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Abbreviations: α-syn, α-synuclein; (N-(3-Triethylammoniumpropyl)-4-(4-(Dibutylamino) 

Styryl) Pyridinium Dibromide), FM1-43; 6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-6-

Deoxyglucose, 6-NBDG; PD, Parkinson’s disease. 

Abstract  

It has been postulated that the accumulation of extracellular α-synuclein (α-syn) might alter the 

neuronal membrane by formation of “pore-like structures” that will lead to alterations in ionic 

homeostasis. However, this has never been demonstrated to occur in brain neuronal plasma 

membranes. In this study, we show that α-syn oligomers rapidly associate to hippocampal 

membranes in a punctate fashion, resulting in increased membrane conductance (5 fold over 

control) and the influx of both calcium and a fluorescent glucose analogue. The enhancement in 

intracellular calcium (1.7 fold over control) caused a large increase in the frequency of synaptic 

transmission (2.5 fold over control), calcium transients (3 fold over control) and synaptic vesicle 

release. Both primary hippocampal and dissociated nigral neurons showed rapid increases in 

membrane conductance by α-syn oligomers. In addition, we show here that α-syn caused 

synaptotoxic failure associated to a decrease in SV2, a membrane protein of synaptic vesicles 

associated to neurotransmitter release. In conclusion, extracellular α-syn oligomers facilitates the 

perforation of the neuronal plasma membrane, thus explaining, in part, the synaptotoxicity 

observed in neurodegenerative diseases characterized by its extracellular accumulation.  
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Introduction 

Parkinson’s disease (PD) is a neurodegenerative disease that affects autonomic, cognitive, 

motor and sensory brain regions (Braak et al. 2004). Therefore, non-motor symptoms such as 

dementia are also detected in patients with PD (Aarsland et al. 2007), but this has attracted much 

lesser attention. It is likely that these alterations in cognitive functions are associated to brain 

regions such as the hippocampus and cerebral cortex.  

PD is classified as an -synucleinopathy because the presence of -syn aggregates in the 

intracellular inclusion bodies called Lewy bodies (LBs), which are found in the brains of PD 

patients (Spillantini et al. 1998). -syn is a small unstructured soluble protein of 140 amino acids 

highly expressed in the brain (Surguchov 2013). Considering that α-syn is a cytosolic protein, it 

has been assumed that the neurotoxicity promoted by α-syn occur only at the cytoplasm 

(Pacheco et al. 2012). However, several studies have found the presence of extracellular α-syn, 

suggesting that the neurotoxic effects of -syn might also occur in the extracellular space 

through unknown mechanisms (Bidinosti et al. 2012, El-Agnaf et al. 2003, El-Agnaf et al. 2006, 

Paleologou et al. 2009, Tokuda et al. 2010). Previous studies have shown that α-syn alters 

membrane permeability through the formation of ion permeable pores (Feng et al. 2010, Schmidt 

et al. 2012, Volles & Lansbury 2002, Volles & Lansbury 2003, Tsigelny et al. 2012, Kim et al. 

2009, Kostka et al. 2008, Quist et al. 2005, Tsigelny et al. 2007, van Rooijen et al. 2010, 

Zakharov et al. 2007). Although this is an attractive idea to explain part of the associated 
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neurotoxicity of α-syn, it has never been demonstrated to occur in neuronal membranes exposed 

directly to extracellular α-syn oligomers (Tsigelny et al. 2012, Lashuel et al. 2013). 

Using a variation of the patch clamp technique, denominated the perforated 

configuration, we found that α-syn oligomers rapidly form “pore-like structures” in the 

membrane of hippocampal and dopaminergic neurons, suggesting that extracellular actions of -

syn can be mediated by direct changes in the neuronal plasma permeability.  

