
ARTICLE OPEN

Protection from α-Synuclein induced dopaminergic
neurodegeneration by overexpression of the mitochondrial
import receptor TOM20
Briana R. De Miranda 1, Emily M. Rocha1, Sandra L. Castro1 and J. Timothy Greenamyre 1✉

Dopaminergic neurons of the substantia nigra are selectively vulnerable to mitochondrial dysfunction, which is hypothesized to be
an early and fundamental pathogenic mechanism in Parkinson’s disease (PD). Mitochondrial function depends on the successful
import of nuclear-encoded proteins, many of which are transported through the TOM20–TOM22 outer mitochondrial membrane
import receptor machinery. Recent data suggests that post-translational modifications of α-synuclein promote its interaction with
TOM20 at the outer mitochondrial membrane and thereby inhibit normal protein import, leading to dysfunction, and death of
dopaminergic neurons. As such, preservation of mitochondrial import in the face of α-synuclein accumulation might be a strategy
to prevent dopaminergic neurodegeneration, however, this is difficult to assess using current in vivo models of PD. To this end, we
established an exogenous co-expression system, utilizing AAV2 vectors to overexpress human α-synuclein and TOM20, individually
or together, in the adult Lewis rat substantia nigra to assess whether TOM20 overexpression attenuates α-synuclein-induced
dopaminergic neurodegeneration. Twelve weeks after viral injection, we observed that AAV2-TOM20 expression was sufficient to
prevent loss of nigral dopaminergic neurons caused by AAV2-αSyn overexpression. The observed TOM20-mediated dopaminergic
neuron preservation appeared to be due, in part, to the rescued expression (and presumed import) of nuclear-encoded
mitochondrial electron transport chain proteins that were inhibited by α-synuclein overexpression. In addition, TOM20
overexpression rescued the expression of the chaperone protein GRP75/mtHSP70/mortalin, a stress-response protein involved in
α-synuclein-induced injury. Collectively, these data indicate that TOM20 expression prevents α-synuclein-induced mitochondrial
dysfunction, which is sufficient to rescue dopaminergic neurons in the adult rat brain.
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INTRODUCTION
Among the characteristic molecular pathologies of Parkinson’s disease
(PD) is the accumulation of α-synuclein within nigrostriatal dopami-
nergic neurons. In parallel, these neurons exhibit mitochondrial
dysfunction which, in turn, has downstream consequences, including
oxidative stress, inflammatory activation, impaired protein trafficking
and degradation, and disrupted cellular signaling. Recently, we
described a mechanism by which α-synuclein directly interacts with
the mitochondrial translocase of the outer membrane (TOM) receptor,
TOM20, and reduces import of proteins which contain an N-terminal
mitochondrial targeting signal (MTS)1. These data showed that
oligomeric, and post-translationally modified α-synuclein (oxidized,
or dopamine modified), but not monomeric or nitrated α-synuclein,
bind to TOM20 and prevent its association with TOM22, a key step in
formation of the TOM complex that is necessary for protein import1.
Because mitochondria must import approximately 99% of the
proteins they contain2,3, blockade of mitochondrial protein import
by toxic species of α-synuclein may be an early and important
contributing factor to dopaminergic neurodegeneration4,5

In rodent studies, overexpression of monomeric wildtype α-
synuclein within the substantia nigra either through viral-
mediated expression of SNCA or direct α-synuclein particle
seeding, results in degeneration of dopaminergic neurons and
their terminal projections to the striatum6–8. α-Synuclein accumu-
lation and mitochondrial dysfunction are both implicated as
mechanisms that contribute to dopaminergic neurodegeneration
in PD4,9–12. Thus, the interaction between α-synuclein and TOM20-

mediated protein import may be central to dopaminergic neuron
dysfunction and death. Conversely, blocking this mechanism of
cellular dysfunction may provide a therapeutic strategy to rescue
dopaminergic neurons at an early point in disease pathogenesis.
To this end, we overexpressed human TOM20 in the substantia

