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Vascular perturbations and cerebral hypometabolism are emerging as important components of
Alzheimer’s disease (AD). While various in vivo imaging modalities have been designed to detect changes
of cerebral perfusion and metabolism in AD patients and animal models, study results were often het-
erogenous with respect to imaging techniques and animal models. We therefore evaluated cerebral per-
fusion and glucose metabolism of two popular transgenic AD mouse strains, TSCRND8 and 5xFAD, at 7
and 12 months-of-age under identical conditions and analyzed possible molecular mechanisms underly-
ing heterogeneous cerebrovascular phenotypes. Results revealed disparate findings in these two strains,
displaying important aspects of AD progression. TgCRND8 mice showed significantly decreased cere-
bral blood flow and glucose metabolism with unchanged cerebral blood volume (CBV) at 12 months-
of-age whereas 5XFAD mice showed unaltered glucose metabolism with significant increase in CBV at 12
months-of-age and a biphasic pattern of early hypoperfusion followed by a rebound to normal cerebral
blood flow in late disease. Finally, immunoblotting assays suggested that VEGF dependent vascular tone
change may restore normoperfusion and increase CBV in 5xFAD.

© 2021 Elsevier Inc. All rights reserved.
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1. Introduction

Increasing evidence suggests that vascular perturbations are a
potential driver of neuronal degeneration and cognitive decline in
Alzheimer’s disease (AD) (de la Torre, 2004; Ostergaard et al., 2013;
Zlokovic, 2011). For instance, there is a well-established association
between cerebral hypoperfusion and memory impairment as the
disease progresses (Austin et al., 2011; Sierra-Marcos, 2017). The
most profound hypoperfusion occurs in areas that are known to be
sites of early plaque accumulation and those that control memory
storage and retrieval, drawing a link between vascular perturba-
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tions and the primary symptoms of the disease. Furthermore, the
brains of AD patients are less able to increase blood flow in re-
sponse to neural activity (neurovascular coupling) (Girouard and
ladecola, 2006; ladecola, 2004), causing already affected areas to
be deprived of blood flow when attempting critical tasks. In addi-
tion to having vascular abnormalities as the result of the disease,
there is also evidence that vascular disturbances such as those en-
countered with hypertension and diabetes could play a role in the
cause or progression of AD (Viswanathan et al., 2009). Whether
cause, effect, or some combination of both, there is a clear asso-
ciation between altered cerebrovascular function and disease pro-
gression in AD. In addition to hypoperfusion, AD patients also fre-
quently show decreased cerebral metabolism as the disease pro-
gresses (Herholz et al., 2011). The decrease in cerebral metabolism
may be a consequence of decreased perfusion as reduced blood
delivery would entail lower glucose availability. While the exact
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mechanisms of hypometabolism are still under investigation, there
is a clearly consistent pattern of decreased glucose uptake in AD
patients.

In order to aid in diagnosis of AD, noninvasive imaging tech-
nologies have been employed to detect hemodynamic abnormal-
ities and hypometabolism. Recent advances in such neuroimaging
techniques have contributed greatly to earlier and more reliable
detection in AD patients (Montagne et al, 2016). Of the two
classical pathologies, in vivo amyloid imaging has become well
established, with tau imaging also showing promising recent
developments (Brosch et al., 2017; Chandra et al., 2019). Methods
originally developed to assess blood flow in ischemic or trau-
matic brain injury have also been adapted for the diagnosis of
AD. Imaging techniques commonly employ magnetic resonance
imaging (MRI) or positron emission tomography (PET) to inves-
tigate aspects of blood flow, metabolism, or amyloid and tau
accumulation that have been observed to change throughout the
course of the disease. For example, arterial spin labeling (ASL)
MRI and '8F-Fluorodeoxyglucose positron emission tomography
(FDG-PET) have revealed that patients with AD show decreased
perfusion and cerebral glucose metabolism compared to non-
demented control subjects (Chen et al, 2011; Du et al, 2006).
Furthermore, hypometabolism of specific regions can be seen in
clinical as well as presymptomatic AD patients (Mosconi et al.,
2010), making FDG-PET a valuable tool for early diagnosis. As
a result of continued positive findings, noninvasive imaging has
become more widely adopted as an early diagnostic tool in AD.
PET imaging is commonly employed to complement behavioral
testing in diagnosis of early AD and mild cognitive impairment,
with FDG and amyloid targeting tracers used most commonly
(Caminiti et al., 2018; Kato et al., 2016; Rice and Bisdas, 2017).

Considering the clinical and diagnostic significance of neurovas-
cular and metabolic abnormalities in human AD patients, it is cru-
cial to understand if animal models of AD display similar charac-
teristics and if separate models vary in regard to these modali-
ties. Transgenic murine models of AD have long been the main-
stay for early and preclinical AD research. These mice usually con-
tain mutated human copies of genes for amyloid-f precursor pro-
tein (APP), presenilin (PS1 or PS2), or some combination thereof.
These mutations lead to cerebral amyloid deposition and result
in effects that resemble what is observed in human AD, such as
cognitive decline, inflammation, and neurodegeneration (Hall and
Roberson, 2012).

