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Abstract: Magnetic resonance imaging (MRI) and positron emission tomography (PET) have made
great strides in the diagnosis and our understanding of Alzheimer’s Disease (AD). Despite the
knowledge gained from human studies, mouse models have and continue to play an important role
in deciphering the cellular and molecular evolution of AD. MRI and PET are now being increasingly
used to investigate neuroimaging features in mouse models and provide the basis for rapid translation
to the clinical setting. Here, we provide an overview of the human MRI and PET imaging landscape
as a prelude to an in-depth review of preclinical imaging in mice. A broad range of mouse models
recapitulate certain aspects of the human AD, but no single model simulates the human disease
spectrum. We focused on the two of the most popular mouse models, the 3xTg-AD and the 5xFAD
models, and we summarized all known published MRI and PET imaging data, including contrasting
findings. The goal of this review is to provide the reader with broad framework to guide future
studies in existing and future mouse models of AD. We also highlight aspects of MRI and PET
imaging that could be improved to increase rigor and reproducibility in future imaging studies.

Keywords: Alzheimer’s Disease; mouse models; magnetic resonance imaging; positron emission
tomography; 5xFAD; 3xTg-AD

1. Introduction

Alzheimer’s Disease (AD) is the most common type of dementia, and in the United
States is the fifth leading cause of death in adults aged 65 or older [1]. In 2021, it has been
estimated that 6.2 million Americans 65 or older live with AD [2], and this number is
expected to reach 14 million by 2060 [3]. Recent estimates of dementia-related mortality
suggest that survival after a diagnosis ranges from 3 to 6 years [4]. A variety of risk factors
contribute to AD, including the presence of one or more alleles of APOE ¢4, advancing
age, cardiovascular factors, and the presence of additional genes (e.g., TREM2). Recently,
polygenic risk scoring has come to the fore to facilitate diagnosis, as well as providing
potential targets for further research [5,6].

AD has been classified into two categories: early (prior to age 65; EOAD) and late
(after age 65; LOAD) onset. The majority of AD cases (~95%) are sporadic AD, while the
remaining ~5% of AD represent early onset familial (fAD) [7]. Mutations in the amyloid pre-
cursor protein (APP) and presenilin (PSEN1 and PSEN2) genes are important contributors
to early onset familial variants [8]. LOAD is a continuum of symptoms that progress from
mild cognitive impairment (MCI) to severe dementia, often spanning decades. Clinical
signs of AD include progressive memory loss and decline in cognitive function [2]. While
the exact biological mechanisms of pathogenesis are unclear in LOAD, cellular hallmarks
include the extracellular accumulation of beta-amyloid (Af) peptides into senile plaques,
the intracellular accumulation of hyperphosphorylated tau into neurofibrillary tangles
(NFTs), glial (astrocytic and microglial) responses, and neuronal and synaptic loss [9,10].
However, LOAD cases are multifactorial and often are associated with multiple patholo-
gies, including vascular and metabolic alterations, and thus identifying contributors is
difficult. In 2018, the National Institute on Aging and the Alzheimer’s Association formed
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a working group to provide revised guidelines, which resulted in the AT(N) biomarker
designations [11]. In AT(N), A stands for biomarkers of A3 plaques, T represents fibrillar
tau, and biomarkers of neurodegeneration are represented by (N). Each biomarker group
has both an imaging biomarker and a cerebrospinal fluid (CSF) reporter for each compo-
nent of the AT(N) scheme. CSF profiles can be used across all three domains, but positive
positron emission tomography (PET) imaging is needed for A and tau confirmation, while
magnetic resonance imaging (MRI) can be used as a neurodegeneration marker surrogate.
Importantly, the AT(N) measures allow for the definition of AD as well as the staging
(or biomarker profile) of disease severity. For additional details, Ferrari and Sorbi have
eloquently reviewed the complexity of AD [12].

A definitive diagnosis of AD can only be achieved post-mortem by linking clinical
symptoms to the abnormal presence of senile plaques and/or NFTs in brain tissue. Neu-
roimaging techniques including MRI and PET have dramatically advanced our ability to
identify putative AD patients (see below). Significant efforts in both blood- and CSF-based
biomarkers have started to show promise, as several reviews summarize [13-15].

Substantial efforts have been put forth to identify or develop appropriate LOAD mouse
models, but as noted recently, there is currently no single mouse model that recapitulates
all the features of human AD [16]. This gap has led to an NIH NIA-funded program, Model
Organism Development and Evaluation for Late-Onset Alzheimer’s Disease, or MODEL-
AD (https:/ /www.model-ad.org/, accessed on 30 December 2021), to develop mouse
models of AD that better recapitulate the human disease. A focus of the consortium is to
integrate into mouse models specific humanized risk variants, including various polygenic
models overlaid on a background of aging. Some progress has been made in generating
new models of LOAD that mimic aspects of AD [17], but there is currently no mouse model
that reiterates the human disease, in part due to the multifactorial biological contributors.

This review summarizes the neuroimaging findings from two of the most studied AD
mouse models, the 5xFAD and 3xTg-AD mouse models. As illustrated in Figure 1, both
models have had and continue to have significant numbers of citations, with the 5xFAD
becoming one of the most studied models. While MRI has not been used significantly,
there have been emerging publications that use neuroimaging to track and understand
disease progression, which are reviewed below. We start this review by briefly describing
the different neuroimaging modalities that are utilized in human AD.
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Figure 1. Pubmed citations for 5xFAD and 3xTg-AD mouse models. (a) The total number of Pubmed
citations for the two most popular AD mouse models, illustrates the rapid rise in reports utilizing the
5xFAD compared to the 3xTg-AD mouse models of AD. (b) When the Pubmed search criteria were
further refined to only 5xFAD or 3xTg-AD with MRI, the number of citations dropped precipitously.
Again, the 5xFAD mouse model has an increased utilization in neuroimaging studies (Pubmed search
“5xFAD” or “3xTg” and then combined with “magnetic resonance imaging”).
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2. Human Imaging of Alzheimer’s Disease: Brief Overview

Within the clinical setting, neurological diagnosis of AD is performed by assessing
memory impairment, thinking skills, and functional abilities. Additional insights into the
progression of disease can be garnered by identifying behavioral changes that emerge in
interviews with a patient’s friends and family. These observations are then combined with
a range of risk factors (age, sex, family history, presence of APOE ¢4, etc.) to enhance the
diagnosis of AD. It should be noted that inaccuracy is frequent in the clinical diagnosis of
AD, as shown by post-mortem histological studies [18,19]. More recently, genetic testing
for the presence of a variety of known genetic risk factors has greatly assisted diagnosis,
although there has not been a single gene or a unique set of genes to explain age-related
cognition and ultimately AD [20]. Thus, when the neurological assessment for AD is not
clear, neuroimaging techniques such as Magnetic Resonance Imaging (MRI), Computed
Tomography (CT), or Positron Emission Tomography (PET) can be and are used to detect
AD hallmarks. There are numerous extensive reviews available on human neuroimaging
and AD [21,22]; herein, we briefly summarize the key findings.

2.1. Positron Emission Tomography (PET)

The original ! C-Pittsburgh Compound B (PiB) was developed to image AB deposition
with high retention in brain regions known to be vulnerable in AD [23]. Considerable
progress has been made since this original compound for imaging A (3, with three clinically
approved tracers now available. These new tracers are centered around '®F, which has a
much longer half-life (hours) compared to HC (minutes). The new tracers are Florbetapen
(NeuraCeqTM), Flutemetamol (VizamleM), and Florbetapir (AmyvidTM). While these
PET reporters can identify patients with existing and advanced AD, they have also been
useful in early-stage diagnoses [24], and may potentially differentiate dementia types [25].
These and other studies have revolutionized our understanding of A3 deposition and
progression, as well as its relationship to memory, cognition, metabolism, and structural
alterations, as AD advances in human patients.

PET imaging of tau is relatively new and includes the FDA-approved tracer '8F-
flortaucipir (Tauvid™). This tracer binds to hyperphosphorylated tau proteins. Studies
have shown that '8F-flortaucipir binding density is related to memory impairments and
positively correlated with MRI-derived hippocampal volumes [26]. Recent studies with
larger cohort sizes have concluded that tau PET imaging is useful as a biomarker for AD
progression and staging [27,28].

Other PET imaging compounds have been and are being actively developed to target
imaging of neuroinflammation, which is strongly associated with AD. Many of the clinical
PET ligands for inflammation target activated microglia via the 18kDa translocator protein
(TSPO). Lagarde and colleagues gave an excellent review on the current state of TSPO
PET imaging [29], as well as others [30]. Other ligands targeting astrogliosis, such as
1C-Deuterium-L-Deprenyl (!C-DED), are being tested as predictive factors to detect AD
prior to symptomology [31,32]. A recent in-depth review explores glial PET imaging [33].
Synaptic loss has also been evaluated in patients with mild cognitive impairment and
AD using ligands for synaptic vesicle protein 2A (SV2A). ''C-UCB-J and ¥F-UCB-J both
highlighted hippocampal synaptic loss and correlated it with cognitive decline [34,35]. It
is important to note the limitations to clinical and preclinical PET imaging that exist but
are vigorously being addressed, including off-target binding, specificity as it relates to
other neurodegenerative diseases, and the cost and availability of PET scanners. A broad
review highlights the strengths and limitations of current PET ligands as they relate to
human pathology [36]. Exciting new advances in analytic methods for PET data have led
to molecular connectivity studies, which may bolster the ability to non-invasively monitor
brain connectivity as AD progresses [37].
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2.2. Magnetic Resonance Imaging (MRI)

MRI is the primary tool for brain imaging as it allows visualization of gray and
white matter, cerebrospinal fluid, and ventricles. Broadly, in suspected AD cases, MRI
is performed to detect cortical and/or hippocampal atrophy, ventricular enlargement
and decreased brain volumes. CT can be used in cases where MRI is contraindicated for
visualization of gross abnormalities, including hippocampal and cortical atrophy [38].

The earliest neuroimaging findings in AD from human subjects described a unique
temporal pattern of abnormalities (topography). These structural abnormalities consis-
tently encompassed the entorhinal cortex and hippocampal regions and were found to be
predictive as patients progressed from MCI to AD [39]. Interestingly, as AD progresses,
frontal cortices and thalamic regions also become more involved and increasingly impact
the default mode network [40]. The hippocampal reductions are strongly mirrored by ro-
bust decrements in synaptic densities combined with abnormal synaptic morphologies [41].
Ongoing neuroimaging studies and analytics that evaluate radiological evidence and com-
bine genetic testing have been advancing our knowledge. A recent study by Veldsman
reported strong associations between sex (female small hippocampi) and APOE ¢4 status
that were linked to specific hippocampal sub-regions [42]. Thus, volumetric indices are
strongly associated with AD and continue to be utilized as a surrogate marker.

MR imaging of brain networks, both structural (diffusion tensor; DTI) and functional
(resting state fMRI; rsfMRI), has been utilized in the assessment of human AD. DTI lends
itself to the assessment of regional microstructural integrity (or lack thereof) and is partic-
ularly well suited to the evaluation of white matter integrity [43]. In neurodegenerative
diseases, such as AD, DTI has been especially useful in assessing gray and white matter
brain pathology, as recently reviewed [44]. Luo and colleagues reported reduced DTI-
derived fiber density in limbic tracts, corpus callosum and others in LOAD patients from
two large separate databases [45]. These decrements in white matter were associated with
amyloid PET imaging of the fornix. Emerging studies using DTI have identified a group of
white matter tracts that are predictive for conversion to AD from MCI [43].

DTI metrics, such as mean (MD), axial (AxD), radial diffusivity (RD) and fractional
anisotropy (FA), have, in general, reported decreased FA with increased AxD, RD and MD
in white matter [46]. These authors noted that other acquisitions (i.e., multishell) could
provide additional information for discriminating MCI from AD subjects. Indeed, neurite
orientation dispersion and density imaging (NODDI) assessment confirmed decreased ax-
onal density (neurite density index, NDI) and increased dispersion (orientation dispersion
index, ODI) in MCI subjects [47]. Others have reported similar decrements in FA with
increases in NODDI-derived isotropic water index (ISOVF), NDI and ODI that strongly
correlated with Mini-Mental State Evaluation (MMSE) scores [48]. In gray matter, NDI/ODI
were lower in AD patients, and in selected regions (i.e., temporal, parietal cortices) had the
ability to discriminate between MCI and AD subjects [49]. A significant limitation of these
and other studies relates to the small sample sizes and lack of post-mortem confirmation,
but future conclusive studies will supplement these intriguing results.

Structural connectivity (DTI) allows the evaluation of connections between brain
regions, particularly those in vulnerable brain regions. Loss of temporal lobe connectivity
was associated with CSF phosphorylated tau and decrements in memory function, albeit in
a small clinical cohort [50]. Graph-theoretical measures of connectivity, such as rich club
(efficiency measure) connections, were disrupted in AD, and this disruption propagated
from the peripheral regions (non-rich club) to cortical rich club regions (i.e., cortical and
thalamic regions) [51]. Ensemble measures of DTI connectivity based on graph theory were
robustly able to differentiate controls, MCI and AD subjects, consistent with some measures
having a greater ability to discriminate disease states [52].

Functional connectivity from rsfMRI has also been utilized to identify subjects at
risk for AD, as recently reviewed [53]. Similar to structural connectivity findings, rsfMRI
connectivity was altered in the posterior cingulate cortex and precuneus area in MCI AD
subjects [54] where decreased temporal lobe connectivity was related to AD [55]. Task-
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based fMRI studies have not been as prominent as rsfMRI, in part as task-oriented studies
are designed to probe specific brain processes. For example, probing episodic memory,
Nellessen and colleagues found in AD subjects a strong activation in the precuneus during
encoding, but reduced activation in the right hippocampus during the retrieval phase, both
of which were associated with lower cognitive scores [56]. Thus, task-based fMRI can be
used to confirm the relationship between brain function and connectivity as it relates to AD.

There are several other MR-based imaging methods, including a wide array of analytic
methods that can be used to assess AD. These include susceptibility-weighted imaging
(SWI), magnetic resonance spectroscopy (MRS) and perfusion-based MRI to, name a few
(see [22]). Intriguing advances in imaging transcriptomics are leading the way to identify
genomic alterations that correlate to neuroimaging measures [57]. In summary, multimodal
MRI for the study of MCI and AD provides diagnostic information on the progression
of disease, whereby clinicians and investigators alike can select the appropriate imaging
sequence(s) based on the question being probed.

Using the background from human AD imaging, we now review the preclinical
literature in two popular mouse models of AD.

3. Mouse Models of AD

While the outcomes of clinical neuroimaging studies are limited by the difficulty of
achieving a definitive AD diagnosis during a patient’s life, mouse models of AD have
tremendously contributed to our biological understanding of AD pathophysiology. With
the identification of the APP gene mutation as a contributor to AD, the initial models
were mice with transgenic expressions of human APP. For example, the PDAPP model
contains the V717F (Indiana) mutation, while the Tg2576 model contains a double mu-
tation K670N/M671L (Swedish). A complete review of APP mouse models has been
published [58].

Mouse models mimicking other human genomic alterations have been developed,
including those containing PSEN1 mutation(s) that have been combined with APP, as in
the hAPP/PSEN1 double transgenic model. For example, APPswe/PS1DE9 mice contain
the hAPP Swedish mutation and the PSEN1 DE9 mutation [59]. The 5xFAD model, which
was created to accelerate amyloid deposition in vivo, contains five combinatorial mutations
(Swedish K670N/M671L, London V7171 and Florida 1716V in hAPP, M146L and L.286V in
PSENT1), leading to the rapid progression of disease [60].

Although these and other models have immensely helped the scientific community
understand aspects of AD pathology, the need to evaluate the role of NFTs in AD has led
to the development of additional mouse models containing tau mutations or insertions
of human tau. The 3xTg-AD mouse model combines mutant hAPP (Swedish), PSEN1
(MM146V) and tau (P301L) transgenes, resulting in A3 and tau pathologies [61]. The
3xTg-AD mouse exhibits more tau deposition compared to A, as illustrated in Figure 2.

ThioS

Figure 2. Cont.
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Figure 2. WT and transgenic female mice histological staining. (a) Staining in 5xFAD females at
18 months of age demonstrated a high load of 3-amyloid plaques (Thioflavin-S) throughout the brain
accompanied by elevated microglial activation (IBA-1) that was not observed in WT mice. (b) Staining
for human Tau (HT7) as well as 3-amyloid plaques (Thioflavin-S) in 18-month-old 3xTg-AD females
revealed a more focal staining pattern compared to the 5xFAD model at the same age. Note the
relative absence of $-amyloid plaques in the 3xTg-AD mice. Scale bar = 1 mm. (Images courtesy of K.
Green, UCI MODEL-AD Consortium).

4. Neuroimaging of Mouse Models of AD

With advances in the clinical use of diagnostic neuroimaging, particularly MRI, it is
not surprising that AD mouse models have also undergone preclinical MRI evaluations. A
key advantage of preclinical MRI is the availability of contrast types that can assess brain
structure and function. The most common MRI sequences used in preclinical AD imaging
are summarized in Table 1. PET has also been used in mouse models to assess AD hallmarks
such as A} and hyperphosphorylated tau accumulation, cerebral hypometabolism, glial
activation and synaptic loss. We now summarize the key preclinical MR and PET findings in
two of the most popular AD mouse models, specifically highlighting each imaging contrast.

Table 1. Magnetic resonance imaging contrasts available for preclinical AD research.

MR Sequence Information Provided
T2-weighted imaging (T2WI) Regional volumes and multi-echo regional tissue relaxation for iron and water content.
Tissue microstructure. Regional axial, radial and mean diffusivity and fractional
Diffusion tensor imaging (DTT) anisotropy. Multishell DTI enables alternate reconstruction schemes such as NODDI

for neurite density (NDI), dispersion (ODI) and isotropic water (ISOVF) indices.

Susceptibility-weighted imaging (SWI)

Iron associated with amyloid 3 deposition, iron content and extravascular blood;
useful in cerebral amyloid angiopathy. Newer QSM methods allow for quantification.

Perfusion-weighted imaging (PWI) Cerebrovascular function, cerebral blood volumes and flow.
Functional MRI (fMRI) Resting state (rsfMRI) for brain-wide coppectwlty a.nfi task evoked functional MRI for
task-specific connectivity.
Spectroscopy (MRS) Brain metabolites

Abbreviations: NODDI—neurite orientation dispersion and density imaging. QSM—quantitative susceptibility
mapping. rsfMRI—resting state functional MRIL.
4.1. 5xFAD

The 5xFAD mouse model of familial AD presents a fast progression of the disease and
high expression of cerebral A(342 as early as 1.5 months of age, with amyloid deposition
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and gliosis evident at 2 months. Frank amyloid deposition at 9 months of age results in
neurodegeneration accompanied by neuronal loss [60]. Presynaptic dystrophic neurites
are also detected in areas surrounding amyloid plaques at 5-6 months [62]. There is a
paucity of coherent neuroimaging publications that characterize and phenotype this AD
mouse model across sex and over time, which has resulted in an incomplete neuroimaging
characterization of this model. Table 2 summarizes the current state of neuroimaging
studies for the 5xFAD mouse model.

Table 2. Summary of 5xFAD mice imaging.

Imaging Age Imaging In Vivo, Ex ..
References (Months) * Sex Modality Magnet (T) Vivo, In Vitro Key Findings
Milvnarik et al Increased Myo, decreased NAA and
55012 L | 891016 NS MRS 14.1 in vivo GABA at 9 months in
dorsal hippocampus
Avtan et al Decreased NAA, GABA and Glu,
Y v 8 F MRS 14 in vitro increased Myo and GIn in the
2013 [64]
motor cortex
Spencer et al., ) .. Lower T1 and T2 values in 5xFAD
2013 [65] n M, F MRI: T1, T2 47 M vvo mice, T1 more sensitive to change
No differences in volumes (whole
Grdeial, e MR i onta el
2013 [66] r RARE . ! . ’
hippocampus, striatum,
olfactory bulbs)
Roias et al Detection of AB with 11C-PiB and
231 31671 o 10-16 NS PET in vivo I8F-Florbetapir, increased F-FDG
uptake in 5xFAD compared to WT
No differences in volumes (whole
Girard et al., 2,4,6 M, F MRI: T2 7 in vivo bralx?e'éfrriillo;s lgocr?::f) critceirte)(/
2014 [68] r ’ RARE . ! . ’
hippocampus, striatum,
olfactory bulbs)
Reduced 8F-FDG uptake and 10%
Macdonald et al., PET-CT, .. decrease in hippocampal volume at
2014 [69] 2,513 M MRI 3 invivo 13 months, no other
volume differences
Tang et al., MRI: T1, . Increased signal intensity in brain
2016 [70] 1,2,3,5 M MEMRI 7 nVvivo regions involved in spatial cognition
Aytan et al., . Decreased taurine, NAA, GABA
2016 [71] 3 F MRS 14 in vitro and Glu in the hippocampus
Mirzaei et al., . Uptake of 11C-PBR28 is increased in
2016 [72] 6 F PET mvive 5xFAD mice
Spencer et al T1 is not a sensitive measure to
P2017 73] v 25,5 M, F MRI: T1 4.7 in vivo detect disease onset or progression
at early stages
DeBay et al., - Decreased '8F-FDG uptake in
2017 [74] 5 M PET-CT mvive 5XFAD vs. WT
Kesler et al MRI: MR, in vivo, ex Structural networks exhibited
2018 [75] v 6 M T2RARE, 7,94 ViVO, higher path lengths in vivo and ex
DTI vivo 5xFAD vs. WT
187 .
Lee Metal,, 10 M MRE: T2, 0.4 vive q F-FP EE.’ s}}‘l‘.’ws mGIuRS is q
2018 [76] PET . ecreased in hippocampus an

striatum of 5xFAD mice
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Table 2. Cont.

Imaging Age Imaging In Vivo, Ex e
References (Months) * Sex Modality Magnet (T) Vivo, In Vitro Key Findings
Son et al., .. Decreased 8F-FDG uptake in
2018 [77] 9> F PET fmvive 5xFAD vs. WT
Ohetal, L Used ''C-FC119S to quantify A in
2018 [78] >3 M PEL-CT fmvive 5XFAD brain
. ) Increased neuronal activity in
1;8?;;7&91{ 1,2,3,5 M Mh}g[llsleI 7 in vivo hippocampus and amygdala at 1, 2,
and 5 months
Binding of DR2 tracer
Son et al., 10 F PET, in vivo (18F—Fallypride) is decreased in
2020 [80] microCT 5xFAD mice, no differences/effects
seen with mGIuRS5 tracer (\8F-FPEB)
Ohetal, A Decreased '8F-FPEB uptake in
2020 [81] ? NS PET-CT Ve 5xFAD mice

Increased uptake of F-Florbetapir
14 NS PET-MRI 7 in vivo in cortex, hippocampus and
thalamus in 5xFAD mice

Frost et al.,
2020 [82]

Detection of cerebral

Franke et al., hypometabolism and increased

2020 [83] 7,12 M PET-MRI 1 M VIive plaque load before the onset of
severe memory deficits
Cho etal., L Testing of new 64Cu tracers to
2020 [84] NS NS PET-CT in vivo detect A
Increased '8F-Florbetaben uptake in
. o cortex and hippocampus starting at
I;gjzc le[t 82’151]. ! lfiglg; t; ?;riazl F PET-CT in vivo 5 months
Possible use of 11C-BChE
as biomarker
Kim et al MRI: Manganese improves SNR, but SWI
" 8-9.5 M, F MEMRI, 9.4 in vivo alone is sufficient to detect
2021 [86] .
SWI amyloid plaques
Chang et al,, 6 M 1}\/[31: mll_r - in viv Microvascular damage in the cortex
2021 [87] crovaseuia © of 5xFAD mice
MRI
Tatarvn et al MRI: No significant differences in whole
202}; [85] v 7,12 F DSC-MRI, 7 In vivo brain glucose uptake between WT
PET-CT and 5xFAD
Increased 8F-FDG retention in
cortex of 5xFAD females at
Oblak et al., . 12 months
2021 [89] 4,12 M F PET-MRI 3 Invivo Using 18F-Florbetapir, detection of

Ap at 4 months and significant
increase by 12 months

NS—not specified. * all ages are in months, if reported in weeks then rounded to the nearest month.