 

Material and Methods 

Primary cultures of rat hippocampal neurons 

Hippocampal neurons were obtained from 18-day pregnant rat embryos Sprague-Dawley as 

previously described (Tapia et al. 2001) in accordance with NIH recommendations. All animals 

were handled in strict accordance with the Animal Welfare Assurance (permit number 

2008100A) and all animal work was approved by the appropriate Ethics and Animal Care and 

Use Committee of the University of Concepcion. Cells were maintained with 5% CO2 at 37°C. 

All experiments were performed at 10-13 DIV.   

 

Slices preparation and dissociation 

Slices of 300 µm were obtained from substantia nigra (P20) of C57BL/6 mice using Leica 

VT1200S vibratome in cutting solution (in mM: sucrose 194, NaCl 30, KCl 4.5, 1 MgCl2, 

NaHCO3 26, NaH2PO4 1.2 and glucose 10). The slices were incubated on artificial cerebrospinal 

fluid solution (aCSF) (in mM: NaCl 124, KCl 4.5, MgCl2 1, NaHCO3 26, NaH2PO4 1.2, glucose 

10, CaCl2 2) saturated with 95% O2 / 5% CO2 for 1h at 37°C. Then the slices were mechanically 

dissociated with a curved tip glass pipette at a frequency of 5 Hz, breaking up the desired area by 
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histological identification. To adhere the dissociated cells to well plate was necessary to wait for 

15 minutes before electrophysiological recording in external solution.  

 

 

In vitro preparation of α-syn 

Recombinant human α-syn (1-140) was purchased from Anaspec (CA, USA). α-syn was 

dissolved in sterile water and stored in aliquots at 346 μM and kept at -20°C. The aliquots were 

then diluted in DPBS (Dulbecco's Phosphate-Buffered Saline; Gibco, USA) at pH 4.0, leaving a 

soluble protein stock of 59 μM that was maintained at 4°C before the oligomerization process 

(up to 10 min). For the formation of oligomers, α-syn was stirred vertically at 800 rpm at 37°C 

for 24 h in a Thermomixer Compact (Eppendorf). 

 

Western Blots 

Standard Western blotting procedures were used. Equal amounts of protein were separated on 

Tris-tricine gels. Protein bands were transferred onto nitrocellulose membranes, blocked with 5% 

milk and incubated with a primary antibody using the following concentrations: anti-α-syn (211) 

1:1000 (Santa Cruz Biotechnology, CA, USA) and anti-β-actin 1:1000 (Santa Cruz 

Biotechnology, CA, USA) and the corresponding secondary antibody. Immunoreactive bands 

were visualized with ECL plus Western Blotting Detection System (PerkinElmer, MA, USA). 

 

Patch Clamp Recordings 

Patch pipettes having a resistance of ~5 MΩ were prepared from filament-containing borosilicate 

micropipettes. Perforated recordings were obtained as follows: the perforating agent was added 

into the pipette solution and a 5 mV pulse was used to monitor the perforation using an Axopatch 
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200B (Molecular Devices, USA) amplifier as previously described (Sepulveda et al. 2010). The 

solutions used were; external solution: 150 mM NaCl, 5.4 mM KCl, 2.0 mM CaCl2, 1.0 mM 

MgCl2, 10 mM glucose and 10 mM HEPES (pH 7.4, 330 mOsmol) and internal solution in the 

patch pipette: 120 mM KCl, 4.0 mM MgCl2, 10 mM BAPTA and 2.0 mM Na2-ATP (pH 7.4, 310 

mOsmol). 

 

Immunofluorescence 

Hippocampal neurons were fixed for 15 minutes with paraformaldehyde at 4°C and 

permeabilized with 0.1% Triton X-100 in PBS 1X (Phosphate buffered saline). The cells were 

subsequently incubated overnight with the following primary antibodies: rabbit polyclonal 

antibody against Microtubule Associated Protein 2 (MAP-2, 1: 400, Santa Cruz Biotechnology, 

CA, USA), mouse monoclonal antibody against α-syn (211; 1: 300, Santa Cruz Biotechnology, 

