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Abstract

:

Synucleinopathies form a group of neurodegenerative diseases defined by the misfolding and aggregation of α-synuclein (α-syn). Abnormal accumulation and spreading of α-syn aggregates lead to synapse dysfunction and neuronal cell death. Yet, little is known about the synaptic mechanisms underlying the α-syn pathology. Here we identified β-isoforms of neurexins (β-NRXs) as presynaptic organizing proteins that interact with α-syn preformed fibrils (α-syn PFFs), toxic α-syn aggregates, but not α-syn monomers. Our cell surface protein binding assays and surface plasmon resonance assays reveal that α-syn PFFs bind directly to β-NRXs through their N-terminal histidine-rich domain (HRD) at the nanomolar range (KD: ~500 nM monomer equivalent). Furthermore, our artificial synapse formation assays show that α-syn PFFs diminish excitatory and inhibitory presynaptic organization induced by a specific isoform of neuroligin 1 that binds only β-NRXs, but not α-isoforms of neurexins. Thus, our data suggest that α-syn PFFs interact with β-NRXs to inhibit β-NRX-mediated presynaptic organization, providing novel molecular insight into how α-syn PFFs induce synaptic pathology in synucleinopathies such as Parkinson’s disease and dementia with Lewy bodies.
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1. Introduction


Synucleinopathies form a group of neurodegenerative disorders that includes Parkinson’s disease (PD), PD dementia (PDD), dementia with Lewy bodies (DLB), the Lewy body variant (LBV) of Alzheimer’s disease (AD), and multiple system atrophy [1,2,3]. The main pathohistological feature of synucleinopathies is the neuronal and synaptic accumulation of toxic misfolded and aggregated α-synuclein (α-syn), the principal constituent of protein deposits named Lewy bodies [4]. α-syn plays a crucial role in the pathogenesis of synucleinopathies, including in neuronal toxicity and synaptic dysfunction [5]. In particular, α-syn can be released from one neuron and taken up by other neurons, resulting in the spreading of α-syn pathology in the brain [6,7,8,9]. Evidence regarding the trans-synaptic transmission of pathological α-syn [10,11,12,13,14] suggests that synaptic adhesion and/or transmission mechanisms are involved in α-syn pathology, but the specific molecular mechanisms of this requires further investigation.



Synapse formation, maturation, maintenance, and plasticity are regulated by a series of neuronal adhesion molecules that form “synaptic organizing complexes” [15,16,17,18,19,20]. Synaptic organizing complexes are trans-synaptic adhesion complexes that possess synapse organizing activity, in which they can induce pre- and/or post-synaptic differentiation (hereinafter termed “synaptogenic” activity) and thereby act as essential molecular signals for normal synapse function. The neurexin (NRX)-based synaptic organizing complexes have been studied the most [17,21,22,23], and genetic mutations in NRXs and their binding partners such as neuroligins (NLGs) and leucine-rich repeat transmembrane proteins (LRRTMs) are highly linked with cognitive disorders such as autism and schizophrenia [17,21,24,25,26,27]. Notably, our recent study has uncovered that NRXs bind directly to amyloid-β (Aβ) oligomers (AβOs), and that this interaction leads to NRX dysregulation and dysfunction [28,29]. Importantly, as with α-syn, Aβ peptides induce neuronal toxicity, synaptic dysfunction, and synaptic loss, and exhibit neuron-to-neuron transmission in the brain through a trans-synaptic mechanism [30,31,32,33,34,35,36,37]. Furthermore, there is considerable overlap of histopathological features in AD and PDD patients: patients with PDD tend to have a high burden of Aβ plaques [38,39], the hallmark pathology of AD, and up to 50% of AD patients present with α-syn pathology [40,41,42]. The strong clinical association and biological similarities between the α-syn and Aβ pathologies suggest that α-syn and Aβ may share common synaptic mechanisms in the progression of their pathologies, with synaptic organizing complexes, especially NRXs, being strong candidates for molecules underlying the α-syn pathology.



In this study, we prepared recombinant α-syn preformed fibrils (α-syn PFFs) and performed a candidate screen to isolate α-syn PFF-binding synaptic organizers. We found that α-syn PFFs bind to β-isoforms of NRXs (β-NRXs) with the N-terminal histidine-rich domain (HRD) of β-NRXs being necessary for the binding. Surprisingly, this is the same domain that is responsible for the AβO-β-NRX interaction [28,29]. Furthermore, we discovered that α-syn PFFs diminish β-NRX-mediated presynaptic organization. Given the role of β-NRXs in synaptic transmission and plasticity [43], our results indicate that β-NRXs may act as an α-syn PFF receptor to mediate α-syn PFF-induced synaptic pathology, and that the HRD of β-NRXs has the unique molecular property of binding the pathological protein aggregates that are central to two major types of neurogenerative disease.




2. Materials and Methods


2.1. Plasmids


The following deletion constructs and point mutations for extracellular hemagglutinin (HA)-tagged NRX1βS4(−) (NP_001333889.1) (HA-NRX1βS4(−)) were made by inverse PCR with the vector expressing HA-NRX1βS4(−) under the CMV promoter as a PCR template followed by DpnI digestion: ∆LNS (amino acids (aa) 107–236 deleted), ∆Cysloop (aa 319–329 deleted), ∆HS (S316A). For the internal ribosome entry site (IRES)-based bicistronic constructs for co-expressing GFP with either HA-NRX1βS4(−) or HA-NRX1β∆HRDS4(−) under the CAG promoter (pCAG-HA-NRX1βS4(−)-IRES-GFP and pCAG-HA-NRX1β∆HRDS4(−)-IRES-GFP, respectively), we amplified the coding sequences of HA-NRX1βS4(−) and HA-NRX1β∆HRDS4(−) by PCR using pCMV-HA-NRX1βS4(−) and pCMV-HA-NRX1β∆HRDS4(−) that we generated [28] as templates previously, and then subcloned the PCR products into the pCAG-IRES-GFP vector [44] at the EcoRI site. The following plasmids were kind gifts: pCAG-HA-NRX1βS4(−) from Dr. Takeshi Uemura (Shinshu University); HA-NLG1A(−)B(−), HA-NLG1A(+)B(−), HA-NLG1A(−)B(+), HA-NLG1A(+)B(+), HA-NLG3 and HA-NLG4 from Dr. Peter Scheiffele (University of Basel) via Addgene; HA-NLG2, from Dr. Ann Marie Craig (University of British Columbia); HA-glutamate receptor delta-1 (GluD1) and HA-GluD2 from Dr. Michisuke Yuzaki (Keio University). The other constructs used in this study were described previously [28,44,45,46,47]. All constructs were verified by DNA sequencing.




2.2. Generation of α-Synuclein PFFs and Biotin Labelling


Using conventional methods for bacterial transformation and large-scale protein expression, BL21 (DE3) Escherichia coli were transformed with pGEX-6-alpha synuclein, a plasmid containing a sequence encoding glutathione S-transferase (GST)–tagged full-length recombinant human α-synuclein (NM_000345) and with a plasmid containing GST-tagged recombinant 3C protease, which can cleave the GST tag from GST-tagged proteins. pGEX-6-alpha synuclein (backbone plasmid: pGEX6P1) was originally purchased from the University of Dundee MRC Protein Phosphorylation and Ubiquitination Unit (#DU30005). The plasmid used to express GST-3C protease was created by cloning the coding sequence for human rhinovirus (HRV) 3C protease into the pGEX-2T backbone plasmid. The GST-tagged proteins were purified from the bacterial cell lysates by affinity column chromatography. The purified GST-α-synuclein protein was then treated with the purified GST-3C protease to remove the GST tag. The untagged α-synuclein protein was purified from the reaction using a GSTrap 4B column, and then further purified using size exclusion chromatography with a Superdex 200 16/600 column on the ÄKTA pure L system. Afterwards, human α-syn fibrils were generated from aliquots (500 μL of 5 mg/mL in PBS) of recombinant α-syn monomers that were shaken at 1000 rpm in a ThermoMixer at 37 °C for 5 days. The generated fibrils were sonicated using Bioruptor Pico (Diagenode) for 40 cycles (30 s on, 30 s off). The resulting preformed fibrils (PFFs) were labeled with biotin by using an EZ-Link™ Sulfo-NHS-LC-Biotinylation Kit (Cat#21435, Thermofisher Scientific, Waltham, MA, USA). After biotinylation, the PFFs were purified using Zeba™ Spin Desalting Columns (7K MWCO, Cat#89882, Thermofisher Scientific) to remove the excess of unbound biotin, and were then stored at −80 °C.




2.3. Validation of α-Synuclein PFFs Formation by Electron Microscopy, Dynamic Light Scattering, Thioflavin-T and Circular Dichroism Spectra Assays


Electron microscopy (EM), dynamic light scattering (DLS), thioflavin-T (ThT) and circular dichroism (CD) spectra analyses were used as quality controls for α-syn PFFs validation. Briefly, for EM, samples containing 20 µM (monomer equivalent) α-syn aggregates before and after the sonication step (see the above “Generation of α-synuclein PFFs and biotin labelling” section) were prepared by dilution in ddH2O. An amount of 5 µL of each preparation was deposited on copper-coated grids for 2 min. Next, 4% PFA was added onto the grids for 1 min, and the grids were washed three times using ddH2O. Finally, 2% uranyl acetate was added onto the grids before covering them with a glass dish. The grids were then visualized under an electron microscope (Tecnai 12 BioTwin 120 kV transmission electron microscope (TEM)). An analysis of the images was performed using Fiji-ImageJ and MatLab R2017b software. For DLS analysis, a ≥0.6 mg/mL α-syn PFFs solution was prepared by dilution in PBS. After a centrifugation step (13000 RPM, 5 min), the supernatant was transferred to a cuvette and analyzed using the Zetasizer Nano S system (Malvern Panalytical). For ThT assays, 300 µL of PFF sample (~50 µg/mL) was mixed with 300 µL of 25 μM ThT solution at room temperature for 20 min, and then 100 µL aliquots were transferred to a Corning 96-well plate (black with clear bottom), and fluorescent signals were read by a microplate reader with excitation at 450 nm and emission at 490 nm, as previously described [48], with PBS (vehicle) and monomeric α-syn as controls. For CD spectra analysis, solutions of untagged α-syn PFFs (0.25 mg/mL) and biotin-α-syn PFFs (0.15 mg/mL) were prepared by diluting their stock solutions with PBS. Following this, 100 µL of the diluted solutions or PBS as a vehicle control were transferred to 0.1 cm quartz cuvettes. The spectra between 190 nm and 250 nm were obtained using a JASCO J-810 spectropolarimeter and analyzed using the Spectra Manager software.