4.1.1. MRI: Volumetric

In the context of two sequential behavioral and cognitive studies, Girard and col-
leagues used MRI to assess volumes from several brain regions [66,68]. T2-weighted
images (T2WI) were acquired from 2-, 4-, and 6-month-old 5xFAD and age-matched wild-
type (WT) mice, and we found no significant differences in the manual derivation of
volumes from forebrain, cerebral cortex, hippocampus, ventricles, striatum, olfactory bulbs



Biomedicines 2022, 10, 305

9 of 35

or frontal cortex between 5xFAD and WT mice. The lack of male or female volumetric
changes was in contrast to the appearance of behavioral deficits.

A PET/CT and MRI study with 13-month-old 5xFAD male mice revealed a 10%
reduction in hippocampal volume compared to age-matched WT mice [69]. Like previous
studies, no significant differences were observed at younger ages (2, 5-month-old).

4.1.2. MRI: Morphologic

Spencer and colleagues used multimodal MRI to develop diagnostic markers of
AD [65,73]. TIWI and T2WI, alongside histological staining, in 11-month-old 5xFAD mice
revealed lower T1 relaxation times (s) in male/female 5xFAD mice. The reduced T1 values
and increasing A3 load were negatively correlated in the upper and lower cortex, white
matter and hippocampal regions [65]. They then tested the hypothesis that T1 relaxation
times could be used as a sensitive marker to detect AP load at early stages. However, T1
values were not significantly different between WT and 5xFAD at younger ages (2.5- and
5-month-old) prior to the onset of robust A deposition [73]. At 11 months of age, there
were no significant differences between WT and 5xFAD T2 values [65].

Susceptibility-weighted imaging (SWI) makes use of endogenous dephasing to detect
iron content. Increased iron has been associated with amyloid plaques [90]. We have previ-
ously demonstrated that SWI provides excellent concordance between amyloid deposition
and Prussian Blue staining for iron and SWI in the TgSwDI AD model [91]. A new study
using in vivo manganese-enhanced MRI (MEMRI) as an activity-dependent contrast agent
found that manganese could serve as a targeted contrast agent to visualize amyloid plaques
in 8- to 9.5-month-old 5xFAD mice. Like our study, they also showed that even though
manganese improves the signal-to-noise ratio, SWI alone was sufficient to detect plaques
in high-resolution MR images [86].

Microvascular MRl is a technique that allows the mapping of the mean vessel diameter,
microvascular density, and vessel size index [92]. It was developed in the late 1990s and
uses fast gradient-echo spin-echo sequences combined with a paramagnetic contrast agent
to report vascular features. This MR technique was used in 6-month-old 5xFAD male mice
and revealed microvascular damage in the cortex of the transgenic mice but no damage in
the hippocampus or thalamus compared to WT mice [87].

4.1.3. MRI: Diffusion

We are currently unaware of any studies examining the 5xFAD model with diffusion
MRI (dMRI) metrics, including single-shell diffusion tensor imaging (DTI) or multishell
DTI approaches. This is a significant knowledge gap that we have begun to investigate.
Figure 3 illustrates the DTI contrasts available in a 5xFAD mouse model acquired at 9.4T.

4.1.4. MRI: Functional MRI and Connectivity Studies

Functional MRI studies utilize endogenous (blood oxygenation level-dependent;
BOLD) or exogenous (e.g., manganese) contrasts to report neuronal activity changes in
brain function. A functional study using MEMRI showed that TIWI signal intensity, as a
proxy for neuronal activity, was associated with deficits in spatial cognition as assessed
by Morris water maze (MWM) [70]. Neuronal activity was increased in 5xFAD males
compared to age-matched WT mice. No differences were observed at 1 month of age, but
neuronal activity was increased as early as 2 months in the hippocampus and entorhinal
cortex. At 5 months, neuronal activity was also increased in the retrosplenial cortex and
caudate putamen [70]. In analytic enhancements using a Paxinos and Franklin-derived
atlas applied to the MEMRI data, the same group detected increased neuronal activity in
the hippocampus and amygdala of 5XFAD male mice at 1-, 2-, and 5-months compared to
age-matched WT [93].
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Figure 3. Diffusion magnetic resonance imaging (dMRI) in 12-month-old female mice. Diffusion
tensor imaging (DTI) parametric maps for axial diffusivity (AxD), radial diffusivity (RD), mean
diffusivity (MD), fractional anisotropy (FA) and colored FA in females WT and 5xFAD at 12 months
of age. Exemplar images at the level of the dorsal hippocampus illustrate changes in the corpus
callosum and within the hippocampus.

Resting state functional MRI (rsfMRI) was performed in 5-month-old 5xFAD followed
by connectomic analyses to characterize brain network organization in 5xFAD mice [75].
Connectomic analyses are used to model whole and regional brain networks using graph
theoretical measures where interactions between nodes (brain regions) and edges (degree
of connections) may define structural (DTI) or functional connections (rstMRI or evoked
fMRI) [94]. In male 5xFAD mice, the authors showed that structural networks exhibited
higher path lengths and a lower small-worldness in 6-month-old 5xFAD mice compared
to controls [75]. The in vivo functional networks were less conclusive in 5xFAD mice, and
only demonstrated a higher path length in this pilot study. The authors concluded that the
observed disconnectivity is similar to that reported in human studies.

4.1.5. MRI: Spectroscopy

In vivo MR spectroscopy has been used to identify potential biomarkers of AD pro-
gression in the hippocampus of 5xFAD mice [63]. Proton spectroscopy (\H-MRS) was used
longitudinally in WT and transgenic mice at 8, 9 and 10 months, and revealed decreased
concentrations of N-acetyl aspartate (NAA) at 8, 9, and 10 months and decreased Gamma
Aminobutyric Acid (GABA) at 9 and 10 months in the dorsal hippocampus of 5XxFAD mice.
Increased concentrations of myo-inositol (Myo) at 9 and 10 months were also observed. The
decreases in NAA and GABA would be consistent with neuronal loss, which is reported
late in life in the 5XFAD mouse [60]. Glutamate (Glu) and glucose concentrations were
also reduced. In contrast to 'H-MRS, phosphorus (*'P) spectroscopy at 8 and 16 months
did not reveal significant differences between WT and transgenic mice [63]. Modeling of
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the 3'P data suggested that there was no overt alteration in mitochondrial activity at the
time points examined, but more recent work using alternate approaches would suggest a
relationship between increased Af load and hypometabolism [83,89].

Similarly, Aytan and colleagues found decreased levels of NAA and GABA, but
increased Myo and glutamine (Gln), in 8-month-old 5xFAD females when compared to
age-matched controls [64]. A subsequent neuroprotection study in 3-month-old females
found a large decrease in hippocampal taurine levels, as well as trending decreases in NAA
and GABA, and significantly decreased Glu [71].

4.1.6. PET: Fluorodeoxyglucose

There has been considerable interest in metabolic alterations in the 5xFAD mouse.
8F-FDG-PET in 13-month-old 5xFAD male mice revealed lower whole brain ¥F-FDG
uptake compared to WT controls [69]. Region-specific decreases were also significant in
the amygdala, basal forebrain, basal ganglia, cerebellum, hippocampus, hypothalamus,
neocortex and thalamus. Moreover, the WT and 5xFAD mice could be distinguished from
each other using a regional brain glucose metabolism ratio that was predictive at ages as
low as 2 months.

Similar results were reported in two additional PET studies of male 5xFAD mice [74,83].
I8F-FDG uptake was decreased in the whole brain of 5-, 7- and 12-month-old 5xFAD males
compared to WT, and this was accompanied by significant regional decreases within the
hippocampus, amygdala and thalamus [74,83]. Cerebellar glucose utilization was not
significantly altered at 5 months [74] but was significantly reduced at 7 and 12 months
in 5xFAD mice compared to WT [83]. Glucose metabolism was reduced in the cortex at
5,7 and 12 months, but only significantly decreased at 5 and 12 months [74,83]. Another
study using 9.5-month-old female mice reported a similar decrease in '8F-FDG uptake
in the hippocampus and frontal lobe of 5xFAD mice compared to WT [77]. Interestingly,
these reductions in brain metabolism would appear to be at odds with the unaltered
mitochondprial activity as derived from spectroscopy (see above) [63].

However, conflicting results by Rojas and colleagues found an increased glucose
metabolism in 11-month-old 5xFAD mice. It is unclear if sex may underlie these discrepant
findings, as the gender was not reported. The authors suggested that these unexpected
results could be due to increased inflammation and gliosis, which is prevalent at this age in
5xFAD mice, and thereby leads to an increased cerebral uptake of glucose [67]. Tataryn and
colleagues in a recent paper found no significant differences in whole brain glucose uptake
between WT and 5xFAD females at 7 or 12 months of age in contrast to the TgCRNDS8
mouse model [88]. This contrasts with the increased '8F-FDG retention in cortical regions of
12-month-old female 5xFAD mice compared to WT [89], possibly since mice in the Tataryn
study were fasted prior to PET imaging. A clinical study demonstrated that increased
plasma glucose levels, but not plasma insulin or insulin resistance levels, could explain the
decreased 8F-FDG uptake [95]. As shown by Fueger et al., the biodistribution of '®F-FDG is
influenced by fasting, body temperature, and the type of anesthesia used. These parameters
should be standardized to allow for proper comparisons between future studies [96].
Additional studies are clearly needed to clarify these divergent metabolic studies.

4.1.7. PET: Amyloid Imaging

PET amyloid imaging was performed in 10.5-month-old WT and 5xFAD mice using
11C-PiB, followed three weeks later by '8F-Florbetapir. The increased binding of both
compounds (21% and 14.5%, respectively) in the brain of the transgenic mice was reported
when compared to the controls (the authors did not report the sex of the mice) [67]. The
rapid onset of amyloidosis in the 5xFAD model makes it attractive in assaying new PET
tracers and new PET hardware. Frost and colleagues developed a small-animal PET/MRI
hybrid system to assess amyloid deposition [82]. Using 14-month-old 5xFAD mice, they
were able to detect an increased uptake of '®F-Florbetapir in the cortex, hippocampus,
and thalamus relative to WT. The same tracer was used in 4- and 12-month-old male and
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female 5xFAD mice and could detect A3 at 4 months with significant increases in Af3
accumulation by 12 months in both sex groups [89]. In an alternate PET tracer study, '8F-
Florbetaben uptake was increased in the whole brain in both 7- and 12-month-old 5xFAD
males [83]. Regional analyses found significantly increased regional uptake in the cortex,
hippocampus, thalamus, forebrain, hypothalamus, amygdala and midbrain. A longitudinal
8F_Florbetaben PET/CT study in female 5xFAD and age-matched controls at 2, 5,7, and
11 months also observed significantly increased uptake starting at 5 months of age in the
cortex and hippocampus, but no differences in the brainstem [85].

These '8F-labeled amyloid tracers have lower cortical uptake and higher non-specific
white matter uptake when compared to '!C-PiB. Thus, new PET ligands are being devel-
oped to find a more optimal amyloid PET tracer. ®F-FC119S is a new compound with
a high selectivity and metabolic stability against in vivo defluorination. In humans, a
study using '8F-FC119S showed a significant correlation with ''C-PiB uptake combined
with a lower non-specific white matter uptake than ''C-PiB [97]. This new tracer was
tested in 5.5-month-old 5xFAD males, and an increased ligand uptake was detected in the
hippocampus, cortex, and thalamus, which was only significant in the hippocampus [78].

Cho and colleagues have designed a series of new **Cu PET imaging agents with high
specific affinity for amyloid deposits [84]. The longer half-life of ®*Cu (12.7 h) makes these
compounds particularly advantageous, especially for centers without on-site cyclotrons.
When testing these ®*Cu compounds, they found higher brain retention in 5xFAD mouse
brains compared to WT, making these compounds potential candidates for diagnostic
clinical PET for AD.

4.1.8. PET: Other Tracers (TSPO, mGluR5, D2R, BChE ... )

To the best of our knowledge, no tau-PET has so far been directly performed in
the 5xFAD mouse model of AD. However, in a human study that found CSF-tau levels
preceded positive tau PET, 5xFAD mice at 4, 6 and 12 months of age had elevated CSF-tau
levels in relation to A plaque loads [98]. Other PET tracers have been tested, including
11C-PBR28, to label 18kDA translocator protein (TSPO), which is known to label glial cells
and has been utilized in a variety of disease states, including Huntington’s Disease [99].
In 6-month-old 5xFAD females, ' C-PBR28 exhibited significantly increased brain uptake
compared to age-matched WT [72]. The mGIuR5 tracer, ®F-FBEP, showed significantly
decreased binding in 5xFAD mice compared to age- and sex-matched controls [76]. This
was only observed in 10-month-old males, but while also decreased, it was not significant
in 10-month-old females [80]. While sex was not specified, 9-month-old 5xFAD mice had
a significantly decreased uptake of '®F-FBEP in the cortex, striatum, hippocampus, and
thalamus, with no differences observed in the cerebellum [81].

While the predominant focus in AD PET imaging has been tau or amyloid, dopamine
PET imaging was recently tested in 10-month-old 5xFAD females using '8F-fallypride
(Dopamine D2 receptor tracer). 8F-fallypride exhibited significantly decreased binding
in the brain of 5xFAD mice compared to WT, and primarily within the striatum [80].
Butyrylcholinesterase (BChE) PET imaging was also tested in 5XFAD mice by Rejc and
colleagues [85]. BChE (as well as AChE) levels were increased in brain tissues where
amyloid and tau levels were elevated, where BChE becomes the primary degradation
enzyme for acetylcholine instead of AChE [100,101]. The novel !!C-labeled BChE’s inhibitor
uptake was increased in the brain of female 5XxFAD mice compared to WT, at 4, 6, and
8 months, but was equivalent between groups at 10 and 12 months [85]. The authors
suggest that due to its increased binding at a young age in the 5xFAD mice, '!C-BChE
could be an early prognostic biomarker for the development of AD.

4.2. 3xTg-AD

The triple transgenic model (3xTg-AD) was the first transgenic mouse model of AD
that developed both amyloid plaques (A3) and NFTs in brain regions associated with AD
pathology (Figure 2). Extracellular Af3 deposits and synaptic dysfunction are apparent
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at 6 months, with the appearance of NFTs at 12 months [61]. As noted in Figure 1, the
3xTg-AD mouse model is still popular, although with the emergence of the 5xFAD and
other new models, it has not been used as extensively. In Table 3 we summarize the key
neuroimaging studies using the 3xTg-AD model and their findings.

Table 3. Summary of 3xTg-AD mice imaging.

Imaging Age Imaging In Vivo, .1
References (Months) * Sex Modality Magnet (T) Ex Vivo Key Findings
Algarzae et al., ) . Cortical atrophy and increased
2012 [102] 12,18 NS MRI: T2 7 nvive ventricular volumes at 18 months
Ishihara et al., MRI: T1 w . . . -
2013 [103] 6 NS Cd 15 in vivo No differences in BBB permeability
Kastyak- MRI: T2 and in vivo No detectable white matter changes
Tbrahim etal, 11,13, 15,17 NS bTI 7 ex ‘\Zri‘\]Io’ (volumes, DTT metrics or myelin sta?nin )
2013 [104] , y g
Sancheti et al., o Decreased '8F-FDG uptake in 3xTg-AD
2013 [105] 7,13 NS PET-CT nvive mice compared to WT
50% increased influx of 13C in 3xTg-AD
Sancheti et al mice compared to controls, no differences
2014 [106] i 7 M MRS, PET ex vivo in 18F-FDG uptake in the hippocampus
and motor and somatosensory cortex of
3xTg-AD mice compared to WT
Hohsfield et al MRI: No microbleeds found, increased
2014 [107] v 7,14,20 M T2*FLASH, 9.4 ex vivo ventricle size in 3xTg-AD mice at 14 and
SWI 20 months
Wu Z et al No volume differences in cortex or
7 22 M, F MRI: T2 9.4 in vivo hippocampus between 3xTg-AD and
2015 [108] .
WT mice
Decreased '8F-FDG uptake in 3xTg-AD
Ye M et al., L . 1
6 NS PET in vivo mice compared to WT in hippocampus
2016a [109]
and prefrontal cortex
YeMetal, - Decreased '8F-FDG uptake in 3xTg-AD
2016b [110] 6 NS PET nvive mice compared to WT in diencephalon
Baek et al., - Decreased '8F-FDG uptake in 3xTg-AD
2016 [111] 6 M PET mvive mice compared to WT
S t al MRL: Ch f DTI metrics in hi
2%‘;‘;“ [‘;13]" 12,14 M,F  T2RARE, 7 in vivo anges o ut Irln‘: o lrr;  PPOCAmpS
EPI DTI utnotin corte
Dudeffant et al., MRI: 3D in vivo, Amyloid plaques could not be detected
2017 [113] from1lto24 M pEwGd 7 ex vivo with MRI in 3xTg-AD mice
Montoliu- MRI: No significant difference in whole brain
Gayaetal, 6 F T2RARE, 7 in vivo volume, increased alanine in cortex and
2018 [114] MRS hippocampus of 3xTg-AD mice
Kong et al MRI: 3D
201 Sg [11 5]" 15,2,3,4,56 M,F Flash T1WI, 7 in vivo Decreased brain regions volume
MEMRI
187 ; :
Adlimoghad- Decre;a;ed F-FDG gptakel in thet bﬂatferal
dam et al,, 11 M PET-MRI 7 in vivo PITUOTI ared and msuiar cottex
2019 [116] 3xTg-AD mice compared to WT, but no

differences in the whole brain
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Table 3. Cont.

Imaging Age Imaging In Vivo, 1.
References (Months) * Sex Modality Magnet (T) Ex Vivo Key Findings
MRI: T2, 2D Decreased hippocampal VOlu.n.’le E.It all
Lo ages, decreased BBB permeability index
Chiquita et al., DCE- . . .
4,8,12,16 M 9.4 in vivo at 16 months, decreased taurine levels in
2019 [117] FLASH, . . . 11 o
PET hippocampus, no difference in **C-PiB
and ''C-PK11195 uptake
4-fold increase in ventricle volume,
M tal MRL: d d hi l interhemispheri
anno et al., 5 F T2RARE, 7 in vivo ecreased hippocampal interhemispheric
2019 [118] connectivity, increased cortical FA but
DTI, rsfMRI
decreased RD
Rollins et al., MRI: .. . .
2019 [119] 2,4,6 M, F MEMRI 7 in vivo Decreased brain regions volume
. MRI: . .
Guéll- Decreased brain volume, increased Af3,
T2RARE, . . . L
Bosch et al., 57,912 F 7 in vivo increased inflammation in hippocampus
2020 [120] T2MSME, and cortex
EPI, MRS
Falangola et al., i o Changes in DTT metrics in 3xTg-AD mice
2021 [121] 2,815 NS MRI: dMRI 7 nvive compared to WT at 2 and 8 months
Stojakovic et al., - Decreased '8F-FDG uptake in males and
2021 [122] 16 M, F PET-CT nvive females 3xTg-AD mice compared to WT
Increased 11C-PiB in 8- and 11-month-old
Chen et al., .. 3xTg-AD mice, increased uptake of the
2021 [123] 5811 NS PET-CT mvive HDAC tracer 18F-TFAHA at 8 and

11 months

NS—not specified. * all ages are in months, if reported in weeks then rounded to the nearest month.

4.2.1. MRI: Volumetric

Hohsfield and colleagues, using ex vivo fast low-angle shot (FLASH) T2WI, found
increased lateral ventricular volumes in 14-month-old 3xTg-AD males compared to WT
males [107]. Similar results were also reported using the radial diffusivity (RD) maps from
DTTI to acquire lateral ventricle volumes, wherein 2-month-old 3xTg-AD females exhibited
lateral ventricular enlargements (4-fold) compared to controls [118]. Using in vivo T2-
weighted rapid acquisition with relaxation enhancement (T2RARE) imaging, Algarzae and
colleagues found a 21% increase in ventricular volume in 18-month-old 3xTg-AD mice
compared to age-matched controls [102]. Cortical atrophy with observable brain lesions
has been reported in 18-month-old 3xTg-AD mice [102].

More recently, Guéll-Bosch et al., also using T2RARE imaging, acquired volume mea-
surements from the cortex, hippocampus, cerebellum, olfactory bulb, and the whole brain
in 5-, 7-, 9-, and 12-month-old female 3xTg-AD mice [120]. The 3xTg-AD females had
significant reductions in all regions except for the cortex at the 9-month time-point. The
olfactory bulb volumes were reduced at the 7-, 9-, and 12-month-old time-points. Chig-
uita and colleagues also reported reduced hippocampal volumes in 3xTg-AD mice using
T2RARE imaging [117]. The hippocampal volume reduction was increasingly accentuated
over time, whereby voxel-based morphometry showed reduced gray matter volumes bilat-
erally in the hippocampus across all time-points. Interestingly, as AD progressed, the gray
matter reductions were observed to propagate to more anterior regions, including CA1,
CA2, CA3, and the dentate gyrus [117]. In vivo 3D-FLASH imaging reported increases in
“local” (regional) brain volumes in 3xTg-AD mice from 2 to 4 months of age, followed by
subsequent decreased volumes at 4 to 6 months [119]. Significant genotype interactions at
6 months of age were observed in the bilateral amygdala, left hippocampus, left ventricle,
bilateral insular region, left septum, right nucleus accumbens, right fimbria, globus pallidus,
bilateral anterior commissure, right inferior olivary complex, and right stria terminalis. In
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a study by the same group, 1.5-, 2-, 3-, 4-, 5, and 6-month-old male and female 3xTg-AD
mice exhibited significant volumetric decreases, when compared to controls, bilaterally
in the dentate gyrus, piriform cortex, paravermal regions, inferior and middle peduncles,
flocculonodular regions, fimbria, internal capsule, and corpus callosum, as well as in the
left hippocampus and pontine nucleus. Volumetric increases were noted in the entorhinal
cortex, bilateral amygdala, thalamus, striatum, nucleus accumbens, superior cerebellar
peduncles, anterior commissure, and longitudinal fasciculus. The volumetric trajectories
of the bilateral hippocampus, entorhinal cortex, frontal regions and fimbria in 3xTg-AD
mice took on an inverted parabola [115]. While the authors acknowledge the potential sex
effects in their study, they did not explicitly test for this.

