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ABSTRACT 

Parkinson’s disease (PD) is a progressive, neurodegenerative disorder characterised by the 

abnormal accumulation of α-synuclein (α-syn) aggregates. Central to disease progression is the 

gradual spread of pathological α-syn. α-syn aggregation is closely linked to progressive neuron loss. 

As such, clearance of α-syn aggregates may slow the progression of PD and lead to less severe 

symptoms. Evidence that non-neuronal cells play a role in PD and other synucleinopathies such as 

Lewy body dementia and multiple system atrophy are increasing. Our previous work has shown 

that pericytes — vascular mural cells that regulate the blood-brain barrier — contain α-syn 

aggregates in human PD brains. Here, we demonstrate that pericytes efficiently internalise fibrillar 

α-syn irrespective of being in a monoculture or mixed neuronal cell culture. Pericytes efficiently 

break down α-syn aggregates in vitro, with clear differences in the number of α-syn aggregates/cell 

and average aggregate size when comparing five pure α-syn strains (Fibrils, Ribbons, fibrils65, 

fibrils91 and fibrils110). Furthermore, pericytes derived from PD brains have a less uniform response 

than those derived from control brains. Our results highlight the vital role brain vasculature may 

play in reducing α-syn burden in PD. 

Keywords: pericytes, α-synuclein aggregates, strains, degradation 

  

INTRODUCTION 

Parkinson’s disease (PD) is a progressive, degenerative disorder of the brain that primarily affects 

the dopaminergic neurons in the substantia nigra and causes characteristic movement symptoms. 

Pathologically, PD is grouped with other synucleinopathies such as Lewy body dementia (LBD) and 

multiple system atrophy (MSA), which are all characterised by the abnormal accumulation of α-

synuclein (α-syn) aggregates. Current data suggests that under normal physiological 

circumstances, monomeric cytosolic α-syn exists in a transient state until the protein interacts with 

membranes where it plays a role in synaptic transmission, vesicle endocytosis and membrane 

remodeling [1]. However, in people with PD, an event takes place that allows the formation of an 

initial α-syn oligomer or aggregate [2]. Once an initial α-syn oligomer is established, the oligomer 

functions as a seed to form larger and more extensive aggregates such as Lewy bodies and Lewy 

neurites. This process of aggregate formation has an important role in α-syn pathogenicity and 

progressive neurodegeneration in PD [2]. In most instances, cells can break down these aggregates 

through chaperone and proteasome machinery (reviewed in [3]). However, progressive α-syn 

aggregation may exceed the clearance capacity of affected cells. Aging further reduces these 

protective mechanisms, thereby enhancing aggregate accumulation and spread to neighbouring 

cells, where the process is repeated. Over the course of several years α-syn aggregates slowly 

spread into other brain regions, causing the gradual onset of characteristic PD symptoms [2,4].  
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This mode of action explains the gradual onset of disease, but it does not explain the variability in 

cell types affected and symptoms observed in patients with PD, LBD and MSA [5]. Several studies 

have identified noticeable differences in structural and phenotypic traits of fibrillar α-syn 

aggregates concerning seeding capacity and neurotoxicity. This led to the hypothesis that different 

α-syn aggregate 3D conformations or ‘strains’ may be partly responsible for the heterogeneous 

nature of PD and other synucleinopathies [6,7]. Several studies show that injection of pure α-syn 

strains or brain extracts isolated directly from human PD and other synucleinopathies into the 

rodent brain results in differential cortical propagation of α-syn pathology and reproduces the 

heterogeneity in pathology and symptoms observed in the original patients. The structure of 

injected strains remains unchanged throughout this process, emphasising the link between strain 

and patient symptomatology [7–10]. 

 

Neurons are the primary source of endogenous α-syn within the brain, and in PD, many develop 

large α-syn aggregates or Lewy bodies. However, non-neuronal cells have become increasingly 

linked to PD, with α-syn aggregates found in astrocytes and microglia [11,12]. Our recent 

quantification study of human PD olfactory bulbs shows that the number of non-neuronal cells 

(including astrocytes, microglia and pericytes) containing small aggregates is similar to the number 

of neurons with small aggregates [13]. Astrocytes and microglia are involved in phagocytic 

clearance of α-syn in a coordinated attempt to avoid propagation of PD pathology to neighbouring 

neurons [14–16]. However, nothing is known about the potential α-syn clearance role of pericytes in 

the brain. 

 

Pericytes are contractile cells that regulate blood flow and permeability of the blood-brain barrier. 

Pericytes play an important role in neuroinflammation, acting as targets and early initiators of brain 

inflammation in response to systemic inflammation prior to astrocyte and microglia activation [17–

19]. PD causes loss of pericyte coverage of vessels and leakiness of the blood-brain barrier [20,21]. 

Furthermore, pericytes overexpressing α-syn in the cytoplasm can transfer α-syn through 

nanotubes that connect neighbouring cells [22]. Like microglia and astrocytes, pericytes could 

contribute a neuroprotective role in the clearance of α-syn aggregates, thereby reducing α-syn 

induced toxicity, as well as slowing down spread [14,15]. Therefore, we studied pericyte α-syn 

degradation by exposing cultured primary human pericytes to various strains of α-syn and 

measured if degradation was impaired in PD pericytes. Our results may inform whether targeting 

pericyte degradation of α-syn is a useful therapeutic option. 

 

 

MATERIAL & METHODS 
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Study Design  

In this study, we used different α-syn antibodies to study α-syn aggregates in pericytes derived 

from control and PD post-mortem brains. Pericytes were exposed for four hours to five distinct α-

syn strains. α-syn degradation and abundance was measured via western blot and fluorescence 

microscopy for up to 21 days.  

