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3The Institute of Medical Sciences, University of Aberdeen, Aberdeen, UK

Abstract

Subcortical white matter ischemic lesions are increasingly recognized to have pathologic overlap
in individuals with Alzheimer’s disease (AD). The interaction of white matter ischemic lesions
with amyloid pathology seen in AD is poorly characterized. We designed a novel mouse model

of subcortical white matter ischemic stroke and AD that can inform our understanding of the
cellular and molecular mechanisms of mixed vascular and AD dementia. Subcortical white matter
ischemic stroke underlying forelimb motor cortex was induced by local stereotactic injection

of an irreversible eNOS inhibitor. Subcortical white matter ischemic stroke or sham procedures
were performed on human ApoE4-targeted-replacement (TR):5XFAD mice at 8 weeks of age.
Behavioral tests were done at 7, 10, 15, and 20 weeks. A subset of animals underwent 18FDG-
PET/CT. At 20 weeks of age, brain tissue was examined for amyloid plaque accumulation and
cellular changes. Compared with sham E4-TR:5XFAD mice, those with an early subcortical
ischemic stroke showed a significant reduction in amyloid plague burden in the region of cortex
overlying the subcortical stroke. Cognitive performance was improved in E4-TR:5XFAD mice
with stroke compared with sham E4-TR:5XFAD animals. Iba-1+ microglial cells in the region

of cortex overlying the subcortical stroke were increased in number and morphologic complexity
compared with sham E4-TR:5XFAD mice, suggesting that amyloid clearance may be promoted by
an interaction between activated microglia and cortical neurons in response to subcortical stroke.
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This novel approach to modeling mixed vascular and AD dementia provides a valuable tool for
dissecting the molecular interactions between these two common pathologies.
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Introduction

Alzheimer’s disease (AD) and vascular dementia account for over 80% of dementia
diagnoses. At autopsy, approximately 50% of dementia patients have mixed pathologies,
demonstrating hallmarks of chronic cerebrovascular disease along with AD pathology [1].
The most common neuropathologic finding in vascular dementia is focal microvascular
ischemic stroke lesions in subcortical white matter that accumulate over time [2]. Similar
to AD, white matter ischemic injury is progressive [3] and currently accepted stroke
prevention strategies have failed in clinical trials [4]. Despite the common nature of these
age-related impairments, surprisingly little effort has focused on understanding how these
two pathologies interact at the basic neurobiologic level.

The available neuropathologic and neuroimaging evidence suggests that these pathologies
do interact with each other, though the directionality of that interaction is unclear. White
matter hyperintensities present on magnetic resonance imaging correlate with the degree of
AD pathology in patients [2], while imaging studies of dominantly inherited AD subjects,
prior to the expected onset of AD, suggests that subcortical white matter injury predates the
clinical development of dementia symptomatology by as much as 22 years [5]. However,
cerebrovascular pathology was significantly higher in a cohort of sporadic AD subjects
compared with those with autosomal-dominant AD [6]. More recent studies find that
subjects with pathologic features of AD and cerebrovascular pathology had less impairment
and slower decline [7], complicating the simple interpretation that these lesions synergize to
worsen cognitive impairment. This high degree of co-morbidity implies a neurobiologic link,
yet no clear molecular relationship has been established between the two disorders.

Several hypotheses have been suggested to establish a link between cerebrovascular
pathology and AD including low-level chronic inflammation provoked by white matter
injury [8], impaired clearance of the amyloid p-protein(Ap) through chronically diseased
cerebral blood vessels [9, 10], and an axonal molecular death pathway triggered by amyloid
precursor protein (APP) [11]. None of the proposed mechanisms have been adequately
modeled in vivo with methodologies that accurately reflect the most commonly observed
pathologies. Further, past models designed to address the overlap between brain ischemia
and AD neurodegenerative phenomena [12-14] failed to consider a time course that reflects
the chronic nature of either subcortical white matter ischemic lesions or dementia.

To help identify synergistic biologic pathways between subcortical white matter ischemic
stroke and Alzheimer’s disease pathology, we developed a novel mouse model of both
pathologies by combining a human ApoE4-targeted replacement:5XFAD transgenic mouse
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strain (hApoE4-TR:5XFAD) with an established focal white matter ischemic stroke model
that mimics human lacunar infarction [15, 16]. This model of subcortical white matter
ischemia produces a focal stroke lesion precisely in brain white matter, provokes a

focal inflammatory response, and results in a loss of axons and oligodendrocytes [17].
Importantly, this stroke model damages only subcortical white matter axons while allowing
investigations of the effect of this lesion on connected and surviving cortical neurons [15,
18].

In this initial attempt at modeling subcortical white matter ischemic injury and AD-related
neuropathology, we chose to use a human ApoE4-targeted replacement:5XFAD transgenic
mouse model because a similar strain has a robust but temporally delayed amyloid
accumulation rate compared with the 5XFAD strain [19]. This temporal delay of amyloid
accumulation mediated by the human ApoE4 allele allowed us to determine the combined
effect of subcortical white matter stroke and AD pathologies along a chronic time scale.
Using this paradigm, we determined how the introduction of a subcortical white matter
ischemic stroke prior to the development of significant amyloid pathology in hApoE4-
TR:5XFAD mice modifies amyloid generation, cortical inflammation, motor recovery, and
cognitive impairment. In this novel model of mixed vascular and AD dementia, we find
that subcortical white matter stroke reduces amyloid plaque accumulation in the cortex
overlying the white matter lesion. This local reduction in amyloid is associated with an
altered inflammatory state of the overlying cortex triggered by subcortical stroke. These
cellular and molecular events are associated with modest improvements in motor recovery
after stroke in the mixed model as well as a partial rescue of deficits in cognitive impairment
associated with the 5XFAD transgene. These seemingly paradoxical results indicate that
prevailing hypotheses that mixed pathologies necessarily result in accelerated dementia and
amyloidogenesis may not be true and deserve additional study in animal models that aim to
more precisely model mixed vascular and Alzheimer’s dementia.

