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Abstract 28 

Increasing evidence suggests that crosstalk between α-synuclein pathology formation and 29 

mitochondrial dysfunction plays a central role in the pathogenesis of Parkinson’s disease and 30 

related synucleinopathies. While mitochondrial dysfunction is a well-studied phenomenon in 31 

the substantia nigra, which is selectively vulnerable in Parkinson’s disease and some models 32 

thereof, less information is available in other brain regions that are also affected by synuclein 33 

pathology. 34 

Therefore, we sought to test the hypothesis that early α-synuclein pathology causes 35 

mitochondrial dysfunction and that this effect might be exacerbated in conditions of increased 36 

vulnerability in affected brain regions, such as the amygdala. 37 

We combined a model of intracerebral α-synuclein pathology seeding with chronic 38 

glucocorticoid treatment, which models non-motor symptoms of Parkinson’s disease and 39 

affects amygdala physiology. We measured mitochondrial respiration, ROS generation and 40 

protein abundance as well as α-synuclein pathology in male mice. 41 

Chronic corticosterone administration induced mitochondrial hyperactivity in the amygdala. 42 

Although injection of α-synuclein pre-formed fibrils into the striatum resulted in pronounced α-43 

synuclein pathology in both striatum and amygdala, mitochondrial respiration in these brain 44 

regions was not compromised, regardless of corticosterone treatment. 45 

Our results suggest that early stage α-synuclein pathology does not influence mitochondrial 46 

respiration in the striatum and amygdala, even in corticosterone-induced respirational 47 

hyperactivity. We discuss our findings in light of relevant literature, warn of a potential 48 

publication bias and encourage scientists to report their negative results within the framework 49 

of this model. 50 
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Significance statement 59 

We report that early stage α-synuclein pathology by itself or in combination with exogenous 60 

corticosterone-induced amygdala hyperactivity did not compromise mitochondrial respiration 61 

in the striatum and amygdala in one of the most commonly used models of 62 

synucleinopathies. These results may explain why, in the hands of many research groups, 63 

this model does not elicit pronounced Parkinson’s disease-like symptoms in the absence of 64 

mitochondrial dysfunction. This despite the presence of significant α-synuclein pathology in 65 

brain regions involved in non-motor (amygdala) and motor (striatum) disease symptoms. Our 66 

findings call for rigorous investigation of the short- and long-term effects of α-synuclein 67 

pathology on mitochondrial function/dysfunction in this model, particularly in brain regions 68 

strongly affected by neurodegeneration such as the substantia nigra pars compacta. 69 
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Introduction 70 

The misfolding, aggregation and accumulation of α-synuclein in Lewy bodies and the 71 

selective neurodegeneration of dopaminergic neurons are defining hallmarks of Parkinson`s 72 

disease (PD), the most common neurodegenerative motor-disease (Spillantini et al., 1997; 73 

Lashuel et al., 2013). Mutations or multiplications of the α-synuclein encoding gene, SNCA, 74 

cause familial forms of PD (Polymeropoulos et al., 1997; Kruger et al., 1998; Singleton et al., 75 

2003; Ibanez et al., 2004; Zarranz et al., 2004), thereby suggesting a causal role of α-76 

synuclein  in PD. Several lines of evidence support the Braak hypothesis of α-synuclein 77 

pathology propagation during the progression of PD (Braak et al., 2003b; Braak et al., 78 

2003a), including evidence for; 1) pathological α-synuclein spreading from host PD patient 79 

brains to mesencephalic transplants grafted into these brains (Kordower et al., 2008; Li et al., 80 

2008); 2) inter-cellular transmission of α-synuclein aggregates (Desplats et al., 2009; 81 

Volpicelli-Daley et al., 2011); and 3) induction of α-synuclein pathology formation and 82 

spreading in mouse brain by inoculation with recombinant α-synuclein pre-formed fibrils 83 

(PFFs) or brain-derived aggregates from PD or multiple system atrophy (MSA) patients (Luk 84 

et al., 2012; Masuda-Suzukake et al., 2013; Recasens et al., 2014). 85 

Mitochondrial dysfunctions, in particular deficiencies of the electron transport system, have 86 

been implicated in PD pathogenesis (Langston et al., 1983; Schapira et al., 1989) and is 87 

thought to play important roles in both neurodegeneration and α-synuclein pathology 88 

formation (Hsu et al., 2000). Aggregated forms of α-synuclein have also been shown to 89 

interfere with the regulation of mitochondrial import (Di Maio et al., 2016), mitochondrial 90 

membrane potential, reactive oxygen species (ROS)-generation and mitochondrial 91 

morphology (Tapias et al., 2017; Grassi et al., 2018) and oxidative phosphorylation 92 

(Ludtmann et al., 2016; Ludtmann et al., 2018) (Devi et al., 2008; Mahul-Mellier et al., 2020). 93 

However, whether α-synuclein pathology in the brain is sufficient to cause mitochondrial 94 

respiration dysfunction is not known. Animal models based on α-synuclein pathology seeding 95 

provide unique opportunities to address this question.  96 

Seeding and induction of α-synuclein pathology in rodents by inoculation of the striatum (Luk 97 

et al., 2012) or the olfactory bulb (Rey et al., 2016) with PFFs results in robust early α-98 

synuclein pathology (as assessed by staining for α-synuclein phosphorylated at serine 129, 99 

pS129) in the amygdala (Burtscher et al., 2019) preceding motor symptoms. We reported a 100 

peak of pS129 α-synuclein in limbic and cortical circuits around 1-3 months after injection 101 

that subsequently decreased over time. Such transiently high levels of pS129 α-synuclein 102 

especially in the amygdala (Burtscher et al., 2019), although potentially mouse-strain-103 
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dependent, are increasingly acknowledged by some groups (Rey et al., 2019) but not yet by 104 

others (Henderson et al., 2019). 105 

As the human amygdala can also be profoundly affected in synucleinopathy (Nelson et al., 106 

