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Myo1d promotes alpha-synuclein transfer
from brain microvascular endothelial cells
to pericytes through tunneling nanotubes

Qingrui Duan,1,2,3 Qingxi Zhang,2,3 Kun Nie,2,3 Rui Huang,2,3 Jianhua Yang,2,3 Peikun He,2,3 Zihui Tie,2,3

Haifeng Huang,2,3 Guixian Ma,2,3 Yuhu Zhang,2,3 Yuyuan Gao,2,3,* and Lijuan Wang1,2,3,4,*

SUMMARY

a-Synuclein preformed fibrils (a-syn PFF) in the blood can cross the blood–brain
barrier and invade the central nervous system. Our previous study proved that
a-syn PFF can be taken up by brain microvascular endothelial cells (BMVECs).
Here, we found that a-syn PFF spread from BMVECs to pericytes with the highest
transmission efficiency. We observed abundant tunneling nanotubes (TNTs) con-
necting BMVECs and pericytes, and a-syn PFF transmitted through these TNTs.
Furthermore, a-syn PFF accumulation in BMVECs did not promote TNT forma-
tion, but activated the molecular motor Myo1d. Inhibition of Myo1d prevented
a-syn PFF transfer from BMVECs to pericytes and decreased the colocalization
of Myo1d and F-actin in BMVECs. In summary, we are the first to demonstrate
that a-syn PFF spread from BMVECs to pericytes through a mechanism involving
TNTs and myosin. Targeting Myo1d may be a promising approach to prevent
a-syn spreading from the blood to the brain.

INTRODUCTION

The recent rapid increase in the number of older adults has led to a significant increase in the number of

patients with Parkinson’s disease (PD).1 Alpha-synuclein (a-syn) is the key protein implicated in PD etiol-

ogy.2,3 a-Syn protofibrils cause the aggregation of endogenous a-syn and neuronal death; additionally,

the transfer of misfolded aggregates of a-syn from one brain region to another is implicated in the PD pro-

cess.4,5 Pathological a-syn has been considered to exhibit ‘‘prion-like’’ spread throughout the central ner-

vous system (CNS).6,7 In addition to the intracerebral route, a-syn can be transmitted into the CNS via

several routes, including the intraperitoneal, intravenous, and oral routes.8 The serum levels of a-syn

exceed the level in the cerebrospinal fluid (CSF)9; however, little research has focused on the role of blood

a-syn in PD pathogenesis. Lohmann, S. et al. found that a-syn preformed fibrils (a-syn PFF) can invade the

CNS after a single intravenous injection and cause neuropathology and disease in TgM83+/� mice.10 a-Syn

strains can cross the blood–brain barrier (BBB) and invade the CNS when injected into the tail vein of rats.11

The mechanism underlying the blood-to-brain uptake of a-syn has yet to be defined. Matsumoto, J et al.

showed that erythrocyte-derived a-syn-rich extracellular vesicles cross the BBB via adsorptive-mediated

transcytosis in the presence of lipopolysaccharide (LPS)-induced systemic inflammation.12 Normally,

a-syn transport from the blood to the brain is controlled by the BBB, and brain microvascular endothelial

cells (BMVECs) regulate molecular exchange to maintain CNS homeostasis.13 However, a-syn can cross the

normal mouse BBB in the blood-to-brain direction after intravenous injection.14 Our previous study proved

that BMVECs take up a-syn PFF, exacerbating endothelial damage and promoting cognitive impairment in

a mouse model of PD.15 However, how exogenous a-syn PFF in BMVECs further spreads to the brain has

not been elucidated.

The BBB comprises BMVECs surrounded by pericytes and astrocytes.16–18 Pericytes, the nearest neighbors

of BMVECs, play a crucial role in development, regulating permeability and the BBB.19,20 Astrocytic end-

feet cover BMVECs and control brain water permeability with a unique aquaporin-4 (AQP4) water chan-

nel.21 Recognizing this association between BMVECs with pericytes and astrocytes, we designed coculture

models, including BMVECs-to-BMVECs (B-B), BMVECs-to-pericytes (B-P) and BMVECs-to-astrocytes (B-A),

to compare the transmission efficiency of a-syn PFF in BMVECs, highlighting the direction of spreading of

a-syn PFF in BMVECs to the brain. Our results show that a-syn PFF transmitted from BMVECs to pericytes
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Figure 1. Entry of exogenous a-syn PFF into BMVECs damaged barrier function

(A) Alexa 647 Protein Labeling Kits stained BSA and a-syn PFF (Alexa-BSA was used as a negative control), then treated

BMVECs for 24 h individually. Representative images of the two groups co-immunostained with CD31 (red), Alexa 647

signal (white). The magnification view of zoom was displayed, and the yellow arrows indicated the internalized Alexa-

a-syn PFF. Nuclei were stained with DAPI (blue). Scale bar = 57.9mm or 28.9mm.

(B) Schematic diagram of the preparation of the in vitro BBB model.
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with the highest efficiency. Several transfer mechanisms have been considered, including exocytosis/endo-

cytosis, extracellular vesicle secretion, and prion-like spreading; however, many questions remain

regarding how a-syn PFF in BMVECs spreads to pericytes.

Tunneling nanotubes (TNTs) are thin, long F-actin-based membranous channels that allow direct physical con-

nections between different cells and transfer cellular components such as organelles, ions, small molecules

andproteins.22TNTshavebeenshown toactas channels fora-syn transfer invarious cell types, includingneurons,

astrocytes,andpericytes.23–25TNT formationarises fromtheextensionoffilopodia-likeprotrusions towardneigh-

boringcells.26,27Errede,M.etal. foundthatTNTsevokedcommunicationbetweenpericytesandendothelial cells

during normal angiogenesis.28 Here, we detected that the a-syn PFF in BMVECs can be transmitted to pericytes

by B-P TNT connections. However, the mechanism of a-syn PFF transfer via B-P TNTs remains unclear.

Molecular motors, including the kinesin, dynein, and myosin superfamilies have been found to transport

cellular components. Myosin proteins bind to actin and move along actin filaments by ATP hydrolysis.29

Myosin-X (Myo10), an unconventional myosin, is involved in filopodia and TNT formation.30 Kinesins and

dyneins move alongmicrotubules. Their motor domain binds to microtubules, allowingmovement through

ATP hydrolysis.31 We compared BMVECs with or without a-syn PFF treatment using RNA-seq to examine

the a-syn PFF transfer mechanism and identified Myo1d as a key molecule in this process. Myo1d is local-

ized in F-actin and involved in endocytic membrane trafficking.32 Therefore, we hypothesize that exoge-

nous a-syn PFF internalized by BMVECs can be further transmitted to pericytes by B-P TNTs and that

this process may involve a-syn PFF-mediated promotion of Myo1d expression.