Transgenic Animals

All animal studies presented here were approved by the UCLA Animal Research
Committee, accredited by the AAALAC. ApoE-TR mice which express the human ApoE4
allele under the control of the endogenous mouse ApoE promoter [20] were bred to 5XFAD
mice which co-express five FAD mutations (APP K670N/M671L+1716V+V7171 and PS1
M146L+L286V) under the control of the neuron-specific mouse Thy-1 promoter [21], and
backcrossed to ApoE-TR mice, resulting in mice homozygous for APOE4, and hemizygous
for the 5XFAD transgenes. Mice were then inbred between 5XxFAD+ and 5xFAD- resulting
in littermates E4+/+:FAD+ (E4-TR:FAD+) and E4+/+:FAD- (E4-TR:FAD-).Animals were
genotyped using established PCR and gPCR assays (Transnetyx) [21, 22]. One cohort of
ER-TR:FAD+ mice were used to assess pathologic changes after stroke or sham procedure.
A second cohort of offspring including E4-TR:FAD+ and E4-TR:FAD-were utilized for
tissue and behavioral analysis regardless of sex (Table 1). For the second cohort including
the behavioral assessments, mice were divided into each procedural subcohort (sham or
stroke) to equalize sexes.
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Stroke Modeling

Subcortical white matter stroke was performed as described [17] within the left hemisphere.
Sham procedures were performed identically to the stroke but involved injection of normal
saline rather than N5-iminoethyl-I-ornithine (L-Nio) (Calbiochem). All stroke or sham
procedures were performed at 2 months of age, and the operator was blinded to genetic
designation. Routine post-operative care was provided for 1 week to all mice. Mortality rates
are presented in Table 1. Stroke lesion volume was measured using a standard estimation
method for ellipses( V=m/6 x major axislength x vertical axis length x minor axis length) in
a minimum of three 40-um tissue sections spaced 240 um apart.

Behavioral Testing and Analysis

Behavioral testing was conducted by the Behavioral Testing Core (BTC) at UCLA using
established methodology. Performance on rotarod and spontaneous alternation testing was
performed serially at 7, 10, 15, and 20 weeks of age corresponding to baseline, 2 weeks,

7 weeks, and 12 weeks post-stroke. Novel object recognition and 24-h fear conditioning
were performed once at 20 weeks of age. All behavioral assessments were performed

in a blinded fashion. At the conclusion of the study, results were unblinded and results
analyzed. Animals with missing data at any time point were excluded from the analysis.

A repeated-measure two-way ANOVA with Tukey’s post hoc test using alpha of 0.05 was
applied for rotarod and spontaneous alternation testing. A two-way ANOVA with Tukey’s
post hoc test using alpha of 0.05 was applied for 24 h fear conditioning and novel objection
recognition. A combined cognitive z-score was generated by averaging independent z-scores
on spontaneous alternation, fear conditioning, and novel object recognition performance at
20 weeks. Data resampling was performed using MatLab 2017b with 7= 30 and results
analyzed by two-way ANOVA with Tukey’s post hoc test using alpha of 0.05. Performance
on all tasks was initially analyzed irrespective of sex with secondary effects of sex assessed
independently.

18EDG PET/CT Acquisition and Analysis

A subset of E4-TR:FAD+ transgenic mice with (7= 4) and without (n7=4) as well as
E4-TR:FAD- mice with stroke (n = 4) underwent conscious tail vein injection of 37 MBq
(100 pCi) 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG). After 60 min probe uptake time,
mice were anesthetized with 2% isoflurane in oxygen and placed in a dedicated imaging
chamber. microPET images were acquired for 600 s (Inveon microPET, Siemens Medical
Solutions USA), followed by 3D histogramming and reconstruction with a zoom factor of
2.1 using 3D-OSEM with 2 iterations followed by MAP with 18 iterations (beta = 0.1). Each
microPET imaging was followed by microCT imaging (CrumpCAT [23] microCT) acquired
under continuous mode using a 50-kVp 200-pA X-ray source and reconstructed using the
Feldkamp algorithm. Mice were kept warm prior to and throughout the imaging procedure.
Images were analyzed using AMIDE version 1.0.5 [24] imaging software. Additional
analysis of regional cerebral metabolic variation between cohorts was performed essentially
as described [25].

