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Abstract
Emerging evidence suggests that small vessel disease (SVD) is a risk factor for clinical dementia and may contribute to AD 
neuropathological changes. Watershed brain regions are located at the most distal areas between arterial territories, making 
them vulnerable to SVD-related changes. We examined the association of pathologic markers of SVD, specifically arterio-
losclerosis in watershed brain regions, with AD pathologic changes. Participants (N = 982; mean age-at-death = 90; 69% 
women) were enrolled as part of one of two cohort studies of aging and dementia. At autopsy, neuropathological evaluation 
included semi-quantitative grading of arteriolosclerosis pathology from 2 cortical watershed regions: the anterior water-
shed (AWS) and posterior watershed (PWS), densities for cortical β-amyloid and tau-tangle pathology, and other common 
age-related pathologies. Linear regression models examined the association of watershed arteriolosclerosis pathology with 
β-amyloid and tau-tangle burden. In follow-up analyses, available ex-vivo MRI and proteomics data in a subset of decedents 
were leveraged to examine the association of whole brain measure of WMH, as a presumed MRI marker of SVD, with 
β-amyloid and tau-tangle burden, as well as to examine the association of watershed arteriolosclerosis with proteomic tau. 
Watershed arteriolosclerosis was common, with 45% of older persons having moderate-to-severe arteriolosclerosis pathology 
in the AWS region, and 35% in the PWS. In fully adjusted models that controlled for demographics and common age-related 
pathologies, an increase in severity of PWS arteriolosclerosis was associated with a higher burden of tau-tangle burden, 
specifically neocortical tau burden, but not with β-amyloid. AWS arteriolosclerosis was not associated with β-amyloid or tau 
pathology. Ex-vivo WMH was associated with greater tau-tangle pathology burden but not β-amyloid. Furthermore, PWS 
arteriolosclerosis was associated with higher abundance of tau phosphopeptides, that promote formation of tau aggregates. 
These data provide compelling evidence that SVD, specifically posterior watershed arteriolosclerosis pathology, is linked 
with tau pathological changes in the aging brain.
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Introduction

Cerebral small vessel disease (SVD) is one of the most com-
mon causes of vascular cognitive impairment and dementia. 
SVD is an umbrella term which refers to the spectrum of 
pathological changes affecting small vessels (arteries, arteri-
oles, venules, and capillaries), as well as the diverse vascular 
tissue injuries impacting both gray and white matter struc-
tures in the brain [11, 17, 18]. There has been longstanding 
recognition of vascular dysfunction in multiple neurodegen-
erative diseases, particularly Alzheimer’s disease [8, 26, 40, 
46, 60, 68]. We and others have shown that majority of older 
persons diagnosed with Alzheimer’s dementia have one or 
more vascular pathologies, highlighting a central role of cer-
ebrovascular disease in cognitive aging pathogenesis. Com-
plicating matters further, a large proportion of older persons 

 * Alifiya Kapasi 
 Alifiya_Kapasi@rush.edu

1 Rush Alzheimer’s Disease Center, Rush University Medical 
Center, 1750 W Harrison Street, Chicago, IL 60612, USA

2 Department of Pathology, Rush University Medical Center, 
Chicago, IL, USA

3 Department of Neurological Sciences, Rush University 
Medical Center, Chicago, IL, USA

4 Biological Sciences Division, Pacific Northwest National 
Laboratory, Richland, WA, USA

5 Department of Diagnostic Radiology and Nuclear Medicine, 
Chicago, IL, USA

6 Department of Biomedical Engineering, Illinois Institute 
of Technology, Chicago, IL, USA

http://orcid.org/0000-0003-1911-8482
http://crossmark.crossref.org/dialog/?doi=10.1007/s00401-021-02397-x&domain=pdf


350 Acta Neuropathologica (2022) 143:349–362

1 3

(80%) have co-existing neurodegenerative proteinopathies 
with vascular pathology, with the most common being AD 
mixed with vascular pathologic changes [25, 27]. Despite 
this large burden of comorbidity in the aging brain, the 
pathobiologic interplay between vascular and neurodegen-
erative mechanisms remains poorly understood.

Cerebral Aβ plaques and pathologic tau indicate specific 
neuropathologic changes that define AD pathology. There is 
a longstanding literature examining the association between 
SVD with β-amyloid [22, 38, 63, 67], with more recent stud-
ies suggesting a refined relationship between SVD and tau 
[10, 32, 39, 51, 70]. However, much of the evidence for 
the latter is derived from animal models, with limited data 
from human-based studies. One hypothesis suggests that 
small vessel disease may accelerate the pathological process 
underlying AD via chronic cerebral hypoperfusion. Nota-
bly, cerebral hypoperfusion is a well-established phenotype 
in patients with AD, a predictor of cognitive decline, and 
emerging as a candidate biomarker for dementia risk [15, 
21]. While it remains unclear whether hypoperfusion in AD 
is a cause or consequence of disease pathogenesis, accumu-
lating evidence suggests an intertwined relationship between 
cerebral blood flow, β-amyloid, and tau.

Watershed border zones are located between two or more 
arterial territories and supplied by the most terminal arte-
rioles in the brain. We and others have shown that these 
brain regions are particularly vulnerable to hypoperfusion, 
vasculature changes, and ischemic-tissue injury [29, 37, 61]; 
thus, making watershed brain regions ideal to shed light on 
the role of the vasculature in AD. In this study, we leverage 
neuropathologic, ex-vivo MRI, and proteomic data to sys-
tematically examine the association between SVD and AD 
pathological changes.

