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Dr South, Gonda Bldg, Los Angeles, CA 90095, USA

Abstract

Parkinson’s disease (PD) is characterized by the progressive degeneration of nigrostriatal 

dopaminergic neurons leading to motor deficits. The mechanisms underlying the preferential 

vulnerability of nigrostriatal dopaminergic neurons in PD remain poorly understood. Recent 

evidence supports a role for mitochondrial dysfunction and increased oxidative stress in PD 

pathogenesis. Genetic and pathological studies also point to alpha-synuclein as a critical factor in 

both familial and sporadic forms of the disease; alpha-synuclein pathology affects mitochondrial 

function but is widespread in PD brain, raising the question of its role in the greater vulnerability 

of nigrostriatal neurons in PD. We have examined mitochondrial function and oxidative damage in 

mice overexpressing human wild type alpha-synuclein broadly throughout the nervous system 

under the Thy1 promoter (Thy1-aSyn mice) between 4 and 8 months of age. Similar levels of 

alpha-synuclein accumulation in mitochondria were detected in the ventral midbrain, striatum and 

cortex of Thy1-aSyn mice. However, analysis of mitochondrial respiration using Seahorse XF 

analyzer showed defects in mitochondrial respiratory complexes I, II, IV and V specifically in the 

midbrain, and IV and V in the striatum, of Thy1-aSyn mice compared to wild type littermates; 

mitochondrial complex I activity assay by ELISA confirmed a 40% inhibition specifically in the 

ventral midbrain. Mitochondrial dysfunction can contribute to oxidative stress and we observed a 

40% increase in 4-hydroxynenal and 2-fold increase in malondialdehyde levels, indicative of a 

high level of lipid peroxidation, specifically in ventral midbrain of Thy1-aSyn mice. The levels of 

peroxiredoxin 2, a neuronal antioxidant enzyme that is involved in removal of H2O2 and other 

toxic peroxides were decreased in the midbrain whereas its oxidized form increased 4-fold, 

suggesting that antioxidant defences were compromised in this region. In contrast, peroxiredoxin 2 

increased in striatum and cortex, which may contribute to their protection in the presence of high 
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levels of alpha-synuclein. Thus, in mice over-expressing alpha-synuclein, mitochondrial 

dysfunction occurred preferentially in nigrostriatal dopaminergic neurons many months before 

striatal dopamine loss occurs at 14 months of age. This may contribute to a higher level of 

oxidative stress that overwhelms antioxidant defence in these neurons, leading to their increased 

vulnerability in PD.

Keywords

Alpha synuclein; mitochondrial dysfunction; peroxiredoxin; lipid peroxidation; oxidative damage

INTRODUCTION

Mitochondrial dysfunction and oxidative stress have been implicated in the pathophysiology 

of PD for many years and recent data have revived interest in these mechanisms 

(Subramaniam and Chesselet, 2013). Both are linked in a vicious cycle to which the point of 

entry may vary depending of the cause of PD. For example, mutations in PINK 1 and parkin 

that cause early onset recessive familial forms of PD may primarily affect the clearance of 

defective mitochondria, causing oxidative stress as a secondary effect (Bueler, 2010, McCoy 

and Cookson, 2012). In contrast, environmental toxins such as paraquat, a redox cycler that 

produces oxidative stress, may directly damage mitochondria that are affected by high 

oxygen free radicals (Jones and Vale, 2000, Yumino et al., 2002, Mollace et al., 2003, 

Thiruchelvam et al., 2005). The dopaminergic neurons may be particularly vulnerable to 

either source of damage because their spontaneous firing properties leads to high calcium 

load which may alter mitochondrial function (Chan et al., 2007). This combines with their 

high level of dopamine, leading to the formation of quinones, increased reactive oxygen 

species, and oxidative stress (Berman and Hastings, 1999, Rabinovic et al., 2000, Gluck and 

Zeevalk, 2004, Chinta and Andersen, 2008, Gautam and Zeevalk, 2011). In support of this 

scenario, epidemiological studies have shown that calcium blockers that penetrate the blood 

brain barrier decrease PD risks (Ritz et al., 2010), while genetic polymorphisms in genes 

regulating dopamine homeostasis modulate PD risk, in particular in the presence of 

exogenous toxins (Ritz et al., 2009, McGuire et al., 2011, Wang et al., 2011). Thus, a 

combination of intrinsic factors may make the nigrostriatal dopaminergic neurons more 

vulnerable than other neurons to external triggers of pathology in PD.

