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Abstract  
 

Parkinson disease (PD), one of the most common neurodegenerative disorder, is believed to be 

driven by toxic α-synuclein aggregates eventually resulting in selective loss of vulnerable neuron 

populations, prominent among them, nigrostriatal dopamine (DA) neurons in the lateral substantia 

nigra (l-SN). How α-synuclein aggregates initiate a pathophysiological cascade selectively in 

vulnerable neurons is still unclear. Here, we show that the exposure to low nanomolar 

concentrations of α-synuclein aggregates (i.e. fibrils) but not its monomeric forms acutely and 

selectively disrupted the electrical pacemaker function of the DA subpopulation most vulnerable 

in PD. This implies that only dorsolateral striatum projecting l-SN DA neurons were electrically 

silenced by α-synuclein aggregates, while the activity of neither neighboring DA neurons in 

medial SN projecting to dorsomedial striatum nor mesolimbic DA neurons in the ventral tegmental 

area (VTA) were affected. Moreover, we demonstrate functional K-ATP channels comprised of 

Kir6.2 subunit in DA neurons to be necessary to mediate this acute pacemaker disruption by α-

synuclein aggregates. Our study thus identifies a molecularly defined target that quickly translates 

the presence of α-synuclein aggregates into an immediate impairment of essential neuronal 

function. This constitutes a novel candidate process how a protein-aggregation-driven sequence in 

PD is initiated that might eventually lead to selective neurodegeneration.  

 

 

 

 

 

Keywords: Parkinson’s disease, neurodegeneration, ion-channels, dopamine, electrophysiology, 
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INTRODUCTION 

 

α-Synuclein is a small 14 kDa  protein located mainly in presynaptic terminals, soma and nucleus  

(Maroteaux et al., 1988). While its physiological function is still unclear, its causal role in the 

pathogenesis of Parkinson disease (PD) is well established (Polymeropoulos et al., 1997; Simón-

Sánchez et al., 2009). Occurrence of toxic gain-of-function α-synuclein aggregates and their 

spreading within various regions of central and peripheral nervous system has been suggested to 

be intimately linked to disease progression (Spillantini and Crowther, 1998). Aggregated α-

synuclein has amyloid conformation rich in beta sheet structure (Roeters et al., 2017), different 

from the natively unfolded conformation of monomeric forms (Eliezer et al., 2001). Furthermore, 

various synucleinopathies are also believed to act via unique conformers of α-synuclein (Peng et 

al., 2018). Various cell-specific toxicity profiles of α-synuclein are determined closely by its exact 

conformation or strain (Bousset et al., 2013; Peelaerts et al., 2015). These fibrillar forms of α-

synuclein can be produced in vitro and, upon application, are quickly internalized by cells, where 

they seed the aggregation of native monomeric α-synuclein in a prion like fashion.  (Volpicelli-

Daley et al., 2014).  

While α-synuclein  rich Lewy bodies are observed in numerous brain regions (Braak et al., 2004), 

all affected neurons are not equally susceptible to degeneration. It is well known that DA neurons 

of substantia nigra (SN) are a major – and clinically most relevant - target neuronal population for 

neurodegeneration during PD and leads to the motor symptoms of disease (Greffard et al., 2006).  

DA neurons in the neighboring ventral tegmental area (VTA) region, however do not show 

degeneration and are much more resistant to toxic insults in animal models (Thakur et al., 2017). 

Even within SN there are regional variations in patterns of cell loss, e.g. ventrolateral tier shows a 

much bigger and faster loss of neurons during disease course in comparison to dorsomedial tier 

(Kordower et al., 2013a). 

 It is, however, not yet clear how α-synuclein aggregates, once present in vulnerable neurons, 

prominently among them nigrostriatal DA neurons, initiate a cascade of pathophysiological events 

that eventually lead to the well-established pattern of selective neurodegeneration. “High 

vulnerability” of DA neurons has previously been characterized by particular functional or 

structural features – such as high levels of intrinsic redox-stress (Dryanovski et al., 2013), large 

activity-dependent energy demands or maintenance of an extensive axonal morphology (Matsuda 
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et al., 2009; Bolam and Pissadaki, 2012). A prominent factor might also be a particular style of 

apparently “dangerous & capricious” calcium handling in the sense of a low capacity for calcium 

(Ca2+) buffering (i.e. most vulnerable DA SN neurons do not express calbindin (Liang et al., 1996)) 

combined with a high activity-dependent calcium loading of cytosolic and mitochondrial 

compartments, which is driven by several types of voltage-dependent calcium channels (Chan et 

al., 2007; Guzman et al., 2009; Ortner et al., 2017; Surmeier et al., 2017; Benkert et al., 2019; Liss 

and Striessnig, 2019).While the vulnerable SN DA neurons rely on voltage-gated Ca2+ channels 

for generation of subthreshold membrane potential oscillations to drive the pacemaker firing 

activity (Puopolo et al., 2007), neighboring VTA DAergic neurons utilize tetrodotoxin- sensitive 

sodium channels (Khaliq and Bean, 2010) and hyperpolarization-activated cyclic nucleotide-gated 

cation (HCN) channels (Neuhoff et al., 2002). In addition, several types of voltage gated Ca2+ 

channels in SN neurons also contribute to a large influx of Ca2+ ions with each action potential 

(Hage and Khaliq, 2015; Philippart et al., 2016; Ortner et al., 2017).  

This activity dependent Ca2+ entry into the neurons with each action potential, leads to increase in 

cellular oxidative stress particularly in mitochondria (Guzman et al., 2010).  Ca2+ can interact with 

other cellular stressors such as α-synuclein to cause a selective increase in vulnerability of SN DA 

neurons but not of the neighboring VTA neurons (Lieberman et al., 2017). Further, only 35% of 

SN DA neurons express calbindin in contrast to 58% of VTA DA neurons (Dopeso-Reyes et al., 

2014). These calbindin positive neurons have been shown to be more resistant to degeneration in 

several types of animal models of PD (Liang et al., 1996; Kim et al., 2000; Dopeso-Reyes et al., 

2014). Increased fraction of calbindin positive neurons among surviving DA neurons might point 

to a central role of the coupling between high Ca2+ influx and metabolic stress in driving PD 

etiology. 

