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Abstract 

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

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

Parkinson's disease with dementia and dementia with Lewy bodies. Typical symptoms are 

behavioural abnormalities including motor deficits that mark disease progression, while non-

motor symptoms and synaptic deficits are already apparent during the early stages of disease. 

Synucleinopathies have therefore been considered synaptopathies that exhibit synaptic 

dysfunction prior to neurodegeneration. However, the mechanisms and events underlying 

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

underlying α-syn accumulation and toxicity in a Drosophila model of synucleinopathy by 

employing a combination of histological, biochemical, behavioural and electrophysiological 

assays. Our findings demonstrate that targeted expression of human α-syn leads to its 

accumulation in presynaptic terminals that caused downregulation of synaptic proteins, 

cysteine string protein, synapsin, and syntaxin 1A, and a reduction in the number of Bruchpilot 

puncta, the core component of the presynaptic active zone essential for its structural integrity 

and function. These α-syn-mediated presynaptic alterations resulted in impaired neuronal 

function, which triggered behavioural deficits in ageing Drosophila that occurred prior to 

progressive degeneration of dopaminergic neurons. Comparable alterations in presynaptic 

active zone protein were found in patient brain samples of dementia with Lewy bodies. 

Together, these findings demonstrate that presynaptic accumulation of α-syn impairs the active 

zone and neuronal function, which together cause synaptopathy that results in behavioural 

deficits and the progressive loss of dopaminergic neurons. This sequence of events resembles 

the cytological and behavioural phenotypes that characterise the onset and progression of 

synucleinopathies, suggesting that α-syn mediated synaptopathy is an initiating cause of age-

related neurodegeneration. 
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Introduction  

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

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

(α-syn)1–4. These include Dementia with Lewy bodies (DLB) as well as and Parkinson’s disease 

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

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

thereby depleting dopamine levels in synaptic terminals of the dorsal striatum5–7. The resulting 

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

bradykinesia, uncontrollable tremor at rest, postural impairment, and rigidity8–10. 

 

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

PINK1, DJ-1, GBA and SNCA contribute to heritable cases of the disease11,12. However, among 

the PD-related genes identified, the SNCA gene encoding α-syn remains the most potent culprit 

underlying PD, with a key pathogenic role both in familial and sporadic cases13,14. Several point 

mutations in SNCA and increased gene dosage caused by duplication or triplication of the gene 

locus, are causally related to severe forms of PD15,16. These findings suggest a causal 

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

symptoms, and neurodegeneration5,17. 

  

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

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

processes18. Most importantly, α-syn micro-aggregates were found to be enriched in the 

presynaptic terminals of DLB patients19 along with phosphorylated α-syn, which is believed to 

disrupt synaptic structure and function20. These findings suggest that α-syn accumulation may 
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cause a toxic gain of function phenotype at the synapse, which impairs its function and 

connectivity, ultimately causing synaptopathy. 

 

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

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

is only around 30%21. Corroborating these observation, it is well acknowledged that the onset 

of PD initiates at least 20 years prior to the detection of classical motor phenotypes, a period 

known as the prodromal phase16,22,23. It has been suggested that during this phase, a large 

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

expression levels in PD and DLB patients24,25. These findings are in agreement with positron 

emission tomography of early-stage PD patients who presented extensive axonal damage and 

diminished nigrostriatal pathway connectivity26. Therefore, it has been hypothesised that 

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

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

as synaptopathies5,27. However, it remains unclear how α-syn accumulation impairs synaptic 

homeostasis, its structure and function, ultimately leading to neurodegeneration. 

 

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

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

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

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

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

alterations caused neuronal dysfunction and behavioural deficits that preceded degenerative 

loss of DA neurons - cytological and behavioural phenotypes that resemble the onset and 
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progression of synucleinopathies. Together these findings provide experimental evidence that 

presynaptic accumulation of α-syn causes synaptopathy and progressive neurodegeneration. 

 

Materials and Methods 

Fly stocks and husbandry 

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

unless for ageing experiments where flies were kept in 15% yeast/sugar media28–30. Strains 

used were Oregon R, W1118, nSyb-gal4 (a kind gift from Dr Sean Sweeney), TH-gal4 31, UAS-

EGFP, UAS-WT-α-syn-EGFP 32  

 

Immunofluorescence  

Drosophila larval NMJ dissections were carried out according to established protocol 33 and 

fixed either with 3.5% formaldehyde for 25 min or Bouin’s fixative (Sigma) for 5 min. Primary 

antibodies used were anti-HRP (1:200 - Immunochemicals 123-605-021), anti-CSP (1:200 - 

DSHB), anti-Synapsin (1:50 - DSHB), anti-nSynaptobrevin (1:150; 34 a kind gift from Dr Hugo 

Bellen, Baylor College of Medicine), anti-Synaptotagmin (1:1000; 35; a kind gift from Dr Sean 

Sweeney, University of York), anti-SNAP-25 (1:100; 37; a kind gift from Dr David Deitcher, 

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

Adult CNS preparations were carried out as described previously 30. The primary antibodies 

used were anti-TH (1:50 - ImmunoStar), anti-GFP (1:500 - Thermo Fischer Scientific A6455). 

Secondary antibodies were Alexa fluor 488 and 568 (1:150; Invitrogen); for details see the 

Supplementary material. 
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Imaging and analysis  

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

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

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

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

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

 

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

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

regions (positive for anti-HRP and negative for anti-CSP) were quantified per NMJ. Thus, each 

n number represents the average value obtained from the division of fluoresce intensity of 

synaptic boutons/axon in each NMJ. For fluorescence quantifications of Synapsin and CSP, z-

stacks were obtained using identical settings for all genotypes with same z-axis spacing 

between them within the same experiment and optimised for detection without saturation of 

the signal38. Ten synaptic boutons were analysed per NMJ using the free hand tool from ImageJ 

(http://imagej.nih.gov/ij/), with each point in the graphs representing the average of ten 

synaptic boutons/NMJ.  

 

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

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

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

thresholding and 3D object counter38. DA neurons were manually counted through z-stacks 

using Cell Counter plugin using the anti-TH staining and each hemisphere represents an n 

number 30.  
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Western blotting  

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

previously published protocol28. The following primary antibodies were used: anti-Synapsin 

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

Fischer A6455), anti-beta actin (1:1000 - Abcam Ab8227), anti-beta tubulin (1:1000 – DSHB 

E3). Secondary antibodies were IRDye 800 conjugated goat anti-rabbit (1:10000, Rockland 

Immunochemicals) and Alexa Fluor 680 goat anti-mouse (1:10000, Invitrogen). The n number 

correspond to independent biological replicate containing 5-10 fly heads/genotype, for details 

see the Supplementary material. 

  

Analysis of neuronal function 

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

photoreceptors and second-order lamina neurons using protocol described previously39; for 

details see the Supplementary material. 

 

Behavioural Analyses 

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

of age-matched mated females using protocol described previously40,41; for details see the 

Supplementary material. 

 

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

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

from Ruan et al. 41). A group of ten mated age-matched female flies, per genotype, were 

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

custom-made apparatus, flies were allowed to acclimatise for 20 min. Control and experimental 
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groups were always assayed together by tapping all the flies to the bottom of the tubes and 

allowing them to climb as a negative geotaxis response. After 10 seconds, the number of flies 

that successfully climbed above the 7 cm line was recorded. This assay was repeated 5 times 

allowing 1 min rest during between trials; for details see the Supplementary material. 

 

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

protocol described previously39; for details see the Supplementary material. 

 

Human post-mortem tissue analysis  

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

neuropathological assessments has been previously published 43. Brain tissue samples were 

provided from Brains for dementia research network. Consent for autopsy, neuropathological 

assessment and research were obtained and all studies were carried out under the ethical 

approval of the regional Ethical Review Board of Stockholm (2012/910-31/4). 30 cases in 

total/brain regions were used for the western blot experiments. Controls were defined as 

subjects with no clinical history and no neuropathological evidence of a neurodegenerative 

condition.  

 

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

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

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

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

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

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

incubated with primary antibodies followed by HRP conjugated secondary antibody. The 
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following primary antibodies were used: rabbit polyclonal anti-LIPRIN-α3 (1:1000, Synaptic 

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

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

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

Supplementary material. 

 

Statistical analysis 

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

performed using either t-test; one-way ANOVA or Kruskal-Wallis test followed by Dunnett’s, 

Tukey’s or Dunn’s multiple comparison post-hoc tests. The significance was defined as 

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

material. 

 

Data availability 

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

supplementary material. 

