bioRxiv preprint doi: https://doi.org/10.1101/2022.08.18.504449; this version posted August 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The impact of a-synuclein aggregates on blood-brain barrier integrity in

the presence of neurovascular unit cells

Hamdam Hourfar 2, Farhang Aliakbari 2, Shabboo Rahimi Aqdam ¢, Zahra Nayeri 2, Hassan Bardania ¢, Daniel E.

Otzen¢, Dina Morshedi @

a Bioprocess Engineering Research Group, Department of Industrial and Environmental Biotechnology, National Institute of
Genetic Engineering and Biotechnology, Tehran, Iran

b Molecular Medicine Research Group, Robarts Research Institute, Schulich School of Medicine and Dentistry, University of
Western Ontario, London, Ontario, Canada

¢ Department of Neuroscience, Cumming School of Medicine, University of Calgary, Calgary, AB, Canada
d Cellular and Molecular Research Center, Yasuj University of Medical Sciences, Yasuj, Iran

€ Interdisciplinary Nanoscience Centre (iNANO), Aarhus University, Aarhus C, Denmark

Abstract

The role of the blood-brain barrier (BBB) is to control trafficking of biomolecules and protect the brain.
This function can be compromised by pathological conditions. Parkinson’s disease (PD) is characterized
by the accumulation of a-synuclein aggregates (a«SN-AGs) such as oligomers and fibrils, which contribute
to disease progression and severity. Here we study how aSN-AGs affect the BBB in in vitro co-culturing
models consisting of human brain endothelial h\CMEC/D3 cells alone and co-cultured with astrocytes and
neurons/glial cells. When cultivated on their own, hCMEC/D3 cells were compromised by aSN-AGs,
which decreased cellular viability, mitochondrial membrane potential, wound healing activity, TEER and
permeability parameters, as well as increased the levels of ROS and NO. Co-culturing of these cells with
activated microglia also increased BBB impairment according to TEER and systemic immune cell
transmigration assays. In contrast, \CMEC/D3 cells co-cultured with astrocytes or dopaminergic neurons

or simultaneously treated with their conditioned media showed increased resistance against aSN-AGs. Our
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work demonstrates the complex relationship between members of the neurovascular unit (NVU)

(perivascular astrocytes, neurons, microglia, and endothelial cells), aSN-AGs and BBB.

Keywords: a-synuclein, Parkinson's disease, Blood-brain barrier, Neurovascular unit, Brain microvascular

endothelial cells
Background

The human brain, the most intricate organ in the body, is protected and maintained by a highly sophisticated
system known as the blood-brain barrier (BBB) [1]. Although different studies have shown that BBB
integrity can be altered or disrupted by various pathological conditions, there is still debate about the BBB's
role in the onset or progression of neurodegenerative diseases (NDs) such as Parkinson's disease (PD) [2-
4]. NDs may compromise BBB integrity through reactive oxygen species (ROS), nitric oxide (NO), matrix
metalloproteinases (MMPs), inflammatory cytokines, and immune cell extravasation. These can lead to
breakdown of the BBB, mainly by downregulation of tight junction proteins and perturbation of the TEER
(trans-endothelial electrical resistance) and permeability parameters, which consequently promote neuro-
inflammation and also neurodegeneration [5]. In support of this, PD patients have been shown to undergo
significant BBB abnormalities, such as disruption of its integrity and decreased P-glycoprotein function [6,
7]. However, the exact role of BBB in PD is unclear. Some clues may be found by considering the etiology
of PD, in particular the formation of intracellular inclusions known as Lewy bodies and Lewy neurites,
which are rich in amyloid aggregates formed by the protein a-synuclein (aSN-AGs) [8, 9]. Other toxic
species include soluble oligomeric versions of aSN which are even more cytotoxic than amyloid fibrils on
a per-mass basis [10]. In contrast to the intense focus on the relationship between PD and aSN aggregation,
there are few studies on the impact of aSN and aSN-AGs on BBB integrity and functionality. The BBB
consists of specified endothelial cells which interact with astrocytes, pericytes, neurons, and microglial
cells, collectively known as the neurovascular unit (NVU) [1, 11]. The role of these cells on BBB integrity

and its function in pathological conditions is important to consider.
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aSN-AGs may induce inflammatory responses in the brain that may subsequently affect BBB integrity.
aSN directly interacts with Fcy and toll-like receptors (TLRs) and induces nuclear factor-kappa B (NF-kB)
and mitogen-activated protein kinase (MAPK) signal pathways or indirectly induces expression of the
matrix metalloproteinases (MMPSs) [12]. Subsequently, microglial inflammatory signals and inflammatory-
related cytokines can be induced [12, 13]. Inflammation is common in PD [14], and it is likely to
compromise BBB integrity in different ways. Disruptive changes include endothelial damage such as
apoptosis, membrane abnormalities, and mitochondrial dysfunction; impairment of tight junction integrity;
degradation of the substance that coats the luminal surface of blood vessels (glycocalyx), and astrocyte
destruction. Non-disruptive changes include induction of cytokines, prostaglandin E, production,
dysregulation of transporters, and cellular transmigration [15]. Besides these indirect effects of aSN-AGs
on the BBB integrity through inflammation, it is also important to evaluate how aSN-AGs can directly

affect BBB since this may be an important aspect of their neurotoxicity.

An important aspect in this regard is the primary origin of aSN aggregates. aSN is expressed in various
tissues, in particular the brain and hematopoietic system cells [16-18]. It is possible that early toxic
aggregated species of aSN are produced in peripheral organs and cross BBB. aSN is known to cross the
BBB in both directions [19, 20], although recent work shows that monomeric aSN, taken up in a clathrin-
dependent pathway, is transported in a polarized fashion, largely in a luminal-abluminal direction [21]. On
the other hand, oligomeric aSN is transported across the BBB to a much smaller extent [21], and transport
of fibrillar species is likely to be even less efficient. Thus, aSN aggregates could also be formed as a
secondary response to neuronal deterioration and oSN clearance. If the BBB cannot dispose properly of
protein aggregates, the inflammatory response induced by brain’s glial cells could play a considerable role

in the progression of neurodegenerative disease [22-24], as reported for Alzheimer’s disease [25].

Given the limited insight into the effects of aSN-AGs on BBB, we firstly investigated the influence of
different aSN-AGs (formed after different periods of incubation) on brain endothelial cell viability, ROS

and NO content, as well as mitochondrial membrane potential (AWm). Furthermore, BBB parameters such
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as TEER and permeability values, as well as wound healing properties were examined. The study was
expanded by co-culturing brain endothelial cells with astrocytes, dopaminergic neurons, and activated glial
cells. We also explored the transmigration of systemic immune cells. Finally, we compared the interactions

of aSN aggregates with brain endothelial cells, non-brain endothelial cells, and astrocytes.

Materials and methods

Materials

27" dichlorodihydrofluorescin diacetate (DCFH-DA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), collagen, fluorescein isothiocyanate—dextran (FITC-Dextran 70),
FITC, Rhodamine 123, 4',6-Diamidino-2-phenylindole dihydrochloride (DAPI), Griess reagents,
Thioflavin T (ThT) and Congo red (CR) were all from Sigma-Aldrich. SH-SY5Y cells overexpressing
human aSN were generously provided by Kostas Vekrellis and Stefanis Leonidas from the Biomedical
Research Foundation of the Academy of Athens (BRFAA), Greece [26]. Roswell Park Memorial Institute
(RPMI) 1640 medium, DMEM/F-12 (Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12) and
DMEM high glucose were from GibcoBRL (Life Technologies, Paisley, Scotland). Fetal bovine serum
(FBS) was from Biosera (Tehran, Iran). Transwell 24-well tissue culture inserts (0.4 um pore size, polyester
membrane) and (8.0 um pore size, polycarbonate membrane) were from Corning Costar (Corning Inc.,

Coring, NY, USA).

Methods

All fluorescence measurements were carried out using a Cary Eclipse fluorescence spectrophotometer

(Agilent, Santa Clara, CA).