RESULTS

Entry of exogenous a-syn PFF into BMVECs damaged barrier function

We produced a-syn PFF and determined the amyloid fibril structure (Figure S1). In BMVECs treated with exog-

enous a-syn PFF, a-syn PFF could be taken up by endothelial cells and aggregated in cells (Figure 1A). Then, we

investigated the effects of a-syn PFF on endothelial and barrier function. To construct in vitro BBB models, we

isolated primary BMVECs, pericytes and astrocytes, and verified themby immunostaining (Figure S2).We estab-

lished three in vitro BBB models to assess barrier function: endothelial monocultures (E00), cocultures of endo-

thelial cells with pericytes (EP0), and tricultures of endothelial cells with pericytes and astrocytes (EPA) (Figure 1B).

The TEER values of the EP0 group on day 5 and the EPA group on day 7 were significantly increased compared

with that of the endothelial monoculture, but the TEER value was not significantly different between the cocul-

ture and triculture groups (Figure 1C). Compared with the control group, the TEER values of a-syn PFF-treated

BMVECswere decreased in the threemodels, but only the EPA group significantly differed at day 7 (Figures 1D–

1F). In the EPAmodel, permeability was increased after a-syn PFF treatment; however, the permeability was not

significantly different between a-syn PFF-treated group and control group (Figure 1G).

a-Syn PFF transmitted from BMVECs to pericytes with the highest efficiency

To confirm the spreading direction of a-syn PFF in BMVECs, we designed coculture models, BMVECs-to-

BMVECs (B-B), BMVECs-to-pericytes (B-P) and BMVECs-to-astrocytes (B-A), representing the association

between BMVECs and pericytes and astrocytes (Figure 2A). Then, we compared the transmission efficiency

among the three groups, and found that a-syn PFF transmitted with the highest efficiency in the B-P model

(mean = 76.01%), the middle efficiency in the B-B model (mean = 54.69%), and the lowest efficiency in the

B-A model (mean = 31.28%) (Figures 2B and 2C). Therefore, the spreading direction of a-syn PFF in

BMVECs was found to be more inclined toward pericytes.

Next, we further detected the best time and conditions for the transmission from BMVECs to pericytes. The

highest transmission efficiency in the B-P model was observed on day3, and extending the coculture time

Figure 1. Continued

(C) TEER values of the different BBB models constructed from BMVECs (E), pericytes (P) and astrocytes (A) on days 1–7. #

symbol represents statistically significant differences (p < 0.05) in TEER of EP0 compared with E00, * symbol represents

statistically significant differences (p < 0.05) in TEER of EPA compared with E00. n = 5.

(D–F) TEER value of the E00 model (D), the EP0 model (E), the EPA model (F) with PBS or a-syn PFF treatment on days 1–7.

n = 5.

(G) Endothelial permeability coefficient for FD40 in the EPA model on days 1–7. n = 5. All data are presented as mean G

SD. *p < 0.05. Two-Way Repeated-Measures ANOVA with Tukey’s test.

ll
OPEN ACCESS

iScience 26, 107458, August 18, 2023 3

iScience
Article



Figure 2. a-Syn PFF in BMVECs has the highest transmission efficiency to pericytes

(A) Schematic diagram of the coculture models reflecting a-syn PFF transfer, BMVECs-to-BMVECs (B-B), BMVECs-to-

pericytes (B-P) and BMVECs-to-astrocytes (B-A).

(B) Representative images of a-syn PFF spreading the three coculture models. n = 4 independent tests with 170–240

individual cells.

(C) Percent of a-syn positive acceptor cells was presented as the transmitted efficiency in the three groups.

(D) Representative images of a-syn PFF spreading from BMVECs to pericytes on days 1, 3, and 5.
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did not further enhance the transmission efficiency (Figures 2D and 2E). Incidentally, we found that the

transmission efficiency of a-syn PFF from BMVECs to pericytes decreased significantly in low-glucose cul-

ture conditions (Figure S3), indicating that the process of a-syn PFF transfer requires energy consumption.

a-Syn PFF transmission from BMVECs to pericytes through TNTs

TNTs, direct cell-to-cell contacts, could facilitate the intercellular transmission of pathogenic proteins. To

confirm whether TNTs contact BMVECs with pericytes, we stained the acceptor cells (pericytes) and the

plasma membrane with WGA. TNTs were frequently formed between BMVECs and pericytes in normal

coculture at day 3 (Figure 3A). We used a-syn PFF-treated BMVECs cocultured with pericytes, and observed

fluorescently labeled a-syn PFF in TNTs between BMVECs and pericytes (Figure 3B). Then, we used

confocal images and 3D reconstruction to show TNTs between BMVECs and pericytes and demonstrated

the localization of a-syn PFF-labeled fluorescence and TNTs (Figure 3C). To further display TNT-mediated

a-syn PFF transfer, we performed time-lapse experiments by live imaging, allowing the visualization of

TNTs by confocal microscopy. Time-lapse recordings revealed the transfer of a-syn PFF from BMVECs

to pericytes via TNTs (Figures 3D and 3E): One was characterized by short TNT connections, which a-syn

PFF transferred from BMVECs to pericytes (Figure 3E; Video S1). These results showed that a-syn PFF could

transfer from a-syn PFF to pericytes through TNTs.

To confirm the important role of TNT connections, we used latrunculin B to inhibit actin polymerization and

significantly reduced the number of TNTs between BMVECs and pericytes (Figures 4A and 4C). We used

CellTracker Green to stain pericytes and detected the transmission efficiency in B-P, demonstrating that

a-syn PFF transmission was significantly reduced after latrunculin B treatment (Figure 4A). Moreover, peri-

cytes were labeled with PDGFR-b to assess the transmission efficiency in the B-P model, and a-syn PFF

transmission in the latrunculin B-treated group was obviously decreased compared with that in the a-syn

PFF-treated group (Figure 4B). The transmission efficiency of a-syn PFF decreased by nearly half

(mean = 40.16%, p value < 0.001) after inhibition of TNT formation (Figure 4D). However, we cannot exclude

the possibility that other transfer pathways contribute to a-syn PFF transmission from BMVECs to pericytes.

Overall, these results demonstrate that TNT connections are important for a-syn PFF transfer between

BMVECs and pericytes.

a-Syn PFF accumulation in BMVECs could not promote TNT formation but activated the

molecular motor Myo1d

To identify whether the high load of intracellular a-syn PFF affected the formation of TNTs between

BMVECs and pericytes, we investigated the total number of TNT connections in cultures treated or

untreated with a-syn PFF. Our results showed that a-syn PFF exposure did not significantly increase TNT

formation (Figures 5A and 5B), indicating that a-syn PFF accumulation in BMVECs cannot promote TNT

formation. However, the inhibition of TNTs by latrunculin B can significantly reduce the transmission effi-

ciency of a-syn PFF between BMVECs and pericytes.

