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Abstract 

Multiple System Atrophy (MSA) is a progressive neurodegenerative disease characterized by chronic 

neuroinflammation and widespread α-synuclein (α-syn) cytoplasmic inclusions. Neuroinflammation 

associated with microglial cells is typically located in brain regions with α-syn deposits. The potential 

link between microglial cell migration and the transport of pathological α-syn protein in MSA was 

investigated. Qualitative analysis via immunofluorescence of MSA cases (n=4) revealed microglial 

cells bearing α-syn inclusions distal from oligodendrocytes bearing α-syn cytoplasmic inclusions, as 

well as close interactions between microglia and oligodendrocytes bearing α-syn, suggestive of a 

potential transfer mechanism between microglia and α-syn bearing cells in MSA and the possibility 

of microglia acting as a mobile vehicle to spread α-syn between anatomically connected brain 

regions. Further In vitro experiments using microglial-like differentiated THP-1 cells were conducted 

to investigate if microglial cells could act as potential transporters of α-syn. Monomeric or 

aggregated α-syn was immobilized at the centre of glass coverslips and treated with either cell free 

medium, undifferentiated THP-1 cells or microglial-like phorbol-12-myristate-13-acetate 

differentiated THP-1 cells (48 h; n=3). A significant difference in residual immobilized α-syn density 

was observed between cell free controls and differentiated (p=0.016) as well as undifferentiated and 

differentiated THP-1 cells (p=0.032) when analysed by quantitative immunofluorescence. 

Furthermore, a significantly greater proportion of differentiated cells were observed bearing α-syn 

aggregates distal from the immobilized protein than their non-differentiated counterparts (p=0.025). 

Similar results were observed with Highly Aggressive Proliferating Immobilised (HAPI) microglial 

cells, with cells exposed to aggregated α-syn yielding lower residual immobilized α-syn (p=0.004) and 

a higher proportion of α-syn positive distal cells (p=0.001) than cells exposed to monomeric α-syn. 

Co-treatment of THP-1 groups with the tubulin depolymerisation inhibitor, Epothilone D (EpoD; 

10nM), was conducted to investigate if inhibition of microtubule activity had an effect on cell 

migration and residual immobilized α-syn density. There was a significant increase in both residual 

immobilized α-syn between EpoD treated and non-treated differentiated cells exposed to 
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monomeric (p=0.037) and aggregated (p=0.018) α-syn, but not with undifferentiated cells. 

Differentiated THP-1 cells exposed to immobilized aggregated α-syn showed a significant difference 

in the proportion of distal aggregate bearing cells between EpoD treated and untreated (p=0.027). 

The results suggest microglia could play a role in α-syn transport in MSA, a role which could 

potentially be inhibited therapeutically by EpoD.           

Abbreviations 

α-syn = α-Synuclein  

EpoD = Epothilone D 

MSA = Multiple System Atrophy 

PD = Parkinson’s Disease 

CNS = Central Nervous System 

DLB = Dementia with Lewy Bodies 

LB = Lewy Bodies 

GCI = Glial Cytoplasmic Inclusion 

PMA = Phorbol-12-Myristate-13-Acetate 

HAPI = Highly Aggressive Proliferating Immortalised   
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Introduction 

Multiple System Atrophy (MSA) is a sporadic progressive neurodegenerative disorder in which 

patients display signs of significant motor impairment, such as muscle rigidity and bradykinesia 

(Longo, Fanciulli and Wenning, 2015; Ubhi, Low and Masliah, 2011). MSA is commonly misdiagnosed 

as Parkinson’s Disease (PD) due to the similarity in clinical phenotypes and age of onset over 50 

(Wenning and Stefanova, 2009). The presence of additional symptoms, such as ataxia and autonomic 

dysfunction, however can distinguish MSA from PD (Wenning and Stefanova, 2009). Differences also 

exist with regard to both degeneration rate and sites of degeneration, with MSA patients typically 

having a more widespread and rapid onset of degeneration compared to PD patients. Survival rate 

comparisons show MSA patients living ~8 years after symptom appearance compared to over 10 

years for PD (Marttila and Rhine, 1991; Wenning and Stefanova, 2009; Williams et al., 2006). MSA is 

classified as an αsynucleinopathy, in common with other diseases, including PD and Dementia with 

Lewy Bodies (DLB), brought about by the presence of misfolded and aggregated pathological forms 

of the protein α-synuclein (α-syn) (Spillantini and Goedert, 2000). 

α-syn is a 140 amino acid soluble protein predominantly expressed within the central nervous 

system (CNS) the normal role of which is currently unknown (Surguchov, 2015; Barbour et al., 2008; 

Theillet et al., 2016; Weinreb et al., 1996). Multiple studies have proposed a variety of roles 

including regulation of synaptic vesicle recycling, regulating SNARE protein activity and dopamine 

production (Burre et al. 2010; Perez et al., 2002; Larsen et al., 2006; Yavich et al., 2004; Yavich, 

Jäkälä and Tanila, 2006). Contention exists as to the normal conformation of the protein, however 

work from Burre et al and Theillet et al. indicates that α-syn exists as an unfolded monomer within 

the cytosol but adopts a tetramer conformation with α-helical content when interacting with lipid 

membranes (Burré et al., 2013; Theillet et al., 2016; Bartels, Choi and Selkoe, 2011; Jakes, Spillantini 

and Goedert, 1994; Luth et al., 2015). α-Syn in α-synucleinopathies exists in an oligomeric β-sheet 

conformation, allowing for further aggregation into fibrils and the formation of inclusion bodies. α-
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Syn inclusion bodies are the hallmark of α-synucleinopathies, with each α-synucleinopathy 

characterized by  inclusion body pathology affecting different brain regions and cell types. .  

In MSA inclusion bodies termed Glial Cytoplasmic Inclusions (GCI) occur predominantly within 

oligodendrocytes and astrocytes, and are composed of αB-crystallin and tau in addition to 

neurofilament, ubiquitin and oligomeric α-syn (Miki et al., 2010; Tu et al., 1998). Aggregation into 

fibrils is thought to occur accompanied by phosphorylation at Serine 129, and adoption of the 

oligomeric β-sheet conformation (Cookson, 2009). Additional factors implicated in aggregation 

include oxidative stress and raised metal ion concentration, such as Ca2+, within neurons (Esteves et 

al., 2011; Danzer et al., 2007). MSA has been classified as a prion disease (Prusiner et al., 2015) and it 

is proposed that pathological fibrillar α-syn  is taken up by healthy cells and catalyzes the conversion 

of endogenous α-syn  monomer from the  normal (non-prion) form  to the misfolded protofibrillar 

(prion) form , followed by further transfer to or infection of nearby regions and production of 

widespread GCIs (Prusiner et al., 2015). This interaction affects conformation, changing the normal 

monomeric α-syn into the oligomeric β-sheet form. 