Transl Stroke Res. Author manuscript; available in PMC 2023 April 05.
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Immunohistochemistry and Immunofluoresence

At the completion of the study (5 months of age), all mice were euthanized and
transcardially perfused with PBS followed by cold 4% paraformaldehyde. The brain was
removed from the skull and post-fixed in 4% paraformaldehyde overnight then cryoprotected
for 48 h in 30% sucrose. Cryoprotected brains were frozen on dry ice and cryosectioned

in six series of 40-um-thick floating sections. Immunofluorescence staining was performed
as previously described [15]. For neuronal and microglial counts, antibody labeling was
performed using the following primary antibodies: mouse anti-NeuN (Millipore Cat. No.
MAB377, 1:500); goat anti-Iba-1 (Abcam Cat. No. ab5076, 1:500). Secondary antibody
labeling was achieved using species-specific donkey Fab? antibodies. Amyloid plaque
immunohistochemistry was performed as follows. Tissue sections from one series were
washed in phosphate-buffered saline (PBS) for 15 min each. Endogenous peroxidase activity
was blocked by incubation in 0.5% hydrogen peroxide for 30 min. Sections were rinsed in
PBS, incubated in blocking buffer (2% normal goat serum, 0.3% TX-100) for 1 h, and then
incubated overnight at 4 °C in DAE primary antibody (rabbit polyclonal anti-ABZ1-13[26];
1:600). Sections were then rinsed in PBS and then incubated with goat anti-rabbit 1gG-HRP
(1:500) for 1.5 h at room temperature. After washing, sections were then incubated for 1

min 30 s in the DAB-Peroxidase Substrate Kit (Vector Laboratories, Inc.) per manufacturer
protocol. Stained sections were then mounted on gelatin coated slides, dried overnight,
dehydrated in serial alcohols and xylene, and coverslipped.

Thioflavin S Staining

A 0.5% solution of thioflavin S (Millipore Sigma Cat. No. T1892) was made in distilled
deionized water and filtered through a 0.22-um SFCA filter and kept shielded from light.
Thioflavin S staining was carried out for 30 min at room temperature after immunostaining
and mounting sections followed by dehydration as described above.

Quantification of A Plaque Pathology

Quantification was performed essentially as described [27]. Briefly, examination of AR
plaque deposition focused on coronal planes through the frontal cortex corresponding to
the region of cortex containing cells with axons that project through the subcortical stroke
[15] as well as coronal planes through the anterior hippocampus (3-6 per animal). Images
were captured at x 5 magnification. A blinded rater used Fiji [28] to manually delineate
both the left and right sensorimotor cortex as defined by anatomical landmarks [29] or

the full coronal visualization of the anterior hippocampus. Left and right frontal cortex
measurements were determined separately for each animal. Plague density measured as: (1)
Ap staining area as percentage of total region of interest (ROI) area, (2) number of total
plaques per ROI, and (3) plaque size in square millimeters was quantified and compared

by genotype and injury group. Intracortical differences in amyloid staining between left and
right were determined by subtracting right cortical measurements from left.

Quantification of Cell Counts and Morphology

ROIs at x 20 magnification within the sensorimotor frontal cortex overlying the subcortical
stroke lesion or the corresponding region in the contralateral cortex across three serial
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sections separated by 240 um were captured under fluorescent microscopy for each animal.
A blinded rater used Fiji [28] to count Neu-N-positive neurons, Iba-1+ microglia within each
ROI. Counts were averaged across sections and then across animals and compared by injury
group (E4-TR:FAD+ sham vs. E4-TR:FAD+ subcortical stroke). Significance testing was
performed using Student’s #test with Welch’s correction. To analyze microglial morphology,
we performed Sholl analysis of Iba-1-positive cells in three serial sections separated by 240
um from a total of 14 mice animals (8 stroke/6 sham). Three regions of interest (ROIs)

in the cortex overlying the white matter stroke (or sham) were imaged per section and 5
arbitrary cells per ROI were analyzed to ensure a representative sample of microglia. Using
Fiji, individual microglia was selected, and a Sholl analysis was performed using a radial
step size of 1.7 um. A total of 630 microglia (45/animal) were analyzed. The mean number
of intersections per step size was compared between conditions using a two-way ANOVA (p
< 0.05) with post hoc Sidak’s multiple comparisons test performed at each radial step size.

Design of Novel Mouse Model of Mixed Vascular and Alzheimer’s Disease

Here, we sought to develop a mouse model of mixed vascular and Alzheimer’s dementia

to address how white matter stroke can impact AD pathology using a relevant time scale
reflecting the chronic nature of both disorders. A schematic for our implementation of

this mixed vascular and Alzheimer’s dementia model is shown in Fig. 1. To study the
impact of white matter stroke on AD pathologic progression, we human ApoE4-TR:5XFAD
transgenic mice. This strain is a cross between the 5XFAD (APP K670N/M671L (Swedish)
+1716V (Florida)+V7171 (London) familial Alzheimer’s disease (FAD) mutations) and
mutant human presenilin 1 (PSENI) with the M146L+L286V FAD mutations inserted into
exon 2 of the mouse 7/yZ gene) with the human ApoE4 knock-in mouse line as described
in the “Methods.” Mice were bred homozygous for the human ApoE4 knock-in allele and
hemizygous for the FAD transgene using females as the carrier (Supplemental Fig. 1). A
subcortical white matter stroke or sham procedure is introduced at 2 months of age prior

to the development of significant AD pathology. Following stroke induction, we measured
brain metabolism, motor and cognitive performance, and tissue pathology at 5 months of
age to determine if antecedent white matter stroke accelerates (Fig. 1, small dashed line) or
decelerates the progression of AD (Fig. 1, large dashed line). The enrollment of individual
animals with sex, genotype, experimental condition, and mortality are presented in Table 1.