 

Ca2+ entering SN DA neurons  might also lead to activation of  K-ATP channels thereby facilitating 

bursting in medial SN DA neurons (Knowlton et al., 2018). We have previously shown that K-

ATP channels, which are composed of inward rectifying K channel subunits (Kir6.2) and 

sulfonylurea receptors subunits (SUR1) in DA neurons mediate SN DA vulnerability in PD models 

(Liss et al., 2005) and are necessary for in vivo burst firing in medial DA SN neurons (Schiemann 

et al., 2012). However, their functional and potential pathophysiological role in most vulnerable, 

lateral SN DA neurons is still unknown. 
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In addition, we have previously shown that mild overexpression of mutant A53T-α-synuclein lead 

to in vivo hyperactivity of DA SN neurons via oxidative impairment of Kv4.3 channels 

(Subramaniam et al., 2014). However, this study focused mostly on the medial SN, where this 

selective hyperexcitability phenotype of DA SN neurons took more than 6-month in vivo to 

develop.  This study also did not address the question which particular conformer of α-synuclein 

was responsible. In general, other studies demonstrated that oligomeric/fibrillar α-synuclein is 

more detrimental to cellular functions in comparison to monomeric α-synuclein, also in DA 

neurons. For instance,  exposure of cultured DA neurons to 100 nM oligomeric α-synuclein for 5-

10 minutes was shown to trigger the opening of permeability transition pore and increase oxidative 

modifications of ATP synthase beta subunit in mitochondria (Ludtmann et al., 2018). This was in 

contrast to the monomeric form that increased the activity of ATP synthase to improve the 

efficiency of ATP production (Ludtmann et al., 2016).  

 

In summary, it is still unknown whether α-synuclein aggregates induce acute and/or selective 

functional changes in the most vulnerable, lateral SN DA neurons. In the present study, we 

demonstrate that these dorso-lateral striatum projecting lateral SN (DLS-lSN) DA neurons respond 

with an acute disruption of pacemaker firing when challenged with low nanomolar concentrations 

of α-synuclein fibrils. In contrast, dorso-medial striatum projecting medial SN (DMS-mSN) DA 

neurons and nucleus accumbens core projecting DA neurons in VTA (NAcC-VTA) maintained 

their pacemaker function in response to α-synuclein fibrils. Finally, we demonstrate that selective 

activation of K-ATP channels in DLS-lSN neurons is necessary to mediate this effect of α-

synuclein fibrils on electrical activity. 

 

MATERIAL AND METHODS 

 

Identification of various dopamine neuron sub-populations by retrograde tracing 

All the experiments were performed on male C57Bl/6N (Charles Rivers) mice aged 8-10 week.  

Red fluorescent retrobeads (Lumafluor) were diluted (1:30) in ACSF and stereotaxically injected 

into brain. Mice were anesthetized by exposure to 4% isoflurane in a closed chamber and 

maintained at 2-2.5 % level during the surgery. 100 nanoliters of diluted beads were injected 
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bilaterally in either dorso-medial striatum (DMS) (AP- 0.74, ML-1.1, DV-2.6); dorso-lateral 

striatum (DLS) (AP- 0.74, ML-2.2, DV-2.6) or nucleus accumbens core (NAcC) (AP- 1.54, ML-

1.0, DV-4). AP coordinates were adjusted to skull size according to the equation: Final AP 

coordinate = AP coordinate/4.2*distance (bregma − lambda) + 0.3.  Period needed for sufficient 

labelling of target regions was 3 days for DMS and NAcC, and 2 days for DLS. Examples of 

injection sites in NAcC, DMS and DLS are shown in figure 1(a).  

 

 Electrophysiological patch-clamp recordings 

Mice were perfused with ice-cold ACSF (50 mM sucrose, 125 mM NaCl, 2.5 mM KCl, 25 mM 

NaHCO3, 1.25 mM NaH2PO4, 2.5 mM glucose, 6.2 mM MgCl2, 0.1 mM CaCl2 and 2.96 mM 

kynurenic acid (Sigma), oxygenated with 95%O2/5%CO2). Mid-brain slices were cut coronally 

using a vibrating microtome at a thickness of 250 µm and allowed to recover for 50 minutes in 

oxygenated ACSF (22.5 mM sucrose, 125 mM NaCl, 2.5 mM KCl, 25 mM NaHCO3, 1.25 mM 

NaH2PO4, 2.5 mM glucose, 2.1 mM MgCl2 and 2 mM CaCl2; 95% O2/5% CO2) at 37 °C. 

Recording chamber was continuously perfused with ACSF at a flow rate of 2–4 ml/min. Synaptic 

input was blocked by addition of CNQX (12.5 µM; Biotrend), D-AP5 (10 µM; Biotrend) and 

gabazine (SR95531, 4 µM; Biotrend).  

SN or VTA DA neurons were visualized by infrared differential interference contrast video 

microscopy. Retrobeads were visualized by epifluorescence (Zeitz, Jena, Germany). Recording 

pipettes (4-5 MΩ) were fabricated from thin walled borosilicate glass (GC150TF; Harvard 

Apparatus, Holliston, MA, USA) and filled with internal solution containing 135 mM K-gluconate, 

5 mM KCl, 10 mM HEPES, 0.1 mM EGTA, 2 mM MgCl2, 2 mM MgATP, 0.2 mM NaGTP, and 

0.1 % neurobiotin, pH 7.4 (285-290 mOsm). Recordings were performed in current clamp or 

voltage-clamp mode using an EPC-10 patch amplifier (HEKA) with a sampling rate of 10 kHz 

(low-pass filter, 5 kHz). Electrophysiological data analysis was carried out using custom written 

scripts in MATLAB_R2017a.  

DA neurons containing retrobeads were first recorded in the cell-attached mode to ensure intact 

pacemaking activity for at least 30 seconds. Afterwards, whole cell configuration was obtained by 

applying a mild suction. Only neurons with uncompensated series resistance < 10 mOhm were 

used for analysis. After break in to the whole-cell configuration, recordings in continuous current-

clamp were made for a duration of at least 300 seconds to monitor changes in pacemaker function 
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(recordings were carefully terminated via slow conversion to the out-out configuration, which lead 

to a high success rate (> 95%) of recovering bead-positive, neurobiotin & TH-immunopositive 

(i.e. DA) neurons post-hoc.  

For the extracellular application, 10 nM fibrils were prepared in extracellular solution (0.5 M NaCl, 

10 mM HEPES buffer, pH 7.49). Recording pipettes (9-10 MΩ) were fabricated from thick walled 

borosilicate glass (GC150TF; Harvard Apparatus, Holliston, MA, USA and filled with regular 

internal solution as described before. After giga-seals were obtained, pacemaker firing was 

recorded in the voltage clamp mode without breaking into the cell. Once regular firing was 

observed for at least 30 seconds, extracellular solution (either control or with 10 nM fibrils) was 

puffed on the cell being recorded using a second pipette with mild pressure (30-50 mbar) so that 

seal was not disturbed. Recordings were continued for at least 30 seconds post-application of 

control or 10 nM fibril containing extracellular solution.  