 

Results 

α-syn accumulates in presynaptic terminals  

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

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

EGFP) alongside with control animals expressing EGFP only (UAS-EGFP)32. This genetic 

model is an invaluable tool to investigate the toxic gain-of-function of α-syn as the Drosophila 

genome lacks a homologue of the SNCA gene44. We first compared the expression pattern of 

α-syn to the respective EGFP control by using the pan-neuronal driver nSyb-Gal4. Using 
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immunohistochemistry, the localisation and expression pattern of α-syn were determined at the 

Drosophila L3 larval neuromuscular junction (NMJ) by colocalisation with Cysteine String 

Protein (CSP) and horseradish peroxidase (HRP) (Fig. 1A-B). CSP labels boutons containing 

synaptic vesicles at the presynaptic terminal45,46 while HRP labels synaptic membranes47 (Fig. 

1A). The control expressing EGFP only and the experimental group expressing α-syn-EGFP 

displayed co-localisation with CSP (Fig. 1B). In addition, EGFP and α-syn were also detectable 

in axonal domains labelled with anti-HRP and devoid of synaptic boutons, however, the EGFP 

expression pattern in these areas was very distinct between control and experimental group 

(Fig. 1B-C, arrowheads and dashed boxes). α-syn immunolabelling was enriched in regions 

with a high density of synaptic boutons. In order to quantify this phenotype, EGFP intensity 

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

regions, in both control and experimental conditions. A ratio of EGFP intensity was calculated 

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

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

than 1 identified a higher EGFP intensity in synaptic boutons compared to axonal regions. The 

analysis revealed that α-syn immunofluorescence was significantly higher in synaptic boutons 

than in axons compared to the control NMJ expressing EGFP only (Fig. 1B-C and 

Supplementary Table 1, arrowheads and dashed boxes). These data suggest that α-syn 

accumulates predominantly in presynaptic terminals and to a lesser extent in axonal areas 

devoid of synaptic boutons in the NMJ. 

 

Accumulation of α-syn affects presynaptic proteins  

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

PD and related disorders24,25, however, it is unclear whether and how α-syn accumulation might 

be related to the disease. We, therefore, investigated whether presynaptic accumulation of α-
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syn leads to alterations in the expression and/or localisation of presynaptic proteins that are 

essential for neurotransmission. We first used the larval L3 NMJ to evaluate the effect of α-syn 

accumulation on synaptic vesicle proteins CSP and Synapsin, the SNARE complex proteins, 

SNAP-25 and Synaptobrevin, and the synaptic vesicle-specific Ca2+ binding protein 

Synaptotagmin. 

  

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

degeneration and lethality48,49. CSP acts as a chaperone in the presynaptic terminal50,51 and has 

been shown to be altered in PD patients as well as in cellular models inoculated with pre-

formed fibrils of α-syn25,52. We measured the expression levels and localisation of CSP at the 

larval NMJ by immunofluorescence, which revealed that CSP levels but not its localisation 

were downregulated in synaptic boutons co-labelled with α-syn when compared to EGFP 

controls (Fig. 2A). Quantification of mean fluorescence intensity was performed as a proxy for 

expression level in single synaptic boutons revealed significantly reduced CSP levels in larvae 

expressing a-Syn compared to controls expressing EGFP only (Fig. 2B and Supplementary 

Table 1).  

 

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

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

trafficking53–55. We measured Synapsin fluorescence intensity and localisation in single 

synaptic boutons of larvae expressing either EGFP as control or α-syn (Fig. 2C). Quantitative 

analysis of Synapsin fluorescence intensity revealed that α-syn accumulation caused a 

reduction in Synapsin expression levels in synaptic boutons, compared to the control group 

(Fig. 2D and Supplementary Table 1); however, alterations in Synapsin localisation were not 

observed. In contrast to CSP and Synapsin, we did not observe any changes in fluorescence 
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intensity levels and localisation of SNAP-25, Synaptobrevin or Synaptotagmin (Supplementary 

Fig. 1).  

 

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

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

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

Fig. 3B and Supplementary Table 1), levels of α-syn were increased over time (*p=0.0411; 

Fig. 3C and Supplementary Table 1). We then assessed the levels of Synapsin and Syntaxin in 

adult flies, which revealed downregulated Synapsin levels at day 3 and day 20 (3-DO: 

**p=0.0024; 20-DO: **p=0.0056; Fig. 3D-E and Supplementary Table 1), similar to the 

phenotype observed in synaptic boutons of the NMJ. The expression levels of Syntaxin, a 

component of the SNARE complex56, were reduced at day 3 but only significantly 

downregulated at day 20 when compared to control (3-DO: p=0.2079; 20-DO: *p=0.0151; Fig. 

3F-G and Supplementary Table 1). Together, these findings indicate that α-syn accumulates in 

the Drosophila brain, which in turn causes specific alterations of presynaptic proteins, with 

CSP, Syntaxin and Synapsin being especially susceptible to the deleterious effects of 

accumulating α-syn. 

 

Presynaptic accumulation of α-syn reduces active zone density 

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

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

required for vesicle docking and neurotransmitter exocytosis, conveying speed and accuracy 

to synaptic transmission57–59. We used confocal and instant structured illumination microscopy 

(iSIM) to NMJs labelled with anti-Bruchpilot (BRP) (Fig. 4A-B). BRP encodes a cytoskeletal 
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protein essential for the structural integrity and the function of electron-dense projection (T-

bar) at the AZ60,61.  

 

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

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

nSyb>EGFP (vs. nSyb/+ *p=0.0189; vs. nSyb>EGFP *p=0.0492; Fig. 4C and Supplementary 

Table 1). A detailed analysis accounting also for the surface area of the NMJ labelled by anti-

HRP 62, revealed also a significant reduction in the total number of puncta in nSyb>WT-α-syn-

EGFP larvae, when compared to controls (vs. nSyb/+ *p= 0.0289 and  nSyb>EGFP *p=0.03; 

Fig. 4D and Supplementary Table 1). In contrast, neither the total number of synaptic boutons 

(vs. nSyb>EGFP p=0.2976; Fig. 4E and Supplementary Table 1) nor the morphology and 

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

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

 

α-syn accumulation impairs neuronal function  

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

homeostasis and function60. The observed reduction of BRP-positive puncta suggested that 

physiological defects could occur as a result of presynaptic accumulation of α-syn. To 

investigate whether synaptic efficacy and neurotransmission were affected, we determined the 

Steady State Visual Evoked Potential (SSVEP) in adult flies (Fig. 5). The SSVEP quantifies 

the physiological response to flickering stimuli which generate frequency- and phase-locked 

response components with a very high signal-to-noise ratio (Fig. 5A-C)39,63. In Drosophila, the 

net response of flickering stimuli is mediated by retinal photoreceptor cells together with 

lamina and medulla neurons that are electrically linked (Fig. 5C-D)64. The visual response 
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negatively correlates with dopamine levels in the brain 65, with dopamine required to inhibit 

the response to visual stimuli63.  

 

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

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

*p=0.0313; vs. TH>EGFP *p=0.0325; Fig. 5E and Supplementary Table 1). This response was 

specific to lamina neurons, as photoreceptor cells showed no alteration in their SSVEP 

response (vs. TH/+ p=0.9998; vs. TH>EGFP p=0.8261; Fig. 5F and Supplementary Table 1). 

The difference in stimuli response between the lamina and photoreceptor neurons correlated 

well with the far more extensive DA innervation in the lamina than the photoreceptor layer 

(Fig. 5D)39,63. Because dopamine inhibits the SSVEP response63, these data suggest that TH-

Gal4 driven accumulation of α-syn in DA neurons impaired synaptic output of DA-rich lamina 

neurons, thereby reducing their visual response inhibition which in turn resulted in an increased 

SSVEP response.  

 

Accumulation of α-syn progressively impairs motor behaviour 

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

bradykinesia and akinesia, related to the reduction of striatal dopamine 66. However, these 

symptoms only become clinically apparent when a large proportion of DA neurons have 

already been lost 5. We, therefore, investigated whether the accumulation of α-syn and in turn 

the alterations in presynaptic proteins would cause any motor deficits in adult flies. We 

employed three independent assays to quantify voluntary and reflexive motor behaviour, the 

Drosophila ARousal Tracking system (DART)40, startled-induced negative geotaxis (SING) 

30,42 and the proboscis extension response (PER)67.  
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We specifically targeted α-syn to DA neurons and first determined anti-α-syn immunoreactivity 

in the adult brain of TH>WT-α-syn-EGFP flies compared to TH>EGFP controls. Anti-α-syn 

antibody staining was detectable in DA cell bodies, their neuronal projections and in synaptic 

terminals (Supplementary Fig. 2A-L). Next, we measured their spontaneous motor activity 

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

flies was greatly impaired at day 3 (Fig. 6B-C and Supplementary Table 1) compared to control 

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

in flies accumulating α-syn compared to controls at day 20 (Fig. 6B-C and Supplementary 

Table 1). To better understand the detrimental impact of α-syn on movement patterns, we 

decomposed and analysed movement as units. The first unit comprised the initiation of a motor 

action (Fig. 6D, red arrows), the action initiation; the second unit was the bout length, depicting 

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

was the inter-bout interval that quantifies the duration of the pause between the end of a 

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

collectively named activity metrics. 