Subcortical Stroke in Human ApoE4-TR:5XFAD Transgenic Mice

Seven days after stroke induction in human ApoE40-TR:5XFAD transgenic mice, we
determined if the 5XFAD transgene had an effect on the stroke lesion and cellular

changes within the peri-infarct white matter. As previously reported, this ischemic lesion
produced a focal loss of myelin and axons within the subcortical white matter beneath
sensorimotor cortex (Fig. 2). Elliptical stroke lesion volume was measured in E4-TR:FAD-
and E4-TR:FAD+ animals. There was no effect ofthe FAD transgene on subcortical stroke
lesion size(4819 + 1067 vs. 6867 + 601.4 um3; p=0.094, n=5 E4-TR:FAD-, =9
E4-TR:FAD+). Subcortical stroke produces a dense loss of oligodendrocytes within the
white matter (Fig. 2c) and a robust reactive astrocytosis (Fig. 2d) that was not significantly

Transl Stroke Res. Author manuscript; available in PMC 2023 April 05.
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different between E4-TR:FAD+ and E4-TR:FAD- mice. Sham procedures produced no
identifiable abnormality in subcortical white matter.

Frontal Cortex Amyloid Deposition

hApoE4-TR:5XFAD transgenic mice underwent a sham procedure or subcortical stroke at 2
months of age and allowed to undergo amyloid plaque accumulation until 5 months of age.
Figure 3a demonstrates the pattern of frontal cortex diffuse amyloid staining observed at 5
months in the E4-TR:FAD+ mice with sham (left) or stroke (right).Localization of stroke is
restricted to the subcortical white matter underlying the frontal sensorimotor cortex (arrow,
Fig. 3a). In the area of left frontal sensorimotor cortex (Supplemental Fig. 2) immediately
overlying the subcortical white matter stroke (arrow, Fig. 3b, right panel) amyloid plaque
staining in the E4-TR:FAD+ with stroke group was reduced compared with sham-treated
mice at 5 months of age (Fig. 3b, left). In sham-treated E4-TR:FAD+ mice, there was no
difference in the amount of diffuse amyloid staining (per unit area) detected between left and
right hemispheres (mean difference, +0.11), while in E4-TR:FAD+ mice with a subcortical
stroke, the difference between left and right amyloid staining was significantly reduced
(mean difference, —0.79, p= 0.043 by Mann-Whitney Utest, n= 8 E4-TR:FAD-, n=9
E4-TR:FAD+) (Fig. 3c). Examination of the interhemispheric difference in plague number
showed a similar decrease in the stroke-affected hemisphere, though non-significant (7.14
vs. —95.33; p=0.20). Further examination of amyloid plaque morphology suggested that in
E4-TR:FAD+ mice with subcortical white matter stroke, amyloid plaque size was smaller
than in E4-TR:FAD+ sham-treated mice (Fig. 3b, bottom). To quantify this, we binned
frontal cortex plaque size by area (by 1 um? for the first 5 um? and then by 5 up to 80

um?) across all treated animals and compared the average number of plaques per size per bin
between E4-TR:FAD+ sham mice (red circles) and E4-TR:FAD+ stroke mice (blue squares).
Chi-squared analysis of these plaque size distributions indicates that in E4-TR:FAD+ stroke
mice, plaque size was shifted significantly towards a smaller size (p<0.0001, Chi-square
293.7, df=19) (Fig. 3d). To control for the possibility that subcortical white matter stroke
resulted in neuronal loss in overlying cortex, we quantified the number of NeuN-positive
neurons (per unit area) in the overlying cortex in E4-TR:FAD+ sham and E4-TR:FAD+
stroke mice with no difference in the number of surviving neurons within the overlying
frontal cortex (60.2 = 3.58 vs. 60.37 + 4.52, p=0.72; Supplemental Fig. 3) suggesting that
the observed differences in frontal cortex amyloid did not result from decreased Thy1l-FAD
transgene expression due to neuronal cell death after stroke. We also examined the effect

of stroke on amyloid deposition in the hippocampus. Anatomically matched sections of
hippocampus from E4-TR:FAD+ sham or E4-TR:FAD+ stroke mice at 5 months of age were
immunostained for diffuse amyloid. Marked variability in hippocampal plaque deposition
was notable in both conditions and at this age, most of the amyloid deposition was notable
in the CA1 region of the hippocampus in both E4-TR:FAD+ sham (Supplemental Fig.

4a) and E4-TR:FAD+ stroke mice (Supplemental Fig. 4b). Higher magnification images
demonstrate similar plaque size in both E4-TR:FAD+ sham (Supplemental Fig. 4a, bottom)
and E4-TR:FAD+ stroke mice (Supplemental Fig. 4b, bottom). There were no significant
differences in amyloid-positive hippocampal area between sham and stroke E4-TR:FAD+
mice (0.301 + 0.108 vs. 0.570 £ 0.336; p=0.48) (Supplemental Fig. 4c) nor hippocampal
plague number (52.25 + 14.33 vs. 80.5 * 35.83; p = 0.49) (Supplemental Fig. 4d).