The presence of GCIs within oligodendrocytes affects myelin production, creating a situation 

whereby trans-synaptic signalling by neurons is affected. α-Syn is predominantly expressed within 

neuronal cells and levels of α-syn expressed within oligodendrocytes in both healthy and diseased 

conditions were shown to be insignificant implying that uptake of α-syn by glial cells occurs in MSA 

(Asi et al., 2014; Djelloul et al., 2015). Spread of pathology in MSA occurs via one of two pathways 

based on the subcategory of MSA, with both types displaying differing clinical phenotypes based on 

pattern of spread. In MSA-P, the presence of GCIs and subsequent degeneration originates within 

the nigrostriatal region and spreads towards the frontal cortex, with patients displaying 

Parkinsonian-like symptoms(Paviour et al., 2007). In MSA-C, individuals display symptoms such as 

gait and limb ataxia due to the pathology originating from the cerebellum in the subcortical white 

matter and spreading to the motor cortex, substantia nigra and pons (Halliday et al., 2011; 
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Brettschneider et al., 2016). Currently, exosome-mediated exchange of α-syn between neurons and 

oligodendrocytes is implicated as one likely mechanism of the spread of brain pathology in MSA, 

with exosomes implicated also in the spread of  α-syn in other synucleinopathies (Frohlich et al., 

2014, Reyes et a., 2013). Given the rapid progress of degeneration in MSA, other transportation 

mechanisms may also exist to mediate the cell-to-cell spread of α-syn aggregates.   

Another distinguishing feature of MSA compared to other α-synucleinopathies is widespread gliosis 

in affected regions, including microglial cell activation. Microglia, the resident phagocytic immune 

cell of the CNS, become activated when interacting with or detecting pathological α-syn and attempt 

to promote clearance via phagocytosis as well as recruiting additional cells via the release of pro-

inflammatory factors (Interleukin-β and Tumour Necrosis Factor-α) (Neumann, Kotter and Franklin, 

2008). Currently, microglial activation has been shown to be mediated via interaction with Toll-Like 

Receptor 4 or Scavenger Receptor CD36 with α-syn, both of which can elicit the release of pro-

inflammatory cytokines (Su et al., 2008; Stefanova et al., 2011; Kim et al., 2013; Roodveldt et al., 

2013; Fellner et al., 2013; Tang and Le, 2015; Asai et al., 2015; Radford et al, 2015; Vieira et al, 2015). 

This activation is also accompanied by a morphological change in the microglial cell, from a ramified 

surveillant state to an amoebic phagocytic one (Jonas et al., 2012; Perry, Cunningham and Holmes, 

2007). Both PD and DLB also display neuroinflammatory profiles, although less severe than in MSA,  

with an increase in the presence of pro-inflammatory cytokines likely due to increased microglial 

activation (Kaufman et al., 2013; Wenning and Stefanova, 2009 ; Koga et al., 2015; Nagatsu and 

Sawada, 2005; Tufekci et al., 2012; Higuchi et al., 2000). Furthermore, microglia can take-up 

exosomes released by oligodendrocytes via macropinocytosis and mediate degradation (Fitzner et 

al., 2011). Neuroinflammation and microglial activation/proliferation play crucial roles in MSA, and 

microglia may also have the potential to act as transporters α-syn aggregates and propagate the 

spread of α-syn pathology in MSA to distal brain regions during disease progression.      
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Microglia possess a multitude of factors that could contribute to a potential role as a vehicle of α-syn 

spread in MSA. Whilst capable of degrading monomeric α-syn effectively, they are less able to 

degrade α-syn fibrils potentially due to impairment of the lysosomal pathway (Chu et al., 2009; 

Alvarez-Erviti et al., 2010). Lack of effective degradation of pathological α-syn taken up by microglia 

may mean that microglia can become transporters of the protein as they migrate away from the site 

of uptake. Mouse model experiments by Radford et al., revealed that microglial activation not only 

occurred at the site of α-syn aggregate injection, but also in more distal brain regions (Radford et al., 

2015). Microglia can be highly invasive cells, with deformation of the microglial cell body enabling 

active migration through the interstitium; a property that may aide the potential transport of α-syn 

aggregate cargo. Evidence for microglia as potential vehicles for protein transport has been 

observed before in other neurodegenerative diseases. Asai et al., reported that microglia appear to 

be actively involved in the propagation of the  tau proteinin Alzheimer’s Disease, and that depletion 

of microglia in addition to the suppression of microglial exosome release significantly affected the 

deposition of tau protein in nearby cells (Asai et al., 2015). α-syn aggregates are also known chemo-

attractants for microglia, with microglia attracted to the extracellular protein (Wang et al., 2015).  

Taken together, MSA gliosis, the chemo-attractant property of α-syn, microglial plasticity and 

inability to degrade α-syn suggest microglia as a potential vehicle for α-syn transport in disease. To 

investigate this hypothesis, brain tissues samples of MSA patients were fluorescently stained for 

evidence of microglia migrating with engulfed α-syn as well as evidence of interactions between GCI-

affected oligodendrocytes and microglia. MSA tissue showed evidence of α-syn-bearing microglia 

proximal and distal to α-syn deposits. Additionally cell culture experiments were performed to 

investigate microglial cell behaviour when exposed to monomeric and aggregated α-syn. Microglial 

cells showed immobilized α-syn could be taken up efficiently and transported away from the site of 

immobilization. Moreover, treatment with the microtubule stabilizing drug, EpoD, could block 

microglia-mediated α-syn transport without affecting uptake. This data suggests that microglia can 
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act as an efficient vehicle mediating the spread of α-syn pathology in MSA and that inhibiting 

microglial migration pharmacologically could have therapeutic potential to slow disease progression. 

 

Materials and Methods 

Cell Culture 

Human THP-1 monocytes (ATCC® TIB-202™) were grown in RPMI 1640 medium with L-Glutamine, 

10% foetal bovine serum, β-Mercaptoethanol (0.05mM) and penicillin/streptomycin at 37°C, 5% 

CO2. Cell growth was not allowed to exceed 1x106 cells/mL. Cells were incubated for 3 days with 

5ng/mL of phorbol 12-myristate 13-acetate (PMA) to cause differentiation to a more microglia-like 

state, as described (Bowdish, 2011).  

Rat Highly Aggressive Proliferating Immortalised (HAPI; Merck, SCC103) microglial cells were grown 

in Low Glucose DMEM medium (1g/L D-Glucose) with 5% foetal bovine serum and 

penicillin/streptomycin at 37 °C, 5% CO2. Medium was replaced every 3 days and were split 1:7-1:9 

every 7-9 days. HAPI cells did not require differentiation to become more microglial-like. 