CA, USA), mouse monoclonal antibody against Synaptosomal-associated protein 25 (SNAP25, 

1: 50, Synaptic System, USA) and mouse monoclonal antibody against Synaptic Vesicle 2 (SV2, 

1: 200). In order to visualize the binding of the primary antibody, the cells were incubated with 

the corresponding second antibody conjugated to FITC or Cy3 (Jackson ImmunoResearch 

Laboratories, West Grove, PA). Then, the nuclei were stained with 4',6-diamidino-2-

phenylindole (DAPI, 300 nM, Invitrogen, USA) for 1-2 minutes and washed with PBS 3 times 

for 5 minutes. Finally, the cells were mounted onto slides using Dako Fluorescent Mounting 

Media (Dako, North America, Inc, CA, USA) and the images were obtained using a laser 

scanning microscope LSM780 (63X oil immersion objective, Zeiss, Germany). Images 

processing was made with ImageJ 1.47 (NIH, USA). 

 

Intracellular Calcium Imaging 
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Hippocampal neurons were loaded with Fluo-4 AM (1 µM in pluronic acid/ DMSO, Molecular 

Probes, Eugene, OR, USA) for 20 minutes at 37°C. The cells were then washed once with DPBS 

and incubated for 20 minutes at 37°C. Then were placed on an inverted fluorescent microscope 

(Eclipse TE, Nikon, USA) and briefly illuminated (200 ms) using a computer-controlled Lambda 

10-2 filter wheel (Sutter Instruments, USA). Regions of interest (ROI) were marked in a field 

having usually more than 10 cells. Images for total intracellular calcium levels were collected at 

20 s intervals during a continuous 6000 s period and for calcium transients (hippocampal 

neurons) were collected at 2 s intervals during 5 minutes. The imaging was carried out with 

SensiCam camera (PCO, Germany) using Axon Instruments Workbench 2.2 software.  

 

FM1-43 Loading and Unloading 

Presynaptic vesicles were labeled by exposure to styryl dye FM1-43 (10 µM; MolecularProbes) 

during a high K+ depolarization for 5 minutes and washed immediately. Coverslips were 

mounted on a rapid switching flow perfusion chamber with an epifluorescence microscope 

(Nikon Eclipse 3000). Depolarization-dependent destaining was induced by bath perfusion with 

60 mM K+ (equiosmolar replacement of Na+).  

 

Data analysis 

Statistical analyzes were performed using the One-way ANOVA expressed as the mean ± 

SEM. A level of p <0.05 was considered statistically significant (*) followed by the Bonferroni 

post test. The fluorescence was normalized with respect to the initial fluorescence signal and 

analyzed using GraphPad Prism5. 
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Results 

α-syn oligomers are predominantly soluble 

Firstly, we characterized α-syn oligomers using western blot. The results showed the presence of 

SDS-resistant α-syn high molecular weight species after the oligomerization process, which were 

not detected in freshly dissolved α-syn (Fig. 1A). After the oligomerization procedure and using 

negative and immunogold staining for anti-α-syn antibody, an antibody raised against aminoacid 

121-125 of human α-syn, (211; Santa Cruz Biotechnology, CA, USA), we did not find evidence 

for the existence of fibrillar structures after 24 h of stirring, which was in agreement with the 

absence of birrefringent congophilic oligomers (data not shown). This result was in agreement 

with the fact that α-syn oligomers were mainly found in the soluble fraction obtained after 15 

minutes of centrifugation at 10.000 rpm (Fig. 1B). Thus, the results show that recombinant α-syn 

used in this study is a mixture of non fibrillar molecular forms; and rich in low molecular weight 

oligomers with stable conformations as they do not disassemble under denaturating western blot 

conditions. Moreover, we found that these type of α-syn oligomers rapidly associated to neuronal 

cultures (Fig. 1C, D), suggesting that they could potentially trigger signaling at the plasma 

membrane. 