Transl Stroke Res. Author manuscript; available in PMC 2023 April 05.
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Changes in Brain Metabolism

To further confirm if our observation of reduced cortical amyloid after subcortical white
matter stroke was secondary to reduced cortical activity after stroke, we performed 18FDG-
PET/CT in a subset of mice. As previously noted [25], mouse brain glucose metabolism is
highly variable and therefore, we used a proportional scaling approach to normalize each
animal’s FDG signal to the whole brain. After this normalization, we compared regional
variation in FDG uptake between various brain regions (Supplemental Fig. 5). This voxel-
based analysis revealed several focal regions of increased FDG uptake in E4-TR:FAD+
mice with stroke compared with sham (AD) including the thalamus. Decreased FDG uptake
in E4-TR:FAD+ mice with stroke compared with sham (AD) was noted only in the focal
region of the stroke lesion as could be expected. Comparing just the M1/S1 region of cortex
where reduced amyloid was noted (Fig. 3), we found no significance difference between
FDG uptake inE4-TR:FAD+ animals with stroke compared with sham (or to stroke alone in
E4-TR:FAD- mice, n= 4/group), indicating that reduced cortical amyloid after stroke was
not secondary to reduced cortical activity.

Motor and Cognitive Performance

To determine the effect of mixed vascular and AD modeling on motor performance after
stroke, we utilized serial rotarod testing on four groups of mice: sham (E4-TR:FAD-),
stroke (E4-TR:FAD-), AD (E4-TR:FAD+), and AD+stroke (E4-TR:FAD+) beginning at 2
weeks post-procedure and continuing every 5 weeks until 20 weeks of age (Fig. 4a). The
AD group (pink; E4-TR:FAD+) showed a minor and stable percent change from baseline in
latency to fall (s) (Fig. 4a) as expected after only a sham subcortical injection. The stroke
group (blue; E4-TR:FAD-) demonstrated a progressive decline in latency to fall over time.
In the combined stroke and AD model (red; E4-TR:FAD+ with stroke), motor performance
initially mirrored the stroke group but improved over time. Due to significant intra-group
variability in latency to fall, repeated measures two-way ANOVA revealed a significant
effect of time (o= 0.0056, F=5.745, df=52) on rotarod performance predominantly

after stroke but did not demonstrate significant differences in rotarod performance between
stroke, AD, and AD+stroke (p = 0.23). This is not surprising given the minor and transient
forelimb deficit resulting from a small subcortical white matter stroke.

To determine the effect of AD, stroke and combined pathologies on cognitive performance,
we utilized multiple tasks of working memory and executive function that have previously
been validated in the original EFAD mouse model including spontaneous alternation (Y-
maze), fear conditioning, and novel object recognition [19, 30]. Serial performance on
spontaneous alternation were assessed prior to stroke or sham procedures and repeatedly
measured every 5 weeks (Fig. 4b). Rates of spontaneous alternation were not significantly
affected by either genotype or stroke procedure. At 20 weeks of age, freezing time (s) in

a 24-h fear-conditioning task (Fig. 4c) demonstrated a significant effect of treatment group
(p=10.0003 by two-way ANOVA, F=11.88, df=15) with both stroke (p=0.0133) and
AD (p=0.0002) demonstrating a significant decrease in recall of the noxious stimulus
compared with sham controls. The AD+stroke group demonstrated a significant increase in
recall compared with AD (p = 0.0085) and performed approximately at the level of stroke
animals. As a global measure of cognitive performance, we generated an average cognitive
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z-score measure using each animal’s performance on spontaneous alternation at 20 weeks
(% alternation), novel object recognition (time with novel object), and freezing time (sec) on
the 24-h fear-conditioning task (Fig. 4d). This global cognitive measure suggested a trend (p
= 0.124 by two-way ANOVA, F=2.46, df= 44) towards improved cognitive performance in
the combined AD and stroke model. Data resampling based on the distribution of observed
z-scores using an 7= 30 demonstrated a significant effect of treatment (p < 0.0001 by
two-way ANOVA, F=45.85, df=116). In the bootstrapped data sample, stroke resulted in
a significant cognitive impairment (adjusted o= 0.0017), as did AD (adjusted p < 0.0001),
while in the AD+stroke group, there was a significant improvement in cognitive function
compared with AD (adjusted p < 0.0001). Subgroup analysis of fear conditioning and novel
objection recognition tasks are presented in Supplemental Figs. 6 and 7, respectively.

Microglial Response

Based on the observed reduction in cortical amyloid seen in the combined AD and stroke
model that occurred in the absence of changes in cortical metabolic activity or neuronal cell
death after stroke, we reasoned that this reduction in amyloid burden could be accounted

for by changes in microglial number or morphology triggered by stroke. We labeled

sections of frontal cortex for Iba-1(+) cells (Fig. 5). In the region of cortex overlying

the subcortical stroke (St) where amyloid staining was reduced after stroke (Fig. 5a, b), E4-
TR:FAD+ sham mice display a frequent and even distribution of Iba-1(+) cells (Fig. 5¢). In
E4-TR:FAD+ mice with stroke, the frequency of Iba-1(+) cells were increased and clustered
in a pattern that was not observed in E4-TR:FAD+ sham mice (Fig. 5d). ThioS (+) plaques
in E4-TR:FAD+ stroke mice were more often associated with clusters of Iba-1(+) microglia
compared with sham (Fig. 4e, f). Quantification of the number of Iba-1(+) cells within the
cortex demonstrated a significant increase between E4-TR:FAD+ sham and E4-TR:FAD+
stroke mice (Fig. 5; p=0.044, n= 6 E4-TR:FAD-, n= 8 E4-TR:FAD+). Analysis of
microglial cellular morphology indicated greater branching morphology in the stroke-injured
AD animals compared with sham (p < 0.0001 by two-way ANOVA, F=32.09, df=96)
(Fig. 5h). Significant differences were noted at individual cellular radii between 5.1 and 10.2
um (p < 0.05) consistent with increased branching morphology of cortical microglia.