1321N1 astrocytoma (ECACC 86030402 ) cells were grown in DMEM Medium (4.5g/L D-Glucose) 

with 10% foetal bovine serum, Glutamax and penicillin/streptomycin at 37°C,5% CO2. Medium was 

replaced every 3 days and growth was not allowed to succeed 1x106 cells/mL.  

Alpha-synuclein mobilization assay 

α-Syn was expressed in Escherichia coli and purified by anion exchange and gel permeation 

chromatography as described previously (Goodwin et al., 2013). Aggregated α-syn was produced by 

incubation (overnight; 4 ˚C) with 100µM of Ca2+ and 1mM H2O2 as described (Goodwin et al., 2013). 

Either monomeric or aggregated α-syn (50 µM; 1µL) was applied to the centre of sterile 12mm 

coverslips and allowed to dry under sterile conditions. Once dried, this was repeated until a total of 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

9 
 

3µL of dried monomeric or aggregated α-syn was immobilized at the centre of the coverslip. 

Coverslips were then placed in 24-well plates and 1.1 mL of medium containing 50,000 cells per well 

was added and incubated for 48 h at 37°C,  5% CO2. Differentiated THP-1 and HAPI cells that were 

adherent were first trypsinized. Control wells consisted of monomeric or aggregated α-syn incubated 

with culture medium only.  To assess if exposure to cell culture media significantly dissolved the 

immobilized α-syn protein, an additional set of control coverslips was also prepared, in which 

immobilized protein (monomeric and aggregated) was immediately fixed and stained without 

exposure to medium . After 48 h, coverslips were then fixed (methanol:acetone, 4:1; 10 mins, 4 °C), 

blocked (20 % normal horse serum, PBS) and incubated with primary and secondary antibodies for 

immunofluorescence. Primary antibodies were mouse anti-α-syn (LB509) (Invitrogen) and rabbit 

anti-Iba1 (WAKO) both at 1:200 dilution. Secondary antibodies were Alexa Fluor ® 488 (AF488) Goat 

anti-mouse IgG (Life Technologies) and Alexa Fluor ® 568 (AF568) Donkey anti-rabbit IgG (Life 

Technologies) at 1:200 dilution. Coverslips were mounted on slides using Pro Long ® Gold anti fade 

mountant with DAPI (Life Technologies). Additional parallel experiments were performed using 

Bovine Serum Albumin (BSA) in place of α-syn. BSA was diluted to the same concentration as the α-

syn monomers and aggregates and was aggregated prior to being dried onto coverslips (Holm et al., 

2007). Primary antibody for BSA was Invitrogen Bovine Serum Polyclonal Antibody (Product#A11133) 

and secondary was Alexa Fluor ® 568 (AF568) Donkey anti-rabbit IgG (Life Technologies) both at 

1:200 dilution. 

EpoD Treatment 

Cytotoxicity tests were performed using Promega ApoTox-GloTM Triplex Assay in the presence of 

varying concentrations of EpoD at 0nM, 10nM, 25nM, 50nM and 100nM. α-Syn mobilization assays 

were conducted as above in the presence of 10nM EpoD. 
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Human Tissue 

Post-mortem human MSA-P brain tissue neuropathologically categorized as striatonigral 

degeneration subtype (n=4; age at death 70 ± 7; post-mortem interval 8 ± 3 h; frontal cortex, motor 

cortex, basal ganglia and cerebellum) was from the South Australian Brain Bank (Griffith University 

Human Ethics: MSC/16/11/HREC). Formalin-fixed, paraffin-embedded sections (5 µm; white and 

grey matter) were deparafined, rehydrated and subjected to heat induced antigen retrieval in 10mM 

EDTA pH 8, prior to blocking with 20% normal horse serum (NHS) / TBS. Sections were incubated 

overnight with primary antibodies (1:100; rabbit anti-Iba-1 (Novachem, USA); mouse anti-α-syn 

(LB509; Abcam, UK) in 1 % NHS-TBS prior to washing and application of secondary antibodies (1:200; 

Alexafluor AF488 and AF568). Sections were mounted using Pro Long ® Gold anti fade reagent with 

DAPI (Life Technologies).  

Confocal Microscopy 

An Olympus Fluoview 1000 confocal laser-scanning confocal microscope was used to acquire all 

fluorescent images. Slides were imaged with the 10x or 20x lenses with numerical apertures of 0.4 

and 0.45 respectively, or the 60x oil immersion lens with a numerical aperture of 1.4. The resolution 

for all images was 1024x1024 pixels. DAPI, AF488 and AF568 were imaged sequentially to prevent 

the possibility of fluorescent cross-excitation. Using Olympus FV-ASW 3.2 viewer, the images were 

false coloured and exported. Imaris software (version 6.4.2 Bitplane®) was used for the 3D 

reconstructions of the confocal images. Negative controls slides stained with secondary antibodies 

only were used to establish specificity and set instrument parameters.  

Quantitative Analysis 

Residual immobilized α-syn was determined from the mean immunofluorescence intensity. Confocal 

images were acquired at the centre and 2 edge regions (left, right) of the immobilized α-syn on the 

coverslips. Each scan was at 10x magnification at a 10.0us/pixel scan rate at a 1024x1024 resolution. 
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ImageJ was used to determine the mean gray value of each region (centre, right or left). Each region 

had 5 sub-regions (100x100 pixels) at specific co-ordinates as follows:- centre: top left (0,0), top right 

(11,0), middle (6,6), bottom left (0,11), bottom right (11,11); right edge:  top left (0,0), intermediate 

1 (4,2) middle (6,6), intermediate 2 (4,9), bottom left (0,11), left edge:  top right (11,0), intermediate 

3 (8,2) middle (6,6), intermediate 4 (8,9), bottom right (11,11). Once the 5 mean gray values for each 

of the three regions were determined, the average was calculated. Overall mean gray values were 

produced for each experimental condition. Figure 3A (Top Row) illustrates the areas scanned in each 

image.        

Cell Counting 

Cells counting was performed at eight specific 20x regions at the edge of each coverslip. Four of 

these edge locations were the top, right, left and bottom of the coverslip edge whilst the other four 

edge regions intermediate between these were termed Top Right, Top Left, Bottom Right and 

Bottom Left. Figure 4B illustrates counting regions of the coverslips. Cells were scored as α-syn-

positive with distinct cytoplasmic immunofluorescence at least two times over background. Total cell 

counts were determined from the DAPI-stained nuclei.  