Various imaging modalities have been previously employed in
AD mice and have yielded assorted and sometimes contradictory
results (Deleye et al.,, 2016; Dubois et al., 2010; Hebert et al.,
2013; Klohs et al., 2014; Macdonald et al., 2014; Rojas et al.,
2013; Waldron et al., 2015; Xiao et al., 2015). Findings have in-
cluded hypoperfusion, atrophy of the hippocampus and cortex, hy-
pometabolism and hypermetabolism. It can be difficult to inter-
pret or compare experiments that are conducted by separate re-
searchers because these studies are often heterogeneous with re-
spect to imaging procedures, anesthetic protocols, handling condi-
tions, data acquisition, or image analysis. It is also often assumed
that different AD mouse strains will show similar pathology, which
entails that finding in one strain may guide future studies in an-
other. We set out to test these assumptions by performing imaging
studies in two AD mouse strains under identical conditions, focus-
ing primarily on aspects of cerebral blood flow and metabolism.
The two strains used were TgCRND8 and 5xFAD, which were se-
lected for specific differences in inserted genes and predominant
type of AB, which may result in different cerebrovascular phe-
notypes. Specifically, 5XFAD miceharbor presenilin mutations (in
addition to APP mutations) and accumulate predominantly A4,
whereas TgCRND8 mice carry only APP mutations, resulting in ac-

cumulation of a more heterogeneous amyloid pool with the ma-
jority being AB49 (Van Vickle et al., 2007). These mice are also re-
ported to exhibit different rates of disease progression, with 5XFAD
mice showing earlier amyloid deposition and more rapid disease
course along with neuronal cell loss, which is not prevalent in
TgCRNDS8 mice (Oakley et al., 2006).

We used three in vivo imaging modalities including ASL-
MRI, dynamic susceptibility contrast-enhanced magnetic resonance
imaging (DSC-MRI), and FDG-PET. These methods are meant to
measure cerebral blood flow (CBF), cerebral blood volume (CBV),
and cerebral metabolism, respectively. In addition to character-
izing the cerebrovascular phenotype of these mice, these imag-
ing modalities were also evaluated for their ability to mon-
itor disease progression in AD mice. We have also investi-
gated the molecular mechanism behind alteration in perfusion
in these two strains focusing on neuroinflammation and vascular
tone.

2. Materials and methods
2.1. Mice

Two strains of mice were used. All genotypes were determined
by PCR analysis of tissues collected for identification purposes.
Genotypes were confirmed again following euthanasia. TgCRND8
mice were bred and maintained at our institution with breeding
progenitors acquired from the University of Toronto (Chishti et al.,
2001). TgCRND8 mice are transgenic for the human APP695 gene
with Swedish and Indiana mutations driven by the prion promoter,
PrP. These mice develop amyloid deposition by 3 months-of-age
and show vascular amyloid deposition by 6 months. Pathologi-
cal findings are accompanied by cognitive deficits detectable at
3 months-of-age and more pronounced at 6 months. 5XFAD mice
were also bred in house with breeding progenitors purchased from
The Jackson Laboratory (Bar Harbor, ME). These mice, also known
as 5xFAD mice, are transgenic for two genes with a total of five
familial AD mutations (Oakley et al., 2006). Inserted genes include
the human APP695 with Swedish, London, and Florida mutations
as well as a human PSEN1 gene with M146L and L286V muta-
tions. Each gene is driven independently by a mouse Thy-1 pro-
moter. 5XFAD mice show amyloid deposition by 2 months. Cog-
nitive deficits are detectable at 4-6 months. Cerebral AB42 levels
began rising at 1.5 months in 5XFAD mice, in both males and fe-
males (brain AB42 levels were ~0.3-0.7 ng/mg protein). There is
also a rise in AB40 levels of both male and female 5XFAD mice
around 2 months of age (Oakley et al., 2006). Young female 5xFAD
mice are reported to have slightly higher AB42 levels than age-
matched males, but this trend appears to diminish at older ages
(Oakley et al., 2006). AB plaque onset in TgCRNDS8 occurs at 3
months of age in both male and female mice and there is no signif-
icant difference in levels based on gender. AB42 levels in TgCRND8
mice were 4,600 £+ 1,560 pmol/g of brain while AS40 levels were
2,440 + 350 pmol/g of brain (Chishti et al., 2001).

Primary studies employed female mice of both strains. In or-
der to minimize effects of the estrus cycle, mice were co-housed
in groups of three to five animals, which has been shown to sup-
press and synchronize estrus (Lee S. van der, 1956). All groups
of transgenic (AD) mice were compared to wild type (WT) lit-
termate controls in the study. Mice were divided into two age
groups for each strain: the younger group was approximately 7
months (range 6.3-7.4 months) and the older group was approxi-
mately 12 months (range 12.1-13.1 months). These ages were cho-
sen as representative of early (but readily detectable) disease and
late disease stages. All mice were maintained in a vivarium ac-
credited by AAALAC International, and all activities were approved
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by Institutional Animal Care and Use Committees at The Rocke-
feller University or Weill Cornell Medicine. All husbandry, exper-
iments, and animal handling were conducted in accordance with
the Public Health Service Policy (1986) and The Guide for the Care
and Use of Laboratory Animals. All findings are reported in accor-
dance with the ARRIVE guidelines. Mice were specific-pathogen-
free and were housed in solid-bottom, polysulfone caging with au-
toclaved corn cob bedding. Mice were provided gamma-irradiated
feed (LabDiet 5053, PMI, St Louis, MO) and acidified water (pH
2.5-2.8) ad libitum. The holding area was ventilated with 100%
HEPA-filtered outside air at 10-15 air changes hourly. Tempera-
ture was 72+/-2°F (21.5 +/- 1°C), relative humidity 30%-70%, and
there was a 12:12-hours light:dark photoperiod. Imaging studies
were conducted during the light phase between times 1000 and
1700.