It is important to note that while most studies found brain-wide volumetric reductions,
several studies reported no significant volume differences between 3xTg-AD and WT mice.
In 6-month-old female mice, no statistically significant differences in total brain volume
between 3xTg-AD and WT mice were observed [114]. Regional volumes of white matter
structures were acquired in 11-, 13-, 15-, and 17-month-old 3xTg-AD and age-matched WT
mice, and from both in vivo and ex vivo MRI, but no statistically significant differences
were found in the appearance and volume of the corpus callosum, external capsule, and
fornix at different ages between the 3xTg-AD and WT mice [104]. Similarly, Wu and
colleagues reported no significant differences in cortical or hippocampal volumes acquired
from in vivo T2-weighted images in 22-month-old mice [108].

Differences between studies that documented either decrements or no changes in
whole brain or regional volumes could be due to a variety of factors (see Table 3). These
include magnet strength, imaging sequence, type of post-processing, and whether manual
regions of interest or atlases were used to extract regional data. For example, those studies
that found no significant changes in volumes reported manual analyses or data reported as
percent of controls [104,108,114]. Finally, it is important to note the background and lineage
of the 3xTg-AD mice (i.e., number of generations) used in the reported studies, as disease
models are vulnerable to genetic drift [124].

4.2.2. MRI: Blood—-Brain Barrier Permeability

Blood-brain barrier (BBB) pathology is well known to be involved in the pathogenesis
of AD, where BBB breakdown promotes disease progression. MRI, in conjunction with
exogenous contrast agents (i.e., gadolinium; Gd), can monitor the status of the BBB in vivo.
Several MRI studies report conflicting BBB breakdown results in the 3xTg-AD mouse model.
Chiquita and colleagues assessed BBB permeability using 2D dynamic contrast-enhanced
FLASH with injection of a Gd contrast agent (Gadovist™) [117]. In 16-month-old 3xTg-AD
mice there was an increased BBB permeability index, and a decreased perfusion peak
amplitude, indicating decreased vascular volume, compared to WT mice. In contrast,
Ishihara did not observe any changes to BBB permeability in 6-month-old 3xTg-AD mice
using T1-weighted spin-echo multi-slice imaging enhanced by a Gd contrast agent (Gd-HP-
DO3A; ProHance™) [103]. These studies would suggest that at early ages, the 3xTg-AD
mouse does not exhibit BBB alterations, but with advancing age and AD pathology, the
BBB is disrupted.

4.2.3. MRI: Morphological

A number of studies have shown that one of the hallmarks of AD, the presence of
amyloid plaques, can be observed using MRI. Dudeffant and colleagues used in vivo and
ex vivo 3D gradient echo imaging combined with a Gd contrast agent to detect amyloid
plaques [113]. Ap-stained histological sections were co-registered with MR images to
ascertain the identity of potential amyloid deposits. In ~11-18-month-old 3xTg-AD males,
intracellular amyloid deposits detected using histology were not observed in Gd-enhanced
MRI. In 3xTg-AD males 18-36 months of age, amyloid plaques were MRI-detectable, but
only in the subiculum. The authors concluded that Gd-enhanced MRI exhibited poor
detection of amyloid plaques, as only the largest plaques were detectable [113]. In another
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study, T2 relaxation measurements were higher in the hippocampus and cortices of 5-
and 7-month-old 3xTg-AD compared to WT mice [120]. Increased T2 values may report
neuroinflammation and neurodegeneration. In both groups of mice, T2 values were similar
at the 9-month time-point and tended to decrease over time, where reductions in T2 values
were associated with the increased presence of amyloid plaques [120].

At the present time, SWI has not been implemented in 3xTg-AD mouse models. Clearly,
additional research is warranted to determine the utility of specialized MR sequences for
assessing amyloid plaques or putative signals related to amyloid deposition.

4.2.4. MRI: Diffusion

DTI has started to be used to evaluate tissue microstructure in several brain regions of
3xTg-AD mice alongside WT controls. No white matter DTI changes were found in any
metrics from 3xTg-AD mice with ages spanning 11 to 17 months [104]. The authors also
reported no changes in myelin staining or white matter volumes. An additional study using
12- and 14-month-old mice found DTI metric changes (decreased FA and AxD, increased
RD) in the hippocampus, but not in the cortex [112]. The authors used histology and
suggested that the changes they observed might be due to the presence of Af plaques
and tangles in the hippocampus, while the cortex only presented with a few tau-positive
neurons. In younger (2-month-old) 3xTg-AD mice, Manno and colleagues found increased
cortical FA with reduced RD, but no changes in MD or AxD [118].

DTI was used to evaluate tissue microstructure in several brain regions in 3xTg-AD
mice [121]. DTI in 3xTg-AD mice at 2 months of age found reduced AxD and FA, with
increased radial kurtosis in the basal forebrain, which exhibited progressive temporal
declines in AxD and FA at 8 and 15 months of age. In the hippocampus, elevated DTI
metrics were observed (MD, AxD, RD, FA) at 2 and 8 months with no changes at 15 months
in 3xTg-AD compared to controls. No diffusion kurtosis imaging (DKI) measures changed
in the hippocampus. Similar DTT increases at 2 and 8 months of age in the 3xTg-AD were
reported in the fimbria but not the fornix. The authors noted consistent 3xTg-AD vs. WT
control differences throughout their lifespan [121]. However, the interpretation of these
diffusion metrics changes is difficult/complex, and would need to be associated with
histological staining to assess the changes in cellularity in the different brain structures.

4.2.5. MRI: Functional MRI

Only a single 3xTg-AD study utilized functional connectivity via rsfMRI [118]. The
study reported reduced hippocampal interhemispheric, but no change in caudate putamen
functional connectivity in 2-month-old 3xTg-AD mice compared to WT mice. Even at early
ages, hippocampal interhemispheric connectivity was reduced prior to the robust onset of
pathology [118].

4.2.6. MRI: Spectroscopy

Magnetic resonance spectroscopy (MRS) has been extensively used to detect biochemi-
cal changes in the 3xTg-AD mouse model. In vivo 'H-MRS found a significant reduction in
taurine in 3xTg-AD mice compared to age-matched controls in the 4-, 8-, and 16-month-
old groups [117]. The relative taurine levels are postulated to be related to the degree
of neuroprotection in AD [81]. In addition, metabolic profiles (in vivo 1TH-MRS) of the
hippocampus and cortex in 6-month-old 3xTg-AD mice found only increased alanine
levels compared to controls [114]. In 5-month-old 3xTg-AD mice, increased phenylala-
nine was observed, but taurine was decreased in the hippocampus compared to controls.
At 7-months of age, the AD mice showed an increase in Myo that was still present at
12 months of age [120]. The authors also noted decreased NAA in the cortex, as was
reported in the 5xFAD model [64,71,120]. Using ex vivo 13C-MRS after an infusion of
[1-13C]-glucose in 7-month-old 3xTg-AD and WT mice, there was a 50% increased influx
of 13C in 3xTg-AD mice compared to controls [106]. The authors infer that these in-
creases were a measure of hypermetabolism in 3xTg-AD mice. Specifically, increases were
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found in [4-13C]Gluy, [3-13C]Gly, [1-*C]Gluy, [4-3C]GlIn, [3-13C]Gln, [2-'3C]GlIn, [1-13C]GIn,
[2-13C]Asp, [4-13C]GABA, and [1-'*C]JGABA [106]. In contrast to the findings summarized
above, Carreras and colleagues did not find any significant differences in any spectroscopic
metabolites in 7-month-old 3xTg-AD mice using ex vivo 'H-MRS in hippocampal tissue
punches, but these findings were not compared to WT mice [125].

4.2.7. PET: Fluorodeoxyglucose

Regional analysis of glucose uptake was measured using '*F-FDG-PET in 7-month-old
3xTg-AD male mice, with no significant differences in '¥F-FDG uptake compared to WT
controls in the bilateral hippocampus, or in the motor and somatosensory cortex [106].
However, the authors did observe a decrease in '®F-FDG uptake in the whole brain com-
pared to WT. While sex was not specified, an earlier study by the same group similarly
found a decline in 8F-FDG uptake in the whole brain of 7- and 13-month-old 3xTg-AD
mice compared to WT, with a greater reduction noted in the 13-month-old mice [105].
The authors suggested a deregulation of glucose uptake in 3xTg-AD mice that becomes
more prominent with age. Another study also reported a significant reduction in cerebral
glucose uptake in 16-month-old 3xTg-AD male and female mice compared to WT, with
more prominent differences for females [122].

Adlimoghaddam and colleagues observed reduced '®F-FDG uptake in the bilateral
piriform area and insular cortex of 11-month-old 3xTg-AD male mice compared to WT, but
no differences in the whole brain [116]. Two additional PET studies using 6-month-old 3xTg-
AD mice reported significant decreases in ®F-FDG uptake in the midbrain, diencephalon,
hippocampus, and prefrontal cortex compared to WT [109,110]. A parallel study in 6-
month-old 3xTg-AD male mice also reported a significant decrease in glucose uptake in the
hippocampus of 3xTg-AD male mice relative to WT [111].

4.2.8. PET: Amyloid Imaging

Chen and colleagues measured ''C-PiB uptake in 5-, 8- and 11-month-old 3xTg-AD
mice and age-matched controls, with a significant increase in uptake in the whole brain
of transgenic mice at 5 and 8 months compared to WT [123]. However, a conflicting
study found no significant differences between cerebral !'C-PiB uptake in 4-, 8-, 12-, and
16-month-old transgenic and WT male mice. The authors note that PET imaging is a less
sensitive measure of amyloid load, given that Western blot data showed increased levels of
Ap monomers for the 3xTg-AD mice relative to WT at all time-points [117].

4.2.9. PET: Other Tracers (TSPO, HDAC)

Microglia activation in 3xTg-AD mice has been tested by PET imaging using !'C-
PK11195 (TSPO tracer), and no significant differences were found between groups when
examined across their lifespan (4-16 months) [117]. The authors proposed that microglia
activation may not be a prominent feature in this transgenic model, but this is at odds with
histopathological studies, where increased microglia were reported in the cortex (but not
hippocampus) [126].

Class Ila histone deacetylase (HDAC) PET imaging was also tested by Chen, using
the HDAC4 and HDACS tracer '8F-TFAHA. The results show that the uptake in the
whole brain of 8- and 11-month-old transgenic mice was 1.15- and 1.63-fold higher than
in the WT, respectively [123]. The 11-month-old transgenic mice showed an almost 2-fold
(significant) increase in 'F-TFAHA uptake in the striatum, cortex, hippocampus, basal
forebrain, thalamus, hypothalamus, amygdala, and cerebellum relative to WT. Supportive
cell culture uptake studies demonstrated that Class Ila HDAC uptake corresponded to Af3
levels [123].
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5. Magnetic Resonance Findings in Other AD Mouse Models
5.1. Volumetric MRI

The early neuroimaging of AD mouse models focused predominately on volumetric
alterations. One of the earliest studies in the PDAPP mouse (and its variants) found
decreased hippocampal and dentate gyrus volumes [127,128]. Many AD mouse models
have reported decreasing brain volumes, such as the APP T7141 [129]. The APP/PS1
model has morphometric abnormalities localized to the hippocampus, cortex, olfactory
bulbs, stria terminalis, brain stem, cerebellum, and ventricles [130], while cortical thickness
was also reduced in APP mice, which is exacerbated with age and A deposition [131].
Interestingly, young (1-month-old) APP mice had increased cortical thickness, but the
rate of cortical thinning was accelerated over the next 15 months of age compared to
controls [132]. An unbiased approach, voxel-based morphometry (VBM), found age-related
atrophy in the hippocampus, motor cortex, striatum, amygdala, septal area, bed nucleus
of the stria terminalis, and nucleus accumbens, in APP/PS1 transgenic mice [133]. Badea
and colleagues found that deficits in cortical volume precede amyloid formation in the
APPswe/ind mouse model, similar to the presymptomatic atrophy seen in patients with
familial AD [134].

Unlike humans, WT mice have increasing brain volumes between 6 and 14 months
of age, but mice APP/PS1 (expressing human APP(695(K595N, M596L)) x PS1(M146V))
had global reductions in gray matter-rich areas that progressively declined with age (i.e.,
hippocampus) similar to humans [135]. A follow-up study in TASTPM mice compared
to triple transgenic mouse model (APP/PS2/Tau) found that hippocampal atrophy was
age-dependent, whereas in TASTPM mice, it was already detectable at the first investigated
time point (<6 months of age) [136]. Importantly, both transgenic mouse models displayed
an age-related entorhinal cortex thinning and robust striatal atrophy (associated with a
significant loss of synaptophysin) [136]. The rTg4510 transgenic mouse, an increasingly
popular AD model, reported severe hippocampal and neocortical atrophy with concomitant
increased ventricles [137], where females had larger volume decrements than males and
both sexes were reduced significantly compared to WT [138]. Other AD mouse models,
such as ApoE4 (24 months), Tau4RDeltaK and Tg4-42 mice, also exhibited significant
hippocampal and whole brain volume decrements [139-141].

Despite the numerous studies reporting volumetric regional and whole brain decreases
in a variety of AD mouse models, several studies have either reported increased growth
rates (such as in the TgCRNDS8 compared to controls) [142] or no volumetric changes in
APP mice [143]. APP+SOD vs. APP transgenic mice showed robust brain atrophy [143].
Interestingly, the TgCRIND8 mouse was reported to have increased growth rates in brain
regions that contained the greatest density of amyloid plaques and reactive astrocytes, a
finding that will require additional study [142].

In brief, the overwhelming evidence points to regional and whole brain volumetric
changes in mouse brains of AD models using MR assessments, and the rate of change is
driven largely by the underlying neuropathology in many of these models.

5.2. Magnetic Resonance Spectroscopy (MRS)

Early work using MRS to assess APP/PS1 mice found decreased NAA /Glu ratios [144],
decreased NAA with increased Myo/ creatine (Cr) ratios [133,145], reduced NAA and Glu
levels in 5- and 8-month-old mice [146], and NAA that was decreased in the hippocampal
as well as the temporal cortex, but Myo that was increased throughout the entire brain [147].
MRS was able to discriminate between APP/PS1 transgenic mice and WT mice as early
as 2.5 months of age based on NAA, Glu, and macrolipids levels [148]. GluCEST imaging
in APP mice documented reductions in Glu concentrations, with a ~30% reduction in all
brain areas, which was confirmed with 'H-MRS [149,150]. Hippocampal NAA reductions
in APP(Swe)/PS1(dE9) transgenic mice were related to the loss of CA3 neurons [151],
and NAA /Cr reductions were concomitant with amyloid deposition [152]. Combining
APP/Tg2576 genotypes resulted in mice with decreased whole brain metabolites of NAA,
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Glu and glutathione, which was ascribed to neuronal loss; increased taurine (glial) was also
reported [153]. Thy-1-APPSL mice had reduced NAA /Cr ratios with decreased phosphoryl-
choline (PC) [154]. Glu and GIn were elevated, while GABA levels were increased, leading
the authors to suggest that the Thyl-APP(SL) mice had mitochondrial dysfunction [154].

Various genetic combinations of AbetaPPswe with other transgenic mice resulted in
similar metabolite reductions as reported in the APP mouse. AbetaPPswe/Tg2576 mice at
1 month of age had decreased concentrations of Glu and NAA in the hippocampus and
rhinal cortex compared to WT mice [155]. With increasing age, other brain regions exhibited
similar reductions in NAA and related metabolites, and by 11 months, increases in taurine
and creatine were observed that have been ascribed neuroprotective functions. These
metabolic perturbations were apparent prior to the appearance of behavioral disorders [155].
Van Duijn reported that AbetaPPswe and PSEN1dE9 transgenic mice had a similar trajectory
of reduced metabolites, but the decline was more apparent in female mice, particularly for
taurine [156]. In AbetaPPswe-PS1dE9 mice, hippocampal NAA levels were only reduced
at 12, but not at 8 months of age [157].

Several other models also reported similar reductions in metabolites. The TASTPM
mouse showed significant differences in Cr, Glu, NAA, choline-containing compounds,
and Myo compared to WT mice [158]. An interesting study in female Tg2576 mice found
elevated hippocampal GABA levels, which were associated with increased reactive as-
trocytes and amyloid deposition [159]. The authors suggest that regional GABA levels
may contribute to the sex disparities observed in AD; but this awaits further study. In a
recently developed tau mouse model of AD, Tg4-42, reduced 4-aminobutyrate, GIn and
lactate in the cortex were reported, with reductions in 4-aminobutyrate in the caudate
putamen [139]. These reductions mirrored increased levels of metabolizing enzymes and
increasing Ap42 levels with increased neuroinflammation and neuronal loss [139]. The
Tg4-42 mouse replicates the progressive neuronal loss observed in human AD subjects.

MRS assessments, both global and regional, appear to identify losses of key brain
metabolites as AD progressively develops in these mouse models. In some studies, it had
the ability to discriminate early in life between the transgenic model and the WT before an
overt pathology was evident. Thus, MRS in combination with other MRI techniques could
potentially accurately identify at-risk human subjects.

5.3. Vascular MR Imaging

There is some surprising literature on MR imaging of the vasculature in AD mouse
models, signifying the importance of blood vessels in AD pathology. Early MR angiography
of APP23 mice found perfusion deficits that reflected progressively decreased vascular
density with age, as assessed by synchrotron CT vascular corrosion casts [160,161]. This
group extended these studies to show decreased cerebrovascular responses to evoked
functional MRI (fMRI), confirming compromised vascular responses [162]. In the thalamus,
the APP23 mouse exhibits cerebral amyloid angiopathy that leads to altered CBF; these
perturbations were also observed in APP51/16 mice [163]. The intravenous administration
of iron oxide particles showed significant uptake into macrophages within the cortex and
thalamus in aged APP23 mice, which coincided with the loss of signal (increased nanopar-
ticles deposition) predominately in vessels, suggesting overt microvascular pathology, a
finding that was also reported in APP24 and APP51 mice [164]. Using MR-derived mea-
sures, microvascular density, mean vessel diameter and size index were examined in 3-, 6-,
9-, 14-, and 20-month-old APP23 and WT mice [165]. By 20 months, APP23 mice exhibited
decreased microvascular density with increased vessel diameters compared to WT mice.
The hippocampus of these APP23 mice exhibited abnormal microvascular angiogenesis
early in life prior to large decreases, suggesting a potential compensatory response [165].

APP/PS1 transgenic mice exhibited significantly reduced cerebral perfusion, even at a
young age [132]. A more comprehensive perfusion study confirmed significantly decreased
perfusion in the left hippocampus, left thalamus, and right cortex of APP/PS]1 transgenic
mice [166]. Other variants had either reduced cerebral perfusion (APPxPS1-Ki) [167] or
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flow voids within the middle cerebral artery in older mice (APP/PS1 APP(SweLon)/
PS1(M146L)) [168]. In contrast, no autoregulatory changes in APP were reported in this
single study [169]. MRI measures of vascular morphology in the APP.V717IxTau.P301L:
biAT mice at 3, 6, and 12 months of age showed increasing vessel radius or length with age
regardless of genotype, but the biAT mice had significantly lower internal carotid artery
length, although the significance is not immediately clear [170]. Reductions in perfusion
and blood volume were observed in the occipital cortex of B6.PS2APP mice [171]. Several
studies using the AbetaPP/PS1 mice found that increased systolic blood pressure was
related to decreased regional CBF [172], but a related variant, the AbetaPPSWE /PS1DeltaE9
mouse, exhibited increased thalamic CBF at young ages (2—4 months) that was correlated
with increased vessel area [173]. Similarly, in 13-month-old APP(swe)/PS1(dE9) mice, there
was a decreased level of rCBV that was correlated with a capillary density consistent with
altered cerebrovascular reactivity [174].

Tg2576 mice exhibited no apparent hemodynamic changes, although ®F-FDG-PET
hypermetabolism was found in 7-month-old mice [175]. This was contrasted by MRA
imaging by 17.6T in Tg2576 mice, which found severe blood flow defects in the middle and
anterior cerebral arteries that may be related to vessel AP levels [176]. Cerebrovascular
reactivity was increased in cortical regions with tau pathology in ~9-month-old rTg4510
mice [177], but showed global gray matter hypoperfusion [178]. In the hippocampus of
TgCRNDS mice, there was decreased CBF that was related to decreased microvasculature
length; similar findings were reported in APP/PS1 and P301S Tau-transgenic mice [179].
The decreased CBF in 12-month-old TgCRNDS8 mice was confirmed and reflected by
reduced glucose metabolism without changes in cerebral blood volume [88]. Finally, the
Tau4RDeltaK mouse model showed no change in CBF, which the authors ascribed to normal
vascular function despite reduced global oxygen extraction fraction and cerebral metabolic
rate [140].

The overwhelming finding in these transgenic models of AD was that there are
dramatic reductions in the cerebral perfusion. These age- and pathology-related decreases
have been suggested to precede the behavioral manifestations and, in some instances, even
come prior to tissue-level pathology. Given the significance of human vascular-related
AD and dementia, more research in emerging mouse models of AD that better reflect the
human condition is warranted.

5.4. Diffusion MRI (dMRI)

Diffusion MRI encompasses a range of diffusion imaging methods, from simple
diffusion-weighted imaging (DWI) to directionality-driven diffusion tensor imaging (DTI),
and more recently to multishell variants, to better model the underlying tissue architec-
ture. APP23 mice showed reduced DWI in regions with high A deposition [180]. In
17-25-month-old APP23 mice, there were sex-related differences, wherein females showed
larger decreases in extracellular space and apparent diffusion coefficient (ADC) than in
males, but this was not found in younger mice and was attributed to a larger A3 plaque
load in females [181].

A considerable number of DTI assessments have been performed in APP/PS1 mice
and their variants. No changes in FA, MD, AxD and RD in 8-month-old APP/PS1 mice
were observed [166]. However, earlier studies using voxel- and atlas-based morphometry
found that in 14-month-old APP/PS1’s gray (neocortex, hippocampus, caudate putamen,
thalamus, hypothalamus, claustrum, amygdala, and piriform cortex) and white matter
areas (corpus callosum, external capsule, cingulum, septum, internal capsule, fimbria, and
optic tract), there was increased FA and AxD [182]. At least in the APP/PS1 mice, this
would suggest advancing brain alterations. A similar study found that cingulate cortex
and striatum in APP/PS1 mice had significant FA and AxD increases, while the thalamus
only had increased FA [183]. The authors surveyed other regions, finding that MD, AxD,
and RD increased in the bilateral neocortex, with only the left hippocampus exhibiting
increased FA compared to WT. White matter regions showed selected regional increases in
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FA or AxD (forceps minor of the corpus callosum, anterior part of the anterior commissure,
internal capsule) [183]. As would be expected with increasing age and neuropathology,
these mice demonstrated altered DTI metrics in brain-wide (gray/white matter) regions.
Interestingly, the APP/PS1 (APPKM670/671NL/presenilin 1 L166P) variant at 16 months
of age displayed no change in DTI metrics, but DKI metrics were increased in cortex
and thalamus, consistent with the known improved sensitivity in DK imaging [184]. In
12-month-old APP(swe)/PS1(dE9), AxD and RD were reduced in most white matter tracts
(corpus callosum, fimbria of the hippocampus) and MD, RD and AxD were increased in
the hippocampal region [185].