Methods

Participants

Participants enrolled in the Religious Orders Study (ROS) 
and the Rush Memory and Aging Project (MAP). Eligibility 
in both studies requires enrollment without known dementia, 
and agreement to undergo annual clinical evaluation and 
interview. Each study was approved by the Rush Univer-
sity Medical Center institutional review board [9]. Partici-
pants in both ROS and MAP signed an informed consent, 
and an Anatomical Gift Act for brain donation at the time 
of death. Follow-up across all studies exceeding 85%, and 
autopsy rates exceeding 95% for ROS and 80% for MAP. At 
the time of the analyses, 2081 older persons died and 1786 
were autopsied. Complete neuropathologic workup for diag-
nostic purposes was evaluated on 1755, and of those, 989 
persons had complete watershed arteriolosclerosis pathology 

assessment. We excluded 7 FTLD/tauopathy cases, leaving a 
final sample size of 982 (Fig. 1). Date of birth (to calculate 
age), sex, and education (in years) are reported at baseline.

Vascular risk factors/diseases

Diabetes was present if the participant was ever-taking medi-
cation to treat diabetes of if there was history of diagnosis of 
diabetes. Hypertension was based on whether participant had 
a history of hypertension. Smoking was reported as partici-
pant was a former or current smoker. Overall vascular risk 
burden score was quantified as ‘ever present’ if participant 
ever reported diabetes, hypertension, or smoking during the 

Fig. 1  Study sample
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study. Additional variables related to blood pressure were 
also measured at baseline and annually. Participants com-
peted three blood pressure reading while seated and stand-
ing. Systolic and diastolic blood pressures were calculated 
by averaging all three readings. Vascular disease burden was 
present if participants self-reported the presence of clau-
dication, stroke, or myocardial infarction during the study. 
Analyses included the overall vascular risk burden, the mean 
of all average systolic/diastolic blood pressures taken across 
all visits, and the overall vascular disease burden.

Neuropathology

Brain autopsies were performed following a standard pro-
tocol, as previously described [57]. Average post-mortem 
interval was 9.5 h (SD = 7.81). One hemisphere was cut into 
1-cm coronal slabs and frozen. The dorsolateral prefrontal 
cortex from the frozen hemisphere was used for generating 
proteomic data. The contralateral hemisphere was cut into 
1-cm coronal slabs and fixed in 4% paraformaldehyde. Para-
formaldehyde fixed tissue from multiple brain regions was 
collected for various pathology data collection purposes, as 
described below.

Watershed arteriolosclerosis

Tissue from two regions were collected as representa-
tive watershed areas; the subcortical frontal white matter 
overlying the ACA–MCA border zone, which we termed 
as ‘anterior watershed (AWS)’, and the parieto-occipital 
region lying at the ACA–MCA–PAC border zone, termed 
as ‘posterior watershed (PWS)’ (Fig. 2). Standardized pro-
tocols were followed for tissue sampling. The anterior water-
shed block was consistently taken deep to the midfrontal 
gyrus from the 1st slab anterior to caudate and putamen. 

The posterior watershed block is a region that lies within 
the precuneus and taken 1 or 2 slabs posterior to the end 
of the hippocampus and taken inferior-medial to Brodmann 
Area (BA) 7. Small vessels within the white matter in both 
AWS and PWS regions were evaluated on hematoxylin 
and eosin stained sections for arteriolosclerosis severity. 
Grading used a semi-quantitative 4-level rating system 
(0 = none, 1 = mild, 2 = moderate, and 3 = severe) based on 
the histological changes of the small arterioles, including 
intimal deterioration, degeneration of smooth muscle cells, 
and hyaline concentric thickening associated with vascular 
lumen narrowing. (Fig. 3). Two separate raters evaluated the 
severity of arteriolosclerosis pathology. The weighted kappa 
statistics for the inter-rater agreement was 0.79, reflecting 
excellent agreement.

Cortical β‑amyloid load and PHF‑tau‑tangle density

Tissue blocks from eight cortical brain regions; entorhinal, 
midfrontal [Brodmann (BA) 46/9], inferior temporal (BA 
20), inferior parietal (BA 39/40), calcarine (BA 17), anterior 
cingulate (BA 24), and superior frontal (BA 6/8) cortices, 
and CA1/subiculum subfield of the hippocampus, were cut 
into 20 µm sections. For assessment of cortical β-amyloid, 
immunohistochemistry was performed using three mono-
clonal antibodies against Aβ, 4G8 (1:9000; Covance Labs, 
Madison, WI), 6F/3D (1:50; Dako North America Inc., 
Carpinteria, CA), and 10D5 (1:600; Elan Pharmaceuticals, 
San Francisco, CA). For amyloid load quantification, raters 
outlined the cortex excluding the leptomeninges, and applied 
a custom positive-pixel algorithm developed by ImageJ 
software. This amyloid load consisted of cortical amyloid 
plaques and parenchymal vessels which contain amyloid. 
Value was calculated as percent area of cortex occupied by 
amyloid-beta deposits, as previously described [28]. For 

Fig. 2  Schematic representation of watershed border zones and tissue sampling. A schematic representation of the anterior, middle, and poste-
rior cerebral arterial territories marked by the dotted lines, highlighting areas of the anterior and posterior watershed border zones
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assessment of tau-tangle pathology, an antibody specific to 
phosphorylated tau, AT8 (1:2000, Thermoscientific) was 
used. Quantification of tangle density per square millim-
eter was performed by stereological mapping software by 
experienced raters. For analyses, a composite measure for 
overall β-amyloid burden and overall PHF-tau-tangle density 
was obtained by averaging the mean percentage area per 
region, across all regions [28]. In addition, a mesial temporal 
composite (across hippocampus and entorhinal regions) and 
neocortical composite burden for both β-amyloid and tau 
tangles was obtained.

