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Abstract 34 

Alpha-synuclein (α-syn) mislocalisation and accumulation in intracellular inclusions is the 35 

major pathological hallmark of degenerative synucleinopathies, including Parkinson's 36 

disease, Parkinson's disease with Dementia and Dementia with Lewy Bodies. Typical 37 

symptoms are behavioural abnormalities including motor deficits that mark disease 38 

progression, while non-motor symptoms and synaptic deficits are already apparent during the 39 

early stages of disease. Synucleinopathies have therefore been considered synaptopathies that 40 

exhibit synaptic dysfunction prior to neurodegeneration. However, the mechanisms and 41 

events underlying synaptopathy are largely unknown. Here we investigated the cascade of 42 

pathological events underlying α-syn accumulation and toxicity in a Drosophila model of 43 

synucleinopathy by employing a combination of histological, biochemical, behavioural and 44 

electrophysiological assays. Our findings demonstrate that targeted expression of human α-45 

syn leads to its accumulation in presynaptic terminals that caused downregulation of synaptic 46 

proteins, Cysteine String Protein, Synapsin, and Syntaxin 1A, and a reduction in the number 47 

of Bruchpilot puncta, the core component of the presynaptic active zone essential for its 48 

structural integrity and function. These α-syn-mediated presynaptic alterations resulted in 49 

impaired neuronal function, which triggered behavioural deficits in ageing Drosophila that 50 

occurred prior to progressive degeneration of dopaminergic neurons. Comparable alterations 51 

in presynaptic active zone protein were found in patient brain samples of Dementia with 52 

Lewy Bodies. Together, these findings demonstrate that presynaptic accumulation of α-syn 53 

impairs the active zone and neuronal function, which together cause synaptopathy that results 54 

in behavioural deficits and the progressive loss of dopaminergic neurons. This sequence of 55 

events resembles the cytological and behavioural phenotypes that characterise the onset and 56 

progression of synucleinopathies, suggesting that α-syn mediated synaptopathy is an 57 

initiating cause of age-related neurodegeneration. 58 
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Introduction  71 

Synucleinopathies are characterised by intraneuronal inclusions called Lewy bodies (LB) that 72 

are mainly formed of misfolded and aggregated forms of the presynaptic protein α-synuclein 73 

(α-syn) (Spillantini et al., 1997; Bendor et al., 2013; Walker et al., 2015; Goedert et al., 74 

2017). These include Dementia with Lewy bodies (DLB) as well as and Parkinson’s disease 75 

with Dementia (PDD) and Parkinson’s disease (PD). PD is mainly characterised by the 76 

progressive loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SN), 77 

thereby depleting dopamine levels in synaptic terminals of the dorsal striatum (Dauer and 78 

Przedborski, 2003; Cheng et al., 2010; Bridi and Hirth, 2018). The resulting regulatory 79 

imbalance in the basal ganglia causes a range of behavioural symptoms including 80 

bradykinesia, uncontrollable tremor at rest, postural impairment, and rigidity (Lang and 81 

Lozano, 1998a, b; Mochizuki et al., 2018). 82 

 83 

Although the majority of PD cases are sporadic, several genes including LRRK2, Parkin, 84 

PINK1, DJ-1, GBA and SNCA contribute to heritable cases of the disease (Klein and 85 

Westenberger, 2012; Ferreira and Massano, 2017). However, among the PD-related genes 86 

identified, the SNCA gene encoding α-syn remains the most potent culprit underlying PD, 87 

with a key pathogenic role both in familial and sporadic cases (Satake et al., 2009; Simón-88 

Sánchez et al., 2009). Several point mutations in SNCA and increased gene dosage caused by 89 

duplication or triplication of the gene locus, are causally related to severe forms of PD 90 

(Singleton et al., 2003; Kalia and Lang, 2015). These findings suggest a causal relationship 91 

between α-syn levels and the severity of cognitive decline, motor and non-motor symptoms, 92 

and neurodegeneration (Venda et al., 2010; Bridi and Hirth, 2018). 93 

  94 
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Although the mechanisms underlying α-syn toxicity remain unclear, proteinaceous inclusions 95 

enriched with α-syn were found not only in LB within the neuronal soma but also in axonal 96 

processes (Braak et al., 1999). Most importantly, α-syn micro-aggregates were found to be 97 

enriched in the presynaptic terminals of DLB patients (Kramer and Schulz-Schaeffer, 2007) 98 

along with phosphorylated α-syn, which is believed to disrupt synaptic structure and function 99 

(Colom-Cadena et al., 2017). These findings suggest that α-syn accumulation may cause a 100 

toxic gain of function phenotype at the synapse, which impairs its function and connectivity, 101 

ultimately causing synaptopathy. 102 

 103 

In line with this hypothesis, classical motor symptoms in PD become clinically apparent only 104 

when 60% of DA striatal terminals were already lost, while the loss of DA neurons in the SN 105 

is only around 30% (Burke and O’Malley, 2013). Corroborating these observation, it is well 106 

acknowledged that the onset of PD initiates at least 20 years prior to the detection of classical 107 

motor phenotypes, a period known as the prodromal phase (Hawkes et al., 2010; Kalia and 108 

Lang, 2015; Mahlknecht et al., 2015). It has been suggested that during this phase, a large 109 

number of proteins involved in synaptic transmission are affected, as indicated by their 110 

altered expression levels in PD and DLB patients (Bereczki et al., 2016; Dijkstra et al., 2015). 111 

These findings are in agreement with positron emission tomography of early-stage PD 112 

patients who presented extensive axonal damage and diminished nigrostriatal pathway 113 

connectivity (Caminiti et al., 2017). Therefore, it has been hypothesised that 114 

neurodegeneration in PD and DLB follows a dying back-like pathomechanism, where 115 

degeneration of synapses and axonal connections precedes the loss of neurons, classifying 116 

them as synaptopathies (Calo et al., 2016; Bridi and Hirth, 2018). However, it remains 117 

unclear how α-syn accumulation impairs synaptic homeostasis, its structure and function, 118 

ultimately leading to neurodegeneration. 119 
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 120 

Here we investigated the succession of events caused by cell and tissue-specific accumulation 121 

of α-syn. We employed a Drosophila model of synucleinopathy that expresses human wild 122 

type α-syn, and analysed post-mortem tissue of PD and DLB patients. Our findings 123 

demonstrate that α-syn accumulates in, and alters the presynaptic terminal, especially the 124 

active zone, which was also observed in the prefrontal cortex of DLB patients. In Drosophila, 125 

these alterations caused neuronal dysfunction and behavioural deficits that preceded 126 

degenerative loss of DA neurons - cytological and behavioural phenotypes that resemble the 127 

onset and progression of synucleinopathies. Together these findings provide experimental 128 

evidence that presynaptic accumulation of α-syn causes synaptopathy and progressive 129 

neurodegeneration. 130 

 131 

Results 132 

α-syn accumulates in presynaptic terminals  133 

To investigate the consequences of α-syn accumulation on synapse structure and function, we 134 

used transgenic Drosophila to express human wild type α-syn fused to EGFP (UAS-WT-α-135 

syn-EGFP) alongside with control animals expressing EGFP only (UAS-EGFP) (Poças et al., 136 