Alpha-synuclein, a protein that accumulates widely in central and peripheral neurons of PD 

patients, is likely a major player in PD pathophysiology (Lansbury and Lashuel, 2006, 

Uversky, 2007, Cookson and van der Brug, 2008, Winklhofer et al., 2008). Indeed genetic 

evidence that mutations in the PD gene cause familial forms of PD indicates a causal role of 

alpha-synuclein in PD, while genome wide associations have validated a strong link between 

alpha-synuclein and PD (Spillantini and Goedert, 2000, Edwards et al., 2010). Like other 

proteins involved in PD, alpha-synuclein is present in mitochondria in PD brain and affects 

mitochondrial function in vitro and in vivo (Li et al., 2007, Devi et al., 2008, Nakamura et 

al., 2008, Shavali et al., 2008, Zhang et al., 2008). It is unclear, however, whether this effect 

of alpha-synuclein on mitochondria is regionally specific and could contribute to the greater 

vulnerability of nigrostriatal dopaminergic neurons in PD. To address this question, we 
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turned to a mouse model of broad overexpression of alpha-synuclein under the Thy-1 

promoter (Rockenstein et al., 2002, Chesselet et al., 2012). We measured alpha-synuclein 

levels in mitochondrial fractions isolated from different brain regions, mitochondrial 

function with the Seahorse apparatus, complex 1 activity, lipid peroxidation and 

peroxiredoxin 2 (Prdx2) levels in ventral midbrain (VM/SN), striatum, and cortex. We show 

that Thy1-aSyn mice exhibit impairments of mitochondrial respiratory complexes including 

complex I specifically in brain regions that contain the nigrostriatal dopaminergic neurons. 

These alterations were accompanied by regionally specific changes in levels of Prdx2 and of 

its oxidized form, and in levels of lipid peroxidation, suggesting that greater alterations in 

mitochondrial function by alpha-synuclein may contribute to the vulnerability of 

nigrostriatal dopaminergic neurons in PD.

Materials and Methods

Animals

Mice over-expressing human, full length, wild type alpha synuclein under the murine Thy1-

promoter (Thy1-aSyn mice) were developed previously by the laboratory of Dr. E. Masliah 

at UCSD and were designated as ‘line 61’ (Rockenstein et al. 2002). Thy1-aSyn mice are 

maintained on a hybrid C57BL6/DBA2 background as described previously (Rockenstein et 

al., 2002, Chesselet et al., 2012). The genotypes of all Thy1-aSyn and wild-type (WT) mice 

were determined at 1 month of age and confirmed at the end of the experiment by 

polymerase chain reaction (PCR) amplification analysis of tail DNA. Male transgenic and 

their male wild type littermates from multiple litters were used in this study after performing 

a power analysis to determine the sample size using GB-STAT software. Animals were 

grouped not more than 4 in each cage and maintained on a reverse light/dark cycle. Food 

and water were available ad libitum. Animal care was accomplished in accordance with the 

United States Public Health Service Guide for the Care and Use of Laboratory Animals and 

all experimental procedures were approved by the UCLA Institutional Care and Use 

Committee.

Mice aged 4-months, 6-months or 8-months were euthanized by cervical dislocation and 

their brains were removed quickly. Immediately, brain regions including VM/SN, striatum 

and cortex (overlying the striatum) were dissected out using a coronal brain matrix on ice-

cold glass plate. Fresh brain tissue from one hemisphere was used for mitochondrial 

isolation and the other hemisphere was stored at −80°C for other biochemical assays.

Isolation of mitochondria

Mitochondria from VM/SN, striatum and cortex were isolated immediately following the 

manufacturer’s protocol (Sigma; #MITOISO1). Briefly, fresh brain tissue was homogenized 

with 10 volumes of 1x extraction buffer (10 mM HEPES, pH 7.5, 200 mM mannitol, 70 mM 

sucrose and 1 mM EGTA) containing 2mg/ml albumin on ice at 4°C. The homogenate was 

centrifuged at 600 x g for 5 min. The supernatant was removed and centrifuged at 11,000 x g 

for 10 min. Then the pellet was resuspended in 10 volumes of extraction buffer. 

Resuspended homogenate was centrifuged at 600 x g for 5 min and the subsequent 

supernatant was centrifuged at 11,000 x g for 10 min. The pellet was suspended in 1x 
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storage buffer (10 mM HEPES, pH 7.4, 250 mM sucrose, 1 mM ATP, 0.08 mM ADP, 5 mM 

sodium succinate, 2 mM potassium phosphate dibasic and 1 mM DTT) and assayed for 

protein concentration by the Bradford essay.

