
Copyright © 2022 the authors

Research Articles: Neurobiology of Disease

Intracellular Accumulation of α-Synuclein
Aggregates Promotes S-Nitrosylation of MAP1A
Leading to Decreased NMDAR-Evoked Calcium
Influx and Loss of Mature Synaptic Spines
https://doi.org/10.1523/JNEUROSCI.0074-22.2022

Cite as: J. Neurosci 2022; 10.1523/JNEUROSCI.0074-22.2022

Received: 11 January 2022
Revised: 11 October 2022
Accepted: 6 November 2022

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 

Intracellular accumulation of α-synuclein aggregates promotes S-1 

nitrosylation of MAP1A leading to decreased NMDAR-evoked calcium 2 

influx and loss of mature synaptic spines  3 

 4 

Ryan D. Hallam,1# Brodie Buchner-Duby,1# Morgan G. Stykel, 1 Carla L. Coackley,1 Scott D. 5 

Ryan1,2† 6 

1Department of Molecular and Cellular Biology, The University of Guelph, Guelph ON N1G 2W1 7 

Canada; 2Neurodegenerative Disease Center, Scintillon Institute, 6868 Nancy Ridge Drive, San 8 

Diego, California 92121, USA  9 

 10 

Abbreviated title: α-syn-induced synaptic dysfunction by SNO-MAP1A 11 

 12 

Number of Pages: 38 13 
Number of figures: 10  14 
Number of tables: 1 15 
Number of words: Abstract (175), Introduction (687), and Discussion (1517) 16 
Conflict of interest statement: The authors have no conflict of interest to declare  17 
 18 
Acknowledgments: This work was supported in part by the Canadian Institutes of Health 19 
Research (2014-685 to SDR), the Natural Sciences and Engineering Research Council of 20 
Canada (RG060805 and CRDPJ: 490841-15 to SDR, CGSM to RH), PSSO and OGS (to BBD) 21 
and the Vanier Program (to MGS). We thank Tinya Wang for technical assistance with DAF-FM 22 
and Stuart Lipton for critical editing of this manuscript. 23 
 24 
Author Contributions: SDR was responsible for project oversight and design, RH and BBD 25 
conducted cell culture, microscopy, and live cell imaging experiments. BBD and CC performed 26 
protein expression and S-nitrosylation experiments with the assistance of MGS. BBD and SDR 27 
prepared and edited the manuscript. 28 
 29 

#Both authors contributed equally to this work 30 

†To whom correspondence should be addressed: sryan03@uoguelph.ca (SDR). 31 

  32 



 

 2

 33 
Abstract 34 

 35 

Cortical synucleinopathies, including Dementia with Lewy Bodies (DLB) and Parkinson’s 36 

Disease Dementia (PDD), collectively known as Lewy body dementia (LBD), are characterized 37 

by the aberrant aggregation of misfolded α-synuclein (α-syn) protein into large inclusions in 38 

cortical tissue, leading to impairments in proteostasis and synaptic connectivity and eventually 39 

resulting in neurodegeneration. Here, we show that male and female rat cortical neurons 40 

exposed to exogenous α-syn preformed fibrils (PFFs) accumulate large, detergent insoluble, 41 

PS129 labeled deposits at synaptic terminals. Live-cell imaging of calcium dynamics coupled 42 

with assessment of network activity reveals that aberrant intracellular accumulation of α-syn 43 

inhibits synaptic response to glutamate through NMDA receptors (NMDAR), though deficits 44 

manifest slowly over a 7-day period. Impairments in NMDAR activity temporally correlated with 45 

increased nitric oxide (NO) synthesis and S-nitrosylation of the dendritic scaffold protein, 46 

MAP1A. Inhibition of NO synthesis via the nitric oxide synthase (NOS) inhibitor L-NG-47 

nitroarginine methyl ester (L-NAME) blocked MAP1A S-nitrosylation and normalized NMDAR-48 

dependent inward calcium transients and overall network activity. Collectively, these data 49 

suggest that loss of synaptic function in LBD may result from synucleinopathy-evoked 50 

nitrosative stress and subsequent NMDAR dysfunction.   51 

 52 
 53 

Significance Statement: This work shows the importance of the redox state of microtubule-54 

associated protein 1A in the maintenance of synaptic function through regulation of NMDAR. 55 

We show that α-syn preformed fibrils promote nitric oxide synthesis, which triggers S-56 

nitrosylation of MAP1A leading to impairment of NMDAR dependent glutamate responses.  This 57 

offers insight into the mechanism of synaptic dysfunction in LBD. 58 

 59 
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Introduction 61 

Intracellular accumulation of α-syn results in impaired proteostasis and perturbations in 62 

neuronal function, including synaptic and mitochondrial dysfunction (Wong and Krainc, 2017). 63 

Sequestration of α-syn into aggregates has been reported in multiple cellular compartments 64 

including the pre-synaptic (Iwai et al., 1995; Withers et al., 1997; Kahle et al., 2000a; Kahle et 65 

al., 2000b; Kramer and Schulz-Schaeffer, 2007; Zhang et al., 2008; Colom-Cadena et al., 66 

2017) and post-synaptic terminals (Fortin et al., 2004; Emanuele et al., 2016; Colom-Cadena 67 

et al., 2017; Shrivastava et al., 2020). While the role of α-syn aggregation in pre-synaptic 68 

dysfunction and altered synaptic vesicle release has been extensively studied, (for a review 69 

see (Sulzer and Edwards, 2019)), the role of α-syn aggregation in post-synaptic remains 70 

poorly understood. There is mounting evidence that aggregated α-syn perturbs post-synaptic 71 

ion channels, which may further exacerbate synaptic deficits. For instance, post-synaptic 72 

densities may be particularly sensitive to pathological accumulation of α-syn as acute passive 73 

infusion of α-syn PFFs into hippocampal neurons inhibits miniature excitatory post-synaptic 74 

currents (mEPSC) within minutes (Wu et al., 2019), suggesting small amounts of 75 

oligomerized intracellular α-syn at the post-synaptic terminus is sufficient to interfere with 76 

synaptic function. Several studies have sought to determine the basis for pathological α-syn-77 

induced post-synaptic dysfunction and evidence suggests that the defect may relate to 78 

NMDAR functionality (Chen et al., 2015; Yang et al., 2016; Durante et al., 2019).  79 

In addition to the effect of α-syn aggregates on ionotropic glutamate receptors (iGluRs), 80 

we and others have shown that prolonged α-syn accumulation leads to a time dependent 81 

increase in NO and other reactive nitrogen species (RNS) (Cooper et al., 2006; Ryan et al., 82 

2013; Stykel et al., 2017; Kam et al., 2018). RNS has been widely implicated in the 83 

pathogenesis of many neurodegenerative diseases, including synucleinopathies (Hunot et al., 84 

1996; Eve et al., 1998). NO can react with the reactive oxygen species (ROS) superoxide anion 85 
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(O2-) to produce the highly toxic peroxynitrite (ONOO-), an RNS capable of damaging lipids 86 

through peroxidation and proteins through cysteine oxidation (known as S-nitrosylation) and 87 

tyrosine nitration (Lipton et al., 1993; Picon-Pages et al., 2019). Furthermore, NO-related 88 

species can aberrantly S-nitrosylate and impair function of many synaptic proteins (Nakamura et 89 

al., 2013). Endogenous NO is typically maintained at low levels, however, NMDAR-dependent 90 

increases in intracellular calcium can drive NO production through enhanced nNOS activity 91 

(Garthwaite et al., 1988; Hardingham and Fox, 2006). NO-related species then act through a 92 

feedback mechanism to reduce NMDAR hyperactivation by directly modifying NMDAR activity 93 

through S-nitrosylation of cysteine thiol groups on synaptic proteins, resulting in decreased ion 94 

channel opening and spine retraction, thereby limiting further calcium flux (Choi and Lipton, 95 

2000). Thus, it is conceivable that α-syn accumulation may result in an acute increase in 96 

NMDAR activity and increased NO levels, subsequently resulting in S-nitrosylation of synaptic 97 

proteins and a long-term decrease in post-synaptic activation, thereby providing a mechanism 98 

consistent with observations of both increased and decreased NMDAR function in response to 99 

accumulation of α-syn aggregates (Volpicelli-Daley et al., 2011; Durante et al., 2019).  100 

To determine if intracellular accumulation of α-syn aggregates promote NO-mediated 101 

loss of NMDAR activation in cortical neurons, we employed the PFF model of evoked 102 

synucleinopathy that models fibrilogenesis (Mahul-Mellier et al., 2020), contrasted against a 103 

monomer exposure paradigm where fibrilogenesis is limited (Kim et al., 2019).  Following 104 

exposure of primary cortical neurons to α-syn-PFFs we observed an increase in pathological α-105 

syn deposits at synaptic terminals coupled to decreased spontaneous network activity. 106 