nigra pars compacta (SNpc) using an adeno-associated (AAV)2-
TOM20 vector, injected unilaterally in adult Lewis rats. AAV2-
TOM20 was co-expressed with either AAV2-GFP (control) or AAV2-
αSyn. Similar to previous reports, AAV2-αSyn treatment caused
significant loss of dopaminergic neurons following 12 weeks of
viral incubation, and surviving cells contained both soluble and
insoluble α-synuclein aggregates that correspond to human Lewy
pathology13–15. Co-expression of AAV2-TOM20 with AAV2-αSyn
did not reduce α-synuclein expression or accumulation within cells
of the SNpc, however, it did result in neuroprotection against
dopaminergic cell death. In conjunction, AAV2-TOM20 treatment
rescued the expression of nuclear-encoded proteins in this in vivo,
proof-of-principal study examining the interaction of α-synuclein
and mitochondrial function within dopaminergic neurons.

RESULTS
Characterization of AAV2-mediated TOM20 and α-synuclein
overexpression
Adult (10-month-old) male Lewis rats were randomly assigned
into three treatment groups and received a combination of two
AAV2 viral vectors: AAV2-TOM20/GFP (control), AAV2-αSyn/GFP
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Fig. 1 AAV2-mediated expression of human TOM20 and αSyn in the rat midbrain. AAV2 vectors driving protein overexpression were
injected via stereotaxic surgery into the right substantia nigra of adult, male Lewis rats. Vector combinations of AAV2-TOM20/GFP, AAV2-
αSyn/GFP, and AAV2-TOM20/αSyn represent the three treatment groups utilized within this study (a). Following vector infusion, animals
were monitored daily for motor behavior, and euthanized for tissue collection 12-weeks post-injection (b). Representative images from
each vector treatment group comparing ipsilateral (injected) and contralateral (non-injected) brain hemispheres; TOM20 (red), αSyn
(cyan), GFP (green); scale bar 100 μm (c). Target protein overexpression in neurons 12 weeks following vector expression; TOM20 (red),
αSyn (white), GFP (green; d).
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(disease control), or AAV2-TOM20/αSyn (Fig. 1a and Supplemental
Fig. 1). Following vector infusion, animals were monitored over a
12-week period, previously established for maximum AAV2-
mediated α-synuclein expression to occur (Fig. 1b)16. Midbrain
histological analyses revealed a robust protein overexpression
with each viral vector (human TOM20, GFP, or human αSyn) in the
substantia nigra ipsilateral to the stereotactic injection (Fig. 1c, d).
Animals that received AAV2-αSyn/GFP or AAV2-TOM20/αSyn

injections displayed a robust expression of human α-synuclein
protein with the neurons of the substantia nigra, which was absent
in the AAV2-TOM20/GFP control group (Fig. 2a, b). Midbrain tissue
from animals expressing human AAV2-TOM20/αSyn was incubated
with proteinase K, which revealed a fraction of insoluble α-

synuclein protein aggregates following 12 weeks of viral vector
incubation within the ipsilateral injection hemisphere (Fig. 2c).
Animals receiving AAV2-TOM20/GFP or AAV2-TOM20/αSyn vectors
expressed approximately 5-fold increase of TOM20 protein within
dopaminergic neuron cell bodies (positive for tyrosine hydroxylase;
TH) compared to animals that did not receive the TOM20
overexpression vector (AAV2-αSyn/GFP; Fig. 2d, e).
Vector-infused animals were assayed for motor behavioral

changes during the 12-week incubation period using a postural
instability test to identify unilateral motor movement deficits.
Postural instability testing (PIT) revealed no significant difference
between treatment groups over the course of the study
(Supplemental Fig. 2a). A cylinder test was performed at the end

