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Abstract

AIMS: Brain mural cells (BMC), smooth muscle cells and pericytes, interact closely with 

endothelial cells and modulate numerous cerebrovascular functions. A loss of BMC function is 

suspected to play a role in the pathophysiology of Alzheimer’s Disease (AD).

METHODS: BMC markers, namely smooth muscle alpha actin (α-SMA) for smooth muscle 

cells, as well as platelet-derived growth factor receptor β (PDGFRβ) and aminopeptidase N 

(ANPEP or CD13) for pericytes, were assessed by Western immunoblotting in microvessel 

extracts from the parietal cortex of 60 participants of the Religious Orders study, with ages at 

death ranging from 75 to 98 years old.

RESULTS: Participants clinically diagnosed with AD had lower vascular levels of α-SMA, 

PDGFRβ and CD13. These reductions were correlated with lower cognitive scores for global 

cognition, episodic and semantic memory, perceptual speed and visuospatial ability. In addition, 

α-SMA, PDGFRβ and CD13 were negatively correlated with vascular Aβ40 concentrations. 

Vascular levels of BMC markers were also inversely correlated with cleaved insoluble 

phosphorylated transactive response DNA binding protein 43 (TDP-43) (25 kDa) and positively 

correlated with cleaved soluble phosphorylated TDP-43 (35 kDa) in cortical homogenates, 

suggesting strong association between BMC loss and cleaved phosphorylated TDP-43 

aggregation.
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CONCLUSIONS: The results of this study highlight a loss of BMC in AD. The associations 

between a-SMA, PDGFRβ and CD13 vascular levels with cognitive scores, TDP-43 aggregation 

and cerebrovascular accumulation of Aβ in the parietal cortex suggest that BMC loss contributes 

to both AD symptoms and pathology, further strengthening the link between cerebrovascular 

defects and dementia.
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Introduction

Defects in key aspects of cerebrovascular function are inseparable from the classical 

pathophysiological pathways of Alzheimer’s Disease (AD) [1–4]. It has been consistently 

shown, for instance, that patients with AD display reduced brain glucose uptake as well as 

decreased cerebral blood flow [5, 6]. Post-mortem analyses show a thickening of the 

basement membrane [7–9] and a high prevalence of cerebral amyloid angiopathy (CAA) in 

AD [10, 11]. Accordingly, we recently reported that patients with both AD and CAA had the 

highest vascular concentrations of Aβ peptides, with lower levels of efflux transporters and 

degrading enzymes as well as higher levels of its precursor cleaving enzyme (BACE1) in 

brain microvascular cells as possible underlying mechanisms [2].

Brain mural cells (BMC) are in close contact with brain endothelial cells along blood vessels 

and play a key role in the cerebrovascular function, including the regulation of BBB function 

and cerebral blood flow, as well as angiogenesis and neuroinflammatory responses [12–20]. 

BMC are subdivided in two main cell types, namely smooth muscle cells (SMC) and 

pericytes, which can be differentiated using various markers, such as smooth muscle alpha 

actin (α-SMA) for SMC and platelet-derived growth factor receptor β (PDGFRβ), 

aminopeptidase N (ANPEP or CD13) and neural/glial antigen 2 (NG2) for pericytes. 

However, the definition of BMC subtypes is still ambiguous, mostly because BMC can have 

heterogeneous phenotypes in terms of morphology and protein expression [21–26]. Indeed, 

imaging analyses in transgenic mice showed that arterioles were surrounded by smooth 

muscle cells while the capillaries were covered by pericytes, with distinct morphologies 

observed along the capillary bed [22, 23]. Hybrid cells, expressing both SMC and pericyte 

markers, were also visualized at the arteriolar end of the capillary bed, leading to their 

classification as either SMC [24] or pericytes [22], the latter being in accordance with the 

initial description of pericytes by Zimmermann [27].

Various studies have reported changes in SMC in AD. For instance, it has been shown that, 

compared to controls, endothelial coverage of α-SMA staining on cortical vessels is 

diminished in AD patients [28, 29] but increased in non-demented subjects with high plaque 

burden [30], leading the authors to hypothesize that higher α-SMA levels at the preclinical 

stage could be a mechanism to counteract vascular dysfunction in AD. Similar conclusions 

were drawn in the APPSweDI model (harbouring the Swedish, Dutch and Iowa mutations on 

the APP gene) following the observation that both mRNA and protein levels of α-SMA were 
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increased in microvessels of 12-month-old mice [31]. In contrast, analyses in Tg2576 mice, 

another mouse model of Aβ neuropathology, showed that SMC first become disorganized, 

evidenced by a dysfunctional vasodilation response, then reduced in number with the 

concomitant progression of AD neuropathology [32].

Concerning pericytes, experiments in APPsw mice showed that genetic invalidation of one 

Pdgfrb allele (APPsw/0/Pdgfrb+/−) leads to accelerated vascular accumulation of Aβ peptides 

compared to age-matched APPsw/0/Pdgfrb+/+ mice [33], suggesting a role for pericytes in 

Aβ clearance. Beside an aggravated cognitive deficit, these double transgenic mice also 

exhibited tau pathology and early neuronal loss, both being uncharacteristic features of most 

APP models [33]. Human post-mortem studies probing BMC are more limited. 

Immunofluorescence studies on small number of samples report either a decrease or no 

change in pericyte number and endothelial coverage in the cortex and hippocampus of AD 

patients [34, 35]. A more recent study showed lower concentrations of ELISA-detected 

PDGFRβ in total precuneus homogenates from AD cases compared to controls [36]. The 

cerebrospinal fluid (CSF) has also been used to estimate changes in central pericytes, 

showing for instance increased concentrations of the cleaved, soluble form of PDGFβ in the 

CSF of individuals with mild cognitive impairment [37, 38] or with a clinical or biomarker-

based diagnosis of AD [39]. Altogether, these studies suggest that BMC deficiency plays a 

pivotal role in the pathophysiology of AD [28, 29, 34–36, 40].