TNTs are F-actin-based membranous channels; thus, we investigated whether myosin proteins that bind to

actin and move along actin filaments by ATP hydrolysis can combine with TNTs and promote a-syn PFF

transfer. We screened the key molecules of myosin proteins using RNA-seq by comparing BMVECs with

or without a-syn PFF treatment. There were 1297 differentially expressed genes (DEGs) identified using

DESeq2, with log2(FC) > 1 or < �1 and Q value %0.05; 378 genes were upregulated, and 919 were down-

regulated (Figure 6A). The expression patterns of the top 20 upregulated and downregulated DEGs are

shown in the heatmap (Figure S4A). Then, we analyzed GO terms based on DEGs to obtain functional an-

notations of biological processes. Our results showed that the 378 upregulated DEGs weremainly enriched

in terms related two aspects: the extracellular space and the plasma membrane. Specifically, they were en-

riched in the plasma membrane integral component of plasm (GO:0005887), plasma membrane

(GO:0005886) and cell surface (GO:0009986), which is consistent with the characteristic of TNTs as

Figure 2. Continued

(E) Percent of a-syn positive acceptor cells was presented as the transmitted efficiency of a-syn PFF on days 1, 3, and 5. n =

4 independent tests with 170–240 individual cells. CellTracker Green (CTG) stained acceptor cells, and the yellow and red

arrows individually indicated spreading or no spreading to acceptor cells. Nuclei were stained with DAPI (blue). Scale

bar = 115.8mm. Data are presented as mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with Tukey’s

multiple comparison.
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membranous channels (Figure S4B); these results were similar to those of the GO analysis of the total DEGs

(Figure 6B). Next, we screened myosin proteins in the three GO terms and found myosin regulatory light

chain interacting protein (MYLIP) and Myo1d. However, the expression of MYLIP was low and downregu-

lated, andMyo1d was high and upregulated in the a-syn PFF-treated group (Figure S4C). We also analyzed

the DEGs in molecular motors, including kinesin, dynein, and myosin, which have been identified to trans-

port cellular components. Myo1d was again found to be upregulated in the a-syn PFF-treated group (Fig-

ure 6C). Furthermore, we confirmed the increased expression of Myo1d in BMVECs treated with a-syn PFF

using quantitative real-time PCR and western blotting. Our results showed that both themRNA and protein

levels of Myo1d were significantly enhanced in the a-syn PFF- treated group compared with those in the

PBS control group (Figures 6D–6F). Overall, these results suggest that a-syn PFF accumulation in

BMVECs cannot promote TNT formation but activates the molecular motor Myo1d.

Inhibition of Myo1d could reduce the a-syn PFF transmission from BMVECs to pericytes

Since exposure to a-syn PFF can induce the upregulation of Myo1d in BMVECs, we hypothesized that the

activation of Myo1d can induce a-syn PFF transmission from BMVECs to pericytes. To confirm this hypoth-

esis, BMVECs were transfected with Myo1d siRNA to inhibit the expression of Myo1d protein, and the cells

were then treated with a-syn PFF. Myo1d levels were significantly decreased in theMyo1d siRNA + PBS and

Myo1d siRNA + a-syn PFF groups compared with those in the a-syn PFF groups (Figures 7A and 7B). Next,

we used coculture experiments to evaluate the transmission efficiency of a-syn PFF after Myo1d siRNA

treatment. Inhibiting Myo1d significantly reduced a-syn PFF transmission from BMVECs to pericytes,

decreasing and the transmission efficiency to 35.13% (Figures 7C and 7D). This finding indicates that

Myo1d expression modulates intracellular a-syn PFF, which induces intercellular transfer of a-syn PFF.

Localization of Myo1d in F-actin-rich protrusions indicated that Myo1d may mediate a-syn

PFF transfer through BMVECs-pericytes TNTs

We have already confirmed that inhibiting Myo1d expression decreases a-syn PFF transfer. To further

investigate whether Myo1d combines with TNTs and promotes a-syn PFF transfer, we stained coculture

BMVECs and pericyte for Myo1d and F-actin and analyzed the colocalization coefficient of Myo1d and

F-actin. The a-syn PFF-treated group demonstrated significantly increased Myo1d and F-actin colocaliza-

tion in the pseudopodia compared with that in the control (PBS-treated) group. Furthermore, the Myo1d

siRNA group with or without a-syn PFF treatment displayed diminished colocalization with F-actin in the

pseudopodia (Figures 8A and 8B). These results indicate that Myo1d strongly colocalizes with F-actin,

and is crucial in mediating a-syn PFF transfer through BMVECs-pericyte TNTs.

DISCUSSION

The transfer of misfolded aggregates of a-syn to brain regions is implicated in the disease process of PD. A

previous study revealed that serum a-syn PFF can invade the CNS, aggravating neuropathology and dis-

ease.10,11 Our previous research confirmed that a-syn PFFs were taken up by BMVECs and exacerbated

endothelial damage, promoting cognitive impairment in a mouse model of PD.15 Therefore, in this study,

we revealed the direction and vascular mechanism of a-syn PFF transfer to highlight the underlying mech-

anism by which a-syn PFF in BMVECs spread to the brain.

Increasing evidence has demonstrated the exchange of a-syn between the brain and peripheral tissues,

and a-syn monomers, oligomers and preformed fibrils are internalized and transported by brain endothe-

lial cells, indicating that the trafficking of a-syn in brain endothelial cells plays a crucial role in a-syn

spreading between the brain and the periphery.15,33 Interestingly, a-syn is expressed in and secreted

Figure 3. a-Syn PFF transmission from BMVECs to pericytes through TNTs connections

(A) Representative images of TNTs connections between BMVECs and pericytes in normal coculture at day 3. CTG (green)

stained acceptor cells (pericytes), membrane staining using WGA (red) showed TNTs. Scale bar = 115.8mm or 28.9mm.

(B) Representative images of a-syn PFF-treated BMVECs coculture with pericytes through TNTs, and the yellow arrows

indicated the continuous white dots (Alexa-a-syn PFF) distributed along TNTs (WGA) connections between BMVECs and

pericytes. Scale bar = 115.8mm or 57.9mm.

(C) Representative 3D images of a-syn PFF spreading in the TNTs between BMVECs and pericytes. Scale bar = 50mm.

(D) Pericytes were labeled with CTG (green) and BMVECs treated with Alexa-a-syn PFF (red), which confirmed the

direction of a-syn PFF spreading between BMVECs and pericytes in time-lapse recording. Scale bar = 115.8mmor 14.5mm.

(E) Representative time-lapse recording demonstrating the transfer of Alexa-a-syn PFF (red) from BMVECs to pericytes.