The 12- and 18-month-old Tg2576 mice showed RD and AxD reductions in their gray
and white matter when appreciable amyloid plaque accumulation was confirmed, while
the corpus callosum showed decreased AxD but elevated RD, which the authors related
to AP load leading to demyelination [186]. Another study found reductions in RD in
12-17-month-old Tg2576 mice, but surprisingly these were not significantly different from
WT mice [187]. The 8-9-month-old rTg4510 exhibited tau-related atrophy in gray matter,
but only showed increased RD in white matter structures [178]. The rTg4510 mice at 2.5, 4.5,
and 8 months underwent DTI, but only in 8-month-old rTg4510 mice was there decreased
FA in white matter regions (corpus callosum, anterior commissure, fimbria, and internal
capsule), which was accompanied by higher RD when compared to WT mice [188]. NODDI
processing of DTI acquisitions in rTg4510 at 8.5 months of age found that the neurite
density index (NDI, the volume fraction that comprises axons or dendrites) reflected the
histological measurements in gray matter, but they also found decreased FA and orientation
dispersion index (ODI) in white matter [189].

TgCRNDS diffusion imaging in 12-16-month-old mice noted global reductions in
ADC in transgenic mice, but these were not significant compared to WT mice [190]. A more
comprehensive study in TgCRNDS8 mice using DTI reported white matter and hippocampal
RD and AxD deficits [191]. Using NODDI analytics, these authors found increased ODI and
intracellular volume fraction (ICVF) in the white matter and hippocampus, consistent with
more complex axonal and dendritic processes. Male and female hAPOE4 mice exhibited
lower FA than their hAPOES3 littermates, suggesting a lower level of white matter integrity
in hAPOE4 mice [192]. Finally, in the CVN-AD mouse model, it was found that of all
the DTI metrics, FA was most sensitive, then RD, followed by AxD, in the detection of
hippocampal pathological changes (atrophy). DTI white matter reductions were largest in
the fornix (23%) [193].

While the DTI findings from the myriad of mouse models of AD were not overly
consistent, there were notable changes in AxD, RD and FA within the white matter of many
of these mice, particularly at older ages. One feature that does emerge is that DTI can
identify altered diffusion in gray matter, which in some studies proceeds neuropathology.
NODDI metrics also exhibit improved sensitivity over standard DTI, but more studies are
needed to confirm its diagnostic capabilities. Unlike some of the other imaging methods,
DTI data can be processed using a number of different software packages, and with a wide
range of settings that can ultimately influence the outcomes. At the present time there is
no formal consensus on what the best practice for DTI/NODDI acquisitions and analyses
should be.

5.5. Relaxometry Imaging

Tissue relaxometry can provide insights into the underlying tissue structures, for
example, increased water content can be assessed using T2WI. Several studies have inves-
tigated tissue relaxation, although this is often not the primary focus of the MRI studies.
In B6.PS2APP mice (10-17 months), significant decreases in T1 and T2 relaxation were
recorded in frontal cortices and in subiculum/parasubiculum regions, in which histologi-
cally confirmed presence of plaques [171]. Similarly, decreased T2 values were found in the
hippocampus, cingulate, and retrosplenial cortex of 16-23-month-old PS/APP mice, but
not in the corpus callosum [194]. A study of three transgenic genotypes (APP, PS/APP, and
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PS; >12 months of age) reported that all three models exhibited decreased T2 relaxation
values in the cortex and hippocampus, and that amyloid deposition was correlated with
the largest T2 reductions [195]. In APP/PS1, the mean T2 values decreased with age in the
hippocampus, cortex, corpus callosum, and thalamus, but significantly increased T2 values
were found in the hippocampus, corpus callosum, and thalamus in younger APP/PS1
compared to WT [196]. The reverse was true for aged APP/PS1 mice, with significantly
decreased T2 values in the hippocampus and cortex relative to WT.

Increased T2 signal intensity was reported in the cerebral cortex of 12-month-old
AbetaPP/PS1 mice [197], but in a different study in 5-month-old mice, a decreased T2
relaxation in the neocortex, caudate, thalamus, hippocampus and cerebellum was observed
without histopathological changes in gray matter density [198]. This highlights the need for
quantitative multi-echo relaxation MR imaging for tissue-specific properties in AD mice, as
signal intensity changes are vulnerable to many factors.

Two studies were performed across the life span of Tg2576 mice [199,200]. White
matter (corpus callosum) showed progressive increases in T2 values as mice aged from
10 to 18 months, which were accompanied by hippocampal and cortical T2 decreases [199].
Histology confirmed significant demyelination, gliosis and amyloid plaque deposition in
the corpus callosum. Roy and colleagues focused on the suprachiasmatic nucleus (SCN), a
region important for sleep and circadian rhythms known to be impacted during aging [200].
In vivo T2 relaxation decreased with age (10-18 months) in the SCN, which was greater in
females compared to males and aged-matched controls. Within the SCN, elevated reactive
astrocytes and an increased astrocyte/neuron ratio were hypothesized to underlie the T2
reductions [200]. Lastly, the TASTPM mouse exhibited reduced T1/T2 relaxation values,
from which the authors concluded that the transgenic mice had altered water content [158].

In summary, the use of T1 and T2 relaxometry imaging could be useful for the rapid
assessment of underlying pathology. At present, it is unlikely that T1/T2 relaxation would
be overtly predictive for AD onset but appears to reflect developing or existing pathology.

5.6. fMRI

fMRI can be used to map connectivity or response to stimuli throughout the brain.
Grandjean showed that PSAPP mice had mild functional responses within the supple-
mentary and barrel field cortices, which was associated with amyloid deposition, but
these functional changes were not found in E22AAf transgenic mice [201]. The ArcAp
mouse had strong functional connectivity changes between brain regions that were more
apparent than the PSAPP mice. ArcAf mice had greater intracellular A aggregates with
increased parenchymal and vascular amyloid deposits, leading the authors to conclude that
strain-specific functional and structural changes are not necessarily directly related to amy-
loid deposition [202]. In another study, APPNL mice were compared with APPNL—-G—F
(Swedish, Iberian and Arctic APP mutations) at 3, 7 and 10 months of age to assess rstMRI
connectivity between hippocampal and prefrontal regions. The only significant change was
in 3-month-old APP(NL-G-F) mice, which exhibited increased prefrontal-hippocampal
network synchronicity, and which occurred prior to robust amyloid deposition [203]. Addi-
tionally, there was hypersynchronized functional connectivity prior to Ap deposition in
two models, the TG2576 and the PDAPP mice, which transitioned to hyposynchronized
functional connectivity later in life as A} deposition became more prominent [204]. Treat-
ment with the murine form of bapineuzimab, the 3D6 antibody, prevented the fMRI by
both delaying and preventing future hyposynchrony. Lastly, in a fibril-seeded hTau.P301L
mouse model, the primary resting-state networks were unaffected, leading the authors to
posit that tau aggregates do not alter functional connectivity [205].

At the present time, given the limited number of studies, it is difficult to draw firm
conclusions on the utility of fMRI in AD mouse models. There are a number of intriguing
findings, including the biphasic functional connectivity response, that should be explored
in depth in a broad range of AD models.
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5.7. Manganese-Enhanced MRI (MEMRI)

Activity-dependent MEMRI has been used sparingly in AD mouse models. The APP
mouse exhibited decreased axonal transport from the hippocampus to septal nuclei and
amygdala; additional transport decrements were identified in the visual system [206]. In
APPSwInd (Swedish and Indiana mutations) mice, there was decreased axonal transport
with increasing age, and these decrements were exacerbated in aged APPSwiInd mice [207].
Tg2576 axonal transport rates were decreased with increasing A3 load [208]. An interesting
study in APPxPS1-Ki mice found that axonal transport was unable to confirm the known
neuronal hypoactivity that was ascribed to uncontrolled BBB leakage [209]. The authors
urged caution in MEMRI use when the BBB might be compromised in AD mouse models.

5.8. Susceptibility-Weighted Imaging (SWI) and Quantitative Susceptibility Mapping (QSM)

The recent advent of SWI to map venous compartments and brain iron content has led
to a small number of studies. SWI in APP/PS1 mice was able to map hypointense areas
in the hippocampus consistent with iron deposition that, upon immunohistopathology,
demonstrated iron accumulation in microglia, particularly those associated with A3 de-
posits [210]. In Tg2576 mice, T2/T2* was able to visualize the progressive deposition of Af3
plaques, which are known to be associated with iron [211]. QSM was able to monitor the
progressive A3 deposition in Tg-SwDI mice from 6 to 12 months of age [212].

SWI and QSM have been utilized in only a handful of studies but demonstrate utility
for localizing in vivo Af3 deposits. In the future, more studies should investigate quantita-
tive SWI or QSM in mapping brain iron content, which is known to increase with age.

In summary, there is a wealth of neuroimaging studies in a broad range of mouse
models that can provide insights into human AD. With increasing age, many of these
mouse models showed volume loss (regional and global), reduced vascular perfusion with
altered vascular topology, and early consistent decrements in many brain metabolites,
most notably those associated with neurons and glia. Diffusion MRI shows considerable
promise in mapping gray and white matter changes, but additional studies are needed to
clearly identify if this imaging modality has biomarker potential. Other imaging studies
utilizing fMRI, MEMRI and SWI are underrepresented, but have potential to answer specific
physiological questions in AD mouse models.

6. Comments on Rigor and Reproducibility in AD Preclinical Neuroimaging

As can be inferred from the studies above, there is limited concordance between
studies, with some reporting alterations and others finding no change with advancing age.
Even when changes are reported, some groups found opposite findings with increases
or decreases. For example, in the MRS studies, broadly, there was equal representation
in citations with increases, decreases or no change. A number of factors contribute to
these divergent findings. Firstly, the use of neuroimaging (even at high MR field strengths)
is difficult to undertake in a small mouse brain, and also reflects the complexity of AD
progression in these mice models. A surprising number of studies did not report the sex of
the mouse, which is critical, as there are known sex differences (see Tables 2 and 3) [213].
Additionally, there is known genetic drift in many transgenic models, and diligent efforts
are necessary to monitor and maintain the genomic validity of the transgenic AD mouse
models of interest [214]. Variations in MRI sequence parameters, as well as the resolution at
which data are acquired, can differ considerably between investigators and imaging sites.
Similarly, at present, there is no consensus in the AD preclinical imaging field on the best
practices for data pre-processing and post-processing routines. Methods for the generation
of MR-derived parametric maps also differ. There is also considerable breadth in how
regions of interests (ROIs) are derived, ranging from manual drawing and the use of Allen
Brain Atlas, to MRI-specific mouse brain atlases. Additionally, histopathological correla-
tions with the derived MRI results are critical to provide a comprehensive understanding
of the temporal evolution of AD progression in these mouse models and their relationships
to the neuroimaging findings. In summary, there are many factors that can influence the
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reported MR outcomes and increased efforts need to be directed to provide increased
methodological transparency in the published literature. The generation of shareable AD
mouse model databases focused on multi-model MR imaging that are made available to the
larger AD research community would also advance the field. One nascent effort is the AD
Knowledge Portal, sponsored by NIA (https://adknowledgeportal.synapse.org/, accessed
on 30 December 2021).

7. Summary

The preclinical neuroimaging of AD mouse models provides a basis to examine brain-
wide alterations that may or may not mirror clinical findings. AD is a multifactorial
disease process that encompasses all cell types in the brain, from endothelial cells to
neurons and glial cells. The synergy or noncooperation between these cell types impacts
vessels, microglia and astrocytes (inflammation), which ultimately leads to neuronal loss
and synaptic decline. Neuroimaging can facilitate the monitoring of brain cell types and
their functions.

In the 5XFAD model, which is known to have accelerated AD-like pathological features,
MRI is beginning to grow, particularly as new transgenic models are being developed.
MEMRI studjies for the most part have reported increased neuronal activity, which contrasts
with either no change or decreased metabolism (**F-FDG-PET). Overt volumetric changes
were not reported in the 5xFAD mice, but may become apparent in aged mice (>18 months).
Likewise, brain metabolites were decreased in general, although age- and sex-specific
differences have been reported. No diffusion MRI studies have been reported. Broadly, as
5xFAD mice age, brain-wide and hippocampal-specific alterations appear that generally
reflect age-related pathology.

In the 3xTg-AD mouse model, brain-wide and regional volumetric decrements along
with increased ventricular volumes are evident with increasing age. Decreased metabolisms
(via '8 F-FDG-PET) were reported with some regional specificity. Diffusion MRI changes
were reported in the hippocampus and other brain regions consistent with increasing neu-
ropathology in the 3xTg-AD mouse brain. Therefore, preclinical neuroimaging assessments
can identify increasing pathological perturbations in AD mouse models.

In this review, we have highlighted that both clinical and preclinical neuroimaging
studies can assist in the diagnosis of AD, as well as illuminate underlying pathology and
the progression of disease. In a modest effort to link neuroimaging modalities, Table 4
represents a targeted list of studies in which there is concordance between human and
animal imaging findings.

Table 4. Concordance between human and preclinical neuroimaging findings.

Imaging Modality

Generalized Findings Human Studies Mouse Studies

MRI-Structural

Girard et al., 2014 [68],
Mcdonald et al., 2014 [69],
Hohsfield et al., 2014 [107],

Guéll-Bosch et al., 2020 [120],

Volumetric decreases
Brain atrophy in human studies
Less robust findings in mouse

Schroeter et al., 2009 [39],
Jobson et al., 2021 [40]

AD models Lau et al., 2008 [130]

Manno et al., 2019 [118]

Increased FA . !

: Nir et al., 2013 [46], Falangola et al., 2021 [121],
MRI-dMRI Dﬁirgzi‘;i g&iﬁ?; tRD Chen et al., 2020 [50] Qin et al., 2013 [182],
vity Shu et al., 2013 [183]
Increased ODI
Decreased NDI Wen et al., 2019 [47], Fu et al., Colgan et al., 2016 [189],

MRI-multishell dMRI

Increased intracellular volume
fraction (ICVF)

2020 [48]

Colon-Perez et al., 2019 [191]
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Table 4. Cont.

Imaging Modality Generalized Findings Human Studies Mouse Studies
Deczf:rsfdoiz?ﬂ) f;)cet;wty Kesler et al., 2018 [75],
rs-fMRI Increa (Ij) ath leneths: Schwindt et al., 2009 [55] Manno et al., 2019 [118],
_ncreased path engins; Shah et al., 2016 [204]
increased disconnectivity
Decreased NAA Jessen et al., 2009 [215], Mlynarik et al., 2012 [63],
Decreased NAA /Cr Modrego and Fayed 2012 .
MRI-MRS Guéll-Bosch et al., 2020 [120],
Decreased Glu/GlIn (Glx) [216], Foy et al., 2011 [217], Oberg et al.,, 2008 [145]
Increased Myo Walecki et al., 2011 [218] & v
Son et al., 2018 [77],
. . Silverman et al., 2001 [219], Franke et al., 2020 [83],
PET-FDG Reduced metabolism Levin et al., 2021 [220] Adlimoghaddam et al.,
2019 [116]
. Rojas et al., 2013 [67],
PET-ApP Increased uptake PaSrllreltm;eest53;12022(())0[924[1;,5] Frost et al., 2020 [82],
8y v - Chen et al., 2021 [123]
Increased uptake with
advancing AD Cho etal,, 2020 [27], Brendel et al., 2016 [222],
PET-Tau . . Johnson et al., 2016 [28],
Tau labeling recapitulates Sahara et al., 2017 [188]
: Vogel et al., 2020 [221]
Braak staging
Increased microglial binding Femminella et al., 2016 [223], Mirzaei et al., 2016 [72],
PET- glial associated with atrophy Nicastro et al., 2020 [224], Rodriguez-Vieitez et al.,

Increased astrocyte binding

Kumar et al., 2021 [225]

2015 [226]

The reader should note that there exist studies in which the proposed concordance is

not as persuasive (as we have noted above), but in general, human findings are mirrored in
AD mouse models and vice versa. It is important to note that both MR and PET imaging
modalities can readily identify frank A3 deposits and the resultant neurobiological conse-
quences in late-stage AD in human patients and in animal models. However, a significant
gap in AD research still exists, in that most neuroimaging methods cannot reliably predict
MCT onset nor the initial progression to AD. The emerging use of CSF or blood-borne
biomarkers will facilitate diagnostic accuracy in AD diagnosis [227]. Additionally, artificial
intelligence or machine learning methods are emerging as tools to predict AD onset and
progression [228].

In sum, neuroimaging (MRI, PET) is an important and necessary tool for AD diagnosis
in patients, and contributes greatly to our understanding of the pathophysiology in AD
mouse models, particularly when the disease is present. The research avenues we have
highlighted in this review are important, but equally critical is the need for neuroimaging
to be able to predict AD onset. We look forward to novel advances from neuroimaging in
being able to identify, monitor and assess treatments for AD, so as to alleviate the burden
of AD in patients and their families.

Author Contributions: A.J., M.V.T,, A.O.; writing—original draft preparation, A.J., A.O.; writing—
review and editing, A.J]., A.O.; visualization. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Institute on Aging grants U54 AG054345-01, U54
AG054349-01 (UCI MODEL-AD), and R21 AG067613-01 (M. Wood and A. Obenaus).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Biomedicines 2022, 10, 305 26 of 35

References

1.  Heron, M. Deaths: Leading Causes for 2013. Natl. Vital Stat. Rep. 2016, 65, 1-95.

2. Alzheimer’s Association. 2021 Alzheimer’s disease facts and figures. Alzheimer’s Dement. 2021, 17, 327-406. [CrossRef] [PubMed]

3.  Matthews, K.A.; Xu, W.; Gaglioti, A.H.; Holt, ].B.; Croft, ].B.; Mack, D.; McGuire, L.C. Racial and ethnic estimates of Alzheimer’s
disease and related dementias in the United States (2015-2060) in adults aged >/=65 years. Alzheimer’s Dement. 2019, 15, 17-24.
[CrossRef] [PubMed]

4. Scheltens, P.; De Strooper, B.; Kivipelto, M.; Holstege, H.; Chételat, G.; Teunissen, C.E.; Cummings, J.; van der Flier, WM.
Alzheimer’s disease. Lancet 2021, 397, 1577-1590. [CrossRef]

5. Badhwar, A.; McFall, G.P.; Sapkota, S.; Black, S.E.; Chertkow, H.; Duchesne, S.; Masellis, M.; Li, L.; Dixon, R.A.; Bellec, P.
A multiomics approach to heterogeneity in Alzheimer’s disease: Focused review and roadmap. Brain 2020, 143, 1315-1331.
[CrossRef] [PubMed]

6. Raghavan, N.; Tosto, G. Genetics of Alzheimer’s Disease: The Importance of Polygenic and Epistatic Components. Curr. Neurol.
Neurosci. Rep. 2017, 17,78. [CrossRef]

7. Wu, L; Rosa-Neto, P; Hsiung, G.Y.; Sadovnick, A.D.; Masellis, M.; Black, S.E.; Jia, ].; Gauthier, S. Early-onset familial Alzheimer’s
disease (EOFAD). Can. J. Neurol. Sci. 2012, 39, 436-445. [CrossRef]

8. Nardini, E.; Hogan, R.; Flamier, A.; Bernier, G. Alzheimer’s disease: A tale of two diseases? Neural Regen. Res. 2021, 16, 1958-1964.
[CrossRef]

9.  De-Paula, VJ.; Radanovic, M.; Diniz, B.S.; Forlenza, O.V. Alzheimer’s disease. Subcell. Biochem. 2012, 65, 329-352. [CrossRef]

10. Serrano-Pozo, A.; Frosch, M.P; Masliah, E.; Hyman, B.T. Neuropathological Alterations in Alzheimer Disease. Cold Spring Harb.
Perspect. Med. 2011, 1, a006189. [CrossRef]

11.  Jack, C.R,, Jr.; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Dunn, B.; Haeberlein, S.B.; Holtzman, D.M.; Jagust, W.; Jessen, F.;
Karlawish, J.; et al. NIA-AA Research Framework: Toward a biological definition of Alzheimer’s disease. Alzheimer’s Dement.
2018, 14, 535-562. [CrossRef] [PubMed]

12.  Ferrari, C.; Sorbi, S. The complexity of Alzheimer’s disease: An evolving puzzle. Physiol. Rev. 2021, 101, 1047-1081. [CrossRef]
[PubMed]

13.  Ashton, N.J.; Leuzy, A.; Karikari, TK.; Mattsson-Carlgren, N.; Dodich, A.; Boccardi, M.; Corre, J.; Drzezga, A.; Nordberg, A.;
Ossenkoppele, R.; et al. The validation status of blood biomarkers of amyloid and phospho-tau assessed with the 5-phase
development framework for AD biomarkers. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 2140-2156. [CrossRef] [PubMed]

14. D’Abramo, C.; D’Adamio, L.; Giliberto, L. Significance of Blood and Cerebrospinal Fluid Biomarkers for Alzheimer’s Disease:
Sensitivity, Specificity and Potential for Clinical Use. J. Pers. Med. 2020, 10, 116. [CrossRef] [PubMed]

15. DPiersson, A.D.; Mohamad, M.; Rajab, F,; Suppiah, S. Cerebrospinal Fluid Amyloid Beta, Tau Levels, Apolipoprotein, and (1)H-MRS
Brain Metabolites in Alzheimer’s Disease: A Systematic Review. Acad. Radiol. 2021, 28, 1447-1463. [CrossRef] [PubMed]

16. Vitek, M.P; Araujo, ].A.; Fossel, M.; Greenberg, B.D.; Howell, G.R.; Rizzo, S.J.S.; Seyfried, N.T.; Tenner, A.J.; Territo, PR.; Windisch,
M.; et al. Translational animal models for Alzheimer’s disease: An Alzheimer’s Association Business Consortium Think Tank.
Alzheimer’s Dement. 2020, 6, €12114. [CrossRef]

17.  Oblak, A.L,; Forner, S.; Territo, PR.; Sasner, M.; Carter, G.W.; Howell, G.R.; Sukoff-Rizzo, S.J.; Logsdon, B.A.; Mangravite, L.M.;
Mortazavi, A.; et al. Model organism development and evaluation for late-onset Alzheimer’s disease: MODEL-AD. Alzheimer’s
Dement. 2020, 6, €12110. [CrossRef]

18. Hogervorst, E.; Bandelow, S.; Combrinck, M.; Irani, S.R.; Smith, A.D. The validity and reliability of 6 sets of clinical criteria to
classify Alzheimer’s disease and vascular dementia in cases confirmed post-mortem: Added value of a decision tree approach.
Dement. Geriatr. Cogn. Disord. 2003, 16, 170-180. [CrossRef]

19. Holmes, C.; Cairns, N.; Lantos, P.; Mann, A. Validity of current clinical criteria for Alzheimer’s disease, vascular dementia and
dementia with Lewy bodies. Br. |. Psychiatry 1999, 174, 45-50. [CrossRef]

20. Pan, G.; King, A.; Wu, F; Simpson-Yap, S.; Woodhouse, A.; Phipps, A.; Vickers, ].C. The potential roles of genetic factors in
predicting ageing-related cognitive change and Alzheimer’s disease. Ageing Res. Rev. 2021, 70, 101402. [CrossRef]