Taking advantage of our recently validated method to isolate microvessels from frozen 

human brain material [2], we sought to directly probe BMC by measuring levels of SMC 

and pericyte markers in microvessel samples from a cohort of study volunteers divided in 

three groups based on detailed ante mortem assessment of cognitive function: no cognitive 

impairment (NCI), mild cognitive impairment (MCI) or AD. Brain samples from the cohort 

used here have underwent an extensive biochemical characterization not only for Aβ and 

tau, but also for transactive response DNA-binding protein 43 (TDP-43) and vascular 

pathologies [2, 41, 42]. We thus interrogated whether the extent of BMC pathology in the 

parietal cortex was related to neuropathological markers, vascular Aβ levels and cognitive 

decline.

Methods

Human samples: Religious Orders Study (Rush Alzheimer’s Disease Center)

Parietal cortex samples were obtained from participants in the Religious Orders Study, a 

longitudinal clinical and pathological study of aging and dementia from which extensive 

amounts of clinical and neuropathological data were available [43]. Each participant 

enrolled without known dementia and underwent annual uniform structured clinical 

evaluations until death. Briefly, dementia and AD diagnosis required evidence of meaningful 

decline in cognitive function and impairment in at least 2 domains of cognition, one of 

which was episodic memory, based on the results of 21 cognitive performance tests and their 

review by a clinical neuropsychologist and expert clinician [44]. “MCI” refers to participants 

with cognitive impairment as assessed by the neuropsychologist but without a diagnosis of 

dementia, as determined by the clinician [45]. “NCI” refers to participants with no cognitive 

impairment [46]. A global measure of cognition along with five cognitive domains (episodic, 
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semantic and working memory, perceptual speed and visual-spatial ability) were generated 

from 19 cognitive performance tests [47]. Each subject was also interviewed about their 

current prescription medication usage, such as antihypertensive and diabetes medications, in 

the last two weeks prior to its follow-up as reported [48, 49]. At death, a neurologist, blinded 

to all post-mortem data, reviewed select clinical data and rendered a summary diagnostic 

opinion regarding the clinical diagnosis at the time of death. Participants thus received a 

clinical diagnosis of MCI (n = 20) or AD (n = 20) or NCI (n = 20), as previously described 

[50]. The neuropathological assessment was performed using the ABC scoring method 

found in the revised National Institute of Aging - Alzheimer’s Association (NIA-AA) 

guidelines for the neuropathological diagnosis of AD [51]. Each case was given, by 

examiners blinded to all clinical data, a score for three different neuropathological 

parameters: A) Thal score assessing phases of Aβ plaque accumulation [52], B) Braak score 

assessing neurofibrillary tangle pathology [53], and C) CERAD score assessing neuritic 

plaque pathology [54]. These scores were then combined to obtain an ABC score, reported 

as AX, BX, CX with X ranging from 0 to 3 for each parameter [51]. Neuritic plaques, 

diffuse plaques, and neurofibrillary tangles in the parietal cortex were counted following 

Bielschowsky silver impregnation, as previously described. Each ABC score was converted 

into one of four levels of AD neuropathological changes, not, low, intermediate or high. 

According to the chart found in the revised NIA-AA guidelines, intermediate or high levels 

of AD neuropathological changes are consistent with a neuropathological diagnosis of AD, 

while no or a low level of AD neuropathological changes are not [51]. Therefore, when 

group comparisons were based on the neuropathological diagnosis, individuals with 

intermediate or high levels of AD neuropathological changes were classified as AD while 

participants with no or a low level of AD neuropathological changes were classified as 

Controls. In addition, the presence of cerebral amyloid angiopathy in parenchymal vessels of 

the parietal cortex, and cerebral macroinfarcts and microinfarcts was determined during 

neuropathological evaluations, as described previously [2, 55]. Table 1 summarizes clinical, 

neuropathological and biochemical data of participants grouped by the clinical diagnosis.

Isolation of human brain microvessels

Microvessel-enriched extracts from frozen human brain samples used in this study were 

described in our previous publication [2]. This method consists of a series of centrifugation 

steps, including one density gradient centrifugation with dextran, after which the tissue is 

filtered through a 20-μm nylon filter, generating two fractions: one enriched in cerebral 

microvessels, the other consisting of microvessel-depleted parenchymal cell populations. 

Our previous work and data shown in Figure 1 confirm the composition of each fraction 

using immunodetection of endothelial and neuronal markers [2]. Proteins of both fractions 

were extracted using a lysis buffer and supernatants were kept for Western immunoblotting 

analyses. Protein concentrations were all determined using the bicinchoninic acid assay. The 

detailed experimental procedure is described in the Supplementary material.

Immunofluorescence analysis of isolated human microvessels

Extracts from the vascular fraction were dried on Superfrost Plus slides and fixed using a 4% 

paraformaldehyde solution in PBS for 20 minutes at RT and then blocked with a 10% 

normal horse serum and 0.1% Triton X-100 solution in PBS for 1 hour at RT. For Aβ 
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immunolabeling only, a pretreatment with 90% formic acid for 10 minutes was performed 

between the fixation and blockage steps. Then, samples were stained with goat anti-type IV 

collagen and with rabbit anti-smooth muscle alpha actin (Abcam, ab5694, 1:100), rabbit 

anti-PDGFRβ (Abcam, ab32570, 1:100), rabbit anti-CD13 (Proteintech, 14553–1-AP, 1:100) 

or mouse anti-Aβ40 (BioLegend, 805401, 1:100). Extracts were then incubated with 

secondary antibodies (donkey anti-goat Alexa Fluor 488, donkey anti-rabbit Alexa Fluor 555 

or donkey anti-rabbit Alexa Fluor 647, and donkey anti-mouse Alexa Fluor 647). Finally, 

cell nuclei were counterstained with DAPI and slides were mounted with Mowiol mounting 

medium. Between each step, three washes of 5 minutes with PBS were performed. Images 

were taken using a laser scanning confocal microscope (Olympus IX81, FV1000; Ontario, 

Canada) and were acquired by sequential scanning using optimal z-separation at a 

magnification of 20X.