 

α-syn oligomers increased membrane conductance in hippocampal neurons 
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Once α-syn binds to the neuronal membrane, how can extracellular α-syn affect synaptic and 

cellular functions? One possible mechanism is that α-syn associates to the plasma membrane 

inducing membrane thinning in a detergent-like process. Conversely, it may insert itself in the 

membrane and form “pore-like structures” (Feng et al. 2010, Schmidt et al. 2012, Volles & 

Lansbury 2002, Volles & Lansbury 2003, Tsigelny et al. 2012, Kim et al. 2009, Kostka et al. 

2008, Quist et al. 2005, Tsigelny et al. 2007, van Rooijen et al. 2010, Zakharov et al. 2007, 

Lashuel et al. 2002, Lashuel et al. 2013). Currently, electrophysiological studies utilize 

antifungal antibiotics to perforate cell membranes and record whole cell ionic currents with the 

patch clamp technique, a variant known as a perforated recording configuration (Sepulveda et 

al. 2010) (Fig. 2A). Therefore, to test if α-syn oligomers could affect the membrane conductance 

by forming membrane perforations, we added the protein to the patch pipette and examined if 

pore/perforates formed in the hippocampal cells. The data revealed that, when using a control 

solution (vehicle) in the patch pipette, stable recordings were obtained for 20 or more minutes 

(Fig. 2B, C). For example, application of a 5 mV voltage pulse produced a very small charge, 

mainly from a partly compensated electrode capacitance. This charge transferred was 

significantly increased 5 fold over control when 0.5 μM α-syn oligomers were added into the 

patch pipette solution, after 20 minutes of recording. This effect was not found when α-syn was 

not stirred (freshly dissolved), suggesting that soluble non-oligomerized α-syn is not active. 

Nevertheless, the charge induced by α-syn oligomers was smaller (30%) than that produced by 

breaking the membrane with a pulse of negative pressure (whole-cell configuration). In 

agreement with the notion that this effect was mediated by the toxic protein, the action of α-syn 

was blocked by co-incubation with the anti α-syn 211 antibody. Furthermore, to determine 

whether α-syn oligomers allowed the entry of biologically active molecules into the cell making 

the membrane more permeable, we added the fluorescent non hydrolyzable glucose analog, 6-
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NBDG (van der Waals diameter of ~1 nm), into the patch pipette. The data showed that the 

application of α-syn oligomers caused a 5 fold rise in the relative fluorescence units as compared 

to control, a result that correlates well with the increase in capacitative current found (Fig. 2D, 

E). The effect of α-syn oligomers in the increase of 6-NBDG-induced fluorescence was 

completely blocked with the 211 α-syn antibody. Therefore, these data suggest the presence of a 

large membrane rupture caused by α-syn oligomers allowing the passage of molecules of up to 

~1 nm in diameter. The perforation properties of -syn was also observed in dissociated P20 

dopaminergic neurons (Fig. 3), indicating that the permeability of more mature neuronal plasma 

membrane are prone to be affected by the presence of extracellular -syn. 

 

The association of α-syn to the neuronal plasma membrane  

One of the first steps for the formation of “pore-like structures” in the membrane is the 

association of α-syn oligomers to the plasma membrane (Pacheco et al. 2012). This association 

between amyloidogenic proteins and the plasma membrane result in mutually disruptive 

structural perturbations (Relini et al. 2009). Therefore, the sensitivity of hippocampal neurons to 

the formation of α-syn “pore-like structures” might be due to association to the plasma 

membrane. To address this possibility, we used indirect immunofluorescence to examine the 

association of α-syn (0.5 μM) to hippocampal neurons for 1 h at 37ºC (Fig. 4). The confocal 

microscopy analysis showed that association of α-syn to hippocampal neurons had a punctate 

appearance (Fig. 4), which was not found in GFAP-positive glial cells (data not shown). The 

examination of image stacks at different cell levels support the notion that α-syn associated 
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mainly to the cell surface in hippocampal neurons (Fig. 4H). Overall, these results confirm that 

the neuronal plasma membrane is a plausible site of action for extracellular α-syn. 

