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Abstract
Alpha-synuclein is the major protein component of Lewy bodies, a cardinal pathological feature of
the degenerating Parkinsonian brain. Alpha-synuclein has been reported to be able to intercalate
into membranes via formation of an alpha-helical structure at its N-terminal end. Recent in vitro
studies from various laboratories have demonstrated that alpha-synuclein can physically associate
with mitochondria and interfere with mitochondrial function. α-Syn predominantly associates with
the inner mitochondrial membrane, where it can apparently interact with complex I resulting in
reduced mitochondrial complex I activity and increased free radical production. However, the
effect of in vivo alpha-synuclein accumulation within dopaminergic neurons on mitochondrial
function has not been thoroughly studied. Examination of transgenic animals which overexpress
the familial mutant A53T form of the protein selectively within dopaminergic neurons reveals that
A53T localizes to the mitochondrial membranes as monomers and oligomers particularly under
conditions of proteasomal inhibitory stress, and that this localization coincides with a selective
age-related mitochondrial complex I inhibition and decreased substrate-specific respiration along
with increases in mitochondrial autophagy (mitophagy).
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Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by
preferential loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) [20].
PD is also accompanied by the hallmark formation of intracytoplasmic protein aggregates
termed “Lewy bodies” which include alpha-synuclein (α-syn) as a major protein component
[29]. Monomeric α-syn is a 14 kD presynaptic protein with as yet enigmatic cellular
function. Due to the presence of six imperfect 11-amino acid repeat sequences within its N-
terminus, this results in formation of an alpha helical structure which mediates the protein’s
binding to phospholipid vesicles. α-syn can also aggregate into higher molecular weight
oligomers. It has been proposed that oligomerization results in induction of a beta-pleated
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sheet structure within the protein that aids in its further aggregation [32]. α-Syn has been
reported to undergo degradation by the proteasome and by alternative pathways such as
autophagy [7]. The physiological significance of protein aggregates associated with dying
neurons in PD is hotly debated. Although mutations in α-syn (A30P, E46K and A53T;
triplication and duplication) have been implicated in rare forms of familial autosomal
dominant Parkinsonism [24,14], how these mutations may participate in neuronal cell loss is
still unclear. Overexpression of mutant α-syn induces a significant increase in sensitivity of
dopaminergic neurons to mitochondrial toxins such as MPP+ and 6-hydroxydopamine,
resulting in increased protein carbonylation and lipid peroxidation both in vitro and in vivo
[30,22]. Conversely, studies with α-syn-knockout mice demonstrate a marked resistance to
MPTP as well as other mitochondrial toxins including malonate and 3-nitropropionic acid
[8,13]. Recently, several laboratories have published in vitro evidence suggesting
localization of α-syn to mitochondria coinciding with increased mitochondrial dysfunction
[10,6,23,26]. Based on these studies, α-syn appears to predominantly associate with the
inner mitochondrial membrane where it may interact with complex I and reduce
mitochondrial complex activity. This effect appears to be enhanced by the pathogenic A53T
α-syn mutant [10]. Further supporting this direct functional link between α-syn and
mitochondria, a recent study demonstrated that abrogation of mitochondria DNA in yeast
prevented α-syn-induced ROS formation and apoptotic cell death [4]. However, the majority
of these in vitro studies were performed in non-dopaminergic cell lines. Furthermore, while
in vivo studies have demonstrated that overexpression of WT α-syn may lead to enhanced
abnormalities in mitochondrial morphology [28], evidence coupling this to physical
presence within dopaminergic neuronal mitochondria is lacking. Here, we report in
transgenic animals overexpressing A53T specifically within dopaminergic neurons [25], that
the protein localizes to the mitochondria in the form of both monomers and oligomers, the
latter particularly under conditions of proteasome inhibition-mediated stress, and that this
coincides with a selective age-related inhibition of mitochondrial complex I function as well
as increased levels of mitochondrial turnover (mitophagy).