Western blotting

For Western blotting analysis, brain tissue was homogenized in 3 volumes of ice-cold 

modified radioimmunoprecipitation assay (RIPA) lysis buffer (50mM Tris HCl, pH 7.5, 1% 

NP-40, 0.25% sodium deoxycholate, 150mM NaCl and 1mM EDTA) containing protease 

inhibitors (Complete protease inhibitor tablets, Roche, USA; #11697498001) and 

phosphatase inhibitors (PhosphoSTOP, Roche, USA; #0-4906845001). The homogenates 

were centrifuged at 13,000 rpm for 15 min at 4°C and the supernatant was retained for 

Western blotting. Protein concentration was determined by the Bradford assay. Sample 

buffer (Invitrogen, NuPAGE LDS; NP0007) was added to the samples, heated at 70°C for 

10 min, and 10–25μg of protein was separated on 10% Bis-Tris gel (Invitrogen, NuPAGE 

Novex; #NP0303BOX) using 1X SDS running buffer (Invitrogen, NuPAGE MOPS; 

#NP0001) at 120V for ~90 min. The resolved proteins were transferred to nitrocellulose 

membrane using Invitrogen X-cell II blot module apparatus at 200mA for 1.5h. Following 

transfer, protein binding sites were blocked with blocking buffer (StartingBlock T20, 

Thermo Scientific, USA; #37539) for 1h. Then the membrane was incubated with mouse 

anti-α-synuclein monoclonal antibody (BD transduction laboratories, USA; #610787; at 

1:5000 dilution), mouse anti-porin monoclonal (Abcam, USA; #ab14734; at 1:20000 

dilution), mouse anti-GAPDH (Millipore, USA; #MAB374; at 1:20000 dilution), rabbit anti-

LAMP2 (Novus Biologicals, USA; #NBP1-95696; at 1:1000 dilution), mouse anti-Prdx2 

antibody (Abcam, USA; #ab16738; at 1:2000 dilution), rabbit anti-Prdx-SO3 antibody 

(Abcam, USA; #ab16830; at 1:2000 dilution) or rabbit anti-beta-actin antibody (Abcam, 

USA; #ab75186; at 1:5000 dilution) in blocking buffer overnight at 4°C. After incubation 

with primary antibodies the membrane was washed with PBST (0.2% tween in 0.1M 

phosphate buffer saline) and incubated with goat anti-mouse (Millipore, USA; #AP127P; at 

1:20,000 dilution) or goat anti-rabbit (Millipore, USA; #AP156P; at 1:10,000 dilution) 

horseradish peroxidase-conjugated antibodies in blocking buffer for 1h. The blots were then 

developed using SuperSignal West Dura (Thermo Scientific, USA; #34075) and exposed to 

Kodak biomax film (Sigma, USA; #Z373508). The resulting bands were scanned and 

quantified using ImageJ analysis software (NIH). The optical density values (OD) were 

normalized to loading control porin (mitochondria enriched fraction) or beta-actin (whole 

lysate) and graphically presented as fold difference or percentage fold difference compared 

to wild-type control after statistical analysis on absolute values.

Mitochondrial DNA content

Total genomic DNA from brain tissue was isolated by phenol/chloroform/isoamyl alcohol 

extraction. Mitochondrial and nuclear DNA were amplified by qPCR with 50 ng of DNA 

and primers in the D-Loop region (5′-aatctaccatcctccgtgaaacc; tcagtttagctacccccaagtttaa-3′) 

and Tert gene (5′-ctagctcatgtgtcaagaccctctt; gccagcacgtttctctcgtt-3′), respectively (Vergnes 

et al., 2011).
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Measurement of respiration from isolated mitochondria

An XF24 analyzer (Seahorse Bioscience) was used to measure respiration from freshly 

isolated mitochondria (4 μg of mitochondrial protein per well). Two assays were used, as 

described (Rogers et al., 2011). In the coupling assay, basal respiration was driven by 10 

mM succinate (complex II respiration) in presence of 2 μM rotenone. Four mM ADP, 2.5 

μM oligomycin, 4 μM FCCP, and 1.5 μg/ml antimycin A were sequentially injected to 

measure state 3, state 4o, state 3u, and to inhibit respiration, respectively. In the electron 

flow assay, basal respiration was driven by 10 mM pyruvate and 2 mM malate (complex I 

respiration). Two μM rotenone, 10 mM succinate, 1.5 μg/ml antimycin A, and 0.1 mM 

TMPD were sequentially injected to inhibit complex I, measure complex II, inhibit complex 

III and measure complex IV respiration, respectively. Measurements were done on four 

Thy1-aSyn mice and four wild-type littermates in triplicates that were averaged for mouse.