Fig. 2 Vector co-administration does not substantially alter target protein expression. Human αSyn protein expression was detectable
within the injected hemisphere of AAV2-αSyn/GFP and AAV2-TOM20/αSyn and was expressed at similar levels in both treatment groups
receiving the human αSyn vector; (F(2, 26= 4.6), p= 0.0192, ANOVA); scale bar 100 μm (a, b). Insoluble αSyn (proteinase K resistant) was
confirmed in animals injected with AAV2-αSyn vectors; representative image from AAV2-TOM20/αSyn; scale bar 100 μm (c). AAV2-TOM20
vector infusion resulted in significantly elevated levels of TOM20 within neurons of the ventral midbrain, which was not affected by
co-expression of AAV2-αSyn; (F(2, 6= 17.5), p= 0.0031, ANOVA; d, e). Error bars depict standard error of the mean (s.e.m.).
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of the 12-week incubation period; however, neither the total
number of rears nor preferential paw placement (percent paw
assymtry) was significantly affected by α-synuclein or TOM20
overexpression (Supplemental Fig. 2b, c). Similarly, no significant
morbidity was observed in any treatment group during the 12-
week time course of the study.

TOM20 overexpression is protective against α-synuclein-induced
neurodegeneration
Striatal brain sections from injected animals were assessed for TH-
positive terminal density and compared to the contralateral
uninjected hemisphere. Animals receiving AAV2-αSyn/GFP vectors
had ~40% reduced TH fiber density ipsilateral to virus injection

Fig. 3 Overexpression of TOM20 was neuroprotective against AAV2-αSyn-mediated dopaminergic neurodegeneration. Dopaminergic
terminals within the striatum (tyrosine hydroxylase; TH; red) were significantly reduced compared to the contralateral side in animals
expressing AAV2-αSyn/GFP, but not in animals expressing AAV2-TOM20/αSyn; TH (red), αSyn (cyan), GFP (green); (F(5, 95= 3.0), p= 0.0146,
ANOVA; a, b). Representative images from the ipsilateral and contralateral hemispheres of each treatment group show significant
dopaminergic neuron loss (TH, red) following AAV2-αSyn/GFP treatment, which was reduced by co-expression with TOM20 (AAV2-TOM20/
αSyn); (F(5, 20= 12.07), p < 0.0001, ANOVA); scale bars 100 μm (c, d). Error bars depict standard error of the mean (s.e.m.).
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(p= 0.0186), and this was prevented in animals that received
TOM20 overexpression vector in conjunction with α-synuclein
(AAV2-TOM20/αSyn; Fig. 3a, b). Similarly, dopaminergic neurons
within the SNpc were significantly depleted (47% loss) by
AAV2-mediated overexpression of α-synuclein (AAV2-αSyn/GFP;

Fig. 3c, d); however, co-expression with TOM20 protected against
α-synuclein-induced dopaminergic neuron cell death (p < 0.0001;
AAV2-TOM20/αSyn). Thus, at the level of both the terminals and
the cell bodies, TOM20 overexpression provided protection
against α-synuclein.
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Nuclear encoded mitochondrial protein expression impaired by
α-synuclein is preserved by AAV2-TOM20
To determine whether TOM20 overexpression resulted in func-
tional restoration of mitochondrial protein expression, we assayed
for nuclear encoded electron transport chain (ETC) proteins
imported through the TOM20–TOM22 complex: NADH:Ubiquinone
Oxidoreductase Core Subunit S3 (NDUFS3), succinate dehydrogen-
ase [ubiquinone] flavoprotein subunit, mitochondrial (SDHA), and
cytochrome c oxidase/complex IV (COX-IV). Following vector
infusion, dopaminergic neurons in the SN that were transduced
with AAV2-αSyn/GFP expressed significantly reduced protein levels
of NDUFS3 (86% loss; p < 0.01), SDHA (90% loss; p < 0.0001), and
COX-IV (85% loss; p < 0.05), compared to transduced neurons in
AAV2-TOM20/GFP-injected animals (Fig. 4a–f). In contrast, dopa-
minergic neurons that overexpressed both α-synuclein and TOM20
(AAV2-TOM20/αSyn) showed preserved expression of NDUFS3 (p <
0.05), SHDA (p < 0.01), and COX-IV (p < 0.05).

