~19 months old. A 7.0 T/21 c¢m horizontal
magnet with a 20 G/cm magnetic field gradient insert (Bio-
spec Bruker, Billerica, MA) was employed for our MRI
studies. A dual-coil small animal restrainer (Insight Neuro-
Imaging Systems, LLC, Worcester, MA), which contains a
volume coil for transmitting and a surface coil for receiving,
was used. Respiration rates and waveforms were continu-
ously monitored via a force transducer. Rectal temperature
was monitored and maintained at 37 = 1 °C via a feedback-
regulated, circulating water pad. All imaging was performed
during the light phase. Coil-to-coil electromagnetic interac-
tion was actively decoupled. Anatomical images were ac-

quired using the fast spin-echo rapid acquisition relaxation
enhanced (RARE) pulse sequence with repetition time (TR) =
3 s, effective echo time (TE) = 100 ms, matrix = 256 X 256,
FOV = 2.56 X 2.56 cm, nine 1.0-mm slices, and 4 aver-
ages. Gradient echo single-shot echo-planar imaging (EPI)
was used for fMRI-CBV image acquisition with TR =
2 s, TE = 13 ms, matrix = 64 X 64, FOV = 2.56 X 2.56
cm, and giving an in-plane resolution = 400 X 400 pwm. A
dose of 10 mg Fe/kg ultra small superparamagnetic iron
oxide (USPIO) contrast agent (SH US555C, Schering AG,
Berlin, Germany) was administered intravenously 2 minutes
into an 18-minute image acquisition. Acetazolamide (30
mg/kg, intravenous) was bolus administered via the tail vein
6 minutes after the contrast agent and changes in CBV were
then detected over a subsequent 10-minute period.

fMRI data analysis was performed using the Analysis of
Functional Neurolmages (AFNI) software package (public
license version 2, NIH, Bethesda, MD, USA, Cox, 1996).
To identify time-dependent relative CBV change, CBV(t),
was calculated from time course raw data based on the
relationship (Mandeville et al., 1998):

CBV(1) = In[s(t)/5o(D)]/In[50(1)/5 ] (1)

where s(t) is the signal intensity after acetazolamide infu-
sion, Sy(t) is the baseline signal before the acetazolamide
infusion, and S, is the mean signal intensity before the
administration of contrast agent. The time course CBV
changes were determined with a linear function to account
for elimination of contrast agent from the blood (Cox,
1996).

Subsequently, the CBV signal for each voxel in every
mouse was fitted to a nonlinear differential exponential
model (Eq. 2) reflecting the drug’s kinetics (Luo et al.,
2004; Stein, 2001) where ¢, is the time delay of response, k
is the multiplicative coefficient, ¢, is the elimination rate
and «, the absorption rate.

(1) = k(e — gm0 g g 2)

The initial values fitted to parameters ?,, k, o}, and «,
were 0—45 seconds, —500-500, 0-0.15, and 0.15-0.5,
respectively, based on known acetazolamide Kkinetics
(Mueggler et al., 2002). Final values for ¢,, k, o}, and «,
were automatically determined using AFNI based on max-
imal significance of model fitting (Cox, 1996).

2.4. Statistical analysis

For FDG-PET data, the VOIs were analyzed using a
2-way analysis of variance (ANOVA) model in the log
scale, with the age and genotype main effects and age X
genotype interaction effect. Log transformation of the VOIs
was necessary because the distribution of the original (un-
transformed) data were significantly nonnormal, and log
transformation helped ensure adequate normality (based on
the Shapiro-Wilk normality test). The age X genotype int-
eraction effect from this model was further evaluated to
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Fig. 2. Representative fluorodeoxyglucose (FDG) uptake in microPET and
corresponding magnetic resonance imaging (MRI) anatomical images for
wild-type (WT) and transgenic (Tg) mice at 7 months and 19 months of age
(A). Group comparison of whole brain glucose metabolism between Tg and
WT at 7 months and 19 months of age during time activation curve (B).

determine the significance of the genotype effect for each
age, and the significance of the age effect for each strain.
Statistical significance was claimed when p < 0.05. For
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fMRI CBYV data, the number of activated CBV voxels, mean
amplitude CBV% change per voxel, and a response index
(Luo et al., 2003) to reflect overall brain response to acet-
azolamide challenge ([number of activated voxels] X [av-
erage amplitude CBV% change per voxel]) were analyzed
by 2-way analysis of variance (ANOVA), with age and
genotype as between-group factors. Statistical significance
was set at p < 0.05.