2.2. Arterial spin labeling

ASL is an MRI-based technique which uses radio frequency
pulses to label water molecules within the vasculature, thereby
using the blood as an endogenous tracer in order to quan-
titatively assess blood flow to a particular tissue of interest
(Petcharunpaisan et al., 2010). ASL has been employed in human
AD patients to show a rather consistent pattern of decreased cere-
bral perfusion that worsens with disease progression (Chao et al.,
2010; Du et al., 2006).

All MRI images were obtained using a 7.0 Tesla 70/30 Bruker
Biospec small animal imaging system (Bruker Biospin, Ettlingen,
Germany) with 450 mT/m gradient amplitude and a 4500 T/m/s
slew rate. A volume coil was used for transmission and a sur-
face coil for reception. Mice were anesthetized using isoflurane
(2%-4% in 100% oxygen) and anesthesia was also maintained with
isoflurane (1%-3% in 100% oxygen). Animals were warmed using
a warm water recirculating unit. Throughout the imaging proce-
dure, respirations were monitored using an inflatable transmit-
ter pad placed beneath the thoracic region of the mouse. Isoflu-
rane was adjusted to keep respiratory rate within a narrow range
with the target of 60-70 breaths per minute in order to main-
tain a consistent depth of anesthesia between groups. Anatomical
scans were performed using T, weighted images and these im-
ages were later used to guide region of interest (ROI) construc-
tion. Anatomical images were also used to locate a transversal slice
at approximately Bregma 0.50 mm (Paxinos and Franklin, 2004).
This position was used for subsequent ASL imaging, which was
based on a pulsed ASL FAIR-RARE pulse sequence labeling the in-
flowing blood by global inversion of the equilibrium magnetiza-
tion (Kim, 1995a). The difference of the labeled and unlabeled im-
ages then yields a measure of the relative CBF (Herscovitch and
Raichle, 1985; Kim, 1995b). Two axial slices were acquired with a
field of view of 15 x 15 mm, spatial resolution of 0.117 x 0.117 x 1
mm, TE of 5.37 ms, effective TE of 48.32 ms, recovery time of
10 s, and a RARE factor of 72 resulting in a total scan time for
the rCBF images of ~48 min. The two slices were averaged to
yield a single image for analysis. Individual slices were also evalu-
ated and showed similar results, so averaged slices were used for
simplicity of reporting. The locations of slices analyzed were cho-
sen for their clear delineation of cortex, hippocampus, and tha-
lamus, which are known areas of amyloid accumulation in these
mice.

For computation of rCBF, the Bruker ASL perfusion macro was
used. It uses the model of Kober (Kober et al., 2004) and includes
steps to mask background signal and ventricles. The ASL sequence
was found to give suitable measures of CBF when validated with
radioactive microsphere PET (Bos et al.,, 2012). The images were
exported to Analyze format on the MRI console and further pro-

cessed using NIH-developed Image] software (Bethesda, MD). For
all image analysis, ROIs were drawn manually such that the entire
ROI was safely contained within the brain area of interest, miti-
gating motion artifacts and resolution limitations that can distort
data at the borders of these areas. ROIs were drawn separately but
isometrically for each cerebral hemisphere to avoid effects of large
central vessels. Average values for each hemisphere were combined
and output data were recorded as mL/100g/min.

2.3. Dynamic susceptibility contrast-enhanced magnetic resonance
imaging

In order to determine if perfusion differences were due to
changes in CBV, dynamic susceptibility contrast-enhanced MRI
(DSC-MRI) was employed. DSC-MRI uses an injected contrast agent
such as gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA)
as a blood tracer. When detected in the brain, increased contrast
will result in signal attenuation which can be quantified to esti-
mate the relative concentration of contrast present, which is then
used to calculate CBV. Because AD mice have been reported to
have changes in the blood-brain barrier, CBV was corrected for
permeability differences according to the equations of Boxerman-
Weisskoff.(Boxerman et al., 2006). Images were acquired using the
same MRI equipment as above for ASL. A 26G intravenous catheter
was placed in the lateral tail vein for contrast injection. Following
catheterization, mice were anesthetized using isoflurane (2%-4% in
100% oxygen) and anesthesia was maintained with isoflurane (1%-
3% in 100% oxygen).

MRI signal was acquired from every voxel in the image at 3.9
sec intervals over a period of 3 minutes to monitor for increased
signal enhancement from injected contrast. A FLASH sequence was
used with TR of 41.5 ms and TE of 2.9 ms and a 20-degree flip
angle. The brain was split into five slices with slice thickness of
1.25 mm and 0.25 mm gap between slices. The middle (third) slice
was used for analysis and corresponded with the region analyzed
by ASL. Each image yielded a 128 x 128 matrix with 25 x 25 mm
field of view. Following a 30 second baseline period, MRI contrast
(Gd-DTPA; 15 pmol) was injected intravenously over 10 seconds
while images were continuously acquired. Images were exported
to Analyze format and further processed using Image] software.
ROIs were constructed in a similar manner to those for ASL. Im-
ages were analyzed using the DSCoMAN plugin for Image] (DP Bar-
boriak Lab, Duke University). This program uses the equations of
Boxerman and Weisskoff (Boxerman et al., 2006) to compute cor-
rected CBV values. Scans were included from the time the MRI sig-
nal saturated (second scan, at 7.8 seconds) until the end of the
scan (314.5 seconds) with baseline values during the interval from
7.8s to 19.9s.

