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ARTICLE INFO ABSTRACT

Keywords: Alzheimer's disease (AD) is a progressive age-related neurodegenerative disease. Although neurofibrillary tan-
Alzheimer's disease, 3xTg-AD, neurofibrillary gles and amyloid beta are classic hallmarks of AD, the earliest deficits in AD progression may be caused by
taﬂgles_ unknown factors. One suspected factor has to do with brain energy metabolism. To investigate this factor, brain
Amyloid beta metabolic activity in 3xTg-AD mice and age-matched controls were measured with FDG-PET. Significant hy-
FDG-PET . . . . . . . . .

Insular pometabolic changes (p < .01) in brain metabolism were detected in the cortical piriform and insular regions of
Pirifom AD brains relative to controls. These regions are associated with olfaction, which is a potential clinical marker

for AD progression as well as neurogenesis. The activity of the terminal component of the mitochondrial re-
spiratory chain (complex IV) and the expression of complex I-V were significantly decreased (p < .05), sug-
gesting that impaired metabolic activity coupled with impaired oxidative phosphorylation leads to decreased
mitochondrial bioenergetics and subsequent Neurodegeneration. Although there is an association between
neuroinflammatory pathological markers (microglial) and hypometabolism in AD, there was no association
found between neuropathological (Af, tau, and astrocytes) and functional changes in AD sensitive brain regions,
also suggesting that brain hypometabolism occurs prior to AD pathology. Therefore, targeting metabolic me-
chanisms in cortical piriform and insular regions at early stages may be a promising approach for preventing,

slowing, and/or blocking the onset of AD and preserving neurogenesis.

1. Introduction

Alzheimer's disease (AD) is a progressive age-related neurodegen-
erative disorder characterized by cognitive impairment (McKeith and
Cummings, 2005). Neuropathologically, AD is defined by the accumu-
lation of senile plaques, largely composed of extracellular deposits of
amyloid B (AP) peptide, and neurofibrillary tangles (NFTs), composed
of intracellular filamentous aggregates of hyperphosphorylated tau
protein (Glabe, 2005; Hardy and Selkoe, 2002). Deposition of AP pla-
ques and NFTs are well-established hallmarks of AD, leading to synapse
loss and neuronal death (Ellis et al., 1996; Price et al., 2001). However,
it has also been shown that AD pathology begins > 10 years prior to
any of the clinical symptoms of the disease become apparent (Braak and
Braak, 1996; Delacourte et al., 1999; Ellis et al., 1996). Interestingly,
some clinical studies have found pathological lesions in subjects with
and without diagnosed AD at the time of autopsy (Braak and Braak,
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1991; Delacourte et al., 1999; Ellis et al., 1996). As highlighted by a
clinical autopsy study investigating nearly 1000 cases, 30% of clinically
diagnosed AD cases lacked the presence of postmortem Af} plaques. The
study also highlighted that 40% of cases clinically recognized as non-
AD cases display accumulation of A plaques (Beach et al., 2012). This
result suggests that AB plaques alone cannot be used to accurately
confirm and diagnose AD during early stages, and thus additional fac-
tors are involved warranting investigation (Beach et al., 2012).
Overall, most investigators consider AD to be a multifactorial neu-
rodegenerative disorder. In fact, an emerging view is that the earliest
deficits in the pathological progression of AD are associated with im-
paired energy metabolism (Blass et al., 2000; Mosconi et al., 2008a;
Parihar and Brewer, 2007; Valla et al., 2001). Metabolic processing of
glucose to adenosine tri-phosphate (ATP) involves three main meta-
bolic pathways: glycolysis in the cytosol and the TCA cycle as well as
oxidative phosphorylation in the mitochondria. In particular, previous
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studies have shown that AD pathology is associated with aberrations in
metabolic activity and/or the expression of enzymes involved in mi-
tochondrial function (Electron Transport Complexes (ETC) and Krebs
cycle (tricarboxylic acid; TCA)) (Blass et al., 2000; Bubber et al., 2005;
Gibson et al., 2000; Parker Jr. et al., 1990). In addition to the lowered
mitochondrial functional capacity in AD, reduction in cerebral glucose
utilization is associated with reduction in the expression of glycolytic
enzymes that would be expected to decrease ATP synthesis (Ishii et al.,
1997). Moreover, genetic and neuroproteomic studies have shown a
potential association between glycolysis and AD-associated proteins
(AP and tau) (Butterfield et al., 2010; El Kadmiri et al., 2014; Sunaga
et al., 1995). Additionally, disruption in glucose metabolism is asso-
ciated with synaptic dysfunction that is correlated with later clinical
impairment in AD (Duara et al., 1986; Friedland et al., 1983; Haxby
et al., 1986; Perneczky et al., 2007; Sokoloff, 1981). Overall, several
studies provide strong evidence that impaired brain glucose metabolism
is one of the most important clinical and biochemical features leading
to AD (Ballatore et al., 2007; Hansson and Gouras, 2016; Hardy and
Selkoe, 2002; Marcus et al., 2014; Shokouhi et al., 2014; Small and
Duff, 2008). In clinical studies, Positron Emission Tomography (PET)
with 2-deoxy-2-['®F]fluoroglucose ([*®F]FDG) has been utilized to as-
sess cerebral metabolic rates of glucose uptake in the brain of AD pa-
tients. FDG-PET neuroimaging has also been utilized for visualizing
brain activity in rodents (Baek et al., 2016; Mirrione et al., 2007;
Nicholson et al., 2010). FDG-PET is a cutting-edge in vivo method for
evaluating qualitative and quantitative metabolic alterations of brain at
the tissue level. FDG-PET neuroimaging offers the identification of re-
liable biomarkers in dementia, which can help clinicians with earlier
diagnosis, characterization of dementia type, and the evaluation of drug
effectiveness (Duara et al., 1986; Friedland et al., 1983; Haxby et al.,
1986; Sokoloff, 1981). Some FDG-PET studies suggest hypometabolism
(decreased in glucose uptake) and some others detect hypermetabolism
(increased in glucose uptake) in AD transgenic models. For example,
hypometabolism was detected in hippocampal and cortical tissues of 2
and 3 months old APP(Tg2576) mice (Niwa et al., 2002). However,
hypermetabolism was observed in cortical areas of 7, 16 and 19 months
old APP(Tg2576) mice (Luo et al., 2012; Valla et al., 2006). Ad-
ditionally, hypermetabolism was detected in cortical regions of
16 months old APP (Tg2576)xPS1M146L (Poisnel et al., 2012; Valla
et al., 2006). In PDAPP V717F mice, cortical and hippocamplal hy-
permetabolism was observed at 2, 12 and 17 months of age, whereas
cortical hypometabolism was detected in 3, 10 and 17 months old
(Reiman et al., 2000; Valla et al., 2008). Hypermetabolism was seen in
7 months old 3xTg-AD, 10 months old 5XFAD mice and 5 months old
B6.PS2APP mice (Brendel et al., 2016; Cristea et al., 2013; Sancheti
et al., 2014). Inconsistent metabolic activities are depending on the age
or disease progression and type of AD mouse model. Some transgenic
mouse models develop a more severe phenotype and express amyloid
plaques much earlier than other types. Since the pathology observed in
various transgenic mouse models is different, therefore various level of
glucose uptake was detected. The accumulation of amyloid is accom-
panied by significant increasing in numbers of microglial cells. Acti-
vated microglial cells can reduce accumulation of amyloid deposits by
increasing its degradation which directly causes neuronal hyperactivity
and this is a possible explanation for hypermetabolism in AD mice
models (Backes et al., 2016; Brendel et al., 2016; Busche et al., 2012;
Weiner and Frenkel, 2006). Therefore, level of glucose uptake in AD
mice is related to the inflammatory process induced by amyloid plaques
(Ashraf et al., 2015; Cristea et al., 2013; Klupp et al., 2015; Oh et al.,
2016).