2018; Sorrentino et al., 2019), we initially thought such pathology could be related to 107 

prodromal and non-motor symptoms in PD. However, we recently reported surprisingly small 108 

behavioral effects associated with high levels of pathological α-synuclein in the mouse 109 

amygdala (Burtscher et al., 2019), suggesting that α-synuclein pathology in the amygdala 110 

was not sufficient to cause major non-motor symptoms. Whether this is due to the high 111 

resistance of cells in the amygdala to the cellular stress conferred by pathological α-112 

synuclein aggregates, or whether creeping cellular dysfunction at this stage precedes 113 

behavioral phenotypes is unknown. We hypothesized here that early α-synuclein pathology 114 

perturbs mitochondrial function and thus causes detectable cellular dysfunction that 115 

precedes behavioral manifestation. 116 

To investigate this hypothesis, we injected α-synuclein PFFs into the striatum of adult male 117 

mice. Based on our previous results (Burtscher et al., 2019) we selected to study 118 

mitochondrial function at a time point where α-synuclein pathology peaks in the amygdala, 119 

which was 5-6 weeks after injection (Burtscher et al., 2019). We characterized pathology 120 

using biochemistry and imaging approaches at this time point and studied mitochondrial 121 

functions using high-resolution respirometry and concurrent assessment of mitochondrial 122 

ROS generation. All these assessments were performed for the amygdala and the site of 123 

injection, the striatum. To exclude the potential of the results being confounded by cellular 124 

loss-induced mitochondrial dysfunction, we did not investigate time points or brain regions 125 

characterized by apparent neuronal cell death.  126 

In addition, we applied chronic corticosterone (in the drinking water) to a subset of mice to 127 

induce metabolic dysfunction in the amygdala, starting one month before PFF injection and 128 

until the animals were sacrificed. Metabolic alterations in the amygdala have been reported 129 

upon chronic glucocorticoid administration (Thobois et al., 2017). This approach allowed us 130 

to assess the influence of pre-existing metabolic dysfunction in combination with α-synuclein 131 

pathology on mitochondrial function. 132 

 133 

Methods 134 

PFFs 135 

α-synuclein fibrils were prepared and characterized as described previously (Burtscher et al., 136 

2019; Kumar et al., 2020). Briefly, a 325 μM solution of pure recombinant mouse α-synuclein 137 
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protein (in PBS, pH 7.2) was centrifuged in 0.2 μM filter tubes (5 min, 5000 rpm). To produce 138 

fibrils (PFFs), the supernatant was incubated under aggregation conditions (4 days, 37°C) 139 

and shaking (at 900 rpm), as described previously (Burtscher et al., 2019). The resulting 140 

PFFs were sonicated (one 1 s pulse per 2 s for 10 s at 40% amplitude) and stored at -80°C 141 

until use. 142 

For characterization of the PFFs, samples were treated with 10 μM thioflavin T (ThT, in 50 143 

mM glycine, pH 8.5) in black 384-well plates (Nunc) and the extent of fibril formation was 144 

measured at 485 nm (excitation at 450 nm) using a Bucher Analyst AD plate reader. 145 

To assess the amount of fibrils formed and the monomers released, we used sedimentation 146 

(100000 g, 30 min) and filtration assays (14000 g for 15 min through a 100 kD filter). Electron 147 

microscopy was applied for morphological characterizations, as described previously 148 

(Burtscher et al., 2019; Kumar et al., 2020). 149 

 150 

Animals 151 

Male C57BL/6JRj mice (2-3 months of age, 3 animals per cage) used for the in vivo 152 

experiments were housed at 23°C, 40% humidity, light from 7 am-7 pm and dark from 7 pm -153 

7 am with free access to standard laboratory rodent chow and water for in-vivo experiments. 154 

Primary hippocampal cultures were derived from P0-2 pups of C57BL/6JRccHsd mice. 155 

All animal experimentation procedures were approved by the Cantonal Veterinary Authorities 156 

(Vaud, Switzerland) and were performed in compliance with the European Communities 157 

Council Directive of 24 November 1986 (86/609EEC). Every effort was taken to minimize the 158 

number of the animals and their stress. 159 

For stereotactic surgeries 5 μg of PFFs in 2 μL PBS was injected into the right dorsal 160 

striatum (AP +0.4, ML +2, DV -2,6) of fully anesthetized animals (100 mg/kg ketamine and 10 161 

mg/kg xylazine, i.p.) on stereotactic frames (Kopf Instruments) through a 34-gauge cannula 162 

using a 10 μL Hamilton syringe (flow rate of 0.1 μl/min). 163 

Mice were given an overdose of pentobarbital (150 mg/kg) for transcardial perfusion with 164 

heparinized saline, which was followed by 4 % paraformaldehyde perfusion to prepare the 165 

tissue for histology (N=3 per group, total N=24). Mice for mitochondrial respiration studies 166 

(N=9 per group, N=36) were sacrificed by neck dislocation, and exsanguination and tissues 167 

were directly dissected and prepared for high-resolution respirometry.  168 

 169 

Primary neuronal cultures, PFF treatment and immunocytochemistry 170 
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Primary hippocampal neurons were prepared from P0-2 C57BL/6JRccHsd mouse pups 171 

(Harlan) and were imaged as described before (Mahul-Mellier et al., 2020). Briefly, 172 

hippocampi were dissected in Hank's Balanced Salt Solution (HBSS) and digested by papain 173 

(20 U/mL, Sigma-Aldrich) for 30 min at 37 ̊C. Papain activity was inhibited using a trypsin 174 

inhibitor (Sigma-Aldrich), and tissues were dissociated by trituration. The cells were 175 

resuspended in adhesion media (MEM, 10% horse Serum, 30% glucose, L-glutamine and 176 

penicillin/streptomycin) (Life Technologies), and they were plated at a density of 250,000 177 

cells/ml in 6-well plates coated with 0.1% (w/v) poly-L-lysine in water (Brunschwig). Adhesion 178 

media was replaced by neurobasal medium (Life Technologies) containing B27 supplement 179 

(Life Technologies), L-glutamine, and penicillin/streptomycin (100 U/mL, Life Technologies) 180 

after 3 h. After 5 days in vitro, primary cultures were treated with 70 nM (corresponding to 181 

approximately 1 ng/μl) PFFs. 14 days later, the cells were washed in PBS, fixed in 4% PFA 182 

for 20 min and immunostained. For Mito Tracker experiments, the cells were exposed to 100 183 

nM MitoTracker Red CMXRos (Invitrogen) 30 min before fixation. For immunostaining, fixed 184 

cells were blocked with 3 %BSA with 0.1% Triton X-100 in PBS for 30 min, and then they 185 

were exposed to primary antibodies for 2 h, washed and incubated with secondary 186 

antibodies (plus DAPI) for 1 h, washed and mounted using Fluoromount (Southern Biotech). 187 