After recording, patch slices were post-fixed in 4% paraformaldehyde in PBS, pH 7.4. Striatal 

regions containing injection sites for retrobeads were also post-fixed and cut at 50 µm thickness 

for IHC.   

 

Intracellular dialysis of monomeric and fibrillar α-synuclein into DA neurons 

Recombinant human wild type α-synuclein monomeric protein was purified from E.coli and 

assembled into fibrils at 5mg/mL in PBS (pH-7.0) for 7 days as described previously (Volpicelli-

Daley et al., 2014). Fibrillization was confirmed using multiple methods (Fig. S1). Aliquots of 

each reaction tube were centrifuged (45,000 x g, 30 minutes at 23°C) and separated on a 15% SDS 

gel. Gel was then stained with Coomassie Brilliant Blue and scanned by LiCor (Fig. S1a). The 

same samples were also assessed using Thioflavin T absorbance assay to confirm amyloid 

formation (Fig. S1b). To verify their pathogenic potential, 200 nM fibrils were added to mouse 

hippocampal neurons from embryonic day 16-18 CD1 mice. Neurons were cultured for seven days 

in poly-D-lysine coated 96-well plates prior to transduction with fibrils and were fixed twelve days 

post-transduction and stained with 81A antibody to assess the presence of aggregates (Fig. S1c).  

For electrophysiology experiments, fibrils and monomers were dissolved in sterile dPBS to a stock 

concentration of 1.25 µg/µl (89.3 µM). 5 µl of this stock solution was diluted with 887 µl of dPBS 

to obtain an intermediate concentration of 0.5 µM and stored at -80°C.  On the day of experiment, 

to obtain a final concentration of 10 nM, 20 µl of intermediate stock was diluted with 980 µl 
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internal pipette solution (see above) to obtain a final volume of 1 ml. The final solution was 

sonicated using a Q-sonica probe sonicator (20% power) for 1 minute in a pulsed manner to break 

down the bigger aggregates of α-synuclein. Monomeric α-synuclein was also prepared in a similar 

manner but was not sonicated. Control pipette solution was diluted with equivalent amount of 

dPBS. Final dilution step for both fibrillar and monomeric α-synuclein was carried out 

immediately before experiment and made fresh for each day of experiment. This approach allowed 

a targeted application of α-synuclein in each cell.  

It should be noted that the molarity calculation is made using the molecular weight of 14 kDa for 

monomeric α-synuclein. Real molarity of fibrillar solution is expected to be lower than this because 

of higher molecular weight. However, sonication step leads to a heterogenous mixture with 

filament sizes usually ranging from 30 nm to 100nm as described previously (Luk et al., 2012; 

Polinski et al., 2018). Therefore, it is not possible to ascertain the exact molecular weight and 

molarity of this solution. Addition of monomeric α-synuclein did not cause any change in 

osmolarity of internal solution (likely due to extremely small concentration). Osmolarity of 

fibrillar α-synuclein solution could not be measured as the instrument is unable to detect osmolarity 

in a self-aggregating solution.  

 

Immunohistochemistry and confocal analysis  

Free floating sections were rinsed in PBS and incubated in blocking solution  (0.2 M PBS with 

10% horse serum, 0.5% Triton X-100, 0.2% BSA). Sections were incubated overnight (room 

temperature) with goat anti tyrosine hydroxylase (1:1000, Calbiochem/ Merck) antibody diluted 

in the carrier solution  (0.2 M PBS with 1% horse serum, 0.5% Triton X-100, 0.2% BSA). After 

rinsing with PBS, sections were incubated with goat anti-rabbit Alexa Flour 405 (1:750, 

Invitrogen). To detect the neurobiotin, streptavidin AlexaFluor-488 (1:1000, Invitrogen) was used. 

After final rinsing with PBS, sections were mounted on slides with fluorescent mounting medium 

(Vectashield, Vector Laboratories), coverslipped and visualized with confocal microscope  (Nikon 

Eclipse90i, Nikon GmbH). Location of each recorded neuron was documented and manually 

reconstructed using the mouse brain atlas (Paxinos and Watson, 2007) as a reference map.  

 

Statistical analysis  
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All the statistical tests were performed using GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, 

CA, USA). Values are given as mean ± sem. One-way ANOVA with Holm Sidak’s post-hoc 

correction was applied to compare the groups for all analysis unless specified. P values less than 

0.05 were considered significant. 
 

RESULTS 

 

Nanomolar alpha-synuclein fibrils but not monomers disrupt pacemaker firing of vulnerable 

dopamine neurons.  

All the recorded midbrain neurons were identified based on their axon projection targets in dorsal 

or ventral striatum and were immuno-positive for TH (i.e. were DAergic). Figure 1a shows the 

representative injection sites for fluorescent retro beads in distinct regions of striatum and nucleus 

accumbens. Neurons were selected for electrophysiological recordings based on the presence of 

fluorescent beads and filled with neurobiotin during the recording. As shown in Figure 1b, 

expression of TH was documented in neurobiotin- and beads-labelled cells. Anatomical location 

of all recorded neurons was mapped according to the mouse brain atlas (Fig 1c).  

 

Figure 2 shows representative traces of whole-cell patch-clamp recordings of DLS-lSN DA 

neurons firing under control conditions (Fig. 2a) and after exposure to 10 nM α-synuclein fibrils 

(Fig. 2b) or 10 nM α-synuclein monomers (Fig. 2c). In the presence of synaptic blockers, we 

monitored spontaneous activity in the on-cell mode to exclude recording from DA neurons 

damaged by the slice preparation. Shortly after breaking into the whole cell configuration, we 

switched to current-clamp and monitored spontaneous electrical activity for at least 300 seconds. 

Figure 2 shows the effect of dialyzing 10 nM of α-synuclein fibrils into a DLS-lSN DA neuron via 

the patch pipette. In contrast to recordings of DLS-lSN DA neurons with control pipette solutions, 

which showed stable (with some degree of slowing), regular and continuous pacemaking, DLS-

lSN neurons that were patched with pipette solution containing 10 nM α-synuclein fibrils displayed 

a dramatic, about 90% decrease in pacemaker frequency within 5 minutes (Fig. 2d). Overall, there 

was a significant (p< 0.01) decline in steady state firing rate (i.e. firing rate in last 10 seconds of 

recording) in neurons dialyzed with fibrils in comparison to neurons filled with control recording 

solution.  
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The frequency reduction was accompanied by a significant increase (p< 0.01) in firing irregularity 

(quantified as coefficient of variation (CV) of inter-spike intervals; Fig. 2g) in comparison to 

controls. On the other hand, DLS-lSN DA neurons recorded with 10 nM monomeric α-synuclein 

showed no loss of firing frequency or regularity (Fig. 2d, 2f, 2g), in comparison to control solution.  