This inconsistency in metabolic status also has been shown in
clinical studies. For example, cortical hypometabolism was detected in
mild cognitive impairment (MCI) subjects with high amyloid deposition
and whereas cortical hypermetabolism was observed mainly in amy-
loid-negative MCI subjects. Clinical follow up has been shown that MCI
subjects with hypometabolism and high amyloid load converted to AD
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and MCI subjects with hypermetabolism and much less amyloid de-
position did not convert to AD (Ashraf et al., 2015; Klupp et al., 2015;
Oh et al., 2016). Accumulations of amyloid plaques activate glial cells.
In particular, activated microglial cells in AD had increased glucose
consumption to mediate the neuroinflammatory process in the brain
and display compensatory neuronal activity (Calsolaro and Edison,
2016; Eikelenboom et al., 2002; Heneka et al., 2015; Jeong et al., 2017;
Tan et al., 2002; Tan et al., 1999; Wyss-Coray, 2006). Overall, these
data suggested that patients with MCI have been shown to transition
from a state of hypermetabolism, during the early stages of amyloid
plaque deposition, to a hypometabolism state, following significant
amyloid deposition. This transition is known to occur because the brain
needs to maintain balance as the neurons begin to diminish in their
numbers and capacities (Ashraf et al., 2015).

The most vulnerable brain areas in AD are the medial temporal
lobes (MTL, i.e., the hippocampus (subiculum region), transentorhinal
and entorhinal cortices, and parahippocampal gyrus), which are typi-
cally associated with learning/memory and are most susceptible to AD
pathology and hypometabolism (Arriagada et al., 1992; Braak and
Braak, 1991; De Santi et al., 2001; Jack Jr. et al., 2010; Mosconi, 2005;
Nestor et al., 2003; Snow et al., 2017; Ulrich, 1985). Earlier FDG-PET
studies comparing patterns of brain metabolic activity between AD
patients and those with mild cognitive impairment (MCI) demonstrated
hypometabolism in the posterior cingulate gyrus, hippocampus and
parahippocampal gyrus in the MCI group, whereas in the AD group,
hypometabolism was evident in the limbic network (amygdala and
temporoparietal and frontal association cortex), precuneus, inferior
parietal, posterior cingulate cortex, and middle temporal lobes (Del
Sole et al., 2008; Nestor et al., 2003). These studies reveal a different
regional metabolic pattern between AD and MCI, a finding which, in
conjunction with symptomology, may help confirm diagnoses. More-
over, the extent and topography of metabolic deficits correlates with
the progression and severity of AD (Mosconi et al., 2008a). Clinical
FDG-PET studies have shown that hypometabolism occurs in the pos-
terior cingulate cortex, precuneus, parieto-temporal areas (hippo-
campus), and middle temporal gyrus especially at the early stages of
AD, whereas in advanced disease, frontal lobes are mostly involved
(Brown et al., 2014; Chetelat et al., 2008; De Santi et al., 2001; Kim
et al., 2005; Minoshima et al., 1997; Silverman et al., 2001). However,
metabolic activity within other regions, such as visual and anterior
cingulate cortices, cerebellum, thalamic and basal ganglia and posterior
fossa remain relatively spared in AD (Foster et al., 1984; Friedland
et al., 1983; Minoshima et al., 1997; Morbelli et al., 2010; Mosconi,
2005; Mosconi et al., 2008b; Salmon et al., 2000; Silverman et al.,
2001). In preclinical studies, transgenic mouse models showed hypo-
metabolism in the hippocampus, amygdala, entorhinal cortex, cingulate
cortex, temporal cortex, and parietal cortex (association neocortex),
similar to findings obtained in patients with AD (Ashe and Zahs, 2010;
Reiman et al., 2000; Valla et al., 2008; Valla et al., 2006).

To date, most neuroimaging studies have concentrated on in-
vestigating the metabolic activity in subjects in the early stage of AD;
however, studies investigating the association between hypometabo-
lism and AD pathology have been limited and are unresolved. To fill
this gap, we applied FDG-PET neuroimaging to a triple transgenic AD
mouse (3xTg), which exhibits several age-dependent hallmarks of AD,
including amyloid plaque deposition and tau tangles, as well as memory
deficits (Oddo et al., 2003b). A detailed pathological progression in this
mouse model has been reported in an age-dependent manner
(Mastrangelo and Bowers, 2008). Initial characterizations of the 3xTg
strain demonstrated that unlike tau pathology, which appears at
9 months of age, amyloid plaques exhibit as early as 2 months of age
(Mastrangelo and Bowers, 2008). In this study we choose 11 months old
3xTg mice to evaluate metabolic statues at time point that 3xTg de-
veloped both pathological hallmarks. Specifically, we: 1) used the
standard uptake value (SUV) analysis of FDG-PET in AD to identify
disease-specific metabolic brain patterns in male 3xTg mice relative to
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age-matched controls; 2) compared the levels of key enzymes involved
in metabolic pathways (glycolysis, TCA, and ETC) between 3xTg mice
and their control group; and 3) investigated if A and tau pathology is
temporally and regionally associated with metabolic activity. Using this
approach, we found that region-specific brain hypometabolism is un-
related to amyloid plaque and tangle deposition.