Moreover, α-syn-PFFs inhibited synaptic response to glutamate through NMDARs, while having 107 

no effect on AMPAR-mediated responses. The effect on NMDAR-activity was time dependent, 108 

requiring up to 6 days to manifest and coincided with a loss of mature dendritic spines. 109 

Impairment in NMDAR activity was preceded by increased NO synthesis and S-nitrosylation of 110 

the dendritic scaffold, MAP1A, forming SNO-MAP1A. Inhibition of NO synthesis via the NOS 111 
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inhibitor L-NAME, blocked SNO-MAP1A formation and normalized NMDAR-dependent calcium 112 

transients, spontaneous network activity and rescued mature spine number. Collectively, these 113 

data offer a mechanism of α-syn mediated impairment of NMDAR function that suggests 114 

exposure to α-syn-aggregates leads first to NO-generation that subsequently results in 115 

decreased NMDAR-activity and loss of synaptic function.   116 

117 
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MATERIALS AND METHODS 118 
 119 

Chemicals: Chemicals used in this study were sourced from MilliporeSigma unless otherwise 120 

specified below. 121 

 122 

Cell isolation culture: Primary cortical neurons were harvested from both male and female 123 

E18 Sprague Dawley rat embryos (Charles River). Following dissection, pooled tissue was 124 

digested using filter-sterilized 17U/mg Papain (Sigma, P4762) solution and subjected to 125 

mechanical dissociation. Cells were seeded onto plates coated the previous day (0.15 mg/mL 126 

Poly-D-Lysine hydrobromide (Sigma, P0899) in sterile tissue culture grade water at 37°C for 24 127 

hours) and incubated at 37°C, 7.5% CO2 until time of analysis. Alternating every 4 and 3 days, 128 

a 50% media change was performed using fresh primary culture media [(2% B27 supplement 129 

(Gibco, 17504044), 1% antibiotic/antimycotic (Cytiva, SV30079.01), 0.7% BSA Fraction V 130 

(Gibco, 50-121-5315), 0.1% β-mercaptoethanol (Gibco, 21985-023) in DMEM/F12 (Sigma, 131 

D8437)]. If required, at day 7, in vitro cells were treated with 1 μg/mL human α-syn pre-formed 132 

fibrils (PFFs), 1 μg/mL monomeric α-syn, or vehicle control (PBS). For dendritic spine analysis, 133 

neurons were transduced with with pLenti-Lifeact(Actin)-tdTomato (Addgene, 64048) at the time 134 

of plating. SH-SY5Y cells (ATCC, CRL-2266) were maintained at a low passage number (< 15) 135 

and free of mycoplasma contamination. Cells were were maintained in growth media 136 

[DMEM/F12 (Sigma, D8437) with 1% non-essential amino acids (HyClone SH30238.01), 1% 137 

pen/strep (Gibco, 15140122), 1% sodium pyruvate (Gibco 11360-070) containing 5% fetal-138 

bovine serum (Atlanta Biologicals, S12450)]. SH-SY5Y differentiation was induced by reducing 139 

FBS concentration to 1% and adding 10 μM all-trans-retinoic acid (Thermofisher, 140 

Cat#AC207341000) for 7 days. 141 

 142 

 143 
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 144 

Formation of human recombinant α-syn preformed fibrils: Human α-syn protein was 145 

isolated from BL21-CodonPlus (DE3)-RIPL competent cells (Agilent, 230280) transformed with 146 

pET21a-alpha-synuclein (Addgene, 51486) and purified by sequential ion exchange FPLC and 147 

reversed-phase HPLC. Human α-syn PFFs were then generated as previously described 148 

(Volpicelli-Daley et al., 2011). Purified α-syn (5 mg/mL in PBS) was incubated at 37 °C with 149 

constant shaking for 7 days, then aliquoted and stored at -80°C. Prior to use, PFFs were thawed 150 

and diluted in PBS, then subjected to sonication (20% amplitude, 30 seconds; 1 second on, 1 151 

second off) and added to neuronal media for exposure to neurons at a concentration of 1 152 

μg/mL.  Both fibrillar and monomeric α-syn were analyzed by sedimentation assay to confirm 153 

separation of monomers from fibrils prior to use.  154 

 155 

Immunofluorescence: At time of fixation, cells were washed with PBS and fixed with 4% 156 

paraformaldehyde (Electron Microscopy Systems) in PBS for 5 minutes. Following fixation, cells 157 

were washed 3 times and then blocked for 1 hour at room temperature with PBS + 3% BSA. 158 

Cells were then incubated overnight with primary antibody in PBS + 3% BSA. Primary 159 

antibodies were [Anti-PSD95 mouse monoclonal (Synaptic Systems Cat# 124 011); Anti-160 

Bassoon mouse monoclonal (AbCam Cat# ab82958), Anti-Phosphoserine-129 (81A) rabbit 161 

monoclonal [EP1536Y] (Abcam Cat# ab51253), Anti-Alpha-synuclein aggregate rabbit 162 

monoclonal [MJFR-14-6-4-2] (Abcam Cat# ab209538)]. Cells were then washed 3 times with 163 

PBS, blocked with PBS + 3% BSA for 1 hour at room temperature, and then incubated with 164 

AlexaFluor conjugated secondary antibodies for 1 hour at room temperature at a dilution of 165 

1:2000. Secondaries were [Donkey anti-Mouse IgG (H&L) Alexa Fluor 488 conjugate (Life 166 

Technologies (Invitrogen), Cat# A21202); Donkey anti-Rabbit IgG (H&L) Alexa Fluor 555 167 

conjugate (Life Technologies (Invitrogen) Cat# A32794)]. Cells were counterstained with 168 

DAPI (1:1000) and fluorescence imaging was performed using an LSM880 Airyscan confocal 169 
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microscope (Zeiss). Resolution was set at 140 nm laterally and 400 nm axially. Image 170 

acquisition was performed using ZEN v2.6 (Zeiss). The Pearson co-efficient of colocalization 171 

was calculated on super-resolution 2D confocal images sets using colocalization module of ZEN 172 

v2.6 (Zeiss). 173 

 174 

Dendritic spine analysis: Analysis of spine morphology and density was performed on cortical 175 

neurons expressing Lifeact(Actin)-tdTomato to identify spines from single neurons. Tracing was 176 

performed in Neurolucida 360 (MBF Bioscience) in a semi-automated manner. Experimenter 177 

input was primarily to resolve neurite intersections from 2 independent neurons that could not 178 

be distinguished in an automated fashion. 4-5 single neurons per field of acquisition were 179 

chosen at random, three fields per coverslip and 9 independent experiments were analyzed. 180 

Experimenters were blind to the treatment conditions. To be scored as a spine the filipodia 181 

required a minimum length of 2.5μm. The morphology of dendritic spines were then classified 182 

into four different types based on the following parameters (set in Neurolucida360 (MBF 183 

Bioscience)): thin (the length of the spine is greater than the head diameter by a ratio >2.5:1 184 

and the diameters of the head relative to the neck does not exceed ratio of 1:1.1), mushroom 185 

(the diameter of the head is greater than the diameter of the neck by a ratio of at least 3:1), 186 

stubby (the diameter of the head is similar to the total length of the spine (ratio <2.5:1), and 187 

branched (spines with two heads), in keeping with previous dendritic spine analyses conducted 188 

in rats (Chicurel and Harris, 1992; Harris et al., 1992; Bello-Medina et al., 2016). Spines on 189 

neurites within 60 μm of the soma were binned as proximal spines while spines greater than 190 

60μm from the soma were binned as distal consistent with previous reports on the effects of 191 

PFFs on spine density and synaptic activity in vitro (Wu et al., 2019). 192 

 193 



 

 10

Western blot analysis: Unless otherwise stated, all samples were lysed in ice-cold RIPA buffer 194 

containing protease and phosphatase inhibitors (10 mM phenylmethylsulfonyl fluoride, 1 mM 195 

aprotinin, 1 mM sodium orthovanadate and 1 mM sodium fluoride). Samples were homogenized 196 

with an 18G needle and briefly centrifuged at 12,000 X g to remove cellular debris. The 197 

concentrations of the resulting protein lysates were determined using the BioRad DC Protein 198 

Assay Kit as per manufacturer’s protocol. Proteins were separated by SDS-PAGE and then 199 

transferred onto 0.2 μm nitrocellulose membranes at 32V overnight at 4°C. Blocking of 200 

membranes was performed for 1 hour in a blocking buffer (5% non-fat dry milk or 5% BSA in 201 