pTH-A53T transgenics expressing high (HE) and low (LE) levels of mutant A53T synuclein
mRNA in the midbrain were a gift from Dr. Dino Dimonte (Parkinson’s Institute,
Sunnyvale, CA) [25]. For proteasomal inhibition studies, animals were injected with 0.5mg/
kg epoxomicin (IP); six injections were made over the course of 2 weeks. The animals were
sacrificed 6 weeks after the final injection [19]. Transgenic animals and non-transgenic
littermate controls were anaesthetized and transcardially perfused with 4%
paraformaldehyde. Nigrostriatal sections of 40 μM thickness from these transgenic mice
were treated first with mouse anti human α-syn (1:500; Chemicon) followed by biotinylated
antimouse IgG secondary antibody and Texas Red avidin D (Vector Laboratories). The
sections were reincubated with mitochondrial markers either mouse Voltage Dependent
Anion Selective Channel protein 1 (VDAC/Porin) (1; 1000, Calbiochem) or mouse anti-
ATP synthase β chain antibody (1:1000, Chemicon) followed by biotinylated anti-mouse
IgG secondary antibody and fluorescein avidin D (Vector Laboratories). The sections were
visualized under fluorescence confocal microscopy. For EM analyses, dissected SN sections
were post fixed in 2% PFA/0.2gluteraldehyde/0.2% picric acid in PBS for 2–4 hours RT.
After dehydration with 50% to 100% alcohol, the sections were in embedded in gelatin
capsules at 58°C for 24 h. Ultrathin sections (70 nm) were cut on an RMC MT7000
ultramicrotome, collected onto nickel grids, and the sections were imaged on FEI Tecnai 12
TEM at 80 kV accelerating voltage. To assess mitophagy levels in HE versus LE mice,
sections on different grids were counted manually for the presence of mitochondria in
autophagic vacuoles (AVs) which are considered a characteristic component of autophagy
[31]. Under high magnification, the structures of all mitochondria, AVs and any
mitochondria within those AVs were manually counted in each field.
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For western blot analysis, mitochondria were prepared by as described previously [16].
Briefly, freshly dissected mouse nigrostriatal tissues from A53T and A53T+epoxomicine
groups were washed and homogenized in ice-cold isolation buffer and centrifuged at 1000 X
g for 5 min at 4°C, followed by centrifugation of the supernatant at 8500 X g for 10 min at
4°C. The mitochondrially enriched pellet was resuspended in isolation buffer and layered on
top of 6% (w/v) Ficoll solution (F-4375; Sigma-Aldrich) and centrifuged at 75,000 X g for
30 min at 4°C to remove myelin. The pellet was solubilized in lysis buffer containing
protease inhibitors and fractionated into soluble and insoluble fractions by centrifuging at
12,000 x g. Insoluble membrane fractions were directly analyzed on SDS PAGE followed
by western blot using anti- α-syn antibody (Chemicon, USA). The purity of mitochondrial
fractions were verified by western blotting with antibodies to mitochondrial marker ATPase
(1:1000, millipore) and cytosolic marker actin (1:1500, Santa Cruz Biotechnology).

For respiration studies, dopaminergic and non-dopaminergic striatal synaptosomes were
isolated using a previously published protocol from our laboratory [5]. Briefly,
synaptosomes were prepared from dissected striatal tissue (n = 5 animals in each group) [3]
and dopaminergic synaptosomes were then purified using a novel magnetic bead approach
using antibody against the cell surface dopamine transporter (DAT) protein as described
previously [5]. From a single striatum, we were able to isolate 20–25 μg of DA
synaptosomal protein. These were used to measure both CI and CIV activities and substrate-
specific respiration in HE versus LE α-syn transgenics. For respiration experiments, isolated
DA vs non-DA striatal synaptosomes were incubated in serum free medium (pH 7.0) at
37°C in a Clark-type oxygen electrode (Hansatech). Respiration was calculated as the rate of
oxygen consumption driven by pyruvate-malate (for CI) or TMPD/ascorbate (CIV) in the
medium as a substrate. Carbonyl cyanide ptrifluoromethoxy phenylhydrazone (FCCP) was
used as uncoupler to assess maximum respiration rates. Absolute values for uncoupled
respiration rate were calculated as the difference between FCCP driven respiration and state
IV respiration.

Complex I activities were assayed in isolated dopaminergic and non-dopaminergic
synaptosomal fractions from HE versus LE α-syn transgenics as rotenone-sensitive NADH
dehydrogenase activity by measuring DCPIP (2, 6-dichlorophenolindophenol) reduction in
synaptosomal extracts following addition of 200 mM NADH, 200 mM decylubiquinone, 2
mM KCN, and 0.002% DCPIP in the presence and absence of 2 mM rotenone [18].
Complex IV activity was assayed as cytochrome c oxidase activity by observing the rapid
(1–2s) oxidation of freshly reduced 40 mM ferrocytochrome c in a 10 mM K-PO4 buffer pH
7.2 containing 100 mM KCl, 0.025% maltoside at 30°C, at 550 nm. Values for all assays
were normalized/protein using BioRad reagent.