2. Materials and methods
2.1. Animals

In our study, we used the 3xTg strain, which was originally a gift
from Dr. Mark Mattson (NIH, Baltimore, Maryland). These mice were
maintained on a C57BL/6 background for over eight generations.
Homozygous 3xTg mice were bred and housed at St. Boniface Hospital
Research. These transgenic mice harboring the APPgy., PS1y146v, and
Taupsgi, mutations exhibit A and tau pathology and synaptic dys-
function. The background strain for the 3xTg colonies, C57BL/6, served
as controls. A total of 10 (n =5 per group) 3xTg mice, a transgenic
model of AD, and age-matched control C57BL/6 male mice underwent
PET scanning at 11 months of age. These methods were approved by the
University of Manitoba animal care and use committee, which adheres
to guidelines set forth by the Canadian Council on Animal Care. This
work complies with the ARRIVE guidelines. Both 3xTg and control mice
were aged at St. Boniface Hospital Research. Mice were housed in the
pathogen-free animal facility at St. Boniface Research Centre. Mice
were given ad libitum access to food and water and maintained under
the standard light/dark cycle (12 h light, 12h dark).

2.2. PET

2.2.1. PET acquisition

Food was withheld from the mice for 6 h prior to the PET imaging
studies. Thirty minutes prior to injection, the mouse cage was placed on
a warming pad maintained at 37 °C. For injection, the mouse was
briefly anaesthetized using isoflurane and then injected i.p. with
5.5 = 1.1 MBq '®F-FDG in a total volume < 0.2ml. The mouse was
then returned to its cage on the warming pad for the tracer uptake
period. Fifty minutes post-injection the mouse was anaesthetized using
isoflurane and placed into a custom mouse bed that supplied anesthetic
gas and incorporated a quadrature surface coil for brain imaging.
Simultaneous PET/MR imaging was performed for 20min starting
60 min post-injection using a custom built MR compatible PET insert
operating inside a 7T Bruker Avance III MRI system (Bruker
Corporation, Billerica, MA) equipped with a BGA-12S gradient coil. The
PET insert has an axial field of view (FOV) of 28.1 mm and clear bore
diameter of 60.3 mm, with spatial resolution < 1.86 mm over the cen-
tral 30 mm diameter of the field of view (FOV) (Goertzen et al., 2015;
Stortz et al.,, 2017; Thiessen et al., 2016). PET images were re-
constructed using a point spread function (PSF) modeling maximum
likelihood method (PSF-MLEM) using an isotropic voxel size of
0.635mm (Zhang et al., 2013). MR data were acquired using a half-
Fourier acquisition-single-shot-turbo-spin-echo (HASTE) sequence with
in-plane resolution of 0.15875mm. Additional details on the PET
system can be found in Stortz et al. (Stortz et al., 2017).

2.2.2. PET analysis

An in-house FDG-PET template was created using two additional
adult wild-type mice; the FDG-PET images of which were paired with
the simultaneously acquired T2-weighted MRI. The T2-MRI images
were spatially normalized after segmentation (Ashburner and Friston,
2000, 2005) to the standard T2-MRI template for adult control (C57BL/
6) mice (Ma et al., 2005). The same spatial transformation matrices
were used to spatially normalize the FDG-PET images and then aver-
aged to produce the in-house FDG-PET template using coordinates as
per Paxinos(Paxinos and Franklin, 2013).

266
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All FDG-PET images were spatially normalized to the in-house FDG-
PET template, then smoothed with a Gaussian filter (FWHM:
0.4 x 0.4 x 0.4 mm). The SUVs were calculated for each voxel. All pre-
processing and imaging analysis were performed using default para-
meters of.

SPMMouse software (http://www.spmmouse.org) running on SPM5
(www.fil.ion.ucl.ac.uk/spm/software/spm5/). The clusters (extent
threshold: ke > 100) with peak threshold (p < .01, uncorrected) were
considered significant.

2.2.3. Brain tissue collection

After FDG-PET imaging, cortical piriform and insular tissue was
extracted from the brains of same mice that underwent imaging after
euthanasia by decapitation while under isoflurane anesthetic. After PET
imaging, all western blotting and enzyme assay procedures were carried
out using half brains allowing the remaining tissue to be used for other
experiments (immunohistochemistry and congo red staining), and
thereby reduce the number of animals used.

2.2.4. Preparation of isolated mitochondria from brain

Mitochondria from piriform and insular cortex, in which glucose
metabolism was altered, were isolated from control and AD mice
(C57BL/6 and 3xTg) that underwent FDG-PET imaging. Mitochondria
were isolated using the commercial isolation kit (8268, ScienCell
Research Laboratory, Carlsbad, California, USA) as reported previously
(Trounce et al., 1996). Briefly, brain tissues were washed twice with
PBS and then homogenized in isolation buffer. Homogenates were
centrifuged at 1000 X g for 5min at 4 °C. Supernatants were further
centrifuged at 10,000 X g for 20 min at 4 °C. Resultant pellets were used
as mitochondrial fractions, and supernatants were used as cytosolic
fractions. Further, the protein concentrations of the enriched mi-
tochondrial fractions were measured using a colorometric DC protein
assay kit (BioRad, Hercules, California, USA).

2.3. Enzyme activities

2.3.1. Measurement of GAPDH enzymatic activity

Enzymatic activity of Glyceraldehyde 3-Phosphate Dehydrogenase
(GAPDH) was measured in cortical cytosolic fraction by the GAPDH
Activity Colorimetric Assay Kit (ab204732, Abcam, Cambridge,
Massachusetts, USA). The measurement of GAPDH activity, based on
the conversion of NAD" to NADH, was accomplished by tracking the
change of absorbance at 450 nm for two minutes at 37 °C using a
spectrophotometer MRX Micoplate Reader (Dynex Technologies,
Denkendorf, Germany). The specific GAPDH activity was determined as
units per milligram of protein, where 1 unit is defined as the amount of
enzyme producing 1 pumol of NADH/min.