Assessment of body composition  188 

Percentages of fat- and lean-mass of total body mass were measured by echo MRI before 189 

corticosterone/vehicle treatment (to ensure similar body composition across experimental 190 

groups) and 8 weeks after treatment. 191 

 192 

Continuous exogenous corticosterone treatment 193 

Corticosterone (Sigma) was dissolved in 0.45% hydroxypropyl-b-cyclodextrin (Sigma) and 194 

administered (35 mg/l) to animals in drinking water continuously starting 4 weeks before 195 

surgery and continuing until the sacrifice of the animals as described previously (Bacq et al., 196 

2012). Control animals were administered the solvent vehicle (0.45% hydroxypropyl-b-197 

cyclodextrin) in the same manner. 198 

Histology and immunohistochemistry 199 

Perfused brains were postfixed in 4% paraformaldehyde, embedded in paraffin, and cut 200 

coronally to generate 4 m sections. Brain slices were dewaxed and epitope retrieval was 201 

performed for 20 min at 95°C in trisodium citrate buffer (10 mM, pH 6.0) in a retriever 202 

(Labvision) was applied. For immunofluorescence, sections were blocked for 60 min in 3% 203 

bovine serum albumin in PBS containing 0.1% Triton X-100. Primary antibodies were applied 204 
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overnight at 4°C, followed by secondary antibodies (plus DAPI) for 60 min at RT before 205 

mounting the slides using Fluoromount (Southern Biotech). Sections of N=3 animals from 206 

each time point (30 dpi and 360 dpi of only PFFs or PBS, total N=12) were used for pS129 207 

staining together with ubiquitin, p62 or thioflavin S (ThS). For ThS staining, sections were 208 

incubated for 15 min in 0.01% ThS, and washed in 80% ethanol, followed by washing in 209 

water and then PBS before blocking and immunostaining. 210 

Sections of N=3 animals per group (total N=12) at 60 dpi (corticosterone/vehicle and PFF / 211 

PBS) were used for staining for pS129, N-terminal (1-20) α-synuclein and TOM20, with or 212 

without proteinase K treatment (8 min in 1 μg/mL of proteinase K in 50 mM Tris-HCl buffer at 213 

pH 7.4 before staining). Imaging was performed with a Zeiss LSM700 confocal microscope. 214 

Other sections of the same animals were used for DAB-staining and exposed to 3% H2O2 in 215 

PBS for 30 min before blocking for 60 min in 3% bovine serum albumin in PBS containing 216 

0.1% Triton X-100 at RT.  A primary antibody against α-synuclein pS129 (Wako Chemicals 217 

USA, 014-20281, 1:10000) was incubated with the sections overnight at 4°C, and 218 

ImmPRESS reagent anti-mouse IgG was applied for 40 min at RT followed by incubation for 219 

10 min in 3,3’-diaminobenzidine (DAB) dissolved in 50 mM Tris buffer and 0.06% H2O2. 220 

Sections were counterstained with Mayer’s hematoxylin, mounted with Fluoromount 221 

(Southern Biotech) and imaged using an Olympus AX70 microscope. 222 

 223 

Respirometry 224 

After sacrifice, striatum and amygdala-enriched tissues (both from the hemisphere of 225 

injection and contralateral hemisphere) were dissected on ice using a mouse brain matrix 226 

(Agnthos). Wet tissue was weighed and collected in ice-cold BIOPS (2.8 mM Ca2K2EGTA, 227 

7.2 mM K2EGTA, 5.8 mM ATP, 6.6 mM MgCl2, 20 mM taurine, 15 mM sodium 228 

phosphocreatine, 20 mM imidazole, 0.5 mM dithiothreitol and 50 mM MES, pH = 7.1). Then, 229 

the tissue was homogenized in ice-cold MiR05 (0.5 mM EGTA, 3 mM MgCl2, 60 mM 230 

potassium lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose 231 

and 0.1% (w/v) BSA, pH = 7.1) using a pestle for Eppendorf tubes at a concentration of 1 mg 232 

of tissue (wet-weight) per 10 μL of MiR05. Respiration was measured in parallel to 233 

mitochondrial ROS production (O2
− and H2O2) at 37°C in the Oroboros O2k equipped with 234 

the O2K Fluo-LED2 Module (Oroboros Instruments, Austria). For mitochondrial ROS 235 

measurement, LEDs for green excitation were applied and a concentration of 1 mg of wet 236 

tissue per ml of MiR05 was added to final concentrations of 10 μM amplex red, 1 U/ml 237 

horseradish peroxidase and 5 U/ml superoxide dismutase in 2 ml MiR05 per O2K chamber. 238 

Calibration was performed by 5 μL titrations of 40 μM H2O2. 239 
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Respirational states were assessed using a standard high-resolution respirometry protocol: 240 

NADH-pathway respiration in the LEAK (NL) state was initiated using malate (2 mM), 241 

pyruvate (10 mM) and glutamate (20 mM). Oxidative phosphorylation (NP) was stimulated by 242 

ADP (5 mM). Succinate (10 mM) addition yielded NADH- and succinate-linked respiration in 243 

oxidative phosphorylation (NSP) and in the uncoupled state (NSE) after titration (Δ0.5 μM) of 244 

carbonyl cyanide m-chlorophenyl hydrazine (CCCP). Complex I inhibition by rotenone (0.5 245 

μM) allowed analysis of succinate-linked respiration in the uncoupled state (SE). All oxygen 246 

fluxes were corrected for residual (nonoxidative phosphorylation associated) oxygen 247 

consumption, ROX, after antimycin A was added. Respiratory acceptor control ratios (RCR) 248 

were calculated as NL/NSP. Flux control ratios (FCRs) were assessed for NADH- (NP / NSE) 249 

succinate-driven respiration (SE/NSE). Mitochondrial ROS-values are presented as 250 

mitochondrially generated O2
− and H2O2 per mg of wet weight and second, ROS values are 251 

corrected for background. 252 

 253 

Western blotting and fractionated sample preparations  254 

After using the required volume for respirometry, phosphatase inhibitor mixes (Sigma, 255 

P5726, and P0044) and protease inhibitor mix (Sigma, P8340) were added to tissue 256 

homogenates at a ratio of 1:100, and then1 mM phenylmethylsulfonyl fluoride (PMSF) was 257 

added. Then, the samples were snap-frozen in liquid nitrogen and stored at -80°C. For 258 

extraction of Triton X-100 soluble and insoluble fractions, homogenates were diluted 1:1 in 259 