Induction and assessment of aSN-AGs formation

Preparation of aSN-AGs


https://doi.org/10.1101/2022.08.18.504449
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.18.504449; this version posted August 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Human aSN protein was expressed in Escherichia coli, strain BL21(DE3) (Novagen, Madison, Wis., USA),
and purification of protein was carried out as described previously [27]. 70 UM aSN was dissolved in the
fibrillation solution (phosphate buffered saline (PBS) containing 0.2 mM phenylmethylsulfonyl fluoride, 1
mM ethylenediaminetetraacetic acid and 0.05 mM NaNs. Before incubation, aSN solution was centrifuged
at 16000xg for 10 min and then incubated at 37 °C, with 300 rpm shaking in 96-well plates containing glass

beads [28].

ThT fluorescence assay

Thioflavin T (ThT) is a fluorescent dye which gives a strong fluorescence signal when bound to amyloid
fibrils [29]. To monitor fibrillation, 10 uL of the incubated aSN solution was collected at different times
during fibrillation and added to 490 pL of ThT solution (30 uM of ThT dissolved in Tris-buffer (10 mM),
pH: 8). Intensity of ThT fluorescence was measured with excitation at 440 nm and emission spectra in the

range of 450 to 550 nm using excitation and emission slit widths of 5 and 10 nm, respectively.

Congo red (CR) absorbance assay

Congo red (CR) undergoes an absorption change in the visible region when bound to amyloid fibrils in
vitro [30]. To this end, 10 pL of the incubated aSN solution at different times during fibrillation was added
to 490 uL of the CR solution (80 uM in a buffer consisting of 5 mM KH3PO., 150 mM NaCl, pH 7.4) and
incubated in the dark for 5-10 min. Absorption spectra (400-600 nm) were recorded using a PGT80+UV—

Visible spectrometer (Leicestershire, England).

Atomic force microscopy

Atomic force microscopy (AFM) imaging is a single molecule technique that has been widely employed to
visualize the nano-mechanical properties and structure of amyloid fibrils [31]. To probe the structural
details of aSN-AGs during the fibrillation process, 3-, 12-, and 24-h aSN-AGs were collected. The samples

were diluted 20 times with the filtered deionized water, and 10 pL of each sample was deposited on a freshly
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cleaved mica sheet and dried at room temperature. All images were taken using a Veeco scanner equipped

with a silicon probe (CP), and imaging was done in noncontact mode.

Fluorescent staining of aSN-AGs

To monitor different stages of aSN fibrillation by fluorescence microscopy [32], 15 yL of the incubated
aSN (3-, 12-, and 24-h aSN-AGs) was added to the 15 pL of 500 uM ThT and the mixture was incubated
in the dark for 5 min at room temperature. Thereafter, samples were spread onto microscopy slides and
fluorescence microscopy images were recorded using a Nikon Ti Eclipse inverted microscope (Nikon,

Tokyo, Japan).

Cell culture

The human brain endothelial cell line (\CMEC/D3) is a well-known endothelial cell line employed for
different in vitro BBB models [33-35]. The cells were cultured in RPMI-1640 medium supplemented with

5% FBS and incubated at 37 °C with 95% humidity, 5% CO..

Wild type SH-SY5Y (WT SH-SY5Y) and Tet-Off SH-SY5Y cells which expressed aSN in the absence of
doxycycline (O-aSN SH-SY5Y) [26], 1321N1 cells (a human astrocytoma cell line) as well as Jurkat cells
(an immortalized line of human T lymphocyte cells), HUVEC cells (umbilical vein endothelial cell) and
primary mixed glial cells were cultured in their specific media including DMEM-F12 (WT SH-SY5Y and
O-aSN SH-SY5Y cells), RPMI-1640 (1321N1 and Jurkat cells) and high glucose DMEM (primary mixed
glial cells), with 10% fetal bovine serum (FBS) and incubated at 95% humidity, 5% CO; and 37 °C. O-
aSN SH-SY5Y cells were cultured with (2 pg/ml) or without doxycycline supplementation to suppress or
induce aSN expression, respectively [26]. Mixed primary glial cells were obtained from the brains of Wistar
rat pups (no older than 72 h) and cultured as described [36]. To obtain primary microglia-rich mixed glial
cultures, media were replaced with fresh media after 2-3 days, and cells were trypsinized and seeded on 24-

well plates 14-21 days after their initial seeding. All procedures for animal management, euthanasia and
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surgery were complied with the guidelines of the National Institute of Genetic Engineering and

Biotechnology Ethics Committee (ethics number: IR. NIGEB. EC.1398.10.18. A).

Assays to measure the effects of aSN-AGs on hCMEC/D3 cells and BBB

The effects of aSN-AGs on hCMEC/D3 cells and BBB were measured through cell metabolic activity
(MTT assay), intracellular ROS measurement, NO analysis, mitochondrial membrane potential (A¥m)
assay, cell migration and cell-cell and cell-ECM interactions (scratch assay), measurement of TEER value
and the rate of permeability (using FITC-Dextran), measurement of transmigration of Jurkat cells across
the BBB and the interaction of various aSN-AGs with the cells. Cells were cultured as mentioned above,
and 96-well plates were used for assessment of MTT, NO analysis, and intracellular ROS, and 24-well
plates for mitochondrial membrane potential (A¥m) assay, measurement of the interaction of various aSN-
AGs with the cells, the inflammation response of the primary mixed glial cells, and the scratch test. TEER
and permeability measurements and transmigration of Jurkat cells across the BBB were performed on

transwell 24-well tissue culture inserts 0.4 um pore size and 8.0 um pore size, respectively.
MTT assay

This assay was designed to measure the cell viability. Living cells have active mitochondria with
dehydrogenases that convert tetrazolium MTT dye to insoluble purple formazan crystals. Cell suspensions
were seeded on 96-multiwell plates at a density of 2x10* cells/cm? in 200 uL medium. Then the cells were
treated with 10% v/v of fresh aSN and different aSN-AGs pre-incubated for 3, 7, 12, and 24 h under
fibrillation conditions, as well as with different concentrations of 12- and 24-h aSN-AGs (1, 5, 10, and 20
% v/v). The media were then replaced after 24 h with fresh media containing MTT (10% (v/v) of stock
solution, 5 mg/mL), and incubated for 4 h. Then, 100 pL DMSO was added to dissolve formazan crystals,
and the absorbance was measured at 570 nm (microplate spectrophotometer, Epoch 2, BioTek company,
Gen5 software, USA). This process was repeated for 1321N1 and SH-SY5Y cells treated with 12-h aSN-

AGs (10% v/v). Conditioned media (-Cond-Med) derived from 1321N1 and SH-SY5Y cells in the absence
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or presence of 12-h aSN-AGs (5% v/v) were added to hCMEC/D3 cells in the presence of 12-h aSN-AGs

(10% viv).
Measurement of intracellular ROS

Dichlorodihydrofluorescein diacetate (DCFH-DA) is a cell permeable compound which converts to its
fluorophore derivative, 2°7"-Dichlorodihydrofluorescein (DCF) in the presence of ROS. To measure this,
cells were seeded on 96-multiwell plate at a density of 1.5x10* cells/cm? and, after 24 h, treated with 12-h
aSN-AGs or 24-h aSN-AGs (10% v/v) and incubated for another 6 h. Then, the media were replaced with
a fresh one without FBS, containing 15 puM DCFH-DA, and incubated in the dark for 45 min. To measure
the intensity of DCF, cells were trypsinized and DCF fluorescence intensity was measured with excitation
at 495 nm and emission at 500-550 nm, with an emission peak at 520 nm and a slit width of 5 nm for both

excitation and emission.
Assessment of the mitochondrial membrane potential

The potential of the mitochondrial membrane (A¥m) was determined using rhodamine-123 (RH-123),
which is taken up by active mitochondria with a negative membrane potential. RH-123, like other
fluorophore dyes, has the ability to self-quench in high concentrations (1-10 uM). Therefore, a high loading
concentration of RH-123 leads to a critical concentration for self-quenching which will decrease
fluorescence. A decrease in A¥m due to depolarization will release RH-123 from mitochondria to the
cytoplasm, leading to a rapid increase in fluorescence intensity. However, dysfunctional mitochondria will
lead to a lower A¥Ym, a lower accumulation of RH-123 and a reduction in the post-quenching, fluorescence
intensity increase, while the continued loss of A¥m leads to a decrease in fluorescence intensity [37, 38].
10° cells/cm? were cultured on 24-well plates and, after reaching 90% confluence, RH-123 was added at a
final concentration of 10 uM to all treatment groups, and after 45 min, the plates were washed twice with
PBS, trypsinized, and the cells were resuspended in PBS. The fluorescence emission spectra were measured

in the range of 495 to 570 nm (with a peak at 525.07) with the excitation at 485 nm with a slit width of 10
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nm for both excitation and emission. Treatments were done in 6 groups (summarized in Table 1): 1 group
without any treatment (control); 4 groups containing 12-h aSN-AGs (10% v/v) with 0, 0.5, 3, and 6 h
duration of treatment before trypsinization in which 20 uM verapamil was added to each group 15 min
before adding RH-123 to partially inhibit the activity of the ATP-dependent efflux pump P-gp and thus
accelerate RH-123 uptake into the cells; and finally one group containing 50 M verapamil for complete

inhibition of P-gp as a healthy control with 1 h incubation time.