2.4. ['8F]-Fluorodeoxyglucose positron emission tomography

18F_Fluorodeoxyglucose (FDG), a radiolabeled glucose analogue,
was used in PET to assess glucose metabolism in the brains of
AD mice (Sarikaya, 2015). When used in imaging of the brain, it
has proven to be a valuable clinical tool for detecting decreases
in cerebral metabolism that are seen in AD patients (Garibotto
et al., 2017; Ng et al., 2017). Scans were performed using an In-
veon micro PET/CT system (Siemens Medical Solutions, Knoxville,
TN, USA). It has been shown that when mice are anesthetized dur-
ing the FDG uptake period, FDG activity in the brain is greater
when no fasting occurs (Fueger et al., 2006). In the current study,
food was removed from the cage approximately 1hr prior to ra-
dionuclide injection to prevent recently ingested food from inter-
fering with cerebral metabolism of FDG. Mice were injected in-
travenously with ['8F]-FDG via the lateral tail vein followed by a
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20-30 minutes uptake period. Mice were anesthetized during the
uptake period using isoflurane (2%-4% in 100% oxygen). CT pro-
jections (120 views in half rotation) were acquired for attenuation
correction and anatomic landmarks. The X-ray tube settings were
80 kVp and 500 pA. The resulting raw data were reconstructed
into a final image matrix of 1024 x 1024 x 480 slices at 98-pm
voxel size. PET Data were then acquired for 60 minutes into 6 x 10
minutes frames while mice remained under isoflurane anesthe-
sia (2% in 100% oxygen). This period was chosen because it has
been shown to capture the plateau in brain uptake following intra-
venous FDG injection (Fueger et al., 2006; Luo et al., 2012). Mice
were warmed throughout the imaging procedure using a heat lamp
placed approximately 16 inches from the front opening of the bore.

Sinograms were reconstructed into 128 x 128 matrix with 0.78
x 0.78 x 0.8 mm voxel size using OSEM 3D/MAP (2 OSEM and 18
MAP iterations). The reconstructed images were viewed and an-
alyzed using the Inveon Research Workspace software (Mercury
Computer Systems, Inc., Chelmsford, MA, USA). Standardized up-
take value (SUV) measurements were used to correct for exact
dosage and mouse weight. ROIs were constructed in three di-
mensions in a manner similar to those of ASL and DSC-MRI. In
our studies and in others, (Hebert et al, 2013) analysis of nu-
merous regions of the mouse brain typically show similar rela-
tionships. Therefore, for simplicity of reporting, only values for
whole brain measurements are presented although regional mea-
surements showed similar outcomes in all groups. Whole brain
ROIs were drawn manually using the overlaid CT image as refer-
ence. Borders were kept safely within the cranial cavity, rostral to
the cerebellum and caudal to the olfactory bulbs in order to miti-
gate potential motion artifacts and to capture regions most affected
by amyloid accumulation.

2.5. Immunoblotting

After perfusion and dissection, cortices from the brain of each
TgCRND8 and 5xXxFAD mouse were homogenized in tissue lysis
buffer (25 mM Tris, pH 7.4, 2% SDS, 95mM NaCl, 10 mM EDTA, 1X
protease inhibitor cocktail, 1X phosphatase inhibitor cocktail). To-
tal protein concentrations were determined using the Bio-Rad pro-
tein assay kit. Equal amounts of proteins were loaded and sep-
arated on 10% SDS-PAGE or 4-20%Tris-Glycine Mini Protein Gels
(Life Technologies) and then transferred to polyvinylidene fluoride
membranes (Millipore). The membranes were then incubated with
anti-VEGF (Santa Cruz, 1:1000), anti-VEGF Receptor 2 (Millipore,
1:500), anti-CD31 (Cell Signaling, 1:1000), anti-CD11b (DSHB,1:20),
anti-GFAP (Dako, 1:3000), anti-Smooth muscle cell actin (Cell Sig-
naling, 1:1000), or anti-GAPDH (Santa Cruz, 1:20,000) antibod-
ies at 4°C overnight, followed by incubation with HRP-conjugated
secondary antibodies. The proteins were visualized by SuperSig-
nal West Pico Chemiluminescent Substrate (Pierce). The density
of bands was normalized to GAPDH and quantified using NIH
Image J.

2.6. Statistical analysis

All data are reported as mean +/- standard error (SEM) or per-
cent difference from WT. All error bars represent SEM. All groups
of AD mice were compared to WT littermate controls and were
analyzed using two-way ANOVA with Bonferroni post-hoc test or
a non-paired two tailed student’s t-test using GraphPad Prism. For
ASL analyses, data are reported as average perfusion value over the
constructed ROI. DSC data are reported as corrected regional cere-
bral blood volume. For FDG-PET studies, the average SUV over the
constructed ROI is used for comparison. For all modalities, differ-
ences are considered statistically significant when p < 0.05. In fig-

ures, statistical significance is indicated by asterisks (* = p < 0.05;
** = p < 0.01; *** = p < 0.001).