 

 

 

Extracellular α-syn increases intracellular calcium in hippocampal neurons  

There is some evidence supporting the involvement of calcium in PD (Danzer et al. 2007). 

Interestingly, it was recently described that amyloid β-peptide (Aβ) oligomers (associated to 

Alzheimer’s Disease) form pore-like structures that disrupt neuronal membranes (Sepulveda et 

al. 2010), promoting a rapid increase in intracellular calcium levels and a subsequent decrease in 

presynaptic and postsynaptic proteins in primary hippocampal neurons (Parodi et al. 2010, 

Sepulveda et al. 2010). Therefore, we decided to study the effect of extracellular α-syn in 

intracellular calcium levels in hippocampal neurons. Perfusion of α-syn (0.5 μM) onto 

hippocampal neurons caused an increase in intracellular calcium levels that began approximately 

10 minutes after addition of α-syn, and reached values of 1.7 fold over control after 75 minutes 

of recording (Fig. 5). To test if the increase in intracellular calcium was associated to external 

calcium entry by voltage-dependent calcium channels, we used cobalt (20 μM), a non-specific 

voltage-gated calcium channel blocker (Relini et al. 2009), in the normal external solution before 

applying α-syn oligomers. These data also shows that the increase in intracellular calcium levels 

in hippocampal neurons was sustained in the presence of cobalt (Fig. 5). Moreover, in the 

absence of external calcium solution α-syn oligomers did not change intracellular calcium levels, 

confirming that the increase in intracellular calcium levels by α-syn oligomers was only product 

of external calcium entry (data not shown). Therefore, these results suggest that α-syn pores, 
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independent of the activation of voltage-dependent calcium channels, might be implicated in the 

increment in intracellular calcium levels in hippocampal neurons. 

 

Extracellular α-syn alters synaptic transmission in hippocampal neurons  

It seemed feasible that the increment in intracellular calcium could affect the release of synaptic 

vesicles, thus affecting synaptic transmission. We found that α-syn oligomers produced an 

increase in the frequency of calcium transients, reaching a maximum of 3 fold compared to 

controls after 3 h of incubation (Fig. 6A, B). This effect was associated to a 2.5 fold increase in 

the frequency of miniature synaptic currents, without significant changes in the amplitude (Fig. 

6C, D). In addition, we also wanted to determine if these increases in synaptic current activity 

were accompanied by changes in synaptic proteins. To achieve this, used an antibody that 

recognizes the SNAP25 presynaptic protein, a component of the SNARE complex, which 

facilitates the association between synaptic vesicles and plasma membrane (Sharma et al. 2011). 

Quantitative immunofluorescent analysis of confocal microscopy revealed that α-syn oligomers 

produced a statistically significant increase in SNAP25 staining after 3 h of exposure (66 ± 18% 

over control; Fig. 7A, B). To determine if the increase in SNAP25 was accompanied by an 

increase in synaptic release upon presynaptic depolarization with high K+, we carried out 

experiments using the fluorescent probe FM1-43 (Fig. 7C). Control and treated α-syn neurons 

were charged with FM1-43 and subsequently exposed to a pulse of 60 mM K+ solution, a 

treatment that caused a decrease in the measured fluorescence. The data showed that after 

treatment with α-syn oligomers, hippocampal neurons displayed a greater decay in fluorescence 

associated to FM1-43 (Fig. 7C), with values (ΔF/F0) of 0.71 ± 0.02 for control condition and 

0.64 ± 0.01 for neurons treated with α-syn after 300 s of recording, indicating that α-syn 

facilitated the release of synaptic vesicles.  
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Taken together, these results indicate that nanomolar concentrations of α-syn can 

positively modify presynaptic components, thus facilitating synaptic neurotransmission. To test 

if prolonged exposure of hippocampal neurons to extracellular α-syn oligomers could promote 

synaptotoxicity, the cells were incubated for 24 h with α-syn (5 μM). Then, the immunoreactivity 

of a synaptic vesicle membrane protein, SV2, was used as a marker for synaptotoxicity (Parodi et 

al. 2010). We have previously shown that SV2 levels are decreased in hippocampal neurons 

exposed to perforating agents (Parodi et al. 2010, Peters et al. 2013, Sepulveda et al. 2014). 