Alpha synuclein fibril generation  

Human wild-type monomeric α-syn was expressed in E. coli BL21 DE3 CodonPlus cells (Agilent 

Technologies) and purified as described previously [23]. To assemble human wild-type α-syn into 

the different fibrillar strains, the full-length monomeric protein (250µM) was incubated in 50 mM 

Tris–HCl, pH 7.5, 150 mM KCl for “fibrils”, in 5 mM Tris–HCl, pH 7.5 for “ribbons”, in 20mM MES pH 

6.5 for “fibrils65” and in 20mM KPO4, 150mM KCl for “fibrils91” at 37°C under continuous shaking in 

an Eppendorf Thermomixer set at 600 r.p.m for 7 days [24,25]. A human α-syn lacking 30 C-terminal 

amino-acid residues, α-syn 1-110 was generated by introducing two stop codons after residue 110 

by site-directed mutagenesis. This variant was purified exactly as full-length α-syn and was 

assembled into fibrillar structures ‘‘fibrils110’’ in 50 mM Tris–HCl, pH 7.5, 150 mM KCl. The assembly 

reaction was followed by withdrawing aliquots (10 µl) from the assembly reaction at different time 

intervals, mixing them with Thioflavin T (400µl, 10 µM final) and recording the fluorescence increase 

on a Cary Eclipse Fluorescence Spectrophotometer (Varian Medical Systems Inc.) using an 

excitation wavelength = 440 nm, an emission wavelength = 480 nm and excitation and emission slits 

set at 5 and 10 nm, respectively. Following assembly reaction, fibrils were fragmented to an average 

length of 42-52 nm by sonication for 20 min in 2 mL Eppendorf tubes in a Vial Tweeter powered by 

an ultrasonic processor UIS250v (250 W, 2.4 kHz; Hielscher Ultrasonic, Figure 1A). The molecular 

mass of fragmented fibrils was then determined by analytical ultracentrifugation [26]. Fibrils were 

made on average of 8300 monomers, which means that a working concentration of 2 µM equivalent 

monomeric α-syn corresponds to a particles (fibrils) concentration of 0.24 nM (2000/8300 = 0.24). 

All α-syn preparations were quantified for endotoxin levels as described previously [8,27] to prove 

that endotoxin levels were below 0.02 endotoxin units/mg (EU/mg) using the Pierce LAL 

Chromogenic Endotoxin Quantification Kit.  

To label α-syn fibrils with extrinsic fluorophores, the fibrils were centrifuged twice at 15,000g for 10 

min and re-suspended twice in PBS at 100µM, and two molar equivalents of ATTO-488 NHS-ester 

or ATTO-647 NHS-ester (#AD 488-35 and #AD 647-35, Atto-Tec GmbH) fluorophore in DMSO were 

added. The mix was incubated for 1 h at room temperature. The labelling reactions were arrested by 

the addition of 1mM Tris pH 7.5. The unreacted fluorophore was removed by a final cycle of two 

centrifugations at 15,000 g for 10 min and resuspensions of the pellets in PBS. The fibrillar nature of 

a-syn was assessed by Transmission Electron Microscopy (TEM) after adsorption of the fibrils onto 
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carbon-coated 200 mesh grids and negative staining with 1% uranyl acetate using a Jeol 1400 

transmission electron microscope (Figure 1). 

The images were recorded with a Gatan Orius CCD camera (Gatan, Pleasanton). The resulting α-syn 

fibrils were fragmented by sonication for 20 min in 2 mL Eppendorf tubes in a Vial Tweeter powered 

by an ultrasonic processor UIS250v (250 W, 2.4 kHz; Hielscher Ultrasonic) to generate fibrillar 

particles with an average size 42-52 nm as assessed by TEM analysis.  

Human brain tissue 

The post-mortem adult human brain tissue for this study was obtained from the Neurological 

Foundation Human Brain Bank (Centre for Brain Research, University of Auckland). The University 

of Auckland Human Participants Ethics Committee approved the protocols used in these studies 

(approval# 011654). The Health and Disabilities Ethics Committee New Zealand approved the use 

of surgical removed brain tissue (biopsy tissue approval# AKL/88/025). Written, informed consent 

was obtained from the individual(s) and/or next of kin to use the tissue. Pathological assessment of 

neurologically normal cases (controls) reported no disease-related pathology beyond that expected 

in aged individuals, and all PD cases were confirmed by a neuropathologist (Table 1). The 

neurosurgical brain tissue was obtained with written informed consent from Auckland City Hospital 

under HDEC ethics approval AKL/88/025.  

Isolation of primary human brain pericytes 

Middle temporal gyrus (MTG) tissue was used to generate pericyte cultures from human post-

mortem brains with a PD diagnosis or pathologically normal (control) cases as determined by a 

neuropathologist (Table 1). We found that post-mortem delay (PMD) had less effect on the viability 

of pericyte cultures compared to the age at death and disease diagnosis. Viable pericytes can be 

grown from brain tissue up to 48 hours post-mortem. A detailed description for generating pericyte 

cultures by our group has previously been described [28]. In short MTG tissue was mechanically 

dissected and dissociated before enzymatic digestion in Hank’s balanced salt solution (HBSS), 

containing 2.5 U/mL papain (Worthington) and 100 U/mL DNase 1 (ThermoFisher) for 30 minutes at 

37°C with gentle rotation. This step included a gentle titration at 15 minutes. Following this, 

complete media, DMEM: F12 (ThermoFisher), was used to stop the enzymatic digestion. To collect 

the cells, they were centrifuged (170g, 10 min) and re-suspended in complete media. Cells were 

plated onto uncoated T75 culture flasks (Nunc). Cells were subsequently incubated at 37°C with 5% 

carbon dioxide until seeded for experiments, grown in DMEM:F12 (v) containing 10% fetal bovine 

serum (ThermoFisher) and 1% Penicillin/Streptomycin (ThermoFisher). For all the experiments 

presented here, pericytes were at passages 5-9. This ensures pericyte pure cultures without 

contamination of astrocytes or microglia. Late passages (> P4) displayed immunocytochemical 

staining for pericyte markers including PDGFRβ, alpha-smooth muscle actin (αSMA), neural/glial 

antigen 2 (NG2), CD146 and desmin. The cultures also displayed immunocytochemical staining for 
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fibroblast markers prolyl-4-hydroxylase (P4H) and fibronectin [1,4]. Pericytes grown in these culture 

conditions have been well characterized, carry a unique inflammatory profile, and can phagocytose 

large beads [1,2,4,7,9,12,14].  