Complex I activity assay

Mitochondrial OXPHOS complex I activity was determined by immunocapture ELISA 

following the manufacturer’s protocol (complex I enzyme activity assay kit, Abcam, USA; 

#ab109721). Briefly, 50 μg of protein from isolated mitochondrial samples, as described 

before, was incubated to the wells of microplate pre-coated with complex I capture antibody 

for 3h at room temperature. Then activity of the immunocaptured complex I enzyme from 

the samples was determined by measuring the oxidation of NADH to NAD+ and 

simultaneous reduction of a dye which leads to increased absorbance at 450 nm. Each 

sample was measured in duplicates and the activity was expressed as change in absorbance 

per minute per amount of sample loaded into the well.

4-hydroxynonenal assay

Brain tissue was homogenized in 5 volumes of 20 mM sodium phosphate buffer, pH 7.0, 

containing 1 mM DTT and protease inhibitor cocktail (Complete protease inhibitor tablets, 

Roche, USA). Homogenates were centrifuged at 13,000 rpm for 15 min at 4°C and the 

supernatant was used for the assay after determining the protein concentrations by Bradford 

assay. The assay for 4-HNE was performed as per manufacturer’s protocol (Oxiselect HNE-

His adduct ELISA kit, Cell Biolabs Inc., USA; #STA-334). Briefly, HNE-BSA standards, 

reduced BSA standards and brain homogenate samples (20 μg/ml) were adsorbed on to a 96-

well plate for 2h at 37°C. HNE-protein adducts present in the standards and samples were 

probed with an anti-HNE-His antibody. Then HRP-conjugated secondary antibody was 

added and the absorbance was measure at 450 nm. The levels HNE-protein adducts were 

determined by comparing with the standard curve of predetermined HNE-BSA standards. 

Each sample was measured in duplicates and the levels were expressed as amount of HNE-

protein adducts per amount of sample loaded.

Malondialdehyde assay

Brain tissue homogenates were prepared as mentioned for Western blotting using modified 

RIPA buffer with protease inhibitors. MDA assay was performed as per manufacturer’s 

protocol (BIOXYTECH MDA-586, OxisResearch, USA; #21044). Each sample was 
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measured in duplicates and levels were calculated comparing to MDA standard curve, and 

expressed as ratio compared to wild type control mice.

Statistics

Statistical analysis was performed using SigmaPlot software (version 12.0, Systat Software 

Inc.). Western blotting, complex I activity and lipid peroxidation assay data were analyzed 

using two-tailed Student’s t-test (when data were homoscedastic) or, as indicated in the text 

with Mann Whitney U-test (when data were heteroscedastic). These tests were used on each 

brain region separately since the experiments were performed independently in each region. 

Two way repeated measures ANOVA was used to compare the mitochondrial respiration 

using Seahorse analyzer. For this analysis each brain region was considered independent and 

the different assays (substrate additions) which were performed on the same mitochondrial 

preparation were considered as ‘repeated measures’. Post hoc tests were performed using 

Fisher’s least significant difference (LSD) to compare WT and Thy1-aSyn mice (single 

comparisons). Outliers in all the analysis were excluded using Grubb’s outlier test. The 

investigator was blinded to the groups when assessing the outcome of the experiments.

Results

Increased mitochondrial accumulation of α-synuclein in Thy1-aSyn mice

To verify that α-synuclein accumulates in mitochondria in our model, as previously 

described in whole lysates (Chesselet et al., 2012), we isolated mitochondria-enriched 

fractions from dissected brain regions and performed Western blots with an antibody that 

binds to both mouse and human α-synuclein. The α-synuclein monomer (17 kDa) 

accumulated to higher levels in mitochondria, similar to whole lysates, of 4 months old 

Thy1-aSyn mice compared to their wild-type littermates in all regions examined: VM/SN 

(3-fold; t8 = 6.047, p = 0.0003), striatum (2.5-fold; t8 = 8.547, p = 0.0001) and cortex (4-

fold; t8 = 6.234, p = 0.0079; Mann Whitney U-test used due to unequal variances) (Fig. 1). 

In addition to the monomeric form, accumulation of a truncated form of α-synuclein 

(~12kDa) was observed in mitochondrial fractions of Thy1-aSyn mice but not in wild-type 

littermates, though this might be related to the low levels of α-synuclein in the wild-type 

mice. To ensure purity, the isolated mitochondria-enriched fractions were immunoblotted 

with cytosolic (GAPDH) and lysosomal (LAMP2) markers and the results showed no 

contamination (Fig. 1). Mitochondrial DNA density was measured in 8–9 months old mice 

by real time PCR and results show that mitochondrial DNA density was not altered in 

VM/SN, striatum or cortex of Thy1-aSyn mice compared to wild type mice (Fig. 2). Thus, 

Thy-1 aSyn mice show accumulation of alpha-synuclein in their mitochondria without 

marked regional differences, as expected from the broad distribution of the transgenic 

protein throughout the brain in this model (Chesselet et al., 2012).