Under these conditions, a strong decrease in SV2 immunoreactivity was observed in α-syn-

treated neurons (Fig. 8), which supports an extracellular mechanism to explain the 

neurodegenerative features associated to extracellular α-syn accumulation.  

 

Discussion 

α-syn associates to neurons and causes membrane leakage 

Current evidence support the idea that oligomeric forms of α-syn are able to alter membrane 

permeability via pore generation (Feng et al. 2010, Kim et al. 2009, Kostka et al. 2008, Quist et 

al. 2005, Schmidt et al. 2012, Tsigelny et al. 2007, van Rooijen et al. 2010, Volles & Lansbury 

2002, Zakharov et al. 2007). Whether pore formation and its subsequent cellular impact can also 

occur in neuronal membranes exposed to extracellular α-syn is not completely clear (Pacheco et 

al. 2012). Interestingly, another member of the synuclein family, -synuclein is able to aggregate 

and forms annular structures, which can form pores, incorporate in cell membrane and affect ion 

homeostasis (Surgucheva et al. 2012). In the present study, which combined confocal 

microscopy and patch clamp techniques, we showed that α-syn associated to the plasma 

membrane of hippocampal neurons in a punctate fashion leading to the formation of “pore-like 
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structures”, increasing membrane conductance and the influx of a large fluorescent glucose 

analog. 

The present results are significant because they help to understand the pathological nature 

of extracellular α-syn, as they indicate that molecules with biological functions, such as glucose, 

could diffuse freely from the cytoplasm through large membrane disruptions promoted by these 

oligomers. Our data support the formation of large perforations in the cellular plasma membrane, 

with an estimated minimal inner diameter near ~1 nm, as evidenced by intracellular 6-NBDG 

fluorescence. These results agree with previous studies using AFM and molecular dynamics that 

showed that α-syn was able to form a molecular structures resembling large pores in lipid 

membranes (Quist et al. 2005, Tsigelny et al. 2007, Tsigelny et al. 2012) and another publication 

that indicated that neurons overexpressing α-syn display a high permeability to calcein (Tsigelny 

et al. 2012). According to studies using electron microscope, a maximal diameter of 2.5 nm is 

expected for α-syn perforates (Lashuel et al. 2002). Thus it is possible that because these studies 

have been performed in artificial settings, the diameter of α-syn perforates could be different in 

native conditions. The topology and structural details of the α-syn perforate or pore-like 

structures formed in neuronal membranes need to be solved in the future and is beyond the 

present study. Moreover, further studies with labeled molecules of different diameters will be 

necessary to estimate the maximal diameter that α-syn pores can form in native plasma 

membrane domains.  

 

Mechanism of action of α-syn 

Calcium has critical roles in many neuronal functions, including synaptic transmission and 

plasticity, and cell survival (Mattson 2007). We found that α-syn disrupted the membrane 

forming “pore-like structures”, allowing an increase in intracellular calcium, with a subsequent 
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increase in synaptic transmission related to a primary effect on presynaptic release. Indeed, 

incubation of hippocampal neurons with α-syn caused an increase in several neuronal features 

such as calcium transient frequency, miniature synaptic current frequency, decay of FM1-43 

fluorescence and SNAP25 staining. These findings are in agreement with results obtained with 

other toxic protein oligomers, such as Aβ, which can also be inserted in the plasma membrane to 

make perforations (Sepulveda et al. 2010, Sepulveda et al. 2014) and alter synaptic transmission 