Other cerebrovascular pathologies

Three additional measures of cerebrovascular disease 
pathologies included: Atherosclerosis—Large vessel at 
the circle of Willis at the base of the brain were evaluated 
visually using a semi-quantitative 4-level grading system 
(none, mild, moderate, and severe). None was graded when 
no significant atherosclerosis was present, mild was graded 
when less than 25% of vessel was involved, moderate was 
graded when atherosclerosis was present in 50% of all major 
vessels or if a single vessel had 50% occlusion, and serve 
was graded when atherosclerosis was present in more than 
50% of vessels of if one or more vessels had 75% occlusion 
[5]. Cerebral Amyloid Angiopathy (CAA)—Meningeal and 
parenchymal vessels from 4 neocortical regions were eval-
uated by experience neuropathologists on sections immu-
nostained with monoclonal antibodies against Aβ. CAA was 
evaluated by experienced neuropathologists and were scored 
as 0 (no amyloid deposition was seen in vessels), 1 (vessels 
had scant amyloid deposition), 2 (up to 10 vessels had cir-
cumferential amyloid deposition), 3 (50–75% of vessel have 
circumferential amyloid deposition, and 4 (when > 75% of 
vessels have amyloid). A summary score for each region was 
created using the maximum of the meningeal and paren-
chymal score. A continuous summary score was created by 
averaging scores across regions [13]. Infarcts—Macroscopic 
infarcts were identified visually on gross examination and 
age of infarct was confirmed by histology. Microscopic 
infarcts were not visible to the naked eye and identified by 
microscopy in tissue blocks. Location and age were also 
documented [6, 55]. For analyses, only chronic infarcts were 
considered, and all infarct variables were categorized into 
absent vs. present.

Other neurodegenerative pathologies

Two additional measures of neurodegenerative pathologies 
included: LATE Neuropathologic Change (LATE-NC)—
Phosphorylated transactive response DNA-binding protein 
43 (TDP-43) pathology was assessed by immunohistochem-
istry using a monoclonal antibody to phosphorylated TDP-43 

(pS409/410; 1:100) in eight brain regions (amygdala, CA1, 
dentate gyrus, entorhinal cortex, anterior temporal pole, 
midtemporal gyrus, middle frontal gyrus, and inferior orbital 
frontal). Semi-quantitative inclusion measures were deter-
mined into four distinct stages based on the distribution of 
TDP-43 lesions; stage 0 (no presence of TDP-43), stage 1 
(TDP-43 localized to the amygdala), stage 2 (extension of 
TDP-43 to the hippocampus and/or entorhinal cortex), and 
stage 3 (extension into the neocortex) [45]. Lewy Body Pathol-
ogy—Lewy bodies were identified with antibodies to phos-
phorylated α-synuclein. We used a modified version of the 
McKeith Criteria [41] to identify nigra_predominant as cases 
with Lewy bodies in the substantia nigra alone, limbic type 
as cases with Lewy body pathology extending into amygdala, 
entorhinal, or anterior cingulate cortices, and neocortical type 
as cases with Lewy body pathology extending into either mid-
frontal, temporal, or inferior parietal cortices [56].

Ex‑vivo WMH burden

At the time of autopsy, the hemisphere identified with the 
most pathology or least mechanical damage was immersed 
in phosphate-buffered 4% formaldehyde solution at 4 °C. 
The intact hemisphere while immersed in fixative solution 
was sent for MRI scanning. The hemisphere was positioned 
with the medial aspect facing the bottom of container. Ex-
vivo MRI data were collected on 3 Tesla scanners using 2D 
fluid-attenuated inversion recovery (FLAIR) and 2D multi-
echo spin-echo (ME-SE) sequences, as previously described 
[4]. All data were collected sagittally and were converted to 
the axial plane (trilinear interpolation was used). Intensity 
standardization approaches were applied for normalization 
across participants. In all participants, WMH burden based 
on ex-vivo FLAIR and ME-SE images used a modifica-
tion of the original Fazekas approach. WMH burden was 
rated separately in periventricular and deep white matter 
according to the original four-level Fazekas scale. However, 
ratings of 0 and 1 were combined resulting in WMH bur-
den scale with a 3-level scale: 1 (mild), 2 (moderate), and 
3 (severe). The maximum of the periventricular and deep 
white matter ratings was used as the whole brain WMH rat-
ing. Intra-rater reliability for WMH burden rating was excel-
lent (ICC = 0.75, p < 10–50) and agreement of the rater with 
the expert was good (ICC = 0.64, p = 3 × 10–5).

Targeted proteomics: selected reaction monitoring 
(SRM)

Autopsy measures for tau phosphopeptides abundance were 
quantified using Quantitative SRM proteomics from frozen 
dorsolateral prefrontal tissue samples (gray matter) (BA 9).
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Sample preparation

Samples were prepared for LC-SRM analysis using stand-
ard protocol described elsewhere [3, 50, 71]. An average 
∼ 20 mg of brain tissue from each individual was homog-
enized in denaturation buffer (8 M urea, 50 mM Tris–HCl 
pH 7.5, 10 mM DTT, 1 mM EDTA). Next, protein aliquots 
(400 µg) were alkylated with 40 mM iodoacetamide and 
digested with trypsin Digests were cleaned using solid-phase 
extraction (SPE) using Strata C18-E (55 μm, 70 Å) 25 mg/
well 96-well plates on positive pressure manifold CEREX96 
(SPEware Corporation, Baldwin Park, CA). Peptide con-
centrations obtained were measured using a bicinchoninic 
acid assay. Tryptic peptide concentrations were readjusted 
to 1ug/ul.