 

DA-specific expression of α-syn altered activity metric parameters in 3-day-old flies (Fig. 6E-

G, top and Supplementary Table 1). 3-day-old TH>WT-α-syn-EGFP flies revealed a reduced 

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

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

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

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

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

G). Together these data demonstrate that expression of α-syn in DA neurons caused an early 
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onset of abnormalities that affected spontaneous motor activity, exemplified by shorter bouts 

of activity with reduced speed and separated by longer pauses.  

 

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

we utilised SING assay which probes the ability of flies to climb to the top of a tube after being 

gently tapped to the bottom68,69 (Fig. 6H-J). Independent cohorts of flies either expressing UAS-

WT-α-syn-EGFP or UAS-EGFP were aged and tested at 3, 10, 20, 30 and 40 days-old for their 

SING behaviour. nSyb>WT-α-syn-EGFP flies showed a severe reduction in their climbing 

ability starting at day 20 compared to both control groups (Fig. 6K and Supplementary Table 

1). This phenotype worsened as the flies reached 30 and 40 days of age, respectively (Fig. 6K 

and Supplementary Table 1). These data demonstrate that accumulation of α-syn and in turn 

alterations in presynaptic proteins lead to progressive motor deficits in ageing Drosophila.  

 

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

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

VUM cell 70. PER behaviour measures the proboscis extension response of flies to sugar stimuli 

after a short period of starvation (Fig. 6L-O)67. PER analysis showed the proportion of 

TH>WT-α-syn-EGFP flies responding to sugar stimuli was significantly lower compared to 

TH/+ and TH>EGFP controls (Fig. 6O and Supplementary Table 1). This data demonstrates 

that α-syn impairs the neural response to sugar stimuli, most likely because the activity of TH-

VUM neuron is diminished. Thus, indicating that impaired dopamine signalling causes akinetic 

behaviour in Drosophila. 
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α-syn induced synaptopathy causes dopaminergic neurodegeneration  

The synaptopathy hypothesis suggests that synaptic dysfunction and the resulting behavioural 

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

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

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

(TH) antibody 30. We counted anti-TH-labelled DA neurons of PPL1 and PPL2, PPM1/2 and 

PPM3 clusters in the adult brain of 3, 20, and 40-day-old flies (Fig. 7A). At 3 days of age, 

TH>WT-α-syn-EGFP flies showed no significant loss of DA neurons in the PPL1 cluster 

compared to the control groups (Fig. 7B-C, Supplementary Table 1). At 20-day-old, analysis 

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

(Fig. 7B-C , Supplementary Table 1), which was also observed in 40-day-old flies compared 

to age-matched controls (Fig. 7B-C , Supplementary Table 1). Similar to PPL1, analysis of the 

PPM3 cluster revealed a discrete loss of DA neurons at day 20 when compared to TH>EGFP 

control and TH/+ control at day 40 (Fig. 7D, Supplementary Table 1). In contrast to PPL1 and 

PPM3, PPL2 and PPM1/2 clusters showed no significant alteration in the number of DA 

neurons over time due to WT-α-syn overexpression (Fig. 7E-F, Supplementary Table 1). 

Together these data demonstrate that α-syn accumulation causes region-specific and 

progressive degeneration of dopaminergic neurons in the ageing brain of Drosophila. 

 

Active zone protein is downregulated in human synucleinopathies 

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

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

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

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

we re-analysed our previously published proteomics data that compared 32 post-mortem 
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human brains in the prefrontal cortex of patients with PDD, DLB, PD and older adults without 

dementia43. Our previous analysis identified alterations in synaptic proteins that correlated with 

the rate of cognitive decline and reliably discriminated PDD from Alzheimer's disease 

patients43. Here we focused on proteins enriched in the mammalian presynaptic active zone, 

including homologs of the RIM, PICCOLO, ELKS and LIPRIN-α protein families 

(Supplementary Table 2). Our initial analysis indicated potential alterations in AZ protein 

levels in patient brain, in particular LIPRIN-α proteins (Supplementary Table 2). 

 

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

function71. In mammals, Liprin-α3 is highly expressed in the brain while Liprin-α4 has a lower 

abundance in the central nervous system71. To corroborate our proteomics data, we carried out 

quantitative western blotting analysis of LIPRIN-α3 and 4 in post-mortem tissue of prefrontal 

cortex (BA9), anterior cingulate cortex (BA24) and parietal cortex (BA40) in control, PDD and 

DLB patient brain samples. The demographics and neuropathological characteristics of the 

subjects included in our analysis are shown in Supplementary Table 3. Levels of LIPRIN-α3 

were unaltered in all brain regions evaluated from PDD and DLB when compared to controls 

(Fig. 8A-C and Supplementary Table 4). In contrast, expression levels of LIPRIN-α4 were 

significantly downregulated in the prefrontal cortex of DLB patients compared to control 

patients (*p=0.0349; Fig. 8B-C and Supplementary Table 4). On the other hand, no significant 

alteration was observed in cingulate cortex (p=0.1192) or in parietal cortex (p=0.8737; Fig. 

8B-C and Supplementary Table 4).  

 

Discussion 

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

synucleinopathies3,5. α-syn pathology correlates with synaptic deficits and subsequent 
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synaptopathy before neurons are lost26,27,72. However, the mechanisms and cascade of events 

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

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

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

established model to study PD and synucleinopathy44,73, and monitored its effect over time in 

the ageing animal. Our findings indicate that targeted expression of human α-syn leads to its 

accumulation in presynaptic terminals that caused downregulation of presynaptic proteins CSP, 

Synapsin and Syntaxin and a reduction in the number of AZ required for synaptic transmission. 

In addition to synaptic alterations, α-syn accumulation caused impaired neuronal function and 

behavioural deficits leading to the progressive loss of dopaminergic neurons in ageing flies. 

While our approach of targeted α-syn overexpression may relate more closely to familial forms 

of synucleinopathies, such as duplications and triplications of the encoding SNCA locus74, the 

observed data resemble key features of the onset and progression of PD, PDD and DLB, and 

demonstrate that accumulating α-syn can cause synaptopathy and progressive 

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

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

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

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

over time leads to progressive neurodegeneration.  

 

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

in the presynaptic terminal19,20. Dendrites and spines of DLB patients with accumulation of 

aggregated α-syn were significantly smaller than those without α-syn and correlated with 

reduced expression levels of presynaptic proteins19. These findings in human patient material 

resemble synaptic phenotypes we observed as a result of targeted α-syn accumulation in 
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Drosophila; they support recent experimental findings, which indicate that aggregated α-syn 

can directly bind and sequester presynaptic proteins75. Together with our findings, these data 

identify presynaptic deficits and the resultant synaptopathy as a conserved pathogenic pathway 

of accumulating α-syn.  

 

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

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

AZs60, responsible for vesicle docking and exocytosis of neurotransmitters57,59. 

Downregulation or mutational inactivation of BRP has been shown to impair T-bar formation 

and to reduce evoked synaptic transmission and quantal content60. As a result, the neuronal 

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

Bruchpilot, meaning 'crash pilot' in German, referring to the significantly impaired 

manoeuvering of BRP mutant flies60. Given BRPs core function, reduced numbers of BRP-

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

that accumulate α-syn in presynaptic terminals. Indeed, quantification of the SSVEP39,63 

revealed altered synaptic efficacy caused by α-syn accumulation in TH>WT-α-syn-EGFP flies. 

These observations in Drosophila are in line with a recent study in rodents which showed that 

overexpression of α-syn caused impairment in the electroretinogram and loss of TH positive 

amacrine cells in the retina76. 

 

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

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

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

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

pauses between each bout of activity. These α-syn-mediated motor phenotypes became more 
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pronounced in older flies, revealing an age-related progression of the disease that has also been 

observed in other Drosophila models of PD32,44,77–80. In addition, flies accumulating α-syn also 

displayed akinetic behaviour which was measured by the proboscis extension response that 

evaluates the response to sugar stimuli, a motor behaviour that is modulated by a single 

dopaminergic cell, the TH-VUM neuron70. Remarkably, TH>WT-α-syn-EGFP flies showed a 

significant reduction in their PER response, suggesting that α-syn accumulation impairs 

neuronal function.  