Protein fractionation from human parietal cortex

Each inferior parietal cortex sample (~ 100 mg) was sequentially centrifuged to generate a 

Tris-buffered saline (TBS)-soluble protein fraction containing soluble intracellular, nuclear 

and extracellular proteins, a detergent-soluble fraction containing membrane-bound proteins 

and a detergent-insoluble fraction (formic acid extract) containing insoluble aggregates, as 

previously reported [42]. The TBS-soluble fraction was used to probe for phosphorylated 

TDP-43 (Ser403/404) and total TDP-43, whereas the formic acid-soluble fraction was used 

to probe for phosphorylated TDP-43 (Ser409/410), total TDP-43, and phosphorylated tau 

(Ser396/404, clone AD2). The resulting whole homogenates of total soluble proteins (TBS- 

and detergent-soluble protein homogenates) were also used for comparison with 

microvessel-enriched extracts.

Isolation of murine brain microvessels

The 3xTg-AD mouse model used in this study has been described previously. Briefly, 3xTg-

AD mice express mutant preselinin-1 (PS1M146V), APPswe, and tau (P301L) transgenes, 

leading to the progressive accumulation of Aβ plaques and neurofibrillary tangles [56–58]. 

Both 3xTg-AD and nontransgenic (NonTg) mouse lines are maintained in our animal 

facility. Mice aged 12 and 18 months were used in this study. In this model, the AD-like 

neuropathology becomes readily detectable at 12 months and is widespread after 18 months 

[57]. All mice had free access to standard laboratory food and water and were kept on a 12-

hour light-dark cycle. All experiments were performed in accordance with the Canadian 

Council on Animal Care guidelines and were approved by the Laval University animal ethics 

committee. Brain microvessels from 3xTg-AD mice were generated with a protocol similar 

to the one used for human frozen samples, using a procedure reported in our previous work 

[59] and described in the Supplementary material.

Western blot

Protein homogenates from human and murine brain microvessel extracts were added to 

Laemmli’s loading buffer and heated 10 minutes at 70°C. TBS- and formic acid-soluble 

fractions from human parietal cortex were also added to Laemmli’s loading buffer and 

heated 5 minutes at 95°C. Equal amounts of proteins per sample (8 μg for both human and 

murine brain microvessel extracts and 15 μg for protein homogenates of human parietal 
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cortex) were resolved on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). All samples, loaded in a random order, were run on the same immunoblot 

experiment for quantification. Proteins were electroblotted on PVDF membranes, which 

were then blocked during 1h at RT with a PBS solution containing 5% non-fat dry milk, 

0.5% BSA and 0.1% Tween 20. Membranes were then incubated overnight at 4°C with 

primary antibodies (microvessel extracts: rabbit anti-smooth muscle alpha actin, 1:2000; 

rabbit anti-PDGFRp, 1:2000; rabbit anti-CD13 1:2000; rabbit anti-cyclophilin B, Abcam, 

ab16045, 1:1000; TBS-soluble homogenates: rabbit anti-phosphoTDP-43 Ser403/404 

antibody (Cosmo Bio Co., TIP-PTD-P05, 1:2000) and mouse anti-human TDP-43 (clone 

2E2-D3), Abnova, H00023435-M01, 1:2000); formic acid-soluble homogenates: rabbit anti-

phosphoTDP-43 Ser409/410 (Cosmo Bio Co., TIP-PTD-P02, 1:2000) and mouse anti-

human TDP-43 (clone 2E2-D3), 1:2000). Membranes were then washed three times with 

PBS containing 0.1% Tween 20 and incubated during 1h at RT with the secondary antibody 

(goat anti-rabbit HRP or goat anti-mouse HRP, Jackson ImmunoResearch Laboratories, 

West Grove, PA; 1:50,000 in PBS containing 0.1% Tween 20 and 1% BSA). Membranes 

were probed with chemiluminescence reagent (Luminata Forte Western HRP substrate; 

Millipore) and imaged using the myECL imager system (Thermo Fisher Scientific). 

Densitometric analysis was performed using the mylmageAnalysis™ Software provided 

with the imaging system. Uncropped gels of all immunoblot assays are shown in the 

Supplementary material (Figures S2, S3 and S4).

Data and statistical analysis

When comparing two groups, an unpaired Student’s t-test was performed. When more than 

two groups were compared, parametric one-way ANOVA followed by Tukey’s multiple 

comparison tests or twoway ANOVA were used. Correlations with antemortem clinical 

scores were adjusted for the following covariates: sex, age at death, educational level and 

APOE genotype. For all data, statistical significance was set at p < 0.05. Individual data 

were excluded for technical reasons or if determined as an outlier. All statistical analyses 

were performed with Prism 6 (GraphPad, San Diego, CA, USA) or JMP (version 13; SAS 

Institute Inc., Cary, IL) software.