The expression of mitochondrial protein GRP75/mtHSP70 is stress-
responsive
Another nuclear-encoded mitochondrial protein, GRP75/mtHSP70
(mortalin), is both imported through the TOM20–TOM22 channel and
is reportedly upregulated in response to mitochondrial oxidative
stress, which can be caused by α-synuclein toxicity4,17. Unlike the
imported ETC proteins, mitochondrial expression GRP75 was not
significantly affected by α-synuclein overexpression (30% loss; p=
0.5), however, the combined expression of α-synuclein and TOM20
(AAV2-TOM20/αSyn) caused a robust increase in GRP75 (5-fold
increase; p< 0.0001) that colocalized with TOM20 in dopaminergic
neurons (Fig. 5a, b). These data suggest that GRP75 imparts an
important protective function in mitochondria damaged by α-
synuclein accumulation, but GRP75 localization within the mitochon-
dria is dependent on functional TOM20 import machinery.
To further investigate the stress-dependent response of GRP75

import into the mitochondria, we treated adult male Lewis rats
with neutoroxin and prototypical complex I inhibitor rotenone,
which results in significant mitochondrial dysfunction within
dopaminergic neurons, including impared protein import1,18,19.
Animals were given a daily intraperitoneal (i.p.) rotenone injection
(2.8 mg/kg) over an acute time course (5 days), which results in a
marked oxidative stress response, and the accumulation of
endogenous α-synuclein within dopaminergic neurons, but does
not cause dopaminergic neurodegeneration15. A separate cohort
of adult male Lewis rats were administered “endpoint” or chronic
rotenone treatment, in which animals are given a daily injection of
rotenone (2.8 mg/kg) until they exhibit predefined motor-
behavioral impairment, which coincides with dopaminergic
neuron death in the substantia nigra20–22. Acute (5 Day ROT)
treatment resulted in a significant increase in GRP75 protein
within dopaminergic neurons of the SN (p= 0.0011), but GRP75
expression was significantly decreased (p= 0.001) in dopaminer-
gic neurons of animals receiving chronic rotenone treatment
(Endpoint ROT; Fig. 5c, d). Thus, elevated expression of GRP75
appears to be an early, possibly compensatory, response to
mitochondrial stress, which cannot be sustained with prolonged

or ongoing impairment, likely because of dysfunctional import
into mitochondria.

DISCUSSION

Post-translational modification (PTM) and oligomerization of α-
synuclein are implicated in the mitochondrial dysfunction that
may precede dopaminergic neurodegeneration in PD1. These
“toxic” forms of the protein have been observed in postmortem
brain tissue of individuals with idiopathic PD using assays for
oligomeric23 and phosphorylated forms of α-synuclein12,24. In this
context, we previously reported that oligomeric or PTM forms of α-
synuclein bind to the TOM20 subunit of the TOM20–TOM22
import complex and block mitochondrial protein import, a process
which we proposed could be a possible target for therapeutic
intervention to prevent dopaminergic neurodegeneration in PD1.
To this end, we have utilized a viral vector-mediated model of
human α-synuclein overexpression in the SN of adult Lewis rats to
reproduce accumulation of α-synuclein protein within dopami-
nergic neurons. By coexpressing TOM20 together with α-
synuclein, we attempted to ameliorate impaired mitochondrial
protein import deficits and thereby rescue dopaminergic neurons
from α-synuclein-induced neurodegeneration. Our results confirm
that α-synuclein overexpression causes nigrostriatal dopaminergic
neurodegeneration, which is associated with loss of nuclear-
encoded mitochondrial proteins1. Here, we report the novel
in vivo finding that TOM20 overexpression restores levels of
nuclear-encoded mitochondrial proteins, even in the face of
continued α-synuclein overexpression, and protects these neurons
against degeneration.
The mitochondrial genome encodes only 13 of the roughly