DAPI staining (Nuclear morphology assay)

The nucleus is stained with DAPI, which is a membrane-permeable dye and stains nucleic acids [39].
hCMEC/D3 cells were seeded on 24-well plates with 5x10* cells/cm? confluence and after 24 h treated with
12-h aSN-AGs or 24-h aSN-AGs (10% v/v) and incubated for another 24 h. Then, the cells were washed
with PBS and stained with DAPI (1 pg/mL) for 10 min in the dark. After washing with PBS, fluorescence

microscopy images were captured by a Ceti inverso TC100 microscope (Medline Scientific, Oxon, UK).
Scratch test to assess wound healing capability of hCMEC/D3 cells

The scratch wound assay is a common method to estimate the ability of the cells to migrate, which is a very
important function for healing and repairing wounds. hCMEC/D3 cells were seeded on 24-well plates with
10° cells/cm? confluence. A horizontal straight line was scratched on the cell-coated surface using a sterile
pipette tip. After twice washing with PBS, the medium with no FBS was added; a group of cells was treated
with 12-h aSN-AGs (5% v/v), a group with 24-h aSN-AGs (5% v/v), and the last group was control without
any treatment. Cellular migration was analyzed after 24 h and 48 h of treatment. The area of the scratched
field was quantified using ImageJ software and the percentage of scratched field area and scratched field

closure were calculated according to the following equations [40, 41]:

Scratched field area percentage % = IXM‘ * 100 % Eq. (1)
t0
. Ato—Atah
Scratched field Closure % = [A—] * 100 % Eq. (2)
to
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where Ay is the area of the scratch wound at time zero and A is the area of the scratch wound at time h

(24 or 48).

The same procedures were reiterated for HUVEC (umbilical vein endothelial cells as non-special BBB
endothelial cells) and 1321N1 cells (astrocytoma cells as non-endothelial cells) to compare their response

to that of hCMEC/D3 cells.
Verify the BBB integrity in different culturing models
Monoculture model

The apical side of the inserts was coated with collagen for 24 h, before seeding of hCMEC/D3 cells at a
density of 5x10* cells/cm? on the apical side of the inserts for both TEER and trans-endothelial permeability
parameters (Fig. 1a). The coated insert without cells was used as a negative control (blank) for TEER and
permeability assays. After forming a uniform monolayer of the cells on the insert with 100% confluence

and the TEER reaching to a constant value, all treatments described in following sections were applied.

TEER measurements

Transendothelial electrical resistance (TEER) is a determinant of the activity of the tight junctions [42].
After full coating of transwell inserts with a monolayer of h\CMEC/D3, cells were treated with 12-h aSN-
AGs (5% v/v) for 16 h and TEER was measured using the EVOM2 apparatus with STX2 chopstick

electrodes (World Precision Instruments, USA).

Note: Before and after every measurement, the media of the apical and basolateral compartments were
replaced by fresh ones, after twice washing with PBS. The TEERissue) O the unit area resistance of the cell

monolayer, was calculated by equation (3):

TEER(tissue) = (Reranswett — Rpiank) * A Eqg. (3)

where Ryanswen is the total resistance (Q2) of the cell monolayer, Ryank 1S the resistance of the coated blank
filter (without cell), and A is the surface area of the filter (0.33 cm?).

10
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Measurement of the permeability parameter of the endothelial cell monolayer

By measuring the paracellular permeability of the specific fluorophore compounds, especially FITC-
dextran, the presence of the tight junctions and the strength of the impermeability of the endothelial

monolayer can be determined.

After formation of the monolayer, cells were treated with 12-h aSN-AGs (5% v/v) for 16 h; the inserts were
transferred to 24 well plates containing fresh media with FBS 1% and washed twice with PBS. The media
of the inserts were replaced with fresh media containing FBS 1% and 70kDa FITC-dextran at a final
concentration of 100 pug/mL. Then samples were collected from lower compartments at some interval of
time (to define the permeability rate from the graph permeability according to previous studies [43]) and
fresh pre-warmed media were replaced. The fluorescence intensity was measured with excitation at 495 nm
and emission spectra in the range of 505 to 550 nm (peak at 516.86 nm) using excitation and emission slit

widths of 5 and 10 nm, respectively. In vitro permeability (Pe) was calculated as follows:

1 _tr_r
PSe  PS; PSy Eqg. (4)
P, =" Eq. (5)

where PS. is the permeability surface area product which is calculated according to the slope of the graph
(obtained by average cumulative cleared volume (CL) over time) for cell monolayer on the inserts (total

PS, PSy), and coated blank filter insert (without cells) (PSy). S is the filter surface area (0.33 cm?).
Triple co-culture models
Experimental design of co-culturing groups

For triple co-culture model with dopaminergic neurons, WT SH-SY5Y or O-aSN SH-SY5Y cells (5x10*
cells/cm?) were cultured with 2 % FBS and 10 uM all-trans retinoic acid at bottom of the well for one week
(Fig. 1b, e). As well, for other triple co-culture models, mixed glial cells were seeded on a 24-well plate

with a concentration of 4x10* cells/cm? and 10 % FBS (Fig. 1c, €).

11


https://doi.org/10.1101/2022.08.18.504449
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.18.504449; this version posted August 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

In co-culture models with astrocytes (Fig. 1e), in a first step, 1321N1 cells were seeded on the underside of
the inserts with 1.5x10* cells/cm? concentration and incubated for 2-3 h inversely, followed by 24 h in
media to compatibility. After 24 h, \CMEC/D3 cells were seeded on the apical side, and after formation of
a monolayer, inserts were transferred to wells containing differentiated WT SH-SY5Y or O-aSN SH-SY5Y
cells, as well as primary mixed glial cells. Primary mixed glial cells were treated with WT SH-SY5Y or O-
aSN SH-SY5Y cells conditioned media as well as LPS (10 pg/mL) or 12-h aSN-AGs (5% v/v). WT SH-
SYS5Y cells were treated with 12-h aSN-AGs (5% v/v). TEER was measured after formation of monolayer
(0 h) and before transferring which considered as 100 %. The integrity was then assessed by TEER 24 and
48 h after transfer. Triple co-culture models and their treatments, as well as experimental design, are

detailed in Fig. 1b, c, e and Table 2.
Measurement of NO production

The amount of NO was estimated by measuring the nitrite concentration, a stable metabolite of NO, in the

supernatant of the primary mixed glial or hCMEC/D3 cell cultures using the Griess Reaction assay.

For this purpose, primary mixed glial or h\CMEC/D3 cells were seeded on 24-well plates and 96-well plates
with 4x10% cells/cm? and 1.5x10* cells/cm? density, respectively. After 24 h, hCMEC/D3 cells were treated
with 12-h aSN-AGs or 24-h aSN-AGs (10% v/v). After 7 days, the primary mixed glial cells were treated
with LPS (10 pg/mL), O-aSN SH-SY5Y conditioned media (under the conditions for inducing aSN
expression, see previous sections), or 12-h aSN-AGs (5% v/v). After treatment time (6 and 24 h for
hCMEC/D3 cells and 48 h for primary mixed glial cells), the Griess Reaction assay, which is based on the
two-step diazotization reaction, was performed. To increase the sensitivity of the Griess reaction, the
reagents were added in two steps and at 4 °C according to previous study [44]. Firstly, sulphanilamide (1%
(w/v) in 5% H3PO4) was added to the supernatant of the cultures for 10 min, after which NED (N-1-
naphthylethylenediamine dihydrochloride (0.1% wi/v) was added and the solution incubated for another 10

min. The absorbance of the samples was measured at 540 nm using a Biotek Epoch 2 microplate
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spectrophotometer (Agilent, Santa Clara, CA). The standard curve of sodium nitrite (0-100 uM) was used

to determine the NO concentration. The details of the studied groups are indicated in Table 3.