Data Analysis 

All data analysis used IBM SPSS Statistics 24 and 25. Independent t-tests were performed on the 

residual immobilized α-syn and cell counting data between groups. ANOVA tests were also 

performed to assess statistical significance within groups and for the EpoD experiments with LSD 

Post-Hoc test. Significance was set at p=0.05.  
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Results 

 

Microglial Cytoplasmic α-syn in MSA 

We utilized confocal immunofluorescence microscopy and image reconstruction of MSA brain tissue 

sections to investigate the relationship between GCI-containing oligodendrocytes and activated 

microglia. Frequent Iba-1-positive microglia were observed in close proximity to GCI-containing 

oligodendrocytes (Fig 1 & 2). As presented in Fig 1A-F and 2B, many interactions are observed 

between activated microglia and GCI-containing oligodendrocytes characterized by microglial 

processes apparently in contact with the oligodendrocytes. The microglial cells in these interactions 

often also had α-syn present within the cytosol (Fig 1 D-F). Fig 2 illustrates a potential time-series of 

microglial migration and α-syn uptake. The presence of α-syn may be the result of phagocytic 

engulfment of extracellular α-syn or may occur by direct transfer between microglia and 

oligodendrocytes. Fig 2A shows an activated microglial cell in close proximity to a GCI-affected 

oligodendrocyte that does not contain α-syn within the cell. Fig 2C shows an activated microglial cell 

containing α-syn in close proximity to GCI-bearing oligodendrocyte, however not directly interacting. 

This juxtaposition may occur as microglial cells are chemoattracted towards α-syn-affected regions 

then migrate away after acquiring protein or may be the result of migration towards the 

oligodendrocyte with α-syn acquired previously. Evidence of oligodendrocytes expelling unwanted 

materials via exocytosis for microglial degradation exists, indicating that migration after acquisition 

is more likely (Fitzner et al., 2011).  

 

Differentiated THP-1 cells take up immobilized α-syn and migrate away 

In order to investigate the potential for microglial cells to take up α-syn and migrate away from the 

site of uptake, we designed a cell culture assay system.  THP-1 human monocyte cells were 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

13 
 

differentiated to a microglial-like phenotype by treatment with PMA as described previously 

(Bowdish, 2011). Purified recombinant α-syn monomer was immobilized by drying onto the centre of 

glass coverslips and incubated for 48 h with differentiated or undifferentiated THP-1 cells.  In parallel 

experiments, α-syn oligomeric aggregate was first prepared from the monomer by treatment with 

100µM Ca2+ and 1mM H2O2 as described (Goodwin et al., 2013).  A reduction in mean residual 

immobilized α-syn would indicate that microglial-like cells are able to mobilize the protein. Residual 

immobilized α-syn was measured by immunofluorescence confocal microscopy by determining the 

mean fluorescence intensity of a standard pattern of regions of interest across the immobilized 

protein as illustrated in Fig 3A (top panels).  The boxes in Figure 3A correspond to the regions 

analysed to obtain the mean α-syn immunofluorescence intensity. Immunofluorescence effectively 

highlighted where α-syn was immobilized at the centre of the coverslip. Incubation with 

differentiated cells yielded a marked reduction of residual immobilized α-syn (lower panels) after 48 

h. 

Qualitative evidence of cells migrating with cytosolic α-syn was also detected. Both THP-1 and 

differentiated THP-1 cells appeared to migrate toward the immobilized α-syn monomer and 

aggregate forms. Figure 4B illustrates a typical cluster of undifferentiated THP-1 cells bearing 

aggregate α-syn outside the immobilized α-syn region (white arrows). This indicates that the cells 

have taken up protein and then migrated away from the α-syn region. Similar α-syn-positive cells 

were observed on coverslips with α-syn monomer and when differentiated THP-1 cells were exposed 

to both α-syn conformations. Figures 3B and 3C display differentiated cells carrying aggregated α-

syn in a region between the edge of the α-syn spot and coverslip edge. Of note, one of the cells was 

observed leaking α-syn content to the extracellular environment, presenting a potential mechanism 

by which α-syn may escape from microglia. In Fig 3D, DIC overlay confirms the cytoplasmic 

localization of internalized α-syn. 
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To obtain a more quantitative view, mean residual immobilized α-syn (monomer or aggregate) was 

determined for repeat experiments (n=3) after incubation for 48 h with either undifferentiated or 

differentiated THP-1 cells. Fig 3E shows that there was no significant difference in residual 

immobilized α-syn with and without cells for monomeric protein whereas Fig 3F shows a significant 

(p=0.049) reduction in mean residual immobilized α-syn aggregate with differentiated THP-1 cells 

only.  

 

Microglial-like differentiated THP-1 cells do not degrade α-syn aggregate, but transport it away from 

the site of deposition 

In order to investigate further the potential for microglial-like cells to transport α-syn aggregate, we 

analysed the proportion of α-syn aggregate-bearing THP-1 cells distal from the site of the 

immobilized protein in our α-syn mobilization assay system. Fig 4A shows that differentiated THP-1 

cells bearing α-syn (arrows) were detected at varying distances away from the region of the 

coverslip with immobilized protein, travelling as far away as the edge of the coverslip. We therefore 

counted the proportion of a-syn bearing cells at the edge of the coverslip in each experimental 

condition.  A standard pattern of regions was imaged as indicted in Fig 4B. Fig 4C illustrates the 

typical distribution of cells imaged.  Enlargements show representative differentiated and 

undifferentiated cells exposed to α-syn monomer or aggregate, illustrating the larger cytoplasm of 

differentiated cells and the increased cytoplasmic α-syn. Fig 4D shows that there was a significant 

(p=0.05) increase in the proportion of α-syn-positive cells at the coverslip edge only with 

differentiated THP-1 cells exposed to immobilized α-syn aggregate.  

THP-1 cells take up immobilized control BSA protein, but do not transport it  

Both THP-1 and differentiated THP-1 cells were exposed to immobilized fibrillar BSA as a control 

protein with the intention of investigating if uptake, or transport of protein were specific 
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mechanisms to α-syn. BSA was immobilized under the same conditions as both monomeric and 

aggregated α-syn (50µM, 3µL) and wells were loaded with identical cell numbers (50,000 per well). 

Similar to aggregated α-syn, BSA did not significantly dissolve in the presence of cell growth medium 

(p=0.281). As seen on Fig 5A and 5C, fluorescence measurements of residual immobilized BSA 

exposed to both THP-1 and differentiated THP-1 cells produced results similar to those observed on 

cells exposed to monomeric α-syn, with the only significant result existing between differentiated 

THP-1 cells exposed to BSA and differentiated THP-1 cells exposed to aggregated α-syn (p=0.01). 

Thus, fibrillar BSA was taken up from an immobilized protein deposit as efficiently as monomeric α-

syn. The proportion of BSA uptake positive cells distal from the immobilized protein at the coverslip 

edge were significantly lower than those observed for both THP-1 and differentiated THP-1 cells 

exposed to both monomeric and aggregated α-syn. The low proportion of cells retaining BSA distal 

from the immobilized protein may be attributed to efficient degradation of BSA after uptake, a 

function that, as noted earlier, is impaired for α-syn aggregates.  