1300 proteins contained in the organelle. Therefore, mitochondria
depend on specific import mechanisms to acquire 99% of their
protein constituents25. Levels of inner membrane/matrix respira-
tory chain components essential for proper mitochondrial
function, such as the iron–sulfur subunit of complex I, NDUFS3,
the complex IV subunit, COXIV, and the complex II flavoprotein
subunit, SDHA, were all markedly reduced by α-synuclein
overexpression—and this was associated with nigrostriatal degen-
eration. In contrast, the combined expression of exogenous
TOM20 with α-synuclein largely prevented the loss of nuclear
encoded protein expression and protected against α-synuclein
toxicity. The survival of SN neurons co-expressing TOM20 with α-
synuclein indicates that sustained expression of the mitochondrial
protein import machinery was sufficient to protect against
α-synuclein-induced dopaminergic neuron death.
Nuclear-encoded proteins destined for mitochondrial import

via the TOM20–TOM22 system contain an MTS, also known as a
presequence26. Such proteins are guided through the inner
membrane to the matrix by the translocase of the inner
membrane import channel in concert with the matrix chaper-
one, mtHSP70 (GRP75/mortalin), to maintain proteins in an
unfolded state as they are processed by the mitochondrial
processing peptidase (MPP)27. The function of GRP75 is
pleiotropic; it is involved in protein import, but also plays a

Fig. 4 TOM20 expression rescued nuclear encoded mitochondrial protein expression impaired by αSyn. NADH:Ubiquinone
Oxidoreductase Core Subunit S3 (NDUFS3, white) is a component of complex I of the electron transport chain. NDUFS3 expression is
significantly reduced in dopaminergic neurons of animals expressing AAV2-αSyn/GFP, and rescued by AAV2-TOM20 co-expression; TOM20
(red), GFP (green), TH (blue); (F(2, 10= 11.82), p= 0.0023, ANOVA; (a, b). Succinate dehydrogenase complex flavoprotein subunit A (SDHA,
yellow) encodes the catalytic subunit of succinate-ubiquinone oxidoreductase of the electron transport chain, was reduced within
mitochondria of dopaminergic neurons following αSyn overexpression, and rescued by AAV2-TOM20 co-expression; TOM20 (white), TH
(magenta); (F(2, 23= 14.57), p= 0.0001, ANOVA; c, d). Cytochrome c oxidase or complex IV (COX IV, red) the final enzyme in the mitochondrial
transport chain, displayed a significant reduction within mitochondria in dopaminergic neurons expressing AAV2-αSyn/GFP, but not neurons
expressing AAV2-TOM20/αSyn; TOM20 (red), TH (green); (F(2, 23= 8.46), p= 0.0018, ANOVA; e, f). Error bars depict standard error of the mean
(s.e.m.).
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role in mitochondria-endoplasmic reticulum (ER) coupling28,
where it appears to regulate Ca2+ transfer through the
mitochondria-associated membrane (MAM). GRP75 has been
implicated in the pathogenesis of PD, and was shown to be
decreased in the postmortem brain tissue, and serum of

individuals with PD compared to age-matched controls29,30.
Reduced GRP75 function in dopaminergic neurons appears to
impair mitochondrial quality control, and induces Parkin-
mediated mitophagy resulting in depletion of total cellular
mitochondria31.