Mitochondrial bioenergetics measurements show defects specific to striatum and VM/SN

We further examined mitochondrial bioenergetics by measuring oxygen consumption rate 

(OCR) in freshly isolated mitochondria from different brain regions of 6-month old mice 

with a Seahorse XF24 analyzer. We examined the degree of coupling between the electron 

transport chain (ETC) and the oxidative phosphorylation machinery using different 
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substrates and injections by coupling assay, and we measured the sequential electron flow 

through different complexes of the ETC by an electron flow assay (Rogers et al., 2011).

In the coupling assay, isolated mitochondria were incubated with succinate (complex II-

driven respiration) and rotenone (complex I inhibitor). Two way Repeated Measures 

ANOVA for overall coupling assay measurements in VM/SN (F1,6 = 4.527, p = 0.077), 

striatum (F1,6 = 3.088, p = 0.129) and cortex (F1,6 = 1.971, p = 0.210) followed by post hoc 
all pairwise multiple comparison analysis revealed the following impairments. Injection of 

ADP revealed a decreased mitochondrial response in VM/SN (25%, p= 0.001) and striatum 

(18%, p= 0.025) of Thy1-aSyn mice suggesting impairment in complex V (ATP synthase) 

but no such reduction was found in cortex (p= 0.151). Further addition of FCCP 

(mitochondrial uncoupler) showed a 25% reduction in maximal respiration in the striatum 

(p= 0.013), and a similar trend in VM/SN (18%, p= 0.066), of Thy1-aSyn mice (Fig. 3). 

Basal respiration in the electron flow assay was driven by pyruvate and malate (complex I-

driven respiration) in an uncoupled state (in the presence of FCCP). Two way Repeated 

Measures ANOVA for overall electron flow assay measurements in VM/SN (F1,6 = 11.279, 

p = 0.015), striatum (F1,6 = 1.225, p = 0.311) and cortex (F1,6 = 0.0064, p = 0.939) followed 

by post hoc all pairwise multiple comparison analysis revealed several mitochondrial ETC 

defects. In VM/SN of Thy1-aSyn mice, we observed a 22% reduction in basal respiration 

(p<0.001, complex I-defect), 20% reduction in respiration after succinate injection (p= 

0.012, complex II-defect), and 22% decrease after TMPD injection (p= 0.047, complex IV-

defect). In striatum of Thy1-aSyn mice, a 30% reduction (p=0.044) in respiration was 

recorded after TMPD injection. However, no significant difference was observed in cortex 

between WT and Thy1-aSyn mice in any ETC defect measured (Fig. 4). Altogether, these 

results suggest that mitochondria from Thy1-aSyn mice possess mitochondrial defects in 

several ETC complexes, specifically in the brain regions containing the cell bodies and 

terminals of the nigrostriatal dopaminergic neurons.

Inhibition of mitochondrial complex I activity is specific to VM/SN in Thy1-aSyn mice

The respiration measurements using Seahorse analyzer suggested that in Thy1-aSyn mice, 

bioenergetics deficits are regionally limited and, in particular spare the cerebral cortex 

despite a high level of alpha-synuclein overexpression in this region (Chesselet et al., 2012), 

and accumulation of alpha-synuclein in cortical mitochondria (Fig. 1). To determine whether 

alpha-synuclein also altered complex I activity in Thy1-aSyn mice in a regionally specific 

manner, we measured enzyme activity of complex I in isolated mitochondria from VM/SN, 

striatum and cortex of 4-month old Thy1-aSyn mice by immunocapture ELISA. The results 

showed a 40% decrease in mitochondrial complex I activity in VM/SN (t6 = 2.888, p = 

0.028). However, no changes in complex I activity was observed in striatum (t7 = 0.649, p = 

0.537) and cortex (t8 = 0.3723, p = 0.719) suggesting that reduction in complex I activity is 

specific to VM/SN despite global overexpression and mitochondrial accumulation of α-

synuclein in these mice (Fig. 5).