Data were expressed as means ± S.D. from at least three independent experiments.
Significant differences between mean values were determined by Student’s t-test.
Differences were considered to be statistically significant when P <0.05.

To assess whether expression of A53T within dopaminergic midbrain neurons in vivo results
in its localization to mitochondrial membranes as has been previously reported in vitro
[10,6,23,26], we performed immunocytochemistry on A53T transgenic mice that
specifically express the protein within tyrosine-hydroxylase-positive cells (Fig. 1). α-Syn
was found to co-localize in both outer and inner mitochondrial membrane fractions within
TH-positive midbrain neurons from HE synuclein animals (Fig. 1A&B). However, no
significant co-localization of α-Syn was detected in either outer or inner mitochondrial
membrane markers in LE synuclein mice or in control wild type animals (data not shown).
Furthermore, α-Syn western analyses on isolated nigrostriatal mitochondria revealed the
existence of both monomeric and oligomeric forms of synuclein within the mitochondrial
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fraction (Fig 1C). The levels of oligomeric forms of synuclein were found to increase in the
presence of proteasomal inhibition-induced stress. The purity of mitochondrial preparations
was subsequently confirmed via western blot analysis of mitochondrial and cytosolic
markers (Fig 1B).

Using a novel synaptosomal isolation technique recently developed by our laboratory [5,18]
we next assessed the impact of α-syn localization on mitochondrial function in striatal DA
vs non-DA synaptosomes isolated from young (4 month) and old (12 month) HE versus LE
A53T transgenic mice. In young mice, elevation of A53T synuclein had no significant
impact on mitochondrial function (neither complex I vs CIV substrate-specific respiration
nor mitochondrial complex I vs IV activities were impacted in either DA or non-DA
synaptosomal populations; data not shown). However by 12 months of age, elevated
expression of A53T was found to result in a significant decrease (nearly 40%) in
mitochondrial complex I activity and subsequent complex I substrate-mediated respiration in
DA synaptosomes from HE in comparison with LE α-syn- animals (Table 1); in contrast, no
affect on CIV activity or substrate-mediated respiration was observed in DA populations
from these two groups. In addition, no differences were noted in either CI or CIV functions
in non-DA synaptosomal populations from animals expressing HE or LE α-syn.

Earlier studies in these transgenic lines demonstrated the presence of abnormal nerve
terminals, age-related impairments in motor coordination, and age-related reductions in DA
and its metabolites although no frank nigral dopaminergic neuronal loss was observed even
with age [25]. In addition to these alterations, our results suggest that HE coincides with a
significant age-related decrease in mitochondrial CI activity and substrate-mediated
respiration. In order to assess how this impacted on mitochondrial morphology, we assessed
dopaminergic SN neuron in HE versus LE via electron microscopy. Ultrastructural studies
of dopaminergic neuronal mitochondria from HE versus LE A53T syn mice demonstrated a
significant increase in lysosome-mediated mitochondrial autophagy (mitochondria
sequestered into double-membraned autophagosomes) within the HE mice (Fig 2).

α-Syn-containing intraneuronal inclusions are found in both PD itself and in animal models
of the disease employing either mitochondrial or proteasomal inhibitors [11,19]. Previous
studies had demonstrated that increased expression or mutation of α-Syn has an impact on
mitochondrial function [1,2,27] but the specific mechanism involved has remained relatively
unexplored. In addition to enhanced DA SN mitochondrial pathology in α-syn expressing
mice following MPTP treatment [28], exposure to pesticides such as paraquat and maneb
have also been reported to lead to the presence of disorganized and degenerative
mitochondria in A53T human α-syn expressing but not WT α-syn-expressing transgenic
mice, suggesting the involvement of particularly mutant α-syn in mitochondrial dysfunction
[21].