SRM data

LC-SRM experiments were performed on a nano-ACQUITY 
UPLC coupled to a TSQ Vantage MS instrument, with 2 µl 
of sample injection for each measurement. Formic acid 
(0.1%) in water and 0.1% in 90% acetonitrile were used as 
buffer A and B, respectively. Peptide separations were per-
formed by an ACQUITY UPLC BEH 1.7-µm C18 column 
(75 µm i.d. × 25 cm) at a flow rate 350 nl/min using gradi-
ent of 0.5% of buffer B in 0–14.5 min, 0.5% to 15% B in 
14.5–15.0 min, 15% to 40% B in 15–30 min, and 45% to 
90% B in 30–32 min.

Endogenous (light) peptide abundances were measured 
relative to the spiked-in stable isotope-labeled synthetic pep-
tide standards (heavy). SRM data were analyzed by Sky-
line software [64-bit version (MacCoss Lab Software)], and 
were manually inspected to ensure correct peak assignment, 
transitions, and boundaries. The peak area ratios of endog-
enous light peptides and their heavy isotope-labeled internal 
standards (i.e., L/H peak area ratios) were then automatically 
calculated by the Skyline software, and the best transition 
without matrix interference was used for accurate quantifica-
tion. Peptide ratios (light/heavy) were log2-transformed and 
centered at the median.

Tau phosphopeptides’ data

We selected 5 different known tau phosphorylation sites for 
targeted measurements (Supplementary Table 1). Thus, 10 
synthetic heavy peptides, 5 in phosphorylated form and 5 
in their matching unmodified peptide, were purchased in 
labeled with 13C/15 N on C-terminal lysine or arginine 
form from New England Peptide (Gardner, MA). Cysteines 
were modified by carbamidomethylation. Aliquots (30ul) of 
endogenous tryptic peptides were mixed with 30ul of syn-
thetic peptides (at 24 nM concentration each). Details on the 
SRM method configuration are reported in Supplementary 

Table 2. We assessed the status of the following tau domains: 
AT8, AT100, 12E8, 77G7, and PHF-1 by quantifying the 
phosphorylation at the S202, T217, S262, S305 and S404 
residues, respectively. To compensate for the changes of the 
abundance of the tau protein itself, the relative abundances 
of phosphopeptides were subtracted from the relative abun-
dances of the corresponding non-modified peptides. Thus, 
the metric used in the downstream statistical analysis reflects 
the change in phosphorylation stoichiometry. Out of 982 
older persons, 654 had available tau phosphopeptides’ data.

Statistical analysis

We used Chi-square tests to examine the association between 
AWS and PWS watershed arteriolosclerosis, ANOVA to 
examine watershed arteriolosclerosis with age, and Wil-
coxon rank sum tests to examine watershed arteriolosclero-
sis with β-amyloid burden and tau-tangle burden. Because 
the distribution of the measures of PHF-tau-tangle density 
was right skewed, we applied square root transformation 
and reduced skewness. Square root transformation was also 
applied to cortical β-amyloid load. Linear regression models 
adjusted for demographics and common age-related patholo-
gies, including macroscopic and microscopic infarcts, ath-
erosclerosis, CAA, Lewy bodies, and TDP-43, were used to 
examine associations between watershed arteriolosclerosis 
with cortical β-amyloid as the outcome and separately with 
tau tangles. We repeated the same linear regression mod-
els with regional β-amyloid and tau pathology burden as 
separate outcomes (mesial temporal and neocortical bur-
den). Linear regression models adjusted for demographics, 
post-mortem interval (PMI), and other common age-related 
pathologies were used to examine associations of WMH 
with β-amyloid as the outcome, and separately with tau-
tangle pathology. Finally, linear regression models adjusted 
for age-at-death, sex, education, and PMI were used to 
examine the association of anterior arteriolosclerosis and 
separately posterior watershed arteriosclerosis with change 
in tau phosphorylation stoichiometry. All analyses were con-
ducted with SAS/STAT software version 9.4 (SAS Institute 
Inc, Cary, NC). Statistical significance was determined at 
nominal α level 0.05.

Result

A total of 982 participants were included in the analyses. 
Mean age-at-death was 90 years with 69% being women. 
Characteristics of participants are presented in Table 1. 
Among those with dementia, 425 participants were diag-
nosed with Alzheimer’s dementia and 40 were diagnosed 
with vascular dementia. Among 982 participants, 22% 
older persons had diabetes, 16% were taking diabetes 
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insulin medications, and 6% taking insulin injections. 70% 
of participants had history of hypertension and 79% were 
taking any anti-hypertensive medication. Smoking history 
was present in 33% of persons, with 31% being former 
smokers and 2% being current smokers. The mean sys-
tolic blood pressure across all visits was 132.7 (SD = 14.0) 
and the mean diastolic blood pressure across all visits was 
72.5 (SD = 7.7). History of claudication was present in 
31%, history of stroke in 20%, and history of myocardial 
infarction in 21%. Watershed arteriolosclerosis was com-
mon in the brain (Fig. 3), with moderate-to-severe arterio-
losclerosis pathology being more frequent in the AWS than 

the PWS region (45% vs. 35% of older persons). Persons 
with higher severity of AWS arteriolosclerosis pathology 
were also likely to have higher severity of PWS arteriolo-
sclerosis pathology (X2 = 251.97, degrees of freedom = 9, 
p < 0.001). Both AWS and PWS arteriolosclerosis patholo-
gies were associated with age [(F (3, 978) = 8.28, p < 0.001 
for AWS] and [F (3, 978) = 12.80, p < 0.001 for PWS].