2.4. Dot Blot


For dot blot experiments, 1 µg of either α-syn PFFs or monomers (biotinylated or untagged) were applied in spots on a nitrocellulose membrane (Cat#1620145, BioRad, Contra Costa County, CA, USA) for 1 h at room temperature (RT). The membrane was exposed to a TBST/BSA 5% blocking solution (8 g NaCl, 200 mg KCl, 3 g Tris HCl, 0.05% Tween20 and 5% m/v BSA) for 30 min at RT under gentle agitation. Next, a primary antibody against α-syn diluted in TBST/BSA 0.1% was used for 2 h at RT, followed by washing and finally treatment with an HRP-conjugated secondary antibody. The membrane was then exposed to an ECL detection reagent (Cat#1705061, BioRad) for 5 min at RT, and detection was performed using a Chemidoc XRS+ system (BioRad). After a 30-min stripping step (1M Glycine HCl pH 2.7, 20% SDS in MiliQ), the membrane was exposed to HRP-conjugated streptavidin for 1 h at RT followed by ECL detection reagent application and image acquisition. The specific reagents used were a primary antibody directed against α-syn (1:2000; mouse IgG, Cat#32-8100, Thermofisher Scientific), an HRP-conjugated anti-mouse secondary antibody (1:5000; donkey host, Cat#715-035-151, Jackson ImmunoResearch, West Grove, PA, USA), and HRP-conjugated streptavidin (1:10,000; Cat#21130, Pierce™ High Sensitivity Streptavidin-HRP, Thermofisher Scientific).




2.5. Cell Surface Binding Assays


To test for the interaction of biotin-α-syn PFFs or biotin-α-syn monomers with our proteins of interest, COS-7 cells (ATCC) cultured on coverslips were transfected with the indicated expression vectors using TransIT-LT1 Transfection Reagent (Mirus bio, Madison, WI, USA) and maintained for 24 h. The transfected COS-7 cells were washed with extracellular solution (ECS) containing 2.4 mM KCl, 2 mM CaCl2, 1.3 mM MgCl2, 168 mM NaCl, 20 mM HEPES (pH 7.4), and 10 mM D-glucose supplemented with 100 μg/mL of bovine serum albumin (BSA; ECS/BSA). Next, the transfected COS-7 cells were incubated with biotin-α-syn PFFs or monomers previously diluted at the indicated concentration in ECS/BSA and were kept for 1 h at 4 °C to prevent endocytosis. For the competition experiment, an anti-NRX1β antibody (mouse IgG, N170A/1, NeuroMab, Davis, CA, USA) recognizing the HRD of the NRX1β was added to the ECS/BSA solution containing biotin-α-syn at the indicated concentrations. The cells were washed three times using ECS/BSA and two times using ECS solution, then fixed using parafix solution (4% paraformaldehyde and 4% sucrose in PBS [pH 7.4]) for 12 min at RT. To label surface HA or bound biotin-α-syn, the fixed cells were then incubated with blocking solution (PBS + 3% BSA and 5% normal donkey serum) for 1 h at RT. Afterwards, they were incubated with primary antibodies in blocking solution overnight at 4 °C and with fluorescent-conjugated secondary antibodies and/or fluorescent-conjugated streptavidin to label bound biotin- α-syn for 1 h at RT. The specific reagents used were an anti-HA primary antibody (1:2000; rabbit IgG, Cat# ab9110, Abcam), a highly cross-adsorbed Alexa488-conjugated donkey anti-rabbit IgG (H + L) secondary antibody (1:500; Jackson ImmunoResearch), and Alexa594-conjugated streptavidin (1:2500; Jackson ImmunoResearch).




2.6. Surface Plasmon Resonance


Surface plasmon resonance (SPR) analyses were performed using a Biacore T200 instrument (GE Healthcare, Chicago, IL, USA). Purified recombinant NRX1β ectodomain fused to human immunogloblin Fc (NRX1β-Fc, R&D sytems, Cat#5268-NX-05, R&D system) was immobilized on carboxymethylated dextran CM5 sensor chips (Cytiva, Marlborough, MA, USA) using an amine-coupling strategy. Briefly, the sensor chip surface was activated with a 1:1 mixture of N-hydroxysuccinimide and 3-(N,N-dimethylamino)-propyl-N-ethylcarbodiimide. NRX1β-Fc solution (solubilized in acetate buffer, pH 5.0) was injected at a flow rate of 20 μL/min in HBS-N running buffer (10 mM HEPES, 150 mM NaCl, pH 7.4, 0.05% [v/v] Tween-20) to reach a level of immobilization of 300 relative units (RU) on the CM5 sensor chip. Surfaces (protein and reference) were blocked by the injection of an ethanolamine solution. The binding kinetics of α-syn PFFs and α-syn monomers over the NRX1β sensor chip were evaluated in an HBS-N running buffer, with concentrations ranging from 0 to 10 μM. All tests were performed at 25 °C using a flow rate of 30 μL/min. Sensor chip surfaces were regenerated by injecting 15 μL of a 10 mM Glycine pH 3.0 solution at a flow rate of 30 μL/min. Binding sensorgrams were obtained by subtracting the reference flow cell data. A data analysis was performed using BIA Evaluation Software (GE Healthcare) and fit to a one-site Langmuir adsorption model.




2.7. Neuron Culture, Transfection, and Neuronal Immunocytochemistry


Primary rat hippocampal neuron cultures were prepared from embryonic day 18 (E18) rat embryos, as described previously [49]. All animal experiments were carried out in accordance with the Canadian Council on Animal Care guidelines and approved by the Institut de Recherches Cliniques de Montréal (IRCM) Animal Care Committee. Dissociated hippocampal cells were plated onto coverslips in two different manners: in wells of 12-well plates containing coverslips at a density of 200,000 neurons/coverslip (referred to as high-density neuron cultures), or on 6-cm dishes, each containing five coverslips at a density of 300,000 neurons/dish (referred to as low-density neuron cultures). At 24 h after plating, coverslips containing low-density neurons were transferred to another 6-cm dish containing a glial feeder layer. To verify the pathogenicity of the α-syn PFFs preparation, low-density hippocampal neurons were treated at 8 days in vitro (DIV) with α-syn PFFs or α-syn monomers (2.5 µg/mL) for 7 days. For the cell surface binding assays in low-density transfected neurons, the transfection was performed at 9 DIV using the ProFection® Mammalian Transfection System from Promega (Cat#E1200). At 15 DIV, neurons were treated with biotin-α-syn PFFs (2.5 µg/mL) for 1 h at 37 °C. At the end of the experiments, neurons were fixed with parafix solution for 12 min, permeabilized with PBST (1xPBS + 0.2% Tween20) [except for experiments examining surface expression], and then blocked with a blocking solution. Afterwards, they were incubated with primary antibodies in blocking solution overnight at 4 °C and with secondary antibodies for 1 h at RT. To label surface HA-tagged constructs and biotin-α-syn, together with MAP2, the fixed neurons were incubated sequentially with a primary antibody against HA and dye-conjugated streptavidin without cell permeabilization and then permeabilized with PBST for MAP2 immunostaining. The following primary antibodies were used for immunocytochemistry: anti-HA (1:2000; rabbit IgG, Cat#ab9110, Abcam, Cambridge, UK), anti-MAP2 (1:2000; chicken polyclonal IgY; Cat#ab5392, Abcam), anti-HA (1:2000; mouse IgG2bκ, Cat#11583816001, Millipore Sigma, Burlington, MA, USA), anti-VGLUT1 (1:250; guinea pig; Cat#135304, Synaptic System, Göttingen, Germany), anti-VGAT (1:1000; Rabbit IgG, Cat#131 003, Synaptic System), and anti-α-syn [phospho S129] (1:1000; mouse IgG, Cat#ab184674, Abcam). Highly cross-adsorbed Alexa dye-conjugated secondary antibodies generated in donkey toward the appropriate species (1:500; Alexa488, Alexa594, and Alexa647; Jackson ImmunoResearch) were used as detection antibodies. For biotin detection, Alexa594-conjugated streptavidin (1:2500) was used.




2.8. Artificial Synapse Formation Assays


The artificial synapse formation assays were performed as we had done previously [28,47]. Briefly, HEK293T (ATCC) cells were first transfected as described in the cell surface binding assays section. After 24 h, the cells were harvested through trypsinization, and 10,000 cells were added to 15-DIV high-density neuron cultures simultaneously with α-syn PFFs (400 nM monomer equivalent), monomers (400 nM), or PBS. After a 24-h incubation period, neurons were fixed using parafix solution for 12 min at RT and blocked using a blocking solution. To identify surface HA-tagged protein expression, cells were treated with a primary antibody against HA overnight at 4 °C. Next, neurons were treated with PBST, blocking solution, and were stained for MAP2, VGLUT1 and VGAT overnight at 4 °C using the corresponding primary antibodies.




2.9. Imaging and Quantitative Fluorescence Analysis


For quantitative analysis, all image acquisition was performed on a Leica DM6000 fluorescent microscope with a 40 × 0.75 numerical aperture (NA) dry objective or 63 × 1.4 NA oil objective and a Hamamatsu cooled CCD camera using Volocity software (Perkin Elmer). Images were obtained in 12-bit grayscale and prepared for presentation using Adobe Photoshop 2020. The only exception is the cell surface binding assays on neurons, for which images were captured using a Leica SP8 confocal microscope with a 63× objective. For quantification, sets of cells were immunostained simultaneously and imaged with identical microscope settings. Analysis of the COS-7 based cell surface binding assays was performed using Volocity, and Metamorph 7.8 (Molecular Devices, San Jose, CA, USA) was used for the other assays. For the cell surface binding assays, after the off-cell background intensity was subtracted, the average intensity of bound proteins per COS-7 cell region was measured and normalized to the average intensity of the surface HA signal. The half-maximal inhibitory concentration (IC50 value) was determined by a non-linear regression curve fitting in GraphPad Prism version 9 (GraphPad Software Inc., San Diego, CA, USA). For the artificial synapse formation assays, images were acquired where HA-expressing HEK293T cells were observed and the VGLUT1 and VGAT total intensity around the HEK293T cells was calculated after thresholding the background. For cell surface binding assays on neurons, GFP-positive but MAP2-negative neurites were selected as axons. Using Metamorph 7.8 (Molecular Devices), the axons were traced by a line command, and the average intensity value of bound α-syn PFFs and that of surface HA along the selected line regions were measured by a region measurement command.




2.10. Statistical Analysis


Statistical tests were performed using GraphPad Prism version 9 (GraphPad Software). The majority of the data had non-normal distribution and non-equal variance, so statistical comparisons were made using the Mann-Whitney U test and the Kruskal-Wallis one-way analysis of variance (ANOVA) with post-hoc Dunn’s multiple comparisons test to compare two groups and more than two groups, respectively, as indicated in the figure legends. Data are reported as the mean ± the standard error of the mean (SEM) from three independent experiments if not stated otherwise. Statistical significance was defined as p < 0.05.