(Mattson 2007). Furthermore, a previous study showed that Aβ increased the current amplitudes 

and calcium influx in cells expressing α-syn, a finding consistent with the formation of cation 

channels, thus further supporting our hypothesis (Tsigelny et al. 2008). However, the 

contribution of other synaptic ions such as copper, which regulates neurotransmission (Peters et 

al. 2011) and is also associated to neurodegeneration (Opazo et al. 2002), cannot be ruled out of 

the mechanism behind α-syn synaptotoxicity. In fact, our studies with 6-NBDG indicates that -

syn pores can allow the passage of molecules such as glucose, which indicates that other ions or 

small molecules can be transported by these structures. We believe that these pore-like structures 

are dynamic in nature and they transit from selective (micro-perforations) to non-selective 

(macroperforations) states. Further studies are required to characterize the selectivity of these 

structures.  

Synaptic dysfunction and axonopathy has been described as a possible hallmark of 

presymptomatic and early stage PD (Lundblad et al. 2012). This is consistent with our results 

where extracellular accumulation of α-syn can promote synaptotoxicity in hippocampal neurons 

in chronic conditions, represented by the decrease of SV2 immunoreactivity that leads to 

neuronal cell loss probably due to a gain of toxic function (Burre et al. 2013). On the other hand, 

overexpression of human α-syn decreased the survival and dendritic development of newborn 
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neurons in the dentate gyrus (Winner et al. 2012). Therefore, the effect of extracellular α-syn on 

hippocampus may explain the cognitive deficit observed in PD by a mechanism that involves 

changes in the permeability of the neuronal membrane ((Aarsland et al. 2007); See also 

references in (Pacheco et al. 2012)). 
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Figure legends 

Figure 1. Soluble α-syn oligomers rapidly associate to neurons. A, Western blot of freshly 

dissolved soluble α-syn (left, previous to be submitted to oligomerization) and α-syn oligomers 

obtained after the oligomerization process (right). B, Western blot of α-syn oligomers after 

centrifugation at 10.000 rpm for 15 minutes, T (total fraction), S (soluble) and P (pellet). 

Asteriscs depict α-syn oligomers detected after the oligomerization process. C, Association of α-

syn oligomers to primary neuronal cultures along the time (minutes). Asteriscs depict α-syn 

oligomers. D, Quantification of the α-syn oligomers associated to primary neuronal cultures 

treated under the experimental conditions described in “C”. The bars correspond to the mean ± 

SEM obtained from 3 independent experiments (** p <0.01).  

 

Figure 2. Effects of α-syn on membrane conductance and a glucose analog influx in 

hippocampal neurons. A, The application of perforating agents via the patch pipette causes an 

increase in capacitative membrane current known as Perforated Patch Clamp technique. B, 

Effect of the application of α-syn oligomers through patch pipettes on capacitative membrane 
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current. Note that “freshly dissolved” (soluble) α-syn does not change the capacitative membrane 

current. C, Quantification of the traces recorded under the experimental conditions described in 

“B”. The whole cell response serves as an internal control for positive membrane breakage 

induced by positive presure. D, Time dependent increase in cellular fluorescence associated with 

entry of 6-NBDG (a fluorescent nonhydrolyzable glucose analog, 10 nM) in presence of α-syn 

oligomers (0.5 µM) in the patch pipette. Preincubation of α-syn oligomers with the specific anti 

α-syn antibody 211 (1:50; Santa Cruz Biotechnology) blocked the effect on cellular fluorescence. 

E, Quantification of the relative fluorescence units of neuronal soma (RFU) observed under the 

experimental conditions described in “D”. The bars are mean ± SEM obtained from 3 

independent experiments (** p <0.01; *** p <0.001).  

 

Figure 3. Perforation of dopaminergic neuronal plasma membrane by α-syn. A, 

Representative membrane capacitive current after the application of α-syn oligomers (0.5 µM) to 

dissociated P20 dopaminergic neurons. B, Quantification of the traces recorded under the 

experimental conditions described in “A”. The bars are mean ± SEM obtained from 3 

independent experiments (* p <0.05; ** p <0.01; *** p <0.001). 