2.3.2. Measurement of cytochrome C oxidase and citrate synthase
enzymatic activity

The activity of mitochondrial cytochrome ¢ oxidase (COX) and ci-
trate synthase (CS) was assessed spectrophotometrically (Ultrospec
2100 pro; GE Healthcare) using ScienCell assay kits (8278 and 8318,
ScienCell Research Laboratory, California, USA) in isolated cortical
mitochondrial preparations. The activity of COX was determined by
measuring the oxidation of reduced cytochrome c at 550 nm. The ac-
tivity of CS was measured as the difference in the rate of absorbance
(412 nm) in the presence and absence of 1.0 mmol L™ 1 oxaloacetate.

2.3.3. Protein extraction and Western blotting

Brain tissue from piriform and insular cortex of control and AD mice
that underwent FDG-PET imaging were homogenized in RIPA buffer
consisting of: 50 mM Tris, pH 8.0, 150 mM sodium chloride, 0.1% so-
dium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 1% Triton X-
100, 1% phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO,
USA), and 1% protease inhibitor cocktail (Amresco, Solon, OH, USA).
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Further, homogenates were centrifuged at 10,000 x g for 10 min at 4 °C,
the supernatants were collected, and the protein concentration was
quantified using the bicinchoninic (BCA) assay. Further, all samples
were treated with 4Xx laemmli buffer (16% SDS, 20% p-mercap-
toethanol, 0.01% bromophenol blue, 40% glycerol, and 0.25M Tris,
pH 6.8), and heated for eight minutes at 40 °C. Protein concentrations
were measured using a colorometric DC protein assay kit (BioRad,
Hercules, California, USA). Equivalent amounts of protein (20 pg) from
each sample were loaded and subjected to SDS-PAGE at 180V in
polyacrylamide gels (Bio-Rad, Hercules, California, USA). Following
electrophoresis, gels were activated utilizing a ChemiDoc imager (Bio
Rad, Hercules, California, USA). Afterwards, proteins were transferred
from gels into the nitrocellulose membranes (Bio-Rad, Hercules,
California, USA) utilizing the Trans-Blot Turbo Transfer System (Bio-
Rad, Hercules, California, USA). Following successful transfer, total
proteins on the membranes were measured utilizing the ChemiDoc
imager. After imaging, the membranes were incubated for one hour at
room temperature on a teetering platform in TBS-T buffer with 5%
milk. All membranes were then incubated overnight at 4 °C with the
following primary antibodies: Total OXPHOS Rodent WB Antibody
Cocktail (ab110413, Abcam, Cambridge, Massachusetts, USA, 1:1000
dilution). The following day, membranes were washed with 1 X TBS-T
buffer (three times; 10 min each). All membranes were then incubated
with goat anti-mouse IgG (H + L) antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA, 1:2000 dilution) prepared in TBS-T
buffer with 5% milk for one and half hours at 4 °C. Later, membranes
were washed with 1 x TBS-T buffer (three times; 10 min each). The
membranes were treated with enhanced chemiluminescence (ECL)
using Bio-Rad Clarity Weston ECL blotting kit (Bio-Rad, Hercules,
California, USA), and visualized by the ChemiDoc. Relative quantifi-
cation of OXPHOS protein levels was normalized to total protein.

2.4. Neuropathological staining

2.4.1. Amyloid plaque staining with congo red

Congo red staining was utilized to detect extracellular A} deposits
in mice that underwent FDG-PET imaging. After PET scanning, brains of
AD and control mice were collected after decapitation under isoflurane
anesthetic. Brain tissues were fixed in paraformaldehyde for 24 h before
sucrose cryoprotection and cut into 10-pum-thick horizontal sections
using a cryostat, air-dried (room temperature), and stored at —80 °C
until further use. As previously described, congo red staining was per-
formed to determine the presence of amyloid deposits indicative of a
neurodegenerative process (Bohnen and Jahn, 2013; Catafau and
Bullich, 2015; Snow et al., 2017). Briefly, horizontal sections were re-
hydrated in phosphate-buffered saline (PBS, pH 7.4), for five minutes.
The sections were then counterstained in Mayer's hematoxylin for three
minutes followed by rinsing in running tap water for five minutes.
Sections were pretreated in an alkaline alcoholic-saturated sodium
chloride solution for 20 min, followed by immersion in alkaline alco-
holic congo red solution for 20 min (HT60, Sigma-Aldrich). All sections
were then dehydrated in absolute ethanol, cleared with Xylene (two
times; five minutes each), and cover slipped with Permount mounting
medium (Fisher Scientific, Waltham, MA, USA).

2.4.2. Immunohistochemistry

Immunohistochemistry was used to detect different epitopes of
phospho-tau (Thr 231, Ser 202/Thr 205) deposition, intracellular AR
plaques, and astrocytes in 3xTg and control mice that underwent FDG-
PET imaging. Formation of neurofibrillary tangle, intracellular A and
astrocytes was assessed with immunohistochemistry as described pre-
viously (Harry et al.,, 2014; Hernandez-Zimbron et al., 2017; Snow
et al., 2017). Briefly, the sections were rehydrated by immersion in Tris-
buffered saline with 0.1% Tween 20 (TBS-T) for five minutes. Following
rehydration, antigen retrieval was performed for 30 min in preheated
(80 °C) citrate buffer (Tris/EDTA pH 9.0, sodium citrate pH 6.0) using a
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water bath. All sections were then treated with rabbit monoclonal anti-
AB42 antibody (ab201060, abcam, Cambridge, Massachusetts, USA,
1:100 dilution) to detect soluble fibrillar aggregation-selective epitope
of AB42 (Hatami et al., 2014) or were treated with AT180 mouse
monoclonal antibody (MN1040 or MN1020 ThermoScientific, Rock-
ford, IL, USA, 1: 100 dilution) to detect phospho-tau Thr 231 or Ser
202/Thr 205 epitopes respectively or were treated with anti-GFAP
antibody (ab16997, abcam Cambridge, Massachusetts, USA, 1:100 di-
lution) to detect astrocytes combined with the EXPOSE mouse specific
horseradish peroxidase/3-3- diaminobenzidine chromogen solution
(HRP/DAB) detection immunohistochemistry kit (ab80436, Abcam,
Cambridge, Massachusetts, USA). Negative controls were obtained by
omission of the primary antibody. Histopathological sections were
viewed with an inverted microscope (Nikon, Eclipse, TE200-U). Images
captured with an infinity 2-1R CCD camera (Lumenera Corp., Ottawa,
Ontario, Canada).