Fig. 5 GRP75 expression is influenced by αSyn, TOM20, and the mitochondrial toxicant rotenone. The redox-sensitive mitochondrial
chaperone protein GRP75 was significantly elevated in dopaminergic neurons expressing AAV2-TOM20/αSyn, but not AAV2-αSyn/GFP, or
AAV2-TOM20/GFP; (F(2, 4= 167.2), p= 0.0001, ANOVA; a, b). Acute rotenone treatment causes the endogenous accumulation of αSyn (5-day
ROT) that corresponded to a significant elevation in GRP75 expression within mitochondria, which was diminished in chronic/endpoint
rotenone treated rats; (F(2, 15= 14.69) p= 0.0003, ANOVA; c, d). Total TOM20 protein expression in the dopaminergic neurons of the SN was
not significantly changed following rotenone treatment (e). Error bars depict standard error of the mean (s.e.m.).
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The robust GRP75 signal seen in dopaminergic neurons from
animals co-expressing exogenous α-synuclein and TOM20—but
neither control nor α-synuclein-overexpressing animals—indicates
that (i) GRP75 is upregulated in response to α-synuclein induced
stress, and (ii) expression of this chaperone protein also requires
functional mitochondrial import. This is further corroborated by our
finding of elevated levels of GRP75 with acute rotenone, but dramatic
loss of GRP75 with chronic rotenone exposure, at a time when
mitochondrial import is known to be impaired1. As a multifunctional,
redox sensitive protein, reduced GRP75 expression in dopaminergic
neurons from α-synuclein overexpression or rotenone exposure may
contribute to several pro-death pathways, including calcium dysre-
gulation32, energy depravation33, and apoptotic signaling34.
Impairment of protein import into the mitochondria extends

beyond imported electron transport chain proteins, as the
proteins required for maintenance of mitochondrial DNA (mtDNA)
are also nuclear-encoded and likewise depend on the import
machinery26. In addition, oxidative stress, whether toxicant or
α-synuclein-induced, produces mtDNA damage35, which is known
to elicit specific vulnerability to dopaminergic neurons36,37. The
markers of mitochondrial dyshomeostasis observed within surviv-
ing cells following α-synuclein overexpression in this model
suggests multiple, likely feed-forward, mechanisms surrounding
mitochondrial protein import ultimately contribute to the death of
dopaminergic neurons. Conversely, the overexpression of TOM20
provided sustained expression of elements key to mitochondrial
homeostasis within dopaminergic neurons.
There were limitations of this study. The experimental design

focused on histological outcomes; as such, the use of fixed tissue
precluded assays of mitochondrial function and dynamics within
dopaminergic neurons. Additionally, we found no behavioral
deficits associated with α-synuclein overexpression and could
therefore not measure improvement with TOM20 overexpression.
This lack of a gross motor phenotype was most likely a result of
the combination of a slowly evolving lesion (with ongoing
compensation) and the moderate final level of nigrostriatal
degeneration (~40%). In contrast with other α-synuclein over-
expression studies7,38 the use of middle-aged (10-month-old) rats
may have limited motor phenotype measurement, as older rats
tend to exhibit lower physical performance in behavioral assays39.
As aging is the predominant risk factor in PD development40,
aged, rather than young adult rats, were strategically utilized in
this study for both AAV2 and rotenone treatment.
Collectively, however, these data show that α-synuclein over-

expression in dopaminergic neurons of the adult SN impairs nuclear
encoded mitochondrial protein expresison and causes neurode-
generation. TOM20 overexpression was sufficient to rescue
α-synuclein-induced dopaminergic neurodegeneration over this
12-week time period, likely because it improved mitochondrial
function1, which is integral to dopaminergic neuron survival41–43.
Additionally, these data suggest a role for the mitochondrial
chaperone and redox sensitive protein, GRP75/mtHSP70, in
protection of dopaminergic neurons from α-synuclein induced
pathology. Although multiple mechanisms of toxicity have been
ascribed to α-synuclein, our finding of virtually complete neuropro-
tection with TOM20 overexpression indicates that its interactions
with mitochondria may be a major means by which it causes

neurodegeneration. As such, the α-synuclein–TOM20 interaction
may represent an important target for therapeutic intervention.