21. Buckley, R.F. Recent Advances in Imaging of Preclinical, Sporadic, and Autosomal Dominant Alzheimer’s Disease. Neurotherapeu-
tics 2021, 18, 709-727. [CrossRef] [PubMed]

22.  Schwarz, C.G. Uses of Human MR and PET Imaging in Research of Neurodegenerative Brain Diseases. Neurotherapeutics 2021, 18,
661-672. [CrossRef] [PubMed]

23.  Klunk, W.E,; Engler, H.; Nordberg, A.; Wang, Y.; Blomqvist, G.; Holt, D.P; Bergstrom, M.; Savitcheva, I.; Huang, G.F.; Estrada,
S.; et al. Imaging brain amyloid in Alzheimer’s disease with Pittsburgh Compound-B. Ann. Neurol. 2004, 55, 306-319. [CrossRef]
[PubMed]

24. Sintini, I.; Graff-Radford, J.; Senjem, M.L.; Schwarz, C.G.; Machulda, M.M.; Martin, P.R.; Jones, D.T.; Boeve, B.F.; Knopman,
D.S.; Kantarci, K.; et al. Longitudinal neuroimaging biomarkers differ across Alzheimer’s disease phenotypes. Brain 2020, 143,
2281-2294. [CrossRef] [PubMed]

25. Panegyres, PK.; Rogers, ].M.; McCarthy, M.; Campbell, A.; Wu, ].S. Fluorodeoxyglucose-positron emission tomography in the

differential diagnosis of early-onset dementia: A prospective, community-based study. BMC Neurol. 2009, 9, 41. [CrossRef]


http://doi.org/10.1002/alz.12328
http://www.ncbi.nlm.nih.gov/pubmed/33756057
http://doi.org/10.1016/j.jalz.2018.06.3063
http://www.ncbi.nlm.nih.gov/pubmed/30243772
http://doi.org/10.1016/S0140-6736(20)32205-4
http://doi.org/10.1093/brain/awz384
http://www.ncbi.nlm.nih.gov/pubmed/31891371
http://doi.org/10.1007/s11910-017-0787-1
http://doi.org/10.1017/S0317167100013949
http://doi.org/10.4103/1673-5374.308070
http://doi.org/10.1007/978-94-007-5416-4_14
http://doi.org/10.1101/cshperspect.a006189
http://doi.org/10.1016/j.jalz.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29653606
http://doi.org/10.1152/physrev.00015.2020
http://www.ncbi.nlm.nih.gov/pubmed/33475022
http://doi.org/10.1007/s00259-021-05253-y
http://www.ncbi.nlm.nih.gov/pubmed/33677733
http://doi.org/10.3390/jpm10030116
http://www.ncbi.nlm.nih.gov/pubmed/32911755
http://doi.org/10.1016/j.acra.2020.06.006
http://www.ncbi.nlm.nih.gov/pubmed/32651050
http://doi.org/10.1002/trc2.12114
http://doi.org/10.1002/trc2.12110
http://doi.org/10.1159/000071006
http://doi.org/10.1192/bjp.174.1.45
http://doi.org/10.1016/j.arr.2021.101402
http://doi.org/10.1007/s13311-021-01026-5
http://www.ncbi.nlm.nih.gov/pubmed/33782864
http://doi.org/10.1007/s13311-021-01030-9
http://www.ncbi.nlm.nih.gov/pubmed/33723751
http://doi.org/10.1002/ana.20009
http://www.ncbi.nlm.nih.gov/pubmed/14991808
http://doi.org/10.1093/brain/awaa155
http://www.ncbi.nlm.nih.gov/pubmed/32572464
http://doi.org/10.1186/1471-2377-9-41

Biomedicines 2022, 10, 305 27 of 35

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Schoemaker, D.; Charidimou, A.; Zanon Zotin, M.C.; Raposo, N.; Johnson, K.A.; Sanchez, ].S.; Greenberg, S.M.; Viswanathan, A.
Association of Memory Impairment With Concomitant Tau Pathology in Patients with Cerebral Amyloid Angiopathy. Neurology
2021, 96, €1975-e1986. [CrossRef]

Cho, H.; Baek, M.S; Lee, H.S,; Lee, .H.; Ryu, Y.H.; Lyoo, C.H. Principal components of tau positron emission tomography and
longitudinal tau accumulation in Alzheimer’s disease. Alzheimer’s Res. Ther. 2020, 12, 114. [CrossRef]

Johnson, K.A; Schultz, A.; Betensky, R.A.; Becker, J.A.; Sepulcre, J.; Rentz, D.; Mormino, E.; Chhatwal, J.; Amariglio, R.; Papp,
K.; et al. Tau positron emission tomographic imaging in aging and early Alzheimer disease. Ann. Neurol. 2016, 79, 110-119.
[CrossRef]

Lagarde, J.; Sarazin, M.; Bottlaender, M. In vivo PET imaging of neuroinflammation in Alzheimer’s disease. J. Neural Transm.
2018, 125, 847-867. [CrossRef]

Zhang, L.; Hu, K; Shao, T.; Hou, L.; Zhang, S.; Ye, W.; Josephson, L.; Meyer, ] H.; Zhang, M.R.; Vasdev, N.; et al. Recent
developments on PET radiotracers for TSPO and their applications in neuroimaging. Acta Pharm. Sin. B 2021, 11, 373-393.
[CrossRef]

Kumar, A.; Fontana, I.C.; Nordberg, A. Reactive astrogliosis: A friend or foe in the pathogenesis of Alzheimer’s disease. J.
Neurochem. 2021, in press. [CrossRef] [PubMed]

Liu, Y,; Jiang, H.; Qin, X.; Tian, M.; Zhang, H. PET imaging of reactive astrocytes in neurological disorders. Eur. J. Nucl. Med. Mol.
Imaging 2021, in press. [CrossRef] [PubMed]

Edison, P; Donat, C.K.; Sastre, M. In vivo Imaging of Glial Activation in Alzheimer’s Disease. Front. Neurol. 2018, 9, 625.
[CrossRef] [PubMed]

Bastin, C.; Bahri, M.A.; Meyer, E; Manard, M.; Delhaye, E.; Plenevaux, A.; Becker, G.; Seret, A.; Mella, C.; Giacomelli, F.; et al.
In vivo imaging of synaptic loss in Alzheimer’s disease with [I8FJUCB-H positron emission tomography. Eur. J. Nucl. Med. Mol.
Imaging 2020, 47, 390-402. [CrossRef]

Chen, M.K.; Mecca, A.P.; Naganawa, M.; Finnema, S.J.; Toyonaga, T.; Lin, S.E; Najafzadeh, S.; Ropchan, J.; Lu, Y.; McDon-
ald, JJW,; et al. Assessing Synaptic Density in Alzheimer Disease with Synaptic Vesicle Glycoprotein 2A Positron Emission
Tomographic Imaging. JAMA Neurol. 2018, 75, 1215-1224. [CrossRef]

McCluskey, S.P; Plisson, C.; Rabiner, E.A.; Howes, O. Advances in CNS PET: The state-of-the-art for new imaging targets for
pathophysiology and drug development. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 451-489. [CrossRef]

Carli, G.; Tondo, G.; Boccalini, C.; Perani, D. Brain Molecular Connectivity in Neurodegenerative Conditions. Brain Sci. 2021,
11, 433. [CrossRef]

Ferreira, L.K.; Busatto, G.F. Neuroimaging in Alzheimer’s disease: Current role in clinical practice and potential future applications.
Clinics 2011, 66 (Suppl. 1), 19-24. [CrossRef]

Schroeter, M.L,; Stein, T.; Maslowski, N.; Neumann, J. Neural correlates of Alzheimer’s disease and mild cognitive impairment: A
systematic and quantitative meta-analysis involving 1351 patients. Neuroimage 2009, 47, 1196-1206. [CrossRef]

Jobson, D.D.; Hase, Y.; Clarkson, A.N.; Kalaria, R.N. The role of the medial prefrontal cortex in cognition, ageing and dementia.
Brain Commun. 2021, 3, fcab125. [CrossRef]

Montero-Crespo, M.; Dominguez-Alvaro, M.; Alonso-Nanclares, L.; DeFelipe, J.; Blazquez-Llorca, L. Three-dimensional analysis
of synaptic organization in the hippocampal CA1 field in Alzheimer’s disease. Brain 2021, 144, 553-573. [CrossRef] [PubMed]
Veldsman, M.; Nobis, L.; Alfaro-Almagro, F.; Manohar, S.; Husain, M. The human hippocampus and its subfield volumes across
age, sex and APOE e4 status. Brain Commun. 2021, 3, fcaa219. [CrossRef] [PubMed]

Stone, D.B.; Ryman, S.G.; Hartman, A.P,; Wertz, C.J.; Vakhtin, A.A.; Alzheimer’s Disease Neuroimaging Initiative. Specific White
Matter Tracts and Diffusion Properties Predict Conversion From Mild Cognitive Impairment to Alzheimer’s Disease. Front. Aging
Neurosci. 2021, 13, 711579. [CrossRef] [PubMed]

Kamagata, K.; Andica, C.; Kato, A.; Saito, Y.; Uchida, W.; Hatano, T.; Lukies, M.; Ogawa, T.; Takeshige-Amano, H.; Akashi,
T.; et al. Diffusion Magnetic Resonance Imaging-Based Biomarkers for Neurodegenerative Diseases. Int. J. Mol. Sci. 2021, 22, 5216.
[CrossRef] [PubMed]

Luo, X.; Wang, S.; Jiaerken, Y.; Li, K.; Zeng, Q.; Zhang, R.; Wang, C.; Xu, X.; Wu, D.; Huang, P; et al. Distinct fiber-specific white
matter reductions pattern in early- and late-onset Alzheimer’s disease. Aging 2021, 13, 12410-12430. [CrossRef]

Nir, TM.; Jahanshad, N.; Villalon-Reina, J.E.; Toga, A.W.; Jack, C.R.; Weiner, M.W.; Thompson, PM.; Alzheimer’s Disease
Neuroimaging Initiative. Effectiveness of regional DTI measures in distinguishing Alzheimer’s disease, MCI, and normal aging.
Neuroimage Clin. 2013, 3, 180-195. [CrossRef]

Wen, Q.; Mustafi, S.M.; Li, ].; Risacher, S.L.; Tallman, E.; Brown, S.A.; West, ].D.; Harezlak, ].; Farlow, M.R.; Unverzagt, EW.; et al.
White matter alterations in early-stage Alzheimer’s disease: A tract-specific study. Alzheimer’s Dement. 2019, 11, 576-587.
[CrossRef]

Fu, X,; Shrestha, S.; Sun, M.; Wu, Q.; Luo, Y.; Zhang, X,; Yin, J.; Ni, H. Microstructural White Matter Alterations in Mild Cognitive
Impairment and Alzheimer’s Disease: Study Based on Neurite Orientation Dispersion and Density Imaging (NODDI). Clin.
Neuroradiol. 2020, 30, 569-579. [CrossRef]

Vogt, N.M.; Hunt, J.E; Adluru, N.; Dean, D.C.; Johnson, S.C.; Asthana, S.; Yu, J.J.; Alexander, A.L.; Bendlin, B.B. Cortical
Microstructural Alterations in Mild Cognitive Impairment and Alzheimer’s Disease Dementia. Cereb. Cortex 2020, 30, 2948-2960.
[CrossRef]


http://doi.org/10.1212/WNL.0000000000011745
http://doi.org/10.1186/s13195-020-00685-4
http://doi.org/10.1002/ana.24546
http://doi.org/10.1007/s00702-017-1731-x
http://doi.org/10.1016/j.apsb.2020.08.006
http://doi.org/10.1111/jnc.15565
http://www.ncbi.nlm.nih.gov/pubmed/34931315
http://doi.org/10.1007/s00259-021-05640-5
http://www.ncbi.nlm.nih.gov/pubmed/34873637
http://doi.org/10.3389/fneur.2018.00625
http://www.ncbi.nlm.nih.gov/pubmed/30131755
http://doi.org/10.1007/s00259-019-04461-x
http://doi.org/10.1001/jamaneurol.2018.1836
http://doi.org/10.1007/s00259-019-04488-0
http://doi.org/10.3390/brainsci11040433
http://doi.org/10.1590/S1807-59322011001300003
http://doi.org/10.1016/j.neuroimage.2009.05.037
http://doi.org/10.1093/braincomms/fcab125
http://doi.org/10.1093/brain/awaa406
http://www.ncbi.nlm.nih.gov/pubmed/33324984
http://doi.org/10.1093/braincomms/fcaa219
http://www.ncbi.nlm.nih.gov/pubmed/33615215
http://doi.org/10.3389/fnagi.2021.711579
http://www.ncbi.nlm.nih.gov/pubmed/34366830
http://doi.org/10.3390/ijms22105216
http://www.ncbi.nlm.nih.gov/pubmed/34069159
http://doi.org/10.18632/aging.202702
http://doi.org/10.1016/j.nicl.2013.07.006
http://doi.org/10.1016/j.dadm.2019.06.003
http://doi.org/10.1007/s00062-019-00805-0
http://doi.org/10.1093/cercor/bhz286

Biomedicines 2022, 10, 305 28 of 35

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Chen, Q.; Turnbull, A.; Baran, T.M.; Lin, EV. Longitudinal stability of medial temporal lobe connectivity is associated with
tau-related memory decline. eLife 2020, 9, e62114. [CrossRef]

Yan, T.; Wang, W.; Yang, L.; Chen, K.; Chen, R.; Han, Y. Rich club disturbances of the human connectome from subjective cognitive
decline to Alzheimer’s disease. Theranostics 2018, 8, 3237-3255. [CrossRef] [PubMed]

Ebadi, A.; Dalboni da Rocha, J.L.; Nagaraju, D.B.; Tovar-Moll, F; Bramati, I.; Coutinho, G.; Sitaram, R.; Rashidi, P. Ensemble
Classification of Alzheimer’s Disease and Mild Cognitive Impairment Based on Complex Graph Measures from Diffusion Tensor
Images. Front. Neurosci. 2017, 11, 56. [CrossRef] [PubMed]

Ibrahim, B.; Suppiah, S.; Ibrahim, N.; Mohamad, M.; Hassan, H.A.; Nasser, N.S.; Saripan, M.I. Diagnostic power of resting-state
fMRI for detection of network connectivity in Alzheimer’s disease and mild cognitive impairment: A systematic review. Hum.
Brain Mapp. 2021, 42, 2941-2968. [CrossRef] [PubMed]

Lau, WK,; Leung, M.K; Lee, TM.; Law, A.C. Resting-state abnormalities in amnestic mild cognitive impairment: A meta-analysis.
Transl. Psychiatry 2016, 6, €790. [CrossRef] [PubMed]

Schwindt, G.C.; Black, S.E. Functional imaging studies of episodic memory in Alzheimer’s disease: A quantitative meta-analysis.
Neuroimage 2009, 45, 181-190. [CrossRef] [PubMed]

Nellessen, N.; Rottschy, C.; Eickhoff, S.B.; Ketteler, S.T.; Kuhn, H.; Shah, N.J.; Schulz, ].B.; Reske, M.; Reetz, K. Specific and disease
stage-dependent episodic memory-related brain activation patterns in Alzheimer’s disease: A coordinate-based meta-analysis.
Brain Struct. Funct. 2015, 220, 1555-1571. [CrossRef] [PubMed]

Mroczek, M.; Desouky, A.; Sirry, W. Imaging Transcriptomics in Neurodegenerative Diseases. J. Neuroimaging 2021, 31, 244-250.
[CrossRef]

Sasaguri, H.; Nilsson, P.; Hashimoto, S.; Nagata, K.; Saito, T.; De Strooper, B.; Hardy, J.; Vassar, R.; Winblad, B.; Saido, T.C. APP
mouse models for Alzheimer’s disease preclinical studies. EMBO ]. 2017, 36, 2473-2487. [CrossRef]

Jankowsky, J.L.; Fadale, D.J.; Anderson, J.; Xu, G.M.; Gonzales, V.; Jenkins, N.A.; Copeland, N.G.; Lee, M.K.; Younkin, L.H.;
Wagner, S.L.; et al. Mutant presenilins specifically elevate the levels of the 42 residue beta-amyloid peptide in vivo: Evidence for
augmentation of a 42-specific gamma secretase. Hum. Mol. Genet. 2004, 13, 159-170. [CrossRef]

Oakley, H.; Cole, S.L.; Logan, S.; Maus, E.; Shao, P; Craft, J.; Guillozet-Bongaarts, A.; Ohno, M.; Disterhoft, J.; Van Eldik, L.; et al.
Intraneuronal beta-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with five familial Alzheimer’s
disease mutations: Potential factors in amyloid plaque formation. J. Neurosci. 2006, 26, 10129-10140. [CrossRef]

Oddo, S.; Caccamo, A.; Shepherd, ].D.; Murphy, M.P,; Golde, T.E.; Kayed, R.; Metherate, R.; Mattson, M.P.; Akbari, Y.; LaFerla,
FM. Triple-Transgenic Model of Alzheimer’s Disease with Plaques and Tangles. Neuron 2003, 39, 409-421. [CrossRef]

Sadleir, K.R.; Kandalepas, P.C.; Buggia-Prevot, V.; Nicholson, D.A.; Thinakaran, G.; Vassar, R. Presynaptic dystrophic neurites sur-
rounding amyloid plaques are sites of microtubule disruption, BACEL1 elevation, and increased Abeta generation in Alzheimer’s
disease. Acta Neuropathol. 2016, 132, 235-256. [CrossRef] [PubMed]

Mlynarik, V.; Cacquevel, M.; Sun-Reimer, L.; Janssens, S.; Cudalbu, C.; Lei, H.; Schneider, B.L.; Aebischer, P.; Gruetter, R. Proton
and phosphorus magnetic resonance spectroscopy of a mouse model of Alzheimer’s disease. J. Alzheimer’s Dis. 2012, 31 (Suppl.
3), S87-599. [CrossRef] [PubMed]

Aytan, N.; Choi, J.K,; Carreras, I.; Kowall, N.-W,; Jenkins, B.G.; Dedeoglu, A. Combination therapy in a transgenic model of
Alzheimer’s disease. Exp. Neurol. 2013, 250, 228-238. [CrossRef] [PubMed]

Spencer, N.G.; Bridges, L.R.; Elderfield, K.; Amir, K.; Austen, B.; Howe, F.A. Quantitative evaluation of MRI and histological
characteristics of the 5xFAD Alzheimer mouse brain. Neuroimage 2013, 76, 108-115. [CrossRef]

Girard, S.D.; Baranger, K.; Gauthier, C.; Jacquet, M.; Bernard, A.; Escoffier, G.; Marchetti, E.; Khrestchatisky, M.; Rivera, S.; Roman,
F.S. Evidence for early cognitive impairment related to frontal cortex in the 5XFAD mouse model of Alzheimer’s disease. J.
Alzheimer’s Dis. 2013, 33, 781-796. [CrossRef]

Rojas, S.; Herance, ].R.; Gispert, ].D.; Abad, S.; Torrent, E.; Jimenez, X.; Pareto, D.; Perpina, U.; Sarroca, S.; Rodriguez, E.; et al.
In vivo evaluation of amyloid deposition and brain glucose metabolism of 5XFAD mice using positron emission tomography.
Neurobiol. Aging 2013, 34, 1790-1798. [CrossRef]

Girard, S.D.; Jacquet, M.; Baranger, K.; Migliorati, M.; Escoffier, G.; Bernard, A.; Khrestchatisky, M.; Feron, F; Rivera, S.; Roman,
ES.; et al. Onset of hippocampus-dependent memory impairments in 5XFAD transgenic mouse model of Alzheimer’s disease.
Hippocampus 2014, 24, 762-772. [CrossRef]

Macdonald, I.R.; DeBay, D.R.; Reid, G.A.; O'Leary, T.P.; Jollymore, C.T.; Mawko, G.; Burrell, S.; Martin, E.; Bowen, C.V.; Brown,
R.E; et al. Early detection of cerebral glucose uptake changes in the 5XFAD mouse. Curr. Alzheimer Res. 2014, 11, 450-460.
[CrossRef]

Tang, X.; Wu, D.; Gu, L.H.; Nie, B.B.; Qi, X.Y.; Wang, Y.J.; Wu, EF; Li, X.L.; Bai, F.; Chen, X.C,; et al. Spatial learning and memory
impairments are associated with increased neuronal activity in 5XFAD mouse as measured by manganese-enhanced magnetic
resonance imaging. Oncotarget 2016, 7, 57556-57570. [CrossRef]

Aytan, N.; Choi, ].K; Carreras, I.; Brinkmann, V.; Kowall, N.W.; Jenkins, B.G.; Dedeoglu, A. Fingolimod modulates multiple
neuroinflammatory markers in a mouse model of Alzheimer’s disease. Sci. Rep. 2016, 6, 24939. [CrossRef] [PubMed]

Mirzaei, N.; Tang, S.P.; Ashworth, S.; Coello, C.; Plisson, C.; Passchier, J.; Selvaraj, V.; Tyacke, R.J.; Nutt, D.J.; Sastre, M. In vivo
imaging of microglial activation by positron emission tomography with [(11)C]PBR28 in the 5XFAD model of Alzheimer’s disease.
Glia 2016, 64, 993-1006. [CrossRef] [PubMed]


http://doi.org/10.7554/eLife.62114
http://doi.org/10.7150/thno.23772
http://www.ncbi.nlm.nih.gov/pubmed/29930726
http://doi.org/10.3389/fnins.2017.00056
http://www.ncbi.nlm.nih.gov/pubmed/28293162
http://doi.org/10.1002/hbm.25369
http://www.ncbi.nlm.nih.gov/pubmed/33942449
http://doi.org/10.1038/tp.2016.55
http://www.ncbi.nlm.nih.gov/pubmed/27115121
http://doi.org/10.1016/j.neuroimage.2008.11.024
http://www.ncbi.nlm.nih.gov/pubmed/19103293
http://doi.org/10.1007/s00429-014-0744-6
http://www.ncbi.nlm.nih.gov/pubmed/24633738
http://doi.org/10.1111/jon.12827
http://doi.org/10.15252/embj.201797397
http://doi.org/10.1093/hmg/ddh019
http://doi.org/10.1523/JNEUROSCI.1202-06.2006
http://doi.org/10.1016/S0896-6273(03)00434-3
http://doi.org/10.1007/s00401-016-1558-9
http://www.ncbi.nlm.nih.gov/pubmed/26993139
http://doi.org/10.3233/JAD-2012-112072
http://www.ncbi.nlm.nih.gov/pubmed/22451319
http://doi.org/10.1016/j.expneurol.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24120437
http://doi.org/10.1016/j.neuroimage.2013.02.071
http://doi.org/10.3233/JAD-2012-120982
http://doi.org/10.1016/j.neurobiolaging.2012.12.027
http://doi.org/10.1002/hipo.22267
http://doi.org/10.2174/1567205011666140505111354
http://doi.org/10.18632/oncotarget.11353
http://doi.org/10.1038/srep24939
http://www.ncbi.nlm.nih.gov/pubmed/27117087
http://doi.org/10.1002/glia.22978
http://www.ncbi.nlm.nih.gov/pubmed/26959396