Low Prdx2 and elevated oxidized Prdx levels in VM/SN

Prdx2 is localized almost exclusively in neurons (Jin et al., 2005, Fang et al., 2007) and can 

thus be an indicator of neuronal oxidative stress. To measure the levels of neuronal oxidative 
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stress we measured the protein levels of Prdx2 and its over-oxidized form (Prdx-SO3) in 8 

months old Thy1-aSyn mice by Western blotting. The results show that Prdx2 levels were 

up-regulated in striatum (339.3%, t5 = 3.181, p=0.0245) and cortex (1420.8%, t5 = 4.636, 

p=0.0057) of Thy1-aSyn mice similar to PD patients which might represent a protective 

response to compensate high levels oxidative stress induced by over-expression of alpha-

syuclein in the Thy1-aSyn mice. On the contrary, Prdx2 levels in VM/SN were decreased by 

67.9% (t6 = 2.898, p=0.0274) in Thy1-aSyn mice compared to their wild type littermates 

(Fig. 6). A highly oxidative environment might cause an increased oxidation of the 

peroxiredoxins leading to loss of their protective function. Interestingly, a 4-fold increase in 

oxidized-Prdx was observed in VM/SN (t7 = 3.605, p=0.0159; Mann Whitney U-test used 

due to unequal variances) of Thy1-aSyn mice (Fig. 7). This increase in oxidized-Prdx was 

not found in striatum (t4 = 0.4896, p=0.6501) or in cortex (t5 = 1.467, p=0.2286; Mann 

Whitney U-test used due to unequal variances) where the levels of oxidized-Prdx were 

highly variable. Taken together, these results suggest that nigral cells have lower functional 

Prdx2 compared to cortex and striatum due its oxidative modification. This may result from 

a higher level of oxidative stress in these cells in the presence of excess alpha-synuclein and 

may result in increased lipid peroxidation leading to oxidative cellular damage.

Elevation of lipid peroxidation markers in VM/SN

Primary lipid peroxidation products such as lipid peroxides are unstable and decompose to 

form more complex and reactive compounds including 4-hydroxynenal (4-HNE) and 

malondialdehyde (MDA). To assess the effects of reduced levels of functional Prdx2 in 

VM/SN of Thy1-aSyn mice on lipid peroxidation, we measured the levels of 4-HNE (6-

month old mice) and MDA (8-month old mice) by ELISA and colorimetric assay, 

respectively. Confirming regional increases in lipid peroxidation, 4-HNE levels were 

increased 47% in VM/SN (t8 = 2.724, p=0.0381; Mann Whitney U-test used due to unequal 

variances) of Thy1-aSyn mice compared to its wild type littermates, without significant 

changes in striatum (t10 = 0.1326, p=0.8972) or cortex (t10 = 1.449, p=0.1781) (Fig. 8A). 

Similarly, a 210% increase in MDA levels was observed in VM/SN (t9 = 2.427, p=0.0382) 

of Thy1-aSyn mice but not in striatum (t8 = 1.289, p=0.2335) or cortex (t10 = 0.4426, 

p=0.6675) (Fig. 8B). These results indicate that the levels of lipid peroxidation were 

severely increased specifically in the VM/SN of Thy1-aSyn mice.

Discussion

In the present study we show early and regionally selective alterations in mitochondrial 

function, oxidative stress, and Prdx2 levels in a model of broad overexpression of human 

alpha-synuclein in mice. The Thy1-aSyn mice provide a useful model to identify regional 

effects that may underlie differential vulnerability of nigrostriatal dopaminergic neurons in 

PD because they overexpress human wild type alpha-synuclein to a moderate extent 

throughout the brain (Rockenstein et al., 2002, Chesselet et al., 2012). This was confirmed 

in the present study by the presence of similarly high levels of human and mouse alpha-

synuclein in mitochondria isolated from different brain regions. Thus, the greater alterations 

in mitochondrial function uncovered in this study in striatum and substantia nigra are likely 
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due to endogenous factors that render neurons in these regions less able to cope with alpha-

synuclein induced mitochondrial dysfunction.

Our data of a regional decrease in complex I activity in the Thy1-aSyn mice are in 

agreement with previous reports in the postmortem substantia nigra of patients with 

idiopathic PD (Schapira et al., 1990, Hattori et al., 1991, Keeney et al., 2006) but reveal, for 

the first time, that alpha-synuclein alters mitochondrial function to a greater extend in the 

regions containing nigrostriatal dopaminergic neurons than in other brain regions, 

specifically the cerebral cortex. This suggests that the greater endogenous level of oxidative 

stress caused in nigrostriatal neurons by the presence of dopamine, coupled to the high level 

of calcium accumulating in these neurons due to their pace making activity (Chan et al., 

2007) render their mitochondria more vulnerable to alpha-synuclein accumulation, which is 

also present in the brain of patients with sporadic PD (Devi et al., 2008).