Nuclei were stained with DAPI (blue). Scale bar = 14.5mm.
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from brain endothelial cells, and endogenous a-syn in endothelial cells might maintain endothelial func-

tion.34 Kuan, W.L. et al. found that a-syn PFF impaired tight junction protein expression but failed to detect

a change in TEER values in hCMEC/D3 cells in the upper compartment.35 These results were consistent with

our previous findings.15 However, both previous studies investigated endothelial function using endothe-

lial cell monolayers in the upper compartment, and the BBB model in vitro requires the coculture of endo-

thelial cells, pericytes and astrocytes to mimic the anatomical situation in vivo.19 Here, we showed that

Figure 4. Inhibition of TNTs decreased the a-syn PFF transmission from BMVECs to pericytes

(A) Representative images of a-syn PFF treatment with or without Latrunculin B in the coculture system of BMVECs to

pericytes. Alexa 647 Protein Labeling Kits stained a-syn PFF (white), CTG (green) stained acceptor cells (pericytes),

membrane staining using WGA (red) showed TNTs.

(B) PDGFR-b (red) stained pericytes and detected transmitted efficiency of a-syn PFF with or without Latrunculin B. The

yellow and red arrows individually indicated spreading or no spreading to acceptor cells. Nuclei were stained with DAPI

(blue). Scale bar = 115.8mm.

(C) TNTs-connected cells were presented as the number of TNTs. n = 4 independent tests 180–250 individual cells.

(D) Percent of a-syn positive acceptor cells was presented as the transmitted efficiency of a-syn PFF. n = 4 independent

tests with 170–240 individual cells. Data are presented as meanG SD. *p < 0.05, **p < 0.01, ***p < 0.001. Student’s t test.
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exogenous a-syn PFF can be taken up by BMVECs. We subsequently detected endothelial function using

three BBB models. The TEER values were higher in double (EP0) and triple (EPA) coculture models than in

the endothelial cell monoculture (E00). Treatment of BMVECs with a-syn PFF reduced the TEER values of

the three BBB models, but the decrease was significant for only the triple coculture (EPA) model. The triple

coculture EPA model showed the tightest paracellular barrier and expressed the highest level of tight junc-

tion proteins among the seven models tested in our experiments compared with brain endothelial cells

cultured alone.19 Accordingly, we purport that the triple coculture model EPA is a more sensitive and effi-

cient model for studying the effect of a-syn PFF treatment than the monoculture and double coculture

models. However, we could not detect significant impairment of barrier permeability by exogenous

a-syn PFF in the triple coculture (EPA) model. Kuan, W.L. showed that there was no significant difference

in permeability with or without a-syn PFF treatment in a triple coculture system (hCMEC/D3 cells, primary

rodent astrocytes and primary fetal human cortical cells).35 We speculate that exogenous a-syn PFF into

Figure 5. a-Syn PFF accumulation in BMVECs cannot promote TNTs formation

(A) Representative images of BSA, a-syn PFF, a-syn PFF+Latrunculin B in the coculture system of BMVECs to pericytes.

Alexa 647 Protein Labeling Kits stained BSA or a-syn PFF (white), CTG (green) stained acceptor cells (pericytes),

membrane staining using WGA (red) showed TNTs. Nuclei were stained with DAPI (blue). Scale bar = 115.8mm.

(B) Percent of a-syn positive acceptor cells was presented as the transmitted efficiency of a-syn PFF. n = 4 independent

tests 180–250 individual cells. Data are presented as mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA

with Bonferroni.
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BMVECs cannot disrupt the expression of tight junctions after 7 days. Tight junctions regulate paracellular

permeability and maintain cell polarity.36,37 Kuan, W.L. also found that a-syn PFF did not significantly alter

the expression of claudin-5, an integral membrane tight proteinmodulating paracellular permeability, after

14 days.

Another study demonstrated transcytosis of monomeric a-syn in the luminal-abluminal direction, suggest-

ing polarized trafficking of monomeric a-syn across the BBB endothelium.33 However, the transmission

Figure 6. a-Syn PFF accumulation in BMVECs activate molecular motors Myo1d

(A) Total RNA extracted from BMVECs of PBS and a-syn PFF was analyzed using RNA-seq. Volcano plots of all the

identified genes in the RNA-seq with upregulated DEGs in red, downregulated DEGs in green, and non-DEGs in gray.

(B) The top 40 of GO functional annotation based on the total DEGs.

(C) Heatmap showed the DEGs expression of molecular motors.

(D) Quantitative PCR analysis of mRNA levels of Myo1d. n = 4.

(E and F) Western blot analysis of protein levels of Myo1d in BMVECs with or without a-syn PFF treatment. b-actin served

as a control. n = 4. Data are presented as mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001. Student’s t test.
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route of a-syn PFF from brain endothelial cells is unclear. The BBB is composed of brain endothelial cells

surrounded by pericytes and astrocytes, and crosstalk mechanisms between endothelial cells, pericytes,

and astrocytes preserve barrier integrity and function under physiological conditions.38,39 Brain endothelial

cells interact with pericytes, astrocytes or blood vessels through exocytosis and direct transfer of cyto-

plasmic components and proteins.40–42 Here, we showed that the spreading direction of a-syn PFF in

Figure 7. Inhibition of Myo1d can reduce the a-syn PFF transmission from BMVECs to pericytes

(A and B) Western blot analysis of protein levels of Myo1d in primary BMVECs of control siRNA and Myo1d siRNA with or

without a-syn PFF treatment. b-actin served as a control. n = 6.

(C) Representative images of a-syn PFF treatment with control siRNA and Myo1d siRNA in the coculture system of

BMVECs to pericytes. Alexa 647 Protein Labeling Kits stained a-syn PFF (white), PDGFR-b(green) stained acceptor cells

(pericytes), and the yellow and red arrows individually indicated spreading or no spreading to acceptor cells. Nuclei were

stained with DAPI (blue). Scale bar = 115.8mm.

(D) Percent of a-syn positive acceptor cells was presented as the transmitted efficiency of a-syn PFF. n = 4 independent

tests with 170–240 individual cells. Data are presented as mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way

ANOVA with Bonferroni (B), Student’s t test (D).
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BMVECs was more inclined toward pericytes than toward endothelial cells and astrocytes. Recent evidence

has shown that pericytes in the human brain contain a-syn, which is degraded through the lysosomal

pathway, suggesting that the accumulation of a-syn in pericytes may play a role in PD pathogenesis.43 In

response to a-syn, pericytes release inflammatory cytokines and matrix metalloproteinase-9 (MMP-9)

contributing to BBB breakdown.44 However, the role of pericytes in the disease processes of PD is poorly

understood. This study is the first to demonstrate that themain spreading direction of a-syn PFF in BMVECs

mainly spread to pericytes, providing a new target pathway for a-syn PFF transfer. Accordingly, future

studies should investigate the role and mechanisms of pericytes in PD pathogenesis.

Figure 8. Myo1d localized in F-actin-rich protrusions

(A) Representative images of BMVECs of control siRNA and Myo1d siRNA with or without a-syn PFF treatment. F-actin

labeled using phalloidin (green). Nuclei were stained with DAPI (blue). Scale bar = 115.8mm.