Fig. 3  Watershed arteriolosclerosis pathology. Bar chart demonstrating the severity of arteriolosclerosis pathology in AWS and PWS regions
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Watershed arteriolosclerosis and AD pathological 
changes

First, we examined the burden of β-amyloid and PHF-
tau pathology across watershed vessel severity using 
Wilcoxon sum test. For persons with more severe arte-
riolosclerosis pathology in PWS region, PHF-tau-tangle 
burden was 40% higher than those with less severe ves-
sel pathology (p < 0.001). For persons with more severe 
arteriolosclerosis pathology in AWS region, tau-tangle 
burden was 10% higher than those with less severe ves-
sel pathology (p = 0.03) (Fig. 4). There was no significant 
difference between β-amyloid levels across AWS arterio-
losclerosis severity (p = 0.30) or PWS arteriolosclerosis 
(p = 0.35). Histological sections showing arteriolosclero-
sis severity and tangle burden from age-matched partici-
pants are presented in Fig. 5.

Next, we examined the association of watershed arte-
riosclerosis in relation to AD pathology. In linear regres-
sion models adjusted for age, sex, education, and common 
age-related pathologies (CAA, atherosclerosis, macro-
scopic and microscopic infarcts, TDP-43, and Lewy body 
pathology), more severe PWS arteriolosclerosis pathology 
was associated with a higher burden of PHF-tau-tangle 
pathology. There was no significant association between 
PWS arteriolosclerosis and cortical β-amyloid or between 
AWS arteriolosclerosis and cortical β-amyloid/PHF-tau-
tangle pathology (Table 2). Because both β-amyloid and 
tau-tangle pathology have stereotypical progression pat-
terns in the brain, subsequent analyses examined whether 
associations were driven by regional burden; specifically, 
with mesial temporal and neocortical burden. Adjusted for 
demographics and common age-related pathologies, AWS 
arteriolosclerosis was not associated with neither mesial 
temporal nor neocortical β-amyloid/tau-tangle burden, 
while PWS arteriolosclerosis was associated with only 
neocortical tau-tangle burden (Table 2).

Prior studies have shown vascular risk factors to be 
associated with β-amyloid and tau burden. In sensitivity 
analyses, we further adjusted models for overall vascu-
lar risk burden (estimate = 0.11, SE = 0.04, p = 0.01), and 
in separate models, we adjusted for demographics and 
average systolic (estimate = 0.15, SE = 0.05, p = 0.001) 
and diastolic blood pressure (estimate = 0.15, SE = 0.05, 
p = 0.001). Notably, the association between PWS arte-
riolosclerosis and tangle burden in all sensitivity analyses 
remained unchanged. Using Spearman correlation, we fur-
ther examined regional association between local arterio-
losclerosis and local tau-tangle burden. We find that AWS 
arteriolosclerosis was not correlated with tangle burden in 
the midfrontal gyrus (rs = 0.05; p = 0.11), while PWS ves-
sel disease was weakly correlated with cortical tau burden 

in both PWS region (rs = 0.10; p = 0.03) and angular gyrus 
(rs = 0.07; p = 0.02).

Watershed arteriolosclerosis and tau protein

Because our primary findings revealed that watershed arte-
riolosclerosis pathology is associated with tau-tangle pathol-
ogy, secondary analyses leveraged available tau proteomic 
data from the dorsolateral prefrontal cortex (N = 654) to 
examine the association between watershed arterioscle-
rosis and tau peptides. First, we examined Spearman cor-
relations between each phosphorylated tau (ptau) epitope 
(S202, T217, S262, S305, S404) and tau-tangle pathology 
burden. The strongest correlations were the positive corre-
lation between ptau S262 with tangle pathology (rs = 0.43; 
p < 0.001), as well as between ptau T217 and tangle pathol-
ogy (rs = 0.35; p < 0.001). Next, in separate linear regression 
models adjusting for demographics and post-mortem inter-
val (PMI), we examined whether AWS/PWS arteriolosclero-
sis was associated with each phosphorylated peptide. More 
severe PWS arteriolosclerosis pathology was associated with 
a higher abundance of all five phosphorylated tau peptides. 
Interestingly, we find AWS arteriolosclerosis pathology is 
associated with higher abundance of ptau S262 (Table 3).

Ex‑vivo WMH and AD pathological changes

To translate our pathology findings to neuroimaging, we 
leveraged available whole brain measures of ex-vivo WMH 
data (N = 389). WMH lesions in aging have often been 
used as a surrogate marker for SVD in clinical studies and 
shown to be associated with arteriolosclerosis pathology in 
imaging-pathologic studies [2, 4]. Out of 389 participants, 
19% had WMH burden = 1 (mild), 37% had WMH bur-
den = 2 (moderate), and 44% had WMH burden = 3 (severe). 
In linear regression models adjusted for demographics, 
PMI, and common age-related pathologies, WMH burden 
was associated with greater tau-tangle pathology (esti-
mate = 0.29, SE = 0.08, p = 0.001) but not with β-amyloid 
(estimate = 0.11, SE = 0.08, p = 0.19).