Results

Levels of mural cell markers are reduced in volunteers with AD and are correlated with 
cognitive performance

We first validated that mural cell markers were enriched in brain microvessel extracts used in 

this study. As represented in Figure 1A, α-SMA, PDGFRβ and CD13 were all highly 

concentrated in both human and murine brain microvessel fractions. Immunofluorescence 

analyses on human brain microvessels revealed that all mural cell markers colocalized with 

microvessels, labelled with type IV collagen, a marker of basement membrane. These 

analyses further showed that α-SMA immunoreactivity was observed on larger vessels 

(Figure 1B), while pericyte markers PDGFRβ and CD13 were detected mostly on smaller 

capillary-like vessels (Figure 1C, D).
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Western blot analyses revealed that PDGFRP levels were significantly lower for participants 

with a clinical diagnosis of AD compared to both NCI (−76%) and MCI (−72%). Alpha (α)-

SMA and CD13 levels were significantly lower in persons with clinical AD compared to 

those with MCI (−60% and −49% respectively), but not compared to NCI (−41% and −38% 

respectively) (Figure 2). Differences between NCI and MCI were not significant for all three 

mural cell markers investigated (Figure 2A–C). Additional analyses after grouping NCI and 

MCI further revealed that all three mural cell markers were significantly lower in the persons 

with clinical AD compared to non-demented individuals (not shown). By contrast, the levels 

of CD31, an endothelial marker, remained similar between groups (Table 1), as previously 

reported [2].

To determine whether levels of BMC markers were associated with antemortem cognitive 

performance, we performed linear regression analyses with various domain-specific 

cognitive scores, with adjustments for sex, age at death, educational level and APOE 
genotype. All three markers were positively associated with global cognitive scores (α-

SMA: r2 = 0.071, p < 0.05; PDGFRβ: r2 = 0.130, p < 0.01; CD13: r2 = 0.128, p < 0.01), 

semantic memory (α-SMA: r2 = 0.086, p < 0.05; PDGFRβ: r2 = 0.141, p < 0.01; CD13: r2 = 

0.149, p < 0.01) and perceptual speed (a-SMA: r2 = 0.075, p < 0.05; PDGFRβ: r2 = 0.169, p 

< 0.01; CD13: r2 = 0.081, p < 0.05) (Figure 2D–F and Table 2). Pericyte markers PDGFRβ 
(r2 = 0.098, p < 0.05) and CD13 (r2 = 0.114, p < 0.05) were also positively correlated with 

episodic memory, while a similar trend was noted for α-SMA (r2 = 0.070, p = 0.0507) 

(Table 2).

No significant differences in BMC markers were detected between volunteers according to 
their neuropathological diagnosis of AD or apoE4 carriage

We further compared the volunteers included in this study based on their neuropathological 

diagnosis as either AD or no AD, determined using the revised NIA-AA criteria [51]. 

Moreover, given that it has been previously shown that markers of mural cells were 

influenced by apoE4 carriage [36, 40], individuals rated as having an AD were subdivided in 

two groups based on apoE4 carriage, while the only two apoE4 carriers in the control group 

were excluded from this analysis for statistical reasons. No significant difference was noted 

between groups (Figure 3A–C). Nevertheless, linear regression analyses revealed that 

vascular levels of both α-SMA and PDGFRβ were negatively associated with the number of 

neuritic plaques in the parietal cortex (Figure 3D–F and Table S1). Moreover, α-SMA was 

also inversely correlated with insoluble Aβ42 concentrations in the whole parietal cortex 

(Figure 3G–I and Table S1). However, no significant association of BMC markers was found 

with tangle counts and insoluble phosphorylated tau in the parietal cortex (Figure 3J–L and 

Table S1).

Cerebrovascular accumulation of Aβ is inversely correlated with levels of mural cell 
markers

The utilization of microvessel extracts gives us the possibility to perform a direct assessment 

of the accumulation of Aβ40 and Aβ42 specifically in the vascular compartment isolated 

from the same persons [2]. Experiments conducted in APPsw mice showed that a genetic 

ablation of one Pdgfrb allele aggravates cerebrovascular Aβ accumulation [33], suggesting a 
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role for mural cells in CAA. Interestingly, pericyte markers PDGFRβ (r2 = −0.109, p < 0.05) 

and CD13 (r2 = −0.197, p < 0.001) were negatively correlated with microvascular Aβ40 

concentrations, whereas a strong trend was found for α-SMA (r2 = −0.052, p = 0.1012) 

(Figure 4A–C). Conversely, no significant association was noted between vascular Aβ42 and 

all mural cell markers tested (Figure 4D–F). We further performed immunofluorescence 

experiments to evaluate whether mural cell markers colocalized with Aβ peptides. Although 

both Aβ40 and α-SMA were detected on large vessels, only scarce evidence of 

colocalization, visible in orange, was found between these markers, indicating that most of 

the Aβ40 appears to accumulate predominantly in vascular segments devoid of α-SMA 

immunoreactivity (Figure 4G). Aβ40 immunoreactivity was also observed adjacent to type 

IV collagen and α-SMA staining, in agreement with previous evidence of an accumulation 

of vascular Aβ in the basement membrane surrounding SMC [60]. As pericyte are mostly on 

smaller capillary-like vessels, almost no colocalization was found between CD13 and Aβ40 

(Figure 4H). Finally, no significant differences in BMC markers were detected between 

volunteers according to the parenchymal CAA stage in the parietal cortex or the presence or 

not of chronic cortical infarcts (Figure S1).

Levels of CD13, but not PDGFRβ or α-SMA, are reduced in brain microvessels from old 
3xTg-AD mice

To determine whether changes in BMC are a consequence of AD neuropathology, we 

applied the same methodology in brain samples from old 3xTg-AD mice. This model is 

transgenically designed to develop plaque and tangle neuropathology with age, but it also 

develops cerebrovascular deficits such as reduced glucose and docosahexaenoic acid uptake, 

reduced cerebrovascular volume, and a thickening of the basement membrane [59, 61–63]. 

Immunoblotting experiments in microvessel-enriched extracts showed lower CD13 levels in 

old 3xTg-AD mice compared to age-matched NonTg mice (−33% for mice aged 12 months 

and −21% for mice aged 18 months, respectively), whereas α-SMA and PDGFRβ remained 

unchanged (Figure 5A–C).