PBS) with constant agitation. Primary antibodies were administered in blocking buffer and 202 

incubated overnight at 4°C with constant agitation. Primary antibodies were [mouse anti-α-syn 203 

(BD Cat# 610787); mouse anti human-α-syn clone 211 (AbCam Cat# ab80627); Anti-204 

Phosphoserine-129 (81A) rabbit monoclonal [EP1536Y] (Abcam Cat# ab51253)]; rabbit anti-205 

GAPDH (Santa Cruz Cat# sc-25778); mouse anti-LC3B (Biolegend Cat# 848802); rabbit anti-206 

MAP1A (Abcam Cat# AB184349); rabbit anti-GRIN1 (Abcam Cat#ab109182); mouse anti-207 

GRIN2B (BD Cat#610416); Rabbit anti-DYNLL2 (Novus Cat# NBP1-54377)]. Membranes were 208 

washed with PBS + 0.1% Tween20, then blocked again with blocking buffer and probed with 209 

secondary antibody (dilution of 1:5000) in blocking buffer + 0.1% Tween20 for 1 hour at room 210 

temperature. Secondary antibodies were [Goat anti-Mouse IgG (H+L) Secondary Antibody, 211 

HRP (Thermo Fisher Scientific, Cat# 31430); Goat anti-Rabbit IgG (H+L) Secondary Antibody, 212 

HRP (Thermo Fisher Scientific, Cat#); Li-Cor infrared conjugated secondary/ IRDye 800CW 213 

Donkey anti-Mouse IgG antibody (LI-COR Biosciences, Cat# 926-32212); Li-Cor infrared 214 

conjugated secondary/ IRDye 680RD Donkey anti-Rabbit IgG antibody (LI-COR Biosciences 215 

Cat# 926-68073)]. If HRP-conjugated secondary antibodies were used, membranes were 216 

probed for 5 minutes with Clarity Western enhanced chemiluminescence blotting substrate (Bio-217 
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Rad) and visualized with photosensitive film. For LiCOR-secondary antibodies, membranes 218 

were visualized with a LiCOR Odyssey Fc. 219 

 220 

Detection of NO-related species by DAF-FM: Cells were loaded with 2.5 µM DAF-FM 221 

(ThermoFisher, Cat# D23844) in recording buffer (in mM): 5 D-glucose, 10 HEPES, 135 NaCl, 222 

and 5 KCl. Briefly, cells were loaded with dye for 15 minutes at room temperature to permit de-223 

esterification, live cell analysis was performed to track kinetics of NO synthesis by fluorescence 224 

imaging using an Axio Observer Z1 (Zeiss) widefield microscope. All images were recorded at 225 

30 second intervals. Regions of Interest (ROIs) were drawn on each individual cell and analysis 226 

was performed using the MeanROI function (ZEN v2.6; Zeiss) to determine the change in 227 

fluorescence over time. All data was normalized using the following equation: ΔF/F0, where F0 228 

= mean fluorescence intensity at baseline (Time 0), F1 = mean fluorescence intensity 229 

subsequent times of acquisition, and ΔF = change in fluorescence intensity. The ΔF/F0 values 230 

from each ROI were used to calculate a mean ΔF/F0 for each independent experiment. 231 

 232 

Bioinformatic analysis of NMDAR interactome: To identify known binding partners of the 233 

NMDAR complex, a protein interaction network analysis was performed using GeneMania 3.6.0 234 

(Warde-Farley et al., 2010); (accessed on June 29th, 2021) which contrasts targets against 235 

databases of known pathways in BioGRID, Reactome and BioCyc, via PathwayCommons, and 236 

the resulting Homo sapiens “Physical Interaction” network was weighted based on Biological 237 

process. Bait inputted was: GRIN1, GRIN2A, GRIN2B, GRIN2C, GRIN3A, GRIN3B. The 238 

resulting network map was generated by GeneMania 3.6.0. 239 

 240 

Biotin switch assay: The biotin-switch assay is a modified immunoblot analysis used to detect 241 

the levels of S-nitrosylated proteins and has been described previously (Ryan et al., 2013). 242 

Briefly, SH-SY5Y cell lysates (500 µg-1mg) prepared in HENTS buffer (100 mM HEPES pH 7.4, 243 
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1 mM EDTA, 0.1 mM Neocuproine, 1% Tx 100, 0.1% SDS) or HENC buffer (250 mM HEPES, 244 

pH 7.4, 1 mM EDTA, 0.1 mM Neocuproine, 1% Triton X-100, 0.1% SDS or 0.4% CHAPS) were 245 

mixed with blocking buffer (2.5% SDS, 10 mM methyl methane thiosulfonate [MMTS] in HEN 246 

buffer [250 mM HEPES, pH 7.4, 1 mM EDTA, and 0.1 mM Neocuproine]) and incubated for 30 247 

minute at 50°C with frequent vortexing to block free thiol groups. After removing excess MMTS 248 

by acetone precipitation, S-nitrosothiols were reduced to thiol with 20 mM ascorbate. Newly 249 

formed thiols were linked with the sulfhydryl-specific biotinylating reagent N-[6-250 

(biotinamido)hexyl]-3’-(2’-pyridyldithio) propionamide (Biotin-HPDP). Unreacted Biotin-HPDP 251 

was removed and the pellet resuspended, neutralized, and centrifuged to clear undissolved 252 

debris. Five to ten percent of the supernatant was used as the input for the control blot, and 253 

biotinylated proteins pulled-down with Neutravidin-agarose beads (Pierce) from the remaining 254 

supernatant. Beads were washed five times, eluted with glycine and resuspended in NuPAGE 255 

LDS sample buffer (Invitrogen), boiled at 95°C for 5 min, and analyzed by immunoblotting. 256 

 257 

Soluble/insoluble α-syn fractionation: Primary cortical rat neurons treated for 7 DIV with 258 

monomeric α-syn or α-syn preformed fibrils (PFFs) were collected in PBS and pelleted at 300 x 259 

g for 5 minutes. The pellets were resuspended in 1mL of fractionation buffer (50 mM Tris-HCl, 260 

750 mM NaCl, 10 mM NaF, 5 mM EDTA, 30% sucrose (w/v), 1% Tx-100, pH 7.4) and 261 

homogenized with an 18G needle. Samples were then placed on sample rotator overnight at 262 

4°C. The following day, samples were centrifuged at 100,000 x g for 30 minutes at 4°C to 263 

separate the soluble (supernatant) and insoluble (pellet) fractions. After removing the soluble 264 

fraction, the insoluble fraction was resuspended in 1:1 (v:v) fractionation buffer containing 8 M 265 

urea with 8% SDS (w/v) and analyzed by western blot. 266 

 267 

Live cell calcium imaging: To assess changes in calcium flux within neurons, Fluo-4 AM 268 

(ThermoFisher, Cat# F14201) was used to visualize and quantify intracellular calcium 269 
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concentrations. Prior to imaging, 14 DIV (7 days post treatment) neurons on coverslips were 270 

washed with calcium buffer (HBSS, 2 mM calcium chloride, 2 mM glucose), loaded with 2.5 μM 271 

Fluo-4 AM (dissolved in DMSO) in calcium buffer, and incubated at room temperature in the 272 

dark for 30 minutes. Following dye-loading, cells were washed twice with calcium buffer and 273 

incubated in calcium buffer for another 30 minutes to allow for de-esterification. Coverslips were 274 

then loaded into an imaging chamber and live imaged using an Axio Observer Z1 (Zeiss) 275 

widefield microscope at 37°C. Cells were allowed to stabilize for approximately 5 minutes and 276 

were then imaged for 2 minutes while in calcium buffer. All images were recorded at 250 ms 277 

intervals (4 images/s). After 2 minutes, cells were then titrated with 10 mL of the various 278 

stimulants (20 μM glutamate, 100 μM NMDA, or 10 μM AMPA) dissolved in calcium buffer at a 279 

flow rate of approximately 0.5 mL/s with constant aspiration, and imaged for 1 minute. Regions 280 

of Interest (ROIs) were drawn on each individual cell body and analysis was performed using 281 

the MeanROI function (ZEN v2.6; Zeiss) to determine the change in fluorescence over time. All 282 

data was normalized using the following equation: ΔF/F0, where F0 = mean fluorescence 283 

intensity at baseline, F1 = maximum fluorescence intensity following stimulation, and ΔF = 284 

change in fluorescence intensity. The ΔF/F0 values from each ROI were used to calculate a 285 

mean ΔF/F0 for each coverslip analyzed. Where indicated, pharmacological blockers were used 286 

to assess the relative contribution(s) of different receptor types. At the de-esterification step, 287 

receptor blockers (1 mM MgCl2, 10 μM MK-801, or 10 μM NBQX) were added to the calcium 288 

buffer and incubated with the cells for 30 minutes prior to analysis. 289 

 290 

Multielectrode array recordings: Primary cortical neurons from E18 rat embryos were isolated 291 

as described above and seeded onto CytoView MEA 24-well plates (Axion Biosystems). Initial 292 

analysis was performed at 7-days post treatment with either α-syn monomers or PFFs using the 293 