3. Results

A significant increase in whole brain CGU was observed
in 7-month-old Tg2576 compared with age-matched WT
littermates (Fig. 2A). Elevation of the time-activity curve
(TAC) in brain tissue is clearly demonstrated in Tg2576 vs.
WT mice minutes after the ['®F]-FDG tracer was adminis-
tered intravenously (Fig. 2B), although the absorption rate of
the tracer did not differ significantly between Tg and age
matched WT. Region-of-interest analysis revealed that CGU
was significantly higher in hippocampus, perirhinal cortex,
entorhinal cortex, striatum, and thalamus in 7-month-old
Tg2576 compared with aged matched WT (Fig. 3). In con-
trast, CGU and tracer kinetics in brain in 19-month-old
Tg2576 mice did not separate from aged matched WT mice
(Fig. 2A and B).

The cerebral hemodynamic response to acetazolamide
challenge in Tg2576 mice did not significantly differ when
compared with aged-matched WT mice in terms of the
number of voxels showing a CBV increase (Fig. 4B), mean
amplitude changes from those activated voxels (Fig. 4C), or
the calculated response index (Fig. 4D). Overall, aged mice
showed fewer activated voxels (p < 0.01) and a lower
response index (p < 0.01) compared with young mice, but
there was no difference between genotypes. No significant
impairment of vascular compliance was observed in young
Tg mice, although there was a nonsignificant trend for
compliance to be diminished (Fig 4D).
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Fig. 3. Group comparison of cerebral glucose metabolism in hippocampus (Hi), perirhinal cortex (PRh), entorhinal cortex (ENT), striatum (Str), thalamus
(Th), cerebral cortex (Cx), and cerebellum (Cb), between Tg and WT at 7 months and 19 months of age.
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Fig. 4. Group average functional activation map and representative raw time course for cerebral blood volume (CBV)-based fMRI responses to acetazolamide
administration (intravenous) is illustrated (A). The color bar on the right encodes the percentage signal change (CBV%) per voxel. Group comparison of
functional magnetic resonance imaging (fMRI) CBV response to acetazolamide challenge between transgenic (Tg) and wild-type (WT) mice at 7 months and
19 months of age in terms of numbers of activated voxels with increased CBV (B), mean amplitude change of activated voxels (C), and response index
(number of activated voxels) X (average amplitude CBV% change of activated voxels) (D).

4. Discussion

In the present studies we report several key findings that
challenge the utility of glucose metabolism in Tg2576 mice
as a translatable model of AD and as a tool in target
validation. Alzheimer’s patients manifest specific and pro-
gressive reductions in cerebral glucose metabolism such
that changes in the entorhinal cortex and hippocampus can
differentiate individuals that convert from MCI to AD from
those who remain MCI (Jagust, 2006). The largest reduc-
tions in CMRglu are observed in the posterior cingulate
cortex (Jagust, 2006; Norfray and Provenzale, 2004). In
contrast, our studies with Tg2576 mice demonstrated a
global hypermetabolism as early as 3 months of age (data
not shown) and confirmed again at 7 months of age. Fur-
thermore, this hypermetabolism was associated with an el-
evation of taurine concentrations as revealed with proton
magnetic resonance spectroscopy (MRS) (see supplemen-
tary material; also see Dedeoglu et al., 2004, and Marjanska
et al., 2005). Using fMRI CBV we then determined that the
integrity of the cerebral vascular compliance in 7-month-old
Tg2576 vs. WT was intact. These data suggest that the
Tg2576 mice have brain hypermetabolism, which cannot be
accounted for by changes in vascular compliance but which
may be due to a primary central nervous system (CNS)
process related to amyloid hyperproduction. Taken together,
these data suggest that the utility of the Tg2576 model may
be limited to studying A production and clearance mech-
anisms, rather than neuronal metabolism.