Loss of mural cell markers in microvessels is associated with cortical TDP-43 pathology

The brains of up to 57% of AD patients contain post-mortem transactive response DNA-

binding protein 43 (TDP-43) neuropathology [11, 42, 64–66]. We thus examined whether 

differences in mural cell markers in vascular samples we observed in clinical AD were 

related to TDP-43 pathology assessed in TBS-soluble and formic acid-soluble protein 

homogenates, with an emphasis on its cleaved, phosphorylated forms given their putative 

role in the toxicity of TDP-43 [67–70]. As represented in Figure 6B and Table S2, cleaved 

phosphorylated forms of TDP-43 were less concentrated in TBS-soluble extracts from 

volunteers with AD. In contrast, levels of cleaved phosphorylated TDP-43 were higher in the 

formic acid-soluble fractions containing insoluble proteins from AD subjects (Figure 6E and 

Table S2), suggesting a conversion of pTDP-43 into its insoluble form in AD. Despite 

similar trends, no significant changes were observed for their full-length counterparts in the 

same fractions (Figure 6C, F and Table S2). Linear regression analyses, adjusted for age at 

death, showed that a-SMA (soluble cleaved phosphorylated TDP-43 / insoluble cleaved 

phosphorylated TDP-43: r2 = 0.076, p < 0.05 / r2 = −0.178, p < 0.01) and PDGFRβ (soluble 

cleaved phosphorylated TDP-43 / insoluble cleaved phosphorylated TDP-43: r2 = 0.258, p < 
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0.0001 / r2 = −0.423, p < 0.0001) levels were strongly related with cleaved, phosphorylated 

TDP-43 concentrations, while only non-significant trends were observed for CD13 (soluble 

cleaved phosphorylated TDP-43/insoluble cleaved phosphorylated TDP-43: r2 = 0.028, p > 

0.05 / r2 = −0.047, p > 0.05) (Figure 6G–L). The association was particularly strong between 

cortical pTDP-43 and vascular PDGFRβ, but opposite for the soluble and insoluble species, 

suggesting that cleavage and aggregation of the 25-kDa fragment may be deleterious for 

pericytes. Analyses also revealed that the two pericyte markers investigated (PDGFRβ: r2 = 

−0.165, p < 0.01; CD13: r2 = −0.098, p < 0.05), but not α-SMA (r2 = −0.019, p > 0.05), 

were inversely associated with total insoluble TDP-43 levels (Figure 6M–O).

Discussion

The present study sought to investigate the extent of vascular mural cell pathology in AD 

using brain extracts enriched in microvessels generated from human parietal cortex samples. 

Altogether, our results suggest that a loss of smooth muscle cells and pericytes occurs in the 

parietal cortex in individuals with clinical AD, correlating with cognitive decline and 

cerebrovascular accumulation of Aβ. In addition, regression analysis of our data highlight 

that such loss of mural cells is strongly associated with TDP-43 pathology, weakly 

associated with cortical Aβ content, but not at all with tau neuropathology.

Lower BMC levels in microvessel extracts are associated with cognitive impairment and a 
diagnosis of AD.

Data from the present work indicate that α-SMA, PDGFRβ and CD13 levels were lower in 

microvessel extracts from individuals with lower cognitive scores or with a clinical diagnosis 

of AD. This could be explained by either a loss of cells or a decreased expression. The latter 

is a less likely interpretation since all three markers were decreased. On the other hand, a 

loss of mural cells is in agreement with previous reports showing a reduced coverage of 

cortical and hippocampal microvessels by smooth muscle cells and pericytes in post-mortem 

AD brains, using immunohistochemistry [28] and immunofluorescence [34] paradigms. 

However, while PDGFRβ- and CD13-positive pericyte coverage of cortical capillaries was 

reduced by a similar magnitude [34], the present immunoblot approach allowed us to 

determine that the magnitude of reduction for PDGFRβ was twice more marked than for 

CD13 in the parietal cortex in AD. Contrasting with the decrease of α-SMA, PDGFRβ and 

CD13 levels, no massive degeneration of the cerebral endothelium was observed, thus 

suggesting a rather specific loss of BMC. This is in line with a previous study showing 

similar von Willebrand factor levels in the precuneus of AD patients despite reduced 

PDGFRβ concentrations [36].

Recent studies reported that subjects clinically diagnosed with AD as well as subjects at 

preclinical stages had higher CSF concentrations of the cleaved, soluble form of PDGFRβ 
[37–39], this elevation being interpreted as resulting from pericyte degeneration [14, 37–39]. 

While this previous work is consistent with the present results, the increase in CSF PDGFRβ 
is already detectable at the MCI stage, which was not the case here. Notably, we observed a 

strong association between mural cell loss and impaired cognitive performance. Indeed, all 

three mural cell markers investigated were not only positively correlated with global 
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cognition, but also with several specific cognitive domains including episodic memory, a 

domain predominantly affected in AD [71, 72]. Whether mural cell loss plays a causal role 

in cognitive changes cannot be ascertained from these associative studies, but genetic 

induction of pericyte deficiency in a mouse of AD was shown to result in cognitive decline 

[33].

A weaker association between BMC and classical AD neuropathology.