In about 65% (n = 9/14) DLS-lSN DA neurons dialyzed with 10 nM α-synuclein fibrils, the 

spontaneous activity was completely abolished (Fig. 2f) with the membrane potential persistently 

hyperpolarizing below the threshold for pacemaking (Fig. 2e, 2h). In contrast to neurons exposed 

to fibrillar α-synuclein, only 25% DLS-lSN neurons (n=3/12) exposed to monomeric α-synuclein 

ceased their spontaneous activity (Fig. 2f) and showed hyperpolarization of the average membrane 

potential (Fig. 2h). Indeed, steady state membrane potentials (i.e. membrane average potential in 

last 10 seconds of recording) were significantly lower in neurons dialyzed with fibrils (p< 0.05) 

compared to controls and monomers.  

 

As additional controls, we also performed experiments with extracellular exposure to 10 nM α-

synuclein fibrils while monitoring firing activity in the on-cell mode. Importantly, we observed 

that DLS-lSN DA neurons also ceased to fire after local extracellular application of 10nM fibrils 

but not when control extracellular solution were applied (Fig. S2a, S2b). Also, in on-cell, where 

the metabolic integrity of the neurons is unperturbed, there was a significant decrease in average 

firing frequency and increase in CV after extracellular application of fibrils (Fig. S2c, S2d). These 

experiments essentially rule out that the selective effect of α-synuclein fibrils on DLS-lSN DA was 

an artifact induced or potentiated by the whole-cell configuration. 

 

Figure 3 shows the firing patterns of mSN DA neurons projecting to dorso-medial striatum in mice. 

In humans, the most equivalent dorso-medial DA projection would innervate the caudate nucleus, 

which is less affected in PD. In contrast to the DLS-lSN DA neurons, DMS-mSN DA neurons 

displayed no loss of pacemaker firing (Fig. 3d, 3f) or membrane hyperpolarization (Fig. 3e, 3h) 

after dialysis of either 10 nM fibrils or monomers. There was an only about 30% decrease in 

pacemaker firing frequency after exposure to both fibrillar or monomeric α-synuclein, which was 

very similar to the about 22% decrease in average firing frequency in control experiments. Some 

DMS-mSN DA neurons (n=5/11) displayed an increased variability in firing as shown in the trace 

in figure 3b. This lead to an increase in CV of these neurons, but overall it was not statistically 
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different from the neurons in control group (Fig. 3g). None of the neurons exposed to monomeric 

α-synuclein displayed any irregularity in pacemaker firing or a decrease in steady state membrane 

potential. Consistent with their smaller susceptibility during PD, DMS-mSN DA neurons 

responded – if at all – only weakly to fibrils. 

 

Figure 4 shows the firing patterns of VTA DA neurons projecting to ventral striatum, more 

particularly, the core of nucleus accumbens, which is only mildly affected in PD. There was no 

significant change in the frequency of firing (Fig. 4d, 4f) or the regularity of firing (Fig. 4g) of 

these mesolimbic DA neurons in presence of either 10 nM α-synuclein fibrils or monomers. 

Further, no changes in the average membrane potential were observed in neurons recorded with 

fibrillar or monomeric α-synuclein (Fig. 4e, 4h). Overall DLS-lSN DA neurons were most severely 

affected by exposure to fibrillar α-synuclein in comparison to the other two DA subpopulations.  

 

 K-ATP channel activation in DA neurons mediates the disruption of firing patterns by 

fibrillar α-synuclein 

Next, we asked whether K-ATP channel activation mediates the α-synuclein fibril induced 

membrane hyperpolarization and loss of firing activity. We recorded DLS-lSN DA neurons with 

α-synuclein fibrils in the presence of the K-ATP channel inhibitor glibenclamide (1µM) in the bath 

solution. Prior to the application of glibenclamide, we observed an 80% decrease in firing 

frequency as well as membrane hyperpolarization in response to nanomolar α-synuclein fibrils 

(Fig. 5b, 5d). Similar to previously described changes (Fig. 2), complete cessation of pacemaker 

firing was observed in around 67% of recorded neurons (n=8/12) leading to a significant decrease 

in steady state firing frequency in comparison to control (p< 0.001). In contrast, after application 

of glibenclamide, DLS-lSN DA neurons continued to fire despite the presence of α-synuclein 

fibrils (Fig. 5c) and showed only 19% decrease in firing rate over the recording period. Steady 

state firing frequency of these neurons was significantly higher in comparison to the neurons 

treated with only fibrils (p< 0.001) (Fig. 5f). Some recordings were also obtained with control 

solution in patch pipette and glibenclamide in the bath (Fig. 5a). In this case, we observed a higher 

firing frequency (initial frequency around 4.5 Hz) compared to the DLS-lSN neurons recorded 

regularly with a control solution (initial frequency around 3 Hz) indicating the K-ATP channels 

were already partially active in this DA subpopulation. This was also supported by on-cell firing 
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frequency data (data not shown). Average firing frequency of glibenclamide-treated control cells 

(4.8 ± 0.15 Hz, n=11) was significantly higher (p<0.001, unpaired t-test) than the control cells 

without glibenclamide (3.2 ± 0.3 Hz, n=13).  

Figure 5f compares steady state firing frequencies between the different groups demonstrating 

significantly higher frequencies in fibrils treated neurons in the presence of glibenclamide as 

compared to those without glibenclamide (p< 0.001,). Also, fibril-induced increases in CV in 

comparison to control (p< 0.001) was also not observed after application of glibenclamide. Most 

importantly, glibenclamide treatment was able to prevent the time dependent membrane 

hyperpolarization observed in the presence of fibrils (Fig. 5e, 5h). There was a significant increase 

in steady state average membrane potential in the neurons treated with glibenclamide and fibrils 

both in comparison to the ones treated with only fibrils (p< 0.01).  

  

In summary, pharmacological experiments identified functional K-ATP channels in DA neurons 

as a necessary mediator for the α-synuclein fibrils-induced disruptions of pacemaking in DLS-lSN 

DA neurons.   