Biomedicines 2022, 10, 305 29 of 35

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Spencer, N.G.; Lovell, D.P; Elderfield, K.; Austen, B.; Howe, FA. Can MRI T1 be used to detect early changes in 5xFAD
Alzheimer’s mouse brain? Magn. Reson. Mater. Phys. Biol. Med. 2017, 30, 153-163. [CrossRef] [PubMed]

DeBay, D.R; Reid, G.A.; Macdonald, I.R.; Mawko, G.; Burrell, S.; Martin, E.; Bowen, C.V.; Darvesh, S. Butyrylcholinesterase-
knockout reduces fibrillar beta-amyloid and conserves (18)FDG retention in 5XFAD mouse model of Alzheimer’s disease. Brain
Res. 2017, 1671, 102-110. [CrossRef]

Kesler, S.R.; Acton, P; Rao, V.; Ray, W.J. Functional and structural connectome properties in the 5XFAD transgenic mouse model
of Alzheimer’s disease. Netw. Neurosci. 2018, 2, 241-258. [CrossRef]

Lee, M.; Lee, H.].; Park, L.S.; Park, ].A.; Kwon, Y.J.; Ryu, YH.; Kim, C.H.; Kang, ].H.; Hyun, I.Y.; Lee, K.C,; et al. Abeta pathology
downregulates brain mGluR5 density in a mouse model of Alzheimer. Neuropharmacology 2018, 133, 512-517. [CrossRef]

Son, Y.; Kim, ].S.; Jeong, YJ.; Jeong, Y.K.; Kwon, ].H.; Choi, H.D.; Pack, ] K.; Kim, N.; Lee, Y.S.; Lee, H.]. Long-term RF exposure on
behavior and cerebral glucose metabolism in 5xFAD mice. Neurosci. Lett. 2018, 666, 64—69. [CrossRef]

Oh, SJ.; Lee, H].; Kang, K.J.; Han, S.J.; Lee, YJ.; Lee, K.C.; Lim, S.M.; Chi, D.Y; Kim, K.M.; Park, J.A; et al. Early Detection of
Abeta Deposition in the 5xFAD Mouse by Amyloid PET. Contrast Media Mol. Imaging 2018, 2018, 5272014. [CrossRef]

Nie, X.; Falangola, M.F.; Ward, R.; McKinnon, E.T.; Helpern, ].A.; Nietert, PJ.; Jensen, ].H. Diffusion MRI detects longitudinal
white matter changes in the 3xTg-AD mouse model of Alzheimer’s disease. Magn. Reson. Imaging 2019, 57, 235-242. [CrossRef]
Son, Y,; Jeong, Y.J.; Shin, N.R.; Oh, S.J.; Nam, K.R.; Choi, H.D.; Choi, ].Y.; Lee, H.J. Inhibition of Colony-Stimulating Factor 1
Receptor by PLX3397 Prevents Amyloid Beta Pathology and Rescues Dopaminergic Signaling in Aging 5xFAD Mice. Int. ]. Mol.
Sci. 2020, 21, 5553. [CrossRef]

Oh, SJ.; Lee, H.J.; Jeong, Y].; Nam, K.R.; Kang, K.J.; Han, S.J.; Lee, K.C.; Lee, Y.J.; Choi, ].Y. Evaluation of the neuroprotective
effect of taurine in Alzheimer’s disease using functional molecular imaging. Sci. Rep. 2020, 10, 15551. [CrossRef] [PubMed]
Frost, G.R.; Longo, V,; Li, T,; Jonas, L.A.; Judenhofer, M.; Cherry, S.; Koutcher, J.; Lekaye, C.; Zanzonico, P; Li, Y.M. Hybrid
PET/MRI enables high-spatial resolution, quantitative imaging of amyloid plaques in an Alzheimer’s disease mouse model. Sci.
Rep. 2020, 10, 10379. [CrossRef] [PubMed]

Franke, T.N.; Irwin, C.; Bayer, T.A.; Brenner, W.; Beindorff, N.; Bouter, C.; Bouter, Y. In vivo Imaging with (18)F-FDG- and (18)F-
Florbetaben-PET /MRI Detects Pathological Changes in the Brain of the Commonly Used 5XFAD Mouse Model of Alzheimer’s
Disease. Front. Med. 2020, 7, 529. [CrossRef] [PubMed]

Cho, HJ.; Huynh, T.T.; Rogers, B.E.; Mirica, L.M. Design of a multivalent bifunctional chelator for diagnostic (64)Cu PET imaging
in Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2020, 117, 30928-30933. [CrossRef]

Rejc, L.; Gomez-Vallejo, V.; Joya, A.; Moreno, O.; Egimendia, A.; Castellnou, P.; Rios-Anglada, X.; Cossio, U.; Baz, Z.; Passannante,
R.; et al. Longitudinal evaluation of a novel BChE PET tracer as an early in vivo biomarker in the brain of a mouse model for
Alzheimer disease. Theranostics 2021, 11, 6542—6559. [CrossRef]

Kim, E.; Di Censo, D.; Baraldo, M.; Simmons, C.; Rosa, I.; Randall, K.; Ballard, C.; Dickie, B.R.; Williams, S.C.R.; Killick, R.; et al.
In vivo multi-parametric manganese-enhanced MRI for detecting amyloid plaques in rodent models of Alzheimer’s disease. Sci.
Rep. 2021, 11, 12419. [CrossRef]

Chang, S.K.; Kim, J.; Lee, D.; Yoo, C.H.; Jin, S.; Rhee, H.Y.; Ryu, C.W.; Lee, ].K.; Cho, H.; Jahng, G.H. Mapping of microvascular
architecture in the brain of an Alzheimer’s disease mouse model using MRI. NMR Biomed. 2021, 34, e4481. [CrossRef]

Tataryn, N.M.; Singh, V.; Dyke, ].P; Berk-Rauch, H.E.; Clausen, D.M.; Aronowitz, E.; Norris, E.H.; Strickland, S.; Ahn, H.]. Vascular
endothelial growth factor associated dissimilar cerebrovascular phenotypes in two different mouse models of Alzheimer’s Disease.
Neurobiol. Aging 2021, 107, 96-108. [CrossRef]

Oblak, A.L; Lin, P.B.; Kotredes, K.P,; Pandey, R.S.; Garceau, D.; Williams, H.M.; Uyar, A.; O'Rourke, R.; O'Rourke, S.; Ingraham,
C.; et al. Comprehensive Evaluation of the 5XFAD Mouse Model for Preclinical Testing Applications: A MODEL-AD Study. Front.
Aging Neurosci. 2021, 13, 713726. [CrossRef]

Haller, S.; Haacke, EM.; Thurnher, M.M.; Barkhof, F. Susceptibility-weighted Imaging: Technical Essentials and Clinical
Neurologic Applications. Radiology 2021, 299, 3-26. [CrossRef]

Petrushina, I.; Hovakimyan, A.; Harahap-Carrillo, I.S.; Davtyan, H.; Antonyan, T.; Chailyan, G.; Kazarian, K.; Antonenko, M.;
Jullienne, A.; Hamer, M.M,; et al. Characterization and preclinical evaluation of the cGMP grade DNA based vaccine, AV-1959D
to enter the first-in-human clinical trials. Neurobiol. Dis. 2020, 139, 104823. [CrossRef] [PubMed]

Tropres, I.; Pannetier, N.; Grand, S.; Lemasson, B.; Moisan, A.; Peoc’h, M.; Remy, C.; Barbier, E.L. Imaging the microvessel caliber
and density: Principles and applications of microvascular MRI. Magn. Reson. Med. 2015, 73, 325-341. [CrossRef] [PubMed]

Nie, B.; Wu, D.; Liang, S.; Liu, H.; Sun, X; Li, P.; Huang, Q.; Zhang, T.; Feng, T.; Ye, S.; et al. A stereotaxic MRI template set of
mouse brain with fine sub-anatomical delineations: Application to MEMRI studies of 5XFAD mice. Magn. Reson. Imaging 2019,
57,83-94. [CrossRef] [PubMed]

Bassett, D.S.; Bullmore, E. Small-world brain networks. Neuroscientist 2006, 12, 512-523. [CrossRef]

Ishibashi, K.; Onishi, A.; Fujiwara, Y.; Ishiwata, K.; Ishii, K. Effects of glucose, insulin, and insulin resistance on cerebral 18F-FDG
distribution in cognitively normal older subjects. PLoS ONE 2017, 12, €0181400. [CrossRef]

Fueger, B.J.; Czernin, J.; Hildebrandt, I.; Tran, C.; Halpern, B.S.; Stout, D.; Phelps, M.E.; Weber, W.A. Impact of animal handling on
the results of 18F-FDG PET studies in mice. J. Nucl. Med. 2006, 47, 999-1006.


http://doi.org/10.1007/s10334-016-0593-9
http://www.ncbi.nlm.nih.gov/pubmed/27785640
http://doi.org/10.1016/j.brainres.2017.07.009
http://doi.org/10.1162/netn_a_00048
http://doi.org/10.1016/j.neuropharm.2018.02.003
http://doi.org/10.1016/j.neulet.2017.12.042
http://doi.org/10.1155/2018/5272014
http://doi.org/10.1016/j.mri.2018.12.003
http://doi.org/10.3390/ijms21155553
http://doi.org/10.1038/s41598-020-72755-4
http://www.ncbi.nlm.nih.gov/pubmed/32968166
http://doi.org/10.1038/s41598-020-67284-z
http://www.ncbi.nlm.nih.gov/pubmed/32587315
http://doi.org/10.3389/fmed.2020.00529
http://www.ncbi.nlm.nih.gov/pubmed/33043029
http://doi.org/10.1073/pnas.2014058117
http://doi.org/10.7150/thno.54589
http://doi.org/10.1038/s41598-021-91899-5
http://doi.org/10.1002/nbm.4481
http://doi.org/10.1016/j.neurobiolaging.2021.07.015
http://doi.org/10.3389/fnagi.2021.713726
http://doi.org/10.1148/radiol.2021203071
http://doi.org/10.1016/j.nbd.2020.104823
http://www.ncbi.nlm.nih.gov/pubmed/32119976
http://doi.org/10.1002/mrm.25396
http://www.ncbi.nlm.nih.gov/pubmed/25168292
http://doi.org/10.1016/j.mri.2018.10.014
http://www.ncbi.nlm.nih.gov/pubmed/30359719
http://doi.org/10.1177/1073858406293182
http://doi.org/10.1371/journal.pone.0181400

Biomedicines 2022, 10, 305 30 of 35

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Byun, B.H.; Kim, B.I; Park, S.Y.;; Ko, 1.O.; Lee, K.C.; Kim, KM.; Kim, YK, Lee, J.Y,; Bu, S.H.; Kim, J.H; et al. Head-to-
head comparison of 11C-PiB and 18F-FC119S for Abeta imaging in healthy subjects, mild cognitive impairment patients, and
Alzheimer’s disease patients. Medicine 2017, 96, e6441. [CrossRef]

Mattsson-Carlgren, N.; Andersson, E.; Janelidze, S.; Ossenkoppele, R.; Insel, P; Strandberg, O.; Zetterberg, H.; Rosen, H.J.;
Rabinovici, G.; Chai, X.; et al. Abeta deposition is associated with increases in soluble and phosphorylated tau that precede a
positive Tau PET in Alzheimer’s disease. Sci. Adv. 2020, 6, eaaz2387. [CrossRef]

Roussakis, A.A.; Piccini, P. PET Imaging in Huntington’s Disease. ]. Huntington’s Dis. 2015, 4, 287-296. [CrossRef]

Mesulam, M.M.; Guillozet, A.; Shaw, P.; Levey, A.; Duysen, E.G.; Lockridge, O. Acetylcholinesterase knockouts establish central
cholinergic pathways and can use butyrylcholinesterase to hydrolyze acetylcholine. Neuroscience 2002, 110, 627-639. [CrossRef]
Perry, EXK.; Perry, R.H.; Blessed, G.; Tomlinson, B.E. Changes in brain cholinesterases in senile dementia of Alzheimer type.
Neuropathol. Appl. Neurobiol. 1978, 4, 273-277. [CrossRef] [PubMed]

Algarzae, N.; Hebron, M.; Miessau, M.; Moussa, C.E. Parkin prevents cortical atrophy and Abeta-induced alterations of brain
metabolism: (1)(3)C NMR and magnetic resonance imaging studies in AD models. Neuroscience 2012, 225, 22-34. [CrossRef]
[PubMed]

Ishihara, Y.; Itoh, K.; Mitsuda, Y.; Shimada, T.; Kubota, T.; Kato, C.; Song, S.Y.; Kobayashi, Y.; Mori-Yasumoto, K.; Sekita,
S.; et al. Involvement of brain oxidation in the cognitive impairment in a triple transgenic mouse model of Alzheimer’s disease:
Noninvasive measurement of the brain redox state by magnetic resonance imaging. Free Radic. Res. 2013, 47, 731-739. [CrossRef]
Kastyak-Ibrahim, M.Z.; Di Curzio, D.L.; Buist, R.; Herrera, S.L.; Albensi, B.C.; Del Bigio, M.R.; Martin, M. Neurofibrillary tangles
and plaques are not accompanied by white matter pathology in aged triple transgenic-Alzheimer disease mice. Magn. Reson.
Imaging 2013, 31, 1515-1521. [CrossRef]

Sancheti, H.; Akopian, G; Yin, F; Brinton, R.D.; Walsh, J.P; Cadenas, E. Age-dependent modulation of synaptic plasticity and
insulin mimetic effect of lipoic acid on a mouse model of Alzheimer’s disease. PLoS ONE 2013, 8, e69830. [CrossRef]

Sancheti, H.; Patil, I.; Kanamori, K.; Diaz Brinton, R.; Zhang, W.; Lin, A L.; Cadenas, E. Hypermetabolic state in the 7-month-old
triple transgenic mouse model of Alzheimer’s disease and the effect of lipoic acid: A 13C-NMR study. J. Cereb. Blood Flow Metab.
2014, 34, 1749-1760. [CrossRef]

Hohsfield, L.A.; Daschil, N.; Oradd, G.; Stromberg, I.; Humpel, C. Vascular pathology of 20-month-old hypercholesterolemia
mice in comparison to triple-transgenic and APPSwDI Alzheimer’s disease mouse models. Mol. Cell. Neurosci. 2014, 63, 83-95.
[CrossRef] [PubMed]

Wu, Z; Yang, B.; Liu, C.; Liang, G.; Eckenhoff, M.E; Liu, W.; Pickup, S.; Meng, Q.; Tian, Y; Li, S.; et al. Long-term dantrolene
treatment reduced intraneuronal amyloid in aged Alzheimer triple transgenic mice. Alzheimer Dis. Assoc. Disord. 2015, 29,
184-191. [CrossRef]

Ye, M.; Chung, H.S.; An, YH.; Lim, S.J.; Choi, W.; Yu, A.R.; Kim, ].S.; Kang, M.; Cho, S.; Shim, I; et al. Standardized Herbal
Formula PM012 Decreases Cognitive Impairment and Promotes Neurogenesis in the 3xTg AD Mouse Model of Alzheimer’s
Disease. Mol. Neurobiol. 2016, 53, 5401-5412. [CrossRef]

Ye, M.; Chung, H.S.; Lee, C.; Yoon, M.S.; Yu, A.R.; Kim, ].S.; Hwang, D.S.; Shim, I.; Bae, H. Neuroprotective effects of bee venom
phospholipase A2 in the 3xTg AD mouse model of Alzheimer’s disease. J. Neuroinflamm. 2016, 13, 10. [CrossRef]

Baek, H.; Ye, M.; Kang, G.H.; Lee, C.; Lee, G.; Choi, D.B.; Jung, J.; Kim, H.; Lee, S.; Kim, J.S.; et al. Neuroprotective effects of
CD4+CD25+Foxp3+ regulatory T cells in a 3xTg-AD Alzheimer’s disease model. Oncotarget 2016, 7, 69347-69357. [CrossRef]
[PubMed]

Snow, W.M.; Dale, R.; O’'Brien-Moran, Z.; Buist, R.; Peirson, D.; Martin, M.; Albensi, B.C. In Vivo Detection of Gray Matter
Neuropathology in the 3xTg Mouse Model of Alzheimer’s Disease with Diffusion Tensor Imaging. J. Alzheimer’s Dis. 2017, 58,
841-853. [CrossRef] [PubMed]

Dudeffant, C.; Vandesquille, M.; Herbert, K.; Garin, C.M.; Alves, S.; Blanchard, V.; Comoy, E.E.; Petit, F.; Dhenain, M. Contrast-
enhanced MR microscopy of amyloid plaques in five mouse models of amyloidosis and in human Alzheimer’s disease brains.
Sci. Rep. 2017, 7, 4955. [CrossRef] [PubMed]

Montoliu-Gaya, L.; Guell-Bosch, J.; Esquerda-Canals, G.; Roda, A.R.; Serra-Mir, G.; Lope-Piedrafita, S.; Sanchez-Quesada, J.L.;
Villegas, S. Differential effects of apoE and apo] mimetic peptides on the action of an anti-Abeta scFv in 3xTg-AD mice. Biochem.
Pharmacol. 2018, 155, 380-392. [CrossRef]

Kong, V.; Devenyi, G.A.; Gallino, D.; Ayranci, G.; Germann, J.; Rollins, C.; Chakravarty, M.M. Early-in-life neuroanatomical and
behavioural trajectories in a triple transgenic model of Alzheimer’s disease. Brain Struct. Funct. 2018, 223, 3365-3382. [CrossRef]
Adlimoghaddam, A.; Snow, W.M.; Stortz, G.; Perez, C.; Djordjevic, J.; Goertzen, A.L.; Ko, J].H.; Albensi, B.C. Regional hy-
pometabolism in the 3xTg mouse model of Alzheimer’s disease. Neurobiol. Dis. 2019, 127, 264-277. [CrossRef]

Chiquita, S.; Ribeiro, M.; Castelhano, J.; Oliveira, F.; Sereno, J.; Batista, M.; Abrunhosa, A.; Rodrigues-Neves, A.C.; Carecho, R,;
Baptista, F; et al. A longitudinal multimodal in vivo molecular imaging study of the 3xTg-AD mouse model shows progressive
early hippocampal and taurine loss. Hum. Mol. Genet. 2019, 28, 2174-2188. [CrossRef]

Manno, EAM,; Isla, A.G.; Manno, S.H.C.; Ahmed, I.; Cheng, S.H.; Barrios, FA.; Lau, C. Early Stage Alterations in White Matter
and Decreased Functional Interhemispheric Hippocampal Connectivity in the 3xTg Mouse Model of Alzheimer’s Disease. Front.
Aging Neurosci. 2019, 11, 39. [CrossRef]


http://doi.org/10.1097/MD.0000000000006441
http://doi.org/10.1126/sciadv.aaz2387
http://doi.org/10.3233/JHD-150171
http://doi.org/10.1016/S0306-4522(01)00613-3
http://doi.org/10.1111/j.1365-2990.1978.tb00545.x
http://www.ncbi.nlm.nih.gov/pubmed/703927
http://doi.org/10.1016/j.neuroscience.2012.08.057
http://www.ncbi.nlm.nih.gov/pubmed/22960314
http://doi.org/10.3109/10715762.2013.818218
http://doi.org/10.1016/j.mri.2013.06.013
http://doi.org/10.1371/journal.pone.0069830
http://doi.org/10.1038/jcbfm.2014.137
http://doi.org/10.1016/j.mcn.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25447943
http://doi.org/10.1097/WAD.0000000000000075
http://doi.org/10.1007/s12035-015-9458-x
http://doi.org/10.1186/s12974-016-0476-z
http://doi.org/10.18632/oncotarget.12469
http://www.ncbi.nlm.nih.gov/pubmed/27713140
http://doi.org/10.3233/JAD-170136
http://www.ncbi.nlm.nih.gov/pubmed/28505976
http://doi.org/10.1038/s41598-017-05285-1
http://www.ncbi.nlm.nih.gov/pubmed/28694463
http://doi.org/10.1016/j.bcp.2018.07.012
http://doi.org/10.1007/s00429-018-1691-4
http://doi.org/10.1016/j.nbd.2019.03.008
http://doi.org/10.1093/hmg/ddz045
http://doi.org/10.3389/fnagi.2019.00039

Biomedicines 2022, 10, 305 31 of 35

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Rollins, C.P.E.; Gallino, D.; Kong, V.; Ayranci, G.; Devenyi, G.A.; Germann, J.; Chakravarty, M.M. Contributions of a high-fat
diet to Alzheimer’s disease-related decline: A longitudinal behavioural and structural neuroimaging study in mouse models.
Neuroimage Clin. 2019, 21, 101606. [CrossRef]

Guell-Bosch, J.; Lope-Piedrafita, S.; Esquerda-Canals, G.; Montoliu-Gaya, L.; Villegas, S. Progression of Alzheimer’s disease and
effect of scFv-h3D6 immunotherapy in the 3xTg-AD mouse model: An in vivo longitudinal study using Magnetic Resonance
Imaging and Spectroscopy. NMR Biomed. 2020, 33, e4263. [CrossRef]

Falangola, M.E;; Nie, X.; Ward, R.; Dhiman, S.; Voltin, J.; Nietert, PJ.; Jensen, J.H. Diffusion MRI detects basal forebrain cholinergic
abnormalities in the 3xTg-AD mouse model of Alzheimer’s disease. Magn. Reson. Imaging 2021, 83, 1-13. [CrossRef] [PubMed]
Stojakovic, A.; Chang, S.Y.; Nesbitt, J.; Pichurin, N.P.; Ostroot, M.A.; Aikawa, T.; Kanekiyo, T.; Trushina, E. Partial Inhibition of
Mitochondrial Complex I Reduces Tau Pathology and Improves Energy Homeostasis and Synaptic Function in 3xTg-AD Mice. J.
Alzheimer’s Dis. 2021, 79, 335-353. [CrossRef] [PubMed]

Chen, Y.A,; Lu, C.H.; Ke, C.C,; Chiu, S.J.; Chang, C.W.; Yang, B.H.; Gelovani, J.G.; Liu, R.S. Evaluation of Class Ila Histone
Deacetylases Expression and In Vivo Epigenetic Imaging in a Transgenic Mouse Model of Alzheimer’s Disease. Int. J. Mol. Sci.
2021, 22, 8633. [CrossRef] [PubMed]

Bach, J.F. Genetic drift in mammals. An. Acad. Bras. Cienc. 2019, 91, €20190339. [CrossRef]

Carreras, I.; McKee, A.C.; Choi, ] K.; Aytan, N.; Kowall, N.W,; Jenkins, B.G.; Dedeoglu, A. R-flurbiprofen improves tau, but not
Ass pathology in a triple transgenic model of Alzheimer’s disease. Brain Res. 2013, 1541, 115-127. [CrossRef]

Janelsins, M.C.; Mastrangelo, M.A.; Oddo, S.; LaFerla, EM.; Federoff, H.]J.; Bowers, W.]. Early correlation of microglial activation
with enhanced tumor necrosis factor-alpha and monocyte chemoattractant protein-1 expression specifically within the entorhinal
cortex of triple transgenic Alzheimer’s disease mice. J. Neuroinflamm. 2005, 2, 23. [CrossRef] [PubMed]