Exploring the transmigration of Jurkat cells across the BBB

Transmigration assay across the BBB was performed based on the previous description [45].

Experimental design for measuring transmigrated Jurkat cells across the BBB

hCMEC/D3 cells were seeded on the inserts with 8.0 um pore size as mentioned previously. As shown in
Fig. 1d, f, after formation of the monolayer, the inserts were transferred to a new plate where each well had
different conditions, including: (group 1) simple media as control, (group 2) media with 5 % v/v of 12-h
aSN-AGs, (group 3) culturing O-aSN SH-SY5Y cells on the bottom of wells for a week in differentiating
and aSN expressing conditions, (groups 4,5, respectively) culturing primary mixed glia cells in the vicinity
of 12-h aSN-AGs (group 4) or O-aSN SH-SY5Y conditioned media (cultured under conditions to induce
aSN expression, see previous sections) (group 5). After 16 h, Jurkat cells were added on the apical side of
the inserts, which had already been cultured with hCMEC/D3 monolayer. After 8 h, the migrated Jurkat
cells were collected from the lower compartment, centrifuged and re-suspended in 200 pL media, and the
numbers of the collected cells were counted using a Neubauer hemocytometer. The rate of the migration
was normalized to the input cells. Table 4 and Fig. 1d, f, describe co-culture cells and their treatments, as

well as the experimental design.

Measuring the extent of interaction of different aSN conformers with cells

aSN was first conjugated with FITC, purified and then added to different cells.

Labeling of the aSN with FITC

aSN was fibrillated as mentioned above. Samples were collected at different times and incubated with FITC
solution (dissolved in DMSO) at a final concentration of 1400 pM FITC/ 70 uM oSN under continuous

stirring for 3 h at 4 °C. Unreacted FITC was removed by size exclusion chromatography using a PD-10
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column while collecting fractions containing labeled aSNs [46]. Protein concentration and moles of FITC

per mole of protein (F/P) were calculated as follows [47, 48]:

A(280)~ (A(495)*CF)

Protein concentration = -
€ of protein

Eq. (6)

Amaxoflabeled protein

Moles of FITC per mole of protein (F/P) =

Eq. (7)

€ of FITC+protein concentration

where ¢ represents the molar extinction coefficient factor and CF the correction factor. The fluorescence
intensity was assayed at 495 nm and 280 nm (excitation slit width 5 nm) and 518.95 nm and 310 nm

(emission slit width 10 nm) for FITC and aSN, respectively [49].

Detection of FITC-aSN-AGs in hCMEC/D3, HUVEC and 1321N1

hCMEC/D3, HUVEC and 1321N1 cells were seeded on 24-well plates with 10° cells/cm? density, and after
24 h, treated with FITC-aSN-AGs at a final concentration of 10% v/v. After 3 h, cells were trypsinized and
re-suspended in PBS, after which fluorescence intensity was measured with excitation at 495 nm and
emission spectra in the range of 505 to 550 nm. The excitation and emission slit widths were 10 nm for

HUVEC cells and 10 and 20 nm for hCMEC/D3 and 1321N1 cells.

Statistical analysis

All experiment results were expressed as mean+SD, and each experiment was repeated in triplicate, unless
otherwise indicated. The statistically significant differences between groups were determined by one-way
ANOVA (Tukey's Honest Significant Difference post-hoc) with a conventional threshold of p < 0.05 using

SPSS software v.16.0.

Results

Production and validation of aSN-AGs during fibrillation
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To prepare fibrils of aSN, we incubated the protein under conditions inducing amyloid fibrillation and
analyzed samples after 3, 7, 12, and 24 h using ThT fluorescence intensity and CR absorbance (Fig. Sia,
b), supplemented with AFM and ThT fluorescence microscopy images at 3, 12, and 24 h (Fig. S2a, b, c).
All data confirmed that oSN formed aggregates (aSN-AGS) consisting mainly of a mixture of fibrils of
different lengths interspersed with smaller species which are likely oligomers (particularly prevalent around

3and 12 h).
aSN amyloid aggregates have detrimental effects on endothelial cells

To explore the effects of differently aged aSN-AGs on hCMEC/D3 cells, we measured cell viability (MTT

assay and DAPI staining), mitochondrial membrane potential (A%¥m) and intracellular ROS/NO production.

Cell viability: Cells were treated with fresh aSN and different aggregated species of aSN (3-, 7-, 12-, and
24-h aSN-AGS). The MTT assay showed that the viability of hCMEC/D3 cells diminished significantly,
especially when treated with 7-h and 12-h aSN-AGs (Fig. 2a) with a clear dose-response effect (Fig. 2b).
DAPI staining confirmed cellular toxicity with increased chromatin condensation and nuclear

fragmentation after treating with 12-h or 24-h aSN-AGs (Fig. S3a, b).

ROS production: Similarly, the DCFH-DA assay revealed that cells treated with 12-h or 24-h aSN-AGs

showed significant increases in their cytoplasmic ROS content (Fig. 2¢).

Mitochondrial membrane potential: AYm was reduced by aSN-AGs as ascertained using the fluorescent
dye RH-123. In the healthy state, RH-123 accumulates in active and intact mitochondria with self-
guenching as determined by adding 50 UM verapamil (which as a P-gp inhibitor will accelerate uptake of
RH-123 into hCMEC/D3 cells); this is confirmed by the very modest effect of 12-h aSN-AGs at time zero
when it has not had significant time to have an effect. However, after 30 min of exposure to 12-h aSN-AGsS,
the signal has increased substantially, possibly due to aSN-AGs impacts on the mitochondrial membrane

potential and entrance of RH-123 into the cytoplasm and un-quenching. However, the intensity was reduced
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after 180 and 360 min, probably due to RH-123's inability to enter damaged mitochondria (more loss of

A¥m) (Fig. 2d).

Production of NO and NO-derived oxidants: Cells were treated with 12-h aSN-AGs and 24-h aSN-AGs
for 6 and 24 h. After 6 h, the NO content significantly declined in 12-h aSN-AGs and 24-h aSN-AGs
compared to the control group (Fig. 2e). In contrast, 12-h aSN-AGs and 24-h aSN-AGs increased NO levels
in the supernatant compared to the control group when exposed to hCMEC/D3 cells for 24 h (Fig. 2f). This
may be due to differences in expression levels of two isoforms of nitric oxide synthase enzyme (eNOS and

iNOS), through which the elevation of NO may be related to iNOS activation over time (see Discussion).

aSN-AGs impair BBB functionality

TEER and impermeability are two central parameters to evaluate the functionality of the BBB. To
determine the effects of aSN-AGs on the TEER and permeability values, hCMEC/D3 cells were cultured
on the apical side of transwell tissue culture inserts (Fig. 1a). Formation of the cell monolayer was

monitored by phase contrast microscopy during the days of experiment (Fig. 3a).

We measured BBB characteristics when treated with aSN. For this purpose, after formation of a monolayer,
the cells were treated with 12-h aSN-AGs on the apical side, and then TEER and permeability values were
measured. When cells were treated with 12-h aSN-AGs, the TEER values decreased significantly while the

permeability values increased (Fig. 3b, c).

aSN-AGs disrupted the wound healing performing of brain microvascular endothelial cells

Cellular migration of hCMEC/D3 cells was assessed by wound healing assay. As shown in Fig. 4a,
untreated cells (group 1), expressed a sheet or grouping migration and stayed connected to each other. Cells
treated with 12-h aSN-AGs or 24-h aSN-AGs (groups 2 and 3, respectively) showed individual cell
migration (particularly in group 2), which is not an appropriate response for wound healing and
angiogenesis (Fig. 4b, c¢). The wound healing assay was also done for 1321N1 and HUVEC cells as

representatives of non-endothelial cells and non-BBB endothelial cells, respectively. 1321N1 cells also
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showed single cell movement without any angiogenic behavior (Fig. S4a). Interestingly, HUVEC cells
underwent collective cell movement and filled the open area to some extent without single cell movement,
similar to the untreated control group of hCMEC/D3 cells (Fig. S4b). As shown in Fig. 4b, the control
group of hCMEC/D3 cells and HUVEC cells showed a similar process of filling the gap. In addition, treated
hCMEC/D3 cells behaved almost the same as 1321N1 cells with non-endothelial features. Untreated
hCMEC/D3 cells (group 1) showed the highest percentage of wound closure but this dropped significantly

when cells were treated with 12-h aSN-AGs or 24-h aSN-AGs (Fig. 4c).