2015). This genetic model is an invaluable tool to investigate the toxic gain-of-function of α-137 

syn as the Drosophila genome lacks a homologue of the SNCA gene (Feany and Bender, 138 

2000). We first compared the expression pattern of α-syn to the respective EGFP control by 139 

using the pan-neuronal driver nSyb-Gal4. Using immunohistochemistry, the localisation and 140 

expression pattern of α-syn were determined at the Drosophila L3 larval neuromuscular 141 

junction (NMJ) by colocalisation with Cysteine String Protein (CSP) and horseradish 142 

peroxidase (HRP) (Fig. 1A-B). CSP labels boutons containing synaptic vesicles at the 143 

presynaptic terminal (Fernández-Chacón et al., 2004; Burgoyne and Morgan, 2015) while 144 
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HRP labels synaptic membranes (Menon et al., 2013) (Fig. 1A). The control expressing 145 

EGFP only and the experimental group expressing α-syn-EGFP displayed co-localisation 146 

with CSP (Fig. 1B). In addition, EGFP and α-syn were also detectable in axonal domains 147 

labelled with anti-HRP and devoid of synaptic boutons, however, the EGFP expression 148 

pattern in these areas was very distinct between control and experimental group (Fig. 1B-C, 149 

arrowheads and dashed boxes). α-syn immunolabelling was enriched in regions with a high 150 

density of synaptic boutons. In order to quantify this phenotype, EGFP intensity was 151 

measured in regions of CSP-positive synaptic boutons, and in CSP-negative axonal regions, 152 

in both control and experimental conditions. A ratio of EGFP intensity was calculated by 153 

dividing the values obtained from synaptic boutons by values obtained from axonal regions. 154 

Values around 1 indicated that EGFP intensity is similar in the two regions while values 155 

higher than 1 identified a higher EGFP intensity in synaptic boutons compared to axonal 156 

regions. The analysis revealed that α-syn immunofluorescence was significantly higher in 157 

synaptic boutons than in axons compared to the control NMJ expressing EGFP only (Fig. 1B-158 

C and Table S1, arrowheads and dashed boxes). These data suggest that α-syn accumulates 159 

predominantly in presynaptic terminals and to a lesser extent in axonal areas devoid of 160 

synaptic boutons in the NMJ. 161 

 162 

Accumulation of α-syn affects presynaptic proteins  163 

Previous studies demonstrated that the levels of synaptic proteins are altered in patients with 164 

PD and related disorders (Dijkstra et al., 2015; Bereczki et al., 2016), however, it is unclear 165 

whether and how α-syn accumulation might be related to the disease. We, therefore, 166 

investigated whether presynaptic accumulation of α-syn leads to alterations in the expression 167 

and/or localisation of presynaptic proteins that are essential for neurotransmission. We first 168 

used the larval L3 NMJ to evaluate the effect of α-syn accumulation on synaptic vesicle 169 
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proteins CSP and Synapsin, the SNARE complex proteins, SNAP-25 and Synaptobrevin, and 170 

the synaptic vesicle-specific Ca2+ binding protein Synaptotagmin. 171 

  172 

CSP is a synaptic vesicle protein whose loss-of-function in Drosophila causes synaptic 173 

degeneration and lethality (Zinsmaier et al., 1990, 1994). CSP acts as a chaperone in the 174 

presynaptic terminal (Burré et al., 2010; Sharma et al., 2011) and has been shown to be 175 

altered in PD patients as well as in cellular models inoculated with pre-formed fibrils of α-syn 176 

(Volpicelli-Daley et al., 2011; Dijkstra et al., 2015). We measured the expression levels and 177 

localisation of CSP at the larval NMJ by immunofluorescence, which revealed that CSP 178 

levels but not its localisation were downregulated in synaptic boutons co-labelled with α-syn 179 

when compared to EGFP controls (Fig. 2A). Quantification of mean fluorescence intensity 180 

was performed as a proxy for expression level in single synaptic boutons revealed 181 

significantly reduced CSP levels in larvae expressing a-Syn compared to controls expressing 182 

EGFP only (Fig. 2C and Table S1).  183 

 184 

We next examined the presynaptic protein Synapsin which is associated with the cytoplasmic 185 

surface of the synaptic vesicle membrane and plays a fundamental role in regulating vesicle 186 

trafficking (Greengard et al., 1993; Gitler et al., 2004; Südhof, 2004). We measured Synapsin 187 

fluorescence intensity and localisation in single synaptic boutons of larvae expressing either 188 

EGFP as control or α-syn (Fig. 2B). Quantitative analysis of Synapsin fluorescence intensity 189 

revealed that α-syn accumulation caused a reduction in Synapsin expression levels in 190 

synaptic boutons, compared to the control group (Fig. 2D and Table S1); however, alterations 191 

in Synapsin localisation were not observed. In contrast to CSP and Synapsin, we did not 192 

observe any changes in fluorescence intensity levels and localisation of SNAP-25, 193 

Synaptobrevin or Synaptotagmin (Fig. S1).  194 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 12, 2020. ; https://doi.org/10.1101/2020.10.12.335778doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.12.335778
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

 195 

To examine the progression of α-syn-mediated presynaptic deficits, we assessed α-syn 196 

accumulation in adult flies at day 3 and 20 and performed western blots of heads of flies 197 

expressing α-syn or EGFP. While the levels of EGFP were unchanged (p=0.5777; Fig. 3A 198 

and Table S1), elevated levels of α-syn were increased over time (*p=0.0411; Fig. 3A and 199 

Table S1). We then assessed the levels of Synapsin and Syntaxin in adult flies, which 200 

revealed downregulated Synapsin levels at day 3 and day 20 (3-DO: *p=0.0328; 20-DO: 201 

**p=0.002; Fig. 3B and Table S1), similar to the phenotype observed in synaptic boutons of 202 

the NMJ. The expression levels of Syntaxin, a component of the SNARE complex (Han et 203 

al., 2017), were reduced at day 3 but only significantly downregulated at day 20 when 204 

compared to control (3-DO: p=0.1776; 20-DO: **p=0.0093; Fig. 3C and Table S1). 205 

Together, these findings indicate that α-syn accumulates in the Drosophila brain, which in 206 

turn causes specific alterations of presynaptic proteins, with CSP, Syntaxin and Synapsin 207 

being especially susceptible to the deleterious effects of accumulating α-syn. 208 

 209 

Presynaptic accumulation of α-syn reduces active zone density 210 

Given the impact of α-syn on presynaptic proteins, we investigated whether the accumulation 211 

of α-syn may alter the active zone (AZ) in Drosophila. The AZ is a specialised presynaptic 212 

site required for vesicle docking and neurotransmitter exocytosis, conveying speed and 213 

accuracy to synaptic transmission (Zhai and Bellen, 2004; Südhof, 2012; Wang et al., 2016). 214 

We used confocal and instant structured illumination microscopy (iSIM) to NMJs labelled 215 

with anti-Bruchpilot (BRP) (Fig. 4A-B). BRP encodes a cytoskeletal protein essential for the 216 

structural integrity and the function of electron-dense projection (T-bar) at the AZ (Kittel et 217 

al., 2006; Wagh et al., 2006).  218 

 219 
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Expression and accumulation of α-syn in nSyb>WT-α-syn-EGFP L3 larvae caused a 220 

reduction in the total number of BRP-labelled AZ puncta compared to control groups nSyb/+ 221 

and nSyb>EGFP ( vs. nSyb/+ *p=0.0245; vs. nSyb>EGFP *p=0.0317; Fig. 4C and Table 222 