3. Results


3.1. Screening Synaptic Organizing Molecules for Interaction with α-Synuclein Preformed Fibrils Isolates Neurexin 1β as a Candidate α-Synuclein Binding Partner


To test whether and which synaptic organizers bind to α-syn PFFs, we first generated recombinant human α-synuclein and prepared preformed fibrils (PFFs) (Figure 1). Through electron microscopy (Figure 1A) and dynamic light scattering (DLS) analysis (Figure 1B), we confirmed that the approximate size of α-syn PFFs is around 50–60 nm, which is similar to the size of α-syn PFFs used in previous studies [48,50,51]. The DLS analysis also showed that there was a single peak with a polydispersity index (PDI) of 0.122, suggesting relatively homogenous aggregates [52,53] (Figure 1B). By using a Thioflavin-T assay, we further confirmed that α-syn PFFs contained amyloid β-sheet structures (Figure 1C). As reported previously [51], the treatment of cultured hippocampal neurons with the prepared α-syn PFFs, but not α-syn monomers, caused a significant increase in the phosphorylation of α-syn in neurites and cell soma (Figure 1D), indicating that the prepared α-syn PFFs have toxic properties, as expected. To perform cell surface protein binding assays with a good signal-to-noise ratio (Figure 2), we conjugated biotin molecules to the α-syn PFFs to allow us to specifically label bound α-syn PFFs using fluorophore-conjugated streptavidin. We first confirmed the biotin conjugation to α-syn PFFs and α-syn monomers by dot blot analysis (Figure 2A). Our DLS assays, circular dichroism spectra assays, and neuron culture treatment assays also confirmed that the biotinylation of α-syn PFFs had no significant effect on their size, secondary structure, or toxicity, respectively (Supplementary Figure S1). We further confirmed that the biotin-conjugated α-syn PFFs (biotin-α-syn PFFs) could bind to COS-7 cells, expressing the cellular prion protein (PrPc), a known α-syn PFF-interacting membrane protein [54,55,56], but not to those expressing CD4, a negative control protein (Figure 2B). In cell surface protein binding assays using the biotin-α-syn PFFs, we screened a total of 22 synaptic organizers and detected the significant binding of biotin-α-syn PFFs to COS-7 cells expressing neurexin 1β (NRX1β), but not to those expressing any of the other tested synaptic organizers (Figure 2C). Thus, we isolated NRX1β as a candidate synaptic organizer that binds to α-syn PFFs.




3.2. α-Synuclein PFFs, but Not α-Synuclein Monomers, Bind Directly to NRX1β


In cell surface protein binding assays, we next performed a saturation analysis and a Scatchard plot analysis to test whether the binding between α-syn PFFs and NRX1β has properties typical of ligand-receptor binding and to determine the binding affinity, respectively (Figure 3). The binding of biotin-α-syn PFFs to COS-7 cells expressing NRX1β showed an increasing and saturable binding curve with increasing amounts of biotin-α-syn PFFs (Figure 3A,B). The dissociation constant (KD) value was 536 nM monomer equivalent (Figure 3C). In the cell surface protein binding assays, it remains possible that some endogenous proteins expressed in COS-7 cells might affect and/or mediate an interaction between α-syn PFFs and NRX1β. To test whether they have a direct protein-protein interaction, we further performed surface plasmon resonance (SPR) assays using untagged purified α-syn PFFs and purified recombinant NRX1β ectodomain fused to the human immunoglobin Fc region (NRX1β-Fc) immobilized on the surface of a sensor chip (Figure 3D,E). Association and dissociation rate constants were determined using a 1:1 Langmuir binding model. The SPR sensorgrams of different concentrations of α-syn PFFs showed significant binding responses upon increasing α-syn PFF concentration (Figure 3D). The KD value of α-syn PFF-NRX1β binding measured by the SPR assays was 554 nM monomer equivalent (Figure 3D), consistent with the KD value measured by Scatchard plot analysis in the cell surface protein binding assays (Figure 3C). In contrast, untagged purified α-syn monomers failed to show typical binding responses in the SPR analysis (Figure 3E), indicating negligible binding between α-syn monomers and NRX1β. Together, these results suggest that α-syn PFFs, but not α-syn monomers, bind directly to NRX1β in the nanomolar range under both cell-free and cell-based conditions.




3.3. α-Synuclein PFFs Specifically Bind to β-Isoforms of NRXs


NRXs are encoded by three different genes (NRXN1, 2 and 3), and each gene possesses two independent promotors that drive the expression of longer α-isoforms (α-NRXs) and shorter β-isoforms (β-NRXs) [17,21,57]. α/β-NRXs contain multiple alternative splicing sites, and the splicing site 4 (S4) common to α/β-NRXs is crucial for the selectivity and specificity of NRX-interacting proteins such as NLGs and LRRTMs [17,21,22,57]. Therefore, we next tested which NRX isoforms can bind to α-syn PFFs by using cell surface protein binding assays (Figure 4). Biotin-α-syn PFFs strongly bound to NRX1β and NRX2β and weakly bound to NRX3β regardless of S4 insertion (Figure 4A,B). Biotin-α-syn PFFs did not bind to any isoforms of α-NRXs (Figure 4A,B). These results indicate that α-syn PFFs specifically bind to β-isoforms of NRXs.




3.4. The N-Terminal Histidine-Rich Domain of β-NRXs Is Responsible for the Binding of α-Synuclein PFFs


β-NRXs possess an N-terminal domain called the histidine-rich domain (HRD) that is absent from α-NRXs [57] (Figure 5A), and this difference could account for the β-NRX binding selectivity of α-syn PFFs. Indeed, we have previously shown that the HRD of β-NRXs is responsible for the binding of AβOs to β-NRXs [28,29]. We therefore next tested whether the HRD is responsible for α-syn PFF binding by using NRX1β deletion constructs in cell surface protein binding assays (Figure 5). The deletion of the HRD from NRX1β completely abolished the binding of biotin-α-syn PFFs (Figure 5A–C). However, the binding of biotin-α-syn PFFs was not affected by the deletion of the LNS domain, which is responsible for the binding of postsynaptic ligands such as NLGs and LRRTMs, nor by the deletion of the cysteine loop region or by the introduction of the point mutation that prevents the heparan sulfate modification of NRXs (Figure 5A–C). There was no difference among NRX1β deletion constructs in surface HA expression (Figure 5D), indicating that the lack of binding of biotin-α-syn PFFs to NRX1β ΔHRD was not due to the insufficient surface expression of NRX1β ΔHRD. The deletion of the HRD from NRX2β and NRX3β also diminished the binding of biotin-α-syn PFFs to NRX2β and 3β, respectively (Supplementary Figure S2). Thus, the domain analysis indicates that the HRD is a responsible domain for α-syn PFF binding to β-NRXs. We further confirmed the involvement of the HRD in α-syn PFF binding using an antibody that recognizes an epitope in the NRX1β HRD. COS-7 cells expressing NRX1β were exposed to a single concentration (1 μM monomer equivalent) of biotin-α-syn PFFs in the presence of varying concentrations (0–5 μg/mL) of the anti-NRX1β antibody (Figure 5E,F). Treatment with the anti-NRX1β antibody inhibited the binding of biotin-α-syn PFFs to NRX1β in a dose-dependent manner (Figure 5F). The inhibition curve indicated that the half-maximal inhibition concentration (IC50) value for the anti-NRX1β antibody was 0.68 μg/mL (Figure 5F). These data also support our conclusion that the HRD is responsible for the binding of α-syn PFFs to β-NRXs (Figure 5G).




3.5. Neuronal Overexpression of NRX1β Enhances the Binding of α-Syn PFFs on the Axon Surface in an NRX1β HRD-Dependent Manner


Given that β-NRXs are predominantly expressed at presynaptic terminals and in axons [58,59,60], we next tested whether the binding of α-syn PFFs to β-NRXs occurs on the axon surface, as it does on the COS-7 cell surface, by performing experiments in neurons overexpressing NRX1β (Figure 6). Primary hippocampal neurons were first transfected to express extracellular HA-tagged NRX1β and GFP (HA-NRX1β-IRES-GFP), HA-NRX1β lacking its HRD and GFP (HA-NRX1βΔHRD-IRES-GFP), or only GFP (IRES-GFP). These cultures were exposed to biotin-α-syn PFFs and then labelled for bound biotin-α-syn PFFs, surface HA, and MAP2, a dendrite marker, to identify the GFP-positive and MAP-negative neurites as axons (Figure 6A). We then measured the signal intensity of biotin-α-syn PFFs bound on the axons (Figure 6B). In neuron cultures transfected with IRES-GFP alone (as a baseline control), a few axons showed punctate signals corresponding to bound biotin-α-syn PFFs, but this was undetectable in most axons (Figure 6A,B). In contrast, almost all axons transfected with HA-NRX1β-IRES-GFP had strong signals for bound biotin-α-syn PFFs (Figure 6A,B). This enhanced axonal binding of biotin-α-syn PFFs was not observed in neurons transfected with HA-NRX1βΔHRD-IRES-GFP (Figure 6A,B), even though the surface expression of HA-NRX1βΔHRD on axons was comparable to that in cultures expressing HA-NRX1β (Figure 6C). These results suggest that NRX1β can mediate α-syn PFF binding to the axon surface through its HRD.




3.6. α-Syn PFF Treatment Diminishes β-NRX-Mediated Presynaptic Organization


One of the key functions of NRXs expressed on axons is to mediate presynaptic organization trans-synaptically induced by NRX-binding partners such as NLGs [15,16,17,18,21,22,61]. Therefore, we next tested whether and how α-syn PFFs affect the NRX-mediated presynaptic organization by performing artificial synapse formation assays using co-cultures of HEK293T cells expressing NLG1 or NLG2 and primary hippocampal neurons (Figure 7A). We chose the isoforms of NLG1 and NLG2 based on the functions of the splicing inserts. The insertion at splicing site B in NLGs prevents their binding to α-NRXs, whereas NLG splicing site A does not regulate NRX binding [22,62]. We used a NLG1 isoform lacking the splicing site A insert, but possessing the splicing site B insert (NLG1A-B+), which only binds to β-NRXs and not α-NRXs (Supplementary Figure S3A), and NLG2A+, a NLG2 isoform possessing the splicing site A insert (but which always lacks the splicing site B insert) that binds to both α- and β-NRXs (Supplementary Figure S3B) and is endogenously more abundant than the NLG2 isoform lacking the splicing site A [63]. In vehicle-treated co-cultured hippocampal neurons, HEK cells expressing NLG1A-B+ or NLG2A+ induced a significant accumulation of the excitatory presynaptic marker VGLUT1 (Figure 7B,C,E,F) and of the inhibitory presynaptic marker VGAT (Figure 7B,D,E,G). Treatment with α-syn PFFs almost fully blocked the NLG1A-B+-induced VGLUT1 (Figure 7B,C) and VGAT accumulation (Figure 7B,D) without altering the surface expression of HA-NLG1A-B+ on the HEK cells (Supplementary Figure S4). In contrast, α-syn PFF treatment had no effect on the NLG2A+-induced accumulation of VGLUT1 (Figure 7E,F) or VGAT (Figure 7E,G), and treatment with α-syn monomers had no effect on VGLUT1 or VGAT accumulation induced by either NLG1A-B+ or NLG2A+ (Figure 7). These results suggest that α-syn PFFs selectively diminish β-NRX-mediated presynaptic organization, which is consistent with our cell surface protein binding assays showing the selective binding of α-syn PFFs to β-NRXs but not α-NRXs.