Microglial HAPI Cells display similar uptake and transport of α-syn aggregates to Differentiated THP-

1 Cells 

To support the results obtained with differentiated THP-1 cells the microglial-like HAPI cell line was 

exposed to the same conditions as the differentiated THP-1.. HAPI cells have been utilised in α-syn 

migrational studies before and possess the Iba-1 marker (Wang et al., 2015).As with the 

differentiated THP-1 cells, HAPI cells were either exposed to monomeric or aggregated α-syn 

previously dried onto coverslips. The same α-syn and Iba-1 fluorescent antibody markers used for 

THP-1 cells were utilized for HAPI. Similar to the differentiated THP-1 cells, HAPI cells with 

internalised α-syn wereobserved both proximal and distal to the central immobilized protein spot. 

Significant differences between both HAPI groups were observed in both residual immobilized α-syn 

and α-syn-positive cell proportions at thecoverslip edge. There was significantly less residual 

immobilized α-syn for HAPI cells exposed to aggregated α-syn than for HAPI cells exposed to α-syn 
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monomer (p=0.004). The proportions of cells transporting α-syn to the coverslip edge was also 

significantly higher for HAPI exposed to aggregated α-syn compared to monomer (p=0.001).            

When comparing these results to the corresponding differentiated THP-1 groups, most results 

obtained were similar. The proportions of distal α-syn-positive cells for HAPI and differentiated THP-

1 cells were not significantly different for both monomer (p=0.100) and aggregated α-syn groups 

(p=0.172). Residual immobilized α-syn was not significantly different between differentiated THP-1 

and HAPI cells for aggregated α-syn groups (p=0.960), however, a significant difference did exist 

between differentiated THP-1 and HAPI exposed to α-syn monomer (p=0.013). The mean levels of 

residual immobilized α-syn recorded from coverslips exposed to HAPI cells had measurements closer 

to undifferentiated THP-1 cells than for differentiated THP-1 cells.  

Astrocyte-like 1321N1 take up immobilized α-syn to a lesser extent than microglial-like cells and do 

not transport α-syn aggregates 

Astrocytes are known to function alongside microglia in the neuroinflammatory response. To 

determine if astrocyte-like cells behaved similarly to microglia under our assay conditions, 1321N1 

human astrocytoma cells were tested for α-syn uptake and transport. Whilst α-syn-positive 1321N1 

cells were observed, this was only observed in the region of the immobilized protein. No 1321N1 

cells on the coverslip edge were observed bearing α-syn. It is likely that 1321N1 cells that had settled 

on the immobilized α-syn after being loaded into wells were able to take up α-syn, but there is no 

evidence of transportation (data not shown).  

Distal Cells Containing α-syn are Decreased Following EpoD Treatment 

The microtubule depolymerisation inhibitor EpoD inhibits microglial cell migration and α-syn 

transport. As microglial migration requires extravasation of cells through the intercellular space, 

involving cell plasticity, we were interested to determine if inhibiting cytoskeletal dynamics could 

affect cell migration and α-syn transport. We therefore conducted a series of experiments utilizing 
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our α-syn mobilization assay in the presence and absence of the microtubule depolymerization 

inhibitor, EpoD. The Promega ApoTox-GloTM Triplex Assay was used to determine which 

concentration was most suitable for investigating if inhibition of microtubule activity affected 

immune cells ability to migrate away from the protein spot once protein is engulfed. As previously 

mentioned EpoD can be cytotoxic. Of the concentrations tested (10nM, 25nM, 50nM and 100nM), 

only 10nM revealed no significant difference compared to controls (p=0.55).  

Fig 7 and 8 summarize the EpoD experiments. Fig 7A illustrates the typical images of residual α-syn 

for EpoD treatments. Fig 7B & C shows that EpoD treated cells were still able to take up α-syn. 

Comparing the corresponding EpoD treated and non-treated groups via ANOVA (Fig 7D & E), the 

differentiated THP-1 cells were found to have a significant difference (p=0.037) whilst the 

undifferentiated cells did not (p=0.923). The aggregated protein produced a very similar result with 

increased immunofluorescence in EpoD treated THP-1 and differentiated THP-1 cells. A similar 

pattern to the monomer protein emerged in the aggregate protein ANOVA tests, with no-significant 

difference existing between treated and non-treated THP-1 cells (p=0.719) and a significant between 

the differentiated cells (p=0.018). This indicates that EpoD reduced microglial-mediated transport of 

immobilized α-syn.   

To further analyse the effect of EpoD on microglial α-syn transport, we conducted cell counting at 

the coverslip edge, distal from the immobilized α-syn. The mean proportion of cells transporting 

protein was observed to be lower in all EpoD treated cases except for differentiated THP-1 cells 

exposed to monomeric α-syn. Differentiated THP-1 exposed to α-syn aggregate was the only case to 

produce a significant difference in the independent t-test comparison between the treated and non-

treated counterparts (p=0.043).  Both THP-1 experiments, monomeric α-syn (p=0. 072) and 

aggregated α-syn (p=0.304), did not produce significant differences, nor did the monomeric protein 

exposed to differentiated THP-1 (p=0.204). Proportions for non-treated THP-1 groups were 0.168 

and 0.125 for monomeric and aggregated α-syn, respectively, whilst for differentiated THP-1 cells 
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the mean proportion for monomeric α-syn was 0.187 and 0.553 for aggregated α-syn. Significance 

was observed between differentiated cells (p=0.036) and comparison of aggregated protein 

between THP-1 and differentiated cells (p=0.025). The only significant decrease was the comparison 

between differentiated cells exposed to aggregated α-syn protein (p=0.006) compared to the EpoD 

treated cells. Proportion comparisons for THP-1 cells exposed to monomer (p=0.291) and aggregate 

α-syn (p=0.118) were insignificant as was the comparison between treated and non-treated 

differentiated cells exposed to monomeric α-syn (p=0.683). Observed in treated examples were 

higher numbers of cells not transporting α-syn. This increase of non-transporting cells appears to be 

due to EpoD inhibiting the cells ability to migrate.       

Discussion 

We have investigated using both  cell culture experiments and tissue analysis the potential of 

microglia as a transporter of α-syn in MSA. The tissue analysis of human MSA brain tissue suggested 

that microglial cells may play a potential role as a transport vehicle for α-syn.  Microglial cells 

possess many factors that would make it advantageous as a transporter of α-syn such as plasticity, 

which could potentially explain why pathological α-syn deposits and degeneration are widespread in 

MSA patient brains. Revealed in the cell culture study was the potential of the microtubule inhibiting 

agent, EpoD, acting as a microglial transport inhibitor. With chronic inflammation playing a large role 

in MSA, a role that is necessitated by microglial activation, this may shed light on how microglial cells 

may play a detrimental role in disease progression. 