S1). A detailed analysis accounting also for the surface area of the NMJ labelled by anti-HRP 223 

(Goel and Dickman, 2018), revealed a more significant reduction in the total number of 224 

puncta in nSyb>WT-α-syn-EGFP larvae, when compared to controls (vs. nSyb/+ and  225 

nSyb>EGFP **p=0.0023; Fig. 4D and Table S1). In contrast, neither the total number of 226 

synaptic boutons (vs. nSyb>EGFP p=0.3037; Fig. 4E and Table S1) nor the morphology and 227 

localisation of BRP puncta (Fig. 4B – dashed lines) were affected. Together these data 228 

demonstrate that accumulation of α-syn alters the AZ of presynaptic terminals. 229 

 230 

α-syn accumulation impairs neuronal function  231 

The core function of BRP is the maintenance of the presynaptic AZ and thus synaptic 232 

homeostasis and function (Wagh et al., 2006). The observed reduction of BRP-positive 233 

puncta suggested that physiological defects could occur as a result of presynaptic 234 

accumulation of α-syn. To investigate whether synaptic efficacy and neurotransmission were 235 

affected, we determined the Steady State Visual Evoked Potential (SSVEP) in adult flies 236 

(Fig. 5). The SSVEP quantifies the physiological response to flickering stimuli which 237 

generate frequency- and phase-locked response components with a very high signal-to-noise 238 

ratio (Fig. 5A-C) (Afsari et al., 2014; Petridi et al., 2020). In Drosophila, the net response of 239 

flickering stimuli is mediated by retinal photoreceptor cells together with lamina and medulla 240 

neurons that are electrically linked (Fig. 5C-D) (Heisenberg, 1971). The visual response 241 

negatively correlates with dopamine levels in the brain (Calcagno et al., 2013), with 242 

dopamine required to inhibit the response to visual stimuli (Afsari et al., 2014).  243 

 244 
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Our analysis revealed that lamina neurons in 3-day-old TH>WT-α-syn-EGFP flies showed an 245 

increased SSVEP response upon stimulation when compared to control groups (vs. TH/+ 246 

*p=0.0313; vs. TH>EGFP *p=0.0325; Fig. 5E and Table S1). This response was specific to 247 

lamina neurons, as photoreceptor cells showed no alteration in their SSVEP response (vs. 248 

TH/+ p=0.9998; vs. TH>EGFP p=0.8261; Fig. 5F and Table S1). The difference in stimuli 249 

response between the lamina and photoreceptor neurons correlated well with the far more 250 

extensive DA innervation in the lamina than the photoreceptor layer (Fig. 5D) (Afsari et al., 251 

2014; Petridi et al., 2020). Because dopamine inhibits the SSVEP response (Afsari et al., 252 

2014), these data suggest that TH-Gal4 driven accumulation of α-syn in DA neurons 253 

impaired synaptic output of DA-rich lamina neurons, thereby reducing their visual response 254 

inhibition which in turn resulted in an increased SSVEP response.  255 

 256 

Accumulation of α-syn progressively impairs motor behaviour 257 

PD patients suffer from a variety of motor symptoms ranging from resting tremor to 258 

bradykinesia and akinesia, related to the reduction of striatal dopamine (Mazzoni et al., 259 

2012). However, these symptoms only become clinically apparent when a large proportion of 260 

DA neurons have already been lost (Bridi and Hirth, 2018). We, therefore, investigated 261 

whether the accumulation of α-syn and in turn the alterations in presynaptic proteins would 262 

cause any motor deficits in adult flies. We employed three independent assays to quantify 263 

voluntary and reflexive motor behaviour, the Drosophila ARousal Tracking system (DART) 264 

(Faville et al., 2015), startled-induced negative geotaxis (SING) (White et al., 2010; Ruan et 265 

al., 2015) and the proboscis extension response (PER) (Cording et al., 2017).  266 

 267 

We specifically targeted α-syn to DA neurons and measured their spontaneous motor activity 268 

with DART at 3 and 20 days of age (Fig. 6A). The activity and speed of TH>WT-α-syn-269 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 12, 2020. ; https://doi.org/10.1101/2020.10.12.335778doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.12.335778
http://creativecommons.org/licenses/by-nc-nd/4.0/


 12 

EGFP flies was greatly impaired at day 3 (Fig. 6B-C and Table S1) compared to control flies 270 

TH-Gal4/+ and WT-α-syn-EGFP/+. Notably, both activity and speed were further reduced in 271 

flies accumulating α-syn compared to controls at day 20 (Fig. 6B-C and Table S1). To better 272 

understand the detrimental impact of α-syn on movement patterns, we decomposed and 273 

analysed movement as units. The first unit comprised the initiation of a motor action (Fig. 274 

6D, red arrows), the action initiation; the second unit was the bout length, depicting for how 275 

long the flies maintain a bout of activity (Fig. 6D, dark grey boxes); and the third unit was the 276 

inter-bout interval that quantifies the duration of the pause between the end of a previous and 277 

the beginning of a new bout of activity (Fig. 6D, white boxes). These units were collectively 278 

named activity metrics. 279 

 280 

DA-specific expression of α-syn altered activity metric parameters in 3-day-old flies (Fig. 281 

6E-G, top and Table S1). 3-day-old TH>WT-α-syn-EGFP flies revealed a reduced ability to 282 

initiate locomotor movements compared to TH/+ controls (Fig. 6E, top). In addition, 283 

TH>WT-α-syn-EGFP flies showed a marked impairment in the capacity to maintain a motor 284 

action, thus showing shorter bouts of activity (Fig. 6F, top). In addition, these flies also 285 

displayed a longer interval between each activity bout (Fig. 6G, top). These alterations were 286 

also observed in 20-day-old TH>WT-α-syn-EGFP flies when compared to controls (Fig. 6E-287 

G). Together these data demonstrate that expression of α-syn in DA neurons caused an early 288 

onset of abnormalities that affected spontaneous motor activity, exemplified by shorter bouts 289 

of activity with reduced speed and separated by longer pauses.  290 

 291 

To investigate the impact of α-syn mediated motor impairment over an extended period of 292 

time, we utilised SING assay which probes the ability of flies to climb to the top of a tube 293 

after being gently tapped to the bottom (Miquel et al., 1972; Sun et al., 2018) (Fig. 6H). 294 
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Independent cohorts of flies either expressing UAS-WT-α-syn-EGFP or UAS-EGFP were 295 

aged and tested at 3, 10, 20, 30 and 40 days-old for their SING behaviour (Fig. 6I). 296 

nSyb>WT-α-syn-EGFP flies showed a severe reduction in their climbing ability starting at 297 

day 20 compared to both control groups (Fig. 6I and Table S1). This phenotype worsened as 298 

the flies reached 30 and 40 days of age, respectively (Fig. 6I and Table S1). These data 299 

demonstrate that accumulation of α-syn and in turn alterations in presynaptic proteins lead to 300 

progressive motor deficits in ageing Drosophila.  301 

 302 

To further investigate the impact of α-syn expression on DA neuron function, we quantified 303 

the proboscis extension response (PER) which is modulated by a single DA neuron, the TH-304 