 

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

regulated by DA-rich lamina neurons in the adult brain of Drosophila39,63. α-syn accumulation 

also caused progressive deficits in negative geotaxis, a startle induced locomotor behaviour 

that is controlled by dopamine in the fly brain32,44,69,80–82. These findings demonstrate that α-

syn-mediated synaptic alterations and impaired neurotransmission cause motor deficits in 

Drosophila affecting voluntary behaviour including action initiation and maintenance, as well 

as reflex activity. Comparable phenotypes have been observed in rodent models of 

synucleinopathies and patients with α-syn pathology (reviewed by Lashuel et al5 and Bridi and 

Hirth82). Together these data strongly suggest that presynaptic accumulation of α-syn causes 

synaptopathy and progressive behavioural deficits.  

 

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

neurons, triggering further accumulation of α-syn and neuronal cell death5. Our experiments in 

Drosophila demonstrate that accumulating α-syn causes progressive degeneration of 

dopaminergic neurons in an age-related manner. Interestingly, α-syn accumulation 

preferentially affected both PPL1 and PPM3 cluster of DA neurons that regulate motor 

behaviour and are specifically affected in Drosophila models of PD77,84–86. These findings 



 23 

resemble what is seen in PD patients where the reduction in nigrostriatal pathway connectivity 

occurs prior to the degenerative cell death of DA neurons in the substantia nigra pars 

compacta21,26. Of note, the progression of degenerative cell loss in Drosophila correlated with 

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

characteristic of synucleinopathies, especially PD, in that specific populations of dopaminergic 

neurons are particularly vulnerable to α-syn burden which directly correlates with disease 

severity and extent of neurodegeneration87. 

 

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

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

correlate with cognitive decline and the severity of the disease24,25. In vivo studies showed that 

reduced expression of α-syn was able to ameliorate neurotoxicity and behavioural deficits in 

conditional transgenic mice88. Furthermore, in a transgenic model of DLB/PD, 

pharmacological targeting of accumulating α-syn was sufficient to improve behavioural 

alterations and to ameliorate neurodegeneration89. More recent findings indicate that the 

process of Lewy Body formation, rather than fibril formation of α-syn, is linked to synaptic 

dysfunctions that occur before the early onset of neurodegeneration90. These findings are in 

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

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

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

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

which display Parkinsonian phenotypes along with dementia20,43. Despite α-syn pathology 

being the defining feature of DLB, this disorder is often accompanied by other age-related 

neurodegenerative pathologies such as amyloid plaques and tau tangles91 that may contribute 

to the observed phenotypes, which remains to be determined. Nevertheless, our findings are 
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consistent with a pathogenic mechanism where synaptic alterations directly correlate with 

cognitive decline in PD, DLB and PDD patients43. 

 

Taken together, our results presented here indicate α-syn accumulation in presynaptic terminals 

affects synaptic proteins and active zone integrity that impair neuronal function. The resultant 

synaptopathy causes behavioural deficits and progressive age-related neurodegeneration. This 

succession of phenotypes recapitulates key events of dying-back like neurodegeneration5,27,92 

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

initiating event in Parkinson's disease and related synucleinopathies. 
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Figure legends  

 

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

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

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

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

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

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

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

α-syn-EGFP larvae immunostained with anti-GFP (green), anti-CSP (cyan) and anti-HRP 

(magenta). Arrowheads indicate accumulation of WT-α-syn-EGFP in synaptic boutons, which 

are immunolabelled with anti-CSP while control EGFP is homogeneously expressed in 

synaptic boutons and axonal regions devoid of CSP immunoreactivity; dashed boxes show a 

higher magnification of the areas indicated by the arrowheads (C) Quantitative analysis of the 

ratio of GFP fluorescence intensity between boutons and axons; ****p= 0.0001; mean ± SEM 

shown for each genotype (n = 5-6 flies/genotype). Statistical analyses were performed using 

unpaired two-tailed t-test. Scale bars: 10 µm. 

 

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

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

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

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

larvae compared to control; *p= 0.0248; mean ± SEM shown for each genotype (n= 6 flies/ 

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

downregulation in the NMJ of nSyb>WT-α-syn-EGFP larvae compared to control; 
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****p<0.0001; mean with SEM shown for each genotype (n= 12-13 flies/genotype). Statistical 

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

 

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

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

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

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

specific for WT-α-syn-EGFP since the control flies expressing EGFP only (A-B) showed no 

alteration in the expression levels of EGFP. (D-E) The expression levels of the synaptic vesicle 

protein Synapsin were reduced in flies expressing WT-α-syn-EGFP at day 3 (**p= 0.0024) and 

20 (**p= 0.0056) compared to control flies; n= 3-6. (F-G) The expression levels of Syntaxin, 

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

expressing WT-α-syn-EGFP compared to control; *p= 0.0151, ns – not significant p>0.05, 

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

t-test. Full uncropped blots are available in the supplementary material 

 

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

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

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

microscopy (iSIM) (C) Quantitative analysis of total number of BRP puncta that represents the 

AZs labelled with anti-nc82/BRP per NMJ; *p= 0.0189 compared to nSyb/+ and *p= 0.0492 

compared to nSyb>EGFP. (D) Number of BRP puncta normalised by the synaptic surface µm2 

immunolabelled with anti-HRP; *p= 0.0289 compared to nSyb/+ and *p= 0.03 compared to 

nSyb>EGFP. (E) The total number of synaptic boutons/NMJ was unchanged. All graphs are 

represented as mean ± SEM shown for each genotype. (n=8 flies for nSyb/+ and nSyb>EGFP; 
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and 9 flies for nSyb>WT-α-syn-EGFP). Statistical analyses were performed using one-way 

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

and (B) 5 µm. 

 

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

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

restrained in a Gilson pipette tip. The recording electrode was placed on the surface of the eye, 

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

an LED. A pattern of 45 stimuli is provided, with different amounts of the 1F1 (12Hz) and 2F1 

(15Hz) stimuli. (B) An example stimulus made up of 70% contrast at 1F1, and 30% contrast at 

2F1 and its response. (C) The response (in B) is analysed by the FFT (Fast-Fourier Transform), 

revealing that the visual system responds to the supplied frequencies (1F1, 2F1) but also to 

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

frequency harmonics are also seen, notably 2F1+2F2. (D) Genetic dissection 63,93 shows that 

the majority of the 1F1 and 1F2 components come from the photoreceptors, the 2F1 and 2F2 

come from the lamina neurons, and the 1F1+1F2, 1F1+1F2 and 1F2-1F1 from the medulla. (A-

D) Modified after Afsari et al., 2014 and Petridi et al., 2020. (E) Flies expressing WT-α-Syn-

EGFP under control of TH-Gal4 driver demonstrated a higher lamina neuron activity in the 

SSVEP, which is known to negatively correlate with levels of dopamine in the brain; *p= 0.03. 

(F) Photoreceptors of TH>WT-α-Syn-EGFP displayed no alteration in their response compared 

to control groups; ns – not significant p>0.05, n=6-11 flies/genotype. Mean ± SEM are shown, 

statistical analyses were performed using one-way ANOVA with Tukey’s multiple comparison 

post-hoc test. 

 



 38 

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

impairment and akinetic behaviour prior to age-related dopaminergic 

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

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

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

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

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

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

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

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

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

initiation of a locomotor action (red arrows) is called action initiation. Bout length is the length 

of a motor action (dark grey boxes); and the pause between the end and beginning of a new 

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

actions initiated by 3-day-old (3-DO) TH>WT-α-syn-EGFP flies was reduced compared to the 

control group TH/+; ****p<0.0001 and ns – not significant. Bottom: the locomotor actions 

initiated by 20-day-old (20-DO) TH>WT-α-syn-EGFP flies was reduced when compared to 

both controls; **p<0.0011 compared to TH/+ and **p= 0.0097 compared to WT-α-syn-

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

flies at 3 (top) and 20 (bottom) days of age, depicting their impaired ability of sustaining a 

locomotor action; **p= 0.0053; ****p<0.0001. (G) The length between each bout of activity 

was longer in flies expressing WT-α-syn-EGFP at 3 (top) and 20 (bottom) days; *p= 0.0108, 