4. Discussion


In this study, we isolated β-NRXs as synaptic organizers that bind to α-syn PFFs, but not α-syn monomers, at the nanomolar range. We further determined that the HRD of β-NRXs is a domain responsible for α-syn PFF binding. Our gain-of-function assays using primary hippocampal neurons show that β-NRXs are involved in the axonal binding of α-syn PFFs, and that α-syn PFFs diminish β-NRX-mediated presynaptic organization. Thus, the binding of α-syn PFF to β-NRXs may impair the synapse organizing activity of β-NRX-based synaptic organizing complexes. Given that β-NRXs play pivotal roles in synaptic transmission and plasticity [43], our results suggest that β-NRXs may act as a functional receptor for α-syn PFFs to mediate α-syn-induced synaptic pathology.



Although α-syn PFF pathology is proposed to be initiated from axons [14,64,65,66], little is known about presynaptic molecules that bind to α-syn PFFs. Previous studies have identified several α-syn PFF-binding membrane proteins such as PrPc, LAG-3 and FcγRIIB [54,55,56,67,68,69]. PrPc is localized to postsynaptic densities [70], but the subcellular localization of LAG-3 and FcγRIIB in neurons is undetermined. However, β-NRXs localize to presynaptic sites to function as synapse organizers [17,21,22,24,57]. Our results demonstrating that β-NRXs bind to α-syn PFFs, but not α-syn monomers, that axonal overexpression of β-NRXs enhances the binding of α-syn PFFs on the axon surface, and that α-syn PFFs inhibit β-NRX-mediated presynaptic organization (inhibition of the synaptogenic activity of NLG1A-B+, which binds to only β-NRXs [62]) provide some of the first insights into the presynaptic mechanisms of α-syn PFF pathology.



To further understand the molecular mechanism of the pathological pathway, we first investigated the specifics of β-NRX-α-syn PFF binding. β-NRXs possess an N-terminal domain, called the HRD, that is not present in α-NRXs [57]. We have previously revealed that the HRD of β-NRXs is responsible for the binding of AβOs to β-NRXs [28,29]. Our present study demonstrates that the HRD of β-NRXs is also responsible for the binding of α-syn PFFs. Thus, β-NRXs bind both of the toxic protein aggregates central to two major types of neurodegenerative diseases: AβOs and α-syn PFFs in AD and PD, respectively [71]. Interestingly, PrPc also binds to both AβOs [70,72] and α-syn PFFs [54,55,56]. The region of PrPc responsible for binding to AβOs is the charge cluster region, an unstructured central domain containing many positively charged amino acid residues such as lysine [72]. The HRD of β-NRXs is also an unstructured region containing clusters of positively charged amino acid residues including histidine and lysine [57,73]. However, there is very low homology between the amino acid sequences of the PrPc charge cluster region and the HRD of β-NRXs, suggesting that the unique electrical properties of the β-NRX HRD and the PrPc central domain may be involved in the binding of abnormal protein aggregates related to neurodegenerative disorders. Further characterization of their electrical properties would be an interesting future study to better understand the molecular logic of their interactions and for therapeutics development.



We next determined the consequences of NRX-α-syn PFF binding on presynaptic organization induced by trans-synaptic organizing complexes. Our artificial synapse formation assays show that α-syn PFFs inhibit the accumulation of VGLUT1 and VGAT induced by NLG1A-B+. In contrast, α-syn PFFs affect neither VGLUT1 nor VGAT accumulation induced by NLG2A+. Given that NLG1A-B+ interacts with β-NRX but not α-NRXs, whereas NLG2A+ interacts with both α- and β-NRXs because the splicing site B insert in NLGs prohibits the binding of α-NRXs [62], and NLG2 always lacks the splicing site B insert [17,22,57], these data suggest that α-syn PFFs selectively diminish β-NRX-mediated presynaptic organization. This raises the intriguing possibility that α-NRXs could compensate for α-syn PFF-induced diminished presynaptic organization, and future studies could investigate whether α-NRX-based interventions could counterbalance β-NRX-mediated α-syn PFF-induced synaptic toxicity.



Our previous study has shown that AβOs also diminish NRX-mediated presynaptic organization [28,29]. However, the effects of AβOs on presynaptic organization are different from those of α-syn PFFs. One of the differences is that AβOs inhibit presynaptic organization induced by NLG2 [28], but α-syn PFFs do not. AβOs bind to not only β-NRXs but also α-NRXs that contain the splicing site 4 (α-NRX S4(+)) [28]. Therefore, the binding of AβOs to α-NRXs may be involved in the inhibition of NLG2-induced presynaptic organization. Another major difference is that α-syn PFFs inhibit the NLG1-induced accumulation of both VGLUT1 and VGAT, whereas AβOs inhibit the NLG1-induced accumulation of only VGLUT1, but not VGAT. Our cell surface protein binding assays show that α-syn PFFs only bind to β-NRXs, but AβOs bind to both β-NRXs and α-NRX S4(+). Thus, the NRX binding properties of α-syn PFFs and AβOs are not sufficient to explain the broader phenotype of α-syn PFFs induced effects on excitatory and inhibitory presynaptic organization. Another study has shown that the intracellular region of NRXs is dispensable to mediate NLG1-induced presynaptic organization [74], suggesting that other presynaptic transmembrane molecules that interact with the NRX ectodomain in cis may be involved in the induction of presynaptic organization by NLG1 via the NRX ectodomain. Indeed, several transmembrane proteins that interact with the NRX ectodomain in cis have been isolated, such as PTPσ [75,76], which interacts with NRXs via heparan sulfate chains on the NRX ectodomain, and SorCS1/2, which interact with β-NRXs via the β-NRX HRD [44,77]. Therefore, α-syn PFFs and AβOs might differentially affect cis-interactions between NRXs and NRX-interacting molecules, and this could be a basis for the synapse-type-specific pathological phenotypes of α-syn PFFs and AβOs.



Another remaining question is how α-syn PFFs diminish NLG1A-B+-induced presynaptic organization. One possibility is that α-syn PFFs might enhance the internalization, cleavage and/or degradation of β-NRXs and/or inhibit the axonal transport of β-NRX. This would lead to the reduction of the axonal surface expression of β-NRXs, as occurs with AβO exposure [28]. However, given the distinct effects of AβOs and α-syn PFFs on VGLUT1 and VGAT accumulation, other underlying mechanisms should be considered for α-syn PFFs. For example, α-syn PFFs might block the trans-interaction between β-NRXs and NLG1A-B+. Future studies are important to address what molecular and cellular mechanisms underlie the α-syn PFF inhibition of NLG1-induced presynaptic organization.



A major physiological role of β-NRXs in hippocampal neurons is to control glutamate release probability through endocannabinoid signaling pathways [43]. A previous study has shown that in cultured hippocampal neurons, α-syn PFF treatment decreases the frequency of miniature excitatory postsynaptic currents (mEPSC), but not mEPSC amplitude [78], suggesting that α-syn PFFs downregulate glutamate release probability. Further, dopaminergic neurons and striatal neurons are also regulated by endocannabinoid signaling pathways [79]. Indeed, pharmacological manipulations of endocannabinoid signaling pathways have attracted attention as potentially therapeutic for PD and have been tested in clinical trials [80,81]. It would therefore be interesting to study whether and how α-syn PFFs affect endocannabinoid signaling pathways through β-NRXs to induce synaptic dysfunction and/or neuronal toxicity in synucleinopathies. In addition, for their physiological roles, β-NRXs bind not only to NLGs, but also to some other synaptic organizers such as LRRTM1/2 and cerebellin-glutamate delta receptor complexes [17,21,82,83]. Each distinct β-NRX-interacting organizer has some shared and distinct roles in synaptic functions such as the regulation of AMPA (α-amino-3-hydroxy5-methyl-4-isoxazole propionic acid) and NMDA (N-methyl-d-aspartate) receptors in synaptic transmission and plasticity [84,85,86]. Given that α-syn PFF treatment impaired excitatory synaptic transmission and plasticity [55,78,87], future studies will be important to address whether and how α-syn PFFs affect the physiological roles of these β-NRX-interacting synaptic organizers.



Our present study suggests that shielding β-NRXs from α-syn PFF binding would be helpful for alleviating the α-syn PFF pathology. We have recently revealed that the protein sorting receptor SorCS1 shields β-NRXs from AβO binding and rescues the AβO-induced synaptic pathology [44]. Of note, SorCS1 also binds to β-NRXs through the β-NRX HRD to compete with AβOs for β-NRX interaction [44]. Given that α-syn PFFs bind to β-NRXs through the HRD, as with AβOs and SorCS1, it is possible that SorCS1 could also shield β-NRXs from α-syn PFF binding to rescue α-syn PFF-induced synaptic and neuronal toxicity. Another strategy to shield β-NRXs from α-syn PFF binding would be by using the anti-NRX1β HRD antibody that we showed to effectively inhibit α-syn PFF binding to NRX1β in this study. Thus, in future studies, it will be important to address whether and how SorCS1 overexpression and anti-NRX1β treatment rescue α-syn PFF-induced pathology in culture and in vivo for the development of novel therapeutic strategies for synucleinopathies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells12071083/s1, Figure S1. The biotinylation of α-syn PFFs has no significant effect on their overall size, secondary structure or capability to induce hyperphosphorylation of endogenous α-synuclein in neurons [88]; Figure S2. The N-terminal histidine-rich domain of neurexin2β and 3β is responsible for the binding of α-syn PFFs; Figure S3. NLG1A-B+ binds to NRX1β but not NRX1α whereas NLG2A+ binds to both NRX1α and NRX1β; Figure S4. α-syn PFF treatment does not decrease surface expression of HA-NLG1A-B+ or HA-NLG2A+ on HEK293T cells in the co-culture-based artificial synapse formation assays presented in Figure 7.