Recent in vitro studies have demonstrated that alterations in intracellular pH conditions
(acidic conditions) can result in translocation of α-Syn to the mitochondria [6]. Accumulated
α-Syn was found to be associated with selective mitochondrial complex I inhibition,
decreased mitochondrial membrane potential, increased cytochrome C release and increased
production of reactive oxygen species indicating that mitochondrial accumulated α-syn may
interact with complex I and interfere with its function [10,23,26]. This effect has been
reported to be further enhanced following expression of the pathogenic mutant A53T versus
the wild type (WT) form of the protein [10]. However, most of these in vitro studies were
performed in non-dopaminergic cell lines (except Devi et al., 2008, where they used human
PD autopsy samples) and the effects of A53T mutant versus WT forms on mitochondrial
function were not generally explored. A recent report suggested that a portion of α-syn may
be present in the membrane of mitochondria within normal dopaminergic neurons of the
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SNpc [15]. Another study using western blot analysis of mitochondrial fractions isolated
from different regions of rat brain demonstrated that α-syn could be detected in
mitochondria from many brain regions, including olfactory bulb, striatum, hippocampus,
cerebral cortex, and brain stem [16]. Although, these in vivo studies have demonstrated the
presence of α-syn within dopaminergic neuronal mitochondria, the consequences of protein
accumulation on mitochondrial function has yet to be assessed in an in vivo model
particularly in the context of aging.

In the present study, we demonstrated that localization of A53T α-syn to the mitochondria of
SN DA neurons in vivo was found to coincide with a selective age-related decline in
dopaminergic CI activity and subsequent substrate-mediated respiration. The observed
selective complex I inhibition and mitochondrial respiration in these older mice may be due
to relatively lower threshold inhibition for synaptic mitochondrial CI compared to other
OXPHOS enzymes [9]. Our results are in contrast to a recent in vivo study using transgenic
mice overexpressing A53T α-syn under the general neuronal PrP promoter where the
authors reported that CI inhibition in these mice was neither age-related nor dependent on
the levels of α-syn oligomers [17]. The discrepancy between these findings and our current
results may be due pan-neuronal expression and the use of whole brain mitochondria to
measure CI activity in the former. Transgenics utilized for our analyses overexpress A53T
α-syn specifically within dopaminergic nigral neurons and moreover CI activity was
assessed in isolated nerve terminals (synaptosomes) specifically from this neuronal
population.

We also observed an increase in lysosome-mediated mitochondrial autophagy (mitophagy)
in A53T overexpressing midbrain dopaminergic neurons, likely a compensatory attempt to
remove defective mitochondria; the mechanism of mitochondrial turnover is predominantly
autophagic sequestration and delivery to lysosomes for hydrolytic degradation. Timely
elimination of aged and dysfunctional mitochondria is essential to protect cells from
elevated levels of ROS and release of proapoptotic proteins [12]. This may in part explain
lack of actual midbrain dopaminergic cell loss in these lines. Ongoing studies are assessing
the impact of agents that alter the rate of mitophagy (lithium, rapamycin) on mitochondrial
function in these lines are currently underway.

In conclusion, our data suggests that α-syn physically localizes to dopaminergic
mitochondria in vivo and impacts on mitochondrial function. The aberrant interaction of
mutant α-syn with mitochondria may ultimately influence the age-related midbrain
dopaminergic mitochondrial dysfunction and subsequent neuropathology.
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Fig. 1.
Expression of A53T α-syn in vivo results in its localization to the mitochondria in the form
of monomers and oligomers. A, dual immunoytochemistry of TH-positive SN neuron using
antibodies against synuclein (red) and outer mitochondrial membrane protein (VDAC,
green). yellow = merged. B, Dual immunoytochemistry of TH-positive SN neuron using
antibodies against synuclein (red) and inner mitochondrial membrane protein, complex V
(ATPase, green). yellow= overlay. C. Anti-synuclein western blots of mitochondrial
membrane fractions (75 μg each) isolated from the ST of 12 month old A53T (1) and A53T
+ epoxomicin (2) treated transgenics (M = molecular weight markers). *indicates monomer
and red arrows indicate oligomers +/− proteasomal inhibition. Enrichment of the
mitochondrial fractions was verified via western immunoblotting with the mitochondrial
inner membrane protein ATPase and the cytoplasmic marker actin.
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Fig. 2.
Quantitation of autophagic mitochondria in midbrain dopaminergic neurons of A53T high
versus low-expressing α-syn-expressing transgenic mice (HE vs LE) at 12 months of age. A,
Representative electron micrographs prepared from SN sections from pTH-A53T synuclein
HE vs LE-expressing transgenics at 12 months of age. B, autophagic mitochondria versus
total mitochondria were counted in at least three separate EM fields of midbrain
dopaminergic neurons. n = 3; *p, 0.05 vs Low expressing transgenic (LE).
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