Accumulation of alpha-synuclein in mitochondria of Thy1-aSyn mice confirms recent data 

in the same mouse model, including the presence of a truncated form of alpha-synuclein 

(Sarafian et al., 2013). Previous studies have found that alpha-synuclein can induce 

mitochondrial dysfunction in cell models. Specifically, either wild type or mutated α-

synuclein has been reported to bind to inner mitochondrial membrane and interact with 

complex I resulting in decreased complex I activity and impaired mitochondrial function 

(Elkon et al., 2002, Li et al., 2007, Devi et al., 2008, Nakamura et al., 2008, Shavali et al., 

2008, Zhang et al., 2008, Chinta et al., 2010). A similar effect was observed in vivo, in mice 

over-expressing alpha-synuclein specifically in dopaminergic neurons (Chinta et al., 2010) 

and a recent study shows that the levels of complex I enzyme is down regulated in anterior 

brain homogenates of transgenic mice overexpressing wild-type α-synuclein (Bender et al., 

2013). In contrast, one recent work reports that wild type alpha-synuclein from both in vitro 

and in vivo (brain tissue from human and mice) models is not present in mitochondria but 

rather in mitochondria-associated endoplasmic reticulum (ER) membranes (MAM). In 

addition, pathogenic point mutations in human alpha-synuclein resulted in reduced MAM 

association, decreased MAM functions and increased fragmentation of mitochondria 

(Guardia-Laguarta et al., 2014). Overall these studies suggest that alpha-synuclein can bind 

to inner mitochondrial membrane and/or to mitochondria-associated endoplasmic reticulum 

(ER) membranes (MAM). However, these studies did not examine the possibility that alpha-

synuclein effects may differ in brain regions that show differential vulnerability to PD. 

Recent in vitro data (Ryan et al., 2013) show that mutated A53T alpha-synuclein reduces 

mitochondrial spare respiratory capacity, measured with the Seahorse analyzer, in 

dopaminergic neurons induced from human cells, similar to our findings with expression of 

wild type alpha-synuclein in vivo. Evidence that mitochondrial dysfunction induced by 

environmental toxins caused nitrosative modifications of the Mef2-PGC1alpha pathway 

specifically in cells expressing A53T alpha-synuclein suggests a mechanism by which 

mutated alpha-synuclein may exacerbate the effects of mitochondrial dysfunction (Ryan et 

al., 2013). We show that in the ventral midbrain, the brain region that contains the cell 

bodies of dopaminergic neurons, the impairment in mitochondrial function is accompanied 

by increased oxidation of lipids and of peroxiredoxin, suggesting that antioxidant defenses 

can be impaired in the presence of the excess oxidative stress specifically in these regions. 

In contrast to ventral midbrain, Prdx2 levels were increased and no lipid peroxidation was 
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observed in striatum and cortex, suggesting more efficient antioxidant defense in these two 

regions that do not show significant cell loss in PD. Prdx2, the neuronal antioxidant enzyme 

that protects from lipid peroxidation, is induced in brains of PD patients (Basso et al., 2004). 

Interestingly, a recent study showed that overexpression of Prdx2 in vitro and in vivo 
protects against 6-OHDA toxicity in dopaminergic neurons (Hu et al., 2011). Furthermore, 

Dawson and co-workers showed that mice lacking DJ-1, a model of recessive familial PD, 

had deficits in scavenging mitochondrial H2O2 and in fact described DJ-1 as an atypical 

peroxiredoxin-like peroxidase indicating the importance of Prdx enzymes in PD. 

Additionally, Prdx2 is highly expressed in murine brain cells that use oxygen at high rates 

(Ichimiya et al., 1997, Sarafian et al., 1999, Jin et al., 2005). Thus the differential changes in 

Prdx2 levels we have observed in ventral midbrain versus striatum and cortex may both be a 

consequence of a greater level of oxidative stress resulting from diminished mitochondrial 

function in this region and also contribute to the greater vulnerability of nigrostriatal 

dopaminergic neurons in PD. Even though the striatum contains axon terminals of 

nigrostriatal dopaminergic neurons, these constitute only a very small percentage of tissue 

and the bulk of Prdx2 in striatal homogenates is likely to represent enzyme present in the 

main striatal neurons, the medium sized GABAergic neurons that are preserved in PD.

Despite evidence that alpha-synuclein accumulates in mitochondria its main effects could be 

through regulation of nuclear genes involved in mitochondrial function, especially PGC1 

alpha, through direct interaction with its promoter (Siddiqui et al., 2012). Indeed, over-

expression of alpha-synuclein in vivo and in vitro decrease PGC1 alpha and PGC1 alpha-

regulated genes. Importantly, PGC1 alpha is decreased in PD patients and increasing its 

levels in vitro protects cells against alpha-synuclein toxicity (Zheng et al., 2010). However, 

this mechanism is unlikely to play a primary role in the effects observed here because 

transcriptome data in laser captured nigrostriatal dopaminergic neurons of 8 months old 

Thy1-aSyn mice showed an increase in PGC1 alpha mRNA, suggesting a compensatory 

effect at that age (Mortazavi, Richter, and Chesselet, unpublished observations).