Discussion

In the present study, we leveraged neuropathologic, neu-
roimaging, and proteomic data to examine the association 
between small vessel disease and AD pathological changes. 
Our main findings show that watershed arteriolosclerosis 
is associated with tau-tangle pathology and not β-amyloid. 
We extend these findings, indicating that watershed arterio-
sclerosis pathology is associated with proteomic tau phos-
phopeptides. Further, supporting these findings, we also 
show that whole brain measures of WMH burden, that are 
commonly used as a surrogate marker for clinical SVD, are 
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associated with tau-tangle pathology. Together, these find-
ings provide compelling evidence that SVD-related patho-
logic changes and tau are interconnected.

Watershed brain regions can provide a novel window into 
understanding the mechanisms associated with SVD. These 
brain regions have an idiosyncratic blood supply and can 
be considered as ‘weak points’ in the cerebral blood sup-
ply. We and others have shown watershed brain regions to 
be vulnerable to both hypoxic–ischemic-tissue injuries and 

arteriosclerotic vessel changes [1, 29]. Arteriolosclerosis is 
one of the most predominant SVD lesions co-existing with 
AD pathology in post-mortem brains [11]. Our current study 
extends these findings by showing that watershed arteriolo-
sclerosis, specifically posterior watershed, is associated with 
greater tau-tangle pathology burden and higher abundance 
of tau phosphorylation epitopes. These findings are con-
sistent with recent studies showing markers of SVD (both 
pathological and MRI) are associated with expression of tau 
pathological changes [31, 32, 34, 62]. To translate our find-
ings to neuroimaging, we used WMH burden as a surrogate 
neuroimaging marker for SVD-related tissue injury. How-
ever, we recognize that while WMH are often presumed to 
be of vascular etiology, they are not specific to vascular dis-
ease, with their etiology most likely driven by a combination 
of both vascular and neurodegenerative factors. Notably, our 
findings between WMH and elevated tau burden corroborate 
other neuroimaging-pathological studies that report similar 
findings [24, 39]. Interestingly, though arteriosclerosis was 
more severe in the AWS compared to the PWS, it was largely 
the PWS arteriolosclerosis that we found an association with 
tau-tangle pathology, supporting the idea of brain vascular 
heterogeneity in the aging brain. The posterior watershed 
region presents as an interesting region. It is irrigated by 
terminal branches of all three anterior, middle, and posterior 
cerebral arteries, and overlaps specific brain regions (precu-
neus and posterior cingulate) susceptible to AD pathologic 
change [20, 21, 30, 49, 53]. We find an association between 
arteriosclerosis and neocortical tangle burden, suggesting 
that it is those persons with advanced tau pathologic changes 
that is driving the association, and suspect that this relation-
ship is most prominent in symptomatic individuals. We did 
not find strong evidence of local SVD being associated with 
local tau pathology; however, further studies are needed to 
address whether watershed arteriolosclerosis is associated 
with tau burden among regionally or functionally connected 
brain regions. In contrast to other studies [19, 65, 66], we did 
not find an association of SVD (arteriolosclerosis or WMH) 
with β-amyloid burden. This may be due to study design as 
most of these studies have focused on neuroimaging markers 
of SVD, as well as PET markers for β-amyloid. While, PET 
ligands demonstrate excellent sensitivity and specificity to 

Table 1  Characteristics of participants

**Data missing for n = 1 for diabetes; n = 1 for hypertension; n = 11 
for CAA; n = 12 for TDP-43; n = 1 for Lewy body

All
(n = 982)

Demographics
 Age at death, mean y (SD) 90.3 (6.3)
 Women, n (%) 683 (69.5%)
 Education, mean (SD) 16.1 (3.5)

Clinical diagnosis
 No cognitive impairment 331 (33.7%)
 Mild cognitive impairment 215 (21.9%)
 Dementia 436 (44.4%)

Vascular risk factors, N (%)
 Diabetes 173 (22.5%)*
 Hypertension 527 (68.6%)*

Neuropathologic, N (%)
 β-Amyloid burden, mean (SD) 1.6 (1.1)
 Tau-tangle burden, mean (SD) 1.7 (1.5)
 Moderate-to-severe AWS arteriolosclerosis 438 (44.6%)
 Moderate-to-severe PWS arteriolosclerosis 341 (34.7%)
 Moderate-to-severe CAA 354 (34.5%)*
 Moderate-to-severe atherosclerosis 260 (26.5%)
 Presence of microinfarcts 316 (32.2%)
 Presence of macroscopic infarcts 351 (35.7%)
 Moderate-to-severe TDP-43 329 (33.9%)*
 Any Lewy bodies 258 (26.3%)*

Table 2  Association watershed arteriolosclerosis with β-amyloid and tau-tangle pathology

Linear regression models with six separate outcomes, all adjusted for age-at-death, sex, education, CAA, atherosclerosis, macroscopic and 
microscopic infarcts, TDP-43, and Lewy body pathology. Values in cells are estimated coefficients (SE, p value)
p-values marked with bold indicate statistical significance

Overall amyloid Mesial temporal 
β-amyloid

Neocortical 
β-amyloid

Overall tangle Mesial temporal 
tau-tangle

Neocortical tau-
tangle

AWS arterioloscle-
rosis

0.06 (0.04,0.13) 0.03 (0.03,0.32) 0.06 (0.04,0.12) 0.005 (0.04,0.91) − 0.01 (0.06,0.87) 0.01 (0.05,0.67)