(B) Colocalization coefficient of Myo1d and F-actin in BMVECs of control and Myo1d siRNA with or without a-syn PFF

treatment. n = 5. Data are presented as meanG SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVAwith Bonferroni.
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Regarding intercellular communication, endothelial cells can connect with other cells such as endothelial

cells, pericytes, and astrocytes, through TNTs.28,41,42,45 TNTs originate between two connected cells and

contribute to the intercellular spread of components or signals (ions, proteins and organelles).46 Several

studies have shown a-syn PFF transfer between neural and glial cells through TNTs, which may mediate

the progression of synucleinopathies.25,47,48 However, it is unclear whether a-syn PFF in BMVECs can be

transmitted to pericytes through TNTs between BMVECs and pericytes. Hence, we designed a coculture

model and revealed that a-syn PFF transferred from BMVECs to pericytes via TNTs. This transfer can be

decreased by approximately 50% by inhibiting TNT formation using latrunculin B. However, there was still

some a-syn PFF transmission from BMVECs to pericytes after latrunculin B treatment. We considered that

other spreading mechanisms may mediate a-syn spreading between endothelial cells and pericytes. The

mechanisms of cell-to-cell transmission of pathogenic a-syn include exocytosis and endocytosis, uptake

of exosomes carrying a-syn, or direct penetration.47 To further characterize a-syn PFF intercellular traffic,

we used cocultures in which BMVECs and pericytes either built direct cell-cell contacts or cocultures sepa-

rated by transwell membranes (pore size 8.0 mm). We could not detect a-syn PFF-positive in pericytes when

cells were cocultured without direct contact (data not shown). The results were consistent with Scheiblich,

H. et al. findings that a-syn-positive acceptors were not detected in the separate coculture system.47 These

results suggest that direct penetration induce the important mechanisms for the cell-to-cell transmission of

pathogenic a-syn. Our study found that the direct penetration through TNT connections was an important

mechanism for intercellular a-syn PFF spreading from BMVECs to pericytes. Although we could not detect

significant a-syn PFF transmission in separated cocultures, the barrier function of endothelial cells may

obstruct this spreading, as cocultures separated by transwell membranes cannot perfectly imitate the in-

direct cell-to-cell contacts under physiological conditions. Therefore, the other mechanisms of a-syn PFF

transmission from BMVECs to pericytes need to be further studied. Furthermore, the molecular mecha-

nisms of TNT formation are poorly understood.49 TNT formation between the astrocytes can be induced

by intracellular accumulation of a-syn.23 Microglia exposed to a-syn promoted F-actin-dependent intercel-

lular connections, inhibited Rho-kinase ROCK, a key cytoskeleton regulator and impaired a-syn transfer.47

In our study, the number of TNTs in the a-syn PFF-treated group was not significantly different from that in

the control group. Hence, we consider that the mechanisms of increasing a-syn PFF transfer may not pro-

mote TNT formation but may instead activate transport cellular components.

TNTs may contain actin-based myosin motors that mediate actomyosin-dependent transport of endocytic

vesicles.50 The molecular motor myosin-X increases the number of TNTs and the transfer of vesicles be-

tween neuronal CAD cells.51 To confirm the subtype of myosin motors in a-syn PFF-treated BMVECs, we

used RNA-seq and screened Myo1d on the basis of DEGs and GO terms. Myo1d colocalizes with F-actin

in the dendritic spines of primary hippocampal neurons and the myelin-like membrane edge of oligoden-

drocytes.52,53 Myo1d may contribute to membrane dynamics in the transport of myelin membrane proteins

during myelination.54 Here, we demonstrated that a-syn PFF treatment can obviously upregulate Myo1d

expression and its colocalization with F-actin. Myo1d siRNA treatment decreased a-syn PFF transmission

from BMVECs to pericytes. We further analyzed the difference in the reduction in transmission efficiency

after latrunculin B and Myo1d siRNA treatment and found a difference of approximately 5%. Kittelberger,

N. et al. found that class 1 myosin motors affected exocytosis as possible linkers between actin and mem-

branes, and the inhibition of myosin 1c reduced exocytosis.55 Consequently, we speculate that the

decrease in transmission efficiency after Myo1d siRNA treatment compared with latrunculin B treatment

was caused by alterations in exocytosis due to inhibition of Myo1d. In addition, we unexpectedly found

that the transmission efficiency of a-syn PFF significantly decreased under low-glucose culture conditions.

Myosin motors move along actin filaments through the use of energy produced by ATP hydrolysis56; how-

ever, low-glucose medium can reduce ATP production and cause myosin dysfunction, further diminishing

the transmission efficiency of a-syn PFF. Based on these findings, Myo1d activation by a-syn PFF in BMVECs

promotes a-syn PFF spreading to pericytes.

This study is the first to highlight the TNT and myosin-related mechanisms by which a-syn PFF spread from

BMVECs to pericytes. Accordingly, a-syn PFF in BMVECs has the highest transmission efficiency to peri-

cytes. TNT connections between BMVECs and pericytes are important for intercellular a-syn PFF

spreading. The mechanisms underlying increased a-syn PFF transfer may not promote TNT formation,

but instead may activate the molecular motor Myo1d. Pharmacologically inhibiting Myo1d expression re-

duces a-syn PFF spread to pericytes; thus, targeting Myo1d may be a promising approach for preventing

a-syn spreading from the blood to the brain.
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Limitations of the study

In this study, we demonstrated that TNT connections between BMVECs and pericytes were responsible for

a-syn PFF transmission, however, we did not rule out other transmission mechanisms. Our study suggests

that Myo1d is a key molecule in the spread of a-syn PFFs from BMVECs to pericytes and may be a pharma-

cological target in preventing a-syn spreading from the blood to the brain, but the role for Myo1d in a-syn

PFF transmission needs to be further studied to investigate whether specific knockdown ofMyo1d inmouse

BMVECs can prevent a-syn spreading from the blood to the brain.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Myosin Id antibody (H-1) Santa Cruz Biotechnology Cat# sc-515292

b-Actin (13E5) Rabbit mAb Cell Signaling Technology Cat# 4970

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7074

Rabbit monoclonal [EPR17260-263] to CD31 Abcam Cat# ab222783

Rabbit monoclonal [EPR20992] to Occludin Abcam Cat# ab216327

Rabbit monoclonal [EPR7583] to Claudin 5 Abcam Cat# ab131259

Rabbit monoclonal [BLR092G] to ZO1 Abcam Cat# ab 276131

CD140b (PDGFRB) Monoclonal Antibody (APB5) Invitrogen Cat# 14-1402-82

GFAP Antibody (5C10) Novus Cat# NBP1-05197

Goat Anti-Rabbit IgG Alexa Fluor� 555 Abcam Cat# ab150078

Goat Anti-mouse IgG Alexa Fluor�488 Abcam Cat# ab150113

Chemicals, peptides, and recombinant proteins

Dulbecco‘s Modified Eagle‘s Medium GIBCO by Thermo Fisher Scientific Cat# C11995500BT