In conclusion, the present data indicate that despite a broad expression of alpha-synuclein 

throughout the brain, Thy1-aSyn mice show regional alterations in mitochondrial function 

and oxidative stress, supporting the notion that endogenous properties of these neurons 

contribute to their increased vulnerability in PD. In addition, our results show that Thy1-

aSyn mice can serve as a useful model to test potential neuroprotective drugs that may 

prevent mitochondrial dysfunction.
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Highlights

• Mice overexpressing wild type human alpha synuclein show reduced 

mitochondrial function from an early age

• The reduction in mitochondrial function is present in ventral midbrain and 

striatum but not cortex

• Neuronal Prdx2 is decreased and its oxidized form increased in midbrain only

• Markers of lipid peroxidation are elevated in midbrain but not striatum or cortex
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Fig. 1. 
Mitochondrial accumulation of aSyn were significantly higher in Thy1-aSyn mice (n=5) 

compared to wild type littermates (n=5) expressed as mean ± SEM. A. Western blots, arrow 

indicates truncated aSyn B. Densitometric analysis by ImageJ with porin as loading control. 

***p<0.001, **p<0.01 by Student’s t-test or Mann Whitney U-test (used due to unequal 

variances in cortex) compared to respective wt control group.

SUBRAMANIAM et al. Page 15

Neurobiol Dis. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2. 
Relative mitochondrial DNA content was not altered in 8–9 months old Thy1-aSyn mice 

(n=8) compared to wild type littermates (n=8) expressed as mean ± SEM. Mitochondrial 

DNA was measured by real time PCR with primers in the D-loop region and normalized to 

nuclear DNA (Tert gene). Student’s t-test compared to respective wt control group.
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Fig. 3. 
Mitochondrial respiration measurement on isolated mitochondria by coupling assay showed 

impairment in nigrostriatal tissue. A, B: cortex; C, D: striatum; E, F: VM/SN. Measurements 

were done on four Thy1-aSyn mice and four wild-type mice, averaged and expressed as 

mean ± SEM. *p<0.05, **p<0.01 compared to wild type group by Two-way RM-ANOVA, 

followed by Fisher’s LSD post hoc test.
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Fig. 4. 
Mitochondrial respiration measurement on isolated mitochondria by electron flow assay 

showed impairment in nigrostriatal tissue. A, B: cortex; C, D: striatum; E, F: VM/SN. 

Measurements were done on four Thy1-aSyn mice and four wild-type mice, averaged and 

expressed as mean ± SEM. *p<0.05, ***p<0.001 compared to wild type group by Two-way 

RM-ANOVA, followed by Fisher’s LSD post hoc test.

SUBRAMANIAM et al. Page 18

Neurobiol Dis. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5. 
VM/SN specific reduction in complex I activity measured by ELISA. Change in complex I 

activity over 30 min time period in cortex (n=5) (A), striatum (n=5) (B) and VM/SN (n=4) 

(C). Percentage complex I activity (D) of Thy1-aSyn mice compared to wild type littermates 

expressed as mean ± SEM. *p<0.05 by Student’s t-test compared to respective wt control 

group.
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Fig. 6. 
Alterations in Prdx2 levels in 5–6 months old Thy1-aSyn mice (n=4) and wild type 

littermates (n=4) measured by Western blotting and expressed as mean ± SEM of percentage 

fold difference. A. Representative Western blots B. Densitometric analysis by ImageJ with 

beta-actin as loading control. *p<0.05, **p<0.01 by Student’s t-test compared to respective 

wt control group.
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Fig. 7. 
Elevated oxidized-Prdx-SO3 levels in VM/SN of 8 months old Thy1-aSyn mice (n=5) 

compared to wt littermates (n=5) measured by Western blotting and expressed as mean ± 

SEM. A. Western blots B. Densitometric analysis by ImageJ normalized to prdx2 with beta-

actin as loading control. *p<0.05 by Student’s t-test or Mann Whitney U-test (used due to 

unequal variances in VM/SN) compared to respective wt control group.
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Fig. 8. 
Increase in lipid peroxidation markers A. 4-hydroxynonenal, B. MDA levels in the VM/SN 

of Thy1-aSyn mice (n=6) compared to wild type littermates (n=6) expressed as mean ± 

SEM. *p <0.05 by Student’s t-test or Mann Whitney U-test (used due to unequal variances 

in HNE assay in VM/SN) compared to respective wt control group.
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