Contrasting with cognition, vascular BMC showed a more complex relationship with Aβ and 

tau neuropathology. On the one hand, conflicting results were reported following analyses of 

cleaved, soluble PDGFRβ (sPDGFRβ) concentrations in the CSF. For instance, Nation and 

colleagues showed that CSF levels of sPDGFRβ were unrelated to CSF measurements of 

Ap42 and phosphorylated tau [38], while another recent study rather found that sPDGFRβ 
content in the CSF was associated with CSF concentrations of phosphorylated tau, but not 

Aβ42 [39]. On the other hand, in agreement with anterior post-mortem measurements in 

whole brain homogenates [36], we noted that PDGFRβ levels in vascular extracts were 

negatively correlated to the number of neuritic plaques in the parietal cortex, an association 

even stronger for α-SMA. Conversely, no significant association was found with 

neurofibrillary tangle counts in the same brain region for all brain mural cell markers, 

illustrating an apparent dichotomy between CSF and neuropathological findings. 

Nevertheless, based on these observations, one could have expected significant variations for 

BMC markers in volunteers with a neuropathological diagnosis of AD. Yet, unlike in 

previous studies [28, 34, 39], BMC markers levels were not statistically different when 

subjects were distinguished according to the neuropathological diagnosis, determined using 

the ABC scoring method. These discrepancies can possibly be explained by differences in 

the neuropathological definition of the control group as anterior reports only included in 

their control group participants that were given low Braak (0 or I) and CERAD (absent or 

sparse neuritic plaques) scores whereas, in this work, a small number of subjects with high 

Braak or CERAD scores were included, in line with the NIA-AA guidelines [51].

Measurements of BMC markers in brain microvessels from 3xTg-AD mice argue against a 

major causal role of Aβ and tau pathologies in the loss of mural cell markers. In 3xTg-AD 

mice aged 12 and 18 months, only CD13 was reduced compared to age-matched NonTg 

mice, which is in accordance with previous findings showing a reduced number of CD13-

positive cell bodies but similar PDGFRβ levels in cortical vessels of APPsw mice compared 

to controls [33]. Also using APPsw mice, Christie and colleagues reported that a loss of 

SMC surrounding leptomeningeal vessels occurs with the progression of cerebrovascular Aβ 
pathology [32]. These discrepancies with our findings are possibly due to the variable extent 

of CAA pathology found in each of these models [73, 74] and the study material 

(leptomeningeal versus parenchymal vessels). In addition, the lack of concordance between 

the two pericyte markers CD13 and PDGFRβ in murine microvessel extracts from different 

AD mouse models suggests a decreased expression of this marker in BMC rather than a loss 

of BMC, contrasting with the observations in human microvascular extracts. However, it is 

worth noting that the 3xTg-AD mouse develops a less extensive AD pathology than what is 

found in human post-mortem AD patients, and perhaps insufficient to trigger a widespread 

mural cell loss.
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The relation between pericyte markers and microvascular Aβ tells a different story, as we 

observed a relatively strong inverse association between levels of PDGFRβ and CD13 with 

Ap40 in human brain microvessels. This is probably because Aβ40 is the predominant Aβ 
species found clustered onto microvessels in CAA, whereas Aβ42 is rather predominant in 

neuritic plaques [75–77]. Such observation is to some extent in agreement with a previous 

work reporting that APP-overexpressing mice invalidated for one Pdgfrb allele displayed a 

five-fold increase in Aβ immunoreactivity in cortical arteries compared to age-matched 

APPsw mice [33]. Since pericytes are not located on larger vessels where Aβ peptides 

predominantly accumulate, as shown in our immunofluorescence analysis, this suggests a 

role for pericytes in Aβ clearance mostly on smaller vessels. Of note, the interstitial cerebral 

fluid and its solutes, including Aβ peptides, are thought to be drained out of the brain into 

the basement membranes of capillaries and then along those of arteries [78]. Therefore, an 

impaired clearance of Aβ peptides by pericytes at the level of capillaries could also 

contribute to the vascular accumulation of Aβ. The spontaneous contraction of SMC, termed 

vasomotion, is thought to be a major driving force of the intramural periarterial drainage 

(IPAD) pathway of the brain [79, 80]. A loss of SMC, as suggested by data gathered in this 

study, could thus lead to a deficiency of this clearance mechanism and a subsequent 

accumulation of Aβ in the vessel walls. Nonetheless, the loss of mural cells evidenced in this 

study is most likely associated with vascular abnormalities not limited to Aβ accumulation.

A strong association between BMC and TDP-43.

Clinicopathological studies highlight that TDP-43 pathology occurs in an important subset 

of AD patients, estimated between 14 and 57 % [11, 42, 64–66]. However, the relative 

pathogenicity of TDP-43 depends on the exact cellular localization, full-length versus 

cleaved form and phosphorylation status [42, 81–83]. Involved in several steps of RNA 

metabolism, TDP-43 is naturally shuttled between the nucleus and the cytoplasm [84]. 

Through a yet unknown mechanism, TDP-43 is cleared out of the nucleus and accumulates 

in the cytoplasm where it is cleaved and phosphorylated, such modifications exacerbating its 

aggregation [67–70]. The present analyses confirmed that soluble and insoluble 

phosphorylated TDP-43 are respectively decreased and increased in AD, with this 

translocation into cytoplasmic aggregates correlating best with cognitive function [42].

Full-length TDP-43, and its cleaved, phosphorylated form found in the insoluble extracts as 

well as lower amounts of its soluble counterpart, were all associated with reduced levels of 

mural cell markers in human brain microvessel extracts, with higher coefficients of 

determination than cortical Aβ42 and neuritic plaque burden. To our knowledge, this is the 

first study linking the reduction of mural cell markers and specific aspects of TDP-43 

pathology in the same cohort of AD patients, our biochemical approach providing the 

possibility to distinguish between specific fragments. Here, strong and opposite correlations 

were found with cleaved phosphorylated TDP-43 species while weaker associations were 

noted with its parent form. Such observation suggests that brain mural cell loss is more 

related to the transition from a soluble to an insoluble state of cleaved phosphorylated 