Maestro Edge (Axion Biosystems). Plates were loaded and equilibrated for 5 minutes at 37°C 294 

and electrical activity was recorded for 10 minutes. Following the first round of data acquisition, 295 
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cells were treated with 1mM L-NAME or vehicle and incubated for 24 hours at 37°C and 7.5% 296 

CO2. After the 24 hours of incubation, cells were recorded again, and neural activity data were 297 

processed and exported for analysis (AxIS software, Axion Biosystems). Data from wells above 298 

the minimum threshold for activity, defined as having 5 or more spikes per minute on any 299 

electrode, were averaged and the mean of all wells for each independent experiment was used 300 

to calculate a final average and SEM for each metric analyzed. Individual spikes, defined as an 301 

electrical signal exceeding the noise threshold set for each electrode (6x STD), were recorded 302 

and plotted as average weighted mean firing rate. Bursting was defined as a minimum of 5 303 

spikes occurring in rapid succession with an interspike interval (ISI) of less than 100 304 

milliseconds. As a measure for total synaptic connectivity, a mean synchrony index was 305 

calculated for each well, averaged between replicates, and then averaged for independent 306 

experiments (AxIS software, Axion Biosystems). 307 

 308 

Experimental design and statistical analyses: All data are displayed as Mean + Standard 309 

Error of the Mean (SEM) of independent experiments except in the case of DAF-FM where data 310 

are expressed as Mean ± SEM. For experiments wherein measurements were made on 311 

individual neurons (ie calcium imaging, DAF-FM, electrophysiological experiments, and spine 312 

counts), data were analyzed using a nested design whereby individual neurons were nested 313 

within replicates, nested within independent experiments. Data were analyzed using a two-way 314 

Student’s t test when two groups were compared, a one-way Analysis of Variance (ANOVA) 315 

when three groups (or treatments) were compared, or a two-way ANOVA when groups (or 316 

treatments) were multifactorial. Statistical testing was performed using GraphPad Prism 9 317 

(GraphPad Software, La Jolla, CA, USA). When a statistically significant difference was 318 

identified by ANOVA, post hoc Tukey’s or Sidak’s tests were performed where indicated. 319 

Tukey’s test was employed when differences between means of all groups were of interest 320 

whereas Sidak’s test was employed when differences within groups from a larger data set were 321 
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of interest, such as examining the effect of treatment on spine number within each sub-322 

classification of spine. Degrees of statistical significance used are as follows: *p < 0.05, **p < 323 

0.01. 324 

 325 

  326 
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Results 327 

 328 

PFFs promote accumulation of α-syn aggregates in pre-synaptic and post-synaptic 329 

terminals. To evaluate the link between intracellular accumulation of α-syn aggregates and 330 

aberrant NMDAR activation we employed the PFF model of evoked synucleinopathy.  The in-331 

cell fibrilization of endogenous α-syn has been previously demonstrated to occur upon 332 

exogenous addition of α-syn-PFFs to both primary neurons in culture (Luk et al., 2009; 333 

Volpicelli-Daley et al., 2014) and in vivo inoculation of the rodent striatum (Luk et al., 2012). 334 

Moreover, PFF evoked α-syn aggregation is dependent on endogenous α-syn expression as 335 

SNCA-KO animals show no response to PFF exposure (Luk et al., 2012). Neurons derived from 336 

E18 rat cortex were cultured for up to 14 days in vitro (DIV) prior to being exposed to α-syn-337 

PFFs, or either monomeric α-syn or PBS vehicle control.  Neurons were tracked post PFF 338 

administration over a 15-day period. We found that PFF exposure resulted in recruitment of 339 

endogenous rat α-syn into multimeric aggregates at a rate significantly higher than that of 340 

monomeric α-syn (Fig 1A,B).  While multimeric α-syn levels peaked by 7 days post-treatment 341 

and decreased thereafter, levels of α-syn phosphorylation at serine 129 (PS129) continued to 342 

rise, suggesting acute PFF exposure has long-lasting effects on indices of α-syn pathology (Fig 343 

1A,C). Interestingly, monomeric exposure also impacted on the ratio of PS129 to total α-syn 344 

although the kinetics of this effect were significantly reduced relative to PFF exposed neurons 345 

(Fig 1A,C). These effects are not likely to be the result of the persistent presence of human α-346 

syn from exogenous exposure as the human α-syn added to cultures was largely cleared by 5 347 

days post-treatment in the case of monomeric α-syn and 7 days post-treatment for α-syn-PFFs 348 

(Fig 1A,D). To confirm that human α-syn was being degraded rapidly post exposure, neurons 349 

were treated with either MG132 to inhibit proteasomal clearance, choloroquine to inhibit 350 

lysosomal clearance, or a combination of the two (Fig 1E,F).  Clearance of monomeric α-syn 351 

was inhibited by both proteasomal and lysosomal inhibition while PFF clearance was inhibited 352 
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by lysosomal inhibition alone, consistent with reports that lysosomal degradation is the primary 353 

system involved in clearance of aggregated proteins (Dikic, 2017). 354 

Defining characteristics of pathological α-syn include both detergent insolubility and 355 

hyperphosphorylation (Volpicelli-Daley et al., 2011). To determine the biochemical 356 

characteristics of the α-syn aggregates present in cortical neurons, we performed a detergent 357 

soluble (Triton X100) vs detergent insoluble (urea) protein fractionation on neurons 7 days post-358 

exposure to either PFFs or monomeric α-syn as this time point reflected minimal residual human 359 

α-syn and maximal endogenous multimeric α-syn. Using high-speed ultracentrifugation, the 360 

soluble and insoluble protein fractions were separated and solubilized. The monomeric form of 361 

α-syn was detected in both detergent-soluble and insoluble fractions, whereas in PFF-exposed 362 

neurons, a large amount of mutimeric α-syn was detected in the detergent-insoluble fraction 363 

only (Fig 1G,H). A modest increase in PS129 labeled insoluble protein was also observed (Fig1 364 

G, I). This demonstrates that PFF-exposure results in a major shift in α-syn solubility that is 365 

commonly associated with a shift from soluble random coil or helical structures to aggregated 366 

beta-sheet. Despite the observed increase in total and PS129 labeled α-syn levels, no 367 

detectable aggregates were formed when non-fibrillized monomeric α-syn is added to neurons 368 

in culture.  369 

Glutamate-evoked calcium influx is inhibited post PFFs exposure. 370 

We next sought to determine the subcellular localization of these deposits and whether 371 

they are present at the synapse.  Cortical neurons were transformed with LifeAct(Actin)-RFP, 372 

which permits visualization of dendritic spines, and exposed to α-syn-PFFs, or either monomeric 373 

α-syn or PBS vehicle controls. Seven days post exposure cells were fixed and immunolabeled 374 

for aggregated α-syn (Fig 2A). We found that aggregated α-syn accumulated exclusively in 375 

neurons exposed to PFFs (Fig 2A-B) and could be seen on dendritic spines.  To confirm the 376 

synaptic localization of α-syn pathology we labeled neurons with (PSD95) as a marker of the 377 

post-synaptic terminus or Bassoon as a marker of the pre-synaptic membrane, as well as 378 
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hyperphosphorylated α-syn (PS129) as a marker of α-syn pathology a (PSD95) (Fig 2-1). We 379 

found that PFF exposed neurons showed a dramatic increase in PS129 reactivity relative to 380 

monomeric α-syn exposed neurons or PBS controls. Colocalization analysis indicated that 381 

PS129 deposition were consistent with both a pre-synaptic and post-synaptic localization (Fig 2-382 

1A-C) 7-days post-exposure to α-syn-PFFs.  383 

Conflicting reports on whether α-syn inclusions increase or decrease NMDAR 384 

functionality led us to characterize the time dependent effect of accumulating α-syn aggregates 385 

on synaptic function in glutamate responsive cortical neurons.  Using Fluo-4 AM based calcium 386 

imaging, we assessed spontaneous calcium transients and synaptic responses to glutamate in 387 

neurons 7 days post PFF-exposure by quantifying increases in intracellular calcium 388 

concentration following glutamate stimulation. We observed a significant decrease in 389 

spontaneous calcium bursts as a function of time in cortical neurons 7 days post-PFF exposure 390 

relative to monomer or PBS exposed cells (Fig 2C-D), indicative of impairments in network 391 

activity. Furthermore, a dramatic decrease in intracellular calcium flux was observed following 392 

glutamate stimulation in PFF-exposed neurons relative to monomeric α-syn control neurons (Fig 393 