Redwine, ].M.; Kosofsky, B.; Jacobs, R.E.; Games, D.; Reilly, J.F.; Morrison, ].H.; Young, W.G.; Bloom, EE. Dentate gyrus volume is
reduced before onset of plaque formation in PDAPP mice: A magnetic resonance microscopy and stereologic analysis. Proc. Natl.
Acad. Sci. USA 2003, 100, 1381-1386. [CrossRef]

Weiss, C.; Venkatasubramanian, PN.; Aguado, A.S.; Power, ].M.; Tom, B.C.; Li, L.; Chen, K.S.; Disterhoft, ].E; Wyrwicz, A.M.
Impaired eyeblink conditioning and decreased hippocampal volume in PDAPP V717F mice. Neurobiol. Dis. 2002, 11, 425-433.
[CrossRef]

Van Broeck, B.; Vanhoutte, G.; Pirici, D.; Van Dam, D.; Wils, H.; Cuijt, L.; Vennekens, K.; Zabielski, M.; Michalik, A.; Theuns,
J.; et al. Intraneuronal amyloid beta and reduced brain volume in a novel APP T714I mouse model for Alzheimer’s disease.
Neurobiol. Aging 2008, 29, 241-252. [CrossRef]

Lau, J.C.; Lerch, ].P; Sled, ].G.; Henkelman, R.M.; Evans, A.C.; Bedell, B.J. Longitudinal neuroanatomical changes determined by
deformation-based morphometry in a mouse model of Alzheimer’s disease. Neuroimage 2008, 42, 19-27. [CrossRef]
Grand’maison, M.; Zehntner, S.P.; Ho, M.K.; Hebert, F.; Wood, A.; Carbonell, F,; Zijdenbos, A.P.; Hamel, E.; Bedell, B.J. Early
cortical thickness changes predict beta-amyloid deposition in a mouse model of Alzheimer’s disease. Neurobiol. Dis. 2013, 54,
59-67. [CrossRef]

Hebert, F.; Grand 'maison, M.; Ho, M.K.; Lerch, J.P.; Hamel, E.; Bedell, B.]. Cortical atrophy and hypoperfusion in a transgenic
mouse model of Alzheimer’s disease. Neurobiol. Aging 2013, 34, 1644-1652. [CrossRef]

Liang, S.; Huang, J.; Liu, W,; Jin, H.; Li, L.; Zhang, X.; Nie, B; Lin, R.; Tao, J.; Zhao, S.; et al. Magnetic resonance spectroscopy
analysis of neurochemical changes in the atrophic hippocampus of APP/PS1 transgenic mice. Behav. Brain Res. 2017, 335, 26-31.
[CrossRef]

Badea, A ; Johnson, G.A.; Jankowsky, ].L. Remote sites of structural atrophy predict later amyloid formation in a mouse model of
Alzheimer’s disease. Neuroimage 2010, 50, 416-427. [CrossRef]

Maheswaran, S.; Barjat, H.; Rueckert, D.; Bate, S.T.; Howlett, D.R; Tilling, L.; Smart, S.C.; Pohlmann, A.; Richardson, J.C.;
Hartkens, T.; et al. Longitudinal regional brain volume changes quantified in normal aging and Alzheimer’s APP x PS1 mice
using MRI. Brain Res. 2009, 1270, 19-32. [CrossRef]

Micotti, E.; Paladini, A.; Balducci, C.; Tolomeo, D.; Frasca, A.; Marizzoni, M.; Filibian, M.; Caroli, A.; Valbusa, G.; Dix, S.; et al.
Striatum and entorhinal cortex atrophy in AD mouse models: MRI comprehensive analysis. Neurobiol. Aging 2015, 36, 776-788.
[CrossRef]

Xie, Z.; Yang, D.; Stephenson, D.; Morton, D.; Hicks, C.; Brown, T.; Bocan, T. Characterizing the regional structural difference of
the brain between tau transgenic (rTg4510) and wild-type mice using MRI. Med. Image Comput. Comput. Assist. Interv. 2010, 13,
308-315. [CrossRef]

Yang, D.; Xie, Z.; Stephenson, D.; Morton, D.; Hicks, C.D.; Brown, T.M.; Sriram, R.; O’'Neill, S.; Raunig, D.; Bocan, T. Volumetric
MRI and MRS provide sensitive measures of Alzheimer’s disease neuropathology in inducible Tau transgenic mice (rTg4510).
Neuroimage 2011, 54, 2652-2658. [CrossRef]

Hinteregger, B.; Loeffler, T.; Flunkert, S.; Neddens, J.; Bayer, T.A.; Madl, T.; Hutter-Paier, B. Metabolic, Phenotypic, and
Neuropathological Characterization of the Tg4-42 Mouse Model for Alzheimer’s Disease. J. Alzheimer’s Dis. 2021, 80, 1151-1168.
[CrossRef]

Wei, Z.; Xu, J.; Chen, L.; Hirschler, L.; Barbier, E.L.; Li, T.; Wong, P.C.; Lu, H. Brain metabolism in tau and amyloid mouse models
of Alzheimer’s disease: An MRI study. NMR Biomed. 2021, 34, e4568. [CrossRef]


http://doi.org/10.1016/j.nicl.2018.11.016
http://doi.org/10.1002/nbm.4263
http://doi.org/10.1016/j.mri.2021.06.022
http://www.ncbi.nlm.nih.gov/pubmed/34229088
http://doi.org/10.3233/JAD-201015
http://www.ncbi.nlm.nih.gov/pubmed/33285637
http://doi.org/10.3390/ijms22168633
http://www.ncbi.nlm.nih.gov/pubmed/34445342
http://doi.org/10.1590/0001-3765201920190339
http://doi.org/10.1016/j.brainres.2013.10.025
http://doi.org/10.1186/1742-2094-2-23
http://www.ncbi.nlm.nih.gov/pubmed/16232318
http://doi.org/10.1073/pnas.242746599
http://doi.org/10.1006/nbdi.2002.0555
http://doi.org/10.1016/j.neurobiolaging.2006.10.016
http://doi.org/10.1016/j.neuroimage.2008.04.252
http://doi.org/10.1016/j.nbd.2013.02.005
http://doi.org/10.1016/j.neurobiolaging.2012.11.022
http://doi.org/10.1016/j.bbr.2017.08.005
http://doi.org/10.1016/j.neuroimage.2009.12.070
http://doi.org/10.1016/j.brainres.2009.02.045
http://doi.org/10.1016/j.neurobiolaging.2014.10.027
http://doi.org/10.1007/978-3-642-15705-9_38
http://doi.org/10.1016/j.neuroimage.2010.10.067
http://doi.org/10.3233/JAD-201204
http://doi.org/10.1002/nbm.4568

Biomedicines 2022, 10, 305 32 of 35

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Yin, J.; Turner, G.H.; Coons, S.W.; Maalouf, M.; Reiman, E.M.; Shi, J. Association of amyloid burden, brain atrophy and memory
deficits in aged apolipoprotein epsilon4 mice. Curr. Alzheimer Res. 2014, 11, 283-290. [CrossRef]

Allemang-Grand, R.; Scholz, J.; Ellegood, J.; Cahill, L.S.; Laliberte, C.; Fraser, P.E.; Josselyn, S.A.; Sled, ].G.; Lerch, J.P. Altered
brain development in an early-onset murine model of Alzheimer’s disease. Neurobiol. Aging 2015, 36, 638—647. [CrossRef]

Borg, J.; Chereul, E. Differential MRI patterns of brain atrophy in double or single transgenic mice for APP and/or SOD. ].
Neurosci. Res. 2008, 86, 3275-3284. [CrossRef]

Marjanska, M.; Curran, G.L.; Wengenack, T.M.; Henry, P.G,; Bliss, R.L.; Poduslo, J.E; Jack, C.R,, Jr.; Ugurbil, K.; Garwood, M.
Monitoring disease progression in transgenic mouse models of Alzheimer’s disease with proton magnetic resonance spectroscopy.
Proc. Natl. Acad. Sci. USA 2005, 102, 11906-11910. [CrossRef]

Chen, S.Q.; Wang, PJ.; Ten, G.]J.; Zhan, W.; Li, M.H.; Zang, F.C. Role of myo-inositol by magnetic resonance spectroscopy in early
diagnosis of Alzheimer’s disease in APP/PS1 transgenic mice. Dement. Geriatr. Cogn. Disord. 2009, 28, 558-566. [CrossRef]
Chen, 5.Q.; Cai, Q.; Shen, Y.Y.; Wang, PJ.; Teng, G.J.; Zhang, W.; Zang, F.C. Age-related changes in brain metabolites and cognitive
function in APP/PS1 transgenic mice. Behav. Brain Res. 2012, 235, 1-6. [CrossRef]

Woo, D.C.; Lee, S.H.; Lee, D.W.; Kim, S5.Y; Kim, G.Y.; Rhim, H.S.; Choi, C.B.; Kim, H.Y.; Lee, C.U.; Choe, B.Y. Regional metabolic
alteration of Alzheimer’s disease in mouse brain expressing mutant human APP-PS1 by 1H HR-MAS. Behav. Brain Res. 2010, 211,
125-131. [CrossRef]

Oberg, J.; Spenger, C.; Wang, FH.; Andersson, A.; Westman, E.; Skoglund, P.; Sunnemark, D.; Norinder, U.; Klason, T.; Wahlund,
L.O,; et al. Age related changes in brain metabolites observed by 1H MRS in APP/PS1 mice. Neurobiol. Aging 2008, 29, 1423-1433.
[CrossRef]

Haris, M.; Nath, K; Cai, K.; Singh, A.; Crescenzi, R.; Kogan, F.; Verma, G.; Reddy, S.; Hariharan, H.; Melhem, E.R;; et al. Imaging
of glutamate neurotransmitter alterations in Alzheimer’s disease. NMR Biomed. 2013, 26, 386-391. [CrossRef]

Haris, M; Singh, A ; Cai, K; Nath, K.; Crescenzi, R.; Kogan, F; Hariharan, H.; Reddy, R. MICEST: A potential tool for non-invasive
detection of molecular changes in Alzheimer’s disease. ]. Neurosci. Methods 2013, 212, 87-93. [CrossRef]

Xu, W.,; Zhan, Y.; Huang, W.; Wang, X.; Zhang, S.; Lei, H. Reduction of hippocampal N-acetyl aspartate level in aged
APP(Swe)/PS1(dE9) transgenic mice is associated with degeneration of CA3 pyramidal neurons. ]. Neurosci. Res. 2010,
88, 3155-3160. [CrossRef]

Kuhla, A.; Ruhlmann, C.; Lindner, T.; Polei, S.; Hadlich, S.; Krause, B.J.; Vollmar, B.; Teipel, S.J. APPswe/PS1dE9 mice with
cortical amyloid pathology show a reduced NAA /Cr ratio without apparent brain atrophy: A MRS and MRI study. Neuroimage
Clin. 2017, 15, 581-586. [CrossRef]

Dedeoglu, A.; Choi, ] K.; Cormier, K.; Kowall, N.W.; Jenkins, B.G. Magnetic resonance spectroscopic analysis of Alzheimer’s
disease mouse brain that express mutant human APP shows altered neurochemical profile. Brain Res. 2004, 1012, 60—-65. [CrossRef]
Doert, A.; Pilatus, U.; Zanella, F; Muller, W.E.; Eckert, G.P. (1)H- and (1)(3)C-NMR spectroscopy of Thy-1-APPSL mice brain
extracts indicates metabolic changes in Alzheimer’s disease. J. Neural Transm. 2015, 122, 541-550. [CrossRef]

Lalande, J.; Halley, H.; Balayssac, S.; Gilard, V.; Dejean, S.; Martino, R.; Frances, B.; Lassalle, ].M.; Malet-Martino, M. 1H NMR
metabolomic signatures in five brain regions of the AbetaPPswe Tg2576 mouse model of Alzheimer’s disease at four ages. J.
Alzheimer’s Dis. 2014, 39, 121-143. [CrossRef]

Van Duijn, S.; Nabuurs, R.J.; van Duinen, S.G.; Natte, R.; van Buchem, M. A ; Alia, A. Longitudinal monitoring of sex-related
in vivo metabolic changes in the brain of Alzheimer’s disease transgenic mouse using magnetic resonance spectroscopy. J.
Alzheimer’s Dis. 2013, 34, 1051-1059. [CrossRef]

Jansen, D.; Zerbi, V.; Janssen, C.L; Dederen, PJ.; Mutsaers, M.P.; Hafkemeijer, A.; Janssen, A.L.; Nobelen, C.L.; Veltien, A.; Asten,
J.J.; et al. A longitudinal study of cognition, proton MR spectroscopy and synaptic and neuronal pathology in aging wild-type
and AbetaPPswe-PS1dE9 mice. PLoS ONE 2013, 8, e63643. [CrossRef]

Forster, D.; Davies, K.; Williams, S. Magnetic resonance spectroscopy in vivo of neurochemicals in a transgenic model of
Alzheimer’s disease: A longitudinal study of metabolites, relaxation time, and behavioral analysis in TASTPM and wild-type
mice. Magn. Reson. Med. 2013, 69, 944-955. [CrossRef]

Roy, U,; Stute, L.; Hofling, C.; Hartlage-Rubsamen, M.; Matysik, ].; Robetaner, S.; Alia, A. Sex- and age-specific modulation of
brain GABA levels in a mouse model of Alzheimer’s disease. Neurobiol. Aging 2018, 62, 168-179. [CrossRef]

Beckmann, N.; Schuler, A.; Mueggler, T.; Meyer, E.P.; Wiederhold, K.H.; Staufenbiel, M.; Krucker, T. Age-dependent cerebrovascu-
lar abnormalities and blood flow disturbances in APP23 mice modeling Alzheimer’s disease. J. Neurosci. 2003, 23, 8453-8459.
[CrossRef]

Krucker, T.; Schuler, A.; Meyer, E.P.; Staufenbiel, M.; Beckmann, N. Magnetic resonance angiography and vascular corrosion
casting as tools in biomedical research: Application to transgenic mice modeling Alzheimer’s disease. Neurol. Res. 2004, 26,
507-516. [CrossRef]

Mueggler, T.; Baumann, D.; Rausch, M.; Staufenbiel, M.; Rudin, M. Age-dependent impairment of somatosensory response in the
amyloid precursor protein 23 transgenic mouse model of Alzheimer’s disease. J. Neurosci. 2003, 23, 8231-8236. [CrossRef]

Thal, D.R.; Capetillo-Zarate, E.; Larionov, S.; Staufenbiel, M.; Zurbruegg, S.; Beckmann, N. Capillary cerebral amyloid angiopathy
is associated with vessel occlusion and cerebral blood flow disturbances. Neurobiol. Aging 2009, 30, 1936-1948. [CrossRef]


http://doi.org/10.2174/156720501103140329220007
http://doi.org/10.1016/j.neurobiolaging.2014.08.032
http://doi.org/10.1002/jnr.21778
http://doi.org/10.1073/pnas.0505513102
http://doi.org/10.1159/000261646
http://doi.org/10.1016/j.bbr.2012.07.016
http://doi.org/10.1016/j.bbr.2010.03.026
http://doi.org/10.1016/j.neurobiolaging.2007.03.002
http://doi.org/10.1002/nbm.2875
http://doi.org/10.1016/j.jneumeth.2012.09.025
http://doi.org/10.1002/jnr.22479
http://doi.org/10.1016/j.nicl.2017.06.009
http://doi.org/10.1016/j.brainres.2004.02.079
http://doi.org/10.1007/s00702-015-1387-3
http://doi.org/10.3233/JAD-130023
http://doi.org/10.3233/JAD-122188
http://doi.org/10.1371/journal.pone.0063643
http://doi.org/10.1002/mrm.24349
http://doi.org/10.1016/j.neurobiolaging.2017.10.015
http://doi.org/10.1523/JNEUROSCI.23-24-08453.2003
http://doi.org/10.1179/016164104225016281
http://doi.org/10.1523/JNEUROSCI.23-23-08231.2003
http://doi.org/10.1016/j.neurobiolaging.2008.01.017

Biomedicines 2022, 10, 305 33 of 35

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Beckmann, N.; Gerard, C.; Abramowski, D.; Cannet, C.; Staufenbiel, M. Noninvasive magnetic resonance imaging detection of
cerebral amyloid angiopathy-related microvascular alterations using superparamagnetic iron oxide particles in APP transgenic
mouse models of Alzheimer’s disease: Application to passive Abeta immunotherapy. J. Neurosci. 2011, 31, 1023-1031. [CrossRef]
Xu, X.; Meng, T.; Wen, Q.; Tao, M.; Wang, P.; Zhong, K.; Shen, Y. Dynamic changes in vascular size and density in transgenic mice
with Alzheimer’s disease. Aging 2020, 12, 17224-17234. [CrossRef]

Shen, Z.; Lei, J.; Li, X.; Wang, Z.; Bao, X.; Wang, R. Multifaceted assessment of the APP/PS1 mouse model for Alzheimer’s disease:
Applying MRS, DTI, and ASL. Brain Res. 2018, 1698, 114-120. [CrossRef]

Faure, A.; Verret, L.; Bozon, B.; El Tannir El Tayara, N.; Ly, M.; Kober, F; Dhenain, M.; Rampon, C.; Delatour, B. Impaired
neurogenesis, neuronal loss, and brain functional deficits in the APPxPS1-Ki mouse model of Alzheimer’s disease. Neurobiol.
Aging 2011, 32, 407-418. [CrossRef]

El Tayara Nel, T.; Delatour, B.; Volk, A.; Dhenain, M. Detection of vascular alterations by in vivo magnetic resonance angiography
and histology in APP/PS1 mouse model of Alzheimer’s disease. Magn. Reson. Mater. Phys. Biol. Med. 2010, 23, 53-64. [CrossRef]
Zazulia, A.R; Videen, T.O.; Morris, J.C.; Powers, W.J. Autoregulation of cerebral blood flow to changes in arterial pressure in
mild Alzheimer’s disease. J. Cereb. Blood Flow Metab. 2010, 30, 1883-1889. [CrossRef]

Govaerts, K.; Dresselaers, T.; Van Leuven, F.; Himmelreich, U. Quantitative Assessment of Age-Associated Alterations in Brain
Vasculature in Wild-Type Mice and in Bigenic Mice that Model Alzheimer’s Disease. Mol. Imaging Biol. 2020, 22, 578-586.
[CrossRef]

Weidensteiner, C.; Metzger, F; Bruns, A.; Bohrmann, B.; Kuennecke, B.; von Kienlin, M. Cortical hypoperfusion in the B6.PS2APP
mouse model for Alzheimer’s disease: Comprehensive phenotyping of vascular and tissular parameters by MRI. Magn. Reson.
Med. 2009, 62, 35-45. [CrossRef]

Wiesmann, M.; Zerbi, V.; Jansen, D.; Lutjohann, D.; Veltien, A.; Heerschap, A.; Kiliaan, A.]. Hypertension, cerebrovascular
impairment, and cognitive decline in aged AbetaPP/PS1 mice. Theranostics 2017, 7, 1277-1289. [CrossRef]

Guo, Y,; Li, X;; Zhang, M.; Chen, N.; Wu, S; Lei, J.; Wang, Z.; Wang, R.; Wang, J.; Liu, H. Age and brain regionassociated alterations
of cerebral blood flow in early Alzheimer’s disease assessed in AbetaPPSWE/PS1DeltaE9 transgenic mice using arterial spin
labeling. Mol. Med. Rep. 2019, 19, 3045-3052. [CrossRef]

Zerbi, V; Jansen, D.; Dederen, PJ.; Veltien, A.; Hamans, B.; Liu, Y.; Heerschap, A.; Kiliaan, A.J. Microvascular cerebral blood
volume changes in aging APP(swe)/PS1(dE9) AD mouse model: A voxel-wise approach. Brain Struct. Funct. 2013, 218, 1085-1098.
[CrossRef]

Luo, E; Rustay, N.R.; Ebert, U.; Hradil, V.P; Cole, T.B.; Llano, D.A.; Mudd, S.R.; Zhang, Y.; Fox, G.B.; Day, M. Characterization of
7- and 19-month-old Tg2576 mice using multimodal in vivo imaging: Limitations as a translatable model of Alzheimer’s disease.
Neurobiol. Aging 2012, 33, 933-944. [CrossRef]

Kara, FE; Dongen, E.S.; Schliebs, R.; Buchem, M.A.; Groot, H.J.; Alia, A. Monitoring blood flow alterations in the Tg2576 mouse
model of Alzheimer’s disease by in vivo magnetic resonance angiography at 17.6 T. Neuroimage 2012, 60, 958-966. [CrossRef]
Wells, J.A.; Holmes, H.E.; O’Callaghan, ].M.; Colgan, N.; Ismail, O.; Fisher, E.M.; Siow, B.; Murray, T.K.; Schwarz, A.J.; O’Neill,
M.].; et al. Increased cerebral vascular reactivity in the tau expressing rTg4510 mouse: Evidence against the role of tau pathology
to impair vascular health in Alzheimer’s disease. J. Cereb. Blood Flow Metab. 2015, 35, 359-362. [CrossRef]

Wells, J.A.; O’Callaghan, ].M.; Holmes, H.E.; Powell, N.M.; Johnson, R.A.; Siow, B.; Torrealdea, F.; Ismail, O.; Walker-Samuel,
S.; Golay, X,; et al. In vivo imaging of tau pathology using multi-parametric quantitative MRI. Neuroimage 2015, 111, 369-378.
[CrossRef]

Decker, Y.; Muller, A.; Nemeth, E.; Schulz-Schaeffer, W.J.; Fatar, M.; Menger, M.D.; Liu, Y.; Fassbender, K. Analysis of the
vasculature by immunohistochemistry in paraffin-embedded brains. Brain Struct. Funct. 2018, 223, 1001-1015. [CrossRef]
Mueggler, T.; Meyer-Luehmann, M.; Rausch, M.; Staufenbiel, M.; Jucker, M.; Rudin, M. Restricted diffusion in the brain of
transgenic mice with cerebral amyloidosis. Eur. ]. Neurosci. 2004, 20, 811-817. [CrossRef]

Sykova, E.; Vorisek, I.; Antonova, T.; Mazel, T.; Meyer-Luehmann, M.; Jucker, M.; Hajek, M.; Ort, M.; Bures, J. Changes in
extracellular space size and geometry in APP23 transgenic mice: A model of Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2005,
102, 479-484. [CrossRef] [PubMed]

Qin, Y.Y;; Li, M.\W,; Zhang, S.; Zhang, Y.; Zhao, L.Y.; Lei, H.; Oishi, K.; Zhu, W.Z. In vivo quantitative whole-brain diffusion tensor
imaging analysis of APP/PSI transgenic mice using voxel-based and atlas-based methods. Neuroradiology 2013, 55, 1027-1038.
[CrossRef] [PubMed]

Shu, X.; Qin, Y.Y,; Zhang, S.; Jiang, ].].; Zhang, Y.; Zhao, L.Y.; Shan, D.; Zhu, W.Z. Voxel-based diffusion tensor imaging of an
APP/PS1 mouse model of Alzheimer’s disease. Mol. Neurobiol. 2013, 48, 78-83. [CrossRef] [PubMed]

Vanhoutte, G.; Pereson, S.; Delgado, Y.P.R.; Guns, P].; Asselbergh, B.; Veraart, J.; Sijbers, J.; Verhoye, M.; Van Broeckhoven, C.; Van
der Linden, A. Diffusion kurtosis imaging to detect amyloidosis in an APP/PS1 mouse model for Alzheimer’s disease. Magn.
Reson. Med. 2013, 69, 1115-1121. [CrossRef] [PubMed]