**p<0.0014, ****p<0.0001. Box-and-whisker plots represent the median (horizontal line), 

25% and 75% quartiles (box), and 5% and 95% quartiles (whiskers); statistical analyses were 

performed using Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test. (H) 
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Custom-made apparatus used to perform startle induced negative geotaxis (SING) assay which 

allows all fly genotypes to be probed under equal conditions simultaneously. (I) A group of ten 

flies were placed in an assay tube containing 1 cm of fresh media and then allocated back in 

the fly holder. Next, the holder was gently tapped allowing all the flies to reach the bottom of 

the tubes (t=0 seconds). (J) After 10 seconds, the number of flies that successfully climbed 

above the 7cm line is recorded. (K) Cohorts of flies were analysed at 3, 10, 20, 30 and 40 days 

of age. The analysis showed an age-related deficiency in their climbing performance which 

was further enhanced by the overexpression of WT-α-syn-EGFP; ****p<0.0001; mean ± SEM 

are shown, n= 9-13 groups of 10 flies. (L-O) Proboscis extension response assay evaluated the 

ability of flies to respond to sucrose offer after starvation. (L) Flies were fixed in a card (grey 

bar) with rubber cement and were left to recover for 3 hours. (M) Starved flies were presented 

with a droplet of 100 mM of sucrose to the legs and then immediately scored; (N) flies that 

extended or not their proboscis in response to sucrose were scored. (O) Young flies (5-8-day-

old) expressing WT-α-syn-EGFP under control of TH-Gal4 driver showed a reduced response 

to sucrose compared to controls flies, resembling an akinetic behaviour; *p= 0.03 and 

****p<0.0001; mean ± SEM shown for each genotype (n= 13-14 flies/genotype). 

 

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

neurodegeneration. (A) Schematic depiction of dopaminergic (DA) neuron clusters in the 

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

medial 1 and 2 (PPM1/2) and paired posterior medial 3 (PPM3). (B) Representative iSIM 

images from DA neurons from PPL1 clusters immunolabelled with anti-TH antibody. (C) 

Number of DA neurons per hemisphere from the PPL1 cluster is reduced at day 20 and 40 

compared to controls; **p= 0,0016, *p= 0,0146 for day 20; *p= 0,0207 compared to TH/+; 

*p= 0,0425 compared to WT-α-syn-EGFP/+ for day 40. (D) PPM3 clusters displayed a 
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discrete loss of DA neurons in TH>WT-α-syn-EGFP flies only when compared to 

TH>EGFP at day 20 (*p=0.0292) and to TH/+ at day 40 (*p=0.0333). (E-F) DA neurons 

from PPL2 and PPM1/2 clusters were not affected by the expression of α-syn; n= 22-38 

hemispheres/genotype; ns- not significant p>0.05. Mean ± SEM shown, statistical analyses 

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

Scale bar = 10 μm. 

 

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

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

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

α4 (B) was found to be downregulated in prefrontal cortex of DLB patients *p= 0.0389; (n=8-

10) (C) Representative images from the western blotting membranes. All graphs are 

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

ANOVA test followed by post-hoc Dunnett’s multiple comparison test. Full uncropped blots 

are available in the supplementary material. 
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Fig. 1. Presynaptic accumulation of α-Syn causes specific presynaptic deficits. 
Representative confocal images of NMJ immunolabeled with anti-Synaptotagmin (A), anti-

SNAP-25 (B), anti-nSynaptobrevin (C) and anti-GFP at the NMJ shows they are unaffected. 

Quantification of fluorescence intensity showed that WT-α-Syn expression under control of 

the pan-neuronal driver nSyb-Gal4 caused no alterations in these proteins compared to 

control group expressing GFP only; ns – not significant p>0.05; n=5-10 NMJ from 5/7 flies 

(A), 10 flies (B), and 8 flies (C)/genotype. Mean ± SEM are shown; statistical analyses were 

performed using unpaired t test. Scale bars: 10 µm.  
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Fig. 2. Expression of α-Syn in the dopaminergic system of the adult Drosophila brain. 
(A-D) EGFP control or (E-L) WT-α-Syn-EGFP expression in 3-day-old flies under control of 

TH-Gal4 driver; adult brains were immunolabelled with anti-GFP (green), anti- α-Syn (blue) 

and anti-TH (magenta). Note, absence of α-Syn in the control TH>EGFP (B) compared to 

the experimental group expressing WT-α-syn-EGFP labelled with anti-α-Syn (F, J). (C, G, J) 

Dopaminergic neurons, their projections and synaptic terminals in the control and 

experimental group labelled with anti-TH. (D, H, L) Merge of anti-GFP, anti-α-Syn and anti-

TH labelling; arrowhead indicates synaptic terminals within the fan-shaped body of the 

central complex; scale bar = 50 μm. (I-L) Higher magnification of immunolabelled fan-

shaped body reveals that α-syn also accumulates in synaptic terminals; scale bar = 20 μm. 
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Table 1: Quantification of phenotypes and statistical tests – Figures 1-8. 

Figure  Genotype n number Mean Std. 
Deviation 

Std. Error of 
the mean Statistical tests 

Figure 1 B 
nSyb>EGFP 5 1.137 0.329 0.147 

Unpaired two-tailed t-test  t(9)=7.720, p<0.0001 
nSyb>WT-α-Syn-EGFP 6 2.339 6.379 21.604 

Figure 2 

B 
nSyb>EGFP 6 1.000 0.146 0.059 

Unpaired two-tailed t-test 

 t(10)=2.639, p=0.0248 
nSyb>WT-α-Syn-EGFP 6 0.808 0.156 0.063 

D 
nSyb>EGFP 12 1.000 0.2813 0.081 

 t(23)=10.45, p<0.0001 
nSyb>WT-α-Syn-EGFP 13 0.163 0.064 0.017 

Figure 3  

B - 3-day-old nSyb>EGFP 7 1.011 0.053 0.020 

Unpaired two-tailed t-test 

 t(14)=0.5700, p=0.5777 
B - 20-day-old nSyb>EGFP 9 1.000 0.024 0.008 

C - 3-day-old nSyb>WT-α-Syn-EGFP 8 1.255 0.066 0.023 
 t(14)=2.250, p=0.0411 

C - 20-day-old nSyb>WT-α-Syn-EGFP 8 1.394 0.162 0.057 

E - 3-day-old 1-nSyb>EGFP 3 1.000 0.003 0.002 

Two-way ANOVA 
(mixed effect) 

Genotype [F (1,14) = 28.98, p<0.0001] 

E - 3-day-old 2-nSyb>WT-α-Syn-EGFP 3 0.681 0.172 0.100 Age [F (1,14) = 1.470, p=0.2455] 

E - 20-day-old 3- nSyb>EGFP 6 1.000 0.098 0.040 Šídák's multiple 
comparisons test 

(genotype) 

1 vs. 2 Adj. p=0.0024 

E - 20-day-old 4- nSyb>WT-α-Syn-EGFP 6 0.798 0.068 0.028 3 vs. 4 Adj. p=0.0056 

G - 3-day-old 1-nSyb>EGFP 3 1.000 0.113 0.065 

Two-way ANOVA 
(mixed effect) 

Genotype [F (1,10) = 8.762, p<0.0143] 

G - 3-day-old 2-nSyb>WT-α-Syn-EGFP 3 0.892 0.017 0.010  Age [F (1,4) = 0.2256, p=0.6595] 

G - 20-day-old 3- nSyb>EGFP 6 1.000 0.068 0.028 Šídák's multiple 
comparisons test 

(genotype) 

1 vs. 2 Adj. p=0.2079 

G - 20-day-old 4- nSyb>WT-α-Syn-EGFP 6 0.867 0.075 0.031 3 vs. 4 Adj. p=0.0151 

Figure 4 
C 

1- nSyb/+ 8 1028.0 122.2 43.20 
One-way ANOVA 
[F(2,22)= 5.205, 

p=0.0141]  
Tukey's multiple 

comparison post-hoc 
test 

1 vs. 2 Adj. p=0.9028 

2- nSyb>EGFP 8 1009 65.21 23.05 1 vs. 3 Adj. p=0.0189 

3- nSyb>WT-α-Syn-EGFP 9 899.3 71.26 23.75 2 vs. 3 Adj. p=0.0492 

D 1- nSyb/+ 8 1.533 0.224 0.079 One-way ANOVA 1 vs. 2 Adj. p=0.9998 
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2- nSyb>EGFP 8 1.531 0.260 0.092 [F(2,22)= 5.188, 
p=0.0143]  

1 vs. 3 Adj. p=0.0289 

3- nSyb>WT-α-Syn-EGFP 9 1.236 0.172 0.057 2 vs. 3 Adj. p=0.0300 

E 

1- nSyb/+ 8 130.600 22.18 7.840 
One-way ANOVA 
[F(2,22)= 1.795, 

p=0.1897]  

1 vs. 2 Adj. p=0.9835 

2- nSyb>EGFP 8 129.000 18.62 6.585 1 vs. 3 Adj. p=0.2250 

3- nSyb>WT-α-Syn-EGFP 9 115.700 12.27 4.122 2 vs. 3 Adj. p=0.2976 

Figure 5 

E 

1- TH/+ 9 8.309 2.559 0.853 
One-way ANOVA [F 

(2,19) = 4.859, p=0.0198]  
Tukey's multiple 

comparison post-hoc 
test 

1 vs. 2 Adj. p=0.9892 

2- TH>EGFP 7 8.115 2.141 0.809 1 vs. 3 Adj. p=0.0313 

3-TH>WT-α-Syn-EGFP 6 12.310 3.553 1.450 2 vs. 3 Adj. p=0.0325 

F 

1-TH/+ 11 112.900 19.130 5.768 
One-way ANOVA [F 

(2,20) = 0.2507, 
p=0.7807]  