2.4.3. Immunofluorescence

Immunofluorescence was used to detect microglial cells in 3xTg and
control mice that underwent FDG-PET imaging. Briefly, sections were
rehydrated with TBS-T, followed by blocking in TBS with 10% normal
goat serum for 1h at room temperature. Immunostaining was per-
formed with rabbit polyclonal Iba-1 (019-19,741, wako, Saitama,
Japan, 1:100 dilution) to detect microglial. Primary antibodies were
diluted with TBS and 10% normal goat serum and incubated overnight
at 4 °C. Slides were washed and incubated for 2 h at room temperature
with a goat anti-rabbit 488 secondary antibody (1:200; Invitrogen,
Carlsbad, CA) to detect Ibal-stained cells. Further, slides were washed
three times with TBS-T and were mounted using mounting medium
with DAPI. Positively stained Iba-1 expressing cells were visualized
using Carl Zeiss Axioscope-2 upright fluorescence microscope equipped
with AxioVision3 software. The fluorescent signal was collected as total
pixel area for microglia cells. Volume density of Iba-1 immuno-
fluorescence was quantified using ImageJ software (http://rsbweb.nih.
gov/ij/).

2.5. Statistical analysis

For analysis of enzymatic changes and Western blotting data,
standard two-tailed Student's t-tests, were performed as appropriate
(GraphPad Prism 6, GraphPad Software) to evaluate the statistical
significance of differences between study groups. A p < .05 was con-
sidered statistically significant. Voxel-wise t-test has been used for PET
analysis, in which case differences between groups were considered
statistically significant atp < .01.

3. Results

3.1. Metabolic pattern in AD vs. control

+

Body weights of mice (37.54 + 1.98¢g; mean *= SD) were not sig-
nificantly different between AD and control groups. The whole brain
SUV values (control: 1.581 + 0.158; AD: 1.359 + 0.461) were not
significantly different between the groups (t (8) = 1.290, p = .4).
Voxel-wise t-test revealed significantly (p < .01) reduced FDG uptake
(SUV) in the piriform area and insular cortex in AD mice vs. control
mice (right peak coordinates: x = 4.0 y = 0.2 z = —4.5mm, k. = 769
and left peak coordinates: x = —4.5 y=—-0.9 z= —4.1mm,
k. = 666) (Table. 1; Fig. 1).

3.2. Measurement of enzymatic activity of COX, CS, and GAPDH

After FDG-PET imaging, isolated mitochondria from cortex of con-
trol and AD mice were utilized for enzymatic assays. Deregulation of
glucose metabolism was evaluated by comparing the enzymatic activity
of key enzymes of the glycolysis (GAPDH), tricarboxylic acid (TCA)
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Table 1
Peak coordinates of lower FDG uptake in AD mice compared to the control
mice.

Regions kg T P X Y Z

Piriform area / insula 769 5.25 < 0.001 4.0 0.2 —4.5
4.93 0.001 4.1 -0.7 —4.7
4.01 0.002 2.7 0.7 -5.0

Piriform area / insula 666 4.12 0.002 —4.5 -0.9 -4.1
3.86 0.002 -3.2 0.5 —-4.5
3.63 0.003 —-3.4 0.5 -5.2

This table summarizes the clusters (kg) > 100 with voxels that are significant
lower in AD mice compared to controls atp < .01 (uncorrected at voxel level).
No regions with significantly higher uptake in AD mice were reported.

cycle (CS), as well as ETC (COX) between AD and controls. Activity of
cytochrome c oxidase from AD groups was significantly (t (30) = 5.377,
p = .0001) decreased compared to that of controls (Fig. 2A). However,
activity of CS (t (18) = 0.4614, p = .6501) and GAPDH (t (8) = 0.7287,
p = .4870) were not significantly altered between AD and their control
groups (Fig. 2B, Fig. 2C).

3.2.1. Western blot analysis

Cortical tissue was extracted for Western blot experiments to detect
mitochondrial protein levels in AD mice compared to levels in controls.
Based on data normalized to total protein, Western blot results revealed
significantly decreased protein levels of NADH dehydrogenase beta sub-
complex subunit 8 of Complex I (t (8) = 3.068, p = .0154), succinate
dehydrogenase subunit B of Complex II (t (8) = 9.727, p < .0001),
cytochrome b-c1 complex subunit 2 of Complex III (t (8) = 4.777,
p = .0014), cytochrome c¢ oxidase subunit 1 of Complex IV (t
(8) = 5.674, p = .0005), and ATP synthase subunit alpha of Complex V
(t (8) = 4.645, p =.0017) in AD compared to controls. All relative
quantification for mitochondrial proteins (Complex 1-V) from AD mice
and their control were analyzed based on densitometry values nor-
malized to total protein level (Fig. 3A and B).

3.2.2. AD pathology

No congophilic plaques were identified in any brain region of either
3xTg or control mice (Fig. 4A, B). Evidence of AP plaque deposition,
however, was found in sections from the cortex of 14-month-old 3xTg
mice, which served as positive controls (Fig. 4C). Im-
munohistochemistry staining did not indicate A deposits in the cor-
tical insular and piriform of control or 3xTg mice (Fig. 4D, E). However,
positive Af staining were detected in the entorhinal cortex of 3xTg mice
but not control mice (Fig. 4F). Immunohistochemistry for hyperpho-
sphorylated tau ((Thr 231, Ser202/Thr205), was not detected tau-po-
sitive neurons in the cortical insular and piriform of control or 3xTg
mice (Fig. 5A, B), although immunoreactivity was high in the hippo-
campus of positive control sections from AD mice at 14-months old
(Fig. 5C). Relative to the lack of tau tangles in AD in sensitive brain
regions, tau-positive neurons in AD were detected in the entorhinal
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Fig. 2. Specific enzyme activities of cytochrome c¢ oxidase (A; n = 5), citrate
synthase (B; n =5), and Glyceraldehyde 3-Phosphate Dehydrogenase (C;
n=>5) in AD and control mice. Enzyme activities were measured spectro-
photometrically from homogenates isolated from cortical piriform and insular
of AD and control mice. The statistical significance is represented by asterisks
(*p < .05) versus corresponding control group. Data represent means * SD.