Zerbi, V,; Kleinnijenhuis, M.; Fang, X.; Jansen, D.; Veltien, A.; Van Asten, J.; Timmer, N.; Dederen, P]J.; Kiliaan, A.].; Heerschap, A.
Gray and white matter degeneration revealed by diffusion in an Alzheimer mouse model. Neurobiol. Aging 2013, 34, 1440-1450.
[CrossRef]


http://doi.org/10.1523/JNEUROSCI.4936-10.2011
http://doi.org/10.18632/aging.103672
http://doi.org/10.1016/j.brainres.2018.08.001
http://doi.org/10.1016/j.neurobiolaging.2009.03.009
http://doi.org/10.1007/s10334-009-0194-y
http://doi.org/10.1038/jcbfm.2010.135
http://doi.org/10.1007/s11307-019-01402-w
http://doi.org/10.1002/mrm.21985
http://doi.org/10.7150/thno.18509
http://doi.org/10.3892/mmr.2019.9950
http://doi.org/10.1007/s00429-012-0448-8
http://doi.org/10.1016/j.neurobiolaging.2010.08.005
http://doi.org/10.1016/j.neuroimage.2011.12.055
http://doi.org/10.1038/jcbfm.2014.224
http://doi.org/10.1016/j.neuroimage.2015.02.023
http://doi.org/10.1007/s00429-017-1595-8
http://doi.org/10.1111/j.1460-9568.2004.03534.x
http://doi.org/10.1073/pnas.0408235102
http://www.ncbi.nlm.nih.gov/pubmed/15630088
http://doi.org/10.1007/s00234-013-1195-0
http://www.ncbi.nlm.nih.gov/pubmed/23644540
http://doi.org/10.1007/s12035-013-8418-6
http://www.ncbi.nlm.nih.gov/pubmed/23877934
http://doi.org/10.1002/mrm.24680
http://www.ncbi.nlm.nih.gov/pubmed/23494926
http://doi.org/10.1016/j.neurobiolaging.2012.11.017

Biomedicines 2022, 10, 305 34 of 35

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Sun, S.W,; Song, S.K.; Harms, M.P; Lin, S.J.; Holtzman, D.M.; Merchant, K.M.; Kotyk, J.J. Detection of age-dependent brain injury
in a mouse model of brain amyloidosis associated with Alzheimer’s disease using magnetic resonance diffusion tensor imaging.
Exp. Neurol. 2005, 191, 77-85. [CrossRef]

Harms, M.P; Kotyk, J.J.; Merchant, K.M. Evaluation of white matter integrity in ex vivo brains of amyloid plaque-bearing APPsw
transgenic mice using magnetic resonance diffusion tensor imaging. Exp. Neurol. 2006, 199, 408-415. [CrossRef]

Sahara, N.; Perez, P.D.; Lin, W.L.; Dickson, D.W.; Ren, Y.; Zeng, H.; Lewis, J.; Febo, M. Age-related decline in white matter
integrity in a mouse model of tauopathy: An in vivo diffusion tensor magnetic resonance imaging study. Neurobiol. Aging 2014,
35,1364-1374. [CrossRef]

Colgan, N.; Siow, B.; O’Callaghan, ].M.; Harrison, L.E; Wells, ].A.; Holmes, H.E.; Ismail, O.; Richardson, S.; Alexander, D.C;
Collins, E.C.; et al. Application of neurite orientation dispersion and density imaging (NODDI) to a tau pathology model of
Alzheimer’s disease. Neuroimage 2016, 125, 739-744. [CrossRef]

Thiessen, J.D.; Glazner, K.A.; Nafez, S.; Schellenberg, A.E.; Buist, R.; Martin, M.; Albensi, B.C. Histochemical visualization
and diffusion MRI at 7 Tesla in the TgCRNDS transgenic model of Alzheimer’s disease. Brain Struct. Funct. 2010, 215, 29-36.
[CrossRef]

Colon-Perez, L.M.; Ibanez, K.R.; Suarez, M.; Torroella, K.; Acuna, K.; Ofori, E.; Levites, Y.; Vaillancourt, D.E.; Golde, T.E.;
Chakrabarty, P; et al. Neurite orientation dispersion and density imaging reveals white matter and hippocampal microstructure
changes produced by Interleukin-6 in the TgCRNDS8 mouse model of amyloidosis. Neuroimage 2019, 202, 116138. [CrossRef]
[PubMed]

Shang, Y.; Mishra, A.; Wang, T.; Wang, Y.; Desai, M.; Chen, S.; Mao, Z.; Do, L.; Bernstein, A.S.; Trouard, T.P; et al. Evidence in
support of chromosomal sex influencing plasma based metabolome vs APOE genotype influencing brain metabolome profile in
humanized APOE male and female mice. PLoS ONE 2020, 15, €0225392. [CrossRef] [PubMed]

Badea, A.; Kane, L.; Anderson, R.J.; Qi, Y,; Foster, M.; Cofer, G.P.; Medvitz, N.; Buckley, A.F.; Badea, A K.; Wetsel, W.C.; et al. The
fornix provides multiple biomarkers to characterize circuit disruption in a mouse model of Alzheimer’s disease. Neuroimage 2016,
142, 498-511. [CrossRef]

Helpern, J.A ; Lee, S.P.; Falangola, M.E; Dyakin, V.V,; Bogart, A.; Ardekani, B.; Duff, K.; Branch, C.; Wisniewski, T.; de Leon,
M.J.; et al. MRI assessment of neuropathology in a transgenic mouse model of Alzheimer’s disease. Magn. Reson. Med. 2004, 51,
794-798. [CrossRef] [PubMed]

Falangola, M.F,; Dyakin, V.V.; Lee, S.P.; Bogart, A.; Babb, ].S.; Duff, K.; Nixon, R.; Helpern, J.A. Quantitative MRI reveals
aging-associated T2 changes in mouse models of Alzheimer’s disease. NMR Biomed. 2007, 20, 343-351. [CrossRef] [PubMed]
Li, L.; Wang, X.Y.; Gao, EB.; Wang, L.; Xia, R.; Li, Z.X,; Xing, W.; Tang, B.S.; Zeng, Y.; Zhou, G.F; et al. Magnetic resonance T2
relaxation time at 7 Tesla associated with amyloid beta pathology and age in a double-transgenic mouse model of Alzheimer’s
disease. Neurosci. Lett. 2016, 610, 92-97. [CrossRef] [PubMed]

Esteras, N.; Alquezar, C.; Bartolome, F; Antequera, D.; Barrios, L.; Carro, E.; Cerdan, S.; Martin-Requero, A. Systematic
evaluation of magnetic resonance imaging and spectroscopy techniques for imaging a transgenic model of Alzheimer’s disease
(AbetaPP/PS1). J. Alzheimer’s Dis. 2012, 30, 337-353. [CrossRef]

Teipel, S.J.; Kaza, E.; Hadlich, S.; Bauer, A.; Bruning, T.; Plath, A.S.; Krohn, M.; Scheffler, K.; Walker, L.C.; Lotze, M.; et al.
Automated detection of amyloid-beta-related cortical and subcortical signal changes in a transgenic model of Alzheimer’s disease
using high-field MRL ]. Alzheimer’s Dis. 2011, 23, 221-237. [CrossRef]

Kara, F; Hofling, C.; Rossner, S.; Schliebs, R.; Van der Linden, A.; Groot, H.J.; Alia, A. In Vivo Longitudinal Monitoring of Changes
in the Corpus Callosum Integrity During Disease Progression in a Mouse Model of Alzheimer’s Disease. Curr. Alzheimer Res.
2015, 12, 941-950. [CrossRef]

Roy, U.; Heredia-Munoz, M.T.; Stute, L.; Hofling, C.; Matysik, J.; Meijer, ]. H.; Rossner, S.; Alia, A. Degeneration of the Suprachias-
matic Nucleus in an Alzheimer’s Disease Mouse Model Monitored by in vivo Magnetic Resonance Relaxation Measurements and
Immunohistochemistry. J. Alzheimer’s Dis. 2019, 69, 363-375. [CrossRef]

Grandjean, J.; Derungs, R.; Kulic, L.; Welt, T.; Henkelman, M.; Nitsch, R.M.; Rudin, M. Complex interplay between brain function
and structure during cerebral amyloidosis in APP transgenic mouse strains revealed by multi-parametric MRI comparison.
Neuroimage 2016, 134, 1-11. [CrossRef]

Grandjean, J.; Schroeter, A.; He, P.; Tanadini, M.; Keist, R.; Krstic, D.; Konietzko, U.; Klohs, J.; Nitsch, R.M.; Rudin, M. Early
alterations in functional connectivity and white matter structure in a transgenic mouse model of cerebral amyloidosis. J. Neurosci.
2014, 34, 13780-13789. [CrossRef]

Latif-Hernandez, A.; Shah, D.; Craessaerts, K.; Saido, T.; Saito, T.; De Strooper, B.; Van der Linden, A.; D’"Hooge, R. Subtle
behavioral changes and increased prefrontal-hippocampal network synchronicity in APP(NL-G-F) mice before prominent plaque
deposition. Behav. Brain Res. 2019, 364, 431-441. [CrossRef]

Shah, D.; Praet, J.; Latif Hernandez, A.; Hofling, C.; Anckaerts, C.; Bard, F.; Morawski, M.; Detrez, ].R.; Prinsen, E.; Villa, A ; et al.
Early pathologic amyloid induces hypersynchrony of BOLD resting-state networks in transgenic mice and provides an early
therapeutic window before amyloid plaque deposition. Alzheimer’s Dement. 2016, 12, 964-976. [CrossRef] [PubMed]

Detrez, ].R.; Ben-Nejma, LR.H.; Van Kolen, K.; Van Dam, D.; De Deyn, P.P; Fransen, E.; Verhoye, M.; Timmermans, J.P.; Nuydens,
R.; Van der Linden, A.; et al. Progressive tau aggregation does not alter functional brain network connectivity in seeded
hTau.P301L mice. Neurobiol. Dis. 2020, 143, 105011. [CrossRef] [PubMed]


http://doi.org/10.1016/j.expneurol.2004.09.006
http://doi.org/10.1016/j.expneurol.2006.01.002
http://doi.org/10.1016/j.neurobiolaging.2013.12.009
http://doi.org/10.1016/j.neuroimage.2015.10.043
http://doi.org/10.1007/s00429-010-0271-z
http://doi.org/10.1016/j.neuroimage.2019.116138
http://www.ncbi.nlm.nih.gov/pubmed/31472250
http://doi.org/10.1371/journal.pone.0225392
http://www.ncbi.nlm.nih.gov/pubmed/31917799
http://doi.org/10.1016/j.neuroimage.2016.08.014
http://doi.org/10.1002/mrm.20038
http://www.ncbi.nlm.nih.gov/pubmed/15065253
http://doi.org/10.1002/nbm.1163
http://www.ncbi.nlm.nih.gov/pubmed/17451178
http://doi.org/10.1016/j.neulet.2015.10.058
http://www.ncbi.nlm.nih.gov/pubmed/26520465
http://doi.org/10.3233/JAD-2012-111967
http://doi.org/10.3233/JAD-2010-101035
http://doi.org/10.2174/1567205012666151027123728
http://doi.org/10.3233/JAD-190037
http://doi.org/10.1016/j.neuroimage.2016.03.042
http://doi.org/10.1523/JNEUROSCI.4762-13.2014
http://doi.org/10.1016/j.bbr.2017.11.017
http://doi.org/10.1016/j.jalz.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27107518
http://doi.org/10.1016/j.nbd.2020.105011
http://www.ncbi.nlm.nih.gov/pubmed/32653674

Biomedicines 2022, 10, 305 35 of 35

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Gallagher, ].J.; Zhang, X.; Ziomek, G.J.; Jacobs, R.E.; Bearer, E.L. Deficits in axonal transport in hippocampal-based circuitry
and the visual pathway in APP knock-out animals witnessed by manganese enhanced MRI. Neuroimage 2012, 60, 1856-1866.
[CrossRef] [PubMed]

Bearer, E.L.; Manifold-Wheeler, B.C.; Medina, C.S.; Gonzales, A.G.; Chaves, FL.; Jacobs, R.E. Alterations of functional circuitry in
aging brain and the impact of mutated APP expression. Neurobiol. Aging 2018, 70, 276-290. [CrossRef]

Smith, K.D.; Kallhoff, V.; Zheng, H.; Pautler, R.G. In vivo axonal transport rates decrease in a mouse model of Alzheimer’s disease.
Neuroimage 2007, 35, 1401-1408. [CrossRef]

Androuin, A; Abada, Y.S.; Ly, M.; Santin, M.; Petiet, A.; Epelbaum, S.; Bertrand, A.; Delatour, B. Activity-induced MEMRI cannot
detect functional brain anomalies in the APPxPS1-Ki mouse model of Alzheimer’s disease. Sci. Rep. 2019, 9, 1140. [CrossRef]
Mclntosh, A.; Mela, V.; Harty, C.; Minogue, A.M.; Costello, D.A.; Kerskens, C.; Lynch, M.A. Iron accumulation in microglia
triggers a cascade of events that leads to altered metabolism and compromised function in APP/PS1 mice. Brain Pathol. 2019, 29,
606—621. [CrossRef]

Braakman, N.; Matysik, J.; van Duinen, S.G.; Verbeek, F,; Schliebs, R.; de Groot, H.J.; Alia, A. Longitudinal assessment of
Alzheimer’s beta-amyloid plaque development in transgenic mice monitored by in vivo magnetic resonance microimaging. J.
Magn. Reson. Imaging 2006, 24, 530-536. [CrossRef] [PubMed]

Gong, N.J.; Dibb, R.; Bulk, M.; van der Weerd, L.; Liu, C. Imaging beta amyloid aggregation and iron accumulation in Alzheimer’s
disease using quantitative susceptibility mapping MRI. Neuroimage 2019, 191, 176-185. [CrossRef] [PubMed]

Ferretti, M.T.; Iulita, M.F,; Cavedo, E.; Chiesa, P.A.; Schumacher Dimech, A.; Santuccione Chadha, A.; Baracchi, F.; Girouard, H.;
Misoch, S.; Giacobini, E.; et al. Sex differences in Alzheimer disease—The gateway to precision medicine. Nat. Rev. Neurol. 2018,
14, 457-469. [CrossRef] [PubMed]

Benavides, F; Rulicke, T.; Prins, ].B.; Bussell, J.; Scavizzi, F.; Cinelli, P.; Herault, Y.; Wedekind, D. Genetic quality assurance and
genetic monitoring of laboratory mice and rats: FELASA Working Group Report. Lab. Anim. 2020, 54, 135-148. [CrossRef]
Jessen, E; Gur, O.; Block, W.; Ende, G.; Frolich, L.; Hammen, T.; Wiltfang, J.; Kucinski, T.; Jahn, H.; Heun, R.; et al. A multicenter
(1)H-MRS study of the medial temporal lobe in AD and MCI. Neurology 2009, 72, 1735-1740. [CrossRef]

Modrego, PJ.; Fayed, N. Longitudinal magnetic resonance spectroscopy as marker of cognitive deterioration in mild cognitive
impairment. Am. J. Alzheimer’s Dis. Dement. 2011, 26, 631-636. [CrossRef] [PubMed]

Foy, C.M.; Daly, E.M.; Glover, A.; O’'Gorman, R.; Simmons, A.; Murphy, D.G.; Lovestone, S. Hippocampal proton MR spectroscopy
in early Alzheimer’s disease and mild cognitive impairment. Brain Topogr. 2011, 24, 316-322. [CrossRef]

Walecki, J.; Barcikowska, M.; Cwikla, ].B.; Gabryelewicz, T. N-acetylaspartate, choline, myoinositol, glutamine and glutamate
(glx) concentration changes in proton MR spectroscopy (1H MRS) in patients with mild cognitive impairment (MCI). Med. Sci.
Monit. 2011, 17, MT105-MT111. [CrossRef]

Silverman, D.H.; Small, G.W.; Chang, C.Y.; Lu, C.S.; Kung De Aburto, M.A.; Chen, W.; Czernin, J.; Rapoport, S.I.; Pietrini, P;
Alexander, G.E.; et al. Positron emission tomography in evaluation of dementia: Regional brain metabolism and long-term
outcome. JAMA 2001, 286, 2120-2127. [CrossRef]

Levin, E; Ferreira, D.; Lange, C.; Dyrba, M.; Westman, E.; Buchert, R.; Teipel, S.J.; Grothe, M.].; Alzheimer’s Disease Neuroimaging
Initiative. Data-driven FDG-PET subtypes of Alzheimer’s disease-related neurodegeneration. Alzheimer’s Res. Ther. 2021, 13, 49.
[CrossRef]

Vogel, ].W,; Iturria-Medina, Y.; Strandberg, O.T.; Smith, R.; Levitis, E.; Evans, A.C.; Hansson, O.; Alzheimer’s Disease Neu-
roimaging Initiative; Swedish BioFinder Study. Spread of pathological tau proteins through communicating neurons in human
Alzheimer’s disease. Nat. Commun. 2020, 11, 2612. [CrossRef] [PubMed]

Brendel, M.; Jaworska, A.; Probst, E,; Overhoff, E; Korzhova, V.,; Lindner, S.; Carlsen, ]J.; Bartenstein, P.; Harada, R.; Kudo, Y.; et al.
Small-Animal PET Imaging of Tau Pathology with 18F-THK5117 in 2 Transgenic Mouse Models. . Nucl. Med. 2016, 57, 792-798.
[CrossRef] [PubMed]

Femminella, G.D.; Ninan, S.; Atkinson, R.; Fan, Z.; Brooks, D.J.; Edison, P. Does Microglial Activation Influence Hippocampal
Volume and Neuronal Function in Alzheimer’s Disease and Parkinson’s Disease Dementia? . Alzheimer’s Dis. 2016, 51, 1275-1289.
[CrossRef] [PubMed]

Nicastro, N.; Malpetti, M.; Mak, E.; Williams, G.B.; Bevan-Jones, W.R.; Carter, S.F.; Passamonti, L.; Fryer, T.D.; Hong, Y.T.;
Aigbirhio, F.I; et al. Gray matter changes related to microglial activation in Alzheimer’s disease. Neurobiol. Aging 2020, 94,
236-242. [CrossRef]

Kumar, A.; Koistinen, N.A.; Malarte, M.L.; Nennesmo, I.; Ingelsson, M.; Ghetti, B.; Lemoine, L.; Nordberg, A. Astroglial tracer
BU99008 detects multiple binding sites in Alzheimer’s disease brain. Mol. Psychiatry 2021, 26, 5833-5847. [CrossRef]
Rodriguez-Vieitez, E.; Ni, R.; Gulyas, B.; Toth, M.; Haggkvist, ].; Halldin, C.; Voytenko, L.; Marutle, A.; Nordberg, A. Astrocytosis
precedes amyloid plaque deposition in Alzheimer APPswe transgenic mouse brain: A correlative positron emission tomography
and in vitro imaging study. Eur. ]. Nucl. Med. Mol. Imaging 2015, 42, 1119-1132. [CrossRef]

Kim, H.J.; Park, J.C.; Jung, K.S.; Kim, J.; Jang, ].S.; Kwon, S.; Byun, M.S.; Yi, D.; Byeon, G.; Jung, G.; et al. The clinical use of
blood-test factors for Alzheimer’s disease: Improving the prediction of cerebral amyloid deposition by the QPLEX(TM) Alz plus
assay kit. Exp. Mol. Med. 2021, 53, 1046-1054. [CrossRef]

Fabrizio, C.; Termine, A.; Caltagirone, C.; Sancesario, G. Artificial Intelligence for Alzheimer’s Disease: Promise or Challenge?
Diagnostics 2021, 11, 1473. [CrossRef]


http://doi.org/10.1016/j.neuroimage.2012.01.132
http://www.ncbi.nlm.nih.gov/pubmed/22500926
http://doi.org/10.1016/j.neurobiolaging.2018.06.018
http://doi.org/10.1016/j.neuroimage.2007.01.046
http://doi.org/10.1038/s41598-018-37980-y
http://doi.org/10.1111/bpa.12704
http://doi.org/10.1002/jmri.20675
http://www.ncbi.nlm.nih.gov/pubmed/16892201
http://doi.org/10.1016/j.neuroimage.2019.02.019
http://www.ncbi.nlm.nih.gov/pubmed/30739060
http://doi.org/10.1038/s41582-018-0032-9
http://www.ncbi.nlm.nih.gov/pubmed/29985474
http://doi.org/10.1177/0023677219867719
http://doi.org/10.1212/WNL.0b013e3181a60a20
http://doi.org/10.1177/1533317511433809
http://www.ncbi.nlm.nih.gov/pubmed/22323830
http://doi.org/10.1007/s10548-011-0170-5
http://doi.org/10.12659/MSM.882112
http://doi.org/10.1001/jama.286.17.2120
http://doi.org/10.1186/s13195-021-00785-9
http://doi.org/10.1038/s41467-020-15701-2
http://www.ncbi.nlm.nih.gov/pubmed/32457389
http://doi.org/10.2967/jnumed.115.163493
http://www.ncbi.nlm.nih.gov/pubmed/26912432
http://doi.org/10.3233/JAD-150827
http://www.ncbi.nlm.nih.gov/pubmed/27060942
http://doi.org/10.1016/j.neurobiolaging.2020.06.010
http://doi.org/10.1038/s41380-021-01101-5
http://doi.org/10.1007/s00259-015-3047-0
http://doi.org/10.1038/s12276-021-00638-3
http://doi.org/10.3390/diagnostics11081473

	Introduction 
	Human Imaging of Alzheimer’s Disease: Brief Overview 
	Positron Emission Tomography (PET) 
	Magnetic Resonance Imaging (MRI) 

	Mouse Models of AD 
	Neuroimaging of Mouse Models of AD 
	5xFAD 
	MRI: Volumetric 
	MRI: Morphologic 
	MRI: Diffusion 
	MRI: Functional MRI and Connectivity Studies 
	MRI: Spectroscopy 
	PET: Fluorodeoxyglucose 
	PET: Amyloid Imaging 
	PET: Other Tracers (TSPO, mGluR5, D2R, BChE@汥瑀瑯步渠 @汥瑀瑯步渠@汥瑀瑯步渠) 

	3xTg-AD 
	MRI: Volumetric 
	MRI: Blood–Brain Barrier Permeability 
	MRI: Morphological 
	MRI: Diffusion 
	MRI: Functional MRI 
	MRI: Spectroscopy 
	PET: Fluorodeoxyglucose 
	PET: Amyloid Imaging 
	PET: Other Tracers (TSPO, HDAC) 


	Magnetic Resonance Findings in Other AD Mouse Models 
	Volumetric MRI 
	Magnetic Resonance Spectroscopy (MRS) 
	Vascular MR Imaging 
	Diffusion MRI (dMRI) 
	Relaxometry Imaging 
	fMRI 
	Manganese-Enhanced MRI (MEMRI) 
	Susceptibility-Weighted Imaging (SWI) and Quantitative Susceptibility Mapping (QSM) 

	Comments on Rigor and Reproducibility in AD Preclinical Neuroimaging 
	Summary 
	References