3. Results

3.1. Different patterns of regional cerebral blood flow in TgCRNDS8
and 5xFAD mice

In order to compare CBF in these AD mouse models, ASL was
performed at 7 and 12 months-of-age in both strains of mice.
For each strain, AD mice were compared to their WT littermate
controls. TgCRND8 mice showed no differences in perfusion at 7
months compared to controls (Fig. 1A). At 12 months, there was
significant hypoperfusion in both the cortex (-31%; p < 0.0001) and
the hippocampus (-24%; p = 0.006) with no significant change in
the thalamus (Fig. 1B). As a pictorial representation of these data,
ASL images from each group were overlaid and mathematically av-
eraged using Image] software. Averaged scans for each group were
set to the same colorimetric scale such that hotter colors (white >
yellow > red > blue) represent greater perfusion values (Fig. 1C,
D). Anatomic T2 images in Fig. 1E are representative images of
coronal slices which were used for perfusion analysis and construc-
tion of ROIs. Taken together, these data indicate an age-related de-
crease in cerebral perfusion in TgCRND8 mice that is apparent by
12 months-of-age but not yet at 7 months.

In contrast, 5XFAD mice showed a biphasic response in CBF
with hypoperfusion at 7 months followed by a rebound to nor-
moperfusion by 12 months. At 7 months, there was a signifi-
cant decrease in the cortex (-33%; p = 0.012) with non-significant
changes in other regions (Fig. 2A). At 12 months-of-age, 5XFAD
mice showed no significant difference compared to their WT lit-
termate controls (Fig. 2B). It appears from these results that early
hypoperfusion yields to a later rebound in normal perfusion. Aver-
aged scans for each group were set to the same colorimetric scale
as 5xFAD mice (Fig. 2C, D). These images clearly show hypoper-
fusion in the cortex of 7-month-old 5XxFAD (Fig. 2A) but normal
perfusion in 12-month-old 5XFAD mice (Fig. 2B) compared to their
WT littermate controls.

3.2. Increased cerebral blood volume in 5XFAD mice

DSC-MRI was used in the same age groups of both strains in
order to determine if there were any changes in CBV and val-
ues were calculated using the equations of Boxerman and Weis-
skoff (Boxerman et al., 2006). TgCRND8 mice showed no signifi-
cant differences at both 7 and 12 months-of-age compared to WT
littermate controls (Fig. 3A, B). 7-month-old 5xFAD mice showed
a significant increase in CBV in only the hippocampus (+157%;
p = 0.019; Fig. 3C) compared to controls. At 12 months-of-age, AD
mice showed even more drastic increases in CBV with significant
increases in the hippocampus (+247%; p = 0.018) and thalamus
(+149%; p = 0.0012) and a strong tendency of increase in the cor-
tex (p = 0.08) (Fig. 3D).

DSC data are presented pictorially in Fig. 3E. For these scans,
images from each group were overlaid and mathematically aver-
aged using Image] software. In each group, the average images for
WT mice were mathematically subtracted from those of their AD
counterparts, resulting in a single image showing the difference in
volume between the groups. These were then set to the same col-
orimetric scale designed to show positive values (increased CBV in
AD) as red and negative values (decreased CBV in AD) as blue. Al-
together, TgCRND8 mice showed no significant differences in CBV
while 5XFAD mice showed a reliable pattern of increased CBV that
became more severe and widespread with age. DSC data are also
displayed as time curves in Fig. 4, which demonstrates qualitative
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Fig. 1. TgCRND8 mice show progressive cerebral hypoperfusion by arterial spin labeling (ASL). Bar graphs represent average perfusion values for respective regions of interest
- cortex, hippocampus, and thalamus. TgCRND8 mice showed no changes at 7 mo (A) n = 6 WT, 6 AD, not significant) but decreased perfusion at 12 mo (B) n = 5 WT,
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Representative ROIs are shown. Statistical analyses were performed using two-way ANOVA with Bonferroni post-hoc test. “(For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)”

kinetic differences between groups. Relative CBV was estimated
from signal enhancement using the equation -In(S/Sg)TE, where Sq
is the baseline signal, prior to Gd-DTPA injection, and TE is the
echo time. The cortex was used as a representative brain region
while other regions showed similar trends. TgSCRND8 mice showed
similar curves at both 7 and 12 months-of-age compared to WT
littermate controls (Fig. 5A, B), whereas 5XFAD mice showed in-
creased signal enhancement with a protracted time course com-
pared to WT littermate controls (Fig. 5C and D). These results show
that there is a clear increase in the area under the curve for 5XFAD
mice at both ages, which represents increased CBV. There is no

such increase observed in TgCRNDS8 mice. This result supports the
conclusions from quantitative analyses using the equations of Box-
erman and Weisskoff.

