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Parkinson's disease (PD) is a neurodegenerative movement disorder, which affects approximately 1–2% of the
population over 60 years of age. Current treatments for PD are symptomatic, and the pathology of the disease
continues to progresses over time until palliative care is required. Mitochondria are key players in the pathology
of PD. Genetic and post mortem studies have shown a large number of mitochondrial abnormalities in the
substantia nigra pars compacta (SNc) of the parkinsonian brain. Furthermore, physiologically, mitochondria of
nigral neurons are constantly under unusually high levels of metabolic stress because of the excitatory properties
and architecture of these neurons. The protein deacetylase, Sirtuin 3 (SIRT3) reduces the impact subcellular
stresses on mitochondria, by stabilising the electron transport chain (ETC), and reducing oxidative stress. We
hypothesised that viral overexpression of myc-tagged SIRT3 (SIRT3-myc) would slow the progression of PD pa-
thology, by enhancing the functional capacity of mitochondria. For this study, SIRT3-myc was administered both
before and after viral induction of parkinsonism with the AAV-expressing mutant (A53T) α-synuclein. SIRT3-
myc corrected behavioural abnormalities, as well as changes in striatal dopamine turnover. SIRT3-myc also
prevented degeneration of dopaminergic neurons in the SNc. These effects were apparent, even when SIRT3-
myc was transduced after the induction of parkinsonism, at a time point when cell stress and behavioural abnor-
malities are already observed. Furthermore, in an isolated mitochondria nigral homogenate prepared from par-
kinsonian SIRT3–myc infected animals, SIRT3 targeted themitochondria, to reduce protein acetylation levels. Our
results demonstrate that transduction of SIRT3 has the potential to be an effective disease-modifying strategy for
patients with PD. This study also provides potential mechanisms for the protective effects of SIRT3-myc.
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1. Introduction

Parkinson's disease (PD) is a common neurodegenerative disease,
the incidence of which will quadruple in the next twenty-five years.
Current therapies treat parkinsonian symptoms, but have no impact
on disease progression.When diagnosedwith PD, patients are relatively
mobile and independent. As the disease progresses, symptoms become
more disabling until eventually palliative care is required. If a disease-
modifying agent were available that could be given to patients upon
ect.com).
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diagnosis, PDwould not reach its advanced stages. This would allow pa-
tients to maintain a good quality of life, which given our aging popula-
tion would also have significant socio-economic benefits.

Genetic studies have revealed mutations around 20 loci encoding at
least 12 proteins linked with increased risk of PD.Whilst these proteins
are associated with a variety of cellular processes, such as regulation of
the ubiquitin proteasome system (UPS), lysosomal function and mito-
chondrial function and trafficking, all mutations impact mitochondrial
function on some level. This is of particular importance in dopaminergic
neurons of the substantia nigra pars compacta (SNc), as they are partic-
ularly susceptible to cellular stress, which is regulated by themitochon-
dria (Exner et al., 2012; Yong-Kee et al., 2012a; Surmeier et al., 2010;
Chan et al., 2010; Pacelli et al., 2015; Surmeier, 2007). Studies in post
mortem PD brains have shown that complex I of the electron transport

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nbd.2017.06.009&domain=pdf
http://dx.doi.org/10.1016/j.nbd.2017.06.009
mailto:jnash@utsc.utoronto.ca
http://dx.doi.org/10.1016/j.nbd.2017.06.009
http://www.sciencedirect.com/science/journal/09699961
www.elsevier.com/locate/ynbdi


134 J.A. Gleave et al. / Neurobiology of Disease 106 (2017) 133–146
chain (ETC) is underactive (Schapira et al., 1992) and that there is an in-
crease in the number of mitochondrial mutations (Bender et al., 2006;
Reeve et al., 2008), further supporting a central role of mitochondria
in PD pathology.