The tissue analysis demonstrated that the results observed in the cell culture experiments were not 

only limited to in vitro. Examinations of different brain regions from different patients revealed that 

microglia seemingly interact with oligodendrocytes that contain GCIs. The GCIs within the 

oligodendrocytes are distinguishable based on their size and their known triangular morphology (Tu 

et al., 1998). Many of these interactions, as seen in figures 1A, 1C, 1D and 2B, reveal that some 

microglia possess α-syn within the cytoplasm. The interactions between microglia and 
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oligodendrocytes are based on the proximity and contact of their membranes. Microglial 

membranes and pseudopodia were observed by fluorescently marking Iba-1, a protein involved in 

the manipulation of F-actin on the cytoskeleton of microglial cells (Sasaki et al., 2001). In figure 1A, 

the microglial cell is making contact with the proximal infected oligodendrocyte via pseudopodia 

extending from the membrane. It is speculated that this interaction could perhaps mediate transfer 

of α-syn between the cells, a concept that has already been shown to exist between neuronal and 

oligodendroglial cells (Reyes et al., 2013). As noted previously, oligodendrocytes are known to 

release unwanted materials via exocytosis for microglial phagocytosis (Fitzner et al., 2011). The 

events in Figure 2 may be reflective of this action, whereby GCI-infected oligodendrocytes are 

releasing α-syn into the extracellular environment which microglia engulf and begin to migrate with. 

This may perhaps be why microglia are recruited to areas of the brain where pathological α-syn and 

GCIs are detected, leading to release of inflammatory cytokines which recruit more microglia causing 

the chronic inflammatory response observed in the disease.  

Qualitatively and quantitatively, the cell culture experiments present evidence of the capability of 

microglia as a transporter. Both differentiated and non-differentiated THP-1 cells appear to migrate 

towards the immobilized α-syn which supports previous works revealing that α-syn is a chemo-

attractant for immune cells (Wang et al., 2015). Monocytes and microglial cells are known to engulf 

α-syn, a clearance mechanism that could prevent α-syn spread. There was a significant reduction of 

residual immobilized protein after exposure to differentiated THP-1 cells, consistent with α-syn 

uptake. However there was a significant increase in the proportion of distal differentiated THP-1 

cells carrying α-syn when exposed to the aggregated protein.  This suggests that microglial-like cells 

take up aggregated α-syn efficiently but do not efficiently degrade it, then migrate away from the 

site of uptake. Non-differentiated monocytic THP-1 cells, were less effective at α-syn uptake and 

transportation compared to microglial-like differentiated THP-1 cells likely due to monocytes 

predominantly acting as a supplemental factor in neuroinflammation, involved in additional immune 

cell recruitment and phagocytosis of smaller damaging agents (Ji et al., 2007; Jeong et al., 2013). 
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Differentiated THP-1 cells exposed to α-syn aggregate would be expected to engulf the protein and 

migrate away with greater retained, undgraded protein content than cells exposed to monomeric α-

syn  as the aggregated form of the protein is the pathological form of α-syn and thus poses greater 

risk to a biological system than the monomer. The 1321N1 astrocytoma cell experiments revealed 

that α-syn uptake is not limited to monocytes and microglial-like cells, however transportation of α-

syn under the assay conditions is specific to microglial-like cells.  

Experiments that examined BSA control protein exposure to differentiated and non-differentiated 

THP-1 cells revealed two main points. As previously discussed, reduced  α-syn monomer uptake and 

transportation are consistent with its lack of pathogenicity, a notion that appears to be supported by 

cells exposed to BSA protein. Fluorescent measurements from both BSA-exposed cell groups were 

closer to those recorded from α-syn monomer loaded wells. When comparing the differentiated 

THP-1 groups, significant difference existed only between the BSA and aggregated α-syn -loaded 

wells. The second point is that both differentiated and non-differentiated THP-1 cells displayed the 

ability to degrade internalized protein, as evidenced by the significantly lower proportions of distal 

BSA positive cells compared to the parallel monomeric and aggregated α-syn experiments as shown 

in Fig 5B and D. Although the residual immobilized BSA measurements were very similar to those 

observed in the α-syn monomer experiments, this is not reflected in the proportion of distal BSA 

positive cells. The BSA experiments had significantly lower proportions of distal BSA positive cells 

than for the distal α-syn monomer positive cells in parallel studies, suggesting that both the THP-1 

and differentiated THP-1 cells were more readily able todegrade internalized BSA than internalized 

monomeric α-syn. Other works have shown that microglia actively degrade monomeric α-syn whilst 

the current results indicate that both THP-1 and differentiated THP-1 cells can degrade  α-syn 

monomer  (Webb et al., 2003). However, the significantly greater uptake of aggregated α-syn by 

differentiated THP-1 cells could be due to the undifferentiated THP-1 cells reduced ability to take up 

the protein, reinforcing that the differentiated form of THP-1 acquires more characteristics displayed 

by microglia. 
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HAPI are an immortalised rat microglial cell line and have been used in a number of 

neurodegenerative disease studies as a cell model of microglia, including use in the investigation of 

chemoattraction to α-syn (Wang et al., 2015). The current work with HAPI cells supports previous 

findings in the literature in which the HAPI cells migrate toward aggregated α-syn, a result which is 

also reflected by the differentiated THP-1 cells. Much like the differentiated THP-1 cells, and indeed 

microglia in tissue, HAPI appear to migrate away with aggregated α-syn cargo after uptake of the 

immobilized protein.  

Microtubules, a component of the cytoskeleton, are involved in the migration of motile cells 

(Akhmanova and Steinmetz, 2015). Microtubules are intimately involved in a number of cellular 

processes within microglial cells, such as plasticity and morphological changes (Abd-El-Basset, 

Prashanth and Ananth Lakshmi, 2004; Ilschner and Brandt, 1996). Additionally, cell migration is also 

regulated via microtubules, due to the position of the microtubule organizing centre (MTOC), the 

site where microtubules in the cell originate and extend from. This may be the most appropriate 

target in arresting microglial movement. Epothilone D (EpoD) is a macrolide which inhibits 

microtubule activity by stabilising tubulin polymers. Microtubules exist in dynamic instability 

whereby binding of GTP to αβ-tubulin heterodimers leads to polymerisation and extension whilst 

hydrolysis of GTP to GDP leads to microtubule shrinkage (Mitchison and Kirschner, 1984; Akhmanova 

and Steinmetz, 2015). EpoD polymerizes α- and β-tubulin, leading to microtubule stability and 

inhibition of their dynamic activity (Goodin, Kane and Rubin, 2004). One of the advantages EpoD has 

over compounds such as taxols is the ability to cross the blood-brain barrier (Fellner et al., 2002; 

Hoffmann et al., 2008). Whilst it has not been used on microglial cells, EpoD has been shown to act 

on other neurological cells (Brunden et al., 2010;).  Side-effects of the drug however are cytotoxicity, 

leading to symptoms such as nausea, diarrhoea and fatigue (Cheng, Bradley and Budman, 2008; 

Chou et al., 1998).       
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The current data indicates that the role of microglia  in MSA is more than solely as a component of 

chronic neuroinflammation. Treatment of cells with EpoD resulted in reduced removal of 

immobilized α-syn by THP-1 cells and a reduced number of α-syn bearing cells distal from the 

immobilized protein. Considering the function of the drug is to arrest microtubule dynamics, this 

may in part be due to inhibition of microtubule action. Microglia, much like other immune and 

mobile cells, requires assistance from the microtubule cytoskeleton to allow for the process of 

migration (Lively & Schlichter, 2013). α-Syn containing cells were still observed on coverslips of EpoD 

treated cells, revealing that EpoD does not completely halt the migrational ability of differentiated 

THP1 cells but more likely hinders it. Whilst further experimentation would need to be conducted in 

several other models, EpoD and other microtubule activity arresting agents may be of use for 

therapeutic treatment of patients with MSA in the future.     