 

DISCUSSION 
 

The exceptionally high susceptibility of DA neurons in the lateral SN to degenerate during PD in 

comparison to more medial DA SN and VTA neurons has been well-documented (Fearnley and 

Lees, 1991; Kordower et al., 2013b) but the underlying pathophysiological mechanisms have 

remained unclear. In essence, it was unknown whether these most vulnerable DA midbrain neurons 

responded to α-synuclein aggregates in a particular and selective fashion. By studying changes in 

pacemaker firing patterns of well-defined DLS projecting (putamen-equivalent in primates) lSN 

DA neurons and DMS projecting (caudate-equivalent in primates) mSN DA neurons 

subpopulations, we have now identified differential functional responses of these two DA 

subpopulations after acute exposure to α-synuclein fibrils. Only the most vulnerable DA neurons 

in the lateral SN showed acute impairment and even silencing of their cell-autonomous pacemaker 

activity in response to exposure to α-synuclein fibrils in low nanomolar concentrations. Our work 

targeted a highly relevant cellular population lost in PD and identified a dramatic 

pathophysiological response with high selectivity and exquisite sensitivity. 
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Several previous studies have reported the pathophysiological responses to α-synuclein in DA and 

non-DA neurons (for review, see (Thakur et al., 2019)). For instance, Wu and colleagues have 

shown that in the primary hippocampal neurons, the fibrillar form of  α-synuclein but not the 

monomeric form lead to decreased synaptic activity in a time- and dose-dependent manner (Wu et 

al., 2019). Further, incubation with 500 nM α-synuclein oligomers have also been observed to 

inhibit long-term potentiation in hippocampal brain slices  (Martin et al., 2012; Ferreira et al., 

2017). Dialyzing 500 nM α-synuclein oligomers through a patch pipette – a similar approach like 

in our study -  into layer 5 cortical pyramidal neurons induced a drop in input resistance and in 

turn reduced excitability  (Kaufmann et al., 2016). In addition,  increase in action potential 

durations were found to be specific to oligomeric but not monomeric α-synuclein (Kaufmann et 

al., 2016). However, the relevant ion channels were not identified in these types of studies. 

 

In contrast, we identified here a causal role for K-ATP channels selectively in DLS-lSN DA 

neurons for fibrillar α-synuclein-induced impairment of pacemaking, a key feature of DA neuronal 

functioning. We have previously shown that K-ATP channels in DA SN but not DA VTA neurons 

are also sensitive response elements to nanomolar concentrations of rotenone, a mitochondrial 

complex I inhibitor (Röper and Ashcroft, 1995; Liss et al., 1999, 2005). Moreover, we showed that 

the rotenone-induced K-ATP channel activation in DA SN neurons was mediated by 

mitochondrially generated redox stress (Liss et al. 2005). Although this study did not yet 

differentiate between medial and lateral DA SN neurons, it might imply that also fibrillar α-

synuclein activate K-ATP channels via redox signaling, but more studies are needed to test this 

possibility explicitly. There is however evidence, that fibrillar α-synuclein increase oxidative stress 

by several, converging mechanisms including mitochondrial dysfunction and altered calcium 

handling, potentially also acting on a fast time scale and in the low nanomolar range (Choi et al., 

2012; Luth et al., 2014; Deas et al., 2015; Thakur et al., 2019). 

 

Also, our study cannot establish the immediate functional impact of α-synuclein mediated K-ATP 

channel activation in vivo. While our in vitro data suggest also an acute impairment of DLS-lSN 

DA neurons (see (Farassat et al., 2019) for functional in vivo properties DLS-lSN DA neurons), 

our previous in vivo study on K-ATP channels in DA SN neurons suggest that their activation – 
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at least in a certain range - might result in higher excitability and more burst discharge (Schiemann 

et al., 2012). Again, no selective functional role for K-ATP channels in DA neurons of the lateral 

SN is known. Finally, we have also demonstrated that global genetic K-ATP channel inactivation  

dramatically reduced the vulnerability SN DA (but not VTA DA) neurons in a chronic MPTP 

model (Liss et al. 2005). Assuming a similar outcome for conformer-specific α-synuclein models, 

K-ATP channel activation might selectively drive neurodegeneration in these most vulnerable DA 

neurons. As K-ATP channel blockers have been in clinical use for diabetes type II, repurposing 

for clinical trials in PD would be feasible. However, before this seems warranted, in vivo studies 

using relevant, chronic fibrillar α-synuclein PD models (Thakur et al., 2017) need to provide 

evidence that K-ATP channel inhibition – directly by sulfonylureas or more indirectly – e.g. by 

inhibitors of voltage-gated calcium channels – does indeed reduce selective neurodegeneration and 

might thus become a stronger candidate for disease-modifying therapies in PD. Finally, if fibrillar 

α-synuclein does activate K-ATP channels selectively in lateral DA SN neurons also in vivo at 

some point during disease progression in PD, the – yet unknown – functional consequences could 

also be potentially useful as an early biomarker of DA system at risk. 

 

ACKNOWLEDGEMENTS 
 

We thank Jasmine Sonntag and Beatrice Fisher for excellent technical assistance. We are grateful 

to Josef Shin and Strahinja Stojanovic help with protocols. The study was funded by DFG project 

grants to JR within CRC1080 and CRC815.  

 

AUTHOR CONTRIBUTION 

 

PT and JR designed the study and co-wrote the manuscript. PT carried out all experiments and 

performed data analysis. KL produced and characterized the fibrillar and monomeric α-synuclein.  

 

REFERENCES 

 

Benkert J et al. (2019) Cav2.3 channels contribute to dopaminergic neuron loss in a model of 

Parkinson’s disease. Nat Commun 10:5094. 

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

The copyright holder for this preprint (which wasthis version posted November 15, 2019. ; https://doi.org/10.1101/842344doi: bioRxiv preprint 

https://doi.org/10.1101/842344
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

Bolam JP, Pissadaki EK (2012) Living on the edge with too many mouths to feed: Why dopamine 

neurons die. Mov Disord 27:1478–1483. 

Bousset L, Pieri L, Ruiz-Arlandis G, Gath J, Jensen PH, Habenstein B, Madiona K, Olieric V, 

Böckmann A, Meier BH, Melki R (2013) Structural and functional characterization of two 

alpha-synuclein strains. Nat Commun 4:2575. 

Braak H, Ghebremedhin E, Rüb U, Bratzke H, Del Tredici K (2004) Stages in the development of 

Parkinson’s disease-related pathology. Cell Tissue Res 318:121–134. 

Chan CS, Guzman JN, Ilijic E, Mercer JN, Rick C, Tkatch T, Meredith GE, Surmeier DJ (2007) 

“Rejuvenation” protects neurons in mouse models of Parkinson’s disease. Nature 447:1081–

1086. 

Choi D-H, Cristóvão AC, Guhathakurta S, Lee J, Joh TH, Beal MF, Kim Y-S (2012) NADPH 

Oxidase 1-Mediated Oxidative Stress Leads to Dopamine Neuron Death in Parkinson’s 

Disease. Antioxid Redox Signal 16:1033–1045. 