Cell plating and incubation with α-syn aggregates 

Cells were harvested for experiments by adding 2 mL 0.25% Trypsin-1mM 

ethylenediaminetetraacetic acid (EDTA; ThermoFisher) and incubated for 2-5 minutes at 37°C to 

allow for cell detachment. Cells were collected in warm DMEM: F12 media. 10 μL of 1:1 Trypan Blue 

(ThermoFisher) and the cell suspension was prepared and added to a haemocytometer for cell 

counting. Cells were re-suspended in the correct volume of DMEM: F12 to achieve the required cell 

density of 5,000 cells/well in 96-well plates (Nunc) or 50,000 cells in 6 well plates. Pericytes were 

treated at 37°C with the various α-syn strains (Fibrils, Ribbons, fibrils65, fibrils91 or C-terminus 

truncated fibrils110, 100 nM in PBS) or PBS (no treatment control) for 4 hours, washed and 

subsequently returned at 37°C until endpoint (0 hours – 37 days). Results up to 21 days are shown in 

this manuscript as no distinctive changes were observed between 21-37 days.  

Primary mixed neuronal cultures  

Grey matter isolated from normal cortex was mechanically dissociated into <1 mm pieces, followed 

by enzymatic digestion. Cells were grown in neuronal growth medium (DMEM: F12, supplemented 

with 2% B27, Penicillin/Streptomycin, GlutaMAX®, (ThermoFisher) 10 µM Y-27632 2HCl 

(Selleckchem); 2 µg Heparin (Sigma), 40 ng/ml of NGF, BDNF, NT-3, GDNF, and IGF-1 (Peprotech), 

plated onto poly-D-lysine (100µg/ml) coated coverslips and incubated at 37 °C with 5% CO2. The 

culture media was half changed every 24 hours for the first 2 days and every 3-4 days after that. 

These cultures are extensively characterised and contain a mixture of neurons with mature 

neurophysiological properties, astrocytes, pericytes and microglia [33].  

Live-cell Imaging 

Pericytes, cultured in small Petri dishes (150318, Nunc, ThermoFisher), were treated with 100nM α-

syn-atto 647 for 4h, washed and placed in a Nikon Biostation cell incubator (5% CO2, 37°C, Plan 

Fluor 20x/ 0.5 NA DL) for up to 120 h. Images of brain pericytes were captured every 5 min during 

this period. During imaging, no readily identifiable adverse phototoxic effects were observed on the 

cells. 

Protein isolation and western blotting 

Whole pericytes cell lysate was rinsed with ice-cold PBS and isolated at the endpoint from 6 well 

plates with 100µl sample harvesting buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol). Cells 

were scraped off, boiled at 100°C for 10 min, and the lysate was stored at-80°C. Western blot was 
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performed according to the manufacturer guidelines using Novex 10-20% Tris-Glycine Mini Gels 

(XP10202BOX, ThermoFisher). Proteins were subsequently electrotransferred onto a polyvinylidene 

difluoride membrane (PVDF, Hybond-P; Amersham) using Novex Tris-Glycine Native Running 

Buffer in a BioRad blot module. For immuno-staining, the membrane was blocked for one hour 

using Odyssey blocking buffer/TBS-T (1:1; 0.1% Triton-X). Primary antibodies were incubated 

overnight at 4°C in Odyssey blocking buffer/TBS-T (1:1). Antibodies raised against α-syn C-terminus 

(Mouse anti α-syn, Amino Acid (AA) 124-134 (1:1,000) and ab1903 (Abcam); Mouse anti α-syn 4B12, 

AA 103-108, IgG1 (1:2,000, MA1-90346, ThermoFisher), GAPDH (1:1,000, ab9484, Abcam). Blots 

were washed in TBS-T and incubated with fluorescently conjugated secondary antibodies for 3 

hours at room temperature in Odyssey blocking buffer/TBS-T (1:1 and 0.02% SDS; IRDye 800CW 

Donkey anti-mouse, 926-32212 (Li-COR)). Blots were washed (3 x 5min TBS-T and 2 x 5 min TBS) 

before being imaged on the ChemiDoc MP Imaging System (Biorad). Subsequently, gels were 

stripped for 30 min at 60°C (62.5 nM Tris, pH6.8; 2%SDS; 100 mM β-mercaptoethanol), extensively 

washed in TBS-T before being re-probed for GAPDH. For these experiments, the samples were run 

on two gels, with the first blot labelled with AA103-108 and the second blot labelled with AA124-

134. After imaging both gels, they were stripped and relabelled for GAPDH. Full western blots are 

available in supplementary information (Figure S 1Figure S 2). 

Immunocytochemistry  

At endpoints, cells were fixed in 4% paraformaldehyde for 15 min and washed/permeabilised with 

phosphate buffered saline (PBS) with 0.2% Triton X-100TM (PBS-T). Cells were incubated overnight 

at 4 °C with primary antibodies — targeting α-syn (Mouse anti α-syn, AA 124-134, ab1903, Abcam; 

Mouse anti α-syn 4B12, AA 103-108, IgG1, MA1-90346, ThermoFisher; pericytes (Rabbit anti-PDGFR 

β, ab32570, Abcam; gt PDGFR β, AF-385, R&D systems) — diluted in immunobuffer (1% goat or 

donkey serum, 0.2% Triton X-100 in PBS). Cells were rewashed in PBS-T and incubated with filtered 

(0.22 µm syringe filter, Merck) fluorescently conjugated secondary antibodies and 20 μM Hoechst 

33258 (ThermoFisher) for 2 hours at room temperature. Images were acquired using the automated 

fluorescence microscope ImageXpress® Micro XLS (Version 5.3.0.1, Molecular Devices) using the 20 

x (0.45 NA) CFI Super Plan Fluor ELWD ADM objective lens and Lumencor Spectra X configurable 

light engine source. Confocal images were acquired using a LSM 800 Airyscan confocal microscope 

(Zeiss LSM 800 Airyscan confocal microscope) with a 40x/1.3 or 63x/1.4 NA Plan Apochromat oil 

immersion using the Airyscan module. 