Sirtuins (SIRTs) are a family of seven NAD(+)-dependent protein
deacetylases and ADP ribosylases that have long been known for their
cytoprotective and longevity-enhancing effects (Kyrylenko and
Baniahmad, 2010).Whilst SIRTs are ubiquitously expressed throughout
the body, each SIRT subtype exhibits restricted cellular distribution
(Sidorova-Darmos et al., 2014). SIRTs 1, 6 and 7 are located in the nucle-
us, SIRT2 in the cytosol, and SIRTs 3–5 are located in mitochondria
(Herskovits and Guarente, 2014; Herskovits and Guarente, 2013;
Zhang et al., 2010; Lucking et al., 2000; Valente et al., 2004; Matsuda
et al., 2010). Deacetylation of lysine motifs represents one of the
majorways inwhichmitochondrial proteins regulate bioenergetics pro-
cesses. Within the mitochondria, there are over 700 proteins with at
least 2200 acetylation motifs (Nogueiras et al., 2012; Hebert et al.,
2013). Approximately 65% of the mitochondrial proteome is acetylated
at any given time (Nogueiras et al., 2012; Hebert et al., 2013). Studies in
non-neuronal cells of SIRT3 knockoutmice show that SIRT3 is themajor
regulator of mitochondrial acetylation (Herskovits and Guarente, 2014;
Herskovits and Guarente, 2013). SIRT3-deficient cells display signifi-
cantly more acetylated mitochondrial proteins, which has been linked
with lower ATP levels (Ahn et al., 2008), increased oxidative damage
(Someya et al., 2010), diminished activity of Complexes I\\V of the mi-
tochondria respiratory chain (Ahn et al., 2008; Bao et al., 2010; Kim et
al., 2010), and increased opening of the mitochondrial permeability
transition pores (mPTP) (Hafner et al., 2010). Thus, in non-neuronal
cells, SIRT3 enhances beneficial metabolic and anti-oxidant processes
through the stabilisation and augmentation of mitochondrial bio-effi-
ciency, and the suppression of ROS production (Lombard et al., 2007;
Burnett et al., 2011). The multi-faceted mitochondrial health–enhanc-
ing capabilities of SIRT3 make it extremely attractive as a therapeutic
target in neurodegenerative diseases, however, relatively few SIRT3
studies have been carried out in neuronal cells, and less than a handful
were performed in vivo. Recent studies have shown that SIRT3 is neuro-
protective in cell culture models of stroke, Huntington's disease and
Alzheimer's disease (Dai et al., 2017; Fu et al., 2012; Weir et al., 2012).
Furthermore, deletion of SIRT3 increases the sensitivity of dopaminergic
neurons to MPP+ or DJ-1 knock-out (Liu et al., 2015; Shi et al., 2017).
However, despite reports of the beneficial effects of SIRT3, other studies
in stroke have shown that lack of SIRT3 is neuroprotective (Novgorodov
et al., 2016). The aim of the current study was to validate ectopic intro-
duction of SIRT3 as a disease–modifying agent in parkinsonism.

In the current study, we employed the adeno-associated virus (AAV)
over-expressing human mutant α-synuclein (A53T) rat model of par-
kinsonism, as this model shows the progressive appearance of rodent
equivalents of important markers for PD in patients. Three weeks
post-transduction of A53T,α-synuclein-positive aggregates are present,
and animals show asymmetries in forelimb use. After six weeks, there is
also significant loss of dopaminergic neurons in SNc (Koprich et al.,
2010; Koprich et al., 2011). Thus, the A53T rat is an excellent model
for testing potential disease-modifying agents. In this study, we used a
recombinant AAV (rAAV) to overexpress myc-tagged SIRT3. We show
that SIRT3-myc is both neuroprotective and neurorestorative in parkin-
sonian rats. We also demonstrate target engagement and define a po-
tential mechanism of action for SIRT3-myc, using a complement of
biochemical and cell culture techniques.

2. Materials and methods

2.1. Vectors

For synthesis, rAAV expressing human A53T α-synuclein (accession
number P37840, Variant ID VAR_007454) was inserted into a chimeric
vector, comprised of equal parts AAV1 and AAV2 (Koprich et al., 2010;
Koprich et al., 2011). SIRT3H248Y (Shimazu et al., 2010) was kindly do-
nated by Dr. Eric Verdin (UCSF, USA). Myc-tagged SIRT3H248Y was syn-
thesised by double restriction enzyme digestion of SIRT3H248Y plasmid
with BglII and PstI. The fragment containing the H248Y mutation was
then inserted into the SIRT3-myc plasmid, digested with the same re-
striction enzymes as was used to insert SIRT3. Insertion of SIRT3-myc
(accession number Q9NTG7) and SIRT3H248Y-myc into AAV1 serotype
was driven by a chickenβ-actin promoter. The SIRT3wild-type andmu-
tant vectors were produced by the Penn State vector core facility (Penn-
sylvania, USA). For studies using AAVs, empty vector (EV) was used as a
control. Regarding controls for both mutant (A53T) α-synuclein and
SIRT3-myc, the capsid of the EV was identical to that used to create
each of the non-control AAVs. Thus, as a control for mutant (A53T) α-
synuclein, the chimeric AAV1/2 vector was used. As a control for
SIRT3-myc, an empty serotype 1 carriage was used.
2.2. Animals and vector delivery

The overall design of the studies involving A53T transgenic animals
is shown in Fig. 1. Male and female Sprague Dawley rats (250–300 g)
(Charles River, Canada) were housed in pairs in a temperature-con-
trolled environment on a 12-hour light/dark cycle. Food and water
were given ad libitum, except immediately prior to behavioural assess-
ment, as described below. All procedures were conducted under the ap-
proval of the Animal Care Committees of the University of Toronto in
accordance with the guidelines and regulations set by the Canadian
Council on Animal Care. AAVs were delivered to the substantia nigra
(SN) using stereotaxic surgery (coordinates: AP −5.2 mm, ML
−2.0 mm, DB −4.5 mm from Bregma) (Paxinos and Watson, 1998).
AAVs were infused at a rate of 0.2 μL/min (final volume 2 μL) using a
microinjector (Stoelting). Following completion of the SIRT3 optimisa-
tion study, 2.59 × 1011 GC/mL of AAV SIRT3-myc or AAV SIRT3H248Y-
myc was delivered resulting in a final concentration of 5.18 × 108. For
AAV A53T, 2.55 × 1012 GC/mL was infused into the SN, resulting in a
final concentration of 5.1 × 109 GC, as had been used previously
(Koprich et al., 2010; Koprich et al., 2011). Animals were excluded
from the groups if they did not show expression of the A53T and/or
SIRT3-myc in the SN, as assessed by immunohistochemistry. Following
exclusions, animal numbers ranged from 8 to 20 animals/group for be-
havioural analysis.
2.3. Cylinder (forelimb asymmetry) test