TDP-43 than the full-length protein, consistent with anterior findings showing that such a 

biochemical process has pathological implications [67–70]. Imaging analyses in patients 

with the behavioural variant of frontotemporal dementia (bvFTD) or amyotrophic lateral 
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sclerosis (ALS) showed that a hypoperfusion was observed in brain regions matching the 

progression of TDP-43 pathology in these diseases and correlating with cognitive and 

behavioural impairments [85]. Likewise, a hypoperfusion is also noted in AD, but is thought 

to occur several years before the onset of clinical symptoms [5, 86, 87]. In the subset of AD 

patients displaying post-mortem TDP-43 pathology, it is thus conceivable that hypoperfusion 

may be among the initial stressors triggering the development of this proteinopathy and that 

the neuronal dysfunction consecutive to this pathology could subsequently lead to alterations 

in the neurovascular unit, causing the loss of mural cells. Experiments in mice deficient in 

mural cells or modelling TDP-43 pathology would be of interest to better understand the 

link between this pathology and cerebrovascular alterations, including IPAD failure and the 

loss of mural cell markers. Emerging biomarkers for TDP-43 may also be useful tools to 

identify the patients that are more likely to display cerebrovascular alterations [88–90].

Loss of BMC: a late event in AD

Our results suggest that the loss of BMC is a late event in the AD continuum as individuals 

with MCI displayed similar levels of BMC markers than controls. Very limited changes of 

BMC markers in brain microvessels of 3xTg-AD mice also argue against an early event 

occurring before the apparition of an overblown AD neuropathology. Based on the data 

presented in this study, one potential explanation could be that TDP-43 pathology, generally 

thought to be a secondary neuropathology in AD, is required for this cell loss to occur. The 

accumulation of cleaved, soluble PDGFRβ observed in the CSF of participants rated as MCI 

[38] could thus be a reflection of an increased shedding of the receptor, an insult pericytes 

may be able to recover from at early stages [91, 92], but not in later stages, leading to mural 

cell loss. Alternatively, it is also possible that markers expressed by BMC other than those 

investigated in this work may be modulated at earlier stages. Lysyl oxidase appears as a 

potential candidate as this enzyme is implicated in the formation and modulation of the 

extracellular matrix, and alterations of its protein level or activity could in turn affect Aβ 
accumulation and deposition in vessel walls as well as vascular stiffening and remodelling 

[93–95].

Conclusion:

These data unveil a path in which a loss of BMC occurs in the parietal cortex along with the 

progression of the cognitive symptoms of AD. Besides being related to the accumulation of 

Aβ, particularly in microvessels, the loss of BMC is more strongly associated with the 

conversion of phosphorylated TDP-43 from a soluble to an insoluble cleaved form. This is 

supportive of a putative role for mural cell alterations in the pathophysiology of AD.
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Figure 1: Mural cell markers are enriched in human and murine brain microvessel extracts.
A) Western immunoblotting analyses on human and murine brain microvessel extracts show 

that the endothelial marker Glut1 as well as known mural cell markers are concentrated in 

the vascular fraction whereas synaptophysin, a neuronal marker, is enriched in the 

microvessel-depleted parenchymal fraction. Representative photo examples were taken from 

the same immunoblot experiment, and black vertical line was inserted to indicate 

nonconsecutive bands. The same amount (8 μg) of proteins per sample was loaded. B-D) 

Subsequent immunofluorescence assays on human brain microvessels showed that 

antibodies raised against α-SMA labeled larger vessels while capillary-like smaller vessels 

were stained by PDGFRβ and CD13 antibodies. Scale bar: 20 μm. Abbreviations: α-SMA, 

smooth muscle alpha actin; CD13, aminopeptidase N; Coll IV, type IV collagen; P, 
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microvessel-depleted parenchymal fraction; PDGFRβ, platelet-derived growth factor 

receptor β; T, total homogenate; Va, vascular fraction, enriched in microvessels.
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Figure 2: Mural cell markers are reduced in AD and are correlated with global cognitive 
performance.
Levels of mural cell markers in human microvessel extracts were determined by Western 

immunoblotting. Data are represented as scatterplots, with relative optical density values 

indicated using a logarithmic scale. Representative photo examples illustrate consecutive 

bands, with cyclophilin B being shown as loading control. Uncropped gels of all 

immunoblot assays are shown in Figure S2. A-C) Subjects were grouped according to the 

clinical diagnosis. Alpha (α)-SMA, PDGFRβ and CD13 levels were all reduced in 

individuals clinically classified as AD compared to NCI or MCI. Horizontal lines indicate 

mean ± S.E.M. Statistical analysis: one-way analysis of variance followed by a Tukey’s post 

hoc test using log transformed relative optical density values, * p < 0.05; ** p < 0.01. D-F) 

Linear regression analyses further revealed that all markers were positively associated with 

global cognitive scores. Statistical analysis: Coefficients of determination (r2) computed 

after log transformation of relative optical density values for mural cell markers, ¶ p < 0.05; 

¶¶ p < 0.01. Correlations were adjusted for the following covariates: sex, age at death, 

educational level and APOE genotype. Abbreviations: α-SMA, smooth muscle alpha actin; 

Bourassa et al. Page 21

Neuropathol Appl Neurobiol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A-AD, Alzheimer’s Disease; CD13, aminopeptidase N; Clinical Dx, clinical diagnosis; 