1 vs. 2 Adj. p=0.7909 

2- TH>EGFP 6 106.600 9.114 3.721 1 vs. 3 Adj. p=0.9998 

3- TH>WT-α-Syn-EGFP 6 113.100 24.970 10.190 2 vs. 3 Adj. p=0.8261 

Figure 6 

B - Top 

1- TH/+ 100 28.880 11.030 1.103 

Kruskal-Wallis test 
Dunn's multiple 

comparison post-hoc 
test 

1 vs. 2 Adj. p=0.0596 

2- WT-α-Syn-EGFP/+ 89 25.870 9.572 1.015 1 vs. 3 Adj. p<0.0001 

3- TH>WT-α-Syn-EGFP 100 21.240 9.151 0.915 2 vs. 3 Adj. p=0.0071 

B - Bottom 

1- TH/+ 30 26.930 9.364 1.710 1 vs. 2 Adj. p>0,9999 

2- WT-α-Syn-EGFP/+ 30 28.920 10.550 1.926 1 vs. 3 Adj. p=0.0002 

3- TH>WT-α-Syn-EGFP 30 16.290 7.953 1.452 2 vs. 3 Adj. p<0.0001 

C - Top 

1- TH/+ 100 4.657 0.668 0.067 1 vs. 2 Adj. p<0,9999 

2- WT-α-Syn-EGFP/+ 89 4.623 0.725 0.077 1 vs. 3 Adj. p<0.0001 

3- TH>WT-α-Syn-EGFP 100 4.178 0.509 0.051 2 vs. 3 Adj. p<0.0001 

C - Bottom 

1- TH/+ 30 4.731 0.682 0.124 1 vs. 2 Adj. p<0.9999 

2- WT-α-Syn-EGFP/+ 30 4.831 0.679 0.124 1 vs. 3 Adj. p<0.0001 

3- TH>WT-α-Syn-EGFP 30 3.805 0.387 0.071 2 vs. 3 Adj. p<0.0001 

E- Top 

1- TH/+ 100 0.509 0.214 0.021 1 vs. 2 Adj. p=0.0165 

2- WT-α-Syn-EGFP/+ 89 0.438 0.162 0.017 1 vs. 3 Adj. p<0.0001 

3- TH>WT-α-Syn-EGFP 100 0.382 0.164 0.016 2 vs. 3 Adj. p=0.1795 

E - Bottom 
1- TH/+ 30 0.436 0.158 0.029 1 vs. 2 Adj. p<0.9999 

2- WT-α-Syn-EGFP/+ 30 0.469 0.162 0.030 1 vs. 3 Adj. p=0.0097 
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3- TH>WT-α-Syn-EGFP 30 0.304 0.156 0.029 2 vs. 3 Adj. p=0.0011 

F - Top 

1- TH/+ 100 0.734 0.190 0.019 1 vs. 2 Adj. p=0.432 

2- WT-α-Syn-EGFP/+ 89 0.698 0.200 0.021 1 vs. 3 Adj. p<0.0001 

3- TH>WT-α-Syn-EGFP 100 0.608 0.140 0.014 2 vs. 3 Adj. p=0.0053 

F- Bottom 

1- TH/+ 30 0.801 0.186 0.034 1 vs. 2 Adj. p<0.9999 

2- WT-α-Syn-EGFP/+ 30 0.802 0.162 0.029 1 vs. 3 Adj. p<0.0001 

3- TH>WT-α-Syn-EGFP 30 0.555 0.095 0.017 2 vs. 3 Adj. p<0.0001 

G - Top 

1- TH/+ 100 2.158 1.015 0.105 1 vs. 2 Adj. p=0.0017 

2- WT-α-Syn-EGFP/+ 89 2.572 1.129 0.121 1 vs. 3 Adj. p<0.0001 

3- TH>WT-α-Syn-EGFP 100 3.504 2.787 0.280 2 vs. 3 Adj. p=0.1102 

G - Bottom 

1- TH/+ 30 2.871 1.820 0.332 1 vs. 2 Adj. p<0.9999 

2- WT-α-Syn-EGFP/+ 30 2.587 1.438 0.263 1 vs. 3 Adj. p=0.0108 

3- TH>WT-α-Syn-EGFP 30 5.243 5.675 1.036 2 vs. 3 Adj. p=0.0014 

K - 3-day-old 

1- nSyb/+ 12 91.790 6.162 1.779 
One-way ANOVA [F (2, 
35) =7.480, p=0.0020]  

Tukey's multiple 
comparison post-hoc 

test 

1 vs. 2 Adj. p=0.004 

2- nSyb>EGFP 13 97.380 2.873 0.797 1 vs. 3 Adj. p=0.0066 

3- nSyb>WT-α-Syn-EGFP 13 97.080 2.100 0.583 2 vs. 3 Adj. p=0.9794 

K - 10-day-old 

1- nSyb/+ 10 94.400 4.222 1.335 
One-way ANOVA [F 

(2,27) =1.093, p=0.3496]  

1 vs. 2 Adj. p=0.3239 

2- nSyb>EGFP 10 97.200 4.638 1.467 1 vs. 3 Adj. p=0.848 

3- nSyb>WT-α-Syn-EGFP 10 95.450 3.947 1.248 2 vs. 3 Adj. p=0.6359 

K - 20-day-old 

1- nSyb/+ 10 78.800 8.651 2.736 
One-way ANOVA [F (2, 
26) = 33.71, p<0.0001]  

1 vs. 2 Adj. p=0.5097 

2- nSyb>EGFP 9 84.670 9.434 3.145 1 vs. 3 Adj. p<0.0001 

3- nSyb>WT-α-Syn-EGFP 10 45.400 14.850 4.696 2 vs. 3 Adj. p<0.0001 

K - 30-day-old 

1- nSyb/+ 10 80.220 9.732 3.078 
One-way ANOVA [F (2, 
27) = 49.95, p<0.0001]  

1 vs. 2 Adj. p=0.7789 

2- nSyb>EGFP 10 83.600 7.589 2.400 1 vs. 3 Adj. p<0.0001 

3- nSyb>WT-α-Syn-EGFP 10 38.800 14.880 4.706 2 vs. 3 Adj. p<0.0001 

K - 40-day-old 

1- nSyb/+ 9 44.440 17.290 5.762 
One-way ANOVA [F (2, 
24) = 16.71, p<0.0001]  

1 vs. 2 Adj. p=0.6703 

2- nSyb>EGFP 9 50.440 17.830 5.942 1 vs. 3 Adj. p=0.0004 

3- nSyb>WT-α-Syn-EGFP 9 12.890 6.412 2.137 2 vs. 3 Adj. p<0.0001 
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O 

1- TH/+ 14 57.830 8.117 2.169 
One-way ANOVA [F (2, 
38) = 14.35, p<0.0001]  

1 vs. 2 Adj. p=0.0275 

2- TH>EGFP 13 44.510 13.870 3.847 1 vs. 3 Adj. p<0.0001 

3- TH>WT-α-Syn-EGFP 14 31.840 15.430 4.124 2 vs. 3 Adj. p=0.0377 

Figure 7 

C - PPL1 (3-day-
old) 

1- TH/+ 28 11.250 0.928 0.175 
One-way ANOVA [F (2, 
79) = 0.6142, p=0.5437]  

Tukey's multiple 
comparison post-hoc 

test 

1 vs. 2 Adj. p=0.9285 

2- TH>EGFP 26 11.120 1.033 0.203 1 vs. 3 Adj. p=0.5223 

3- TH>WT-α-Syn-EGFP 28 10.860 1.860 0.352 2 vs. 3 Adj. p=0.7619 

C - PPL1 (20-day-
old) 

1- TH/+ 25 11.600 0.764 0.153 
One-way ANOVA [F (2, 
90) = 7.474, p=0.0010]  

1 vs. 2 Adj. p=0.6676 

2- TH>EGFP 31 11.320 1.077 0.193 1 vs. 3 Adj. p=0.0016 

3- TH>WT-α-Syn-EGFP 37 10.490 1.502 0.247 2 vs. 3 Adj. p=0.0146 

C - PPL1 (40-day-
old) 

1- TH/+ 32 11.380 0.942 0.167 
One-way ANOVA [F (2, 
94) = 4,522, p=0.0133]  