Author Contributions


B.F. performed a majority of the experiments. A.F. and A.K.L. initiated this project by performing pilot experiments. W.L., I.S. and T.M.D. worked on the generation and validation of α-synuclein proteins. P.T.N. and S.B. worked on the SPR experiments. N.C. performed some artificial synapse formation assays. N.Y. worked on dot blot and neuron transfection experiments. S.K. and H.K. performed some cell surface binding assays. H.T. conceived and supervised the project. B.F. and H.T. prepared the manuscript with contributions from the other authors. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by a Parkinson Canada New Investigator Award (2018-00079), a Canadian Institutes of Health Research (CIHR) Project Grant (PTJ-159588) and Fonds de la recherche du Québec–Santé (FRQS) Research Scholars (Junior 2-29106 and Senior-251655) to H.T, as well as by funding from the Canada First Research Excellence Fund, awarded through the Healthy Brains, Healthy Lives initiative at McGill University to T.M.D, a Natural Sciences and Engineering Research Council of Canada (NSERC) Discovery Grant (RGPIN-2018-06209) to S.B., an FRQS and Parkinson Québec Master’s training award (273951), a CIHR Canada Graduate Scholarships—Master’s Award, and Université de Montréal Bourse de recrutement du Département de neurosciences to A.F., an NSERC doctoral award, an FRQS doctoral award (252652), an IRCM doctoral scholarship and a McGill medical internal studentship to A.K.L., an FRQS doctoral scholarship (303256) to H.K., and a doctoral scholarship from the Alzheimer Society of Canada to N.Y.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Canadian Council on Animal Care and was approved by the Institut de Recherches Cliniques de Montréal (IRCM) Animal Care Committee (protocol codes 2017-02 and 2021-03).




Informed Consent Statement


Not applicable.




Data Availability Statement


This study includes no data deposited in external repositories. All the data in this study are available in the figures and Supplementary figures of this paper.




Acknowledgments


We thank Emmanuelle Nguyen-Renou and Fangzhou Zhao for their technical assistance.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Dodel, R.; Csoti, I.; Ebersbach, G.; Fuchs, G.; Hahne, M.; Kuhn, W.; Oechsner, M.; Jost, W.; Reichmann, H.; Schulz, J.B. Lewy body dementia and Parkinson’s disease with dementia. J. Neurol. 2008, 255 (Suppl. S5), 39–47. [Google Scholar] [CrossRef] [PubMed]

	



Galvin, J.E.; Lee, V.M.; Trojanowski, J.Q. Synucleinopathies: Clinical and pathological implications. Arch. Neurol. 2001, 58, 186–190. [Google Scholar] [CrossRef] [PubMed]

	



Hardy, J.; Gwinn-Hardy, K. Genetic classification of primary neurodegenerative disease. Science 1998, 282, 1075–1079. [Google Scholar] [CrossRef]

	



Spillantini, M.G.; Schmidt, M.L.; Lee, V.M.Y.; Trojanowski, J.Q.; Jakes, R.; Goedert, M. α-Synuclein in Lewy bodies. Nature 1997, 388, 839–840. [Google Scholar] [CrossRef] [PubMed]

	



Wong, Y.C.; Krainc, D. Alpha-synuclein toxicity in neurodegeneration: Mechanism and therapeutic strategies. Nat. Med. 2017, 23, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.J.; Desplats, P.; Sigurdson, C.; Tsigelny, I.; Masliah, E. Cell-to-cell transmission of non-prion protein aggregates. Nat. Rev. Neurol. 2010, 6, 702–706. [Google Scholar] [CrossRef] [PubMed]

	



Luk, K.C.; Kehm, V.; Carroll, J.; Zhang, B.; O’Brien, P.; Trojanowski, J.Q.; Lee, V.M. Pathological alpha-synuclein transmission initiates Parkinson-like neurodegeneration in nontransgenic mice. Science 2012, 338, 949–953. [Google Scholar] [CrossRef]

	



Stefanis, L. Alpha-Synuclein in Parkinson’s disease. Cold Spring Harb. Perspect. Med. 2012, 2, a009399. [Google Scholar] [CrossRef]

	



Li, J.Y.; Englund, E.; Holton, J.L.; Soulet, D.; Hagell, P.; Lees, A.J.; Lashley, T.; Quinn, N.P.; Rehncrona, S.; Bjorklund, A.; et al. Lewy bodies in grafted neurons in subjects with Parkinson’s disease suggest host-to-graft disease propagation. Nat. Med. 2008, 14, 501–503. [Google Scholar] [CrossRef]

	



Van Den Berge, N.; Ferreira, N.; Gram, H.; Mikkelsen, T.W.; Alstrup, A.K.O.; Casadei, N.; Tsung-Pin, P.; Riess, O.; Nyengaard, J.R.; Tamguney, G.; et al. Evidence for bidirectional and trans-synaptic parasympathetic and sympathetic propagation of alpha-synuclein in rats. Acta Neuropathol. 2019, 138, 535–550. [Google Scholar] [CrossRef]

	



Rey, N.L.; Petit, G.H.; Bousset, L.; Melki, R.; Brundin, P. Transfer of human alpha-synuclein from the olfactory bulb to interconnected brain regions in mice. Acta Neuropathol. 2013, 126, 555–573. [Google Scholar] [CrossRef]

	



Okuzumi, A.; Kurosawa, M.; Hatano, T.; Takanashi, M.; Nojiri, S.; Fukuhara, T.; Yamanaka, T.; Miyazaki, H.; Yoshinaga, S.; Furukawa, Y.; et al. Rapid dissemination of alpha-synuclein seeds through neural circuits in an in-vivo prion-like seeding experiment. Acta Neuropathol. Commun. 2018, 6, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Kwon, S.H.; Kam, T.I.; Panicker, N.; Karuppagounder, S.S.; Lee, S.; Lee, J.H.; Kim, W.R.; Kook, M.; Foss, C.A.; et al. Transneuronal Propagation of Pathologic alpha-Synuclein from the Gut to the Brain Models Parkinson’s Disease. Neuron 2019, 103, 627–641. [Google Scholar] [CrossRef] [PubMed]

	



Awa, S.; Suzuki, G.; Masuda-Suzukake, M.; Nonaka, T.; Saito, M.; Hasegawa, M. Phosphorylation of endogenous alpha-synuclein induced by extracellular seeds initiates at the pre-synaptic region and spreads to the cell body. Sci. Rep. 2022, 12, 1163. [Google Scholar] [CrossRef] [PubMed]

	



Siddiqui, T.J.; Craig, A.M. Synaptic organizing complexes. Curr. Opin. Neurobiol. 2011, 21, 132–143. [Google Scholar] [CrossRef] [PubMed]

	



Craig, A.M.; Graf, E.R.; Linhoff, M.W. How to build a central synapse: Clues from cell culture. Trends Neurosci. 2006, 29, 8–20. [Google Scholar] [CrossRef] [PubMed]

	



Sudhof, T.C. Synaptic Neurexin Complexes: A Molecular Code for the Logic of Neural Circuits. Cell 2017, 171, 745–769. [Google Scholar] [CrossRef]

	



Takahashi, H.; Craig, A.M. Protein tyrosine phosphatases PTPdelta, PTPsigma, and LAR: Presynaptic hubs for synapse organization. Trends Neurosci. 2013, 36, 522–534. [Google Scholar] [CrossRef] [PubMed]

	



de Wit, J.; Ghosh, A. Control of neural circuit formation by leucine-rich repeat proteins. Trends Neurosci. 2014, 37, 539–550. [Google Scholar] [CrossRef]

	



Um, J.W.; Ko, J. LAR-RPTPs: Synaptic adhesion molecules that shape synapse development. Trends Cell Biol. 2013, 23, 465–475. [Google Scholar] [CrossRef]

	



Sudhof, T.C. Neuroligins and neurexins link synaptic function to cognitive disease. Nature 2008, 455, 903–911. [Google Scholar] [CrossRef] [PubMed]

	



Craig, A.M.; Kang, Y. Neurexin-neuroligin signaling in synapse development. Curr. Opin. Neurobiol. 2007, 17, 43–52. [Google Scholar] [CrossRef] [PubMed]

	



Bemben, M.A.; Shipman, S.L.; Nicoll, R.A.; Roche, K.W. The cellular and molecular landscape of neuroligins. Trends Neurosci. 2015, 38, 496–505. [Google Scholar] [CrossRef] [PubMed]

	



Kasem, E.; Kurihara, T.; Tabuchi, K. Neurexins and neuropsychiatric disorders. Neurosci. Res. 2018, 127, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



Tromp, A.; Mowry, B.; Giacomotto, J. Neurexins in autism and schizophrenia-a review of patient mutations, mouse models and potential future directions. Mol. Psychiatry 2021, 26, 747–760. [Google Scholar] [CrossRef] [PubMed]

	



Born, G.; Grayton, H.M.; Langhorst, H.; Dudanova, I.; Rohlmann, A.; Woodward, B.W.; Collier, D.A.; Fernandes, C.; Missler, M. Genetic targeting of NRXN2 in mice unveils role in excitatory cortical synapse function and social behaviors. Front. Synaptic Neurosci. 2015, 7, 3. [Google Scholar] [CrossRef]

	



Dachtler, J.; Ivorra, J.L.; Rowland, T.E.; Lever, C.; Rodgers, R.J.; Clapcote, S.J. Heterozygous deletion of alpha-neurexin I or alpha-neurexin II results in behaviors relevant to autism and schizophrenia. Behav. Neurosci. 2015, 129, 765–776. [Google Scholar] [CrossRef]

	



Naito, Y.; Tanabe, Y.; Lee, A.K.; Hamel, E.; Takahashi, H. Amyloid-beta Oligomers Interact with Neurexin and Diminish Neurexin-mediated Excitatory Presynaptic Organization. Sci. Rep. 2017, 7, 1–13. [Google Scholar] [CrossRef]

	



Lee, A.K.; Khaled, H.; Chofflet, N.; Takahashi, H. Synaptic Organizers in Alzheimer’s Disease: A Classification Based on Amyloid-beta Sensitivity. Front. Cell Neurosci. 2020, 14, 281. [Google Scholar] [CrossRef]

	



Domert, J.; Rao, S.B.; Agholme, L.; Brorsson, A.C.; Marcusson, J.; Hallbeck, M.; Nath, S. Spreading of amyloid-beta peptides via neuritic cell-to-cell transfer is dependent on insufficient cellular clearance. Neurobiol. Dis. 2014, 65, 82–92. [Google Scholar] [CrossRef]

	