1% Triton X-100/Tris-buffered saline (TBS) (50 mM Tris, 150 mM NaCl, pH 7.5) that included 260 

protease and phosphatase inhibitor mixes and PMSF at the same concentration as indicated 261 

above (total fractions). Homogenates were sonicated 10 times at a 0.5 s pulse (20% 262 

amplitude, Sonic Vibra Cell, Blanc Labo), and then they were incubated on ice for 30 min and 263 

centrifuged at 100,000 g (30 min, 4°C). The supernatant was used as a soluble fraction and 264 

the pellet was washed in 1% Triton X-100/TBS, sonicated as above, and centrifuged again at 265 

100,000 g (30 min, 4°C). The pellet (insoluble fraction) was resuspended in 2% sodium 266 

dodecyl sulfate (SDS)/TBS including protease and phosphatase inhibitor mixes and PMSF at 267 

the same concentration, as indicated above, and sonicated 15x at a 0.5 s pulse (20% 268 

amplitude). While sufficient tissue for tissue extractions was available for striatal samples 269 

(N=8-9 per condition), 2-3 amygdala samples had to be pooled (at least N=3 per condition). 270 

Protein concentrations of different fractions were assessed using a BCA assay. 15-20 μg of 271 

proteins were loaded on a 16% tricine gels and transferred onto a nitrocellulose membrane 272 

(Fisher Scientific, Switzerland) using a semidry system (Bio-Rad, Switzerland). 30 min of 273 

blocking in Odyssey blocking buffer (Li-Cor Biosciences, Bad Homburg, Germany) was 274 
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followed by incubation overnight at 4 °C with primary antibodies. Membranes were then 275 

washed in 0.01% (v/v) Tween-20 (Sigma-Aldrich) in PBS (PBS-T), and secondary antibodies 276 

were applied for 1 h at RT. After final washing in PBS-T, membranes were scanned using a 277 

Li-COR scanner (Li-Cor Biosciences). 278 

 279 

Antibodies 280 

The antibodies used in this study are listed in Table 1. 281 

Table 1 – antibodies 282 

IHC – immunohistochemistry, ICC – immunocytochemistry, WB –western blot 283 

type species specification Concentration  application 

aSyn pS129  mouse Wako 014-20281 1:10000  

1:1000 

IHC – DAB 

IHC 

aSyn pS129 MJF-R13 rabbit Abcam 168381 1:750 

1:4000 

IHC 

WB 

MAP2 chicken Abcam ab5392 1:2000 IHC 

Ubiquitin 1 mouse Millipore MAB1510 1:500 IHC 

p62 mouse Abcam ab56416 1:1000 IHC 

TOM20  mouse Santa Cruz   

sc-17764 

1:200 

1:150 

ICC 

IHC 

aSyn 1-20 rabbit Eurogentec 1:1000 IHC 

anti-rabbit 647 donkey Invitrogen 1:800 IHC 

anti-mouse 488 goat Invitrogen 1:800 IHC 

anti-mouse 568 goat Invitrogen 1:800 IHC 

anti-chicken 488 donkey Jackson lab 1:500 IHC 

ImmPRESS anti-mouse horse Vector MP-7402 1 drop / section IHC - DAB 

SYN1 total α-synuclein mouse BD 610787 1:1000 WB 

OXPHOS mouse Abcam ab110413 1:1000 WB 

GAPDH/14C10 rabbit Cell Signaling, 2118S 1:2000 WB 

actin beta mouse Abcam ab6276 1:5000 WB 

VDAC1 mouse Abcam ab14734 1:2000 WB 
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anti-mouse Alexa Fluor 

Plus 800 

goat Thermofisher 

Scientific A32730 

1:20000 WB 

anti-rabbit Alexa Fluor Plus 

680 

goat Thermofisher 

Scientific, A32734 

1:20000 WB 

 284 

Statistics 285 

Corticosterone versus vehicle and PFF injections versus PBS injections were compared in a 286 

2x2 statistical design. Two-way ANOVAs were calculated, in cases for which Gaussian 287 

normality could be assumed. Normality was tested using the Anderson-Darling, D`Agostino-288 

Pearson omnibus, Shapiro-Wilk and Kolmogorov-Smirnov tests. 289 

All absolute values and western blot values are presented as the mean + SD. Normalized 290 

respirational and mitochondrial ROS values are presented as the mean + SEM. 291 

 292 

Results 293 

Mitochondrial coupling efficiency is maintained in the presence of both seeded α-synuclein 294 

pathology and corticosterone induced alterations in body composition 295 

First, we verified the effects of chronic corticosterone and injection of α-synuclein preformed 296 

fibrils (PFFs) (Fig. 1A). Similar to our recent report (Burtscher et al., 2019), chronic 297 

corticosterone increased body fat tissue content, as assessed by Echo MRI (Fcorticosterone(1,31) 298 

= 69,45, p<0,0001, Fig. 1B), independently of PFF injection. α-Synuclein pS129 pathology 299 

was confirmed by histology in the ipsilateral striatum and amygdala (Fig. 1C). We observed 300 

similar pathology patterns in the PFF groups, irrespective of corticosterone treatment, as 301 

reported previously (Burtscher et al., 2019). 302 

Previous studies have shown that α-synuclein is subjected to proteolytic processing during or 303 

after its aggregation, which leads to both C- and N-terminal truncation of the protein (Baba et 304 

al., 1998; Gai et al., 1999; Grassi et al., 2018; Mahul-Mellier et al., 2018). Therefore, western 305 

blot analysis was performed to investigate α-synuclein processing both in the striatum and 306 

amygdala 5-6 weeks after striatal PFF-injection. Several truncated forms of α-synuclein 307 

(running at approximately 12 kDa), a signature of pathological α-synuclein (Mahul-Mellier et 308 

al., 2018), were observed in ipsilateral(hemisphere of injection, Fig. 1D) total striatal fractions 309 

of all PFF conditions, although there was high variation in levels of these truncated forms of 310 

α-synuclein. Virtually all of the α-synuclein detected in all insoluble ipsilateral striatal fractions 311 
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of PFF- but not PBS-conditions was truncated (Fig. 1E). Full-length α-synuclein (15 kDa) 312 

levels were similar in total striatal fractions. In fractionated amygdala samples, no or very 313 

little truncated α-synuclein was detected even in samples of PFF-injected mice. No α-314 

synuclein pS129 signal was detected in any fraction by western blotting, possibly due to 315 

dilution of the tissue, where the pathology was localized.  316 

Next, we assessed general mitochondrial parameters, mitochondrial protein levels, and 317 

coupling efficiency. VDAC1-levels, as well as mitochondrial coupling efficiencies, estimated 318 

by mitochondrial respiratory control ratios (RCRs), were similar across groups both in the 319 

striatum (Fig. 1F, G, H) and amygdala (Fig, 1I, J, K). 320 

Immunohistochemical analyses demonstrated an increasing immunoreactivity for the pS129-321 

positive α-synuclein with other α-synuclein pathology markers (Ubiquitin, Thioflavin S and 322 

p62) over time in the striatum (Fig. 2A) and the amygdala (Fig. 2B).  323 

To investigate potential colocalization of α-synuclein pathology with functional mitochondria, 324 

we labelled primary hippocampal neurons, in which α-synuclein pathology has been seeded 325 