Phosphate-Buffered Saline GIBCO by Thermo Fisher Scientific Cat# C10010500BT

Type II collagenase Sigma-Aldrich Cat# C2-BIOC

type I DNase Sigma-Aldrich Cat# 10104159001

ENDOTHELIAL CELL MEDIUM ScienCell Cat# 1001

Fetal Bovine Serum GIBCO by Thermo Fisher Scientific Cat# 10099141C

Insulin-transferrin-sodium selenite Sigma-Aldrich Cat# I3146

smooth muscle growth supplement ScienCell Cat# 1152

0.25% trypsin-EDTA GIBCO by Thermo Fisher Scientific Cat# 25200056

Human Alpha-synuclein monomer Proteos Cat# RP-003

Alexa Fluor� 647 Succinimidyl Esters (NHS esters) Invitrogen Cat# A20173

CellTracker� Green CMFDA Invitrogen Cat# C2925

wheat germ agglutinin (WGA) Alexa Fluor�555

conjugate

Invitrogen Cat# W32464

Latrunculin B Abcam Cat# ab144291

LIFE TRIzol Reagent Thermo Fisher Scientific Cat# 15596-026

Myo1d siRNA Santa Cruz Biotechnology Cat# sc-44609

Control siRNA Santa Cruz Biotechnology Cat# sc-37007

siRNA Transfection Medium Santa Cruz Biotechnology Cat# sc-36868

siRNA Transfection Reagent Santa Cruz Biotechnology Cat# sc-29528

RIPA Lysis Buffer MedChemExpress Cat# HY-K1001

Phosphatase inhibitor cocktail MedChemExpress Cat# HY-K0021

Protease inhibitor cocktail MedChemExpress Cat# HY-K0010

Clarity� Western ECL Substrate Bio-Rad Cat# 1705060

Phalloidin-iFluor 488 Reagent Abcam Cat# ab176753

PrimeScript IV 1st strand cDNA Synthesis Mix Takara Cat# 6215A

TB Green Fast qPCR Mix Takara Cat# RR430A

Transwell membranes Sigma-Aldrich Cat# CLS3470

Fluorescein isothiocyanate-dextran Sigma-Aldrich Cat# FD40

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Lijuan Wang (wanglijuan@gdph.org.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d RNA sequencing data have been deposited in the NCBI Sequence Read Archive (SRA) repository under

project PRJNA953083. Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Thioflavin T MedChemExpress Cat# HY-D0218

BD Cytofix/Cytoperm� Fixation and Permeabilization

Solution

BD Biosciences Cat# 554722

Critical commercial assays

BCA Protein Assay Kit Beyotime Cat# P0012

Deposited data

NCBI Datasets https://www.ncbi.nlm.nih.gov/ NCBI accession number:

PRJNA953083

Experimental models: Cell lines

Primary BMVEC cells This paper N/A

Primary pericyte cells This paper N/A

Primary astrocyte cells This paper N/A

Oligonucleotides

Myo1d primer for 5’HA (Forward) brp_5HA_FOR:

GTGGTTAAGCTGTTCGCCTTG

This paper N/A

Myo1d primer for 5’HA (Reverse) brp_5HA_REV:

GCCTTGAGCATGATGGCAA

This paper N/A

Gapdh primer for 5’HA (Forward) brp_5HA_FOR:

TTGATGGCAACAATCTCCAC

This paper N/A

Gapdh primer for 5’HA (Reverse) brp_5HA_REV:

CGTCCCGTAGACAAAATGGT

This paper N/A

Software and algorithms

IBM SPSS Statistics IBM Software. https://www.ibm.com/products/spss-statistics

GraphPad Prism 9 GraphPad Software. Inc. https://www.graphpad.com/

ImageJ (Fiji) NIH https://imagej.nih.gov/ij/

Dr.Tom system Beijing Genomics Institute https://biosys.bgi.com/

Other

Leica TCS SP8 STED Leica equipment

7500 Real-Time PCR System ABI equipment

Millicell ERS-2 electrical resistance system Merck Millipore equipment

BD FACSAria flow cytometer BD Biosciences equipment
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary BMVEC, pericyte and astrocyte cells were isolated from C57BL/6 mice (wild-type, postnatal day

1-3) brains. Primary cultures were incubated at 37�C with 5% CO2.

Isolation of BMVECs, pericytes and astrocytes

BMVECs were isolated according to the method of (Ruck, T.et al., 2014).17 BMVECs were isolated from

postnatal day 1-3 C57BL/6 mouse cortical tissue. The brain was separated into two hemispheres and cut

between the cerebellum and the midbrain. The meninges were removed from the two hemispheres under

a dissection microscope. The meninges-free forebrains were transferred to DMEM, and the tissue was

minced with a pipette. The tissue was then digested with DMEM containing 1.05mg/mL type II collagenase

and 58.5 U/mL type I DNase for 60 min at 37�C on an orbital shaker at 150 rpm. The reaction was stopped by

adding 10 ml DMEM and centrifuging the cells at 8003 g for 8 min at 4�C. The supernatant was discarded,

and themyelin was removed by resuspension in DMEM containing 20% FBS and centrifugation at 1,0003 g

for 20 min at 4�C. The upper myelin layer was discarded, and the pellet was resuspended in DMEM with

1 mg/mL collagenase/dispase and 39 U/mL type I DNase for 60 min at 37�C on an orbital shaker at

150 rpm. DMEM was added to the digested cell suspension, and then the resuspended cells were applied

to a Percoll gradient and centrifuged at 700 3 g for 10 min at 4�C. The microvessel layer on the bottom of

the ultracentrifuge tube was collected and washed with DMEM by centrifugation. Brain microvessels were

then seeded in a sterile incubator in endothelial cell medium (ScienCell, 1001) at 37�C and 5% CO2. The

medium was changed every two to three days. The cells were split cells when they reached 90-95% conflu-

ence using 0.25% trypsin-EDTA. The seededmicrovessel cells were labeled as passage 0 (P0) BMVECs, and

the passage number was increased by one after each trypsinization. BMVECs were treated with Alexa

647-labeled a-syn PFF for 24 h, and the presence of exogenous a-syn PFF in the BMVECs was confirmed.

Pericytes were isolated from neonatal mouse brains, and the meninges were removed under a dissection

microscope. The brains were mechanically minced with a pipette, and the homogenate was digested in

DMEM containing 1.05 mg/mL type II collagenase and 58.5 U/mL type I DNase for 10 min at room temper-

ature. Then, the reaction was stopped by adding DMEM and centrifuging the cells at 800 3 g for 8 min at

4�C. The resuspended cells were transferred to T25 flasks in low-glucose DMEM supplemented with 20%

FBS, 1x penicillin/streptomycin, ITS (42 mg/mL insulin/38 mg/mL Transferrin/50 ng/mL sodium selenite sup-

plement), 100 mg/ mL heparin and 1x smooth muscle growth supplement. Half of the medium volume was

changed every other day. The cells were trypsinized using 0.25% trypsin/EDTA and resuspended in fresh

medium. Then, the cell suspension was stored in a T25 flask to settle for 1 h. Adherent cells were discarded,

and the cell suspension was moved to a new flask. This digestion process was repeated three times. Peri-

cyte purity was then checked by immunostaining.