3.3. Cerebral hypometabolism in aged TgCRNDS8 mice

To assess cerebral glucose metabolism in AD mice, we per-
formed FDG-PET in both strains at 7 and 12 months-of-age. This
imaging modality served as a measure of metabolic activity in the
brain, as changes result in corresponding alterations in FDG up-
take values. In TgCRND8 mice at 7 months, there were no sig-



N.M. Tataryn, V. Singh, J.P. Dyke et al./Neurobiology of Aging 107 (2021) 96-108

101

a) b)

T 260 7 Month 5§XFAD 2500 12 Month 5XFAD

£

o 200- 200

S

S 150

E

= 1004

o

o

- 50

o

o

o J

Cortex Hippocampus Thalamus Cortex Hippocampus Thalamus

. Wild Type
B Ao

<) Wild Type AD

5XFAD

7 Months

12 Months

0 50 100 150 200 250 mL/100g/min

R 7
Increasing Blood Flow

Fig. 2. 5XFAD mice show a biphasic pattern of cerebral blood flow by ASL. 5XFAD mice showed a significant decrease of perfusion in the cortex at 7 mo (A) n = 6 WT, 8 AD;
*p < 0.05) followed by a rebound to normoperfusion at 12 mo with a slight trend toward hyperperfusion (B) n = 8 WT, 9 AD, not significant). Visual representations of ASL
data are presented with the same colorimetric scale as that used in Fig. 1 (C) with increased perfusion values indicated by warmer colors (red, orange, yellow, white) and
lesser values are represented by colder colors (blue, purple). “(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)”

nificant differences (Fig. 5A). In older TgCRND8 mice, there was
a substantial decrease in uptake (-25.2%) which was statistically
significant (p = 0.04; Fig. 5B), suggesting decreased cerebral glu-
cose metabolism in this strain as the disease progresses. On the
other hand, 5XFAD mice showed no significant differences at ei-
ther 7 months (Fig. 5C) or 12 months (Fig. 5D). Sagittal sec-
tions of representative mice are presented with color-coded up-
take maps for visualization of results in the 12-month age group
(Fig. 5E). Hotter colors (red, orange, white) represent higher val-
ues while colder colors (blue, purple) represent lower values. The
cerebrometabolic results parallel those of the ASL studies in which
TgCRND8 mice showed decreased values over time whereas 5XFAD
mice appear to retain similar cerebral metabolism compared to WT
littermates.

3.4. Vascular endothelial growth factor (VEGF) signaling as a possible
mechanism underlying heterogeneous cerebrovascular phenotypes in
two AD mouse models

Our MRI and PET imaging results showed that there is clear dis-
crepancy in cerebral perfusion and glucose metabolism between

5xFAD and TgCRND8 mice, especially at 12 months-of-age. We
therefore analyzed possible molecular mechanisms underlying het-
erogeneous cerebrovascular and metabolic phenotypes in these
two AD mouse models, focusing on cerebrovascular and neuroin-
flammatory elements. Since VEGF signaling modulates angiogene-
sis and vascular tone, and is also associated with the clinical mani-
festation of AD (Carmeliet, 2005; Mahoney et al., 2021; Maia et al.,
2005; Rissanen et al., 2005), we analyzed protein expression levels
of VEGF and VEGFR2 in the cortex of 5XFAD and TgCRNDS8 mice
at 12 months-of-age using western blotting analysis and found
that both VEGF and VEGFR2 expression are significantly higher in
5XFAD AD mice as compared to WT littermates (Fig. 6A, B). How-
ever, there was no significant change in TgCRNDS8 (Fig. 6A, B). We
found a similar pattern of VEGF protein expression using immuno-
histochemical analysis (Supplementary Fig. 1A).

We measured levels of vascular proteins by western blot anal-
ysis and immunohistochemistry to detect any changes in angio-
genesis or vascular cell levels in the cortex of both strains. We
used CD31 as an endothelial cell marker (Fig. 6C), collagen type
IV as a blood vessel marker (Supplementary Fig. 1B) and smooth
muscle cell actin (SMCA) (Fig. 6D and supplementary Fig. 1C).
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There was no significant change in CD31, collagen type IV or SMCA
protein levels in the cortex of either 5XFAD or TgCRND8 com-
pared to WT littermates (Fig. 6C, D and supplementary Fig. 1B,
C). These results suggest that higher levels of VEGF and VEGFR2
may induce vasodilation or altered vascular tone in the cere-
bral vasculature of 5XxFAD mice, but without detectable increased
angiogenesis.

Increased CBV

Since microglia and astrocytes are the main sources of inflam-
matory factors in the brain (Ryu and McLarnon, 2008) and their
activities are highly correlated with decreased CBF during AD pro-
gression (Korte et al., 2020), we analyzed protein levels of CD11b
as a marker for activated microglia (Mandrekar-Colucci and Lan-
dreth, 2010) and glial fibrillary acidic protein (GFAP) as a marker
for reactive astrocytes (Ben Haim et al., 2015) using western blot-
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ting and immunohistochemical analysis. There were significant in-
creases in levels of CD11b (Fig. 6E and supplementary Fig. 1D) and
GFAP (Fig. 6F and supplementary Fig. 1E) compared to WT litter-
mates in the cortex of both 5XFAD and TgCRNDS, but no signifi-
cant difference between 5XFAD and TgCRNDS8 mice. Overall, these
results suggest that activated microglia and reactive astrocytes may
be associated with decreased CBF in both TgCRND8 and 5XFAD
mice, but increased VEGF signaling may increase CBV and restore
normoperfusion in 5XFAD mice. We also analyzed amyloid pathol-
ogy for 12-month-old 5XFAD and TgCRND8 mice using Cong red
staining. This showed that both 5xFAD and TgCRND8 mice have
significantly higher amyloid plaque deposition as compared to WT
littermates at 12 months of age (supplementary Fig. 1F), but there
is no significant difference between 5XFAD and TgCRNDS8 mice. We
also compared GFAP expression and amyloid plaques between 7
and 12-month-old 5XFAD mice, showing no significant difference
in GFAP expression or amyloid plaques between these ages (sup-
plementary Fig. 2).