2E-G). Representative traces of calcium influx in monomer exposed neurons show strong 394 

glutamate responsiveness when compared to baseline fluorescence, whereas PFF-treated 395 

neurons show a modest change in intracellular calcium fluorescence in response to glutamate 396 

(Fig 2F). Quantification of the average fold change in calcium fluorescence over baseline and 397 

across multiple replicate cultures shows that there is a consistent and significant reduction in the 398 

response elicited by 20 μM glutamate 7 days post exposure to PFFs relative to PBS and 399 

monomer exposed neurons (Fig 2G).  400 

We next sought to determine when inhibition of calcium influx was first detectable.  We 401 

exposed neurons to PFFs and imaged immediately or at 24-hour intervals post exposure. 402 

Immediately following PFF exposure, the baseline and post-stimulation response to 20 μM 403 

glutamate were similar to those observed in monomer exposed or PBS control neurons (Fig 3A-404 
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C). This suggests that under the conditions of this experiment, exogenous PFFs do not impede 405 

iGluR mediated calcium influx following glutamate stimulation in cortical neurons. Tracking the 406 

response of these neurons to glutamate exposure at 24-hour intervals post PFF exposure, we 407 

determined that PFF-evoked impairment in glutamate response was not evident until 6 days 408 

post exposure. This was consistent with the time needed for the levels of intracellular α-syn 409 

aggregates to plateau and for significant levels of PS129-labeled α-syn to accumulate (Fig 1A-410 

C).  Collectively, these data argue that impaired glutamate-evoked calcium responses result 411 

from accumulation of intracellular PS129 labeled α-syn aggregates. 412 

 413 

PFF exposure impairs calcium influx via NMDARs coincident with loss of mature 414 

dendritic spines.  415 

To characterize the observed deficit in glutamate-evoked synaptic responses we focused on 416 

NMDAR and AMPAR, given the potential pleiotropic effects of α-syn inclusions with respect to 417 

activation of these receptors. We assessed specific iGluR-dependent calcium influx, first 418 

through stimulation with either NMDA or AMPA 7 days post PFF exposure (Fig 4A,E). Similar to 419 

the response observed following glutamate application, selective receptor stimulation with 420 

NMDA in the absence of Mg2+ showed reduced intracellular calcium concentrations in neurons 421 

post PFF-exposure, relative to monomeric or PBS vehicle controls (Fig. 4A-C). Following 422 

selective AMPA stimulation, no significant difference in intracellular calcium flux was observed 423 

in any exposure paradigm (Fig. 4E-G) suggesting that the deficit was restricted to NMDAR-424 

dependent signaling. To confirm this observation, neurons were stimulated with glutamate 425 

following selective NMDAR or AMPAR inhibition, to elicit calcium flux in the absence of target 426 

receptor activity. PFF-exposed neurons were stimulated with glutamate following a 30-minute 427 

incubation with either an NMDAR-specific antagonist (MK-801), or an AMPAR-specific 428 

antagonist (NBQX), and subsequent calcium influx was monitored. Glutamate stimulation in the 429 

presence of MK-801 yielded a similar level of inhibition across all exposure paradigms (Fig. 4D), 430 
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again suggesting these deficits are related to NMDAR activation. By contrast, NBQX inhibition 431 

of AMPARs did not alter responses under any exposure relative to glutamate alone (Fig. 4H); 432 

suggesting that AMPAR-mediated calcium influx is not altered by PFF-exposure under these 433 

experimental conditions. Taken together, these results demonstrate that the perturbation of 434 

glutamate-evoked calcium flux is dependent on the inhibition of NMDAR function, while AMPA 435 

receptor function appears relatively unchanged. To assess whether synaptic dysfunction was 436 

related to anatomical changes in neuronal architecture we next assessed the density of 437 

dendritic spines based on their morphological classification over 7 days of exposure to either 438 

monomeric α-syn or PFFs. Primary cortical neurons were exposed to PFFs for up to 7 days and 439 

the density of multiple morphological classifications of dendritic spines was quantified at 24-hour 440 

intervals. We observed a loss of mushroom shaped dendritic spines following PFF exposure in 441 

both proximal and distal regions of the dendrite at 7 days post PFF exposure (Fig. 5A-B). 442 

Mushroom spines are generally thought to represent stable, mature synaptic connections, and 443 

are therefore critical to cognitive function (Hayashi and Majewska, 2005). Moreover, monomeric 444 

α-syn exposure led to an increase in proximal stubby spines (Fig. 5B) within 5 days of exposure. 445 

These  are predominant in early synapse formation and may be indicative monomeric α-syn 446 

induced changes in spine dynamics (Hering and Sheng, 2001). Collectively these data suggest 447 

that the accumulation of α-syn pathology in synaptic regions leads to impaired NMDAR 448 

activation coupled with the loss of mature synaptic connections. 449 

 450 

PFF exposure promotes NO accumulation and S-nitrosylation of MAP1A 451 

To establish a mechanistic link between α-syn pathology and loss of synaptic function we tested 452 

whether the kinetics of NO synthesis were altered by intracellular α-syn aggregation. α-Syn-PFF 453 

treatment has been previously reported to increase NO levels in primary cortical neurons (Kam 454 

et al., 2018). We therefore asked if increased NO may relate to the observed deficits in cortico-455 

synaptic function. Neurons were exposed to PFFs for 24 hours, coincident with the first 456 
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observation of intracellular accumulation of multimeric α-syn.  We then loaded cells with the NO-457 

reactive dye DAF-FM and measured the kinetics of NO accumulation over a 30-minute period.  458 

The rate of NO synthesis was far greater in PFF-exposure neurons than in vehicle control (Fig. 459 

6A-C).  This effect was specifically observed in neuritic extensions (Fig. 6A, arrows). To 460 

determine if increased kinetics of NO synthesis results in synaptic dysfunction following PFF 461 

exposure, we sought to determine if any member of the NMDAR complex or any known protein 462 

binding partner that has been ascribed a role in regulating NMDAR function, was specifically 463 

modified by NO. NO-related species can react with critical cysteine residues to affect functional 464 

activity of many proteins via protein S-nitrosylation (forming SNO-proteins) (Stamler et al., 1992; 465 

Lipton et al., 1993). Using Genemania, we performed a bioinformatic screen of known NMDAR 466 

subunit protein interactors. We identified 21 known protein interactors of the 6 major NMDAR 467 

subunits (GRIN1, GRIN2A, GRIN2B, GRIN2C, GRIN3A, GRIN3B). We then contrasted this list 468 

against published SNO-proteomic data sets (Hao et al., 2006; Doulias et al., 2013; Zahid et al., 469 

2014; Zareba-Koziol et al., 2014; Seneviratne et al., 2016; Mnatsakanyan et al., 2019) that 470 

evaluated S-nitrosylation of proteins in samples of neural origin (Fig 6-1). This analysis identified 471 

4 proteins critical to the function of the NMDAR complex that are SNO-modified in various 472 

physiological settings (DYNLL2, GRIN1, GRIN2B, and MAP1A) (Fig 6D and Fig 6-1). We next 473 

sought to determine whether any of the identified protein-candidates were SNO-modified in 474 

response to PFF exposure. Using the biotin switch method to label SNO-modified cysteines with 475 

biotin for subsequent capture we exposed neural cells to PFFs or α-syn monomers to determine 476 

if DYNLL2, GRIN1, GRIN2B, and MAP1A were S-nitrosylated 7 days post exposure.  The 477 

physiological NO-donor S-nitrosocysteine (SNOC) was used as a control for the ability of each 478 

protein to be nitrosylated in this system. Silver stain of biotin labeled proteins showed increase 479 

SNO-proteins in cells 7 days post exposure to PFFs, relative to monomeric α-syn (Fig 6E).  480 

Following subsequent biotin capture, only MAP1A was found to be S-nitrosylated in response to 481 

PFF-exposure.  The observed increase in SNO-MAP1A following exposure to PFFs was 482 
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reversed by 24-hour treatment with the NO synthase (NOS) inhibitor L-NAME (Fig. 7F), while 483 

the detection of SNO-MAP1A was completely abolished in the absence of ascorbate reduction 484 

(Fig. 6G) confirming that the increase in SNO-MAP1A was a specific response to PFF-induced 485 