VUM cell (Marella et al., 2012). PER behaviour measures the proboscis extension response 305 

of flies to sugar stimuli after a short period of starvation (Fig. 6J) (Cording et al., 2017). PER 306 

analysis showed the proportion of TH>WT-α-syn-EGFP flies responding to sugar stimuli was 307 

significantly lower compared to TH/+ and TH>EGFP controls (Fig. 6K and Table S1). This 308 

data demonstrates that α-syn impairs the neural response to sugar stimuli, most likely because 309 

the activity of TH-VUM neuron is diminished. Thus, indicating that impaired dopamine 310 

signalling causes akinetic behaviour in Drosophila. 311 

 312 

α-syn induced synaptopathy causes dopaminergic neurodegeneration  313 

The synaptopathy hypothesis suggests that synaptic dysfunction and the resulting behavioural 314 

deficits precede degenerative cell loss. To test this hypothesis, we aged TH>WT-α-syn-EGFP 315 

and control flies and quantified DA neuron numbers in specific clusters of the ageing 316 

Drosophila brain that were identified by immunofluorescence with anti-tyrosine hydroxylase 317 

(TH) antibody (White et al., 2010). We counted anti-TH-labelled DA neurons of PPL1 and 318 

PPL2, PPM1/2 and PPM3 clusters in the adult brain of 3, 20, and 40-day-old flies (Fig. 7A). 319 
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At 3 days of age, TH>WT-α-syn-EGFP flies showed no significant loss of DA neurons in the 320 

PPL1 cluster compared to the control groups (Fig. 7A’-B, Table S1). At 20-day-old, analysis 321 

of TH>WT-α-syn-EGFP flies revealed a significant loss of DA neurons compared to controls 322 

(Fig. 7A’-B, Table S1), which was also observed in 40-day-old flies compared to age-323 

matched controls (Fig. 7A’-B, Table S1). Similar to PPL1, analysis of the PPM3 cluster 324 

revealed a discrete loss of DA neurons at day 20 when compared to TH>EGFP control and 325 

TH/+ control at day 40 (Fig. 7C, Table S1). In contrast to PPL1 and PPM3, PPL2 and 326 

PPM1/2 clusters showed no significant alteration in the number of DA neurons over time due 327 

to WT-α-syn overexpression (Fig. 7D-E, Table S1). Together these data demonstrate that α-328 

syn accumulation causes region-specific and progressive degeneration of dopaminergic 329 

neurons in the ageing brain of Drosophila. 330 

 331 

Active zone protein is downregulated in human synucleinopathies 332 

Our findings so far indicate that presynaptic α-syn accumulation caused AZ deficits that 333 

resulted in decreased neuronal function and behavioural deficits in ageing Drosophila that 334 

occurred prior to progressive neurodegeneration. To evaluate the clinical significance of these 335 

in vivo findings, we examined whether AZ proteins were also altered in patient brain. For 336 

this, we re-analysed our previously published proteomics data that compared 32 post-mortem 337 

human brains in the prefrontal cortex of patients with PDD, DLB, PD and older adults 338 

without dementia (Bereczki et al., 2018). Our previous analysis identified alterations in 339 

synaptic proteins that correlated with the rate of cognitive decline and reliably discriminated 340 

PDD from Alzheimer's disease patients (Bereczki et al., 2018). Here we focused on proteins 341 

enriched in the mammalian presynaptic active zone, including homologs of the RIM, 342 

PICCOLO, ELKS and LIPRIN-α protein families (Table S2). Our initial analysis indicated 343 
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potential alterations in AZ protein levels in patient brain, in particular LIPRIN-α proteins 344 

(Table S2). 345 

 346 

Liprin-α3 and 4 proteins of the mammalian AZ play crucial roles in synapse assembly and 347 

function (Zürner and Schoch, 2009). In mammals, Liprin-α3 is highly expressed in the brain 348 

while Liprin-α4 has a lower abundance in the central nervous system (Zürner and Schoch, 349 

2009). To corroborate our proteomics data, we carried out quantitative western blotting 350 

analysis of LIPRIN-α3 and 4 in post-mortem tissue of prefrontal cortex (BA9), anterior 351 

cingulate cortex (BA24) and parietal cortex (BA40) in control, PDD and DLB patient brain 352 

samples. Levels of LIPRIN-α3 were unaltered in all brain regions evaluated from PDD and 353 

DLB when compared to controls (Fig. 8A-C and Table S3). In contrast, expression levels of 354 

LIPRIN-α4 were significantly downregulated in the prefrontal cortex of DLB patients 355 

compared to control patients (*p=0.0349; Fig. 8B-C and Table S3). On the other hand, no 356 

significant alteration was observed in cingulate cortex (p=0.1192) or in parietal cortex 357 

(p=0.8737; Fig. 8B-C and Table S3).  358 

 359 

Discussion 360 

α-syn accumulation and aggregation is the defining pathogenic feature of PD and other 361 

synucleinopathies (Goedert et al., 2017; Bridi and Hirth, 2018). α-syn pathology correlates 362 

with synaptic deficits and subsequent synaptopathy before neurons are lost (Hornykiewicz, 363 

1998; Calo et al., 2016; Caminiti et al., 2017). However, the mechanisms and cascade of 364 

events underlying the pathogenic progression from α-syn accumulation to synaptopathy and 365 

subsequent neurodegeneration are not well understood. Here we tested the hypothesis of α-366 

syn-mediated synaptopathy by expressing the human wildtype form of α-syn in Drosophila, a 367 

well-established model to study PD and synucleinopathy (Feany and Bender, 2000; Auluck et 368 
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al., 2002), and monitored its effect over time in the ageing animal. Our findings indicate that 369 

targeted expression of human α-syn leads to its accumulation in presynaptic terminals that 370 

caused downregulation of presynaptic proteins CSP, Synapsin and Syntaxin and a reduction 371 

in the number of AZ required for synaptic transmission. In addition to synaptic alterations, α-372 

syn accumulation caused impaired neuronal function and behavioural deficits leading to the 373 

progressive loss of dopaminergic neurons in ageing flies. These data resemble key features of 374 

the onset and progression of synucleinopathies, including PD, PDD and DLB, and 375 

demonstrate that accumulating α-syn can cause synaptopathy and progressive 376 

neurodegeneration. Our findings imply that one, if not the first cytotoxic insult of α-syn 377 

pathology, is its accumulation in presynaptic terminals, which impairs presynaptic active 378 

zones, a phenotype we also observed in post-mortem tissue of DLB patients. The resulting 379 

impaired synaptic efficacy and diminished neuronal function affect behavioural output, which 380 

over time leads to progressive neurodegeneration.  381 

 382 

Our findings are in line with post-mortem studies where α-syn was found as small aggregates 383 

in the presynaptic terminal (Kramer and Schulz-Schaeffer, 2007; Colom-Cadena et al., 2017). 384 

Dendrites and spines of DLB patients with accumulation of aggregated α-syn were 385 

significantly smaller than those without α-syn and correlated with reduced expression levels 386 

of presynaptic proteins (Kramer and Schulz-Schaeffer, 2007). These findings in human 387 

patient material resemble synaptic phenotypes we observed as a result of targeted α-syn 388 

accumulation in Drosophila; they support recent experimental findings, which indicate that 389 

aggregated α-syn can directly bind and sequester presynaptic proteins (Choi et al., 2018). 390 