Discussion

Given the increasing recognition that few cases of dementia result solely from the classic
Alzheimer’s disease plaque and tangle pathology, there is an urgent need to develop basic
science models that more accurately reflect the pathology seen in human patients. The
interaction between subcortical white matter ischemia and AD is an area deserving of
increased focus [5], as highlighted by the NIH Alzheimer’s Disease-Related Dementias
Summit in 2016 [31]. Here, we establish a new paradigm for studying the overlap

between subcortical white matter ischemia and AD using a versatile and well-characterized
mouse model of white matter stroke. This focal white matter stroke model can be easily
combined with any number of existing AD transgenic models regardless of their focus

on amyloidogenesis or tauopathy. This stroke lesion shares a number of features with
human lacunar infarctions including focal axonal loss, gliosis, and minor functional deficits
[16, 32, 33]. The local injury response within the white matter was not different in the
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presence of the 5XFAD transgene suggesting it has no influence on axonal vulnerability to
ischemia. However, this subcortical lesion also impacts the cortical neurons whose axons are
damaged [15, 17], providing a clear rationale for examining the effect of subcortical stroke
on pathologic changes in the overlying frontal cortex (Fig. 6).

The present data suggest that a subcortical white matter ischemic lesion prior to the onset of
amyloid accumulation in human ApoE4-TR:5XFAD transgenic mice exerts a delayed effect
on the connected cortex. This subcortical injury modifies cortical amyloid accumulation
independent of neurodegeneration. Rather, subcortical stroke appears to promote a unique
microglial response in the cortex that helps to reduce amyloid burden, presumably through
enhanced clearance. Evaluations of motor and cognitive performance in this mixed vascular
and AD model of dementia produced variable results generally supportive of our pathologic
observations of reduced amyloid and with trends towards improved motor and cognitive
performance after stroke. This initial approach at developing an animal model to better
represent both the chronicity and co-morbid neuropathologies seen in humans with dementia
should lay the foundation for improving our understanding of the fundamental biology
present in the majority of dementia cases.

With increasing recognition of the overlap between AD and subcortical white matter
changes, other approaches to model mixed dementia have examined various features of this
multiple injury paradigm. In the early phase after a MCAQ or focal cortical stroke, thioflavin
S detection of amyloid plaques are transiently increased in APPswe/PS1dE9 mice [14].
Notably, this effect was highly transient with normalization of plaque burden by 14 days,
suggesting that despite the transient increase in amyloid generation resulting from ischemia,
amyloid clearance mechanisms are activated by stroke. In hypertensive rats, distal MCAQ is
associated with increases in beta-amyloid deposition inthe thalamus at 14 days post-stroke
[34]. Increases in AP oligomers are also found early on in the thalamus after distal MCAO
[35], indicating that direct neuronal ischemia does increase amyloid production by neurons.
Modeling of the more common co-morbid dementia pathology of subcortical ischemic
lesions that lack direct neuronal ischemia is less studied. Anticipating worsening pathology,
Whitehead et al. [36] introduced striatal ischemia with endothelin-1 and co-injected Ap
fragments. This artificial modeling approach resulted in an enhanced inflammatory response
but again only early time points (7—14 days) after stroke were assessed. In a similar
modeling approach and consistent with the results presented here, microglial ramification
was increased in the cortex of the co-morbid AB and endothelin-1-injected rats [37],
suggesting that comorbid amyloid and ischemic injuries interact to promote inflammation

in the cortex. To our knowledge, the approach presented here is the first animal model of
mixed vascular and AD dementia that models both subcortical white matter ischemia using
a FAD transgenic mouse strain and employs a more chronic time scale. Given the chronicity
of both AD and subcortical white matter ischemic lesions, models of mixed dementia should
focus on these extended time points. A limitation of this modeling approach using an early
subcortical white matter stroke lesion is that in younger animals, this may have a priming
effect on the immune system that would be blunted as animals age. Using this model, the
timing of stroke modeling and AD-associated pathologies can be adjusted as needed based
upon the AD model, its rate of progression, and the presence of additional desired features
such as age or gender effects.
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In this study, the behavioral assessments of motor function and cognition produced variable
results. Several cognitive tasks demonstrated significant variation based on sex, consistent
with prior reports in the original EFAD line [30]. In this human ApoE4-TR:5XFAD
transgenic strain with a reduced influence of the SJL background present in the original
EFAD strain, we observed opposite results from those reported, with E4-TR:FAD+ male
mice demonstrating more robust and reliable cognitive impairment than E4-TR:FAD+
female mice even in the absence of stroke. Despite this blunted E4-TR:FAD+ genotype
effect in female mice, our finding of reduced cortical amyloid pathology in the mixed model
is supported by global z-score assessments of cognitive performance using mice of both
sexes. Motor performance in the mixed AD and stroke model showed a non-significant
trend that supported our pathologic observation of reduced amyloid burden in sensorimotor
cortex. In this subcortical stroke model, motor function is difficult to measure accurately
with younger animals as they show a rapid recovery [33] and the rotarod task may not

be sensitive enough to detect subtle changes in forelimb function. In addition, the ApoE4
genotype blunted the previously noted early recovery suggesting E4-independent effects on
recovery after stroke, similar to those that have been reported in humans [38]. Overall, the
motor and cognitive performance of human ApoE4-TR:5XFAD transgenic mice with stroke
indicates that the assumption that two co-morbid pathologies must worsen brain function
may not be true.