Deas E, Cremades N, Angelova PR, Ludtmann MHR, Yao Z, Chen S, Horrocks MH, Banushi B, 

Little D, Devine MJ, Gissen P, Klenerman D, Dobson CM, Wood NW, Gandhi S, Abramov 

AY (2015) Alpha-Synuclein Oligomers Interact with Metal Ions to Induce Oxidative Stress 

and Neuronal Death in Parkinson’s Disease. Antioxid Redox Signal 24:376–391. 

Dopeso-Reyes IG, Rico AJ, Roda E, Sierra S, Pignataro D, Lanz M, Sucunza D, Chang-Azancot 

L, Lanciego JL (2014) Calbindin content and differential vulnerability of midbrain efferent 

dopaminergic neurons in macaques. Front Neuroanat 8:146. 

Dryanovski DI, Guzman JN, Xie Z, Galteri DJ, Volpicelli-Daley LA, Lee VMY, Miller RJ, 

Schumacker PT, James Surmeier D (2013) Calcium entry and α-synuclein inclusions elevate 

dendritic mitochondrial oxidant stress in dopaminergic neurons. J Neurosci 33:10154–10164. 

Eliezer D, Kutluay E, Bussell R, Browne G (2001) Conformational properties of α-synuclein in its 

free and lipid-associated states. J Mol Biol 307:1061–1073. 

Farassat N, Costa Kauê Machado, Stovanovic S, Albert S, Kovacheva L, Shin J, Egger R, Somayaji 

M, Duvarci S, Schneider G, Roeper J (2019) In vivo functional diversity of midbrain 

dopamine neurons within identified axonal projections. Elife 8. 

Fearnley JM, Lees AJ (1991) Ageing and Parkinson’s disease: substantia nigra regional selectivity. 

Brain 114 ( Pt 5:2283–2301. 

Ferreira DG, Temido-Ferreira M, Miranda HV, Batalha VL, Coelho JE, Szegö ÉM, Marques-

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

The copyright holder for this preprint (which wasthis version posted November 15, 2019. ; https://doi.org/10.1101/842344doi: bioRxiv preprint 

https://doi.org/10.1101/842344
http://creativecommons.org/licenses/by-nc-nd/4.0/


 16 

Morgado I, Vaz SH, Rhee JS, Schmitz M, Zerr I, Lopes L V., Outeiro TF (2017) α-synuclein 

interacts with PrP C to induce cognitive impairment through mGluR5 and NMDAR2B. Nat 

Neurosci 20:1569–1579. 

Greffard S, Verny M, Bonnet A-M, Beinis J-Y, Gallinari C, Meaume S, Piette F, Hauw J-J, 

Duyckaerts C (2006) Motor Score of the Unified Parkinson Disease Rating Scale as a Good 

Predictor of Lewy Body–Associated Neuronal Loss in the Substantia Nigra. Arch Neurol 

63:584. 

Guzman JN, Sánchez-Padilla J, Chan CS, Surmeier DJ (2009) Robust pacemaking in substantia 

nigra dopaminergic neurons. J Neurosci 29:11011–11019. 

Guzman JN, Sanchez-Padilla J, Wokosin D, Kondapalli J, Ilijic E, Schumacker PT, Surmeier DJ 

(2010) Oxidant stress evoked by pacemaking in dopaminergic neurons is attenuated by DJ-1. 

Nature 468:696–700. 

Hage TA, Khaliq ZM (2015) Tonic firing rate controls dendritic Ca2+ signaling and synaptic gain 

in substantia nigra dopamine neurons. J Neurosci 35:5823–5836. 

Kaufmann TJ, Harrison PM, Richardson MJE, Pinheiro TJT, Wall MJ (2016) Intracellular soluble 

α-synuclein oligomers reduce pyramidal cell excitability. J Physiol 594:2751–2772. 

Khaliq ZM, Bean BP (2010) Pacemaking in dopaminergic ventral tegmental area neurons: 

depolarizing drive from background and voltage-dependent sodium conductances. J Neurosci 

30:7401–7413. 

Kim BG, Shin DH, Jeon GS, Seo JH, Kim YW, Jeon BS, Cho SS (2000) Relative sparing of 

calretinin containing neurons in the substantia nigra of 6-OHDA treated rat parkinsonian 

model. Brain Res 855:162–165. 

Knowlton C, Kutterer S, Roeper J, Canavier CC (2018) Calcium dynamics control K-ATP 

channel-mediated bursting in substantia nigra dopamine neurons: a combined experimental 

and modeling study. J Neurophysiol 119:84–95. 

Kordower JH, Olanow CW, Dodiya HB, Chu Y, Beach TG, Adler CH, Halliday GM, Bartus RT 

(2013a) Disease duration and the integrity of the nigrostriatal system in Parkinson’s disease. 

Brain 136:2419–2431. 

Kordower JH, Olanow CW, Dodiya HB, Chu Y, Beach TG, Adler CH, Halliday GM, Bartus RT 

(2013b) Disease duration and the integrity of the nigrostriatal system in Parkinson’s disease. 

Brain 136:2419–2431. 

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

The copyright holder for this preprint (which wasthis version posted November 15, 2019. ; https://doi.org/10.1101/842344doi: bioRxiv preprint 

https://doi.org/10.1101/842344
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

Liang CL, Sinton CM, Sonsalla PK, German DC (1996) Midbrain dopaminergic neurons in the 

mouse that contain calbindin-D28k exhibit reduced vulnerability to MPTP-induced 

neurodegeneration. Neurodegeneration 5:313–318. 

Lieberman OJ, Choi SJ, Kanter E, Saverchenko A, Frier MD, Fiore GM, Wu M, Kondapalli J, 

Zampese E, Surmeier DJ, Sulzer D, Mosharov E V. (2017) α-synuclein-dependent calcium 

entry underlies differential sensitivity of cultured SN and VTA dopaminergic neurons to a 

parkinsonian neurotoxin. eNeuro 4. 

Liss B, Bruns R, Roeper J (1999) Alternative sulfonylurea receptor expression defines metabolic 

sensitivity of K-ATP channels in dopaminergic midbrain neurons. EMBO J 18:833–846. 

Liss B, Haeckel O, Wildmann J, Miki T, Seino S, Roeper J (2005) K-ATP channels promote the 

differential degeneration of dopaminergic midbrain neurons. Nat Neurosci 8:1742–1751. 

Liss B, Striessnig J (2019) The Potential of L-Type Calcium Channels as a Drug Target for 

Neuroprotective Therapy in Parkinson’s Disease. Annu Rev Pharmacol Toxicol 59:263–289. 

Ludtmann MHR et al. (2018) α-synuclein oligomers interact with ATP synthase and open the 

permeability transition pore in Parkinson’s disease. Nat Commun 9:2293. 