aSN-AGs could stimulate the inflammatory response of glial cells either in exogenous or in
endogenous overexpressed forms

To identify the effects of aSN on the activation of glial cells and inflammation responses, primary mixed
glial cells were treated with 1) the conditioned media derived from O-aSN SH-SY5Y cells, 2) 12-h aSN-
AGs, 3) LPS, and 4) no treatment (see Table 3 for details). All three treated groups showed elevated NO
levels which represented the activation of primary mixed glial cells (Fig. 5a). Activation of glial cells was
confirmed by morphological analysis [50]. Microglial cells in resting or non-activated state have a
comparatively small cell body with highly ramified processes (outgrowths). However, in the activated state
when exposed to LPS, aSN-AGs or O-aSN SH-SY5Y -derived conditioned media, microglial cells undergo
hypertrophy and retract their processes. All treated groups showed microglia with thicker primary processes
and retracting secondary processes in first stage of activation (mildly activated hyper ramified microglia),
and un-ramified (activated) microglia (in the last stages of activation) with bushy morphology, swollen
shape and enlarged cell body and truncated processes, and amoeboid forms with rounded macrophage-like

morphology (Fig. 5b).
Various NVU cells or their conditioned media could alter impacts of aSN on BBB

The endothelial cells are near neurovascular unit (NVU) cells. In this regard, the protective effects of

conditioned media derived from astrocytes on neurons and vice versa against three different neurotoxicants
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have been reported [51]. This was carried out using transwell non-contact co-culture systems (plated on
apical side of insert and bottom of the well) [51]. Accordingly, the effects of conditioned media derived
from astrocytes and dopaminergic neurons (Ast-Cond-Med and Neu-Cond-Med) in the absence and
presence of aSN-AGs were evaluated on hCMEC/D3 cells (Fig. 6). As expected, 12-h aSN-AGs reduced
endothelial cell viability by 60% in the comparison with untreated cells, while addition of conditioned
media from both types of cells reduced the cytotoxicity of aSN-AGs significantly (Fig. 6a, b). We also
measured the cell viability of these cells after treating them with aSN-AGs which reduced the viability of

1321N1 and SH-SY5Y to approximately 87 % and 75 %, respectively (Fig. S5).

We also evaluated the responses of the hCMEC/D3 cells to aSN-AGs when co-cultured with astrocytes and
neurons. For this purpose, 1321N1 cells were initially seeded on the basolateral side of the insert, and after
24 h, hCMEC/D3 cells were seeded on the apical side. Then, inserts were transferred to a plate cultured
with SH-SY5Y cells (wild or aSN overexpressing types), which were seeded before transferring (Fig. 1b,
e). In parallel, one group of WT SH-SY5Y cells were treated with 12-h aSN-AGs (Fig. 1b, ). To address
the effect of including microglia and inflammatory responses, TEER values were measured in 4 treatment
groups containing hCMEC/D3 and 1321N1 cells on the apical and basolateral sides of the insert,
respectively, transferred to a plate cultured with: 1) primary mixed glial cells with WT SH-SY5Y cells
conditioned media (healthy control), 2) primary mixed glial cells treated with O-aSN SH-SY5Y cells
conditioned media (one week without doxycycline) (pathological condition inducing inflammatory
response), 3) primary mixed glial cells treated with LPS (10 pug/uL) (positive control inducing inflammatory
response), and 4) primary mixed glial cells treated with 12-h aSN-AGs (pathological condition inducing

inflammatory response), as shown in Fig. 1c, e. TEER values were assessed for up to 48 h.

As shown in Fig. 7a, monolayers of hCMEC/D3 and 1321N1 were formed on the apical and basolateral
sides of inserts, respectively, and were imaged by phase contrast microscopy. The left-side image shows
the monolayer of hCMEC/D3 cells on the apical side, while the astrocyte monolayer could be imaged on

the basolateral side (right-side image) by scratching on the apical side of one insert. Under all conditions,

18


https://doi.org/10.1101/2022.08.18.504449
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.18.504449; this version posted August 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

endogenous or exogenous oSN could be expected to affect TEER values. In co-culture with SH-SY5Y
cells, exogenous aSN and endogenous aSN overexpressed in O-aSN SH-SY5Y cells reduced the TEER
mildly compared with WT SH-SY5Y cells, however was not significant (Fig. 7b). Moreover, as shown in
Fig. 7c, in the inflammatory and non-inflammatory conditions in co-culture of primary mixed glial cells,
exogenous aSN had essentially the same effect as LPS and caused a significant reduction in TEER values.
Similarly, endogenous aSN in co-culturing of primary mixed glial cells in the presence of O-aSN SH-SY5Y
cells conditioned media (O-aSN SH-SY5Y-Cond-Med) generated inflammatory status and decreased

TEER value.

In the vicinity of aSN, the penetration of T cells through BBB accelerated, particularly under

inflammatory stimulation

To identify the effect of aSN-AGs on T cell recruitment to CNS in the pathological conditions, we explored
the migration of Jurkat cells across the BBB endothelial monolayer. For this, hCMEC/D3 cells after
monolayer formation (confirmed by TEER) were treated with various preparations in the lower
compartment (Table 4): (1) untreated media as control group, (2) treated media with 12-h aSN-AGs, and
other groups plated with (3) O-aSN SH-SY5Y cells and (4, 5) mixed glia that were treated with (4) 12-h
aSN-AGs or (5) O-aSN SH-SY5Y conditioned media (Fig. 1d, f). Migration of Jurkat cells into the lower
chamber after 8 h significantly increased in co-culture groups with primary mixed glia and inflammatory

conditions compared with non-inflammatory conditions (Fig. 7d).
Diversity in the interactions of aSN-AGs with BBB endothelial cells

To probe the overall interaction of aSN with hCMEC/D3, aSN was labeled with FITC after incubation for
different periods under fibrillation conditions and the labelling was quantified by absorption. As seen in
Fig. 8a and Table S1, the extent of labeling declines with ageing of oSN under fibrillation conditions and
is essentially abolished after 24 h. After labeling of aSN (fresh oSN and 3-, 7-, 12-, and 24-h aSN-AGS),

FITC-aSN was added to the culture of hCMEC/D3, HUVEC and 1321N1 cells. As depicted in Fig. 8b,
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hCMEC/D3 showed more FITC fluorescence intensity when incubated with 7-h, 12-h and 24-h aSN-AGs
in comparison with other aSN-AGs. We also determined that in another kind of endothelial cell, HUVEC,
the fluorescence intensity was lower in comparison to BBB endothelial cells. In addition, with the same
manner, 1321N1 cells have a higher tendency than endothelial cells to interact with aSN-AGS,

predominantly 12-h aSN-AGs and 24-h aSN-AGs.

Discussion

The BBB is a complex organ which constitutes a highly regulated interface between the CNS and peripheral
circulation. It plays a particular role in controlling the passage of substances and immune cells between the
brain and outside of it [1]. This role is largely due to its specified endothelial cells and their interaction with
other cells of NVU, including microglia and neuronal cells [1]. There is widespread agreement that BBB

plays a critical role in the progression and severity of brain diseases, particularly NDs [52].

Motivated by the fact that aSN aggregation in patients with NDs, especially PD, is observed both within
and outside the brain [19], as well as its paramount role in the pathogenesis of synucleinopathies and the
association of BBB disruption in the progression of the diseases [5-7], we studied aSN effects on in vitro

models of BBB and its function from both apical and basolateral sides along with BBB related cells.

aSN-AGs showed direct destructive impacts on BBB endothelial cells

First of all, treatment of BBB endothelial cells with aSN pre-incubated under fibrillation conditions caused
a significant decrease in cell viability in a time- and concentration-dependent manner. In addition, the intra-
cellular ROS and NO content changed considerably when the cells were treated with aSN-AGs. The role
of NO in endothelial cells is somewhat unclear. NO produced by inducible nitric oxide synthase (iNOS)
can induce apoptosis in vascular endothelial cells [53], while NO produced by endothelial nitric oxide

synthase (eNOS) protects against excessive ROS and also endothelial cells apoptosis [54]. Note that iNOS
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expresses later than eNOS [55], which suggests that in our study, NO content could be elevated over time

through iNOS activation with more hazardous effects, as observed in our results after 24 h.