NOS activity. 486 

 487 

Preventing NO generation rescues PFF-evoked synaptic deficits. To determine whether 488 

blocking NO synthesis, and subsequent S-nitrosylation of MAP1A, normalized the synaptic 489 

deficits evoked by PFF exposure, we treated cortical neurons with L-NAME for 24 hours, 6 days 490 

post PFF exposure.  This timing was chosen to coincide with the first observed deficit in 491 

glutamate evoke response (Fig. 3D). L-NAME treatment rescued PFF-evoked loss of mature 492 

(mushroom) spines in both the proximal (Fig. 7A) and distal (Fig. 7B) dendritic regions. 493 

Interestingly, L-NAME also seemed to alter the effect of monomeric α-syn on spine dynamics, 494 

increasing the number of thin spines observed in distal dendrites exposed to α-syn monomers. 495 

Moreover, L-NAME treatment abolished PFF-induced deficits in glutamate-evoked calcium influx 496 

(Fig. 7C-E). Collectively these findings strongly suggest that accumulation of intracellular α-syn 497 

aggregates triggers synaptic dysfunction in an NO-dependent manner. In our final set of 498 

experiments, we sought to evaluate whether lowering the steady-state levels of NO restored 499 

network activity in PFF-exposed cortical cultures. Primary cortical neurons were seeded onto 500 

MEA plates and treated with L-NAME or vehicle for 24 hours 6 days post PFF or monomeric α-501 

syn exposure and spontaneous activity was recorded (Fig. 8A).  We then quantitatively 502 

assessed the mean firing rate, bursting activity and synchrony index across all conditions (Fig. 503 

8B-D).  We found that PFF exposure significantly inhibited all network activity parameters and 504 

that treatment with L-NAME significantly rescued these deficits (Fig. 8B-D). These data 505 

collectively suggest that by normalizing glutamate evoked NMDAR activation, L-NAME restores 506 

the deficits in cortical network activity induced by intracellular α-syn aggregates. We therefore 507 

propose a model in which, intercellular α-syn oligomer binding-coincident with deposition of 508 
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intracellular α-syn aggregates stimulates NO synthesis through nNOS (Fig. 9A,B).  The increase 509 

in dendritic NO-related species leads to S-nitrosylation of MAP1A and the destabilization of 510 

mature dendritic spines, resulting in inhibition of glutamate-evoked NMDAR responses and 511 

impairments in cortical network activity (Fig 9C).  NO-mediated post-translational modification to 512 

synaptic proteins may consequently represent a critical mediator of cortical dysfunction in 513 

synucleinopathies.   514 

 515 

Discussion 516 

In the current study, we demonstrated that intracellular accumulation of α-syn pathology results 517 

in increased NO synthesis and S-nitrosylation of the MAP1A scaffold protein. This in turn led to 518 

inhibition of NMDAR activity and loss of dendritic spines. Excess NO has been implicated in 519 

multiple aspects of PD pathogenesis. Post-mortem analysis of midbrain samples from PD 520 

patients has revealed that neuronal NOS (nNOS) expression is increased in this brain region 521 

relative to controls (Eve et al., 1998). nNOS activity is also upregulated in MPTP rodent models 522 

of PD (Watanabe et al., 2008; Joniec et al., 2009). Elevated levels of inducible NOS (iNOS) by 523 

contrast, have been found in post-mortem brain samples from multiple brain regions of persons 524 

with Parkinsonian disorders (Hunot et al., 1996). In support of this observation, there is also 525 

increased iNOS expression in multiple animal models of PD including 6-OHDA (Broom et al., 526 

2011), MPTP (Zhu et al., 2020), and α-syn-oligomer evoked models (Tapias et al., 2017) 527 

whereas mice lacking iNOS are resistant to many toxin-evoked PD-inducing paradigms 528 

(Dehmer et al., 2000). nNOS contains a PDZ domain that confers binding capacity to many 529 

post-synaptic density-proteins (including PSD93 and PSD95) and is therefore regionally 530 

distributed along synaptic spines (Brenman et al., 1996). This localization is key to its canonical 531 

role in promoting NO-mediated second messenger signaling. The guanylate kinase domain of 532 

PSD-95 directly binds to the GMP-binding sequence in the C-terminus of MAP1A (Reese et al., 533 

2007), whereas the second PDZ domain of PSD-95 binds to the seven-amino acid C-terminal 534 
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domain of NMDAR, common to NR2 subunits and certain NR1 splice forms (Kornau et al., 535 

1995). Thus, these proteins resolve into a single complex that is a master effector of NMDAR 536 

signal transduction. Map1a knock-out mice exhibit NMDAR-dependent learning disabilities, 537 

characterized by reduced EPSCs and a concomitant decrease in long-term potentiation and 538 

long-term depression (Takei et al., 2015), supporting the notion that MAP1A is an effector of 539 

NMDAR signaling. Moreover, targeted deletion of the Map1a gene leads to abnormal focal 540 

swellings of dendritic shafts and disruptions in axon initial segment (AIS) morphology, leading to 541 

neurodegeneration (Liu et al., 2015). Loss of synaptic localization of NR2A and NR2B subunits 542 

are suggested to be responsible for altered synaptic function in neurons lacking MAP1A (Takei 543 

et al., 2015). These data suggest that tethering of NMDARs to the cytoskeleton through MAP1A 544 

is fundamental for receptor localization and function. Indeed, the conserved C-terminal MAP1 545 

homology domain present in all MAP1 family members has been shown to bind the intracellular 546 

C-terminus of human NR3A and NR1 directly (Eriksson et al., 2007), thus supporting our 547 

observations that MAP1A is critical for stabilizing NMDAR function.  548 

The effect of α-syn on NMDAR function seems dependent, in part, on the brain region 549 

studied. In the hippocampus, exposure to aggregated α-syn seem to increase NMDAR 550 

activity.  For instance, exposure of hippocampal neurons to α-syn oligomers for 90 minutes 551 

increases basal synaptic transmission through NMDAR activation, coupled to enhanced 552 

signaling through calcium-permeable AMPARs (Diogenes et al., 2012). Similarly, acute 553 

exposure to extracellular α-syn-PFFs is reported to increase astrocytic release of glutamate in 554 

the hippocampus while increasing extrasynaptic NMDAR and AMPAR activity (Trudler et al., 555 

2021). In cortical regions by contrast, incubation of corticostriatal slice cultures for 1 hr with α-556 

syn oligomers was shown to reduce NMDAR-mediated synaptic currents and impair LTP 557 

through physical interaction with NR2A subunits (Durante et al., 2019). This is consistent with 558 

reports from prolonged PFF exposure that have been associated with impairments in 559 
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neuronal excitability and connectivity in primary cortical neurons, wherein decreased synaptic 560 

function was associated with decreased numbers of mature (mushroom) spines (Volpicelli-561 

Daley et al., 2011). Seemingly paradoxically, the same group demonstrated in a follow-up 562 

study that hippocampal neurons exhibit the opposite effect to that seen in cortical neurons 563 

(i.e., an increase in miniature EPSCs frequency rather than a decrease) when exposed to 564 

PFFs for 7-days. This was nonetheless accompanied by a reduction in post-synaptic spine 565 

density (Froula et al., 2018).  The authors went on to show that the reduction in spine density 566 

occurred only in wild type primary neurons exposed to PFFs and not in neurons from SNCA-567 

KO mice exposed to PFFs, suggesting that the changes in spine morphology result from fibril-568 

induced corruption of endogenously expressed α-syn (Froula et al., 2018). The deposition of 569 

α-syn inclusions following in vivo PFF inoculation has also been shown to occur only in WT 570 

animals and not in SNCA-KO animals inoculated with PFFs, further supporting that loss of 571 

synaptic function is a consequence of α-syn aggregation. Indeed, long-term in vivo imaging of 572 

apical dendrites performed in mice overexpressing wild-type human α-synuclein coupled with 573 

intracranial injection of preformed α-synuclein fibrils both show decreased spine density and 574 

abnormalities in spine dynamics (i.e. loss of mushroom spines) in an age-dependent manner 575 

(Blumenstock et al., 2017). We therefore propose a model in which the effects of α-syn-PFFs 576 

on NMDAR activity are a function both the kinetics of fibrilization, and subcellular localization 577 

(Fig 9). Low concentration of extracellular α-syn micro-aggregates may increase iGluR activity 578 

that is associated with increased nNOS activation and NO synthesis.  As these micro-579 

aggregates are internalized and seed further intracellular α-syn aggregation, the subsequent 580 

increase in RNS acts to deactivate the NMDAR complex and reduce further calcium influx, 581 

creating a negative feedback loop.  The accumulation of α-syn inclusions at the post-synaptic 582 

terminus coupled to elevated NO levels alter the stability of mature synaptic spines, in part, 583 

though S-nitrosylation of the synaptic scaffold protein MAP1A. 584 
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In contrast to the effect of α-syn fibrilization post-PFF exposure, we also find that 585 

prolonged monomer exposure has a modest impact on synaptic spine morphology in 586 

association with increased soluble α-syn-PS129 levels.  These effects are likely independent 587 

of α-syn fibrilization as PS129 labeling is known to occur on soluble, non-aggregated or 588 

membrane associated protein (Nuber et al., 2018; Imberdis et al., 2019) and we observe no 589 

deposition of insoluble α-syn or aggregated α-syn accumulation following monomer exposure.  590 