Together with our findings, these data identify presynaptic deficits and the resultant 391 

synaptopathy as a conserved pathogenic pathway of accumulating α-syn.  392 

 393 
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In addition to alterations in presynaptic proteins, we also detected α-syn-mediated loss of 394 

BRP puncta in Drosophila. BRP is required for the structural integrity and function of 395 

synaptic AZs (Wagh et al., 2006), responsible for vesicle docking and exocytosis of 396 

neurotransmitters (Zhai and Bellen, 2004; Wang et al., 2016). Downregulation or mutational 397 

inactivation of BRP has been shown to impair T-bar formation and to reduce evoked synaptic 398 

transmission and quantal content (Wagh et al., 2006). As a result, the neuronal function is 399 

affected, resulting in impaired behaviour, which is illustrated by the name Bruchpilot, 400 

meaning 'crash pilot' in German, referring to the significantly impaired manoeuvering of BRP 401 

mutant flies (Wagh et al., 2006). Given BRPs core function, reduced numbers of BRP-402 

positive AZs would predict reduced synaptic efficacy and impaired neural transmission in 403 

flies that accumulate α-syn in presynaptic terminals. Indeed, quantification of the SSVEP 404 

(Afsari et al., 2014; Petridi et al., 2020) revealed altered synaptic efficacy caused by α-syn 405 

accumulation in TH>WT-α-syn-EGFP flies. These observations in Drosophila are in line 406 

with a recent study in rodents which showed that overexpression of α-syn caused impairment 407 

in the electroretinogram and loss of TH positive amacrine cells in the retina (Marrocco et al., 408 

2020). 409 

 410 

Consistent with impaired synaptic transmission, we found that adult flies expressing α-syn in 411 

DA neurons displayed behavioural deficits in spontaneous locomotor activity. 3-day-old 412 

TH>WT-α-syn-EGFP flies showed a marked reduction in activity and speed, accompanied by 413 

a significantly decreased ability to initiate and maintain motor actions, together with longer 414 

pauses between each bout of activity. These α-syn-mediated motor phenotypes became more 415 

pronounced in older flies, revealing an age-related progression of the disease that has also 416 

been observed in other Drosophila models of PD (Feany and Bender, 2000; Whitworth et al., 417 

2005; Humphrey et al., 2012; Hindle et al., 2013; Poças et al., 2015; Sakai et al., 2019). In 418 
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addition, flies accumulating α-syn also displayed akinetic behaviour which was measured by 419 

the proboscis extension response that evaluates the response to sugar stimuli, a motor 420 

behaviour that is modulated by a single dopaminergic cell, the TH-VUM neuron (Marella et 421 

al., 2012). Remarkably, TH>WT-α-syn-EGFP flies showed a significant reduction in their 422 

PER response, suggesting that α-syn accumulation impairs neuronal function.  423 

 424 

This is further supported by the observed α-syn-mediated alterations in the SSVEP that is 425 

regulated by DA-rich lamina neurons in the adult brain of Drosophila (Afsari et al., 2014; 426 

Petridi et al., 2020). α-syn accumulation also caused progressive deficits in negative geotaxis, 427 

a startle induced locomotor behaviour that is controlled by dopamine in the fly brain (Feany 428 

and Bender, 2000; Riemensperger et al., 2013; Poças et al., 2015; Vaccaro et al., 2017; Sun 429 

et al., 2018; Sakai et al., 2019). These findings demonstrate that α-syn-mediated synaptic 430 

alterations and impaired neurotransmission cause motor deficits in Drosophila affecting 431 

voluntary behaviour including action initiation and maintenance, as well as reflex activity. 432 

Comparable phenotypes have been observed in rodent models of synucleinopathies and 433 

patients with α-syn pathology (reviewed in Lashuel et al., 2013; Bridi and Hirth, 2018). 434 

Together these data strongly suggest that presynaptic accumulation of α-syn causes 435 

synaptopathy and progressive behavioural deficits.  436 

 437 

Accumulation and aggregation of α-syn are believed to cause a vicious cycle in dopaminergic 438 

neurons, triggering further accumulation of α-syn and neuronal cell death (Bridi and Hirth, 439 

2018). Our experiments in Drosophila demonstrate that accumulating α-syn causes 440 

progressive degeneration of dopaminergic neurons in an age-related manner. Interestingly, α-441 

syn accumulation preferentially affected both PPL1 and PPM3 cluster of DA neurons that 442 

regulate motor behaviour and are specifically affected in Drosophila models of PD 443 
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(Whitworth et al., 2005; Park et al., 2006; Trinh et al., 2008; Cunningham et al., 2018). 444 

These findings resemble what is seen in PD patients where the reduction in nigrostriatal 445 

pathway connectivity occurs prior to the degenerative cell death of DA neurons in the 446 

substantia nigra pars compacta (Burke and O’Malley, 2013; Caminiti et al., 2017). Of note, 447 

the progression of degenerative cell loss in Drosophila correlated with the progressive 448 

accumulation of α-syn levels in the ageing animal, illustrating a key characteristic of 449 

synucleinopathies, especially PD, in that specific populations of dopaminergic neurons are 450 

particularly vulnerable to α-syn burden which directly correlates with disease severity and 451 

extend of neurodegeneration (Braak et al., 2002). 452 

 453 

Alterations in synaptic proteins have been reported in clinical studies of PD, PDD and DLB 454 

patients with α-syn pathology. These studies suggest that axonal and synaptic alterations 455 

correlate with cognitive decline and the severity of the disease (Dijkstra et al., 2015; Bereczki 456 

et al., 2016). In vivo studies showed that reduced expression of α-syn was able to ameliorate 457 

neurotoxicity and behavioural deficits in conditional transgenic mice (Lim et al., 2011). 458 

Furthermore, in a transgenic model of DLB/PD, pharmacological targeting of accumulating 459 

α-syn was sufficient to improve behavioural alterations and to ameliorate neurodegeneration 460 

(Wrasidlo et al., 2016). More recent findings indicate that the process of Lewy Body 461 

formation, rather than fibril formation of α-syn, is linked to synaptic dysfunctions that occur 462 

before the early onset of neurodegeneration (Mahul-Mellier et al., 2020). These findings are 463 

in line with our observations in Drosophila, which reveal insights into early pathogenesis 464 

whereby the presynaptic accumulation of α-syn affects synaptic proteins and impairs active 465 

zone-mediated neuronal function. Consistent with our findings in Drosophila, we found that 466 

the AZ matrix protein Liprin-α4 is downregulated in the prefrontal cortex of DLB patients 467 

which display Parkinsonian phenotypes along with dementia (Colom-Cadena et al., 2017; 468 
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Bereczki et al., 2018). These findings suggest a pathogenic mechanism where synaptic 469 

alterations directly correlate with cognitive decline in PD, DLB and PDD patients (Bereczki 470 

et al., 2018). 471 

 472 

Taken together, our results presented here demonstrate α-syn accumulation in presynaptic 473 

terminals affects synaptic proteins and active zone integrity that impair neuronal function. 474 