Fig. 1. Standardized uptake value (SUV) of the right
and left clusters (the lump of many voxels that are
significant) as well as whole brain after injection of
OAD  FDG in AD and control mice. Statistical parametric

mapping analysis (Two sample T-Test) on the re-

gional FDG uptake. Decreased FDG uptake was ob-

served in the bilateral piriform area and insula (la-

% beled regions) in AD mice compared to control mice.
Figure shows clusters change with extent threshold

(Kg) > 100, p < .01 (uncorrected for multiple

comparisons). The T-map is overlaid on the template

MRI 18, Results are expressed as mean + SD of 11-

BWT

kg>100, p<0.01, uncorrected

Cluster (right) Cluster (left)

month-old male AD mice (n = 5) and age-matched

Whole Brain controls (n = 5) male mice (*p < .01).
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Fig. 3. Western blot results for OXPHOS proteins in isolated mitochondria from cortical piriform and insular of 11 months old AD and control mice. (A)
Representative Western blot for NADH dehydrogenase beta subcomplex subunit 8 of Complex I (NDUFB8), succinate dehydrogenase subunit B of Complex II (SDHB),
cytochrome b-c1 complex subunit 2 of Complex III (UQCRC2), Cytochrome c oxidase subunit 1 of Complex IV (MTCO1), and ATP synthase subunit alpha of Complex
V (ATP5A). (B) Relative quantification for protein levels of Complex I-V in mitochondria from AD mice and their control groups normalized to total protein. Results

are expressed as mean * SD of n = 5 animals per group (*p < .05).

cortex (EC) (Fig. 5G), other central nervous system areas such as
parasubiculum (PAS), sagulum (SAG) (Fig. 5H) as well as hippocampus
(Fig. 5I). Negative control sections were obtained by omission of the
primary antibody (Fig. 5F).

Immunohistochemistry staining did not detect astrocyte cells in the
cortical insular and piriform of 3xTg mice or control (Fig. 6A, B).
However, positive astrocyte staining was detected in the hippocampus
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and entorhinal cortex of both 3xTg and control mice (Fig. 6C-F). Im-
munoreactivity for microglia was detected in the cortical insular and
piriform of control or 3xTg mice (Fig. 7). Furthermore, the volume
density of GFAP immunoreactive astrocytes and Iba-1 immunoreactive
microglia was increased in 3xTg mice compared to control mice.
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mice. Congo red (CR) staining was utilized to detect extracellular Ap deposits and immunohistochemical (IHC) staining was utilized to detect intracellular AR
deposits. Panel A and B show the absence of extracellular amyloid plaques in the cortical insular cortex or cortical piriform (PIR) of either AD or control mice (A, B).
Panel C shows a section from cortex of 14-month-old AD mice indicating the presence of AP plaques (positive control). No intracellular AR deposits were found in the
cortical insular cortex or PIR of either AD or control mice (D, E). Panel F shows neurons immunoreactive for Af in the cortex (CX) of a 14-month-old AD mouse
(positive control). Panel G shows positive intracellular AP deposits in the entorhinal cortex (EC) of AD mice. Negative control section from cortex of an 11-month-old
AD mice indicating a lack of immunoreactivity with the primary antibody omitted (H). Images were captured at 10 X magnification; scale bar distance shows 100 um.
Images magnified 100 X, with boxed insert (B) magnified 400 x . (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

4. Discussion

The current study showed no significant difference in global brain
metabolic activity between AD and control groups; however, cortical
piriform and insular regions of the brain in AD exhibited significant de-
clines in FDG uptake (hypometabolism) as compared to that of the
control group. In conjunction with hypometabolism in AD mice, the
activity of terminal mitochondrial enzyme COX (complex IV) and pro-
tein expression of mitochondrial subunits (complex I-V) were sig-
nificantly decreased in AD, which would be expected to compromise
the site of oxidative phosphorylation and mitochondrial efficiency
through the action of ATP synthesis.

Interestingly, we found significant decreases in complex I-V ex-
pression within regions of glucose hypometabolism. These findings
suggest a relationship between ETC deficits and glucose hypometabo-
lism. However, no amyloid plaques or neurofibrillary tangles (Thr 231,
Ser 202/Thr 205) were found in regions in that exhibited hypometa-
bolism (cortical piriform and insular regions). Moreover, AR deposits
were found in the entorhinal cortex of 3xTg mice and neurofibrillary
tangles were found in the entorhinal cortex, parasubiculum, sagulum,

and hippocampus regions in 3xTg mice. Additionally, microglial cells,
but not astrocytes were found in regions that exhibited hypometabo-
lism. This finding provides evidence that there is an association be-
tween microglial pathology and hypometabolic activity, which sug-
gested that brain inflammation occurs in AD sensitive brain regions.

The incidence of ETC deficiency and metabolic impairments before
plaque and tangle formation indicates that bioenergetic impairments in
cortical piriform and insular is an important early factor in the devel-
opment of AD-like pathology (AB, tau, and astrocytes). These data also
suggest that multiple aspects of bioenergetic impairments occur in a
region-dependent manner.

Furthermore, deregulation of energy metabolism was demonstrated
by measuring the activity of key enzymes involved in glycolytic
pathway such as GAPDH, TCA cycle (CS), as well as oxidative phos-
phorylation (COX) in AD and control groups. A study by Lin et al.,
suggested that GAPDH dysregulation is a potential risk factor in AD
onset (Lin et al., 2006). Several studies suggest a direct relationship
between GAPDH and neurodegenerative disease-associated proteins,
including amyloid plaques (Butterfield et al., 2010; Oyama et al., 2000;
Schulze et al., 1993; Verdier et al., 2005). However, the relationship
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Fig. 5. Visualization of phospho-tau pathology (Thr 231) and (Ser202/Thr205) in (10 um) horizontal cryosections taken from the 11-month-old male AD mice
(n = 5) and age-matched controls (n = 5) male mice. Panel A and B present the absence of phospho-tau (Thr 231) in the cortical insular cortex or cortical piriform
(PIR) of either AD or control mice. Panel D and E show the absence of phospho-tau (Ser202/Thr205) in the cortical insular cortex or cortical piriform (PIR) of either
AD or control mice. Panel C shows a section from cortex of 14-month-old AD mice indicating the presence of tau tangles (positive control). Hyperphosphorylated tau
was detected in the entorhinal cortex (EC), parasubiculum (PAS), sagulum (SAG), and hippocampus (HC) of AD mice (G-I). Negative control section from cortex of an
11-month-old AD mice indicating a lack of immunoreactivity with the primary antibody omitted (F). Images magnified 100 x , with boxed insert (B) magnified 400 x .