14 days before, with Mito Tracker. We indeed detected strong colocalization of pS129 with 326 

mitochondrial markers (Fig. 2C and (Mahul-Mellier et al., 2020)). Similar colocalization was 327 

also observed by co-immunostaining of brain sections for the outer mitochondrial membrane 328 

protein TOM20 and pS129 in neurons in the amygdala 60 dpi (Fig. 2D), which also contained 329 

proteinase K-resistant α-synuclein aggregations (Fig. 2E). 330 

 331 

Corticosterone treatment, but not α-synuclein pathology alters mitochondrial respiration in the 332 

amygdala 333 

Having validated that the applied treatments induced the expected phenotypes, high-334 

resolution respirometry was applied concomitantly with amplex red fluorometry to assess 335 

mitochondrial respiration and ROS production in the striatum and amygdala tissues. In the 336 

presence of nicotinamide adenine dinucleotide (NADH)-linked substrates and the absence of 337 

adenosine diphosphate (ADP, LEAK-state NL), respiration in the amygdala, was increased in 338 

corticosterone treated mice (Fig. 3A), but not in the striatum (Fig. 3B). In the LEAK-state NL 339 

mitochondrial complex I, shuttling of electrons from NADH generates a proton gradient that is 340 

not used for oxidative phosphorylation due to the unavailability of ADP.  Thus, these 341 

conditions constitute a dissipative state of oxygen consumption that is primarily associated 342 

with heat production. Similarly, respiration was higher in the corticosterone condition in the 343 

NADH-driven oxidative phosphorylation state in the amygdala (saturating concentrations of 344 

ADP, NP) (Fig. 3C) but not in the striatum (Fig.3D). NP is a respirational state also linked to 345 
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complex I and driven by NADH-linked substrates , but the availability of ADP enables 346 

oxidative phosphorylation. Oxidative phosphorylation-mediated respiration was then 347 

increased by the addition of succinate, a substrate for mitochondrial complex II, yielding 348 

NADH- and succinate-driven oxidative phosphorylation (Fig. 3E, F, NSP). The addition of a 349 

chemical uncoupling agent then allowed the induction of states in which respiration is 350 

uncoupled from oxidative phosphorylation. Similar to NSP,NADH- and succinate-driven 351 

uncoupled (Fig. 3G, H, NSE) respiration was also higher in the amygdala (Fig. 3E, G), but not 352 

in the striatum (Fig. 3F,H) in the corticosterone condition. Finally, in the succinate-driven, 353 

uncoupled state after complex I inhibition (SE) using rotenone, no differences were observed 354 

in the amygdala (Fig. 3I) or in the striatum (Fig. 3J). Values for absolute respiration (per wet 355 

weight) and mitochondrial ROS production per brain region and normalizations to VDAC1- or 356 

protein levels, as well as information on the statistical analyses are shown in Table 2. 357 

Table 2 – summary of high-resolution respirometry data. 358 

Mean values (SD) are given for the different conditions with details on statistical tests (two-359 

way ANOVAs) in the rows below them. * p<0.05 and **p<0.01 360 

 361 

 362 

 Striatum  

 state LEAK Oxidative phosphorylation Uncoupled  

 titration Mal, Glu, Pyr ADP Succinate  CCCP Rotenone  

 label  LEAK (N
L
) N

P
 NS

P
 NS

E
 S

E
 

R
es

pi
ra

tio
n 

pe
r 

w
et

 w
ei

gh
t  

[p
m

ol
 O

2/(s
*m

g)
] 

Veh PBS 17.1 (2.0) 73.4 (12.0) 116.0 (15.0) 140.7 (16.9) 45.3 (5.4) 

CORT PBS 17.1 (2.5) 72.5 (12) 111.5 (16.1) 137.0 (22.2) 41.8 (3.9) 

Veh PFF 17.0 (1.6) 72.4 (14.0) 112.9 (18.1) 134.8 (20.6) 45.7 (4.7) 

CORT PFF 18.9 (2.9) 80,8 (14.4) 121.4  (19.0) 148.9 (22.7) 44.8 (8.5) 

interaction  F (1, 30) = 1.395 F (1, 30) = 1.055 F (1, 30) = 1.225 F (1, 30) = 1.589 F (1, 30) = 0.384 

n.s.  n.s. n.s. n.s. n.s. 

CORT factor F (1, 30) = 1.410 F (1, 30) = 0.711 F (1, 30) = 0.116 F (1, 30) = 0.544 F (1, 30) = 1.176 

n.s.  n.s. n.s. n.s. n.s. 

PFF factor F (1, 30) = 1.049 F (1, 30) = 0.655 F (1, 30) = 0.341 F (1, 30) = 0.181 F (1, 30) = 0.725 

n.s.  n.s. n.s. n.s. n.s. 

Fl
ux

 c
on

tr
ol

 r
at

io
s 

(n
or

m
al

iz
at

io
n 

to
 N

S E
) Veh PBS 0.12 (0.01) 0.52 (0.03) 0.82 (0.02) 1 0.32 (0.02) 

CORT PBS 0.13 (0.01) 0.53 (0.03) 0.82 (0.03) 1 0.31 (0.03) 

Veh PFF 0.13 (0.02) 0.53 (0.03) 0.84 (0.03) 1 0.34 (0.03) 

CORT PFF 0.13 (0.02) 0.54 (0.03) 0.82 (0.04) 1 0.30 (0.04) 

interaction  F (1, 30) = 0.142 F (1, 30) = 0.044 F (1, 30) = 0.562 - F (1, 30) = 1.902 

n.s.  n.s. n.s. - n.s. 
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CORT factor F (1, 30) = 0.050 F (1, 30) = 0.622 F (1, 30) = 2.244 - F (1, 30) = 6.469 

n.s.  n.s. n.s. - * 

PFF factor F (1, 30) = 0.622 F (1, 30) = 1.400 F (1, 30) = 0.395 - F (1, 30) = 0.339 

n.s.  n.s. n.s. - n.s. 