The resultant synaptopathy causes behavioural deficits and progressive age-related 475 

neurodegeneration. This succession of phenotypes recapitulates key events of dying-back like 476 

neurodegeneration (Calo et al., 2016; Tagliaferro and Burke, 2016; Bridi and Hirth, 2018) 477 

and provide insights into the pathogenic mechanisms underlying synaptopathy, the likely 478 

initiating event in Parkinson's disease and related synucleinopathies. 479 

 480 

Materials and Methods 481 

Fly stocks and husbandry 482 

All fly stocks were maintained in standard cornmeal media at 25oC in a 12 h light/dark cycle, 483 

unless for ageing experiments where flies were kept in 15% yeast/sugar media (White et al., 484 

2010; Diaper et al., 2013; Solomon et al., 2018). Strains used were Oregon R, W1118, nSyb-485 

gal4 (a kind gift from Dr Sean Sweeney), TH-gal4 (Friggi-Grelin et al., 2003), UAS-EGFP, 486 

UAS-WT-α-syn-EGFP (Poças et al., 2015)  487 

 488 

Immunofluorescence  489 

Drosophila larval NMJ dissections were carried out according to established protocol (Brent 490 

et al., 2009) and fixed either with 3.5% formaldehyde for 25 min or Bouin’s fixative (Sigma) 491 

for 5 min. Primary antibodies used were anti-HRP (1:200 - Immunochemicals 123-605-021), 492 

anti-CSP (1:200 - DSHB), anti-Synapsin (1:50 - DSHB), anti-nSynaptobrevin (1:150 - 493 
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Ohyama et al., 2007; a kind gift from Dr Hugo Bellen, Baylor College of Medicine), anti-494 

Synaptotagmin (1:1000 – West et al., 2015; a kind gift from Dr Sean Sweeney, University of 495 

York), anti-SNAP-25 (1:100 - Rao et al., 2001; a kind gift from Dr David Deitcher, Cornell 496 

University), anti-GFP (1:500 - Thermo Fischer A6455), anti-BRP (1:50 - DSHB). Adult CNS 497 

preparations were carried out as described previously (White et al., 2010). The primary 498 

antibodies used were anti-TH (1:50 - ImmunoStar), anti-GFP (1:500 - Thermo Fischer 499 

Scientific A6455). Secondary antibodies were Alexa fluor 488 and 568 (1:150; Invitrogen); 500 

for details see the Supplementary material. 501 

 502 

Imaging and analysis  503 

Z-stacks of NMJ synapses innervating muscle 6/7 of segment 3 were captured with a Nikon 504 

A1R confocal or Leica TCS SP5 microscopes. The adult Drosophila brain images were 505 

acquired using Nikon A1R confocal for DA neuron cluster analysis. The instant super 506 

resolution structured illumination microscopy (iSIM) was performed using Nikon Eclipse Ti-507 

E Inverted microscope to image both for adult CNS and NMJ preparations.  508 

 509 

For the fluorescence quantification, to build up the ratio between GFP signal in the synaptic 510 

boutons and axons, the intensity of ten synaptic boutons (labelled with anti-CSP) and ten 511 

axonal regions (positive for anti-HRP and negative for anti-CSP) were quantified per NMJ. 512 

Thus, each n number represents the average value obtained from the division of fluoresce 513 

intensity of synaptic boutons/axon in each NMJ. For fluorescence quantifications of Synapsin 514 

and CSP, z-stacks were obtained using identical settings for all genotypes with same z-axis 515 

spacing between them within the same experiment and optimised for detection without 516 

saturation of the signal (Goel et al., 2017). Ten synaptic boutons were analysed per NMJ 517 
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using the free hand tool from ImageJ (http://imagej.nih.gov/ij/), with each point in the graphs 518 

representing the average of ten synaptic boutons/NMJ.  519 

 520 

BRP puncta number were manually counted in z-stacks using ImageJ and the Cell Counter 521 

plugin to record the total number of puncta per NMJ. Synapse surface area was calculated by 522 

creating a mask around the HRP channel, that labels the neuronal membrane, using ImageJ 523 

thresholding and 3D object counter (Goel et al., 2017). DA neurons were manually counted 524 

through z-stacks using Cell Counter plugin using the anti-TH staining and each hemisphere 525 

represents an n number (White et al., 2010).  526 

 527 

Western blotting  528 

Drosophila heads. Quantitative Western blotting from adult fly heads were performed as 529 

previously published protocol (Solomon et al., 2018). The following primary antibodies were 530 

used: anti-Synapsin (1:500 – DSHB 3C11), anti-Syntaxin (1:1000 – DSHB 8C3), anti-GFP 531 

(1:1000 - Thermo Fischer A6455), anti-beta actin (1:1000 - Abcam Ab8227), anti-beta 532 

tubulin (1:1000 – DSHB E3). Secondary antibodies were IRDye 800 conjugated goat anti-533 

rabbit (1:10000, Rockland Immunochemicals) and Alexa Fluor 680 goat anti-mouse 534 

(1:10000, Invitrogen); for details see the Supplementary material. 535 

  536 

Analysis of neuronal function 537 

The Steady State Visual Evoked Potential (SSVEP) assay measured the output of the 538 

photoreceptors and second-order lamina neurons using protocol described previously (Petridi 539 

et al., 2020); for details see the Supplementary material. 540 

 541 
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Behavioural Analyses 542 

Drosophila ARousal Tracking (DART) System. DART was used to perform single fly 543 

tracking of age-matched mated females using protocol described previously (Faville et al., 544 

2015; Shaw et al., 2018); for details see the Supplementary material. 545 

 546 

Startle-induced negative geotaxis (SING). SING was used to assess the locomotor ability of 547 

flies following a startle stimulus to which flies display a negative geotaxis response (modified 548 

from Ruan et al., 2015). A group of ten mated age-matched female flies, per genotype, were 549 

transferred into the experimental tubes. After the tubes of all genotypes tested being placed in 550 

custom-made apparatus (see Fig. 7A), flies were allowed to acclimatise for 20 min. Control 551 

and experimental groups were always assayed together by tapping all the flies to the bottom 552 

of the tubes and allowing them to climb as a negative geotaxis response. After 10 seconds, 553 

the number of flies that successfully climbed above the 7 cm line was recorded. This assay 554 

was repeated 5 times allowing 1 min rest during between trials; for details see the 555 

Supplementary material. 556 

 557 

 Proboscis extension response (PER) – Akinesia assay. The PER assay was performed as 558 

protocol described previously (Petridi et al., 2020); for details see the Supplementary 559 

material. 560 

 561 

Human post-mortem tissue analysis  562 

Brain tissue samples. Detailed description of brain samples, diagnose criteria and 563 

neuropathological assessments has been previously published (Bereczki et al., 2018). Brain 564 

tissue samples were provided from Brains for dementia research network. Consent for 565 

autopsy, neuropathological assessment and research were obtained and all studies were 566 
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carried out under the ethical approval of the regional Ethical Review Board of Stockholm 567 

(2012/910-31/4). 30 cases in total/brain regions were used for the western blot experiments. 568 