Kadowaki, H.; Nishitoh, H.; Urano, F.; Sadamitsu, C.; Matsuzawa, A.; Takeda, K.; Masutani, H.; Yodoi, J.; Urano, Y.; Nagano, T.; et al. Amyloid beta induces neuronal cell death through ROS-mediated ASK1 activation. Cell Death Differ. 2005, 12, 19–24. [Google Scholar] [CrossRef]

	



Mucke, L.; Selkoe, D.J. Neurotoxicity of amyloid beta-protein: Synaptic and network dysfunction. Cold Spring Harb. Perspect. Med. 2012, 2, a006338. [Google Scholar] [CrossRef]

	



Nath, S.; Agholme, L.; Kurudenkandy, F.R.; Granseth, B.; Marcusson, J.; Hallbeck, M. Spreading of neurodegenerative pathology via neuron-to-neuron transmission of beta-amyloid. J. Neurosci. 2012, 32, 8767–8777. [Google Scholar] [CrossRef] [PubMed]

	



Shankar, G.M.; Walsh, D.M. Alzheimer’s disease: Synaptic dysfunction and Abeta. Mol. Neurodegener. 2009, 4, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Sheng, M.; Sabatini, B.L.; Sudhof, T.C. Synapses and Alzheimer’s disease. Cold Spring Harb. Perspect. Biol. 2012, 4, a005777. [Google Scholar] [CrossRef]

	



Takuma, H.; Tomiyama, T.; Kuida, K.; Mori, H. Amyloid beta peptide-induced cerebral neuronal loss is mediated by caspase-3 in vivo. J. Neuropathol. Exp. Neurol. 2004, 63, 255–261. [Google Scholar] [CrossRef]

	



Wei, W.; Nguyen, L.N.; Kessels, H.W.; Hagiwara, H.; Sisodia, S.; Malinow, R. Amyloid beta from axons and dendrites reduces local spine number and plasticity. Nat. Neurosci. 2010, 13, 190–196. [Google Scholar] [CrossRef] [PubMed]

	



Kalaitzakis, M.E.; Graeber, M.B.; Gentleman, S.M.; Pearce, R.K. Striatal beta-amyloid deposition in Parkinson disease with dementia. J. Neuropathol. Exp. Neurol. 2008, 67, 155–161. [Google Scholar] [CrossRef]

	



Hepp, D.H.; Vergoossen, D.L.; Huisman, E.; Lemstra, A.W.; Netherlands Brain, B.; Berendse, H.W.; Rozemuller, A.J.; Foncke, E.M.; van de Berg, W.D. Distribution and Load of Amyloid-beta Pathology in Parkinson Disease and Dementia with Lewy Bodies. J. Neuropathol. Exp. Neurol. 2016, 75, 936–945. [Google Scholar] [CrossRef]

	



Lippa, C.F.; Fujiwara, H.; Mann, D.M.; Giasson, B.; Baba, M.; Schmidt, M.L.; Nee, L.E.; O’Connell, B.; Pollen, D.A.; St George-Hyslop, P.; et al. Lewy bodies contain altered alpha-synuclein in brains of many familial Alzheimer’s disease patients with mutations in presenilin and amyloid precursor protein genes. Am. J. Pathol. 1998, 153, 1365–1370. [Google Scholar] [CrossRef]

	



Arai, Y.; Yamazaki, M.; Mori, O.; Muramatsu, H.; Asano, G.; Katayama, Y. Alpha-synuclein-positive structures in cases with sporadic Alzheimer’s disease: Morphology and its relationship to tau aggregation. Brain Res. 2001, 888, 287–296. [Google Scholar] [CrossRef] [PubMed]

	



Masliah, E.; Rockenstein, E.; Veinbergs, I.; Sagara, Y.; Mallory, M.; Hashimoto, M.; Mucke, L. beta-amyloid peptides enhance alpha-synuclein accumulation and neuronal deficits in a transgenic mouse model linking Alzheimer’s disease and Parkinson’s disease. Proc. Natl. Acad. Sci. USA 2001, 98, 12245–12250. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, G.R.; Aoto, J.; Tabuchi, K.; Foldy, C.; Covy, J.; Yee, A.X.; Wu, D.; Lee, S.J.; Chen, L.; Malenka, R.C.; et al. beta-Neurexins Control Neural Circuits by Regulating Synaptic Endocannabinoid Signaling. Cell 2015, 162, 593–606. [Google Scholar] [CrossRef]

	



Lee, A.K.; Yi, N.; Khaled, H.; Feller, B.; Takahashi, H. SorCS1 inhibits amyloid-beta binding to neurexin and rescues amyloid-beta-induced synaptic pathology. Life Sci. Alliance 2023, 6, e202201681. [Google Scholar] [CrossRef]

	



Takahashi, H.; Arstikaitis, P.; Prasad, T.; Bartlett, T.E.; Wang, Y.T.; Murphy, T.H.; Craig, A.M. Postsynaptic TrkC and presynaptic PTPsigma function as a bidirectional excitatory synaptic organizing complex. Neuron 2011, 69, 287–303. [Google Scholar] [CrossRef]

	



Takahashi, H.; Katayama, K.; Sohya, K.; Miyamoto, H.; Prasad, T.; Matsumoto, Y.; Ota, M.; Yasuda, H.; Tsumoto, T.; Aruga, J.; et al. Selective control of inhibitory synapse development by Slitrk3-PTPdelta trans-synaptic interaction. Nat. Neurosci. 2012, 15, 389–398. [Google Scholar] [CrossRef]

	



Tanabe, Y.; Naito, Y.; Vasuta, C.; Lee, A.K.; Soumounou, Y.; Linhoff, M.W.; Takahashi, H. IgSF21 promotes differentiation of inhibitory synapses via binding to neurexin2α. Nat. Commun. 2017, 8, 408. [Google Scholar] [CrossRef] [PubMed]

	



Patterson, J.R.; Polinski, N.K.; Duffy, M.F.; Kemp, C.J.; Luk, K.C.; Volpicelli-Daley, L.A.; Kanaan, N.M.; Sortwell, C.E. Generation of Alpha-Synuclein Preformed Fibrils from Monomers and Use In Vivo. J. Vis. Exp. 2019, 148, e59758. [Google Scholar] [CrossRef]

	



Kaech, S.; Banker, G. Culturing hippocampal neurons. Nat. Protoc. 2006, 1, 2406–2415. [Google Scholar] [CrossRef]

	



Hijaz, B.A.; Volpicelli-Daley, L.A. Initiation and propagation of alpha-synuclein aggregation in the nervous system. Mol. Neurodegener. 2020, 15, 1–12. [Google Scholar] [CrossRef]

	



Volpicelli-Daley, L.A.; Luk, K.C.; Lee, V.M. Addition of exogenous alpha-synuclein preformed fibrils to primary neuronal cultures to seed recruitment of endogenous alpha-synuclein to Lewy body and Lewy neurite-like aggregates. Nat. Protoc. 2014, 9, 2135–2146. [Google Scholar] [CrossRef] [PubMed]

	



Stetefeld, J.; McKenna, S.A.; Patel, T.R. Dynamic light scattering: A practical guide and applications in biomedical sciences. Biophys. Rev. 2016, 8, 409–427. [Google Scholar] [CrossRef] [PubMed]

	



Panchal, J.; Kotarek, J.; Marszal, E.; Topp, E.M. Analyzing subvisible particles in protein drug products: A comparison of dynamic light scattering (DLS) and resonant mass measurement (RMM). AAPS J. 2014, 16, 440–451. [Google Scholar] [CrossRef]

	



Urrea, L.; Segura-Feliu, M.; Masuda-Suzukake, M.; Hervera, A.; Pedraz, L.; Garcia Aznar, J.M.; Vila, M.; Samitier, J.; Torrents, E.; Ferrer, I.; et al. Involvement of Cellular Prion Protein in alpha-Synuclein Transport in Neurons. Mol. Neurobiol. 2018, 55, 1847–1860. [Google Scholar] [CrossRef]

	



Ferreira, D.G.; Temido-Ferreira, M.; Vicente Miranda, H.; Batalha, V.L.; Coelho, J.E.; Szego, E.M.; Marques-Morgado, I.; Vaz, S.H.; Rhee, J.S.; Schmitz, M.; et al. Alpha-synuclein interacts with PrP (C) to induce cognitive impairment through mGluR5 and NMDAR2B. Nat. Neurosci. 2017, 20, 1569–1579. [Google Scholar] [CrossRef] [PubMed]

	



Domingues, R.; Sant’Anna, R.; da Fonseca, A.C.C.; Robbs, B.K.; Foguel, D.; Outeiro, T.F. Extracellular alpha-synuclein: Sensors, receptors, and responses. Neurobiol. Dis. 2022, 168, 105696. [Google Scholar] [CrossRef]

	



Reissner, C.; Runkel, F.; Missler, M. Neurexins. Genome Biol. 2013, 14, 1–15. [Google Scholar] [CrossRef]

	



Taniguchi, H.; Gollan, L.; Scholl, F.G.; Mahadomrongkul, V.; Dobler, E.; Limthong, N.; Peck, M.; Aoki, C.; Scheiffele, P. Silencing of neuroligin function by postsynaptic neurexins. J. Neurosci. 2007, 27, 2815–2824. [Google Scholar] [CrossRef]

	



Futai, K.; Doty, C.D.; Baek, B.; Ryu, J.; Sheng, M. Specific trans-synaptic interaction with inhibitory interneuronal neurexin underlies differential ability of neuroligins to induce functional inhibitory synapses. J. Neurosci. 2013, 33, 3612–3623. [Google Scholar] [CrossRef]

	



Klatt, O.; Repetto, D.; Brockhaus, J.; Reissner, C.; El Khallouqi, A.; Rohlmann, A.; Heine, M.; Missler, M. Endogenous beta-neurexins on axons and within synapses show regulated dynamic behavior. Cell Rep. 2021, 35, 109266. [Google Scholar] [CrossRef]

	



Scheiffele, P.; Fan, J.; Choih, J.; Fetter, R.; Serafini, T. Neuroligin expressed in nonneuronal cells triggers presynaptic development in contacting axons. Cell 2000, 101, 657–669. [Google Scholar] [CrossRef]

	



Boucard, A.A.; Chubykin, A.A.; Comoletti, D.; Taylor, P.; Sudhof, T.C. A splice code for trans-synaptic cell adhesion mediated by binding of neuroligin 1 to alpha- and beta-neurexins. Neuron 2005, 48, 229–236. [Google Scholar] [CrossRef] [PubMed]

	



Chih, B.; Gollan, L.; Scheiffele, P. Alternative splicing controls selective trans-synaptic interactions of the neuroligin-neurexin complex. Neuron 2006, 51, 171–178. [Google Scholar] [CrossRef]

	