High content image analysis 

Images acquired on the ImageXpress® Micro XLS at respective endpoints were exported from 

MetaXpress (software information) as uncompressed 16-bit TIFFs for analysis using FIJI (version 

#1.52p). A rolling-ball median filter (radius = 2.0 pixels) was applied to Hoechst images for 

background subtraction before running “Find Maxima” to define cell boundaries using Voronoi 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2022. ; https://doi.org/10.1101/2022.06.08.495286doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.08.495286
http://creativecommons.org/licenses/by/4.0/


tessellation (prominence = 500). Cell boundaries were then added to the region of interest (ROI) 

manager, excluding cells on edges of image frames. Cell nuclei were then auto-threshold masked 

using the ‘Huang’ setting to find the cell nucleus area. Next, the α-syn images (AA103-108) were 

processed by applying a median (radius = 2.0) and Gaussian filter (sigma = 15.0) to duplicates of the 

image before subtracting the gaussian processed image from the median processed image to 

reduce noise and identify background, respectively. The resulting images were thresholded (82, 

65535) using the ‘Default’ method before converting to a binary mask. These masks were then 

counted, with a minimum aggregate size of 2 pixels2. For intensity measurements, intensity 

measurements within cell masks were made on raw aggregate images. This process was batch 

processed on the entire image set using a custom ImageJ macro. The script for this analysis is 

available in supplementary information.   

Immunohistochemistry  

For the immunohistochemical studies, the human brains were processed and labelled as previously 

described [22,34,35]. 7 µm-thick sections from paraffin-embedded MTG blocks were cut using a 

rotary microtome (Leica Biosystems RM2235) and mounted onto Über plus printer slides 

(InstrumeC) in a water bath set to 42°C (Leica Biosystems H1210). Sections were left to dry for 72 

hours at room temperature prior to immunohistochemical staining.  

Sections were then blocked in 10% normal goat serum in PBS for 1 hour at RT. Subsequently, the 

sections were incubated with primary antibodies (α-synuclein-phospho S129, ab51253, Abcam) 

overnight at 4°C. Sections were incubated with the corresponding goat secondary Alexa Fluor (488, 

594, 647) conjugated secondary antibody (ThermoFisher) and Hoechst 33342 (Thermofisher) at 

1:500 for 3 hours at RT. Control sections where the primary antibody was omitted showed no 

immunoreactivity. The control experiments showed that the secondary antibodies displayed no 

cross-reactivity. Fluorescent images were captured with a MetaSystems VSlide slide scanner with a 

20x dry lens (NA 0.9).  

Data visualisation and statistical hypothesis  

Data visualisation and statistical hypothesis testing were performed using GraphPad Prism® 

Version 9.00 and R Version 4.0. The colours represent a 2D kernel density estimation. It is scaled to 

1 for each graph, with the bright yellow area displaying the highest density of cells. All experiments 

were performed in at least three independent cases. In general, data are expressed as individual 

cells or average/case. The PMD and age of death in PD vs control brain donor were different (control 

PMD:18.4 ± 4.0, age: 50.6 ±11.2; PD PMD: 4.3 ± 1.8, age: 77 ± 8.9). For this reason, PD and control 

pericytes (n = 3 each group) were analysed separately. Data visualisation and statistical hypothesis 

testing were performed using GraphPad Prism® Version 7.00. Two-way analysis of variance 

(ANOVA) was used when comparing responses across a number of stimuli with Tukey’s post hoc 

adjustment for multiple comparisons. Linear regression was used to analyse correlations. One-way 
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analysis of variance (ANOVA) was used when comparing across cell types with Tukey’s multiple 

comparison adjustment. Statistical significance was set at p < 0.05. Final figures were composed 

using Adobe Photoshop CC (Adobe Systems Incorporated, v20.0.6). 

 

RESULTS 

α-syn aggregates are internalised and cleaved by pericytes 

Live cell imaging showed rapid uptake of various fibrillar α-syn strains (Fibrils, Ribbons, fibrils65, 

fibrils91 or fibrils110) in pericytes when added to the culture media. α-syn formed discrete spots 

within the pericytes (Figure 1B) in agreement with what we reported using astrocytes induced from 

human pluripotent stem cells [16]. Binding and internalisation of fibrillar α-syn was strain-

dependent, with apparent differences observed within 30 min after treatment in agreement with 

what we reported for rodent neurons [36]. Fibrils and fibrils91 are primarily found membrane bound 

on the pericytes. As uptake progressed, this distribution gradually changed to a punctate pattern, 

whereas Ribbons, fibrils65 and fibrils110 already showed a punctate pattern. 30 min after adding 

fibrillar α-syn, all cells within the culture displayed positive α-syn labelling except fibrils110, where 

only a subset of cells contained α-syn. No puncta were observed in pericytes treated with 

monomeric α-syn (Figure 1C; Figure S 3B).   

Pericytes were subsequently incubated with each of the five α-syn strains (Fibrils, Ribbons, fibrils65, 

fibrils91 or fibrils110) to test their ability to degrade α-syn (experimental setup, Figure 1D). Pericytes 

were pre-treated with fibrillar α-syn for 4 hours before excess α-syn was washed off and followed 

for an additional 4 hours - 21 days Two antibodies directed against the C- terminal part of α-syn 

(AA103-108 and AA124-134) clearly labelled exogenous α-syn (before addition to cells). For western 

blot gel layouts refer to Figure 1E.  Protein extracts from pericytes exposed to α-syn (Ribbons) 

showed immunoreactivity at approximately 14 kDa and two lower bands bearing AA103-108 (white, 

Figure 1F); and 14kDa and one lower band bearing AA124-134 (magenta; Figure 1F). Full length α-

syn (14 kDa) was no longer visible after 14 days. On the contrary cleaved α-syn bands remained 

visible up to 21 days with AA103-108 and AA124-134.  