Imaging endpoints can be used as biomarkers to evaluate
treatments that may slow or delay the disease process. They

can also be employed to evaluate the quality of animal
models of the disease and improve the congruency or the
most translatable endpoints from mice to patients (Day et
al., 2008; Fox et al., 2005; Jack et al., 2003), thus providing
new potential surrogate markers of AD processes that could
be used to help clarify disease mechanisms and screen
candidate treatments. The observation of hypermetabolism
in young Tg2576 mice suggests that the Swedish mutation
fails to capture CGU decreases as a marker of disease onset
or severity.

One potential explanation for this result is that FDG-PET
in mice is not sensitive enough to detect specific CGU
changes in brain. Low resolution was speculated as the
cause of finding no difference between transgenic and wild
type animals in Tg2576 mice (~14 month) using FDG-PET
(Kuntner et al., 2009). Niwa et al. (2002) published work
utilizing 2-["*C]-deoxyglucose (DG) autoradiography which re-
vealed a hypometabolism in Tg2576 mice at 2-3 months of age.
The results from this report may imply that the autoradiographic
method is a more sensitive tool than FDG-PET for investigat-
ing glucose utilization in mice. While the spatial resolution
is clearly superior using autoradiography, there are reports
that CGU via the PET method yields results consistent with
those from autoradiography. Toyama et al. (2004) published
a report demonstrating consistent results in quantitative
CGU using a dual tracer (['®F]-FDG, 2-['*C]-DG), utilizing
both  FDG-PET and 2-DG autoradiography in mice
(Toyama et al., 2004). Further, we have collected data in
house using the same dual tracer in 17-month-old Tg2576
mice and showed a significant correlation in glucose utili-
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zation using ['®F]-FDG and 2-['*C]-DG in the same animals
(unpublished data). We used the Invenon microPET in the
current study, which bears similar spatial resolution but
superior sensitivity to that of other commercial microPET
systems (Visser et al., 2009), and, as demonstrated in Fig. 1,
all defined regions of interest (ROIs) were far from facial
glands which produce strong spill-over effects. Neverthe-
less, we acknowledge that some relatively small regions are
subject to spill-over effects, e.g., effects from hippocampus
to entorhinal cortex (Mirrione et al., 2007).

Other lines of AD transgenic mice have produced similar
conflicting reports in terms of CGU. Several reports using
autoradiography demonstrate that PDAPP and PSAPP mice
are hypometabolic in specific brain regions, such as poste-
rior cingulate cortex, suggesting potential congruency of
glucose metabolism measures to AD (Mega et al., 1997;
Mosconi, 2005). There has also been shown a highly sig-
nificant, specific, and progressive reduction in FDG autora-
diography in the posterior cingulate cortex of homozygous
transgenic PDAPP mice overexpressing human mutant
B-amyloid precursor protein (Reiman et al., 2000). The
finding in this region was enticing as the rodent posterior
cingulate cortex is potentially homologous to the human,
subserving similar functions, such as spatial (Mantani et al.,
2005; Vann et al., 2000) and associative/discriminative (Ga-
briel et al., 1987) learning. In contrast, Valla et al. (2008)
showed by FDG autoradiography that PDAPP mice were
significantly hypermetabolic in somatosensory cortex, CA1
region of hippocampus, and caudate putamen compared
with WT mice, although there were regions demonstrating
hypometabolism as well. Further, a recent report illustrated
cerebral hypermetabolism in 14-month-old mice expressing
both the Swedish and Indiana APP mutations (Nicolakakis
et al., 2008).

Whereas several reports utilized a relative measure (nor-
malizing the region of interest to a reference region, e.g.,
cerebellum) in order to minimize statistical variation in
population-based data (Grunder, 2009), the use of such a
reference region in Tg2576 mice is not appropriate as
(1) these mice ubiquitously overexpress the Swedish APP
transgene in the cerebellum, and (2) our data suggest that
there is no true “unaffected” region with which to normalize
the data when compared with wide type mice. Indeed, our
data show that 7-month-old Tg mice have higher CGU in
cerebellum than age-matched WT mice. Normalization to
cerebellum would possibly cause an artifactual error due to
incomparable baseline glucose uptake in the reference re-
gion. Further, Grunder (2009) demonstrated that if baseline
glucose uptake differs in reference regions among treatment
groups (even nonsignificantly), normalization of uptake
may be misinterpreted. SUV, the widely applied clinical
measure for FDG-PET studies, was therefore chosen as the
outcome measure in this translational study.