4. Discussion

Our current study reveals interesting insight into the CBF, CBV,
and metabolism of two commonly used AD mouse models. Al-
though both 5XFAD and TGCRNDS8 mice showed the predicted hy-
poperfusion at some point, there was an interesting restoration
of perfusion in 5XFAD mice. Apart from VEGF dependent change,
the difference between the two strains may be attributable to a
faster, more aggressive disease progression in 5XFAD mice, caus-
ing these mice to exhibit hypoperfusion earlier in life, followed by
an increase in perfusion and in CBV associated with increases in
VEGF/VEGFR. In addition to mutated APP genes, 5XFAD mice ex-
press mutant PS1 which leads to preferential accumulation of the
highly pathogenic AB42. This highly aggressive disease progres-
sion may lead to an earlier onset of hypoperfusion which is fol-
lowed by an increase in CBV and restored perfusion. In TgCRND8
mice, since hypoperfusion occurs later, there may not be evidence
of the same compensatory mechanism within the normal lifespan
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of these mice. Although the current study focused on female mice,
male mice at 12 months of age showed similar differences in phe-
notypes (Supplementary Figure 3), suggesting that the discrepancy
in cerebrovascular phenotypes is independent of sex.

DSC-MRI also showed distinct patterns between the two strains.
TgCRND8 mice showed no significant difference compared to con-
trols whereas 5xFAD mice showed increased CBV that becomes
more dramatic and widespread with age. This increased CBV could
result from an increase in vascular diameter (vasodilation) or in-
crease in the number of vessels present (increased angiogenesis).
However, our immunoblotting results suggest that there is no in-
crease in the number of vascular cells, which would indicate angio-
genesis (Fig. 6C, D). Although the increase in VEGF/VEGFR suggests

angiogenesis, this could occur alongside vascular reduction such
that there is no net change in vascular quantity. Vasodilation or
increased vascular compliance is another potential mechanism for
the difference between CBV and CBF seen in 5XFAD mice. Whereas
ASL employs high temporal resolution to measure nearly instanta-
neous blood flow, DCE consists of a series of “snap shots” sepa-
rated by seconds and is more indicative of contrast (blood) volume
rather than directly measuring velocity. In 5XFAD mice, there ap-
pears to be a close association between increased CBV and a re-
bound in CBFE. In 7-month-old 5xFAD mice, CBV was increased in
the hippocampus while CBF was decreased in the cortex. This may
represent an early transition period wherein increased CBV is be-
ginning to occur but is unable to compensate for decreased CBF
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until later around 12-month-old. It is therefore possible that cere-
bral blood vessels are reacting to early decreases in perfusion by
increasing vascular compliance, allowing a greater increase in CBF
in response to the same systemic blood pressure, and more effi-
cient neurovascular coupling.

In addition to CBF and CBV changes, current experiments
also showed predictable decreases in cerebral glucose uptake,
but only in older TgCRND8 mice. While the current study
showed no differences in 5XFAD mice, previous studies of FDG
uptake have been reported in this strain with mixed results.
While some studies showed the expected hypometabolism in this
strain,(Macdonald et al., 2014; Xiao et al., 2015) others actually
showed an increase in uptake.(Rojas et al., 2013) A difference be-
tween our findings and previous studies may be due to differ-
ences in timing of injections, uptake periods, fasting periods, or
image acquisition and analysis. These factors often differ between
sites, yielding disparate results. The decreased uptake in TgCRNDS8
mice likely represents the result of persistent hypoperfusion. As
the cerebral tissue becomes less well perfused over time, individ-
ual cells are less metabolically active. As for 5XFAD mice, the same
mechanism resulting in maintenance of CBF could also account
for maintaining cerebrometabolic activity. Amyloid levels may also
be predicted to affect cerebral metabolism. Our study showed
only12-month-old TeCRND8 mice showed hypometabolism, while
both stains showed similar levels of A8 deposition. However, since
5XFAD mice show an earlier onset of high A deposition, which
could result in earlier metabolic effects in this strain that are

not observed in TgCRND8 until a more advanced age. In case of
AD patients, the association between metabolism and AS depo-
sition has been assessed using PET with the amyloid-beta-ligand
[(11)C]-labelled Pittsburgh compound-B (PIB) and FDG. Previous
studies showed no associations between regional PIB and FDG up-
take, indicating that amyloid burden may not correlate with hy-
pometabolism in AD (Altmann et al., 2015; Furst et al.,, 2012).
VEGF dependent vasodilation leading to change in vascular tone
can explain the age dependent restoration of CBF and increase in
CBV in 5xFAD. VEGF induces endothelium-dependent relaxation in
canine coronary arteries leading to enhanced local blood flow and
improved nutrient delivery (Ku et al., 1993). VEGF also has a role
in the vascular remodeling and vasodilation that lead to decreased
uterine vascular resistance and increased uterine blood flow during
pregnancy (Ni et al., 1997). Moreover, VEGF induces endothelium-
dependent relaxation in rat aorta (Liu et al., 2001) and causes mi-
crovascular relaxation of rat renal arterioles (Maynard et al., 2003).
In gliomas, a positive correlation between CBF, CBV and VEGF ex-
pression has been reported (Maia et al, 2005). Thus, VEGF de-
pendent changes in vascular tone could be responsible for CBV
and CBF alterations in 5XFAD. We observed that increased VEGF
and VEGFR2 expression was accompanied with increased CBV and
restoration of CBF in cortex of 12 months old 5XxFAD mice. How-
ever, the CBF restoration and CBV increase in 5XxFAD might be
not due to VEGF mediated neovascularization since there was no
change in CD31 and SMCA expression levels in cerebral blood ves-
sels. Neuroinflammation is an important element of AD and likely
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affects cerebrovascular and metabolic findings. Neuroinflammatory
events such as extensive gliosis as indicated by marked increased
in glial fibrillary acidic protein (GFAP) and CD11b expression, has
been reported in AD (Creighton et al., 2019; Hemonnot et al., 2019).
It appears from our data that microglial activation and reactive as-
trocyte do not play a key role, at least in the differences of cere-
brovascular phenotypes seen between the two strains, which is our
primary focus.