Ludtmann MHR, Angelova PR, Ninkina NN, Gandhi S, Buchman VL, Abramov AY (2016) 

Monomeric alpha-synuclein exerts a physiological role on brain ATP synthase. J Neurosci 

36:10510–10521. 

Luk KC, Kehm V, Carroll J, Zhang B, O’Brien P, Trojanowski JQ, Lee VM-Y (2012) Pathological 

-Synuclein Transmission Initiates Parkinson-like Neurodegeneration in Nontransgenic Mice. 

Science (80- ) 338:949–953. 

Luth ES, Stavrovskaya IG, Bartels T, Kristal BS, Selkoe DJ (2014) Soluble, prefibrillar α-

synuclein oligomers promote complex I-dependent, Ca2+ induced mitochondrial 

dysfunction. J Biol Chem 289:21490–21507. 

Maroteaux L, Campanelli JT, Scheller RH (1988) Synuclein: a neuron-specific protein localized 

to the nucleus and presynaptic nerve terminal. J Neurosci 8:2804–2815. 

Martin ZS, Neugebauer V, Dineley KT, Kayed R, Zhang W, Reese LC, Taglialatela G (2012) α-

Synuclein oligomers oppose long-term potentiation and impair memory through a 

calcineurin-dependent mechanism: Relevance to human synucleopathic diseases. J 

Neurochem 120:440–452. 

Matsuda W, Furuta T, Nakamura KC, Hioki H, Fujiyama F, Arai R, Kaneko T (2009) Single 

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

The copyright holder for this preprint (which wasthis version posted November 15, 2019. ; https://doi.org/10.1101/842344doi: bioRxiv preprint 

https://doi.org/10.1101/842344
http://creativecommons.org/licenses/by-nc-nd/4.0/


 18 

Nigrostriatal Dopaminergic Neurons Form Widely Spread and Highly Dense Axonal 

Arborizations in the Neostriatum. J Neurosci 29:444–453. 

Neuhoff H, Neu A, Liss B, Roeper J (2002) I h Channels Contribute to the Different Functional 

Properties of Identified Dopaminergic Subpopulations in the Midbrain. 

Ortner NJ, Bock G, Dougalis A, Kharitonova M, Duda J, Hess S, Tuluc P, Pomberger T, Stefanova 

N, Pitterl F, Ciossek T, Oberacher H, Draheim HJ, Kloppenburg P, Liss B, Striessnig J (2017) 

Lower affinity of isradipine for L-type Ca2+ channels during substantia nigra dopamine 

neuron-like activity: Implications for neuroprotection in parkinson’s disease. J Neurosci 

37:6761–6777. 

Paxinos G, Watson C (2007) The rat brain in stereotaxic coordinates. London Acad Press. 

Peelaerts W, Bousset L, Van der Perren A, Moskalyuk A, Pulizzi R, Giugliano M, Van den Haute 

C, Melki R, Baekelandt V (2015) α-Synuclein strains cause distinct synucleinopathies after 

local and systemic administration. Nature 522:340–344. 

Peng C, Gathagan RJ, Covell DJ, Medellin C, Stieber A, Robinson JL, Zhang B, Pitkin RM, 

Olufemi MF, Luk KC, Trojanowski JQ, Lee VM-Y (2018) Cellular milieu imparts distinct 

pathological α-synuclein strains in α-synucleinopathies. Nature 557:558–563. 

Philippart F, Destreel G, Merino-Sepúlveda P, Henny P, Engel D, Seutin V (2016) Differential 

somatic Ca2+ channel profile in midbrain dopaminergic neurons. J Neurosci 36:7234–7245. 

Polinski NK, Volpicelli-Daley LA, Sortwell CE, Luk KC, Cremades N, Gottler LM, Froula J, 

Duffy MF, Lee VMY, Martinez TN, Dave KD (2018) Best Practices for Generating and 

Using Alpha-Synuclein Pre-Formed Fibrils to Model Parkinson’s Disease in Rodents. J 

Parkinsons Dis 8:303–322. 

Polymeropoulos MH et al. (1997) Mutation in the α-Synuclein Gene Identified in Families with 

Parkinson’s Disease. Science (80- ) 276. 

Puopolo M, Raviola E, Bean BP (2007) Roles of Subthreshold Calcium Current and Sodium 

Current in Spontaneous Firing of Mouse Midbrain Dopamine Neurons. J Neurosci 27:645–

656. 

Roeters SJ, Iyer A, Pletikapić G, Kogan V, Subramaniam V, Woutersen S (2017) Evidence for 

Intramolecular Antiparallel Beta-Sheet Structure in Alpha-Synuclein Fibrils from a 

Combination of Two-Dimensional Infrared Spectroscopy and Atomic Force Microscopy. Sci 

Rep 7:41051. 

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

The copyright holder for this preprint (which wasthis version posted November 15, 2019. ; https://doi.org/10.1101/842344doi: bioRxiv preprint 

https://doi.org/10.1101/842344
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

Röper J, Ashcroft FM (1995) Metabolic inhibition and low internal ATP activate K-ATP channels 

in rat dopaminergic substantia nigra neurones. Pflugers Arch 430:44–54. 

Schiemann J, Schlaudraff F, Klose V, Bingmer M, Seino S, Magill PJ, Zaghloul KA, Schneider 

G, Liss B, Roeper J (2012) K-ATP channels in dopamine substantia nigra neurons control 

bursting and novelty-induced exploration. Nat Neurosci 15:1272–1280. 

Simón-Sánchez J et al. (2009) Genome-wide association study reveals genetic risk underlying 

Parkinson’s disease. Nat Genet 41:1308–1312. 

Spillantini M, Crowther R (1998) α-Synuclein in filamentous inclusions of Lewy bodies from 

Parkinson ’ s disease and dementia with Lewy bodies. Proc … 95:6469–6473. 

Subramaniam M, Althof D, Gispert S, Schwenk J, Auburger G, Kulik A, Fakler B, Roeper J (2014) 

Mutant alpha-synuclein enhances firing frequencies in dopamine substantia nigra neurons by 

oxidative impairment of A-type potassium channels. J Neurosci 34:13586–13599. 

Surmeier DJ, Obeso JA, Halliday GM (2017) Selective neuronal vulnerability in Parkinson 

disease. Nat Rev Neurosci 18:101–113. 

Thakur P, Breger LS, Lundblad M, Wan OW, Mattsson B, Luk KC, Lee VMY, Trojanowski JQ, 

Björklund A, Dimonte DA, Kordower JH (2017) Modeling Parkinson’s disease pathology by 

combination of fibril seeds and α-synuclein overexpression in the rat brain. Proc Natl Acad 

Sci 114:E8284–E8293. 