Microglia, much like macrophages, are derived from monocytes. Monocytes cross the blood-brain 

barrier and differentiate into microglial cells due to maturation factors present within the brain 

tissue (Yamasaki et al., 2014). Most work has focussed on the role of microglia in the MSA 

inflammatory state, with monocytes seen as an additional factor in the recruitment of more 

microglial cells. However, it can be speculated that infiltrating monocytes may play also a role in the 

transportation of α-syn if albeit a smaller one in comparison to microglia.  

Considering the modes of potential transfer of α-syn between neurons and oligodendrocytes and 

microglia, one mechanism that may allow for this to occur is tunnelling nanotubes. Tunnelling 

nanotubes are small F-actin channels formed from membrane protrusions of cells, allowing for the 

exchange of cargo between cells (Gerdes, Rustom and Wang, 2013). Not only are these nanotubes 

known to be utilised by immunological cells, but they have been shown to be high jacked in prion 

diseases for the purpose of spread (Gousset et al., 2009). Recent work has also shown that α-syn can 

be spread via tunnelling nanotubes between two cell types (Dieriks et al., 2017). It may be possible 

that infected oligodendrocytes deposit α-syn into microglia via tunnelling nanotubes, vice versa or 
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perhaps both. It may also be possible that α-syn in MSA, may possess the ability to hijack systems 

such as mitochondrial transfer via tunnelling nanotubes to elicit greater spread.       

Suppression of microglial activation or depletion of microglia in animal models of MSA may also 

prove to be useful in investigating whether widespread α-syn deposition and degeneration is 

propagated by microglial cells. As previously mentioned, microglial depletion in an animal model of 

Alzheimer’s disease showed microglial cells propagated tau protein (Asai et al., 2015). Furthermore, 

exploring whether microglia can be modulated to more effectively degrade α-syn would be another 

important aspect to investigate.  

Microglia, both in vitro and in vivo, display characteristics that suggest that they can act as a 

transporter of α-syn in MSA. The current study provides a foundation for future investigations in 

animal models. Our finding that EpoD can inhibit microglial migration carrying α-syn may also pave 

the way for therapeutic treatment for patients suffering MSA, by the inhibition of migration of α-syn 

transporting cells.  
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Figure Legends 

Figure 1. Confocal immunofluorescence of MSA Frontal Cortex. Yellow arrows correspond to GCIs, 

white arrows correspond to engulfed α-syn within microglia. [A] Microglial processes interacting 

with oligodendrocyte-containing a GCI (yellow arrow). Microglial cell is also carrying α-syn within the 

cytosol (white arrow). [B] 3D reconstruction of [A] using Imaris Software. [C] Microglial cell above 

the GCI-affected oligodendrocyte. [D] GCI-affected oligodendrocyte below microglial cell in [C]. 

Pictured is the GCI in cytoplasm of oligodendrocyte (yellow arrow) as well as α-syn in cytoplasm of 

microglial cell. Only the oligodendrocyte is seen as the microglial cell is above the oligodendrocyte.  

Similar interaction as in [A] between microglia and GCI-containing oligodendrocyte. [E,F] 3D 

reconstruction of [C,D] in Imaris Software. 

Figure 2. Potential time series that may occur in MSA based on three nearby regions of the same 

cerebellum. All images are Imaris reconstructions. [A] Activated microglial cell in close proximity to a 

GCI-containing oligodendrocyte (yellow arrow). Note that there is no α-syn within the cytosol of the 

microglial cell, a possible time point prior to interaction with oligodendrocytes. [B] Activated 

microglial cell making contact with GCI-affected oligodendrocyte (yellow arrow) with α-syn within its 

cytosol (white arrow). [C] Activated microglial cell with α-syn in cytosol (white arrow) distant from 

GCI-containing oligodendrocyte (yellow arrow), possibly illustrates what occurs after microglia-

oligodendrocyte interaction.   

Figure 3. Differentiated THP-1 cells take up immobilized α-syn aggregate and migrate away. [A] 

Example images of immobilized α-syn incubated with or without THP-1 or differentiated THP-1 cells 

for 48 h, illustrating left and right edge regions as well as the centre of the immobilized protein on 

the coverslip. The top row of images correspond to no cells control incubated with α-syn monomer, 

whilst the row below are no cells control α-syn aggregate. The middle 2 rows correspond to the 

undifferentiated THP-1 cells, α-syn monomer and α-syn aggregate, respectively. The bottom 2 rows 

correspond to differentiated THP-1 cells, α-syn and α-syn aggregate, respectively. The white boxes 
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on the top row of images highlight the regions analysed by ImageJ to acquire Mean Gray Values. For 

details see materials and methods. Each image was taken at 10x magnification. [B] 60x magnification 

image of differentiated THP-1 cells bearing α-syn aggregates. White arrows point to α-syn-positive 

cells. [C] Enlargement of [B], displaying what appears to be the cell releasing α-syn into the 

extracellular environment. [D] Combined DIC and confocal fluorescent image of differentiated cell 

exposed to α-syn aggregate revealing that α-syn aggregate (green) is contained within the cytosol of 

the differentiated cell. The cell was located between immobilized α-syn region and coverslip edge. 

[E] Graph of residual immobilized α-syn monomer. ANOVA showed no significant difference 

between any of the monomer groups. [F] Graph of residual immobilized α-syn aggregate. ANOVA 

showed the only significant difference was between the no cells control and differentiated THP-1 

cells (*=p<0.05). Error bars are +/- SEM. 