M
ito

ch
on

dr
ia

l R
O

S 
 

[p
m

ol
/(s

*m
g 

w
et

 w
ei

gh
t)

] 

Veh PBS 0.11 (0.04) 0.06 (0.02) - - 0.39 (0.22) 

CORT PBS 0.12 (0.03) 0.06 (0.02) - - 0.37 (0.14) 

Veh PFF 0.10 (0.04) 0.07 (0.03) - - 0.36 (0.13) 

CORT PFF 0.14 (0.03) 0.09 (0.02) - - 0.35 (0.15) 

interaction  F (1, 29) = 0.733 F (1, 28) = 0.784 - - F (1, 29) = 0.010 

n.s.  n.s. - - n.s. 

CORT factor F (1, 29) = 3.792 F (1, 28) = 0.848 - - F (1, 29) = 0.089 

n.s.  n.s. - - n.s. 

PFF factor F (1, 29) = 0.490 F (1, 28) = 2.699 - - F (1, 29) = 0.275 

n.s.  n.s. - - n.s. 

 363 

 364 

Amygdala  

state LEAK Oxidative phosphorylation Uncoupled  

titration Mal, Glu, Pyr ADP Succinate  CCCP Rotenone  

label  LEAK (N
L
) N

P
 NS

P
 NS

E
 S

E
 

R
es

pi
ra

tio
n 

pe
r 

w
et

 w
ei

gh
t  

[p
m

ol
 O

2/(s
*m

g)
] 

Veh PBS 14.9 (0.7) 55.7 (7.1) 88.5 (15.9) 116.6 (10.5) 34.6 (4.5) 

CORT PBS 16.6 (1.6) 63.0 (9.3) 97.7 (11.5) 124.8 (12.8) 36.8 (4.5) 

Veh PFF 14.7 (1.8) 55.7 (7.6) 88.0 (9.1) 114.0 (12.2) 34.8 (4.8) 

CORT PFF 16.8 (1.6) 63.0 (6.3) 96.6 (7.2) 123.2 (10.8) 36.7 (3.5) 

interaction  F (1, 29) = 0.088 F (1, 29) = 0 F (1, 29) = 0 F (1, 29) = 0.016 F (1, 29) = 0.012 

n.s.  n.s. n.s. n.s. n.s. 

CORT factor F (1, 29) = 12.670 F (1, 29) = 7.488 F (1, 29) = 6.983 F (1, 29) = 4.572 F (1, 29) = 1.786 

** * * * n.s. 

PFF factor F (1, 29) = 0 F (1, 29) = 0 F (1, 29) = F (1, 29) = 0.264 F (1, 29) = 0.004 

n.s.  n.s. n.s. n.s. n.s. 

Fl
ux

 c
on

tr
ol

 r
at

io
s (

no
rm

al
iz

at
io

n 
to

 N
S E

) Veh PBS 0.13 (0.01) 0.48 (0.02) 0.76 (0.03) 1 0.30 (0.01) 

CORT PBS 0.13 (0.01) 0.50 (0.03) 0.78 (0.02) 1 0.29 (0.02) 

Veh PFF 0.13 (0.01) 0.48 (0.03) 0.77 (0.02) 1 0.30 (0.01) 

CORT PFF 0.14 (0.02) 0.51 (0.03) 0.78 (0.03) 1 0.30 (0.02) 

interaction  F (1, 29) = 0.040 F (1, 29) = 0.021 F (1, 29) = 0.351 - F (1, 29) = 0.166 

n.s.  n.s. n.s. - n.s. 

CORT factor F (1, 29) = 1.711 F (1, 29) = 6.773 F (1, 29) = 3.784 - F (1, 29) = 0.250 

n.s.  * n.s.  - n.s.  

PFF factor F (1, 29) = F (1, 29) = F (1, 29) = - F (1, 29) = 0.891 

n.s.  n.s. n.s. - n.s. 
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M
ito

ch
on

dr
ia

l R
O

S 
 

[p
m

ol
/(s

*m
g 

w
et

 w
ei

gh
t)

] 

Veh PBS 0.13 (0.03) 0.09 (0.03) - - 0.41 (0.17) 

CORT PBS 0.13 (0.03) 0.09 (0.04) - - 0.44 (0.18) 

Veh PFF 0.12 (0.03) 0.09 (0.02) - - 0.39 (0.13) 

CORT PFF 0.15 (0.03) 0.09 (0.02) - - 0.40 (0.19) 

interaction  F (1, 28) = 1.142 F (1, 27) = 0.095 - - F (1, 28) = 0.026 

n.s.  n.s. - - n.s. 

CORT factor F (1, 28) = 1.423 F (1, 27) = 0.203 - - F (1, 28) = 0.089 

n.s.  n.s. - - n.s. 

PFF factor F (1, 28) = F (1, 27) = - - F (1, 28) = 0.210 

n.s.  n.s. - - n.s. 

 365 

 366 

To assess qualitative changes in respiration control, flux control ratios (FCRs) were 367 

calculated. While there were no differences in NADH-driven (NP) FCRs in the presence of 368 

ADP between corticosterone and vehicle control groups (Fig. 4A), FCR was reduced for the 369 

uncoupled, succinate-driven state (NE) in corticosterone conditions (Fcorticosterone(1,30) = 6,634, 370 

p=0,015) in the ipsilateral striatum (Fig. 4B). In the amygdala, the NADH-driven (NP) FCR 371 

was higher in corticosterone conditions (Fcorticosterone(1,29) = 5,907, p=0,021, Fig. 4C), but 372 

there were no significant differences compared to vehicle control groups in noncoupled, 373 

succinate-driven (NE) FCR (Fig. 4D). 374 

We hypothesized that hyperactivity of the amygdala following chronic corticosterone 375 

treatment, or exposure to α-synuclein pathology might result in increased mitochondrial ROS 376 

generation. However, amplex red fluometry revealed no differences in mitochondrial ROS 377 

production either in the striatum (Fig. 4E,F) or amygdala (Fig. 4G,H).   378 

 379 

Discussion 380 

Following up on our findings that α-synuclein pathology in mouse amygdala did not cause 381 

strong behavioral deficits (Burtscher et al., 2019), we investigated here, whether α-synuclein 382 

pathology, as defined above, was sufficient to cause mitochondrial dysfunction in the 383 

amygdala or at the site of injection (striatum). In the applied model, histological staining of 384 

pS129 α-synuclein showed a peak in levels between 1-3 months in the amygdala that 385 

decreased thereafter. Conversely, in the striatum, the pathology does not decrease but 386 