The increased CGU seen in Tg2576 mice could be re-
lated to several factors, such as an increase in general basal

metabolic rate, reflecting increased APP expression, and
potentially increased amyloid burden. For example, multi-
ple studies have found that synthetic amyloid assemblies
form both general membrane pores (Kayed et al., 2004) and
more selective ion channels (Bhatia et al., 2000). The lo-
calization of AB within mitochondria is consistent with this
possibility (Atamna and Frey, 2007). The formation of
membrane pores by assemblies of A may deplete the
normal ionic gradients established by the sodium pump and
other transporters, causing an increased demand for ionic
pumping through Na-K ATPase or other ion transport sys-
tems. This activity uses roughly 20% of basal energy needs
throughout the body, and as much as 60% of brain adeno-
sine triphosphate (ATP) is used for this function (Clausen et
al., 1991). These actions of A3 assemblies may increase
energy demands in the brain and possibly elsewhere (e.g.,
fibroblasts; Etcheberrigaray et al., 2004), leading to in-
creased basal metabolic rates.

Increased basal metabolism in the mammalian brain can
be affected by hormone levels, age, sex, and genetic back-
ground (Eidelberg et al., 1991; Moe et al., 2007; Ronning et
al., 2007). Additionally, increased activity and food intake
in transgenic mice compared with controls could result in a
hypermetabolic state (Morgan and Gordon, 2008; Vloe-
berghs et al., 2008). Differences in locomotor activity, how-
ever, cannot explain the increased CGU in our work (as
mice were anesthetized during FDG uptake), and other
factors such as age and sex were controlled in the current
study. However, 2 plausible and relevant factors warrant
further consideration: (1) overexpression of APP; and (2)
excess AP in Tg2576 mice. Although discriminating excess
A from APP overexpression is not a trivial task, Ohno et
al. (2004) successfully demonstrated that the BACE1 null
mutation protected APP overexpressing mice from devel-
oping memory deficits, suggesting that accumulating Af3
levels in APP mice were responsible for these effects (Ohno
et al., 2004).

Another explanation for hypermetabolism is potential
seizure activity related to increased A3 overexpression, as
posited by Palop et al. (2007). The work by Palop and
colleagues demonstrated that young mice expressing famil-
ial amyloid mutations show increased excitability and non-
convulsive seizure activity via in vivo electrophysiology.
The increased activity was seen in all portions of the cortex
and in the hippocampus. While we did not investigate
whether our Tg2576 mice demonstrated similar neuronal
hyperactivity, this characteristic might account for the in-
creased metabolism in the brain described in our work.
Palop et al. did not investigate whether older mice exhibit
the same nonconvulsive seizure activity as young mice,
however, it is possible that compensatory mechanisms may
arise to counteract the actions of increased A expression.
Indeed, even in young mice, the authors describe changes in
neuropeptide Y receptor expression and GABAergic trans-
mission, which could arise due to the increased excitability
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seen in this line. Whether these compensatory processes
progress into older mice has not been evaluated, but may
help to explain why the hypermetabolism detected in
younger mice in our studies is not present when the animals
reach older ages.

Although there is indirect evidence to support the above
explanations, another consideration is necessary. It is well
known that compensatory processes may take over the func-
tions of a missing or overexpressed gene in knockouts or
transgenic mice. This has been reviewed for models of
energy homeostasis by Inui (2000). Therefore, caution
needs to be exercised for the potential confounding factor of
developmental compensation, as gene disruption or excess
gene expression may perturb the organism and cause it to
respond in a way to maintain its original biological organi-
zation (Inui, 2000). Previous reports have shown that young
(4.5 and 11 months) Tg2576 mice show attrition of dendritic
spine and arborization that worsens with age, but is indis-
tinguishable from WTs at 20 months (Lanz et al., 2003).
These data, in conjunction with our current results, suggest
a temporal correlation between cerebral hypermetabolism
and loss of dendritic spine density, raising the possibility
that cerebral hypermetabolism may serve a compensatory
role.