When comparing the five α-syn strains, we observed a similar pattern for Fibrils, Ribbons, fibrils65 

and fibrils91 (Figure 1G-H; GAPDH bands for each blot Figure 1I-J). Full length α-syn was observed 

up to 24 hours (cyan arrow) and cleaved α-syn was seen until 21 days. Because fibrils110 is 

comprised of C-terminus truncated protein, we only observed a lower α-syn band (green arrow) 

corresponding to the cleaved fragment observed in the other strains when labelled with AA103-108 

(Figure 1G). AA103-108 detected fibrils110 (Figure 1G), whereas AA124-134 did not (magenta arrow, 

Figure 1IH), thereby confirming that the C-terminus portion was lacking from fibrils110. No α-syn 
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bands were present in the untreated control (bottom panel: Figure 1G-I). These results indicate that 

pericytes have low or do not have endogenous α-syn, but they can internalise and process α-syn 

aggregates into discretely sized fragments. Full length α-syn could not be detected by western 

blotting after 24 hours, whereas cleaved α-syn remained present within pericytes for up to 21 days. 

These findings show that AA103-108 and AA124-134 detect full length α-syn. Two different α-syn 

bands are identified by AA103-108 and AA124-134, indicating that pericytes cleave α-syn at two 

different cleavage sites. AA103-108 was the only antibody that consistently identified cleaved α-syn 

for all strains.  

α-syn was immunolabelled within pericytes using the AA103-108 antibody that enables detection of 

internalised full length and cleaved fibrillar α-syn (cyan arrows show internalised α-syn fibrils; 

Figure 1K). Monomeric α-syn was not included in this time course as no α-syn puncta were observed 

(Figure S 3B-C). 

When qualitatively comparing uptake five hours after treatment, Fibrils, Ribbons, and fibrils91 

showed a similar pattern of punctate aggregates of different sizes (Figure 2 A-F). Fibrils65 had a 

similar pattern, with fewer overall aggregates identified. However, larger aggregates were 

occasionally visualised (magenta arrow). The biggest differences were observed between fibrils110 

and the other strains. Fibrils110 had a low number of highly immunoreactive aggregates per cell, 

with several cells devoid of aggregates (white arrow). Despite the large variability observed 

between cells treated with different strains, some general observations were apparent. Fibrils, 

Ribbons and fibrils91 displayed immunoreactivity for many small aggregates in most cells whereas 

pericytes treated with fibrils110 displayed a small number of large immunoreactive aggregates in a 

small proportion of cells (Figure 2 A-F). This agrees with previous observations we made using these 

strains and astrocytes induced from human pluripotent stem cells [16]. No phosphorylated α-syn 

was observed at any of the timepoints (Figure S 3B-C).  

Live cell imaging of all strains further confirmed these observations. Throughout the recordings, 

pericytes frequently underwent mitosis, indicating that internalised fluorescently tagged α-syn 

aggregates do not inhibit cell division (Movie S1-5).  

3D Confocal Airyscan images of pericytes labelled with PDGFRβ (red) treated with α-syn aggregates 

confirmed previous observations at 5 hours with AA103-108. After 5 days α-syn was present in the 

form of punctate aggregates (orange arrows) and elongated fibres (white arrows; Figure 2G-P).  

Clearance of aggregated α-syn in pericytes derived from control and PD brains is dependent on 

the strain and exposure time  

Following pre-treatment with α-syn aggregates (4 hours, 100nM), pericytes fixed at 7 time-points 

(0-21 days), were labelled with AA103-108 antibody. α-syn aggregate density gradually decreased 
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over time with α-syn AA103-108 remaining visible up to 21 days. α-syn was present, in the form of 

punctate aggregates and elongated fibres (green arrows, Figure 3). Fibrils91 staining decreased 

faster than Fibrils, Ribbons and fibrils65, with clear differences observed after 1 day. As described 

above, fibrils65 occasionally displayed large, intense α-syn aggregates (magenta arrow). These 

large fibrils65 puncta are a visualisation artifact caused by representing all the strains with the same 

brightness settings. Subsequent analysis performed on the raw data showed that these large 

fibrils65 puncta are comprised of several individual aggregates. The untreated control showed no α-

syn immunolabelling (Figure 3). This labelling validated our western blot data while including 

additional timepoints.  

To assess α-syn strain clearance in pericytes, automated quantification of aggregated α-syn 

detected with AA103-108 antibodies in single cells was conducted (Figure 4). Control (n=3) and PD 

derived pericytes (n=3) were analysed separately for this study. Individual pericytes revealed 

variation in the average aggregate size/cell and average aggregate count/cell for each strain. 

Nevertheless, mean values for each case are representative of our observations.  

At 0 hours, there were significantly more aggregates/cell for Fibrils and Ribbons compared to 

fibrils65 and Fibrils110 in both control and PD pericytes. This difference remained up to the 5 hour 

time point in the PD pericytes. There were also more fibrils91 aggregates in PD pericytes than 

fibrils65 and Fibrils110. This is most likely due to the increased amount of aggregates/cell observed 

for Fibrils, Ribbons and fibrils 91 in PD pericytes. In contrast, the amount of aggregates/cell 

remained similar for fibrils65 and fibrils110 in control and PD pericytes. The average aggregate size 

for Fibrils was higher at 0 and 5 hours compared to all other strains, but this was not the case in PD 

pericytes, where Fibrils were only larger than Ribbons and P91. Over the first three days there was a 

decline in the size and number of aggregates for all strains except for fibrils 65 and fibrils110. 

Fibrils65 and fibrils110 displayed lower aggregate counts from the beginning, and these counts 

remained more constant until six days. Fibrils91 aggregates appeared to reduce faster in size 

compared to the other strains and reached significance after three days (Figure 4 A-D). Overall, 

both average counts/cell and aggregate size/cell decreased over time, indicating that the fewer 

remaining aggregates were also smaller. Aggregates remained visible at the latest timepoints with 

many pericytes still containing aggregated α-syn 21 days after exposure. (Figure 4 A-D). 