between GAPDH and A in AD is not completely understood. A study by
Naletova et al., suggested that only oxidized and denatured forms of
GAPDH are able to accumulate in AP plaques and form highly stable
complexes with amyloid plaques, demonstrating the direct involvement
of GAPDH in plaque accumulation (Naletova et al., 2008). One study by
Cumming and Schubert revealed that oxidative stress induced by
amyloid plaques promotes oxidized and denatured forms of GAPDH
binding and ultimately causes cell death (Cumming and Schubert,
2005). Our current enzymatic results showed no significant difference
in the activity of GAPDH between AD and controls. Also, our histo-
pathological examination showed an absence of AP plaques in AD and
control samples. These data are in line with previous studies showing
an association between dysregulation in GAPDH in areas with AP pa-
thology. No correlational analysis was conducted between GAPDH and
Ap in this study due to an absence of A} plaques, as probed with congo
red staining.

Consistent with a human study by Delbarba et al., the current study

showed no significant differences in enzyme activity of CS in the AD
compared to control groups. One other clinical study by Bubber et al.,
indicated that activities of some enzymes involved in the TCA cycle
(e.g., CS, pyruvate dehydrogenase complex (PDHC), aconitase, iso-
citrate dehydrogenase (ICDH), and fumerase) were unchanged in
schizophrenia patients as compared to that of the control groups
(Bubber et al., 2011). These studies suggested that there is no sig-
nificant correlation between enzymes of the TCA cycle and cognitive
function. Furthermore, it has been shown that impaired function of the
mitochondrial ETC as well as declined activity of COX (complex IV)
may contribute to enhance oxidative damage and cell death in senes-
cent tissues associated with aging (C. Zhang and Wong-Riley, 2000). In
the current study, it was revealed that a significant reduction of COX
activity in AD brain occurred (Mutisya et al., 1994). Decreased function
of COX in ETC could contribute to the associated decrease in mi-
tochondrial respiration, which is coupled with disrupted energy meta-
bolism.
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Fig. 6. Visualization of astrocytes in (10 um) horizontal cryosections taken from
the 11-month-old male AD mice (n = 5) and age-matched controls (n = 5)
male mice. Panel A and B show the absence of astrocytes in the cortical insular
cortex or cortical piriform (PIR) of either AD or control mice. Astrocyte cells
were detected in the hippocampus (HC) and entorhinal cortex (EC) of both C57
and AD mice (C—F). GFAP immunoreactivity volume density values were
quantified in the HC and EC regions of 3xTg compared to controls. Images were
captured at 100 X magnification; scale bar distance shows 100 pm.

A human study by Chandrasekaran et al., also suggested that a de-
crease in the expression of mitochondrial OXPHOS protein subunits
causes down-regulation of oxidative phosphorylation machinery as well
as decreased neuronal function in AD brains (Chandrasekaran et al.,
1997). In alignment with Chandrasekaran's study, our Western blot
analysis show down-regulation of mitochondrial subunits (complex I, II,
111, IV, and V) in AD compared with their controls, suggesting a major
role of oxidative phosphorylation in AD pathogenesis. These findings
are also consistent with microarray analyses of aging in human AD and
rodent AD models, demonstrating that proteins involved in mitochon-
drial oxidative phosphorylation are altered early in AD (Blalock et al.,
2004; Liang et al., 2008; Reiman et al., 2004).

Previous studies revealed deficit in glucose uptakes is a critical
factor of AD. It has been shown that hypometabolism is the major
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functional change found consistently in aged PDAPP, PSAPP, 3xTg, and
5xTg mouse models of AD (Macdonald et al., 2014; Nicholson et al.,
2010; Reiman et al., 2000; Valla et al., 2006). Interestingly, hy-
permtabolism also has been found in relatively younger transgenic mice
models such as APP(Tg2576), APP (Tg2576)xPS1M146L, B6.PS2APP,
3xTg mice, and 5XFAD (Brendel et al., 2016; Cristea et al., 2013; Luo
et al., 2012; Macdonald et al., 2014; Poisnel et al., 2012; Rojas et al.,
2013; Sancheti et al., 2014; Valla et al., 2006). Hypermetabolism is
correlated with neuroinflammation which is in association with the
amyloidosis in this transgenic AD mouse model (Brendel et al., 2016).
Inconsistent metabolic activities are depending on the age, disease
progression and type of AD mouse model. Additionally, there are no
consistent regional metabolic patterns found across various studies. The
inconsistencies between studies may be due to differences in laboratory
colony of origin, sample size, age and sex of subjects, image analysis
procedures, as well as differences in AD-like brain pathology across
mouse models. For example, the 3xTg model, used in the present study,
is the only mouse model to recapitulate the neurofibrillary pathology
that is a hallmark of AD. Interestingly, our current findings of hypo-
metabolism in the 3xTg model are also closely in line with human FDG-
PET studies (Desgranges et al., 2007; Joffe et al., 2012). These findings
suggest that human PET imaging is capable of detecting early aberra-
tion in glucose metabolism in AD and that hypometabolism can be an
early biomarker for AD diagnosis. Current metabolic analysis also
shows severe hypometabolism in the cortical piriform and insular of
3xTg mice relative to controls. The insular cortex is highly inter-
connected with different parts of the brain and is involved in perceptual
processing, including somatosensory, viscerosensory, interoceptive,
visceromotor, and olfactory processing as well as cognitive function
(Augustine, 1996; Bonthius et al., 2005; Critchley, 2005; Kurth et al.,
2010; Showers and Lauer, 1961). Interestingly, all aforementioned
neurologic functions and processing can be impaired in individuals with
AD. Several neuroimaging and neuropathological studies in AD show a
specific and early impairment in olfaction that is mediated by the
piriform cortex (Kareken et al., 2001; Li et al., 2010; Wang et al., 2010).
Moreover, pathological and neuroimaging studies have suggested that
piriform cortex dysfunction is responsible for the noted olfactory im-
pairments in AD, and that this is related to memory impairment in AD
(Augustine, 1996; Burns, 2000; Devanand et al., 2000; Li et al., 2010;
Suzuki et al., 2004).