Controls were defined as subjects with no clinical history and no neuropathological evidence 569 

of a neurodegenerative condition.  570 

 571 

Quantitative Western Blotting. For western blot analysis, 500 mg of frozen tissue was 572 

homogenized in ice-cold buffer containing 50 mM Tris-HCL, 5 mM EGTA, 10 mM EDTA, 573 

protease inhibitor cocktail tablets and 2 mg/mL pepstatin A dissolved in ethanol:dimethyl 574 

sulfoxide 2:1 (Sigma). To minimize inter-blot variability, 20 μg total protein/samples were 575 

loaded in each lane of each gel on 7.5-10% SDS-polyacrylamide gel and then transferred to 576 

nitrocellulose membrane (Immobilon-P, Millipore). After blocking, membranes were 577 

incubated with primary antibodies followed by HRP conjugated secondary antibody. The 578 

following primary antibodies were used: rabbit polyclonal anti-LIPRIN-α3 (1:1000, Synaptic 579 

Systems 169 102); Rabbit anti-LIPRIN-α4 (1:1000, Abcam - ab136305); Rabbit anti-GAPDH 580 

(1:5000, Abcam, ab22555). Secondary antibodies used were: donkey anti-rabbit (1:10000, 581 

Invitrogen NA9340V) or donkey anti-rabbit (1:5000, LICOR, 926-32213); for details see the 582 

Supplementary material. 583 

 584 

Statistical analysis 585 

GraphPad Prism 8 was used to perform the statistical analyses. Comparison of means were 586 

performed using either t-test; one-way ANOVA or Kruskal-Wallis test followed by 587 

Dunnett’s, Tukey’s or Dunn’s multiple comparison post-hoc tests. The significance was 588 

defined as p<0.05, error bars are shown as SEM. For complete description, please see the 589 

Supplementary material. 590 

 591 
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Data availability 592 

The data supporting the findings of this study are available within the article and in the 593 

supplementary material. 594 
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Figure and figure legends  834 

 835 

Figure 1. α-syn accumulates in synaptic boutons at the Drosophila NMJ. (A) Third instar 836 

larval stage (L3) Drosophila (left) was used to investigate presynaptic terminals (boutons) 837 

terminating at the neuromuscular junction (NMJ, middle). Immunohistochemistry assay 838 

reveals the muscle fibres (grey) stained with phalloidin that binds to actin; the axons 839 

descending from the motor neuron and terminating onto the muscles are labelled with anti-840 

horseradish peroxidase (HRP – grey); and the presynaptic terminal of the motor neuron 841 

labelled with anti-BRP (red). (B) Representative image of NMJ of nSyb>EGFP and 842 
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 36 

nSyb>WT-α-syn-EGFP larvae immunostained with anti-GFP (green), anti-CSP (red) and 843 

anti-HRP (magenta). Arrowheads indicate accumulation of WT-α-syn-EGFP in synaptic 844 

boutons, which are immunolabelled with anti-CSP while control EGFP is homogeneously 845 

expressed in synaptic boutons and axonal regions devoid of CSP immunoreactivity; dashed 846 

boxes show a higher magnification of the areas indicated by the arrowheads (C) Quantitative 847 

analysis of the ratio of GFP fluorescence intensity between boutons and axons; ****p= 848 

0.0001; mean ± SEM shown for each genotype (n = 9 NMJs/genotype). Statistical analyses 849 

were performed using unpaired two-tailed t-test. Scale bars: 10 µm. 850 

 851 

 852 
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Figure 2. Accumulating α-syn downregulates presynaptic proteins. (A) Confocal images 853 

of NMJ immunolabeled with anti-CSP, anti-GFP and anti-HRP. (B) Confocal images of NMJ 854 

staining with anti-Synapsin, anti-GFP and anti-HRP. (C) Quantitative analysis of the 855 

fluorescence levels of CSP revealed downregulation in the NMJ of nSyb>WT-α-syn-EGFP 856 

larvae compared to control; *p= 0.0297; mean ± SEM shown for each genotype (n= 11 857 

NMJs/ genotype). (D) Quantitative analysis of the Synapsin fluorescence levels showed 858 

downregulation in the NMJ of nSyb>WT-α-syn-EGFP larvae compared to control; 859 

****p<0.0001; mean with SEM shown for each genotype (n= 21 NMJs/genotype). Statistical 860 

analyses were performed using unpaired two-tailed t-test. t Scale bars: 10 µm 861 

 862 

 863 
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Figure 3. Progressive accumulation of α-syn affects presynaptic proteins in ageing 864 

animals. (A) Expression levels of WT-α-syn-EGFP expressed under the control of pan-865 

neuronal driver nSyb-Gal4 increased at 20 days of age compared to the levels observed in fly 866 

brains at 3 days of age; *p=0.0411, ns – not significant p>0.05, n=7-9. Such accumulation 867 

was specific for WT-α-syn-EGFP since the control flies expressing EGFP only showed no 868 

alteration in the expression levels of EGFP. (B) The expression levels of the synaptic vesicle 869 

protein Synapsin were reduced in flies expressing WT-α-syn-EGFP at day 3 and 20 compared 870 

to control flies; *p= 0.03 and **p= 0.002, n= 3-6. (C) The expression levels of Syntaxin, a 871 

protein of the presynaptic SNARE complex, also had its levels reduced at day 20 in fly brain 872 

expressing WT-α-syn-EGFP compared to control; **p= 0.0093, ns – not significant p>0.05, 873 

n=3-6. Mean ± SEM are shown, statistical analyses were performed using unpaired two-tailed 874 

t-test. 875 
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 876 

Figure 4. Presynaptic active zones are reduced by accumulating α-syn. (A) Confocal 877 

images of NMJ, immunolabeled with anti-nc82/BRP and anti-HRP. (B) Dashed box 878 

represents the section of the NMJ (A) imaged with instant super resolution structured 879 

illumination microscopy (iSIM) (C) Quantitative analysis of total number of BRP puncta that 880 

represents the AZs labelled with anti-nc82/BRP per NMJ; *p= 0.0245 compared to nSyb/+ 881 

and *p= 0.0317 compared to nSyb>EGFP. (D) Number of BRP puncta normalised by the 882 
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synaptic surface µm2 immunolabelled with anti-HRP; **p= 0.0023. (E) The total number of 883 

synaptic boutons/NMJ was unchanged. All graphs are represented as mean ± SEM shown for 884 

each genotype. (n=15-16 NMJs/genotype). Statistical analyses were performed using one-885 

way ANOVA test followed by Tukey’s multiple comparison post-hoc test. Scale bars: (A) 10 886 

µm and (B) 5 µm. 887 

 888 

 889 

Figure 5. α-syn accumulation in dopaminergic neurons impairs visual response. (A) 890 

Steady-state visual evoked potential (SSVEP) was measured in flies raised in the dark and 891 

restrained in a Gilson pippete tip. The recording electrode was placed on the surface of the 892 

eye, with a reference electrode in the mouthparts. A full field blue light stimulus is provided 893 

from an LED. A pattern of 45 stimuli are provided, with different amounts of the 1F1 (12Hz) 894 

and 2F1 (15Hz) stimuli. (B) An example stimulus made up of 70% contrast at 1F1, and 30% 895 
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contrast at 2F1 and its response. (C) The response (in B) is analysed by the FFT (Fast-Fourier 896 

Transform), revealing that the visual system responds to the supplied frequencies (1F1, 2F1) 897 

but also to their multiples (2F1, 2F2) and to the sums and differences (1F1+1F2; 1F2-1F1). 898 