NO derivatives and NO redox forms (NO”, NO*, NO) are involved in BBB dysfunction and BBB
permeability from mild to severe damage [56]. Moreover, matrix metalloproteinases (MMPs) are

implicated in BBB disruption and can be activated by NO and its derivatives [57].

Treatment with aSN-AGs led to mitochondrial dysfunction, in accordance with other studies [58, 59].
Specifically, treatment with oSN led to reduced mitochondrial membrane potential and increased
intracellular ROS. Mitochondria play crucial roles in BBB endothelial cells integrity by maintaining ion
homeostasis between blood and brain, as well as bolstering its impermeability [60]. As a consequence, the
number of mitochondria in BBB endothelial cells is up to twice as high as in endothelial cells in other parts
of body [60]. Likewise, the known increase in permeability of BBB as a consequence of mitochondrial
dysfunction [61] is consistent with our observations of TEER reduction and permeability increase.
Furthermore, other studies have established that induction of the intracellular ROS content by aSN-AGs
[59] could influence BBB integrity through activation of MMPs and redistribution and degradation of TJs
[62, 63]. In Fig. 9, we summarize our observations on these intracellular phenomena in the brain endothelial

cells in accordance with other NVVU cells.

Regarding the impact of MMPs activation on BBB dysfunctions possibly through disruption of wound
healing activity [64], it is established that they are involved in degradation of ECM-associated proteins such
as proteoglycans, laminin, fibronectin, vitronectin and some types of collagens [65]. As seen in our results,
treatment with aSN-AGs caused movement impairment, leading to the loss of collective cell movement in
favor of single cell movement. In the collective movement pattern/sheet migration, a population of cells
and their surrounding matrixes start to migrate to split sites, in order to fill and close the open area properly

[66].
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Increased production of pro-inflammatory cytokines (IL1p, IL6 and TNFa) in supernatant of peripheral
blood mononuclear cells treated with LPS and LPS+ monomeric or oligomeric aSN, has been reported [67].
Furthermore, it has been reported that TNF-a makes a gap between endothelial cells through tyrosine
phosphorylation of VE-cadherin [68], and also induces MMPs (MMP9) expression [69]. The ability of
activated endothelial cells to produce pro-inflammatory cytokines such as IL1f, IL6 and TNFa [70]
demonstrates a synergistic role of aSN in induction of these pro-inflammatory cytokines. Our study shows
that aSN aggregates disrupt wound healing process, and we suggest that this may happen through induction
of TNF-a expression in brain endothelial cells [67, 70] beyond activation of MMPs via enhancement of
intracellular ROS and NO production (Fig. 9). In accordance with our results, which implicate aberrant
angiogenesis in presence of aSN-AGs and endothelial disability in wound healing, cerebral microbleeds

(CMBs) are more prevalent in PD patients than healthy persons [71].
The lipid composition of cells membranes may determine how aSN interacts with the cells

For further insight into the cytotoxic mechanisms of the aSN-AGs and their impact on BBB integrity, we
used FITC-aSN to show that hCMEC/D3 cells exhibit a higher propensity for aSN-AGs than HUVEC as
non-BBB endothelial cells. It has been reported that aSN, especially its monomeric and oligomeric forms,
shows a high interaction with anionic phospholipids through their N-terminal region [72]. The membrane
binding region of aSN (N-terminal and NAC region) with hydrophobic peptide sequences, causes its
penetration into the bilayer core and leads to disruption of lipid packing [73]. This disruption allows access
to the bilayer membrane's hydrophobic core and thus increases membrane permeability [72-74]. Consistent
with this, our data show that brain endothelial cells, with more anionic membrane to maintain the brain
homeostasis, provide lower permeability [75] but also more interaction with labeled oSN compared to
HUVEC cells. Recently, the mechanism and trafficking route of aSN across BBB have been demonstrated,
indicating monomeric aSN internalization via clathrin-dependent endocytosis and subsequent retromer-
mediated endosome, as well as its polarized trafficking [21]. Furthermore, internalization and bidirectional

transportation of aSN in monomeric and oligomeric form have been shown [21].
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BBB responses to aSN may extend beyond endothelial cells to other NVU cells with

protective or attenuative roles

There is an underlying consensus that BBB is a complex system and the BBB’s endothelial cells have strong
communication with other related cells including astrocytes, pericytes, neurons, and also microglial cells
[11], which influence the endothelial cells in different situations, such as pathological conditions. This is
schematically shown in Fig. 9. In respect to this hypothesis, we therefore further queried the effects of
astrocytes, dopaminergic neurons, as well as microglial cells on the endothelial cells and their responses
against aSN-AGs which highlighted the role of microglia in inflammation and deterioration of PD

progression (Fig. 9).

At first, the effects of astrocytes were explored in two treatment models. In non-contact treatment model,
astrocyte-conditioned media (Ast-Cond-Med) was added to hCMEC/D3 cell media while the cells were
exposed to aSN-AGs. Ast-Cond-Med showed a protective effect against aSN cytotoxicity. In the second
model, astrocytes were co-cultured with hCMEC/D3 in the basolateral and apical sides of inserts,
respectively, and BBB function (TEER values) of the co-culture model consisting of h\CMEC/D3, 1321N1
and WT SH-SY5Y, WT SH-SY5Y treated with aSN-AGs, and O-SN SH-SY5Y was affected by astrocytic

protective factors (less reduction of TEER values in two groups treated with aSN).

One of the astrocyte-derived protective factors which is involved in endothelial cell survival and vascular
remodeling is Angiopoietin-1 (ANG-1) that interacts with Tie-2, a tyrosine kinase receptor expressed in
endothelial cells [76]. Furthermore, ANG-1 upregulated ZO-1 and occludin after ischemic damage [77].
Another astrocyte-derived factor is glial-derived neurotrophic factor (GDNF) that promotes upregulation

of claudin 5 and enhancement of TEER value [78].

Additionally, by using FITC-aSN-AGs, we showed that astrocytes had a high potential to interact with
aSN-AGs which could help hCMEC/D3 cells against aSN-AGs hazardous effects. Another study showed

astrocytes could uptake and degrade aSN-AGs [22]. Moreover, neurons as well as astrocytes produce
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insulin-like growth factor-1 (IGF-1) with an anti-apoptotic role with protective effects against cell death

[76, 79].

In contrast, BBB function has been affected more under inflammatory conditions, which is demonstrated
by the co-culture model of BBB consisting of hCMEC/D3, 1321N1, and mixed glial cells. Different co-
culturing models indicated that activated glial cells intensified aSN effects against hCMEC/D3
characteristics. Activation of microglia in response to aSN has been confirmed via NO production. NO as
an inflammatory mediator, released by activated microglia (termed M1) in response to stimuli via induction
of iINOS expression [80]. In the same vein and in accordance with our results, activation of microglia
through TLR2 ligand activity as a result of oligomeric aSN which is released from neurons (differentiated
SH-SY5Y cells overexpressing human aSN), has been revealed [24]. As seen in our results, LPS as a
positive control, conditioned media collected from O-aSN SH-SY5Y cells and exogenous 12-h aSN-AGs
could activate primary microglia-rich mixed glial cells. In all three groups, enhancement of NO, as well as
morphological change of microglia from ramified (resting microglia) to bushy and amoeboid morphology

(activated microglia), were determined.

Furthermore, the effects of glial cells have been confirmed by transmigration assay. In order to clarify the
possible mechanism in the transmigration process, different studies were reviewed. It has been
demonstrated that extra-cellular aSN and LPS induce IFN-y secretion from activated microglia [81]. As
well, IFN-y has been shown to intensify aSN neurotoxicity through induction of neuro-inflammation and
glial activation [82]. Activation of microglia occurs via the MyD88-dependent TLR1/2 pathway in response
to oligomeric aSN [83]. The source of aSN-AGs which activate microglia, could be from apoptotic
dopaminergic neurons [84] or exosomes and extracellular vehicles (EVs) or with unknown origin [85, 86].
The inflammation process begins with the activation of microglia in response to aSN-AGs, which results
in the production of pro-inflammatory cytokines such as TNF-a [87, 88]. The attenuating effects of TNF-a
on the impairment of BBB have been demonstrated in several studies [89-91]. Furthermore, TNF-a. can

participate on recruitment of T cells, by enhancing integrin ligands (such as ICAM-1, VCAM-1) on
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endothelial cells [92], or by increasing the propensity of T cells for adhering on the brain’s endothelial cells

[93].