 

Figure 4. α-syn displays a punctate appearance on hippocampal neurons. Primary 

hippocampal neurons were incubated with α-syn oligomers (0.5 µM) for 1 h at 37°C and 

immunostained. A, Immunoreactivity associated to MAP2 (Cy3, Red). B, Immunoreactivity 

associated to α-syn (FITC, Green). C, Superimposed immunofluorescent images associated to 

MAP2 and α-syn. The arrows indicate the areas zoomed in D-G. D, Neuronal soma distribution 
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of α-syn. E-G, Neuronal processes associated to α-syn. H, Serie of different optical sections (0.4 

µm) corresponding to neuronal soma indicated in “D”. The confocal images are representative of 

at least 10 different neurons. 

 

Figure 5. α-syn oligomers increase intracellular calcium levels in hippocampal neurons. A, 

Fluo-4AM-associated fluorometric measurements showing intracellular calcium levels produced 

by perfusion of α-syn oligomers (0.5 µM) on hippocampal neurons incubated in external normal 

solution (α-syn 0.5 µM, red squares) or supplemented with cobalt (Co2+ 20 µM + α-syn 0.5 µM, 

gray triangles). Calcium levels recorded under control conditions are also shown (vehicle, black 

circles; Co2+ 20 µM, blue triangles). B, Quantification of data shown in “A” after 75 minutes of 

recording. The results are the mean ± SEM obtained from 3 different experiments (*** p 

<0.001). 

 

Figure 6. α-syn oligomers increase synaptic transmission in hippocampal neurons. A, 

Representative traces of spontaneous calcium transients recorded from 11 DIV rat hippocampal 

neurons treated with α-syn oligomers (0.5 µM) for different times at 37ºC. B, Quantification of 

calcium transient frequency obtained under the experimental conditions shown in “A”. C, 

Representative current traces of total miniature synaptic currents (TTX, 25 nM) recorded in the 

indicated conditions. D, Quantification of the frequency and amplitude of data obtained under 

the experimental conditions shown in “A”. The results are the mean ± SEM obtained from three 

different experiments (** p <0.01; *** p <0.001).  
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Figure 7. α-syn oligomers increases synaptic vesicle release in hippocampal neurons. A, 

Confocal images of SNAP25 from 11 DIV rat hippocampal neurons treated with α-syn oligomers 

(0.5 µM) for 3 h and 24 h at 37ºC. B, Quantification of SNAP25/puncta observed under the 

experimentl conditions shown in “A“ (n=10). C, K+-induced destaining of FM1-43 in control 

and hippocampal neurons treated with α-syn oligomers (0.5 µM) for 3 h at 37ºC. The results are 

the mean ± SEM obtained from 3 different experiments (* p <0.05; ** p <0.01).  

 

Figure 8.  Chronic application of α-syn oligomers decreases the SV2 immunoreactivity in 

hippocampal neurons. A and B, MAP2 (FITC, green) and SV2 (Cy3, red) immunoreactivity in 

hippocampal neurons untreated (A) or treated (B) with α-syn oligomers (5 μM) for 24 h at 37ºC. 

C, The graph summarizes the number of SV2 puncta observed under the experimental conditions 

shown in  “A”. The bars are mean ± SEM obtained from three different experiments (N=3, * p< 

0.05). 

 

Graphical abstract: We propose thatsynuclein -syn) oligomers form pore-like structures in 

the plasma membrane of neurons from Central Nervous System (CNS). We believe that 

extracellular α-syn oligomers facilitate the formation of α-syn membrane pore-like structures, 

thus explaining, in part, the synaptotoxicity observed in neurodegenerative diseases characterized 

by its extracellular accumulation. We think that alterations in ionic homeostasis and synaptic 

vesicular depletion are key steps that lead to synaptotoxicity promoted by -syn membrane pore-

like structures. 
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