Higher frequency harmonics are also seen, notably 2F1+2F2. (D) Genetic dissection (Afsari 899 

et al., 2014; Nippe et al., 2017) shows that the majority of the 1F1 and 1F2 components come 900 

from the photoreceptors, the 2F1 and 2F2 come from the lamina neurons, and the 1F1+1F2, 901 

1F1+1F2 and 1F2-1F1 from the medulla. (A-D) Modified after Afsari et al., 2014 and Petridi 902 

et al., 2020. (E) Flies expressing WT-α-Syn-EGFP under control of TH-Gal4 driver 903 

demonstrated a higher lamina neuron activity in the SSVEP, which is known to negatively 904 

correlate with levels of dopamine in the brain; *p= 0.03. (F) Photoreceptors of TH>WT-α-905 

Syn-EGFP displayed no alteration in their response compared to control groups; ns – not 906 

significant p>0.05, n=6-11 flies/genotype. Mean ± SEM are shown, statistical analyses were 907 

performed using one-way ANOVA with Tukey’s multiple comparison post-hoc test. 908 

 909 
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 910 

Figure 6. Synaptopathy induced by α-syn accumulation causes progressive motor 911 

impairment and akinetic behaviour prior to age-related dopaminergic 912 

neurodegeneration. (A) The Drosophila Arousal Tracking System (DART) was used to 913 

measure spontaneous activity of individual flies that were continuously recorded at 5 frames 914 

per second for 2 hours, as set by the DART software using a USB-webcam. (B) Top: 915 

spontaneous activity is reduced in 3-day-old flies (3-DO) expressing WT-α-syn-EGFP 916 

compared to controls; ****p<0.0001, **p= 0.0071 (n=90-100 flies/genotype). Bottom: 917 

spontaneous activity is further reduced in 20-day-old (20-DO) TH>WT-α-syn-EGFP when 918 

compared to controls; ****p<0.0001 and ***p= 0.0002 (n=30 flies/genotype). (C) Active 919 

speed of 3-day-old flies (3-DO) (top) and 20-day-old flies (20-DO) (top) is impaired by WT-920 

α-syn-EGFP expression; ****p<0.0001. (D) Schematic of the activity metrics units. The 921 

initiation of a locomotor action (red arrows) is called action initiation. Bout length is the 922 
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length of a motor action (dark grey boxes); and the pause between the end and beginning of a 923 

new motor action is called inter-bout interval (white boxes). (E) Top: The number of 924 

locomotor actions initiated by 3-day-old (3-DO) TH>WT-α-syn-EGFP flies was reduced 925 

compared to the control group TH/+; ****p<0.0001 and ns – not significant. Bottom: the 926 

locomotor actions initiated by 20-day-old (20-DO) TH>WT-α-syn-EGFP flies was reduced 927 

when compared to both controls; **p<0.0011 compared to TH/+ and **p= 0.0097 compared 928 

to WT-α-syn-EGFP/+ control. (F) The length of each bout of activity was shorter in TH>WT-929 

α-syn-EGFP flies at 3 (top) and 20 (bottom) days of age, depicting their impaired ability of 930 

sustaining a locomotor action; **p= 0.0053; ****p<0.0001. (G) The length between each 931 

bout of activity was longer in flies expressing WT-α-syn-EGFP at 3 (top) and 20 (bottom) 932 

days; *p= 0.0108, **p<0.0014, ****p<0.0001. Box-and-whisker plots represent the median 933 

(horizontal line), 25% and 75% quartiles (box), and 5% and 95% quartiles (whiskers); 934 

statistical analyses were performed using Kruskal-Wallis test with Dunn’s multiple 935 

comparison post-hoc test. (H) Custom-made apparatus used to perform startle induced 936 

negative geotaxis (SING) assay which allows all fly genotypes to be probed under equal 937 

conditions simultaneously. (H’) A group of ten flies were placed in an assay tube containing 938 

1 cm of fresh media and then allocated back in the fly holder. Next, the holder was gently 939 

tapped allowing all the flies to reach the bottom of the tubes (t=0 seconds). (H’’) After 10 940 

seconds, the number of flies that successfully climbed above the 7cm line is recorded. (I) 941 

Cohorts of flies were analysed at 3, 10, 20, 30 and 40 days of age. The analysis showed an 942 

age-related deficiency in their climbing performance which was further enhanced by the 943 

overexpression of WT-α-syn-EGFP; ****p<0.0001; mean ± SEM are shown, n= 9-13 groups 944 

of 10 flies. (J-J’’) Proboscis extension response assay evaluated the ability of flies to respond 945 

to sucrose offer after starvation. (J) Flies were fixed in a card (grey bar) with rubber cement 946 

and were left to recover for 3 hours. (J’) Starved flies were presented with a droplet of 100 947 
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mM of sucrose to the legs and then immediately scored; (J’’) flies that extended or not their 948 

proboscis in response to sucrose were scored. (K) Young flies (5-8-day-old) expressing WT-949 

α-syn-EGFP under control of TH-Gal4 driver showed a reduced response to sucrose 950 

compared to controls flies, resembling an akinetic behaviour; *p= 0.03 and ****p<0.0001; 951 

mean ± SEM shown for each genotype (n= 13-14 flies/genotype). 952 

 953 

 954 

Figure 7. α-syn mediated synaptopathy causes progressive and age-related 955 

dopaminergic neurodegeneration. (A) Schematic depiction of dopaminergic (DA) neuron 956 

clusters in the adult Drosophila brain; paired posterior lateral 1 and 2 (PPL1 and PPL2), the 957 

paired posterior medial 1 and 2 (PPM1/2) and paired posterior medial 3 (PPM3). (A’) 958 

Representative iSIM images from DA neurons from PPL1 clusters immunolabelled with anti-959 

TH antibody. (B) Number of DA neurons per hemisphere from the PPL1 cluster is reduced at 960 

day 20 and 40 compared to controls; **p= 0,0016, *p= 0,0146 for day 20; *p= 0,0207 961 

compared to TH/+; *p= 0,0425 compared to WT-α-syn-EGFP/+ for day 40. (C) PPM3 962 

clusters displayed a discrete loss of DA neurons in TH>WT-α-syn-EGFP flies only 963 

when compared to TH>EGFP at day 20 (*p=0.0292) and to TH/+ at day 40 964 
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(*p=0.0333). (D-E) DA neurons from PPL2 and PPM1/2 clusters were not affected by the 965 

expression of α-syn; n= 22-38 hemispheres/genotype; ns- not significant p>0.05. Mean ± 966 

SEM shown, statistical analyses were performed using one-way ANOVA with Tukey’s 967 

multiple comparison post-hoc test. Scale bar = 10 μm. 968 

 969 

 970 

Figure 8. Active zone protein is affected in human synucleinopathy. (A-B) Quantitative 971 

western blots revealed no significant alteration in the expression levels of LIPRIN-α3 in the 972 

prefrontal cortex (BA9), cingulate cortex (BA24) and parietal cortex (BA40), while LIPRIN-973 

α4 (B) was found to be downregulated in prefrontal cortex of DLB patients *p= 0.0389; 974 

(n=8-10) (C) Representative images from the western blotting membranes. All graphs are 975 

represented as mean ± SEM shown. Statistical analyses were performed using one-way 976 

ANOVA test followed by post-hoc Dunnett’s multiple comparison test. 977 
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