Thus, the effects of monomer exposure are likely due to α-syn protein accumulation and 591 

PS129 post-translational modification and not α-syn fibrilization per se. It may therefore stand 592 

to reason that nitrosative stress is a specific consequence of the fibrilization event. 593 

A number of aberrantly S-nitrosylated proteins have been implicated in 594 

neurodegenerative disorders and may contribute to specific disease pathology (Nakamura et al., 595 

2013). In support of this notion in PD, gene ontology clustering after genetic profiling of patient-596 

derived PD neurons relative to control neurons showed aberrations in biological processes 597 

related to metabolism of nitrogen-containing compounds (Ryan et al., 2013; Czaniecki et al., 598 

2019). We show that blocking NO synthesis via L-NAME prevents MAP1A S-nitrosylation and 599 

normalizes synaptic function. While not subject to S-nitrosylation, given the absence of cysteine 600 

residues, tyrosine nitration of α-syn can potentiate α-syn-oligomer formation. Exposure of α-syn 601 

to NO can encourage o,o’-dityrosine crosslinking between the N-terminal and C-terminal 602 

tyrosines to generate α-syn-dimers that enhance oligomer deposition (Krishnan et al., 2003; 603 

Hodara et al., 2004; Danielson et al., 2009; Burai et al., 2015). Additionally, tyrosines play an 604 

important role in α-syn-vesicle binding, whereas nitration impairs this interaction by altering the 605 

charge at the N-terminal domain, and/or causing a conformational change at the C-terminal 606 

domain. By decreasing the amount of α-syn present in a vesicle bound alpha-helical 607 

conformation, oligomer formation is thereby potentiated (Hodara et al., 2004; Sevcsik et al., 608 

2011; Burai et al., 2015). The observed accumulation of NO in PFF exposed neurons and the 609 
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propensity of nitrated α-syn to promote the seeding of α-syn pathology (Musgrove et al., 2019) 610 

may explain why we see the accumulation of PS129-modifed α-syn at synaptic terminals. 611 

Evidence suggests that nitration of α-syn can also potentiate fibril formation. In cells 612 

exposed to ONOO-, aggregation of α-syn is dependent on nitro-tyrosine adduct formation 613 

(Paxinou et al., 2001). Indeed, nitrated α-syn is almost exclusively found in the insoluble 614 

protein fraction making it more resistant to degradation, more compact, and more stable 615 

(Norris et al., 2003; Uversky et al., 2005). It is therefore interesting to speculate as to whether 616 

NO-modified proteins may serve as markers for prognostication in PD or LBD. That NO-617 

modified proteins of multiple types represent viable clinical targets in synucleinopathies is 618 

supported by recent clinical trials using N-Acetyl cysteine (NAC). NAC represents a stable 619 

reduced form of cysteine that upon cleavage of the acetyl group, reveals reduced Cys, which 620 

is available for incorporation into the highly abundant intracellular antioxidant, glutathione 621 

(GSH) (Rushworth and Megson, 2014). GSH in turn has a major role in antioxidant protection 622 

to protein thiolation and can specifically reduce S-nitrosylation, among other thiol oxidation 623 

types (Lipton et al., 1993; Clementi et al., 1998).  Clinical evaluation has shown that NAC 624 

increases dopamine levels with a concomitant improvement in the Universal Parkinson’s 625 

Disease Rating Scale (UPDRS) total scores in patients with PD receiving intravenous NAC 626 

supplemented by oral NAC between infusions (Holmay et al., 2013; Monti et al., 2019). 627 

Moreover, both the motor and nonmotor subcomponents of the UPDRS showed 628 

improvement. Collectively, this work suggests that SNO-cysteine thiols may be viable targets 629 

against synaptic dysfunction in multiple synucleinopathies. Thus, reducing or controlling RNS 630 

accumulation early in disease etiology may have multimodal benefits to people with LBD.   631 

  632 
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Figure Captions 879 

Figure 1: PFF exposure promotes accumulation of intracellular α-syn aggregates. A-D, 880 

Rat cortical neurons exposed to α-syn-PFFs or α-syn monomers (A) showed increased 881 

accumulation of multimeric α-syn (B) and PS129 (C) relative to monomer exposed neurons. 882 

Data represent mean + SEM. **p < 0.01 by 2-way ANOVA with posthoc Sidak’s test, n = 9. 883 

(D) Ectopic human α-syn monomers and PFFs are cleared from neurons within 5- and 7-days 884 

post administration, respectively. Data represent mean + SEM, **p < 0.01 by 2-way ANOVA 885 

with posthoc Dunnett’s test, n = 6.   E-F, Ectopic human α-syn monomers accumulate 886 

following MG132 (5μM) and/or chloroquine (20μM) exposure whereas PFFs accumulated 887 

following chloroquine exposure. Data represent mean + SEM, *p < 0.05, **p < 0.01 by 2-way 888 

ANOVA with posthoc Tukey’s test, n = 6. G-I, Fractionation of proteins based on Triton-X100 889 

(soluble) verses Urea (insoluble) solubility (G) showed increased insoluble α-syn (H) and 890 

modestly increased insoluble PS129 α-syn (I) in PFFs exposed neurons relative to monomer 891 

(M) exposed. Data represent mean + SEM, **p < 0.01 by 2-way ANOVA with posthoc Tukey’s 892 

test, n = 4.  893 

 894 

Figure 2: Glutamate-evoked calcium influx is inhibited post PFFs exposure. (A-B) 895 

LifeAct(Actin)-RFP expressing neurons were immunolabeled aggregated α-syn (agg-α-syn) 896 

following PBS, α-syn Monomer, or PFF exposure. Data shows a post-synaptic localization of 897 

α-syn pathology (See also Fig 2-1). Scale bar = 5 μm. (B) Quantification of colocalization in A. 898 

Data represent box and whisker plots of mean ± Min and Mean, **p < 0.01 by ANOVA with 899 

post hoc Tukey; n = 6 independent experiments. C-D, Representative traces of spontaneous 900 

calcium transients in cortical neurons 7 days post PBS, PFF or monomeric α-syn exposure 901 

(C). A significant reduction in the average number of intracellular calcium spikes per minute is 902 

observed post PFF exposure relative to control groups (D). Data displayed as Mean + SEM. 903 
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**p <0.01 by 2-way ANOVA with post hoc Tukey; n = 9 independent experiments. D-F, 904 

Heatmap of representative micrographs depict Fluo-4 AM fluorescence intensity in cortical 905 

neurons 7 days post PBS, PFF or monomeric α-syn exposure, before and after stimulation 906 

with 20 μM glutamate (E). Representative traces of calcium transients show reduced calcium 907 

influx in response to 20 μM glutamate in neurons 7 days post PFF exposure (F). 908 

Quantification of average intracellular glutamate-evoked calcium flux shows a significant 909 

decrease in PFF-exposed neurons relative to PBS and monomeric α-syn controls (F). Data 910 

represent mean + SEM, **p < 0.01 by ANOVA with post hoc Tukey; n = 14 independent 911 

experiments. 912 

 913 

Figure 3: PFF induced inhibition of glutamate-evoked calcium influx manifests over 914 

several days.  A-C, Heatmap of representative micrographs depict Fluo-4 AM fluorescence 915 

intensity in cortical neurons before and after stimulation with 20 μM glutamate (A). 916 

Representative traces of calcium transients show no change in calcium influx in response to 917 

20 μM glutamate in neurons immediately post PFF exposure (B). Quantification of average 918 

intracellular glutamate-evoked calcium flux shows a no change in PFF-exposed neurons 919 

relative to PBS and monomeric α-syn controls (C). Data represent mean + SEM, N.S. = not 920 

significant by ANOVA with post hoc Tukey; n = 13-14 replicate experiments. D, Quantification 921 

of average intracellular glutamate-evoked calcium flux at 24-hour intervals post PFF exposure 922 

shows a significant decrease in PFF-exposed neurons relative to PBS and monomeric α-syn 923 

controls at 6 days post PFF-exposure and beyond. Data displayed as Mean + SEM. **p < 924 

0.01, by 2-way ANOVA with post hoc Sidak’s test; n = 7 independent experiments. 925 