Combined representation of aggregate counts and average aggregate size for each cell in the form 

of density plots showed a greater variability in PD-derived compared to control pericytes for all 

strains. The vertical bars represent the fraction of cells with aggregates (Figure 5). For Ribbons, 

most of the control pericytes contained a low number of small aggregates (up to 10 counts/cell, 

colours yellow to purple on the plot). The aggregate counts spread in PD-derived pericytes went up 

to 28 counts/cell while maintaining the same aggregate size range. Immediately after exposing 

pericytes to Ribbons, at time 0h, the proportion of pericytes containing aggregates from control 

and PD was 94.4 and 99.5%, respectively. With time, at day 14, the proportion of pericytes 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2022. ; https://doi.org/10.1101/2022.06.08.495286doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.08.495286
http://creativecommons.org/licenses/by/4.0/


containing aggregates from control and PD decreased to 57.5 and 59.3%, respectively indicating 

that a high proportion of pericytes still contained α-syn aggregates (Figure 5A). For fibrils110 

control pericytes displayed limited variation with most cells containing 1-5 aggregates while that 

varied more in PD pericytes (up to 10 counts/cell). The number of cells containing aggregates 

differed markedly upon exposing pericytes to fibrils110. A large proportion of control pericytes were 

devoid of aggregates at 0h (43% for controls, 11.7% for PD-derived pericytes). With time, at day 14, 

the proportion of control and PD-derived cells without aggregates increased (53.3% and 53.6%, 

respectively; Figure 5 B). 

The density plots observed for Fibrils and fibrils91 followed that of Ribbons, whereas fibrils65 was 

similar to fibrils110. Fluorescent debris was picked up in the untreated control and gradually 

increased with time (0h-14 days; 5 to 10% of control, 15-16% PD-derived pericytes) and peaked at 

21 days (20% and 36%, respectively) (Figure S 4A-D). 

Sustained α-syn internalisation by pericytes in human primary mixed neuronal cultures  

Differences may exist between uptake and clearance of α-syn in a monoculture and mixed cell 

populations. Indeed, pericytes might no longer internalise α-syn aggregate in the presence of other 

cell types. To show uptake, we added fluorescently labelled α-syn Fibrils for 60 hours to primary cell 

cultures consisting of mature human primary neurons, astrocytes, microglia (red arrow) and 

pericytes (yellow arrow). The neurochemical phenotype and functionality of these neurons have 

been extensively validated [28,33]. The average age of donors for the mixed neuronal cell cultures in 

this study was (30.5 ± 7 years). One cell type displayed intense labelling (red) indicative of rapid 

binding and internalisation of α-syn Fibrils from the culture media (red arrow, Figure 6A, Movie S 6). 

These cells are CD45+/Iba1+ microglia that rapidly internalised α-syn (red arrows Figure 6 B-G). The 

proximity of microglia did not prevent α-syn fibrils internalisation by PDGFRβ+ pericytes (yellow 

arrow, Figure 6H, Movie S 6). Within the timeframe (96 hours), MAP2+ neurons (blue arrow, Figure 

6I), internalised α-syn Fibrils to a much lesser extent. Confocal imaging with orthogonal projection 

demonstrates the difference in α-syn fibrils internalisation between microglia (red arrow) and 

neurons (blue arrow) visible (Figure 6J). These co-culture experiments revealed that pericytes in 

mixed cell populations retain their capacity to internalise fibrillar α-syn aggregates. 
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DISCUSSION 

Situated at the blood and the brain parenchyma interface, pericytes play an essential role in 

regulating blood-brain barrier function and as mediators of neuroinflammation [17,37]. In PD, 

decreased pericyte coverage of vessels is coupled with increased leakiness of the blood-brain barrier 

[20,21]. Our previous work showed that in situ human brain pericytes contain α-syn aggregates in 

similar proportions to microglia and astrocytes [13]. Furthermore, primary human pericytes can 

transfer α-syn through nanotubes in vitro to neighbouring cells [22]. It remains unclear whether 

pericytes function as a mere conduit for α-syn spread or if they are also involved in aggregate 

seeding. Pericytes have either low or no endogenous expression of α-syn, suggesting seeding in a 

pure pericyte culture is unlikely. We, therefore, hypothesise that pericytes must internalise α-syn if 

they are involved in aggregate seeding. Here, we demonstrate that pericytes efficiently internalise 

fibrillar α-syn and efficiently break down α-syn aggregates in vitro. Uptake and clearance kinetics 

differ when comparing five pure α-syn strains (Fibrils, Ribbons, fibrils65, fibrils91 and fibrils110), 

with Ribbons being the most efficiently taken up and fibrils91 cleared the fastest. As such, pericytes 

could − together with microglia and astrocytes − act as barriers that remove α-syn aggregates, 

thereby reducing α-syn induced toxicity and slowing down spread, in turn delaying disease onset. 

It is well-established that in synucleinopathies Lewy body pathology spreads throughout the central 

nervous system in disease specific patterns [4]. α-syn is a constitutive component of Lewy bodies 

and neurites and is known to aggregate into large fibrillar assemblies [38]. Once a cell contains 

aberrant α-syn, there are three potential outcomes: degradation, deposition in a specialised 

compartment (inclusion), or release into the extracellular space. Upon release, α-syn can be taken 

up by acceptor cells where the cycle of protein aggregation in a prion-like manner continues, or 

degradation occurs. Unlike pericytes, astrocytes and microglia are well studied in this aspect. 

Different brain cells take up exogenous α-syn with different kinetics [39]. Microglia are more 

efficient than neurons and astrocytes in both uptake and degradation of extracellular α-syn [39,40]. 

This suggests that the uptake pathways are differentially regulated or that different cell types are 

equipped with distinct receptors for extracellular α-syn [40]. As such interaction with fibrillar α-syn 

is likely influenced in mixed cell cultures. Therefore, we demonstrate that pericytes internalise α-

syn both in monoculture and when combined with other cell types known to phagocytose α-syn 

[14,39,41]. In both culture conditions, pericytes efficiently take up fibrillar α-syn. Uptake by 

pericytes still occurred despite the proximity of professional phagocytes like microglia, 

strengthening the results obtained from our pericyte monoculture.  

Specific cleavage of α-syn by pericytes has not been previously studied. In this study, using different 

epitope-specific α-syn antibodies directed at the α-syn C-terminus we show that human primary 

pericytes can efficiently degrade α-syn aggregates through cleavage into several smaller 

fragments. These fragments correspond to what has previously been observed in the BV-2 

microglial cell line, primary murine microglia, astrocytes and SH-SY5Y cells [14,39,42]. Truncated α-
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syn is consistently found in human brain tissue; AA1-119 (truncated at Asp-119) and AA1-122 

(truncated at Asn-122) have an abundance as high as 20-25% relative to full-length α-syn [43,44]. 