changes from predominantly neuritic localization at the investigated time-point to 387 

successively more perinuclear localization at a later time points (Burtscher et al., 2019). In 388 

the present study, we were interested in the interplay of mitochondrial dysfunction and α-389 
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synuclein pathology at the time point where pS129 α-synuclein immunoreactivity peaks in the 390 

amygdala. Therefore, we cannot rule out progressive mitochondrial dysfunction at later time 391 

points in this model, e.g., in the striatum. 392 

Impaired electron transport chain function due to the presence or accumulation of 393 

aggregated forms of α-synuclein has been repeatedly reported in cellular models (Chinta et 394 

al., 2010; Reeve et al., 2015) (Tapias et al., 2017; Kim et al., 2018; Wang et al., 2019), 395 

especially at late stages of aggregation formation (Mahul-Mellier et al., 2020). However, 396 

functional assessment of mitochondrial respiration in in-vivo models of α-synuclein seeding 397 

and pathology spreading remains lacking. Therefore, we aimed to study mitochondrial 398 

respiration directly on fresh brain tissue from regions affected by α-synuclein pathology using 399 

ex vivo respirometry, which is the gold standard used to assess mitochondrial function.  400 

We did not observe differences in absolute respiration related to α-synuclein pathology both 401 

in the amygdala and the striatum. In contrast, chronic corticosterone treatment (associated 402 

with apparent depression-like phenotypes but not with significantly changed α-synuclein 403 

pathology (Burtscher et al., 2019)) increased mitochondrial respiration in the amygdala. The 404 

observed elevated respiration is in line with previous reports that systemic administration of 405 

corticosterone can increase the activity of the basolateral amygdala (Kavushansky and 406 

Richter-Levin, 2006). Furthermore, the respirometry protocols applied here allowed the 407 

identification of primarily NADH-linked substrates that drive this increased respiration.  408 

To investigate potential qualitative changes in respiration patterns, we calculated FCRs 409 

(Gnaiger, 2009) and detected a reduced succinate-driven FCR in corticosterone conditions in 410 

the striatum. A higher succinate-driven FCR after the surgical intervention in the absence of 411 

exogenous corticosterone might be an adaptative response of the damaged tissue 412 

(Lukyanova and Kirova, 2015; Weilnau et al., 2018). Protein aggregation is believed to 413 

induce conditioning-like cellular adaptations (Mao and Crowder, 2010). Liu and colleagues 414 

reported less efficient preconditioning-related adaptations if animals were treated with 415 

exogenous corticosterone (Liu and Zhou, 2012) and the HPA(hypothalamus-pituitary gland-416 

adrenal gland) axis is intimately linked with molecular adaptation to stressors (Rybnikova and 417 

Samoilov, 2015), which might explain the absence of succinate-driven FCR upregulation in 418 

the corticosterone condition. The NADH-driven FCR in the oxidative phosphorylation state 419 

was higher in the corticosterone conditions in the amygdala, confirming the focal role of 420 

complex I in the observed effect of enhanced respiration after chronic corticosterone 421 

administration. 422 

Misfolded α-synuclein has previously been associated with oxidative stress (Hsu et al., 423 

2000). Additionally, chronic corticosterone treatment has been demonstrated to result in a 424 
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dysregulated oxidative balance (Liu and Zhou, 2012). Therefore, we tested whether α-425 

synuclein pathology or chronic corticosterone resulted in increased mitochondrial ROS 426 

production in our model, which was not the case. In summary, these results suggest that α-427 

synuclein pathology as defined here (immunoreactivity to pS129 and C-terminal truncated, 428 

insoluble forms of α-synuclein) and 5-6 weeks post-injection is not sufficient to induce clear 429 

mitochondrial dysfunction in the mouse amygdala and striatum. The additional challenge of 430 

the amygdala circuits with corticosterone did not result in mitochondrial dysfunction, although 431 

it might have blocked mitochondrial adaptations in response to α-synuclein pathology 432 

formation. A summary of the reported findings is given in Fig. 5. 433 

Importantly, as we did not observe pS129 α-synuclein in the striatum or amygdala by western 434 

blotting 5-6 weeks after PFF injection, even in the insoluble fractions, we assume that at this 435 

time-point pS129-positive, insoluble aggregates were too rare to be detected. Conversely, by 436 

immunostaining pS129 α-synuclein was readily detected. This could mean that pS129-437 

positive α-synuclein pathology precedes the formation of insoluble aggregates, which is 438 

consistent with our recently presented study on the successive maturation of pS129 α-439 

synuclein-positive aggregates into Lewy body-like structures (Mahul-Mellier et al., 2020). 440 

A limitation of the study performed here is the possibility that mitochondrial dysfunction was 441 

not detected because the number of affected neurons was too low for changes to be 442 

recognized. While we cannot exclude this possibility, which warrants further investigation, we 443 

demonstrated that overall brain region respirational patterns were also maintained in the 444 

presence of dense pS129 α-synuclein pathology. On the other hand, the chronic supply of 445 

exogenous corticosterone increased mitochondrial respiration in the amygdala independent 446 

of pS129 α-synuclein pathology. 447 

The primary aim of this study was to investigate whether α-synuclein pathology immediately 448 

results in mitochondrial dysfunction. We deem that for this purpose, the inclusion of only 449 

male mice was sufficient, given that the incidence of synucleinopathies is higher in men than 450 

it is in women (Savica et al., 2013). However, this divergent incidence warrants specific 451 

investigation of sex-specific differences in the interaction of α-synuclein pathology and 452 

mitochondrial dysfunction in future studies. 453 

 454 

Conclusions 455 

Both α-synuclein pathology and mitochondrial dysfunction have been implicated in the 456 

pathogenesis of PD and other synucleinopathies. Despite recent advances in the elucidation 457 

of the molecular underpinnings of both processes, it remains unclear how α-synuclein 458 
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pathology influences mitochondrial function in vivo and vice versa and whether one or both of 459 

these hallmarks are sufficient to cause neurodegeneration and the manifestation of clinical 460 

symptoms. Our results suggest that the prominent α-synuclein pathology observed at 5-6 461 

weeks post-inoculation with PFFs, and as defined above, is not sufficient to induce 462 

mitochondrial dysfunction. Although significant cell loss in the substantia nigra in this model 463 

is usually only detected 6 months after intrastriatal PFF injection (Luk et al., 2012), we 464 

expected pronounced levels of pathological α-synuclein early after seeding to have effects on 465 

mitochondrial function. A recent report demonstrated a non-significant trend towards a 466 

reduction in neuron numbers in the basolateral amygdala only 6 months after bilateral 467 

injection of high PFF concentrations (Stoyka et al., 2019).  468 

Our findings suggest that mitochondrial dysfunction may occur later, possibly during post- α-469 

synuclein aggregation events linked to the transition from pS129 immunoreactive filamentous 470 

aggregates to LBs, which also involve the recruitment of mitochondria and other 471 

membranous organelles into LBs (reviewed recently by (Lashuel, 2020)). Indeed, recent 472 

studies in primary neuron models have shown that recruitment of mitochondria and 473 

mitochondrial dysfunction occurs primarily at later stages of LB formation and maturation 474 