METHODS
Adeno-associated viral vectors
Viral vectors were utilized to overexpress GFP, human wild type
α-synuclein, or human TOM20. Each vector was expressed in an adeno-
associated virus (serotype AAV2). The AAV2-TOM20 vector was produced
by the Gene Therapy Program of the University of Pennsylvania Vector
Core Program (Philadelphia, PA). AAV2-αSyn and AAV2-GFP vectors were
purchased from the University of North Carolina Vector Core, through a
partnership with the Michael J. Fox Foundation. Vector information is listed
in Table 1.

Chemical reagents and supplies
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless
otherwise noted. Antibodies are listed in Table 2.

Stereotaxic rodent surgery
Adult, middle age (10 month), male Lewis rats (Envigo, Indianapolis, IN)
were utilized for AAV2 vector delivery. Middle-aged lewis rats, rather than
young adult animals, were selected for this study as aging is the most
significant risk factor in PD development. Animals were maintained under
standard temperature and humidity-controlled conditions with 12:12 h
light-dark cycle. Conventional diet and water were provided ad libitum.
Rats were randomly assigned to each treatment group and given a four-
digit code following surgery to blind researchers.
Rodent stereotaxic surgery was performed under deep isoflurane

anesthesia. Each animal received a unilateral infusion of two AAV2 vectors
simultaneously (1 μl per vector, total of 2 μl); (1) GFP and TOM20, (2) GFP and
αSyn, or (3) αSyn and TOM20, using standard Bregma coordinates for the
substantia nigra (Bregma −5.8mmA/P, −2.2mmM/l, and −8.5mmV).
Postoperative care included daily analgesic buprenorphine injections for
three days following surgery, and sutures were removed upon wound
closure. Animals were single-housed for the entirety of the 12-week study
period, and euthanized using a lethal dose of pentobarbital, followed by
transcardial perfusion with PBS and 4% paraformaldehyde perfusion fixation.
All experiments involving animal treatment and euthanasia were approved
by the University of Pittsburgh Institutional Animal Care and Use Committee.

Motor behavior analysis
Prior to stereotactic surgery, animals were habituated to the postural
instability test (PIT), and daily handling. PIT was used to assess asymmetric
motor function, and is described in detail by Woodlee et al.44. Briefly, each
animal was held vertically with one forelimb allowed to contact the table
surface, which was lined with medium grit sandpaper. The animal’s center
of gravity was then advanced until the animal triggered a “catch-up” step.
The distance (cm) required for the animal to regain the center of gravity
was recorded. Three trials were assessed per forelimb at each timepoint,
and the average distance for each trial was recorded. PIT was assessed
weekly for contralateral and ipsilateral forelimbs three weeks prior to
surgery, and for 12-weeks postvector infusion. Cylinder test recording was
conducted at week 12; animals were placed in a glass cylinder (diameter 14
inches) and recorded for five continuous minutes in a closed environment.
Behavioral tests were carried out by investigators blinded to treatment
group throughout the study.

Table 1. Vector information.

Protein expression Vector description Species Titer (GC/mL) Injection Volume Source

TOM20 AAV2.CMV.PI.TOM20.WPRE.bGH (p3863) Human 8.6e12 1 μl Penn Vector Core

αSyn AAV2.CBA.α-synuclein Human 1.5e13 1 μl UNC Vector Core

GFP AAV2.CBA.eGFP Aequorea victoria 8.1e12 1 μl UNC Vector Core
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Rotenone administration
Adult (10 month) male Lewis rats (Envigo) were separated into single-
housing, and handled for two weeks prior to the onset of rotenone
administration. Rotenone was dissolved in DMSO (2% final concentration)
and Miglyol 812 to reach the final concentration of 2.8 mg/kg. Rotenone
handling and disposal was carried out following University of Pittsburgh
Environmental Health and Safety procedures. Acute (5 Day ROT), endpoint
rotenone (Endpoint ROT) and vehicle (2% DMSO and Miglyol) groups were
randomly divided, and each animal was administered a single daily
intraperitoneal (i.p.) injection of rotenone for 5 days (acute) or until they
reached their motor behavioral endpoint, defined by the inability to
perform the postural instability test or loss of 25% body mass.