In mammals, cortical piriform and insular regions have shared
connections with the olfactory cortex, which is substantially impaired
in AD patients (Carmichael et al., 1994; Christen-Zaech et al., 2003;
Mesholam et al., 1998; Michelini and Flynn, 1999; Peters et al., 2003;
Zatorre et al., 1992). Interestingly, olfaction is unique in the process of
neurogenesis and neurodegenerative diseases often have olfactory loss
early on in the course of their disorder (Gallarda and Lledo, 2012). Such
critical properties of olfaction and neurogenesis may underlie improved
learning and memory functions observed in diseases with cognitive
impairments such as AD. Therefore, it is suggested that early functional
deficits in the cortical piriform and insular regions should be considered
as an appropriate biomarker in the testing of novel interventions.

Interestingly, neuropathological studies have shown that amyloid
and tangle pathology develop in a gender-dependent fashion '°~'2, For
example, earlier pathological studies noted amyloid plaque deposits in
11-month-old female, but not male, 3xTg mice (Mastrangelo and
Bowers, 2008; Nicholson et al., 2010; Oh et al., 2010). A report by
Nicholson et al., noted that only 40% of 3xTg mice (12-months old) in
their study had evidence of plaque formation (Nicholson et al., 2010).
Discrepancy in results may be due to mixing of both male and female
subjects, as sex-specific data was not provided. In light of these results,
we chose to evaluate brain metabolism in relation to AD pathology in
male 3xTg mice only.

Several studies have shown that Af} protein accumulates in both
extracellular and intracellular spaces, ultimately leading to plaque
formation (LaFerla et al., 1995; Skovronsky et al., 1998). Current



A. Adlimoghaddam, et al.

Iba-1

Control
(C57BL/6)

AD
(3XTg)

15 -
2
@
s
a 104
©
£
=
S 5]
~
©
2
04
N
O
&
(9

Neurobiology of Disease 127 (2019) 264-277

DAPI

Merged

o+

Fig. 7. Immunofluorescence images depicting Ibal-labeled microglia cells (green) in the cortical insular cortex or cortical piriform of 11-month-old male AD mice
(n = 5) and age-matched controls (n = 5) male mice (nuclei were labeled blue with DAPI). The volume density of Iba-1 immunofluorescence was quantified in the

hypometabolic region of 3xTg compared to controls. Results are expressed as mean
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SD of n = 5 animals per group (*p < .05). Scale bar = 100 pixel. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

findings show no extracellular plaques in 3xTg and control groups, but
intracellular AP deposits were detected in the entorhinal cortex of 3xTg.
Initial characterization studies of AD state that AR peptides are first
formed intracellularly, than as 3xTg mice age, they exhibit extracellular
plaque load (Cummings et al., 1992; Oddo et al., 2006). However, there
has been considerable debate regarding the AB accumulations in AD.
Further characterizations of AD progression in 3xTg revealed that AR
pathology appears first in the cortex and then progress to the hippo-
campus (Oddo et al., 2003a). This evidence is in line with the results of
our pathological experiments. Similarly, 3xTg mice in the current study
exhibited intracellular AR deposits in the entorhinal cortex at
11 months old.

Additionally, immunohistochemistry of tau was carried out to de-
tect tau tangles in AD mouse brains. Our results of tau pathology in AD
mice are consistent with previous human and mouse studies (de
Calignon et al., 2012; Harris et al., 2012; Hohsfield et al., 2014; Irmler
et al., 2012; Kida et al., 1992; Liu et al., 2012; Wu et al., 2015). A recent
study reported histopathology in 3xTg mice used a common antibody,
ATS, to evaluate the extent of neurofibrillary tangle pathology in par-
aformaldehyde fixed brains (Nicholson et al., 2010). However, they
reported a marked decreased in immunoreactivity with AT8 in 3xTg
mice, whereas immunohistochemistry with AT180 revealed intense and
widespread staining of neurons (Nicholson et al., 2010; Petry et al.,
2014). Different commercially available tau antibodies (i.e. ATS,
AT180) show different immunoreactivity for hyperphosphorylated tau
protein (Petry et al., 2014). Likely, AT8 phospho-epitope is more sen-
sitive to phosphatase activity than AT180 phosphorylation sites,

resulting in less staining in tangle-containing 3xTg neurons (Garver
et al., 1994). Utilizing AT180 in the present study revealed an intense
and widespread staining of neurons in 3xTg brain sections. Thus,
methodological considerations may affect the interpretation of the re-
lationship between AD-related neuropathology and brain metabolism,
as measured by PET imaging.

Overall, our findings revealed no association between pathology
and metabolic changes in male 3xTg mice. The most likely explanation
for a lack of association between both measures is dysregulation of
glucose metabolism associated with the development of AD that is
present earlier than AD pathology. Since there are prominent gender-
differences in the prevalence of AD, further studies are required to in-
vestigate metabolic and histological alterations in AD utilizing female
3xTg mice.

5. Conclusions

The major finding of this study is the region-specific brain hypo-
metabolism in aged 3xTg mice (11 months old) as compared with age-
matched control mice. These results are in contrast to brain hyperme-
tabolism in the relatively younger 3xTg mice (7 months old) (Sancheti
et al., 2014). Inconsistent metabolic activities are depending on the age
or disease progression. It is suggested that 3xTg mice have been shown
to transition from a state of hypermetabolism, during the early stages of
amyloid plaque deposition, to a hypometabolism state, following sig-
nificant amyloid deposition. Additionally, it is suggested that hypo-
metabolism transition may be occurring as a compensatory mechanism
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in response to the damage of neurons, before high amyloid deposition
takes place in aged 3xTg. Furthermore, this study suggests that regional
brain hypometabolism is unrelated to amyloid plaque, tau tangle de-
position as well as astrocyte pathology. However, there is an association
between neuroinflammatory pathological markers (microglial) and
hypometabolism in the early stage of AD.

Additionally, there is an association between glucose hypometabo-
lism and reduced mitochondrial complex I-V functioning, but no asso-
ciation between metabolic activity and histopathology of AP, tau and
astrocyte at early time points. This lack of association suggests that
alterations in brain energy metabolism occur prior to AD pathology in
sensitive brain regions. These results also suggest that hypometabolism
in cortical piriform and insular regions functions as a useful biomarker
that could facilitate testing of novel interventions early in disease
progression.
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