It does not appear from our data that beta amyloid
plaques are the cause of the hypermetabolism detected in
Tg2576 mice. These mice do not demonstrate significant
plaque pathology at 7 months of age (Callahan et al., 2001;
Kawarabayashi et al., 2001) when they demonstrate high
CGU in our FDG-PET study (see supplementary materials).
At 19 months of age, when plaque burden is present (see
supplementary materials), the Tg mice exhibited a CGU
similar to WT mice. Further, the global effects we saw do
not track with the severity of plaque burden in Tg mice.
While we saw increased CGU in nearly all regions, plaque
pathology is greatest in hippocampus and cortex. Hence, it
is possible that the hypermetabolism detected in our study is
due to soluble aggregates of beta amyloid rather than de-
posited plaques. At a minimum, it appears that the hyper-
metabolism is the result of the overexpression of the APP/
Swe transgene.

There are several potential caveats to our interpretation
that the CMRglu reductions seen in Tg2576 fail to mimic
those associated with AD. Firstly, we did not observe a
significant age-dependent decrease in CGU in WT animals.
There are several potential explanations for this. The study
did not employ a within-subjects design. The young and
aged groups were from different cohorts of mice, but tested
at the same time. As such, while controlling for the time of
testing, the possibility exists that employing a within sub-
jects approach could have been a more sensitive design to
detect intra-animal changes in glucose. In addition, meth-
odological considerations limited the number of brain re-
gions that could be analyzed, unlike the studies conducted in
rats, monkeys, and humans. Although advanced microPET

systems have been successfully applied in mouse imaging
studies (Chatziioannou et al., 1999; Phelps, 2000; Tai et al.,
2003; Yang et al., 2004), spillover and partial volume ef-
fects are still challenging for quantifying radioactivity from
small brain regions. A recent microPET mouse study failed
to detect a regional decrease in glucose metabolism com-
pared with autoradiography in 13-15-month-old Tg2576
mice (Kuntner et al., 2009), suggesting difficulties in vol-
ume definition and radioactivity measurement for small
VOIs due to a partial volume effect — an intrinsic limitation
for mouse PET imaging (Mirrione et al., 2007). Therefore
only VOISs larger than 5 mm® were included in the current
study data analysis, because 5 mm® volume was reported to
be less susceptible to spill-over effects using a microPET
R4 tomograph (Concorde Microsystems, Knoxville, TN,
USA) (Mirrione et al., 2007). Inveon microPET was em-
ployed in the current study, which bears similar spatial
resolution but superior sensitivity to that of other commer-
cial microPET systems (Visser et al., 2009), and, as dem-
onstrated in Fig. 1, all defined regions of interest (ROIs)
were far from facial glands which produce strong spill-over
effects. However, whether VOIs larger than 5 mm? are free
from partial volume effect is under debate. A recent inves-
tigation on the advanced microPET system (Constantinescu
and Mukherjee, 2009) indicates that 9 mm® VOI may avoid
a partial volume effect (Phelps, 2006). Although a 5 mm?
volume was chosen in the current study as the minimal brain
structure size to be analyzed, the majority of our regions
were larger than 9 mm? (with the exception of the perirhinal
and entorhinal cortices). Importantly, we saw the same
transgene effect (i.e., hypermetabolism) in 7-month-old Tg
mice regardless of the size of the VOIL

A second potential explanation is that the Tg2576 mouse
represents a pre-AD state. Although there is no evidence to
our knowledge that resting-state cerebral hypermetabolism
exists in either AD or in any pre-AD state, increases in
task-induced blood oxygenation level dependent (BOLD)
signals or blood flow have been seen in medial temporal
structures of MCI patients (Alsop et al., 2008; Dickerson et
al., 2005). In addition, cerebral hypermetabolism has been
reported in patients with Down’s syndrome in an activation
task (Haier et al., 2008) and at rest (Lengyel et al., 20006).
The latter finding may reflect a stronger congruency be-
tween CGU in Down’s syndrome patients (who overpro-
duce amyloid beta) and Tg2576 mice than between AD
patients and Tg 2576 mice.

In the present studies, differences were observed be-
tween WT and Tg animals under the same anesthetic con-
ditions. Anesthesia is generally considered a caveat to such
studies. Ketamine, a noncompetitive NMDA receptor an-
tagonist, has been characterized as both a psychoactive or
anesthetic substance depending on the dose of the drug used
(Greene, 2001; Gunduz-Bruce, 2009). The psychoactive
doses of the drug have been shown to increase blood oxy-
genation level and blood flow across several regions of the
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brain in rodent, non-human primate, and human central
nervous system (CNS) (Burdett et al., 1995; Leopold et al.,
2002; Littlewood et al., 2006; Werner et al., 1990). Our
present studies employed ketamine at anesthetic levels,
which have been demonstrated to show decreased cerebral
blood flow (CBF) (Lowry and Fillenz, 2001) and BOLD
(in-house data being prepared for journal submission). Our
multimodal imaging data converge to the conclusion of a
hypermetabolic state in young Tg2576 mice.