Thakur P, Chiu WH, Roeper J, Goldberg JA (2019) α-Synuclein 2.0 — Moving towards Cell Type 

Specific Pathophysiology. Neuroscience 412:248–256. 

Volpicelli-Daley LA, Luk KC, Lee VM-Y (2014) Addition of exogenous α-synuclein preformed 

fibrils to primary neuronal cultures to seed recruitment of endogenous α-synuclein to Lewy 

body and Lewy neurite–like aggregates. Nat Protoc 9:2135–2146. 

Wu Q, Takano H, Riddle DM, Trojanowski JQ, Coulter DA, Lee VM-Y (2019) α-Synuclein 

(αSyn) Preformed Fibrils Induce Endogenous αSyn Aggregation, Compromise Synaptic 

Activity and Enhance Synapse Loss in Cultured Excitatory Hippocampal Neurons. J Neurosci 

39:5080–5094. 

 

 

 

FIGURE LEGENDS  

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

The copyright holder for this preprint (which wasthis version posted November 15, 2019. ; https://doi.org/10.1101/842344doi: bioRxiv preprint 

https://doi.org/10.1101/842344
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

 

Figure 1-Anatomical mapping of the recorded neurons. a Representative images of injection sites 

in Nucleus Accumbens Core (NAcC), Dorso-Medial Striatum (DMS) and Dorso-Lateral Striatum 

(DLS) with TH in green and fluorescent retro-beads in red.  b Representative confocal image of 

retrogradely labelled neurons (marked with arrows) filled with neurobiotin during the recordings. 

Green- Neurobiotin, Blue-TH, Red- Retrobeads. c Anatomical mapping of all the recorded neurons 

shown in figure 2, 3 and 4. Each panel shows neurons located in lateral substantia nigra (lSN), 

medial substantia nigra (mSN) and ventral tegmental area (VTA) in each treatment group- control, 

fibrils and monomer. 

 

Figure 2- Acute exposure to α-synuclein fibrils disrupts the pacemaker firing of DLS-lSN neurons. 

Representative trace of whole cell recordings for a duration of 300 seconds from DLS-lSN under 

a control conditions showing regular firing b with 10 nM fibrils in the recording solution where 

firing becomes irregular and stops eventually c with 10 nM monomers in the recording solution 

showing no change in firing activity. Graph shows the change in d average firing frequency and e 

average membrane potential over the recording duration in various groups. f  Comparison of steady 

state firing frequency (i.e. frequency during last 10 seconds of recording) shows a significant 

decline (p< 0.001, Ordinary one-way ANOVA followed by Holm Sidak’s multiple comparison 

test) in firing frequency after fibrils wash-in in comparison to control but not after monomers wash-

in. g Comparison of regularity of firing (measured as coefficient of variation of inter-spike interval) 

show a drastic increase in irregularity after fibrils wash-in but not in monomers when compared to 

control. h Comparison of steady state membrane potential (i.e. membrane potential during last 10 

seconds of recording) also shows a significant decline (Ordinary one-way ANOVA followed by 

Holm Sidak’s multiple comparison test) in membrane potential after fibrils wash-in in comparison 

to control. All data is represented as mean ± sem. Control- n=13, N=9; Fibrils- n=14, N=3; 

Monomers- n=12, N=3, where n= number of neurons, N= number of mouse.  

 

Figure 3- Acute exposure to α-synuclein fibrils does not alter the pacemaker firing of DMS-mSN 

neurons. Representative trace of whole cell recordings for a duration of 300 seconds from DMS-

mSN under a control conditions showing regular firing b with 10 nM fibrils in the recording 

solution where mild irregularity c with 10 nM monomers in the recording solution showing no 
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change in firing patterns. Graph shows the change in d average firing frequency and e average 

membrane potential over the recording duration in various groups. f Comparison of steady state 

firing frequency (i.e. frequency during last 10 seconds of recording) shows no significant change 

in firing frequency after fibrils or monomers wash-in in comparison to control. g Comparison of 

steady membrane potential (i.e. membrane potential during last 10 seconds of recording) shows 

no (Ordinary one-way ANOVA followed by Holm Sidak’s multiple comparison test) in membrane 

potential after fibrils wash-in in comparison to control. All data is represented as mean ± sem. 

Control- n=13, N=8; Fibrils- n=11, N=4; Monomers- n=10, N=5, where n= number of neurons, 

N= number of mouse.  

 

Figure 4- Acute exposure to α-synuclein fibrils does not alter the pacemaker firing of NAcC-VTA 

neurons. Representative trace of whole cell recordings for a duration of 300 seconds from NAcC-

VTA under a control conditions showing regular firing b with 10 nM fibrils in the recording 

solution where no irregularity is observed c with 10 nM monomers in the recording solution 

showing no change in firing patterns. Graph shows the change in d average firing frequency and e 

average membrane potential over the recording duration in various groups. e Comparison of steady 

state firing frequency and g steady state membrane potential show no change (Ordinary one-way 

ANOVA followed by Holm Sidak’s multiple comparison test) after fibrils or monomers wash-in 

in comparison to control. All data is represented as mean ± sem. Control- n=10, N=3; Fibrils- n=9, 

N=3; Monomers- n=10, N=3, where n= number of neurons, N= number of mouse.  

 

Figure 5- K-ATP channel inhibitor Glibenclamide prevents disruption of firing in DLS-lSN 

neurons by fibrils. Representative trace of whole cell recordings for a duration of 300 seconds from 

DLS-lSN neurons a with control recording solution and Glibenclamide applied in bath b with 10 

nM fibrils and c with 10 nM fibrils in recording solution in presence of Glibenclamide applied 

through bath solution. d Change in average firing frequency of DLS-lSN neurons in various 

treatment groups shows prevention of firing loss caused by fibrils after Glib (Glibencamide) 

treatement. e Glib application resulted in an increased average membrane potential even in the 

presence of fibrils. f There was a significant decline in steady state firing frequency (p< 0.001, 

Ordinary one-way ANOVA followed by Holm Sidak’s multiple comparison test) and g increase 

in firing variability (p< 0.001, Ordinary one-way ANOVA followed by Holm Sidak’s multiple 
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comparison test) in presence of α-synuclein fibrils, which was prevented in presence of 

Glibenclamide. h Wash-in of Glibenclamide also prevents the hyperpolarization of membrane 

potential observed after α-synuclein fibrils treatment (p< 0.001, Ordinary one-way ANOVA 

followed by Holm Sidak’s multiple comparison test). All data is represented as mean ± sem.  

Control+Glib- n=11, N=4; Fibrils- n=12, N=4; Fibrils+Glib- n=15, N=3, where n= number of 

neurons, N= number of mouse.  
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