CypB, cyclophilin B; M-MCI, mild cognitive impairment; N-NCI, healthy controls with no 

cognitive impairment; O.D., optical density; PDGFRβ, platelet-derived growth factor 

receptor β.
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Figure 3: Alzheimer’s Disease neuropathology and apoE4 carriage are not associated with the 
loss of mural cell markers.
Levels of mural cell markers in human microvessel extracts were determined by Western 

immunoblotting. Data are represented as scatterplots, with relative optical density values 

indicated using a logarithmic scale. Representative photo examples illustrate consecutive 

bands, with cyclophilin B being shown as loading control. Uncropped gels of all 

immunoblot assays are shown in Figure S2. A-C) Subjects were grouped according to the 

neuropathological diagnosis, the AD group being further subdivided based on apoE4 

carriage. For all mural cell markers investigated, no significant difference was observed in 

participants with an autopsy-confirmed AD neuropathology compared to controls, without 

any additional effect from apoE4 carriage. Statistical analysis: one-way analysis of variance 
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followed by a Tukey’s post hoc test using log transformed relative optical density values for 

mural cell markers, p > 0.05. D-L) Vascular α-SMA and PDGFRβ levels were negatively 

associated with neuritic plaque counts in the parietal cortex, while only a trend was observed 

for CD13. Vascular levels of α-SMA but not PDGFRβ and CD13, were also negatively 

associated with the concentrations of insoluble cortical Aβ42. No significant association was 

observed between mural cell markers and tangle counts in the parietal cortex. Statistical 

analysis: Coefficients of determination (r2) computed after log transformation of relative 

optical density values for mural cell markers and insoluble cortical Aβ concentrations, ¶ p < 

0.05; ¶¶ p < 0.01. Abbreviations: (-), apoE4 non carrier; (+), apoE4 carrier; α-SMA, smooth 

muscle alpha actin; A-AD, Alzheimer’s Disease; ABC Dx, ABC neuropathological 

diagnosis; CD13, aminopeptidase N; CypB, cyclophilin B; O.D., optical density; PDGFRβ, 

platelet-derived growth factor receptor β.
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Figure 4: Levels of mural cell markers are inversely correlated with Aβ concentrations in human 
microvessel extracts.
Aβ concentrations used for linear regression analyses were measured by ELISA and 

previously published [2]. PDGFRβ and CD13 levels were inversely correlated to vascular 

Aβ40 concentrations, while a strong trend was noted for α-SMA (A-C). On the contrary, no 

correlation was observed with vascular Aβ42 (D-F). Statistical analysis: Coefficients of 

determination (r2) computed after log transformation of both vascular Aβ peptide 

concentrations and relative optical density values for mural cell markers, ¶¶ p < 0.01. Aβ40 

and α-SMA immunoreactivities were detected on larger vessels, with only a scarce 

colocalization (visible in orange), while CD13-positive signal was found on smaller, 

capillary-like vessels (G-H). Abbreviations: α-SMA, smooth muscle alpha actin; AD, 
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Alzheimer’s Disease; CD13, aminopeptidase N; Coll IV, type IV collagen; O.D., optical 

density; PDGFRβ, platelet-derived growth factor receptor β.
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Figure 5: CD13 levels are reduced in brain microvessels from old 3xTg-AD mice.
A-C) Levels of mural cell markers in microvessel extracts from NonTg and 3xTg-AD mice 

aged 12 and 18 months were determined by Western immunoblotting. Representative photo 

examples illustrate consecutive bands, with cyclophilin B being shown as loading control. 

Uncropped gels of all immunoblot assays are shown in Figure S3. CD13 levels are decreased 

in old 3xTg-AD mice compared to age-matched NonTg mice. No difference was noted for 

α-SMA and PDGFRβ. Statistical analysis: two-way analysis of variance. Data are 

represented as bar graphs indicating mean ± S.E.M. Sample size for each group is indicated 

in the graph bars. Abbreviations: 3x-3xTg-AD, triple transgenic mice; α-SMA, smooth 

muscle alpha actin; CD13, aminopeptidase N; CypB,cyclophilin B; NT-NonTg, 

nontransgenic mice; O.D., optical density; PDGFRβ, platelet-derived growth factor receptor 

β.
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Figure 6: Mural cell marker levels are associated with cortical TDP-43 pathology in human 
volunteers.
Levels of soluble and insoluble phosphorylated as well as total insoluble TDP-43 were 

determined by Western immunoblotting in TBS-soluble and formic acid-soluble protein 

homogenates from the parietal cortex of the same series of donors. Representative photo 

examples illustrate consecutive bands. Uncropped gels of all immunoblot assays are shown 

in Figure S4. A-C) Soluble phosphorylated TDP-43 levels were reduced in volunteers 

clinically classified as AD whereas total soluble TDP-43 levels remained similar between 

groups. D-F) Insoluble phosphorylated TDP-43 levels were increased in participants with 

clinical AD while a strong upward trend was noted for total insoluble TDP-43 in the same 

group. Values in the MCI group were intermediate as compared to the AD and NCI groups. 
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Statistical analysis: one-way analysis of variance followed by a Tukey’s post hoc test, * p < 

0.05; ** p 0.01. G-O) Vascular α-SMA and PDGFRβ levels were respectively positively and 

negatively associated with TBS- and formic acid-soluble phosphorylated TDP-43, while 

only non-significant trends were observed for CD13. Vascular levels of PDGFRβ and CD13, 

but not α-SMA, were also negatively associated with total insoluble TDP-43. Statistical 

analysis: Coefficients of determination (r2) adjusted for age at death and computed after log 

transformation of relative optical density values for mural cell markers, ¶ p < 0.05; ¶¶ p < 

0.01; ¶¶¶ p < 0.001; ¶¶¶¶ p < 0.0001. Abbreviations: α-SMA, smooth muscle alpha actin; A-

AD, Alzheimer’s Disease; CD13, aminopeptidase N; Clinical Dx, clinical diagnosis; 

ipTDP43, insoluble phosphorylated TDP-43; iTDP43, insoluble TDP-43; M-MCI, mild 

cognitive impairment; N-NCI, healthy controls with no cognitive impairment; O.D., optical 

density; PDGFRβ, platelet-derived growth factor receptor β; spTDP43, TBS-soluble 

phosphorylated TDP-43.
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