The mechanisms underlying hypoperfusion in AD could be com-
plex and likely multifactorial. Among AD patients, up to 90% suf-
fer from cerebral amyloid angiopathy (CAA) (Chalmers et al., 2003;
Ellis et al., 1996), a condition in which amyloid-8 (AB) is deposited
along the cerebral and meningeal blood vessels, causing an in-
creased incidence of cerebral microbleeds (Yamada, 2000). A8 also
interacts with fibrinogen, the major protein component of blood
clots, to induce the oligimerization of fibrinogen, leading to ab-
normal clot formation (Ahn et al., 2010). The resulting clots are
resistant to degradation and confer an increased susceptibility to
thrombosis (Cortes-Canteli et al., 2010) and disrupting the interac-
tion between A and fibrinogen appears to partially restore normal
thrombosis and delay cognitive decline in mice (Ahn et al., 2014).
Thus, CAA and the interaction between fibrinogen and AS could be
potential additional mechanisms for the hypoperfusion observed in
AD mice.

Several previous studies indicate that 5XFAD mice have very
rapid disease progression, which is likely more rapid than that of
TgCRND8 mice. 5xFAD mice develop extracellular amyloid depo-
sition beginning around 2-month-old age in the subiculum and
cortex, which increases rapidly with age and is found through-
out the brain by six months (Chen et al., 2019; Oakley et al.,
2006). They also show astrogliosis and microgliosis at 2 months
of age, indicating that neuroinflammation occurs early in this
model (Nakai et al., 2021) and neurodegeneration as early as 4-
5 months of age (Hall and Roberson, 2012; Oakley et al., 2006).
Our Congo red staining indicated that at 7 and 12 months of age,
5XFAD mice show similar levels of amyloid plaque (supplemen-
tary Fig. 2C, D), but 12-month-old 5xFAD mice showed broader
diffused plaques which are difficult to quantify. In TeCRND8 mice,
astrogliosis can be seen as early as at 3 months (Spanos and Lid-
delow, 2020) and amyloid deposition starts at 3 months and has
densely-cored plaques evident from 5 months of age (Chishti et al.,
2001). TeCRND8 mice also show neuro-morphological abnormali-
ties which do not appear until 6 months of age (Hall and Rober-
son, 2012; Nakai et al., 2021). Furthermore, CAA accumulation
could be detected at 3 months of age in 5XFAD (Zenaro et al.,
2015), which does not arise in TgCRND8 mice until 6-7 months
(Klohs et al., 2014). This could explain accelerated cerebrovascu-
lar pathology in this strain, resulting in an earlier onset of VEGF-
mediated compensatory mechanisms that are not seen in the more
slowly progressive disease of TgCRND8 mice.

In the current studies, there is evidence that increased
VEGF/VEGFR expression is associated with increased CBV and re-
store CBF in AD mice. In previous studies. inhibition and upreg-
ulation of VEGF-R2 has shown this receptor to be important to
vascularization and pruning, with reduced levels resulting in en-
hanced capillary recanalization following obstruction (Reeson et al.,
2018). Administration of VEGF has been shown to decrease vas-
cular apoptosis and improve behavioral testing in TgCRND8 mice
(Religa et al., 2013) and reduced A levels and improved cog-
nition in APP/PS1 mice (Liu et al, 2021). It will be interesting
to test whether increasing VEGF levels in TgCRNDS8 can improves
CBF and hypometabolism. Based on the current study, these seem-
ingly paradoxical findings may be related to differences between
mouse strains. Therefore, interpretation of current and future re-

sults should consider the particular cerebrovascular phenotype of
each strain in question.

5. Conclusion

Despite their differences, both mouse strains showed pre-
dictable patterns of disease progression that were revealed through
in vivo imaging. In TeCRND8 mice there is decreasing CBF and cere-
bral metabolism over time, and in 5XFAD mice, there is a bipha-
sic CBF pattern and an increase in CBV over time. These imaging
modalities are therefore potentially valuable for longitudinal mon-
itoring of disease progression in these AD mouse models. In addi-
tion, neuroinflammation and VEGF dependent vasodilation can be
crucial events which can alter cerebral circulation and metabolism
during the progression of AD. It is important, however, to be famil-
iar with the patterns of each particular strain when using imaging
modalities to monitor disease progression and investigate molec-
ular mechanisms underlying their phenotypes rather than making
assumptions from human findings or those of other strains. Un-
derstanding these differences between strains is also important for
future studies examining cerebrovascular pathology in AD mouse
models.
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