Our CGU study was completed under anesthesia with
combined ketamine and medetomidine. One concern for
glucose utilization is the decrease in body temperature that
accompanies anesthesia with ketamine (Ulugol et al., 2000).
Pilot work in our laboratory (unpublished data) has demon-
strated that WT and Tg mice do not differ in the hypother-
mic response to ketamine, suggesting that the hypothermic
response is not the sole mediator of the increased glucose
uptake in Tg mice found in the current work. Additionally,
the majority of the glucose uptake in the brain after an
intravenous bolus of FDG occurs within 5 minutes of in-
jection (see Fig. 2). Hence, while hypothermia increases
glucose uptake in heat-generating tissue such as muscle and
brown fat, the early uptake of FDG is likely minimally
affected by this, as peak hypothermic effects of ketamine
occurred at 30 minutes postinjection (Ulugol et al., 2000).
Additionally, even when given 30 minutes prior to the
administration of FDG, ketamine anesthesia does not show
significant alternation of global glucose uptake when com-
pared with conscious stage in rats (Matsumura et al., 2003).

Imaging nonhuman primate and rat in the awake state is
time-consuming and challenging due to the training period
required to acclimate animals to the imaging environment
and scanner noise, especially for fMRI studies. As a con-
sequence, the majority of animal fMRI studies are con-
ducted under anesthesia (King et al., 2005). Feasibility of
imaging conscious mice has not been reported as imaging a
mouse is more challenging than that of a rat (Myers and
Hume, 2002). However, it is known that many anesthetic
agents can reduce and suppress neurovascular coupling
(King et al., 2005) and relatively few anesthetic agents
preserve meaningful fMRI signals. This is particularly true
for BOLD fMRI signals, which are routinely utilized in
awake subjects in the clinic (Van der Linden et al., 2007).
However, we feel that it is unlikely that our core findings are
significantly influenced by anesthesia. Firstly, we used me-
detomidine, an «,-adrenoreceptor agonist, as the anesthetic
agent, which has been demonstrated to preserve fMRI sig-
nals in rats and birds and can be used for longitudinal
studies (Van der Linden et al., 2007; Weber et al., 2006).
Secondly, an MRS study we completed demonstrating
trends for higher taurine/total creatine ratios in APP trans-
genic mice under medetomidine anesthesia (see supplemen-
tary materials) are consistent with other reports using iso-
flurane and halothane as anesthetic agents (Dedeoglu et al.,
2004; Marjanska et al., 2005). CBV decreases observed in a

mouse fMRI study following AB,_,, (but not inverse se-
quence AB,,_,) challenge under medetomidine anesthesia
(Luo et al., 2008) are similar to AB,_,, induced vascular
dysfunction under awake conditions (Luo et al., 2008).
Taken together, it is unlikely that medetomidine anesthesia
confounds our imaging findings with PET and fMRI.

In summary, advances in clinical neuroimaging are en-
abling early detection of dementias such as AD, often before
clinical symptoms are apparent, as well as the possibility of
tracking disease progression (Jagust and Eberling, 1991).
Consequently, translational imaging represents an attractive
approach to developing new disease-modifying therapies by
reducing the inherent risk associated with advancing new
drugs to complex clinical trials (Fox et al., 2005; Jack et al.,
2003; Teipel et al., 2006). Unfortunately, few studies have
been conducted in this challenging area. The present study
aimed to address this gap, using high-resolution animal
['8F]-FDG-PET in conjunction with functional MRI in an
APP transgenic mouse model (Tg2576) to assess brain me-
tabolism and vascular compliance. The unexpected findings
of hypermetabolism in Tg2576 mice run counter to those
anticipated based on clinical experience in Alzheimer’s pa-
tients. Therefore, the Tg2576 model fails to recapitulate a
major hallmark of AD and this suggests significant limita-
tions in using the model to predict clinical outcome.
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