(Mahul-Mellier et al., 2020). Together, these findings highlight the critical importance of 475 

revisiting the interplay between α-synuclein and mitochondria at the various stages on the 476 

pathway to LB formation and their roles in LB formation and maturation and 477 

neurodegeneration in this model and other animal models of PD pathology and 478 

synucleinopathies.   479 

 480 

Our findings demand caution regarding the translational validity of this PFF injection model, 481 

given the weak symptomatology, in particular of non-motor symptoms, even at the peak of α-482 

synuclein pathology in this model (1-3 months after injection of PFFs) (Burtscher et al., 483 

2019). It is noteworthy that it appears to be challenging to reproduce motor-symptoms in this 484 

PFF inoculation model, even at the late stages of pathology formation. For example, recently 485 

Henderson et al reported no deficits in rotarod-assessed motor coordination (Henderson et 486 

al., 2019) even up to 9 months after PFF injection, despite this being one of the most 487 

replicated features in this model (Luk et al., 2012; Kim et al., 2019). We also warn about 488 

potential publication bias, with negative reports on this model not being publicly shared and 489 

discussed, and we hope that our report encourages other scientists to share and discuss 490 

their negative findings.  491 

 492 
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 669 

Figure legends: 670 

 671 

Fig. 1: Effects of chronic corticosterone treatment and of α-synuclein (α-synuclein) 672 

inoculation.  Animals were treated with corticosterone (CORT) or a solvent vehicle (veh) in 673 

the drinking water for 1 month, after which they were injected unilaterally in the dorsal 674 

striatum with 5 μg of PFFs or solvent (PBS). CORT/veh treatment was continued until 675 

approximately 5 weeks after surgery when the animals were sacrificed (A). Fat per body 676 

weight was increased after 8 weeks of CORT treatment (B). 6 weeks after PFF injection α-677 

synuclein pathology (α-synuclein pS129 immunostaining) was observed both in the striatum 678 

(mainly neuritic) and in the amygdala (mainly somatic) (C). The striatum and amygdala were 679 

dissected for high resolution respirometry, and residual tissues were used for biochemical 680 

analyses. The PFF-injected striatum contained truncated α-synuclein (running at 12 kDa) in 681 

total homogenate, as quantified in (D) and represented in (E, the asterisk indicates truncated 682 

12 kDa α-synuclein), which was even more abundant in insoluble fractions (E). VDAC1 683 

protein levels and mitochondrial respiratory control ratios (RCRs) were similar across groups 684 

both in the striatum (F, G, H) and in the amygdala (I, J, K). *** indicates p<0.001; two-way 685 

ANOVAs were performed. pS129 α-synuclein label for western blot lanes denotes 686 

recombinant protein controls. The scale bar in (C) is 200 μm. 687 

 688 

Fig. 2: Characterization of α-synuclein pathology formation. In the striatum, pS129 689 

immunoreactivity at 30 days post-injection (dpi) revealed that the protein colocalized in 690 

peripheral cell compartments with ubiquitin, and there was some overlap with Thioflavin S 691 

(ThS) and p62. This colocalization was more pronounced and perinuclear at 360 dpi (A). In 692 

the amygdala, similar colocalizations were observed at 30 dpi, and it was even more 693 

pronounced at 180 dpi (B). In primary hippocampal neurons 14 days after treatment with 70 694 

nM of PFFs, pS129 colocalized strongly with the mitochondrial markers TOM20 and Mito 695 
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Tracker (C), with similar colocalizations being observed ex vivo at 60 dpi in the amygdala 696 

both in the chronic corticosterone and control condition (D). The aggregates in the amygdala 697 

were resistant to proteinase K (PK) at this time point (E). Green in the merged image in (D) 698 

corresponds to MAPII staining, and blue represents DAPI staining. The scale bar in (A) is 10 699 

μm and in (B) is 20 μm, and the scale bar in (D), which is 10 μm is also valid for (C) and (E). 700 

Fig. 3: Testing mitochondrial functions ex-vivo. The striatum and amygdala were dissected 701 

for high-resolution respirometry 9 weeks after corticosterone (CORT) or vehicle (veh) 702 

treatment and/or after intrastriatal injection of 5 μg PFFs or solvent (PBS). Data from the 703 

hemispheres of injections (=ipsilateral) are depicted. The LEAK state in the presence of 704 

NADH substrates (NL) was measured (A, B), followed by addition of ADP yielding NADH-705 

driven oxidative phosphorylation (NP) in (C, D), succinate to drive oxidative phosphorylation 706 

via both complex I and II (NSP) (E, F), and CCCP to achieve the electron transport system 707 

maximum capacity (ETS, NSE) (G, H). Subsequent inhibition of complex I by rotenone 708 

resulted in succinate-driven, uncoupled respiration (SE) (I, J). Respirational values of all 709 

states are given for the amygdala and striatum (hemisphere of injection = ipsilateral). The 710 

table to the right indicates the respirational state and substance additions according to the 711 

SUIT (substrate, uncoupler, inhibitor titration) protocol. Two-way ANOVA was performed; see 712 

Table 2 for detailed results. The main effects for CORT are indicated: * p<0.05 and **p<0.01 713 

 714 

Fig. 4: Flux control ratios and mitochondrial ROS. Flux control ratios (FCRs) are presented 715 

for the striatum (A,B) and amygdala (C,D). Mitochondrial ROS production was similar across 716 

groups in both in the striatum (E,F) and the amygdala (G,H). Two-way ANOVA was 717 

performed; see Table 2 for detailed results. The main effects of CORT are indicated: * 718 

p<0.05. 719 

 720 

Fig. 5: Working model. While chronic corticosterone induced respirational hyperactivity in the 721 

amygdala and PFF inoculation resulted in pronounced levels of pathological α-synuclein, no 722 

deficits of mitochondrial respiration were observed as a result of α-synuclein pathology 723 

formation.  724 
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