PWS arterioloscle-
rosis

− 0.04 (0.04, 0.29) − 0.02 (0.03,0.59) − 0.04 (0.04,0.28) 0.10 (0.04, 0.01) 0.09 (0.06,0.14) 0.11 (0.04,0.008)



357Acta Neuropathologica (2022) 143:349–362 

1 3

Fig. 4  Cortical β-amyloid and tau-tangle burden across vessel severity. Boxplots of β-amyloid and tau-tangle burden across severity levels of 
AWS/PWS arteriolosclerosis pathology
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Aβ detection and have correlated well with the pathologic 
diagnosis of AD, these ligands are often used with a posi-
tive/negative threshold and cut-offs, which may not reflect 
diffuse Aβ positivity. Studies have shown that PET ligands 
have high specificity once Aβ adopts a beta-sheet fibrillar 
structure; therefore, a large proportion of PET amyloid is 
reflected by aggregated Aβ42, and therefore, PET binding 
to amyloid may be more prominent in neuritic plaques com-
pared to diffuse plaques/vascular deposits [23].

Furthermore, various methodologies of quantifying amy-
loid (via PET/CSF/plasma) introduce differences across 
study design. For example, PET amyloid studies do not dif-
ferentiate between parenchymal vs. vascular Abeta deposi-
tion, whereas our study included measures for meningeal 
and parenchymal CAA as confounding factors.

Typically, tau tangles accumulate in the entorhinal cortex 
and hippocampus followed by the neocortex. However, atyp-
ical AD pathologic subtypes have been described, where tau 
pathology spares the hippocampus [44]. Examining vascular 
changes in relation to neocortical tau in these atypical AD 
subtypes would be of interest. In addition, phosphorylated 
tau can also be detected in astrocyte glial cells and around 
the peri-vascular space, lesions often found in post-mortem 
brains with AD and other tauopathies [14, 33], raising the 
question of whether SVD differentially impacts tau pathog-
nomonic lesions. Furthermore, supporting the hypothesis 
that SVD and tau are inter-related, neuropathologic stud-
ies have showed an association between SVD, white matter 
demyelination and Pick’s disease, and FTLD-tauopathy [62]. 
We and others have shown SVD pathology to be related to 
TDP-43 [1, 48], a proteinopathy frequently co-existing with 
AD pathology and associated with rapid cognitive decline 
and Alzheimer’s dementia in older persons [47]. While our 
data suggest that watershed arteriolosclerosis is associated 
with tau pathology independent of TDP-43, future work 
exploring key molecular vascular markers linked to TDP-
43 encephalopathy, and more broadly to protein aggregation 
and proteotoxicity, will be important.

The exact mechanisms linking SVD and tau pathology 
are not well established. We conceptualize that SVD may 
be associated with tau phosphorylation through several 
downstream biological processes, including but not lim-
ited to neuroinflammation and oxidative stress associated 
with blood–brain barrier (BBB) dysfunction, which could 

impact key pathways that regulate intrinsic neuronal/cellu-
lar activity and function, thus leading to abnormal protein 
aggregation and neurodegeneration [52, 54]. Conversely, 
accumulation of dysfunctional tau protein may also lead to 
SVD-related lesions by directly impacting processes associ-
ated with vessel wall remodeling [42], as well as by altering 
white matter homeostasis [62]. Thus, resulting in a detri-
mental feedback loop mechanism between SVD and tau pro-
tein. One emerging topic in the field suggests that the glym-
phatic system represents a dynamic network to remove waste 
from the brain, including Aβ and tau [58, 69]. A myriad of 
biological processes including peri-vascular integrity, aqua-
porin-4 polarization, pericyte and endothelial cell organiza-
tion, and inflammation within the vessel wall and within the 
peri-vascular space are important for facilitating glymphatic 
clearance. It is possible that morphological changes within 
the vessel due to the presence of arteriosclerosis can affect 
one/multiple biological processes necessary for conducting 
glymphatic clearance of Aβ and tau. In addition, studies have 
shown that neuroinflammation may lead to impaired glym-
phatic clearance [16]; therefore, it is possible that in the 
presence of heightened neuroinflammation-associated with 
AD pathology may impact the functioning of the glymphatic 
system and possibly exacerbate the frailty of this clearance 
system in the presence of severe vessel disease. Another 
intriguing topic is the tau propagation hypothesis which 
proposes a mechanism by which the pathological form of 
tau transfers between communicating neurons. The mecha-
nisms associated with tau uptake in the extracellular space 
and subsequent intracellular uptake/aggregation are complex 
and many. It is possible that mechanisms of associated with 
SVD and tau propagation are linked. For example, in patho-
logical conditions where morphological changes within the 
brain vasculature result in poor glymphatic clearance of tau 
from the extracellular space, it is likely that this would lead 
to intensifying tau propagation downstream. Furthermore, 
microglia may promote tau propagation via their ability to 
phagocytose and exocytose tau protein; thus, a heightened 
neuroinflammatory environment would also affect the vas-
culature and BBB function [14]. Altogether, the relationship 
between tau toxicity, SVD/vasculature, and neurodegenera-
tion remains an interesting area and calls for the need of 
mechanistic vasculature studies.