In E4-TR:FAD+ mice with stroke, we observed a significant decrease in ipsilateral cortical
amyloid associated with a reduction in plaque size. As we showed and as has been
documented in the original EFAD mouse model, there is minimal neuronal cell death at

6 months despite significant amyloid plaque accumulation [19]. The connectivity of cortical
brain regions has been suggested as a central feature dictating amyloid plaque burden [39-
41]. In this stroke model designed to mimic a lacunar stroke [16], the majority of stroke-
injured axons project from neurons in overlying sensorimotor cortex [17, 32], supporting the
influence of cortical connectivity on amyloid accumulation. Increases in neuronal activity
promote amyloidogenesis in specific cortical regions [42]. We have previously demonstrated
that subcortical ischemic stroke reduces the length of the axon initial segment (AIS) and the
number of axoaxonic synapses in neurons damaged by the stroke [15]. These changes in
AIS length and synaptic connections are likely to limit neuronal excitability in stroke-injured
neurons, suggesting that reduced neuronal activity after stroke could explain the reduced
amyloid burden we observed here.

An alternative hypothesis for reduced cortical amyloid in this mixed dementia model

using human ApoE4-TR:5XFAD transgenic mice is that amyloid clearance mechanisms

are accelerated by stroke. This could occur through several mechanisms including stroke-
induced opening of the blood-brain barrier or activation of neuronal-microglial signaling
mechanisms. This stroke model opens the blood-brain barrier locally in the white matter
[43], but this is not likely to affect the overlying cortex. The interaction between neurons
and microglia in AD is increasingly recognized [44], though the interaction is complex with
microglia playing an important role in amyloid clearance [45, 46] but also contributing to
neuronal loss [47]. Recent single cell RNA-seq approaches to deeply characterize microglial
phenotypes during neurodegeneration indicates that these cells change their response profile
over time moving from a type | interferon response early on to a type Il interferon profile
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later in disease [48]. In part, this transition may be triggered by proximity to injured
neurons. Retrograde axonal injury signals are conveyed back to neurons [49] and though for
cortical neurons these precise molecular signals are just beginning to emerge [50], they may
function to flag injured cortical neurons, activate microglia and lead to synaptic pruning.

On an AD genetic background, cortical microglia stimulated by stroke may turn their
attention to clearing Ap. We hypothesize that this is the predominant mechanism responsible
for the findings reported here, with an increased number and clustered pattern of microglia
around thioflavin S-positive plaques in E4-TR:FAD+ mice with stroke. Such enhanced
clustering may be driven by the E4 allele [51], though in this study all mice wereE4+

and therefore the enhanced microglial response is driven by stroke alone. In a broader
context, the aging brain at risk for dementia likely exists in a constant continuum of stimuli
that promote and reduce amyloid burden. Here, we show that in a pro-AD pathology
environment, an early subcortical injury pushes the brain towards a reduced amyloid burden.

The high degree of co-morbid AD and cerebrovascular pathologies seen in humans has
complicated therapeutic strategies designed to reduce amyloid burden. While many reasons
for this translation failure exist, animal modeling of mixed AD and vascular dementia that is
relevant to the co-morbid pathologies is essential to understand the neurobiology and design
the next generation of dementia therapeutics.
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Fig. 1.
Schematic of a novel model of combined subcortical stroke and AD. Human ApoE4-

TR:5XFAD transgenic mice were subjected to an early (2 months) subcortical stroke or
sham procedure. Mice were tracked over 3 months with serial motor and cognitive tasks,
PET/CT, and pathological assessments to determine whether an early subcortical stroke can
promote (small dashed line) or reduce (large dashed line) the progression of AD hallmarks
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Subcortical stroke in human ApoE4-TR:5XFAD transgenic mice. Immunolabeling for
myelin basic protein (green) and neurofilament-200 (NF200, red) at 7 days after stroke
demonstrates a similar size-targeted ischemic lesion in the subcortical white matter in both
E4-TR:FAD- (top) and E4-TR:FAD+ (bottom) animals (a). Dense loss of myelin and axonal
swellings are present within the stroke core and peri-infarct white matter (b). No difference
was observed in oligodendrocyte loss (c) or reactive astrocytosis (d) comparing stroke
lesions in E4-TR:FAD- (top) and E4-TR:FAD+ (bottom) animals. Scale bars = 200 pm (a),
50 um (b), 100 um (c, d); wm, white matter; v, ventricle
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Fig. 3.