Figure 4. Cell counting analysis reveals differentiated THP-1 do not degrade α-syn aggregate, but 

transport away from the deposition site. [A] 20x Magnification image of the edge of an aggregated 

α-syn region surrounded by undifferentiated THP-1 cells. White arrows point to cells transporting 

aggregated α-syn. [B] Diagram of Coverslip. The green circle in the centre represents the 

immobilized α-syn whilst the 8 red boxes correspond to the 8 regions of the coverslip where cell 

counts were conducted. These regions were designated as Top, Top Right, Top Left, Right, Left, 

Bottom, Bottom Right and Bottom Left. [C] Example images of regions where cell counts were 

conducted. An example is provided from each experimental condition, THP-1, monomeric α-syn 

(Upper Left), THP-1, aggregate α-syn (Upper Right), differentiated THP-1, monomeric α-syn (bottom 

left) and differentiated THP-1 aggregated α-syn (Bottom Right). All images were taken at 20x 

magnification. In the bottom left of each image is an enlarged view of an individual cell from that 

group using a combination of fluorescence and DIC. Images were at 60x magnification. [D] Graph of 

untreated wells displaying the mean percentage of cells observed on coverslip edge carrying α-syn. 

Error bars are +/- SEM.    * = p < 0.05.  
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Figure 5. THP-1 cells take up immobilized control BSA protein, but do not transport it. A] Graph of 

residual immobilised protein comparing THP-1 groups exposed to monomeric and aggregate α-syn 

against the THP-1 BSA control group. ANOVA showed no significant difference between any of the 

THP-1 groups. [B] Graph of proportions of protein positive THP-1 cells displaying the mean 

percentage of cells observed on coverslip edge carrying monomer α-syn, aggregate α-syn or BSA. 

Significantly lower BSA proportions observed in THP-1 compared to both α-syn groups. [C] Graph of 

residual immobilised protein comparing Differentiated THP-1 groups exposed to monomeric and 

aggregate α-syn against the Differentiated THP-1 BSA control group. ANOVA showed significant 

difference between differentiated cells exposed to aggregate α-syn the BSA control. [D] Graph of 

proportions of protein positive Differentiated cells displaying the mean percentage of cells observed 

on coverslip edge carrying monomer α-syn, aggregate α-syn or BSA. Similar to THP-1, significantly 

lower BSA proportions observed in differentiated cells compared to both α-syn groups. [E] Example 

immobilized BSA regions incubated with either non-differentiated or differentiated THP-1 cells. Left 

and right edge regions as well as the centre of the spot are shown. The upper row of images 

correspond to undifferentiated THP-1 whilst the lower row of three are differentiated THP-1. Each 

image was taken at 10x Magnification. [F] Example of regions counted at coverslip edge of BSA 

samples. Image on the left is the top left edge of a coverslip containing THP-1 cells exposed to BSA. 

The image on the right is of the bottom right edge of coverslip containing Differentiated THP-1 

exposed to BSA .All images at 20x magnification.  

Figure 6. HAPI Microglial-like Cells display similar α-syn uptake and transport features to that of 

Differentiated THP-1 Cells. [A] Graph of residual immobilised monomeric α-syn between THP-1, 

differentiated cells and HAPI. Significant difference existed between differentiated and HAPI cells.  

[B] Graph of proportion of α-syn positive cells on coverslip edge between THP-1, differentiated and  

HAPI cells exposed to monomeric α-syn. [C]  Graph of residual immobilised aggregated α-syn 

between THP-1, differentiated cells and HAPI. Significant difference existed between THP-1 and HAPI 

cells. [D] Graph of proportion of α-syn positive cells on coverslip edge between THP-1, differentiated 
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and  HAPI cells exposed to aggregate α-syn. Significance in cell proportions was observed between 

HAPI cells and non-differentiated THP-1 cells. Error Bars are +/- SEM (*=p<0.05). [E] Example 

immobilized α-syn regions from each HAPI cell exposed condition. Left and right edge regions as well 

as the centre of the spot are shown. The upper row of images correspond to monomeric α-syn whilst 

the lower row of three are aggregated α-syn. Each image was taken at 10x Magnification. [F] 

Example of regions counted at coverslip edge of HAPI samples. Image on the left is the left edge of a 

coverslip containing HAPI cells exposed to monomeric α-syn. The image on the right is of the top left 

edge of coverslip containing HAPI exposed to aggregate α-syn .All images at 20x magnification. 

Figure 7. EpoD inhibits microglial-mediated α-syn mobilization. [A] Example immobilized α-syn 

regions from each EpoD treated condition. Left and right edge regions as well as the centre of the 

spot are shown. The top 6 images correspond to THP-1; monomeric α-syn for the upper row of 

images and the lower row of three aggregated α-syn. The bottom 6 images correspond to 

differentiated THP-1 cells; monomer α-syn for the upper row of images and aggregated α-syn for the 

lower row. Each image was taken at 10x Magnification. [B,C] Enlarged views of 60x magnification DIC 

and confocal overlay 10nM EpoD treated differentiated cells exposed to aggregated α-syn. Both 

were taken in different wells and similar to their untreated counterpart, α-syn (green) is observed in 

the cytoplasm of the cell. (B) Cell is binucleated due to differentiation process caused by PMA 

(Hornik, Neniskyte and Brown, 2013). (C) Processes of the differentiated cell are highlighted by DIC 

transmission light. These processes are similar to what is observed in microglial cells. Both cells were 

located in regions between the central immobilized α-syn region and coverslip edge. [D] Graph 

comparing EpoD treated and untreated, monomeric α-syn groups.[E] Graph comparing EpoD treated 

and untreated aggregated α-syn groups. * = p < 0.05. Error bars +/- SEM. 

Figure 8. Distal cells containing α-syn are decreased following EpoD treatment. [A] Example images 

of regions were cell counts where conducted for the EpoD treated wells . Regions analysed in the 

treated group were the same as the untreated ones. Images from each well condition: THP-1 
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Monomer α-syn (Upper Left), THP-1 Aggregate α-syn (Upper Right), Differentiated Cell Monomer α-

syn (Bottom Left) and Differentiated Cells Aggregate α-syn (Bottom Right). All images were taken at 

20x Magnification. In the bottom left of each image is a closer look at an individual cell from that 

group using a combination of fluorescent and DIC imagery. Images were zooms ups of scans taken at 

60x magnification. [B] Graph of EpoD treated wells displaying the mean percentage of cells observed 

on coverslip edge carrying α-syn. Error bars display the standard error. [C] Graph of Cell counts 

between untreated and 10nM EpoD treated wells of the same well condition. Percentages cell 

containing α-syn at coverslip edge with Error bars displaying the standard error. *=p<0.05    
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Highlights 

 

- Multiple system atrophy brain tissue sections show alpha-synuclein-bearing microglia in 

close proximity to glial cytoplasmic inclusion-bearing oligodendrocytes 

- Alpha-synuclein mobilization assay shows microglial-like cells take up alpha-synuclein 

aggregate, but do not degrade 

- Microglial-like cells migrate away from site of uptake to distal site, reducing quantity of 

residual protein deposit. 

- Epothilone D inhibits microglial migration and reduces distal alpha-synuclein-bearing cells 
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