Table 3  Association between watershed arteriolosclerosis and phosphorylated tau peptides

Linear regression models with change in tau phosphorylation stoichiometry as five separate outcomes, all adjusted for age-at-death, sex, educa-
tion, and post-mortem interval. Values in cells are estimated coefficients (SE, p value).
p-values marked with bold indicate statistical significance

S202 T217 S262 S305 S404

AWS arteriolosclerosis 0.01 (0.02, 0.71) 0.01 (0.03, 0.71) 0.12 (0.06, 0.05) − 0.01 (0.05, 0.78) − 0.01 (0.03, 0.78)
PWS arteriolosclerosis 0.05 (0.02, 0.02) 0.07 (0.03, 0.03) 0.15 (0.06, 0.02) 0.13 (0.05, 0.006) 0.06 (0.03, 0.03)
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It is well recognized that perfusion changes in persons 
with mid-cognitive impairment and Alzheimer’s dementia 
involve both temporal and parietal regions, with evidence 
to suggest that the earliest perfusion changes occur in the 
medial parietal cortex in persons with AD pathology [21, 
43]. Interestingly, Neltner et al., showed that several medial 
temporal lobe regions can be vulnerable to arteriolosclerosis 
pathology, with the presence of arteriolosclerosis in tempo-
ral brain regions being greater in subjects with comorbid 
neurodegenerative pathologies [48]. These data directly 
align with our findings. We conceptualize that persons with 
higher levels of neurodegenerative proteinopathies (e.g., tau 
burden) may have more severe arteriosclerosis pathology in 
parietal and temporal regions, which may contribute to the 
hypoperfusion seen on neuroimaging studies in patients with 
Alzheimer’s dementia. However, further studies are needed 
to test whether SVD burden is associated with different 

aspects of neurodegeneration (e.g., neuronal death, inflam-
mation, and brain atrophy).

Tau is a microtubule-associated protein, abundant in 
axons, and stabilizes microtubule bundles. For optimal 
function of tau, a normal level of phosphorylation is 
required. However, in pathological condition, an imbal-
ance of phosphorylation events initiates abnormal metab-
olism and toxicity of tau. We find association of PWS 
arteriolosclerosis with dorsolateral prefrontal cortex 
expression of ptau Ser202, Thr217, Ser262, and Ser404, 
all of which are common tau epitopes phosphorylated in 
the AD brain [59]. Overall, phosphorylation of these tau 
epitopes changes the shape of tau molecule and modi-
fies tau’s biological activity with microtubule bundles. 
Interestingly, arteriolosclerosis pathology in both AWS 
and PWS regions was associated with higher abundance 
of tau phosphorylation site Ser262, highlighting a more 

Fig. 5  Illustrative cases. Histological sections from representa-
tive participants. Case 1 is a female participant, (age-at-death is 
89.2 years), with a tau-tangle burden within the 75th–100th percentile 
and severe arteriolosclerosis pathology in watershed brain regions. 
Case 2 is a female participant (age-at-death is 89.6  years), with a 
tau-tangle burden within the 25th percentile and mild arteriosclerosis 

pathology in watershed brain regions. Images represent H&E-stained 
sections of the posterior watershed brain regions (i and ii) and AT8-
stained sections for PHF-tau-tangle pathology in the CA1 subregion 
of the mid-hippocampus (iii and vi), midfrontal gyrus (iv), and infe-
rior parietal cortex (v)
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widespread role of arteriolosclerosis pathology with this 
specific tau epitope. Consistent with these findings, mul-
tiple animal studies also show an accumulation of Ser262 
tau phosphopeptides after modeling ischemic stroke [7, 
35, 36]. To enhance molecular understanding of AD 
pathophysiology, future studies examining AD-related 
proteomic changes in brain regions vulnerable to vascu-
lar changes, as well as angiogenesis/ischemic proteomic 
changes in regions vulnerable to early AD, are warranted.

Our findings raise the possibility that SVD plays a 
propagating role in tau pathologic change. It is well docu-
mented that β-amyloid drives tau accumulation leading to 
Alzheimer’s dementia [12, 64]; however, we speculate that 
tau represents a common pathway to dementia triggered 
by multiple factors, with one factor being SVD burden. 
Because mixed AD and cerebrovascular pathology account 
for over 80% of Alzheimer’s dementia diagnoses. Under-
standing these complex relationships between AD and vas-
cular changes will be pivotal toward understanding AD 
pathophysiology and finding disease-modifying therapies.

There are multiple strengths to this study. By leveraging 
neuropathologic, ex-vivo neuroimaging, and proteomic, 
our study systematically identifies a relationship between 
SVD and tau pathologic change. We assessed pathology 
from watershed regions, providing important informa-
tion on regional vascular vulnerability. However, we note 
several limitations. Although we examined two markers 
of SVD pathology (arteriolosclerosis and WMH), future 
work examining additional SVD markers (CAA, micro-
bleeds, enlarged peri-vascular spaces) with AD and neu-
rodegenerative proteinopathies in general is needed. There 
are no standard pathological consensus criteria assessing 
arteriolosclerosis pathology; future studies implementing 
a quantitative approach in evaluating brain arterioloscle-
rosis are needed. In addition, despite following standard 
protocols, we recognize that subtle differences with tis-
sue sampling may occur which were not addressed in this 
study. Furthermore, we recognize that in the current study, 
tau phosphopeptides’ data were derived from the dorsolat-
eral prefrontal cortex, a region involved later as per Braak 
staging, and we may be missing important molecular infor-
mation if we were to examine proteomic changes in other 
AD vulnerable regions (e.g., hippocampus and precuneus). 
Finally, due to the cross-sectional nature of this study, we 
were unable to depict the underlying mechanisms of asso-
ciation of SVD and tau pathologic change.
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