Striatal terminal intensity
Coronal rat brain sections (35 µm) encompassing the volume of the rat
striatum (1/6 sampling fraction, approximately ten sections per animal)
were stained for tyrosine hydroxylase (TH) and detected using an infrared
secondary antibody (IRDye® 680, LiCor Biosciences). Striatal tissue sections
were analyzed using near-infrared imaging for density of dopamine
neuron terminals (LiCor Odyssey) and analyzed using LiCor Odyssey
software (V3.0; Licor Biosciences, Lincoln, NE). Output for striatal TH
intensity is arbitrary fluorescence units.

Stereology
Stereological analysis of dopamine neuron number in the SN was achieved
using an adapted protocol from Tapias et al.45 and Tapias and Greenamyre46

as reported in De Miranda et al.20,47 employing an unbiased, automated
system as an alternative to the optical fractinator method. Briefly, 35 μm
coronal nigral tissue sections (1/6 sampling fraction encompassing the
volume of the entire SN) were stained for TH and counterstained with DAPI
and NeuroTrace Dye (640; Life Technologies) and imaged using a Nikon 90i
upright fluorescence microscope equipped with high N.A. plan fluor/
apochromat objectives, Renishaw linear encoded microscope stage (Prior
Electronics) and Q-imaging Retiga cooled CCD camera (Center for Biological
Imaging, University of Pittsburgh). Images were processed using Nikon NIS-
Elements Advanced Research software (Version 4.5, Nikon, Melville, NY), and
quantitative analysis was performed on fluorescent images colocalizing DAPI,
TH, and Nissl-positive stains. Results are reported as the number of TH-
positive cell bodies (whole neurons) within the SN.

Immunohistochemistry and pathology
Brain sections (35 µm) were maintained at −20 °C in cryoprotectant, stained
while free-floating, and mounted to glass slides for imaging, using a “primary
antibody delete” (secondary antibody only) stained section to establish
background fluorescence limits. Fluorescent immunohistochemical images were
collected using an Olympus BX61 confocal microscope and Fluoview 1000 soft-
ware (Melville, NY). Quantitative fluorescence measurements were thoroughly
monitored using standard operating imaging parameters to ensure that images
contained no saturated pixels. For quantitative comparisons, all imaging
parameters (e.g., laser power, exposure, and pinhole) were held constant across
specimens. Confocal images were analyzed using Nikon NIS-Elements Advanced
Research software (Version 4.5, Nikon, Melville, NY). A minimum of six images per
tissue slice were analyzed per animal, averaging 9–15 neurons per 60–100×
image (approximately 180 cells per animal, per histological stain). 20×
magnification was used to generate montage imaging of the ventral midbrain,
for which the entire SN was analyzed per image using anatomical region of
interest (ROI) boundaries. Results are reported as a measure of puncta within TH-

positive cells, either number of objects (# of objects), or area per neuron in
square pixels (px2), generated by Nikon Elements Advanced Research software.

Statistical analysis
An a priori power analysis was conducted to determine the minimal
number of animals required to achieve 20–40% variance of the mean, with
a 95% power at α= 0.05 using G*Power statistical software (N= 5 per
group). All data were expressed as mean values ± standard error of the
mean (s.e.m.). Statistical significance was evaluated between normally
distributed means by parametric one-way analysis of variance (ANOVA)
with the Tukey post-hoc test to compare multiple data sets, or an unpaired
t-test comparison of two means. Statistical significance is represented in
each Figure as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, unless
otherwise specified on graph. F and T statistics are reported in each figure
legend for ANOVA and t-tests, respectively. Postural instability was
evaluated using the Kruskal–Wallis test (p < 0.05). Statistical analyses were
carried out using GraphPad Prism software (V. 8.3.0).

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
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