For the isolation of astrocytes from neonatal mouse cortices, the meninges were removed under a dissec-

tion microscope. The cortices were mechanically minced with a pipette and centrifuged (800 g, 8min, 4�C).
Then, the homogenate was digested in DMEM containing 1.05 mg/mL type II collagenase and 58.5 U/mL

type I DNase for 10 min. The reaction was stopped by adding DMEM and centrifuged (800 g, 8 min, 4�C).
The cell suspension was incubated in T75 flasks and cultured in DMEM supplemented with 10% FBS and

penicillin/streptomycin (13). Cells were split at 90-95% confluence using 0.25% trypsin-EDTA.

METHOD DETAILS

a-syn PFF generation and labeling

Recombinant human a-syn monomers were produced from purified a-syn monomers (RP-003, Proteos,

USA) by the method of Michael J. Fox Parkinson’s Research Foundation.5 Briefly, a-syn monomers

(5 mg/mL diluted in sterile PBS) were incubated at 37�C with agitation in a microplate shaker at

1000 rpm for seven days to form fibrils. Basic quality control experiments were performed to ensure that

a-syn monomers successfully aggregated into fibrils, including a thioflavin T assay to assess amyloid fibril

structure, transmission electron microscopy (TEM) to determine fibril size and morphology, and Western

blotting to assess fibril size. a-Syn PFFs were diluted in PBS and sonicated using an ultrasonic cell disruptor

(SCIENTZ-IID) at high intensity for 60 pulses (1 s on; 1 s off).

a-Syn PFFs were labeled with Fluorescent Protein Labeling Kits (Invitrogen, A20173) to obtain Alexa

647-labeled a-syn PFF. Briefly, a-syn PFFs were diluted to 2 mg/mL in PBS, and then 50 ml of a 1 M solution
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of sodium bicarbonate was added. The protein solution was transferred to a vial containing the reactive

dye, and the reaction mixture was stirred for 1 hour at room temperature.

Quantification of a-syn PFF transfer in coculture systems

Different coculture systems were used to study the cell-to-cell transfer of a-syn PFF. Acceptor cells were

stained with CellTracker�Green CMFDA (5-chloromethylfluorescein diacetate) (Invitrogen, C2925). Briefly,

acceptor cells were incubated for 30 min at 37�Cwith 1 mMCellTracker�Green (CTG) diluted in serum-free

medium. Donor BMVECs were treated with Alexa 647-labeled a-syn PFF for 24 h, and were subsequently

washed using PBS. Alexa 647-labeled BSA was administered to the control group. After labeling, donor

and acceptor cells were detached, and counted, diluted to a concentration of 22,500 cells/cm2, replated

at a 1:1 ratio in a new plate, and cultured for 72h. Acceptor cells included BMVECs, pericytes and astro-

cytes; the cells were divided into the BMVEC-to-BMVEC (B-B), BMVEC-to-pericyte (B-P) and BMVEC-to-

astrocyte (B-A) groups. Alexa 647-labeled a-syn PFF in acceptor cells were counted, and the data were

analyzed using one-way ANOVA statistical analysis.

Quantification of TNT-connected cells in coculture systems

Cells in coculture systems were fixed for 15 min in 4% paraformaldehyde (PFA) and were washed in PBS.

Then, the cells were labeled for 20 min at 37�C with a 1:200 solution of wheat germ agglutinin (WGA) Alexa

Fluor�555 conjugate (Invitrogen, W32464) in PBS. After additional washes, cells were embedded with

DAPI. The TNT-connected cells were imaged by inverted confocal microscopy (Leica). TNT-connected cells

with straight WGA-labeled structures were identified by scanning. The connected TNT were counted when

they fit the following criteria: protrusions thinner than 1 mm and protrusions with a length of 5-100 mm con-

necting two cells. For analysis, TNTs were stained with WGA and measurements were performed as previ-

ously described.23 The inclusion criterion for TNTs herein was protrusions connecting two cells with a

length of 5-100 mm. Four independent experiments were performed, and 180-250 individual cells were

analyzed in each experiment. The number of TNTs was determined manually, and the data are presented

as the percentage of TNT-connected cells (number of TNT-connected cells divided by the total number of

cells). Actin polymerization was inhibited using 3 mM latrunculin B (abcam, ab144291) 3 h after coculture

initiation.

RNA sequencing

Total RNA was extracted from primary BMVECs (13107 cells per sample) treated with PBS and a-syn PFF

using TRIzol. The RNA concentration was determined for each sample and the RIN/RON ratio and the

28/18S ratio were assessed using a Fragment Analyzer to confirm that the RNA samples were of sufficient

quality for cDNA library construction and sequencing. RNA sequencing was performed using the

BGISEQ platform with paired-end 150 bp reads by Beijing Genomics Institute (BGI). After data

filtering, 95.55% of the reads were mapped to the genome of Mus_musculus genome (NCBI,

GCF_000001635.26_GRCm38.p6). A total of 4895 differentially expressed genes (DEGs) were identified us-

ing DESeq2 with a Q value % 0.05. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis

and Gene Ontology (GO) enrichment analysis were performed using the Dr.Tom system developed by BGI

Genomics.

siRNA treatment

Myo1d siRNA for inhibiting Myo1d expression in mouse cells was purchased from Santa Cruz Biotech-

nology (sc-44609). Scramble siRNA (Santa Cruz Biotechnology, sc-37007) was used as a control.

BMVECs were seeded in 6-well plates in 2 ml antibiotic-free endothelial cell medium until 60-80%

confluent. For each transfection, 0.75 mg siRNA was added to 100 ml siRNA Transfection Medium (Santa

Cruz Biotechnology, sc-36868), and then mixed with 6 ml of siRNA Transfection Reagent (Santa Cruz

Biotechnology, sc-29528) diluted in siRNA Transfection Medium. The cells were washed once with

2 ml of siRNA Transfection Medium, and then a mixture of 0.8 ml siRNA Transfection Medium and

0.2 ml siRNA Transfection Reagent mixture was added. Then, 1 ml endothelial cell medium containing

23 normal serum was added, and the cells were incubated for an additional 20 hours. The medium

was replaced with fresh endothelial cell medium, and the cells were incubated for another 48 hours

before being assayed by Western blotting.
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Western blotting

Cells were lysed with RIPA buffer (MCE, HY-K1001) containing phosphatase inhibitor cocktail (MCE,

HY-K0021) and protease inhibitor cocktail (MCE, HY-K0010), and centrifuged at 12,000 3 g for 15 min at

4�C. The supernatants were collected, and the protein concentration was tested using a BCA kit (P0012,

Beyotime). The protein samples were separated by SDS-PAGE and transferred to PVDF membranes.