Volpicelli-Daley, L.A.; Gamble, K.L.; Schultheiss, C.E.; Riddle, D.M.; West, A.B.; Lee, V.M. Formation of alpha-synuclein Lewy neurite-like aggregates in axons impedes the transport of distinct endosomes. Mol. Biol. Cell 2014, 25, 4010–4023. [Google Scholar] [CrossRef]

	



Prots, I.; Grosch, J.; Brazdis, R.M.; Simmnacher, K.; Veber, V.; Havlicek, S.; Hannappel, C.; Krach, F.; Krumbiegel, M.; Schutz, O.; et al. Alpha-Synuclein oligomers induce early axonal dysfunction in human iPSC-based models of synucleinopathies. Proc. Natl. Acad. Sci. USA 2018, 115, 7813–7818. [Google Scholar] [CrossRef]

	



Colom-Cadena, M.; Pegueroles, J.; Herrmann, A.G.; Henstridge, C.M.; Munoz, L.; Querol-Vilaseca, M.; Martin-Paniello, C.S.; Luque-Cabecerans, J.; Clarimon, J.; Belbin, O.; et al. Synaptic phosphorylated alpha-synuclein in dementia with Lewy bodies. Brain 2017, 140, 3204–3214. [Google Scholar] [CrossRef] [PubMed]

	



Mao, X.; Ou, M.T.; Karuppagounder, S.S.; Kam, T.I.; Yin, X.; Xiong, Y.; Ge, P.; Umanah, G.E.; Brahmachari, S.; Shin, J.H.; et al. Pathological alpha-synuclein transmission initiated by binding lymphocyte-activation gene 3. Science 2016, 353, aah3374. [Google Scholar] [CrossRef] [PubMed]

	



Choi, Y.R.; Cha, S.H.; Kang, S.J.; Kim, J.B.; Jou, I.; Park, S.M. Prion-like Propagation of alpha-Synuclein Is Regulated by the FcgammaRIIB-SHP-1/2 Signaling Pathway in Neurons. Cell Rep. 2018, 22, 136–148. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, L.; Marano, M.M.; Tandon, A. Import and Export of Misfolded alpha-Synuclein. Front. Neurosci. 2018, 12, 344. [Google Scholar] [CrossRef]

	



Um, J.W.; Nygaard, H.B.; Heiss, J.K.; Kostylev, M.A.; Stagi, M.; Vortmeyer, A.; Wisniewski, T.; Gunther, E.C.; Strittmatter, S.M. Alzheimer amyloid-beta oligomer bound to postsynaptic prion protein activates Fyn to impair neurons. Nat. Neurosci. 2012, 15, 1227–1235. [Google Scholar] [CrossRef]

	



Sengupta, U.; Kayed, R. Amyloid beta, Tau, and alpha-Synuclein aggregates in the pathogenesis, prognosis, and therapeutics for neurodegenerative diseases. Prog. Neurobiol. 2022, 214, 102270. [Google Scholar] [CrossRef]

	



Lauren, J.; Gimbel, D.A.; Nygaard, H.B.; Gilbert, J.W.; Strittmatter, S.M. Cellular prion protein mediates impairment of synaptic plasticity by amyloid-beta oligomers. Nature 2009, 457, 1128–1132. [Google Scholar] [CrossRef] [PubMed]

	



Rudenko, G.; Nguyen, T.; Chelliah, Y.; Sudhof, T.C.; Deisenhofer, J. The structure of the ligand-binding domain of neurexin Ibeta: Regulation of LNS domain function by alternative splicing. Cell 1999, 99, 93–101. [Google Scholar] [CrossRef] [PubMed]

	



Gokce, O.; Sudhof, T.C. Membrane-tethered monomeric neurexin LNS-domain triggers synapse formation. J. Neurosci. 2013, 33, 14617–14628. [Google Scholar] [CrossRef] [PubMed]

	



Roppongi, R.T.; Dhume, S.H.; Padmanabhan, N.; Silwal, P.; Zahra, N.; Karimi, B.; Bomkamp, C.; Patil, C.S.; Champagne-Jorgensen, K.; Twilley, R.E.; et al. LRRTMs Organize Synapses through Differential Engagement of Neurexin and PTPsigma. Neuron 2020, 106, 108–125. [Google Scholar] [CrossRef]

	



Han, K.A.; Kim, Y.J.; Yoon, T.H.; Kim, H.; Bae, S.; Um, J.W.; Choi, S.Y.; Ko, J. LAR-RPTPs Directly Interact with Neurexins to Coordinate Bidirectional Assembly of Molecular Machineries. J. Neurosci. 2020, 40, 8438–8462. [Google Scholar] [CrossRef] [PubMed]

	



Savas, J.N.; Ribeiro, L.F.; Wierda, K.D.; Wright, R.; DeNardo-Wilke, L.A.; Rice, H.C.; Chamma, I.; Wang, Y.Z.; Zemla, R.; Lavallee-Adam, M.; et al. The Sorting Receptor SorCS1 Regulates Trafficking of Neurexin and AMPA Receptors. Neuron 2015, 87, 764–780. [Google Scholar] [CrossRef]

	



Wu, Q.; Takano, H.; Riddle, D.M.; Trojanowski, J.Q.; Coulter, D.A.; Lee, V.M. Alpha-Synuclein (alphaSyn) Preformed Fibrils Induce Endogenous alphaSyn Aggregation, Compromise Synaptic Activity and Enhance Synapse Loss in Cultured Excitatory Hippocampal Neurons. J. Neurosci. 2019, 39, 5080–5094. [Google Scholar] [CrossRef]

	



Covey, D.P.; Mateo, Y.; Sulzer, D.; Cheer, J.F.; Lovinger, D.M. Endocannabinoid modulation of dopamine neurotransmission. Neuropharmacology 2017, 124, 52–61. [Google Scholar] [CrossRef]

	



Fernandez-Ruiz, J.; Moreno-Martet, M.; Rodriguez-Cueto, C.; Palomo-Garo, C.; Gomez-Canas, M.; Valdeolivas, S.; Guaza, C.; Romero, J.; Guzman, M.; Mechoulam, R.; et al. Prospects for cannabinoid therapies in basal ganglia disorders. Br. J. Pharmacol. 2011, 163, 1365–1378. [Google Scholar] [CrossRef]

	



Glass, M.; Felder, C.C. Concurrent stimulation of cannabinoid CB1 and dopamine D2 receptors augments cAMP accumulation in striatal neurons: Evidence for a Gs linkage to the CB1 receptor. J. Neurosci. 1997, 17, 5327–5333. [Google Scholar] [CrossRef]

	



Roppongi, R.T.; Karimi, B.; Siddiqui, T.J. Role of LRRTMs in synapse development and plasticity. Neurosci. Res. 2017, 116, 18–28. [Google Scholar] [CrossRef] [PubMed]

	



Yuzaki, M. The C1q complement family of synaptic organizers: Not just complementary. Curr. Opin. Neurobiol. 2017, 45, 9–15. [Google Scholar] [CrossRef] [PubMed]

	



Soler-Llavina, G.J.; Fuccillo, M.V.; Ko, J.; Sudhof, T.C.; Malenka, R.C. The neurexin ligands, neuroligins and leucine-rich repeat transmembrane proteins, perform convergent and divergent synaptic functions in vivo. Proc. Natl. Acad. Sci. USA 2011, 108, 16502–16509. [Google Scholar] [CrossRef]

	



Dhume, S.H.; Connor, S.A.; Mills, F.; Tari, P.K.; Au-Yeung, S.H.M.; Karimi, B.; Oku, S.; Roppongi, R.T.; Kawabe, H.; Bamji, S.X.; et al. Distinct but overlapping roles of LRRTM1 and LRRTM2 in developing and mature hippocampal circuits. eLife 2022, 11, e64742. [Google Scholar] [CrossRef] [PubMed]

	



Dai, J.; Patzke, C.; Liakath-Ali, K.; Seigneur, E.; Sudhof, T.C. GluD1 is a signal transduction device disguised as an ionotropic receptor. Nature 2021, 595, 261–265. [Google Scholar] [CrossRef]

	



Ghiglieri, V.; Calabrese, V.; Calabresi, P. Alpha-Synuclein: From Early Synaptic Dysfunction to Neurodegeneration. Front. Neurol. 2018, 9, 295. [Google Scholar] [CrossRef]

	



Kelly, S.M.; Price, N.C. The use of circular dichroism in the investigation of protein structure and function. Curr. Protein. Pept. Sci. 2000, 1, 349–384. [Google Scholar] [CrossRef]








[image: Cells 12 01083 g001 550] 