1 vs. 2 Adj. p=0.959 

2- TH>EGFP 32 11.280 1.054 0.186 1 vs. 3 Adj. p=0.0207 

3- TH>WT-α-Syn-EGFP 33 10.450 1.872 0.326 2 vs. 3 Adj. p=0.0425 

D - PPM3 (3-day-
old) 

1- TH/+ 28 6.357 1.393 0.263 
One-way ANOVA [F (2, 
78) = 0.7740, p=0.4647]  

1 vs. 2 Adj. p=0.8349 

2- TH>EGFP 25 6.120 1.453 0.291 1 vs. 3 Adj. p=0.4313 

3- TH>WT-α-Syn-EGFP 28 5.857 1.649 0.312 2 vs. 3 Adj. p=0.8013 

D - PPM3 (20-day-
old) 

1- TH/+ 25 6.600 1.258 0.252 
One-way ANOVA [F (2, 
93) = 3,429, p=0.0366]  

1 vs. 2 Adj. p=0.2869 

2- TH>EGFP 34 7.059 0.886 0.152 1 vs. 3 Adj. p=0.6808 

3- TH>WT-α-Syn-EGFP 37 6.351 1.274 0.209 2 vs. 3 Adj. p=0.0292 

D - PPM3 (40-day-
old) 

1- TH/+ 32 6.875 0.907 0.160 
One-way ANOVA [F (2, 
95) = 3.497, p=0.0342]  

1 vs. 2 Adj. p=0.7808 

2- TH>EGFP 32 6.625 1.996 0.353 1 vs. 3 Adj. p=0.0333 

3- TH>WT-α-Syn-EGFP 34 5.941 1.369 0.235 2 vs. 3 Adj. p=0.155 

E - PPL2  (3-day-
old) 

1- TH/+ 28 8.429 0.997 0.189 
One-way ANOVA [F (2, 
75) = 0.5210, p=0.5961]  

1 vs. 2 Adj. p=0.9682 

2- TH>EGFP 23 8.522 1.039 0.217 1 vs. 3 Adj. p=0.728 

3- TH>WT-α-Syn-EGFP 27 8.148 1.854 0.357 2 vs. 3 Adj. p=0.602 

E - PPL2 (20-day-
old) 

1- TH/+ 25 8.400 1.155 0.231 
One-way ANOVA [F (2, 
91)= 0.0121, p=0.9879]   

1 vs. 2 Adj. p=0.9989 

2- TH>EGFP 34 8.382 1.706 0.293 1 vs. 3 Adj. p=0.988 

3- TH>WT-α-Syn-EGFP 35 8.343 1.434 0.242 2 vs. 3 Adj. p=0.9932 

E - PPL2 (40-day- 1- TH/+ 32 8.813 0.821 0.145 One-way ANOVA [F (2, 1 vs. 2 Adj. p=0.9479 
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old) 2- TH>EGFP 31 8.742 0.729 0.131 92) = 0.1727, p=0.8417]  1 vs. 3 Adj. p=0.9583 

3- TH>WT-α-Syn-EGFP 32 8.875 1.100 0.194 2 vs. 3 Adj. p=0.8271 

F - PPM1/2 (3-day-
old) 

1- TH/+ 28 8.214 0.630 0.119 
One-way ANOVA [F 

(2,79) = 2.602, p=0.0805]  

1 vs. 2 Adj. p=0.9953 

2- TH>EGFP 26 8.231 0.652 0.128 1 vs. 3 Adj. p=0.1114 

3- TH>WT-α-Syn-EGFP 28 8.571 0.690 0.130 2 vs. 3 Adj. p=0.145 

F - PPM1/2 (20-day-
old) 

1- TH/+ 26 8.038 1.216 0.239 
One-way ANOVA [F (2, 
96) = 1.001, p=0.3715]  

1 vs. 2 Adj. p=0.3977 

2- TH>EGFP 35 8.429 0.884 0.149 1 vs. 3 Adj. p=0.4506 

3- TH>WT-α-Syn-EGFP 38 8.395 1.326 0.215 2 vs. 3 Adj. p=0.9915 

F - PPM1/2 (40-day-
old) 

1- TH/+ 32 8.875 0.421 0.074 
One-way ANOVA [F (2, 
95) = 3.251, p=0.0431]  

1 vs. 2 Adj. p=0.0752 

2- TH>EGFP 32 8.438 0.840 0.149 1 vs. 3 Adj. p=0.0728 

3- TH>WT-α-Syn-EGFP 34 8.441 0.991 0.170 2 vs. 3 Adj. p=0.9998 
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Table 2: Human active zone core proteins in PDD and DLB patient’s vs Control 

Uniprot 
Accession nr Protein name 

PDD vs C DLB vs C 

FC  p value FC  p value 

Q86UR5 RIMS1 

RIM 1-4 

0.85 0.216 1.08 0.790 

Q9UQ26 RIMS2 0.89 0.131 1.02 0.9434 

Q9UJD0 RIMS3 1.12 0.070 1.10 0.119 

Q9H426 RIMS4 0.89 0.660 0.81 0.509 

Q9Y6V0 PCLO PICCOLO 0.88 0.204 1.07 0.710 

Q8IUD2 RB6l2/ERC1 ELKS/CAST 0.99 0.784 0.94 0.249 

Q13136 LIPA1 

LIPRINα 1-4 

0.99 0.923 0.94 0.572 

O75334 LIPA2 0.96 0.827 0.92 0.635 

O75145 LIPA3 0.85 0.182 0.84 0.125 

O75335 LIPA4 0.83 0.131 0.73 0.0185  
Abbreviations: RIM: regulating synaptic membrane exocytosis; PCLO: piccolo presynaptic cytomatrix protein; RB6l2/ 
ERC1: ELKS/RAB6-interacting/CAST family member 1; LIPA: PTPRF interacting protein alpha; FC: fold change. 

 

 

Table 3: Demographics and clinical characteristics of the subjects included in the study.  

Diagnose Age Gender M/F Braak stage MMSE score 

C 78.2±7.5 6/4 1 (0-1) NA 

DLB 81.5±7.6 4/6 3 (1-5) 13.4±10.2 

PDD 79.6±3.8 5/5 2 (1-5) 15.9±9.2 

Age at death are mean values, MMSE is the median score before death and Braak stage is median, both with range in 
brackets. There was no significant difference between diagnostic groups with regards to age or gender. Pathological and 
cognitive scores of DLB patients were significantly worse than of C (Braak stage p=0.009) or PDD (MMSE p=0.031) 
patients. Abbreviations: C-control; DLB-dementia with Lewy bodies; PDD-Parkinson`s disease with dementia; MMSE-mini 
mental state examination; NA- not available. 

  



 10 

Table 4: Quantification of phenotypes and statistical tests – Figure 8. 

  
LIPRIN-α3 – Fig 8A 

  BA9 (prefrontal cortex) BA24 (cingulate cortex) BA40 (parietal cortex) 

  Control PDD DLB Control DLB Control DLB 

Number of patients 10 10 10 10 10 10 10 

Mean 1.102 0.8868 1.001 1.081 1.092 1.273 1.118 

Std. Deviation 0.3690 0.2963 0.3631 0.4141 0.3472 0.4958 0.2631 

Std. Error of the mean 0.1167 0.0937 0.1148 0.1309 0.1098 0.1568 0.0832 

Statistical tests 

One-way ANOVA [F (2.27) =0.9780, p=0.39]  
Unpaired two-tailed t-test Unpaired two-tailed t-test 

Dunnett´s multiple comparison post-hoc test 

Control vs. PDD  Adj. p= 0.2909 
t(18)=0.068, p= 0.9462 t(18)=0.878, p= 0.3914 

Control vs. DLB Adj. p= 0.7397 

LIPRIN-α4 – Fig 8B 
  BA9 (prefrontal cortex) BA24 (cingulate cortex) BA40 (parietal cortex) 

  Control PDD DLB Control DLB Control DLB 

Number of patients 10 8 10 10 10 10 10 

Mean 1.620 1.480 1.276 1.530 1.207 1.140 1.115 

Std. Deviation 0.2977 0.4031 0.2116 0.4442 0.4384 0.3130 0.3687 

Std. Error of the mean 0.0941 0.1425 0.0669 0.1405 0.1386 0.0989 0.1166 

Statistical tests 

One-way ANOVA [F (2.25) =3.189, p=0.05]  
Unpaired two-tailed t-test  Unpaired two-tailed t-test 

Dunnett´s multiple comparison post-hoc test 

Control vs. PDD  Adj. p=0.5355 
t(18)=1.636, p=0.1192 t(18)=0.161, p=0.8737 

Control vs. DLB Adj. p= 0.0349 
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Full-Size western blotting membrane images 
 

 
 
Figure 3 A-C - Full size western blotting membranes.   
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Figure 8A-C - Full size western blotting membranes. 
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Detailed Materials and Methods 
 
Fly stocks and husbandry 

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

unless for ageing experiments where flies were kept in 15% yeast/sugar media 1–3. Strain used 

were Oregon R, W1118, nSyb-gal4 (a kind gift from Dr Sean Sweeney), TH-gal4 4, UAS-

EGFP, UAS-WT-α-syn-EGFP 5  

 

Immunofluorescence  

Drosophila larval NMJ dissections were carried out according to established protocol 6 and 

fixed either with 3.5% formaldehyde for 25 min or Bouin’s fixative (Sigma) for 5 min. 