 926 

Figure 4: PFF exposure impairs calcium influx via NMDARs. A-C, Heatmap of 927 

representative micrographs depict Fluo-4 AM fluorescence intensity in cortical neurons before 928 
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and after stimulation with 100 μM NMDA in the absence of Mg2+ (A). Representative traces of 929 

calcium transients show reduced calcium influx in response to 100 μM NMDA in the absence 930 

of Mg2+ in neurons 7 days post PFF exposure (B). Quantification of average intracellular 931 

NMDA-evoked calcium flux shows a significant decrease in PFF-exposed neurons relative to 932 

PBS and monomeric α-syn controls (C). Data represent mean + SEM, *p < 0.05, **p < 0.01 by 933 

ANOVA with post hoc Tukey; n = 11-12 replicate experiments. D, Quantification of 934 

intracellular calcium flux in primary cortical neurons in response to glutamate with and without 935 

a 30min pre-block with 10 μM MK-801 by live-cell Fluo-4 AM imaging. Data represent mean + 936 

SEM, **p < 0.01 by 2-way ANOVA with post hoc Sidak’s test; n = 7 independent experiments.  937 

(E-G) Heatmap of representative micrographs depict Fluo-4 AM fluorescence intensity in 938 

cortical neurons before and after stimulation with 10 μM AMPA in the absence of Mg2+ (E). 939 

Representative traces of calcium transients show no change in calcium influx in response to 940 

10 μM AMPA in the absence of Mg2+ in neurons 7 days post PFF exposure (F). Quantification 941 

of average intracellular AMPA-evoked calcium flux shows no change in PFF-exposed neurons 942 

relative to PBS and monomeric α-syn controls (G). Data represent mean + SEM, n.s. = not 943 

significant by ANOVA with post hoc Tukey; n = 7-10 independent experiments.  H, 944 

Quantification of intracellular calcium flux in response to glutamate following 30-minute pre-945 

blocking with AMPA-specific antagonist NBQX. Data represent mean + SEM, **p < 0.01 by 946 

ANOVA with post hoc Tukey; n = 8 replicate experiments.   947 

 948 

Figure 5: PFF exposure results in loss of mature spines. A, Neurons were transformed 949 

with LifeAct(Actin)-RFP prior to exposure to PBS, α-syn Monomer, or α-syn PFFs. 7-Days 950 

post exposure cells were fixed and imaged to assess morphology of dendritic spines.  Scale 951 

bar = 10 μm. Spines were characterized as either Thin (i), Mushroom (Mush, ii), Stubby (Stub, 952 

iii), or Branched (Br, iv) based on their 3D morphology. B, Quantification spines of each 953 
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morphological type that resided >60μm from the soma (Distal) or that resided <60μm from the 954 

soma (Proximal).  Data represent mean + SEM, *p < 0.05, **p < 0.01 by 2-way ANOVA with 955 

post hoc Sidak’s test; n = 9 independent experiments.   956 

 957 

Figure 6. PFF exposure promotes NO accumulation and S-nitrosylation of MAP1A. A-C, 958 

Neurons were exposed to PFFs for 24 hours prior to DAF-FM live imaging. Micrographs show a 959 

heatmap of DAF-FM reactivity (A).  Arrows, indicate DAF-FM reactivity specifically in neuritic 960 

extensions. Kinetics of NO accumulation were quantified over a 30-minute period (B) showing 961 

that NO synthesis was significantly increased in PFF-exposure neurons than in vehicle control 962 

(C).  Data represent mean +/- SEM, **p<0.01, t-test of area under the curve. D, Prediction of 963 

NMDAR subunit protein interactors generated using genemania, identified 21 known protein 964 

interactors (prey – dark grey) of the 6 major NMDAR subunits (bait – light grey). When cross-965 

referenced against published SNO-proteomic data sets that evaluated S-nitrosylation of proteins 966 

in samples of neural origin (See Table 6-1), 4 proteins known to be SNO-modified (light blue). E, 967 

Neural cells (SH-SY5Y) were analyzed by biotin switch (Silver stain) 7 days post exposure to 968 

PFFs or α-syn monomers, or 5-minute exposure to SNOC. Following biotin labelling SNO-969 

proteins were captured with Neutravidin and lysates probed for MAP1A, GRIN1, GRIN2B or 970 

DYNLL2.  Only MAP1A was found to be S-nitrosylated in response to PFF-exposure.  F, Biotin 971 

Switch-capture in the presence of L-NAME reversed of SNO-modification of MAP1A. G, Biotin 972 

switch in the absence of ascorbate reduction abolished SNO-MAP1A. 973 

 974 

Figure 7. L-NAME rescues PFF-induced deficits in glutamate response and spine 975 

morphology. A-B, Quantification of spines of each morphological type (characterized as 976 

either Thin, Mushroom (Mush), Stubby (Stub), or Branched (Br)) that resided <60 μm from the 977 

soma (Proximal) (A) or >60 μm from the soma (Distal) (B).  Data represent mean + SEM, *p < 978 
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0.05, **p < 0.01 by 2-way ANOVA with post hoc Sidak’s test; n = 9 independent experiments.  979 

C-E, Heatmap of representative micrographs depict Fluo-4 AM fluorescence intensity in 980 

cortical neurons 7 days post PBS, PFF or monomeric α-syn exposure. Neurons were treated 981 

with 1 mM L-NAME prior to stimulation with 20μM glutamate, pictures depict before and after 982 

stimulation (C). Representative traces of calcium transients show L-NAME rescued calcium 983 

influx in response to 20μM glutamate in neurons 7 days post PFF exposure (D). 984 

Quantification of average intracellular glutamate-evoked calcium flux in PFF-exposed neurons 985 

relative to PBS and monomeric α-syn controls, with and without L-NAME (E). Data represent 986 

mean + SEM, *p < 0.05, **p < 0.01 by 2-way ANOVA with post hoc Sidak’s test; n = 10-14 987 

independent experiments. 988 

 989 

Figure 8. L-NAME rescues PFF-induced deficits in neuronal network activity. A, 990 

Representative continuous waveform plots recorded from cortical neurons 7 days post 991 

exposure to PFFs or monomeric α-syn. 24 hours prior to recording, cells were treated with 1 992 

mM L-NAME 1 or vehicle. Spontaneous neuronal spiking is observed when the electrical 993 

signal exceeds the electrode’s noise threshold (cross bars) measured by multielectrode array. 994 

B-D, Quantification of neural metrics recorded by multielectrode array for 10 minutes in 995 

culture medium at 37 °C. The weighted mean firing rate (B) and average number of bursts (C) 996 

for each independent well was used to calculate the mean and SEM for each condition. 997 

Average synchrony index (D) is shown as a measure of the degree of synaptic connectivity in 998 

each condition. Data displayed as Mean + SEM, **p < 0.01 by 2-way ANOVA with post hoc 999 

Tukey’s test; n = 9 independent experiments. 1000 

 1001 

Figure 9. Model of PFF-evoke synaptic dysfunction. A-C, Healthy neuron depicted (A). 1002 

Intercellular α-syn oligomer binding-coincident with deposition of intracellular aggregates 1003 
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stimulates NO synthesis through nNOS (B).  The increase in dendritic NO leads to S-1004 

nitrosylation of MAP1A and the destabilization of mature dendritic spines, resulting in 1005 

inhibition of glutamate evoked NMDAR responses and impairments in cortical network activity 1006 

(C).  Schematic was generated using BioRender. 1007 

 1008 

Figure 2-1: (A) Neurons were immunolabeled for either PSD95 (post-synaptic marker) or 1009 

bassoon (pre-synaptic marker) and PS129-α-syn following PBS, α-syn Monomer, or PFF 1010 

exposure. Optical sections of super-resolution micrographs with increasing magnifications are 1011 

depicted that show the position on PS129 deposits relative to the post-synaptic density (PSD95) 1012 

or pre-synaptic membrane (bassoon). Scale bar = 10 μm (top) and 2 μm (bottom). (B-C) 1013 

Quantification of colocalization of (B) PS129 and Bassoon or (C) PS129 and PSD95. Data 1014 

represent box and whisker plots of mean ± Min and Mean, **p < 0.01 by ANOVA with post hoc 1015 

Tukey; n = 6 independent experiments. 1016 

 1017 

Table 6-1. 21 known protein interactors NMDAR subunit proteins or their interactors generated 1018 

using genemania, where cross-referenced against published SNO-proteomic data sets that 1019 

evaluated s-nitrosylation of proteins in samples of neural origin. (Y) indicates the candidate was 1020 

identified in the listed dataset, (N) indicated that the candidate was not identified in the listed 1021 

data set. Four proteins (MAP1A, GRIN1, GRIN2B or DYNLL2) were identified as possible 1022 

targets of s-nitrosylation in neural tissue. 1023 
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