Conclusion

Our data provides conclusive evidence that aSN aggregates cause endothelial cell dysregulation. Astrocytes
play a protective role in co-culture models through their ability to interact with toxic aSN-AGs. Conversely,
the astrocytic protective role in inflammatory conditions seems to be reversed and, in association with other
glial cells, especially microglia, contributes to BBB impairment (Fig. 9). The strong and direct roles of
aSN-AGs, and their role in abnormalities in vascular wound healing, leading to cerebral microbleeding,

have therapeutic implications.
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Fig. 1 Schematic illustration of the transwell system and experimental designs for co-culture models. (a)

hCMEC/D3 cells were cultured as monolayer on the apical side of insert, and TEER and permeability
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parameters were assessed in the monoculture system in the presence and absence of aSN. (b, ¢) Transwell
showing triple co-culture system containing hCMEC/D3, 1321N1 on the apical and underside of the insert,
respectively, and WT SH-SY5Y/O-aSN SH-SY5Y cells or primary mixed glial cells on the bottom of
plates. (d) Transwell showing co-culture system containing hCMEC/D3 on the apical side of the insert and
no cell or O-aSN SH-SY5Y cells or primary mixed glial cells on the plate bottom. Treatments/cell type of
the lower compartment of each transwell are as follows; (bl) no treat/WT SH-SY5Y, (bll) exogenous 12-h
aSN-AGS/WT SH-SY5Y, and (blll) no treat/O-aSN SH-SY5Y; (cl) WT SH-SY5Y conditioned
media/Primary mixed glia, (cll) O-aSN SH-SY5Y conditioned media/Primary mixed glia, (clll) exogenous
12-h aSN-AGs/Primary mixed glia, (clV) LPS/Primary mixed glia; (dl) no treat/no cell (control group),
(dIl) exogenous 12-h aSN-AGs/no cell, (dIll) no treat/O-aSN SH-SY5Y, (dIV) O-aSN SH-SY5Y
conditioned media/ Primary mixed glia, (dV) exogenous 12-h aSN-AGs/Primary mixed glia. Timeline
graph of entire experiment for measurement of TEER (e) and transmigration assay (f). The first day of

treatment is considered as time zero. (Created with BioRender.com)
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Fig. 2 Exploring the effects of aSN-AGs on BBB endothelial cells. The effects of aSN-AGs were evaluated

by assessing cell viability, mitochondrial membrane potential, intracellular ROS activity, and NO
production. The viability of hCMEC/D3 cells in the presence of (a) different aSN-AGs (10% v/v), or (b)
different concentrations of 12-h and 24-h aSN-AGs as measured by MTT. (c) Effect of 12-h and 24-h aSN-
AGs (10% v/v) on the hCMEC/D3 intracellular ROS content. The DCF emissions of samples treated with
aSN-AGs were normalized to that of control. (d) Mitochondrial membrane potential assay of hCMEC/D3
cells in the absence and presence of 12-h aSN-AGs (10% v/v) using RH-123. (e, f) Measurement of NO
levels in the supernatant of NCMEC/D3 cell culture in the absence and the presence of 12-h and 24-h a.SN-
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AGs (10% v/v) for 6 h and 24 h, by Griess Reaction assay. * indicates significant differences between
treated and control samples, as well as between marked groups. (Mean+SD, * P value < 0.05, ** P value <
0.01, *** P value < 0.001).
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Fig. 3 Integrity assessment of the monolayer in the absence of aSN using TEER and permeability
measurements. hCMEC/D3 cells formed a monolayer in the apical side of insert of transwell (images are
taken on the first day after culturing (a-1), the day in which the monolayer has not yet been completely
formed (a-2), and the day that monolayer formed completely (a-3)). The cells were then treated with 12-h
aSN-AGs (5% v/v). TEER measurement (b) and permeability assay (c¢) showed significant differences
between the treated and control samples. TEER and permeability values were measured and determined
using Egs. 3-5. * indicates significant differences between treated and untreated samples, (Mean+SD, ***
P value <0.001).
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Fig. 4 In vitro wound healing assay (scratch assay). hCMEC/D3 cells were grown to full confluent density,
scratched and then treated with 12-h and 24-h aSN-AGs (5% v/v). The scratched field area and scratched
field closure were calculated using ImageJ and Egs. (1) and (2). (a) Cell morphology of hCMEC/D3 cells
in the absence and presence of aSN-AGs. Isolated cells with random movements were shown by red arrows.
Quantitative analysis of residual scratched area (b) and wound closure rate after 48 h (c). Quantification of
scratched area and wound closure were calculated using ImageJ software according to Egs. (1) and (2). *
indicates significant differences between hCMEC/D3 cells and those treated with aSN-AGs. # indicates
significant differences between HUVEC cells and hCMEC/D3 cells treated with aSN-AGs. ¢ indicates
differences between 1321N1 cells and other groups. (Mean£SD, *, # P value < 0.05, ee P value <0.01, ***,
eee P value <0.001). Scale bar: 50 pm.
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Fig. 5 Inflammatory activation assay. (a) NO production was assessed in the supernatants of primary mixed
glial cell cultures after 48 h treatment using Griess Reaction assay. (b) Morphological analysis of the
microglial cells in (b-1) no treating condition with a dominant morphology in the resting state characterized
by microscopic or small cell bodies and thin branching processes with ramified appearance, (b-2) treated
with LPS (10 pg/mL) with a dominant morphology of activated state characterized by bushy and amoeboid
morphology (un-ramified), (b-3) treated with 12-h aSN-AGs (5% Vv/Vv) represents a mixture of hyper
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ramified and un-ramified (activated), and (b-4) treated with O-aSN SH-SY5Y-derived conditioned media
display un-ramified (activated). Different activation stages of microglia are indicated by arrows; green:
resting microglia, cyan: mildly activated hyper ramified, orange: hyper-ramified microglia and red:
amoeboid microglia. * indicates significant differences between treated samples and that of control
(Mean£SD, *** P value < 0.001). Scale bar: 50 um.
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Fig. 6 Assessment of the effect of Ast-Cond-Med and Neu-Cond-Med on the toxicity of aSN-AGs. The
viability of hCMEC/D3 cells in the presence of 12-h aSN-AGs (10% v/v) and conditioned media derived
from (a) 1321N1 and (b) SH-SY5Y treated without or with (5% v/v) 12-h aSN-AGs, measured by MTT
assay. * indicates statistically significant differences between treated and control samples; # indicates
statistically significant differences between hCMEC/D3 cells treated with aSN-AGs and those treated with
free Ast-Cond-Med and Neu-Cond-Med. (Mean+SD, *, # P value < 0.05, ** P value < 0.01, *** P value <
0.001).
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Fig. 7 Assessment of the integrity of the BBB model in different conditions and co-cultures scenario. The
integrity was assessed by measuring TEER parameter and evaluation of T cell migration across BBB.
hCMEC/D3 and 1321N1 cells were cultured in the apical and basolateral sides of insert of transwell,
respectively. To ascertain that 1321N1 cells were settled in the basolateral side of insert together with
hCMEC/D3 on the apical side, we scratched the apical side (a right-side image). The inserts were then
transferred to plates containing WT SH-SY5Y, WT SH-SY5Y treated with 12-h aSN-AGs (5% v/v) or O-
aSN SH-SY5Y that has already been cultured and differentiated for a week, and TEER was measured up
to 48 h (b). The same procedure was carried out with a 24-well plate containing mixed glia treated with 12-