Subcortical stroke reduces cortical amyloid accumulation. Three months after sham or
subcortical stroke (arrow), amyloid accumulation in the frontal cortex of E4-TR:FAD+
mice was determined (a). Compared with sham, labeling of the frontal cortex for Ap
demonstrates a reduction in amyloid within the cortex overlying the subcortical stroke (b,
top). Higher-magnification images indicate a reduction in plaque size in the stroke-injured
animals compared with sham (b, bottom). Quantification of the interhemispheric difference
in percent area of amyloid staining within sensorimotor cortex between sham and stroke (c;
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p=0.043, n= 8 E4-TR:FAD+ sham, 9 E4-TR:FAD+ stroke). Distribution of average plaque
size between sham (red circles) and stroke (blue squares) indicates a significant shift towards
smaller plague size in animals with a subcortical stroke (d; p < 0.0001 by Chi-square). Scale
bars = 100 pm
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Fig. 4.
Behavioral assessment of combined subcortical stroke and AD modeling. Serial assessments

of latency to fall (s) on rotarod testing measured over time shown as percent change from
baseline testing (a). E4-TR:FAD+ mice (AD, pink) show a stable and minor change from
baseline over time while E4-TR:FAD- mice with stroke (stroke, blue) show a progressive
motor deficit. E4-TR:FAD+ mice with stroke (AD+stroke, red) show a similar initial motor
deficit that improves over time, though not statistically significant from stroke alone (p
=0.97 at 15 weeks, p=0.97 at 20 weeks, /7= 6-9/group). Serial testing of spontaneous
alternation (% alternation) did show a significant effect between groups (b, 7= 6-9/group).
Freezing time (s) in a 24-h fear-conditioning task (c) demonstrated significant differences (o
= 0.0003, two-way ANOVA, F=11.88) with reduced freezing time of both stroke only (*p
= 0.013) as well as the 5XFAD transgene (***p = 0.0002). The combined model showed
an improvement in memory (**p = 0.008) compared with AD alone. Cumulative cognitive
performance measured by combined cognitive z-score (d, see “Methods”) demonstrated

a similar effect of cognitive enhancement in the combined E4-TR:FAD+ stroke model
compared to E4-TR:FAD+ alone (****p < 0.0001)
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Fig. 5.
Microglial analysis in human ApoE4-TR:5XFAD transgenic mice with subcortical stroke.

Immunostaining for Iba-1 in the cortex of 5-month-old E4-TR:FAD+ mice 3 months after
the sham (a, ¢) or stroke (b, d) procedure. Regions of interest (white boxes) in the ipsilateral
cortex were used to quantify the number of Ibal+ cells (a, b). Co-labeling with Ibal (green)
and thioflavin S (ThS, white) shows the localization of plaques in relation to Ibal+ cells

(e, f). Quantification of the number of Ibal-positive cells per field of view (g). Microglial
morphology measured using Sholl analysis (7= 45 cells/animal) demonstrates an increase
in activated microglial branching between E4-TR:FAD+ sham and E4-TR:FAD+ stroke (p <
0.0001 by two-way ANOVA, F=32.09; *adjusted p < 0.05) (h). Insets show binary masked
examples of microglial morphology from each condition. Scale bars = 50 um in (&) and (b);
20 pm in (c)—(f). St, stroke; WM, white matter; e, ventricle
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Fig. 6.
Model of the interaction between subcortical white matter stroke and changes in cortical

microglial activation and amyloid plaque accumulation. Whole brain (left) and cross-
sectional (right) views of the effect of subcortical white matter ischemia on the cortex.

The subcortical white matter stroke is shown as a red oblong region. Yellow neurons
represent stroke-injured cortical neurons while blue neurons are neighboring un-injured
cortical neurons. Amyloid plaques are shown as purple starbursts. Microglial cells are shown
in green

Transl Stroke Res. Author manuscript; available in PMC 2023 April 05.



Page 23

Hayden et al.

VA Author Manuscript

9L Joneysg  +AVHXS UL NLH9 (€T =v) Bois + AV

9L Joneysg  +QVHXS HAHELY3 IN9/HL (eT=v)av

0T Joneydsd -AV4XS “++¥L-¥3  ING/HS (0T =) ®jons

0 Jomneydsg  -AQVHXS HA+ULYE NP/EY (8 =u) weys

0 ABojoured  +QV4XS +/+HL-¥3  N9HE  (6=v)Mons+ AV

0 ABojoured  +QV4XS +H+HLV3 WA (8=v)av

(%) Auferio 1ioyod adAouen x9S 1o0yoD

Aleniow annelado yum wuswissasse pue ‘adAiouab ‘xas Agq ubisep dnosb Apms

T alqeL

VA Author Manuscript

VA Author Manuscript

Transl Stroke Res. Author manuscript; available in PMC 2023 April 05.



	Abstract
	Introduction
	Methods
	Transgenic Animals
	Stroke Modeling
	Behavioral Testing and Analysis
	18FDG PET/CT Acquisition and Analysis
	Immunohistochemistry and Immunofluoresence
	Thioflavin S Staining
	Quantification of Aβ Plaque Pathology
	Quantification of Cell Counts and Morphology

	Results
	Design of Novel Mouse Model of Mixed Vascular and Alzheimer’s Disease
	Subcortical Stroke in Human ApoE4-TR:5XFAD Transgenic Mice
	Frontal Cortex Amyloid Deposition
	Changes in Brain Metabolism
	Motor and Cognitive Performance
	Microglial Response

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Table 1