Figure 1. Biophysical characterization of pathological α-synuclein preformed fibrils (α-syn PFFs). (A) Representative electron microscopy (EM) images (top) of α-synuclein (α-syn) proteins after aggregation incubation (left) followed by sonication (right). The sonicated aggregates were used as α-syn preformed fibrils (α-syn PFFs) in this study. Histogram (bottom) showing the lengths of α-syn PFFs. Most are between 30 and 80 nm (55.46 ± 2.87 nm (mean ± SEM, 81 α-syn PFF particles)). Scale bars: 200 μm in lower magnification images and 50 μm in higher magnification images. (B) The dynamic light scattering analysis of α-syn PFFs confirms that their average size is 52.85 nm, which is consistent with the above EM analysis, and shows that their polydispersity index (PDI) is 0.122, suggesting that they are relatively homogeneous aggregates. (C) Fluorescent quantification using thioflavin-T assays to confirm amyloid β-sheet structures in α-syn PFFs. Kruskal-Wallis one-way ANOVA, p < 0.01. * p < 0.05 and N.S., not significant, compared with PBS by a Dunn’s multiple comparisons test. Data are presented as mean ± SEM. (n = 2 samples for PBS and α-syn monomers and 6 samples for α-syn PFFs). (D) α-syn PFFs induce hyperphosphorylation of endogenous α-synuclein in the hippocampal neuron cultures. Hippocampal cultured neurons were treated with α-syn PFFs (2.5 μg/mL [174 nM monomer equivalent]) or α-syn monomers (2.5 μg/mL) at 7 days in vitro (DIV). The cultures were maintained until 14 DIV and then immunostained for phospho-α-synuclein (red) and MAP2 (green), the dendrite marker. Treatment with α-syn PFFs, but not α-syn monomers, induced clusters of phosphorylated α-synuclein immunoreactivity along neurites (middle panel, red). Bar graph (bottom) showing the intensity quantification of phospho-α-synuclein immunoreactivity in neurons treated with α-syn monomers or α-syn PFFs. Mann-Whitney U test, **** p < 0.0001. Data are presented as mean ± SEM. (n = 11 images for each from two independent experiments). Scale bars: 30 μm in lower magnification images and 10 μm in higher magnification images. 
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Figure 2. A candidate screen based on cell surface protein binding assays using biotin-conjugated α-syn PFFs isolates neurexin1β (NRX1β) as an α-syn PFF-interacting protein. (A) Validation of biotin conjugation to α-syn monomers and PFFs by dot blot assays. Untagged and biotin-conjugated α-syn monomers and PFFs were spotted onto a nitrocellulose membrane and immunolabeled with anti-α-synuclein antibody to confirm the presence of the indicated proteins. After stripping the anti-α-synuclein antibody, the membrane was labelled with HRP-conjugated streptavidin to detect biotin-conjugated proteins. Only biotin-α-syn monomers and PFFs, but not untagged ones, display HRP-streptavidin-based signals. (B) A cell surface protein binding assay shows that the biotin-α-syn PFFs bind to COS-7 cells expressing the N-terminal extracellular HA-tagged cellular prion protein (HA-PrPc), which is a known α-syn PFF-interacting protein, but not those expressing HA-CD4 as a negative control. The surface HA was immunolabelled to verify the expression of these constructs on the COS-7 cell surface. Scale bar: 30 μm. (C) Representative images showing cell surface protein binding assays testing for interaction between α-syn PFFs (1 µM, monomer equivalent) and known synaptic organizers. COS-7 cells expressing the indicated construct were exposed to α-syn PFFs. α-syn PFFs bind to COS-7 cells expressing HA-tagged neurexin 1β (HA-NRX1β), but not to those expressing any of the other organizers including HA-neuroligin1 (HA-NLG1). Surface HA (green) was immunostained to verify the expression of the indicated N-terminal extracellular HA-tagged constructs on the COS-7 cell surface. Scale bar: 30 μm. 
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Figure 3. α-syn PFFs, but not α-syn monomers, bind directly to NRX1β. (A) Representative images of cell surface binding assays showing COS-7 cells expressing extracellular HA-tagged neurexin 1β (HA-NRX1β) treated with biotin-conjugated α-syn PFFs at the indicated concentrations (0–24,000 nM monomer equivalent) or treated with 24,000 nM biotin-α-syn monomers. The surface HA (green) was immunolabelled to verify the expression of these constructs on the COS-7 cell surface. Scale bar: 30 μm. (B) Saturable binding of biotin-α-syn PFFs to COS-7 cells expressing HA-NRX1β. Biotin-α-syn PFFs display a saturable binding curve, whereas biotin-α-syn monomers show no binding, even at high concentrations. Data are presented as mean ± SEM (n = 30 cells for each plot from three independent experiments). (C) A Scatchard plot of the biotin-α-syn PFF binding data from (B) indicates a KD of 536 nM monomer equivalent. (D,E) Representative sensorgrams from surface plasmon resonance (SPR) analysis for the binding of untagged α-syn PFFs (D) or untagged α-syn monomers (E) to the purified recombinant NRX1β ectodomain fused to human immunoglobulin Fc (NRX1β-Fc) immobilized on the sensor chip. The KD value of α-syn PFFs is 554 nM. The KD value of α-syn monomers could not be determined, and the sensorgrams indicated no significant binding of α-syn monomers to immobilized NRX1β. 
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Figure 4. α-syn PFFs selectively bind to β-isoforms, but not α-isoforms, of NRXs. (A) Representative images showing the binding of biotin-α-syn PFFs (1 µM, monomer equivalent) to COS-7 cells expressing the indicated isoform of extracellularly HA-tagged NRX. S4− and S4+ indicate without and with an insert at splicing site 4, respectively. Surface HA (green) was immunolabelled to verify the expression of these constructs on the COS-7 cell surface. Scale bar: 30 μm. (B) Quantification of the average intensity of bound biotin-α-syn PFFs on COS-7 cells expressing the indicated constructs. Only β-isoforms of NRXs show the significant binding of biotin-α-syn PFFs. α-NRXs have no binding of biotin-α-syn PFFs. Kruskal-Wallis one-way ANOVA, p < 0.0001. **** p < 0.0001 compared with HA-CD4 by Dunn’s multiple comparisons test. N.S., not significant. Data are presented as mean ± SEM. (n = 30 cells for each of three independent experiments). 
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Figure 5. The N-terminal histidine-rich domain (HRD) of NRX1β is responsible for the binding of α-syn PFFs to NRX1β. (A) A diagram showing the domain structure of NRX1β. HRD: the histidine-rich domain (HRD), LNS: laminin-neurexin-sex hormone binding globulin, HS: a heparan sulfate modification site, CysLoop: cysteine loop region, TM: transmembrane region, N and C: N- and C-terminals, respectively. (B) Representative images showing the binding of 1 μM biotin-α-syn PFFs to COS-7 cells expressing the indicated HA-NRX1β deletion constructs, full-length HA-NRX1β (Full) or HA-CD4, a negative control. NRX1β lacking the HRD (ΔHRD) has no binding of biotin-α-syn PFFs. The binding of biotin-α-syn PFFs to NRX1β lacking either the LNS, the HS or the CysLoop (ΔLNS, ΔHS, ΔCysLoop) appears comparable to the binding to full-length NRX1β. Scale bar: 30 μm. (C) Quantification of the average intensity of bound biotin-α-syn PFFs on COS-7 cells expressing the indicated HA-NRX1β constructs. Kruskal-Wallis one-way ANOVA, p < 0.0001. # p < 0.0001 compared with HA-CD; **** p < 0.0001 compared with HA-NRX1β Full by Dunn’s multiple comparisons test. N.S., not significant. Data are presented as mean ± SEM. (n = 30 cells for each of three independent experiments). (D) Quantification of the average intensity of surface HA on COS-7 cells expressing the indicated HA-NRX1β constructs in (C). Kruskal-Wallis one-way ANOVA, p = 0.0034. N.S., not significant in the comparisons with HA-CD4 and HA-NRX1β Full. Data are presented as mean ± SEM. (n = 30 cells for each from three independent experiments). (E) Representative images of cell surface protein binding assays showing COS-7 cells expressing HA-NRX1β co-treated with 1 μM biotin-α-syn PFFs and a mouse monoclonal antibody against the HRD of NRX1β (anti-NRX1β antibody) at varying concentrations (0–5 μg/mL). Co-treatment with anti-NRX1β appears to inhibit the binding of α-syn PFFs to COS-7 cells expressing HA-NRX1β in a dose-dependent manner. Scale bar: 30 μm. (F) Quantification of biotin-α-syn PFFs (1 μM monomer equivalent) bound to COS-7 cells expressing HA-NRX1β in the presence of various concentrations of anti-NRX1β antibody (0–5 μg/mL). The half maximal inhibitory concentration (IC50) is 0.68 μg/mL. (G) A diagram showing that α-syn PFFs bind to NRX1β through its HRD. 
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Figure 6. Axonal expression of NRX1β enhances the binding of α-syn PFFs to the axon surface in its HRD-dependent manner. (A) Representative images of cultured hippocampal neurons transfected with IRES-GFP, HA-NRX1β-IRES-GFP or HA-NRX1βΔHRD-IRES-GFP and exposed to biotin-α-syn PFFs (174 nM monomer equivalent) at 15 DIV. Afterwards, the neurons were triple immunostained for bound biotin-α-syn PFFs, surface HA and MAP2. GFP-positive and MAP2-negative neurites were selected as axons for quantitative analysis. The arrowheads and arrows indicate axons with and without bound α-syn PFF signals, respectively. In the IRES-GFP images (upper), the arrowhead indicates the axon with a weak and small punctate bound α-syn PFFs signal. Scale bar: 30 μm. (B) Quantification of the average intensity of biotin-α-syn PFFs bound to axons of cultured hippocampal neurons transfected with the indicated constructs. Kruskal-Wallis one-way ANOVA, p < 0.0001. **** p < 0.0001 in the indicated comparisons by Dunn’s multiple comparisons test. N.S., not significant. Data are presented as mean ± SEM. (n = 137, 41 and 58 axons for IRES-GFP, HA-NRX1β-IRES-GFP or HA-NRX1βΔHRD-IRES-GFP, respectively, from three independent experiments). (C) Quantification of the surface HA expression in the cultured hippocampal neurons transfected with the indicated constructs and analyzed in (B). The surface HA expression level in the analyzed axons was comparable between HA-NRX1β and HA-NRX1βΔHRD, suggesting that the lack of significant binding of biotin-α-syn PFFs onto axons transfected with NRX1βΔHRD-IRES-GFP is not due to the insufficient surface expression of NRX1βΔHRD, but rather due to the lack of the HRD, which is responsible for α-syn PFF binding. Kruskal-Wallis one-way ANOVA, p < 0.0001. **** p < 0.0001 in the indicated comparisons by Dunn’s multiple comparisons test. N.S., not significant. 
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Figure 7. Co-culture-based artificial synapse formation assays reveal that α-syn PFFs diminish presynaptic differentiation induced by the NLG1 A-B+ isoform. (A) Schematic illustration of artificial synapse formation assays based on co-cultures of primary hippocampal neurons and HEK cells transfected with HA-NLG1/2 or HA-CD4 (a negative control). Co-cultured samples are immunostained for VGLUT1, an excitatory presynaptic vesicle protein, and VGAT, an inhibitory presynaptic vesicle protein, to visualize NLG-induced excitatory and inhibitory presynaptic differentiation, respectively. (B,E) Representative images from an artificial synapse formation assay showing the accumulation of VGLUT1 (red) and VGAT (green) induced by HA-NLG1 that lacks the splicing site A insert but possesses one at splicing site B (HA-NLG1A-B+; A) or by HA-NLG2 that possesses the splicing site A insert (HA-NLG2A+; D). HA-CD4 was used as a negative control. α-syn PFF treatment (400 nM, 24 h) dampens the presynaptic accumulation of VGLUT1 and VGAT induced by HA-NLG1A-B+ (B). In contrast, α-syn PFF treatment does not appear to affect HA-NLG2-induced accumulation of VGLUT1 or VGAT (E). Treatment with α-syn monomers has no significant effects on VGLUT1 or VGAT accumulation induced by HA-NLG1A-B+ or HA-NLG2A+. Scale bars: 20 μm. (C,D,F,G) Quantification of the presynaptic accumulation of VGLUT1 (C,F) and VGAT (D,G) in hippocampal neurons co-cultured with HEK293T cells expressing HA-NLG1A-B+ (C,D), HA-NLG2A+ (F,G), or HA-CD4, a negative control. Kruskal-Wallis one-way ANOVA, p < 0.0001. # p < 0.0001 and § p < 0.01 compared with HA-CD4 and **** p < 0.0001 for the indicated comparisons with PBS control by Dunn’s multiple comparisons test. N.S., not significant. Data are presented as mean ± SEM. (n > 60 cells for each from four independent experiments). 
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