Samples were blocked with 10% normal goat serum (Thermo Fisher Scientific) for 20 min 

and incubated with primary antibody. Primary antibodies used were anti-HRP (1:200 - 

Immunochemicals 123-605-021), anti-CSP (1:200 - DSHB), anti-Synapsin (1:50 - DSHB), 

anti-nSynaptobrevin (1:150 - Ohyama et al., 2007; a kind gift from Dr Hugo Bellen, Baylor 

College of Medicine), anti-Synaptotagmin (1:1000 – West et al., 2015; a kind gift from Dr 

Sean Sweeney, University of York), anti-SNAP-25 (1:100 - Rao et al., 2001; a kind gift from 

Dr David Deitcher, Cornell University), anti-GFP (1:500 - Thermo Fischer A6455), anti-BRP 

(1:50 - DSHB). Adult CNS preparations were carried out as described previously 3. The 

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

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

Invitrogen). 

 

Imaging and analysis  

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

A1R confocal microscope with Nikon Plan Apochromat 60x NA 1.40 oil-immersion 



 14 

objective or Leica TCS SP5 equipped with HCX Plan Apochromat 63.0x NA 1.40 oil-

immersion. The adult Drosophila brain images were acquired using Nikon Plan Apochromat 

20x NA 0.75 objective for DA neuron cluster analysis. The instant super resolution structured 

illumination microscopy (iSIM) was performed using Nikon Eclipse Ti-E Inverted 

microscope with 100x 1.49 NA to image both for adult CNS and NMJ preparations.  

 

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

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

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

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

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

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

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

saturation of the signal10. Ten synaptic boutons were analysed per NMJ using the free hand 

tool from ImageJ (http://imagej.nih.gov/ij/), with each point in the graphs representing the 

average of ten synaptic boutons/NMJ.  

 

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

plugin (developed by Dr Kurt De Vos, available at https://imagej.nih.gov/ij/plugins/cell-

counter.html) to record the total number of puncta per NMJ. Synapse surface area was 

calculated by creating a mask around the HRP channel, that labels the neuronal membrane, 

using ImageJ thresholding and 3D object counter10. DA neurons were manually counted 

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

represents an n number3.  
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Western blotting  

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

previously published protocol1. In short, adult fly heads were lysed in RIPA buffer (Sigma) 

containing cOmplete proteinase inhibitor (Roche) and phosSTOP phosphatase inhibitor 

(Roche). The total protein concentration was measured using the BCA kit (Thermo Fisher 

Scientific). 10 μg protein/lane was submitted to electrophoresis in 10% SDS-polyacrylamide 

gel and transferred to nitrocellulose membrane. Each gel contained a control lane of pooled 

brain homogenates used as an internal standard in all gels. After blocking with Odyssey 

blocking buffer (Li-COR Biosciences), the following primary antibodies used were: anti-

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

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

– DSHB E3). Secondary antibodies were IRDye 800 conjugated goat anti-rabbit (1:10000, 

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

Membrane images were acquired Odyssey CLx Imaging System and quantified with ImageJ.  

 

Analysis of neuronal function 

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

photoreceptors and second-order lamina neurons. On the day of eclosion, flies were placed in 

the dark at 29°C, 3 day-old-flies were prepared for SSVEP measurements as described11,12. 

The same protocol was used, except that stimuli were generated, and responses recorded by 

an Arduino Due system instead of a PC. Data was analysed in Matlab and R. Full code at 

https://github.com/wadelab/flyCode. 
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Behavioural Analyses 

Drosophila ARousal Tracking (DART). DART was used to perform single fly tracking of 

age-matched mated females13,14. During each experiment, a total of 80 flies including 

controls and experimental genotypes were recorded. Briefly, flies were quickly anesthetised 

on ice and individually placed into glass tubes. The flies were allowed to recover for 30 min 

at 25°C prior to the beginning of the experiment. The recording was continuously performed 

at 5 frames per second for 2 hours using a USB-webcam (Logitech). The x/y position of 

every fly was tracked and analysed using DART software in order to evaluate the relative 

speed and activity during the recording.  

 

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

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

from Ruan et al15. A group of ten mated age-matched female flies, per genotype, were 

selected by a mouth aspirator and transferred into the experimental tubes containing 1 cm of 

fresh ageing food at room temperature. After the tubes of all genotypes tested being placed in 

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

beginning of the assay. Control and experimental groups were always assayed together by 

tapping all the flies to the bottom of the tubes and allowing them to climb as a negative 

geotaxis response. After 10 seconds, the number of flies that successfully climbed above the 

7 cm line was recorded. This assay was repeated and recorded, at 30 frames per second; 5 

trials were performed for each cohort and the flies were allowed to rest during 1 min between 

trials. The averaged data were represented as percentage. A minimum of 9 cohorts, each 

consisting of 10 flies (= 90 flies in total) were tested per genotype.  
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 Proboscis extension response (PER) – Akinesia assay. The PER assay was recorded from 

5-8-day-old flies. Flies were restrained as previously described16 and starved at 25 °C for 3 

hours before being offered a droplet of 100 mM sucrose three times. The proboscis extension 

responses were observed with a Grasshopper 3 (Point Grey) camera mounted on a Zeiss 

Stemi microscope at 200 frames/second. Each response was scored Yes/No and the median 

response for each sample used. 

 

Human post-mortem tissue analysis  

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

neuropathological assessments has been previously published17. Brain tissue samples were 

provided from Brains for dementia research network. Consent for autopsy, neuropathological 

assessment and research were obtained and all studies were carried out under the ethical 

approval of the regional Ethical Review Board of Stockholm (2012/910-31/4). 30 cases in 

total/brain regions were used for the western blot experiments. Controls were defined as 

subjects with no clinical history and no neuropathological evidence of a neurodegenerative 

condition.  

 

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

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

protease inhibitor cocktail tablets (Roche, 1 tablet per 50 mL of buffer), and 2 mg/mL 

pepstatin A dissolved in ethanol:dimethyl sulfoxide 2:1 (Sigma). Protein concentration of 

each sample was measured by using BCA Protein Assay Kit (Thermo Fisher Scientific). To 

minimize inter-blot variability, 20 μg total protein/samples were loaded in each lane of each 

gel on 7.5-10% SDS-polyacrylamide gel for protein separation and then transferred to 

nitrocellulose membrane (Immobilon-P, Millipore). After blocking, membranes were 
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incubated with primary antibodies followed by HRP conjugated secondary antibody. Each 

gel contained a control lane of pooled brain homogenates used as an internal standard. Bands 

were visualized using Chemiluminescent substrate (Millipore) in a LAS-3000 luminescent 

image reader (Fujifilm) or by using secondary antibodies compatible with the Odyssey 

imaging system (LI-COR Biosciences). Primary antibodies were used at the following 

concentrations: rabbit polyclonal anti-LIPRIN-α3 (1:1000, Synaptic Systems 169 102); 

Rabbit anti-LIPRIN-α4 (1:1000, Abcam - ab136305); Rabbit anti-GAPDH (1:5000, Abcam, 

ab22555). Secondary antibodies used were donkey anti rabbit (1:10000, Invitrogen 

NA9340V) or donkey anti rabbit (1:5000, LICOR, 926-32213). Western blot data were 

evaluated and quantified using Multi Gauge Image Analyzer (version 3.0) or Image studio 

Lite, respectively. 

 

Statistical analysis 

GraphPad Prism 8 was used to perform the statistical analyses. Comparison of means from 2 

experimental conditions was performed using unpaired parametric two-tailed Student’s t-test. 

Comparison of means from multiple experimental conditions was performed using ANOVA, 

followed by Dunnett’s multiple comparison post-hoc test, when comparing the experimental 

groups to control only. Alternatively, when comparing all groups among each other, Tukey’s 

multiple comparison post-hoc test was used. Samples not normally distributed were assessed 

by Kruskal-Wallis test followed by Dunn’s multiple comparison post-hoc test. The 

significance was defined as p<0.05, error bars are shown as SEM. 
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