38


https://doi.org/10.1101/2022.08.18.504449
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.18.504449; this version posted August 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

h aSN-AGs (5% v/v), LPS (10 pg/uL), WT SH-SY5Y -derived conditioned media (WT SH-SY5Y-Cond-
Med) or O-aSN SH-SY5Y -derived conditioned media (O-aSN SH-SY5Y-Cond-Med) and TEER was
measured up to 48 h (¢). *, + and ¢ indicate significant differences between WT SH-SY5Y-Cond-Med and
O-aSN SH-SY5Y-Cond-Med, 12-h aSN-AGs and LPS treatment, respectively. As well, { indicates
significant differences between O-aSN SH-SY5Y-Cond-Med and 12-h aSN-AGs treatment. (MeanxSD, *,
f, @, C P value < 0.05, **, # P value < 0.01, *** ## oo P value < 0.001). Transmigration assay (d), after
monolayer formation of hCMEC/D3 cells in the apical side of the insert, transferred to 24-well plate
containing untreated media, media treated with 12-h aSN-AGs or wells containing O-aSN SH-SY5Y cells
or mixed glia treated with 12-h aSN-AGs or O-aSN SH-SY5Y conditioned media. Then Jurkat cells were
added to the apical side of insert and their migrations rate through hCMEC/D3 monolayer were assessed.
(Mean+SD, * P value < 0.05, ** P value < 0.01, *** P value < 0.001).
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Fig. 8 Exploring the interaction of aSN with BBB endothelial cells using labeled aSN. (a) Moles of FITC
per mole of aSN (F/P) as a function of the extent of fibrillation, calculated according to Egs. (6) and (7).
aSN-AGs were obtained by incubation under fibrillation conditions for different periods of time. (b) FITC
fluorescence intensity was measured to analyze the extent of interaction between different conformers of
aSN and hCMEC/D3, HUVEC and 1321N1 cells. #, €, 0, {, and vy indicate FITC labeled- aSN 0-h aSN-
AGs (fresh aSN), 3-h aSN-AGs, 7-h aSN-AGs, 12-h aSN-AGs, 24-h aSN-AGs respectively, which the
significance between groups is indicated in the diagram separately. (MeanSD, #, ¢, 8, {, v P value < 0.05,
##, ee, 80, CC, wy P value < 0.01, ###, eee, 600, (L, wyy P value < 0.001).
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Fig. 9 Schematic illustration of physiological and pathological characteristics of BBB during PD
progression. The neurovascular unit, the basic element of the BBB, is a complex multi-cellular structure
composed of endothelial cells (ECs), neurons, and glial cells (astrocytes, microglia, and oligodendrocytes)
that contribute to pathological phenomena. Treatment with aSN-AGs led to a reduction of the mitochondrial
membrane potential and enhancement of the intracellular ROS and NO in brain endothelial cells. Along
with TNF-a expression [67], this results in wound healing impairment and BBB disruption. On the other
hand, a small amount of released aSN from neurons, presumably through exocytosis, may be cleared by
astrocytes or activated microglial cells. Activation of microglia may result in an inflammatory response
and, as a result, neuronal degeneration, which exacerbates inflammatory conditions and immune cell

recruitment, accelerating pathological progression. (Created with BioRender.com)
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Tables

Table 1 Overview of treatment groups for assessment of the mitochondrial membrane potential

Groups Treatment Duration of treatment (min)
before trypsinization

Group 1

Group2  12-h aSN-AGs (10% v/v) 0

Group 3  12-h aSN-AGs (10% v/v) 30

Group4  12-h aSN-AGs (10% v/v) 180

Group5  12-h aSN-AGs (10% v/v) 360

Group 6 Verapamil (50 uM) 60

12-h aSN-AGs a-synuclein incubated for 12 h under fibrillation condition

Table 2 Overview of co-culture groups and their treatments for measuring TEER

Groups Cell plated on apical & Cell plated on Treatment of lower compartment
basolateral side of the insert lower compartment

Group 1 hCMEC/D3 & 1321N1 WT SH-SY5Y

Group 2 hCMEC/D3 & 1321N1 WT SH-SY5Y Exogenous 12-h aSN-AGs

Group 3 hCMEC/D3 & 1321N1 O-aSN SH-SY5Y -

Group 4 hCMEC/D3 & 1321N1 Primary mixed glia WT SH-SY5Y conditioned media
Group 5 hCMEC/D3 & 1321N1 Primary mixed glia  O-aSN SH-SY5Y conditioned media
Group 6 hCMEC/D3 & 1321N1 Primary mixed glia Exogenous 12-h aSN-AGs
Group 7 hCMEC/D3 & 1321N1 Primary mixed glia LPS

Exogenous 12-h aSN-AGs a-synuclein incubated for 12 h under fibrillation condition, WT SH-SY5Y Wild type SH-

SY5Y cells, O-aSN SH-SY5Y Tet-Off SH-SYS5Y cells expressing aSN in the absence of doxycycline

Table 3 Overview of treatment groups for assessment of NO production

Groups Types of cells Types of treatments Incubation time
after treatment (h)

Group1l Primary mixed glia ~ O-aSN SH-SY5Y conditioned media 48
Group 2  Primary mixed glia Exogenous 12-h aSN-AGs 48
Group 3  Primary mixed glia LPS 48
Group 4  Primary mixed glia 48 as control
Group 5 hCMEC/D3 Exogenous 12-h aSN-AGs 6

Group 6 hCMEC/D3 Exogenous 24-h aSN-AGs 6

Group 7 hCMEC/D3 Exogenous 12-h aSN-AGs 24
Group 8 hCMEC/D3 Exogenous 24-h aSN-AGs 24
Group 9 hCMEC/D3 6 & 24 as control

O-aSN SH-SY5Y Tet-Off SH-SYSY cells expressing aSN in the absence of doxycycline, Exogenous 12-h

aSN-AGs a-synuclein incubated for 12 h under fibrillation condition
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Table 4 Overview of co-culture groups and their treatments for transmigration assay

Groups Cell plated on apical Cell plated on lower Treatment of lower compartment
side of the insert compartment

Group 1 hCMEC/D3

Group 2 hCMEC/D3 Exogenous 12-h aSN-AGs

Group 3 hCMEC/D3 O-aSN SH-SY5Y

Group 4 hCMEC/D3 Primary mixed glia O-aSN SH-SY5Y conditioned media

Group 5 hCMEC/D3 Primary mixed glia Exogenous 12-h aSN-AGs

Exogenous 12-h aSN-AGs a-synuclein incubated for 12 h under fibrillation condition, O-aSN SH-SY5Y
Tet-Off SH-SYS5Y cells expressing aSN in the absence of doxycycline
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Supplementary Figure 1. Validation of aSN-AGs. Formation of aSN-AGs after different periods of

incubation using (a) ThT assay and (b) Congo red absorbance assay.
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Supplementary Figure 2. Imaging of a-SN AGs by AFM and ThT fluorescence microscopy. AFM (left)

and fluorescence microscopy (right) images of 3-h a-SN AGs (a), 12-h a-SN AGs (b) and 24-h a-SN AGs

(c).
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Supplementary Figure3. Nuclear morphology assay by DAPI representing apoptotic hCMEC/D3 cells.
(a-1) hCMEC/D3 cells as control, hCMEC/D3 cells treated with (a-2) 12-h aSN-AGs and (a-3) 24-h aSN-
AGs. Nuclear morphology showed apparent changes such as chromatin condensation and nuclear
fragmentation (some of them displayed by red arrows) which represented apoptosis in 12-h aSN-AGs and
24-h aSN-AGs. (b) The amount of cells (%) with chromatin condensation and nuclear fragmentation. Scale

bar: 20 um.
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Supplementary Figure 4. Scratch assay of HUVEC (a) and 1321N1 (b) cells visualized by phase
contrast microscopy. The scratched field were assessing after 24 and 48 h using ImageJ. Single cells were
shown by red arrows Scale bar: 50 pm.
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Supplementary Figure 5. Living cell metabolic assay for 1321N1 and SHSY5Y cells treated with 12-h

aSN-AGs. The cell viability of 1321N1 cells (a) and (b) SH-SY5Y cells, using MTT assay. * indicate
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significant differences between treated samples with that of control. (Mean+SD, * P value < 0.05, *** P

value < 0.001).

Supplementary Table 1: Quantification of labeled aSN. Protein concentration and moles of FITC per
mole of protein (F/P) of fresh aSN and each aSN-AGs were calculated according to equations (6) and (7)

in text.

aSN Pre-incubation time  Protein concentration (M) Moles of FITC per mole of protein (F/P)

Oh (fresh aSN) 0.011012 3.42446015
3h 0.034047444 0.958207403
7h 0.017452169 0.929165846
12h 0.015037916 0.495367634

24h 0.009935706 0.132135739
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