We did not assess the exact degradation mechanism of fibrillar α-syn by pericytes in this 

study. However, pericytes express high levels of lysosomal granules [16–18]. Thus, degradation of 

α-syn can occur both via autophagic clearance and by proteasomal degradation. It is known that 

the dysfunction of both systems is linked to PD pathogenesis  [19–22]. Our current research is 

pointing towards lysosomes being primarily responsible for α-syn degradation in pericytes. 

In this study, we further determined that the cleavage and ongoing detection of fibrillar α-syn in 

pericytes are strain-dependent. Overall, distinct strains displayed different aggregate count 

kinetics, with Fibrils and Ribbons having high aggregate counts. They are closely followed by 

fibrils91, whereas fibrils65 and fibrils110 have a limited number of aggregates per cell. We show that 

all strains undergo degradation but that cleaved α-syn species remain present for at least 21 days. 

Our findings suggest that Fibrils and Ribbons remain in pericytes longer compared to other strains, 

potentially indicating that pericytes have difficulty removing these strains. Based on our data, we 

speculate that fibrils65 and fibrils110 are internalized at a slower rate, which would explain the 

lower number of aggregates/cell for these strains. On the other hand, fibrils91, which has higher 

aggregates/cell than fibrils65 and fibrils110, is reduced in size more than the other strains, which 

points to faster degradation. This indicates a difference in processing. It is hard to speculate the 

exact contribution of internalization versus processing for each strain. Still, both likely play a role in 

the clearance of fibrillar α-syn by pericytes. 

A direct comparison between pericytes derived from control and PD post-mortem brain was not 

possible due to differences in PMD and age at death. Except for higher amounts of α-syn 

aggregates found in PD pericytes, the clearance kinetics are mainly similar indicating that pericytes 

in culture can retain certain characteristics specific to the brain from which they were isolated. This 

raises the possibility of an adaptive response in the PD pericytes where the previous priming to α-

syn aggregates increases subsequent uptake upon repeated exposure. Furthermore, in PD, the 

gradual loss of pericytes is not uniform but affects every capillary differently. As such, individual 

pericytes derived from PD can have slightly different characteristics influencing degradation, which 

could explain the higher variability seen within PD pericytes [15].  

Unique to this study is the prolonged timeframe (21 days post-exposure) that pericytes were 

followed. This prolonged follow-up period showed that cleavage occurs early after exposure, but 

that cleaved α-syn fragments remain present within pericytes for several weeks. It is important to 

highlight that the proportion of cells (17-59%) containing primarily cleaved α-syn at the later 

timepoints (14-21 days) can be relatively high depending on the strain. α-syn cleavage is positively 

correlated with accelerated aggregation and pathology in cell and mouse models [36–38]. 

Therefore, the spread of the remnant α-syn fragments through tunnelling nanotubes [22,39] or 

endosomal vesicles to neighbouring cells as seen in microglia [15,41] might still be possible. 
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Although these mechanisms are believed to dilute the burden over multiple cells[15], when 

exposure exceeds breakdown capacity, they may also contribute to prolonged presence of 

incompletely processed α-syn aggregates that possess seeding propensity given they retain their 

amyloid core. Indeed, all structural studies have demonstrated the C-terminal end of α-syn 

spanning residues 100 to 140 is moistly dynamic with little contribution to the fibrils amyloid core.  

CONCLUSION 

Our data suggests that C-terminally processed α-syn strains remain present for prolonged periods 

adding to the current literature that insufficient degradation caused by high aggregated α-syn load 

could potentially favour propagation. Furthermore, pericytes could play an integral part in 

degrading α-syn aggregates within the brain and that this response is modified in PD. As such 

pericytes are a potential new target to reduce α-syn induced toxicity, slow down spread and delay 

disease onset. 
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Figures and Tables 

Figure 1 Internalisation and degradation of α-syn strains in pericytes. Electron microscopy of α-syn strains before 
and after fragmentation (A). Live cell imaging of fluorescently tagged α-syn for 30 hours (B). Immunofluorescent 
labelling of α-syn strains after 30 min in control pericytes with α-syn epitope specific antibody AA103-108 (C). 
Schematic representation of experimental setup (D). Loading of western blots. Lane 1 only contains pure α-syn 
aggregate whereas lane 2-5 shows α-syn isolated from pericytes (E). Detailed fluorescent western blot with α-
syn epitope specific antibodies detecting Ribbons with α-syn antibody AA103-108 (magenta), AA124-134 
(yellow) and merge showing overlap of α-syn bands. Various bands are identified indicating full length (14.4kDa, 
cyan arrow) and cleaved α-syn (red and blue arrows; F). α-syn detection on individual western blots for Fibrils, 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2022. ; https://doi.org/10.1101/2022.06.08.495286doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.08.495286
http://creativecommons.org/licenses/by/4.0/


Ribbons, Fibrils65, Fibrils91, Fibrils110 and no-treatment control (PBS) with α-syn epitope specific antibodies 
showing full length α-syn (cyan arrow) and cleaved α-syn fragments. Fibrils110 lacks a full-length band as 
aggregate is made up of C-term cleaved α-syn (green arrow). AA 103-108 (G), AA124-134 (H), and GAPDH blot 
corresponds to blot shown in G after antibody stripping and relabelling (H). Full blots shown in Figure S1-S2, 
Confocal image with orthogonal views showing pericyte with internalised α-syn Fibrils (cyan arrows, K).  

Figure 2 Immunofluorescent labelling of α-syn strains in control pericytes with α-syn epitope specific antibodies 
AA103-108 (green). Strains specific fluorescent staining 5 hours after pre-treatment with 100nM α-syn. At early 
timepoint all cells contain aggregates, except for fibrils110 treated cells (white arrows); Fibrils (A), Ribbons (B), 
fibrils65, with occasional larger aggregates (magenta arrow) (C), fibrils91(D), fibrils110 (E), no treatment control 
(F). 3D confocal view of α-syn aggregates in pericytes 5 hours and 5 days after pre-treatment with 100nM Fibrils 
(D, I), Ribbons (E, J), fibrils65 (F, J), fibrils91 (G,K), fibrils110 (H,L). Typically aggregates appear as spots 
(orange arrows) with thicker fibres (white arrows) appearing more frequently at later timepoints. Scale bars 
represent 50 µm. 