The membranes were blocked with 5% nonfat milk in TBST for 2h at RT, and incubated with primary and

secondary antibodies. The antibodies used were as follows: anti-Myosin ld (1:100, Santa Cruz Biotech-

nology, sc-515292), anti-b-actin (1:1000, Cell Signaling Technology, 4970), and HRP-linked secondary anti-

bodies (1:10,000, Cell Signaling Technology). The membranes were visualized with a Clarity�Western ECL

Substrate (Bio-Rad, 1705060) and quantitative analysis was conducted using ImageJ. Each target protein

level was normalized to that of b-actin. The mean gray value of 3 bands was statistically analyzed in each

experiment, and 6 independent experiments were performed (n=6).

Immunofluorescence staining

Cells were washed with PBS three times, fixed for 15 min in 4% PFA, permeabilized with 0.5% Triton X-100

for 15min, blocked in 10%goat serum for 1 h at RT, and incubated with primary antibodies overnight at 4�C.
The primary antibodies used were as follows: anti-Myosin ld (1:100, Santa Cruz Biotechnology, sc-515292),

anti-CD31 (1:100, abcam, ab222783), anti-Occludin (1:100, abcam, ab216327), anti-Claudin-5 (1:100, ab-

cam, ab131259), anti-ZO-1 (1:100, abcam, ab276131), anti-PDGFR-b (1:200, Invitrogen, 14-1402-82), and

anti-GFAP (1:100, Novus, NBP1-05197). The following day, the cells were incubated with secondary anti-

bodies for 1 h at RT. The secondary antibodies used were as follows: Goat Anti-Rabbit IgG Alexa Fluor�
555 (1:1000, abcam, ab150078) and Goat Anti-mouse IgG Alexa Fluor�488 (1:1000, abcam, ab150113).

After washing, the cells were incubated with DAPI or Phalloidin-iFluor 488 Reagent (1:1000, abcam,

ab176753) for 15 min at RT. Images were captured using a LEICA TCS SP8 laser scanning confocal micro-

scope. Colocalization analysis of Myo1d and F-actin was performed using Fiji, and Pearson’s R-value was

calculated to quantify pixel intensity correlations.

Quantitative real-time PCR

Total RNA was extracted from BMVECs using a TRIzol Plus RNA Purification Kit (Invitrogen). The isolated

total RNA was reverse transcribed into cDNA with PrimeScript IV 1st strand cDNA Synthesis Mix (Takara,

6215A). The qPCRs were performed in a 7500 Real-Time PCR System (ABI, USA) using TB Green Fast

qPCRMix (Takara, RR430A). The relative gene expression levels were calculated with the 2-DDCt method us-

ing glyceraldehyde-3-phosphate dehydrogenase (Gapdh) as an internal control. Myo1d and Gapdh cDNA

were amplified by qPCR with the following primer sets:

Myo1d forward; 5’-GTGGTTAAGCTGTTCGCCTTG-3’

Myo1d reverse; 5’-GCCTTGAGCATGATGGCAA-3’

Gapdh forward; 5’- TTGATGGCAACAATCTCCAC-3’

Gapdh reverse; 5’- CGTCCCGTAGACAAAATGGT-3’

Transendothelial electrical resistance (TEER) measurement

The TEER values of in vitro BBB models consisting of BMVEC monocultures, cocultures of BMVECs and

pericytes and cocultures of BMVECs, pericytes and astrocytes were measured. Astrocytes (1.53105 cells

per well) were seeded in the bottom of the 24-well-plate Transwell membranes (0.4 mm pore size,

CLS3470, Sigma-Aldrich) and incubated overnight. Pericytes (4.53104 cells per well) were plated on the

basal side of the membrane for 24 h. Then, BMVECs were trypsinized and seeded on the apical side of

the Transwell inserts at a density of 6.43104 cells per well. a-Syn PFFs were added to the apical side and

treated BMVECs. TEER measurements were obtained after endothelial cell seeding using the Millicell

ERS-2 electrical resistance system (MERS00002, Merck Millipore).35

Permeability assay

Permeability was measured by the method of (Doll, D. N. et al., 2015)37 using fluorescein isothiocyanate-

dextran (FD40, 40,000 MW, Sigma-Aldrich). BMVECs, pericytes and astrocytes were used for the in vitro
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BBB model. Medium containing 2.5 mg/mL FD40 was added to the upper compartment, and that in the

basal compartment was replaced with 400 mL of fresh medium. Every 10 min, 50 mL of medium in the basal

compartment was collected and replaced with fresh medium. The fluorescence of the collected samples

was measured using a microplate reader (Thermo Fisher Scientific, USA) under 485 nm excitation/

520 nm emission.

TEM measurement

Unsonicated and sonicated a-syn PFFs were adsorbed on carbon-coated 200-mesh copper grids for 2 min

at RT and negatively stained with 3% phosphotungstic acid (pH 7.0) for 2 min at RT. Distilled water was

gently dripped onto the copper grids, which were then dried for several minutes. Images were acquired

using a Philips CM 10 electron microscope operated at 80 kV.

Thioflavin T assay

The thioflavin T assay was performed by the method of (Patterson, J. R. et al., 2019).3 Five microliters of

a-syn monomers or a-syn PFFs were added to 245 mL of PBS, mixed with 250 mL of thioflavin T (25 mM

thioflavin T, MCE, HY-D0218) in a 96-well plate, and then incubated for 30 min at 37�C in the dark. The fluo-

rescence intensity of thioflavin T was measured using a microplate reader (Thermo Fisher Scientific, USA) at

485 nm excitation/520 nm emission.

Flow cytometry assays

Extracellular and intracellular stainings was performed by the method of (Larochelle, C. et al., 2012).18

Briefly, isolated BMVECs, pericytes and astrocytes were trypsinized and resuspended in BD Pharmingen�
Stain Buffer (FBS). Cells were incubated with the antibodies against the surface markers CD31 (1:100, Invi-

trogen, RM5201) and PDGFR-b (1:100, Invitrogen,14-1402-82). For intracellular staining, a GFAP specific

antibody (1:100, abcam, ab7260) was used to label astrocytes. Intracellular staining was performed using

the BD Cytofix/Cytoperm� Fixation and Permeabilization Solution (554722). Nonspecific background

staining was assessed by appropriate fluorochrome-matched isotype antibodies. A BD FACSAria flow cy-

tometer (version 6.1) was used to analyzed cell staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

SPSS (version 26.0 SPSS) was used for the statistical analyses. Data were collected from at least three in-

dependent tests. Comparisons between the two groups were made by Student’s t test for normally

distributed variables and the Mann-Whitney tests for nonnormally distributed variables. One-way

ANOVA was used for three or more groups of data. Two-Way Repeated-Measures ANOVA was used

for repeatedly measured variables. Bonferroni and Tukey’s adjustments were applied to correct the p

value in multiple comparisons. Data are presented as the meanGSD. A p value< 0.05 was considered

statistically significant.
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