Figure 3 Immunofluorescent labelling of α-syn strains in pericytes with α-syn specific antibodies AA103-108 
(green) after pre-treatment with 100nM Fibrils, Ribbons, fibrils65, fibrils91 and fibrils110. Large aggregates were 
occasionally found for fibrils65 (magenta arrow). Scale bar represent 100 µm 

Figure 4 Strain specific differences in control and PD derived post-mortem pericytes for all strains. Aggregate 
count/cell analysis and average aggregate size/cell analysis based on AA103-108 for control pericytes (A-B), and 
PD pericytes (C-D) significance indicated by coloured * (p<0.05). blue * indicates significant difference with 
Fibrils; red * indicates significant difference with Ribbons, green * indicates significant difference with fibrils65; 
purple * indicates significant difference with fibrils91. 

Figure 5 Density plots showing a differential response to α-syn aggregates for control and PD-derived pericytes 
based on AA103-108 for Ribbons and fibrils 110. Cells without aggregates are excluded from density plots. 
Relative amounts of cells with aggregates represented in bar (% cells with aggregates in magenta, % cells 
without aggregates in grey).  

Figure 6 Primary human mixed neuronal cell exposed to α-syn aggregates - internalisation is cell type specific. 
Representative images of live cell recording with α-syn-594 aggregates(A). Confocal imaging indicating that α-
syn-594 aggregates are present within neurons and pericytes (B-C). Cells with high α-syn aggregate load are 
microglia CD45+ and IBA1+ (E-I). Representative images of primary human mixed neuronal cell exposed to 
Ribbons (J) with Ribbons within Astrocytes GFAP high, MAP2 low (L-O) and neurons GFAP low-MAP2 high (P-
S) 
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Table 1 Case information for post-mortem and surgical removedbrain tissue used in this study.  

Case diagnosis Brain 

region 

age 

(years)

Sex PMD 

(hours) 

brain 

weight (g) 

cause of death duration of 

PD (years) 

Cell types used

H189 control MTG 41 M 16 1412 Asphyxia / pericytes

H209 control MTG 48 M 23 1470 Ischaemic heart 

disease 

/ pericytes 

H238 control MTG 63 F 16 1324 Dissecting aortic 

aneurysm 

/ pericytes 

PD52 PD/CLBD MTG 84 M 5 1067 Myocardial 

infarction 

12 pericytes 

PD65 PD/CLBD MTG 67 M 2.25 1033.1 Parkinson’s 

disease 

9 pericytes 

PD78 PD/CLBD MTG 80 M 5.5 / Parkinson’s 

disease 

7.5 pericytes 

E212 Intractable 

Epilepsy 

Temporal 

lobe 

40 M < 30 min NA NA NA Mixed neuronal cells 

E213 Intractable 

Epilepsy 

Temporal 

lobe 

23 F < 30 min NA NA NA Pericytes & mixed neuronal 

cells 

E215 Intractable 

Epilepsy 

Temporal 

lobe 

29 F < 30 min NA NA NA Mixed neuronal cells 

T157 Cortical Dysplasia 

type IIB 

Frontal 

Lobe 

30 F < 30 min NA NA NA Mixed neuronal cells 
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Supplementary material 

Figure S 1 Full western blots for Fibrils, Ribbons and fibrils65 with AA103-108, AA124-134 and GAPDH. Two blots used for each alpha synuclein strain. Each blot was labelled 
with α-syn antibodies (AA103-108 or AA124-134), imaged, stripped and relabelled for GAPDH. 

Figure S 2 Full western blots for fibrils91, fibrils110 and no treatment control with AA103-108, AA124-134 and GAPDH. Two blots used for each alpha synuclein strain. Each 
blot was double labelled with α-syn antibodies (AA103-108 or AA124-134), imaged, stripped and relabelled for GAPDH. 

Figure S 3 Immunofluorescent labelling of endogenous, monomeric or fibrillar Fibrils treated pericytes. No α-syn puncta detected with α-syn specific antibodies AA103-108 
(green) after treatment with monomeric α-syn (100µM and 500µM) (A). Immunofluorescent labelling of endogenous, monomeric or fibrillar Fibrils treated pericytes with α-syn 
specific antibodies AA103-108 (green), PDGFRβ (red) and α-syn Phospho S129 (magenta) after 4 hour pre-treatment with 100nM Fibrils or monomeric α-syn (2 days, B; 10 
days C). Scale bars represent 20 µm. 

Figure S 4 Density plots of showing a differential response to α-syn aggregates between control and PD-derived pericytes based on AA103-108 for Fibrils, FIBRILS65, 
FIBRILS91 no treatment control. Cells without aggregates are excluded from density plots. Relative amounts of cells with aggregates represented in bar (% cells with 
aggregates in magenta, % cells without aggregates in grey). The colours represent a 2D kernel density estimation. It is scaled to 1 for each graph, with the bright yellow area 
displaying the highest density of cells. 

Movie S 1 Life cell imaging (120 hours) of pericytes pre-treated for 4 hours with 100nM Fibrils-atto647.  

Movie S 2 Life cell imaging (120 hours) of pericytes pre-treated for 4 hours with 100nM Ribbons-atto647.  

Movie S 3 Life cell imaging (120 hours) of pericytes pre-treated for 4 hours with 100nM fibrils65-atto647.  

Movie S 4 Life cell imaging (72 hours) of pericytes pre-treated for 4 hours with 100nM fibrils91-atto647.  

Movie S 5 Life cell imaging (90 hours) of pericytes pre-treated for 4 hours with 100nM fibrils110-atto647. 

Movie S 6 Life cell imaging (90 hours) of mixed neuronal cell cultures pre-treated for 4 hours with 100nM fibrils110-atto647  
 
Movie S 7 Life cell imaging showing α-syn uptake by pericyte adjacent to microglia 

 

Supplementary M&M 1 R script used for Image analysis 
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