Six weeks following A53T or EV administration, forelimb asym-
metry was assessed using the cylinder test (Whishaw and Kolb,
2005). To increase exploratory behaviour during the testing period,
rats were deprived of food on the evening preceding the assess-
ment. The following morning, rats were placed in a glass cylinder
(19.2 cm diameter, 30.7 cm height) in front of two mirrors and
were video recorded. The use of the right, left, and both paws
against the cylinder wall for the first 20 contacts was recorded.
Three consecutive trials were completed. Videos were scored post
hoc by an independent observer blinded to the treatment condi-
tions. The final data are presented as percent asymmetry [(% ipsilat-
eral paw use− % contralateral paw use) / (% ipsilateral paw use + %
contralateral paw use)] × 100.
2.4. Post-mortem analysis

Six weeks following A53T or EV infusion, animals were
transcardially perfused with ice-cold 1× PBS under isoflurane/oxygen
anaesthetic. Brainswere removed and prepared for immunohistochem-
istry, HPLC or SDS-PAGE and Western blotting as described below.



Fig. 1. Schematic to show study timelines for rAAV expressing animals. Methods performed at each time point are described.
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2.5. Immunohistochemistry

For details of the antibodies used, see Table 1. The brain posterior to
the striatumwas post-fixed in 4% PFA, cryosectioned (40 μm thickness),
and stored in cryoprotectant (30% glycerol, 30% ethoxyethanol, 40%
PBS) for immunohistochemistry.

For immunofluorescence, sections were washed in PBS containing
0.1% Triton X-100 (PBS-T), blocked for 1 h in 5% normal goat serum
(NGS) in PBS-T and incubated overnight in primary antibody (4 °C). Sec-
tionswere thenwashed in PBS-T, and incubated for 3 h in secondary an-
tibody protected from light. Following washes in PBS, sections were
annealed onto Superfrost slides (VWR) and allowed to dry protected
from light. Once dry, the slides were washed in ddH2O and mounted
with fluorescence mounting medium (Dako).

For colorimetric staining, sectionswerewashed in PBS-T, andendog-
enous peroxidase was quenched with 3% hydrogen peroxide. Sections
were then washed in PBS-T and blocked for 1 h in 5% NGS in PBS-T be-
fore being incubated overnight with NeuN antibody (4 °C). After wash-
ing in PBS-T, the tissue was incubated for 2 h with a biotinylated
secondary antibody and subsequently in Elite avidin-biotin complex
(ABC kit, Vector Labs) for 1 h. Sections were then washed in PBS and
reacted with 3,3-diaminobenzidine (DAB) (Vector Labs) for visualisa-
tion. Next, tissuewaswashed in PBS-T and incubated overnightwith ty-
rosine hydroxylase (TH) antibody (4 °C) and subsequently washed in
TBS with 0.1% Tween 20 (TBS-T). Sections were then incubated with
an alkaline phosphatase conjugated secondary antibody and washed
in TBS-T. Visualisation of the immunostaining was achieved using the
Vector Blue kit (Vector Labs). The tissue was washed in PBS and
annealed onto Superfrost slides and allowed to dry. Once dry, sections
were hydrated in ddH2O, with subsequent dehydration in an ethanol
series (70%, 95%, 100%) and cleared using Histoclear (National Diagnos-
tics) before being mounted using Vectamount (Vector Labs).

2.6. Stereology

The estimated number of dopaminergic neurons was quantified
using unbiased stereological methods. TH-stained sections of the SN
were counted in a blinded fashion using an optical fractionator (Stereo
Investigator (MBF Biosciences)). The medial, compacta, and lateral re-
gions of the SN were counted in 240 μm gaps (1:6 series). The user de-
fined SN at 5× magnification was divided by the program into 120 μm
× 90 μm counting grids, with a 60 μm × 60 μm counting frame and 2
μm guards. Counting sites were analysed sequentially using a 100× oil
immersion lens in the order set by the program to cover the entire SN,
and the user evaluated tissue thickness at counting sites containing TH
positive cells. All reported values represent the estimated population
using number weighted section thickness. Sections were included in the
study when the Schmitz-Hof coefficient of error (second estimate)
was b0.1.

2.7. Catecholamine quantification using HPLC

Striatal sections were homogenised in trichloroacetic acid (TCA)
(0.01 M sodium acetate, 0.0001 M EDTA, 5 ng/mL isoproterenol, 10.5%
methanol). For quantification of dopamine and dopamine metabolites,
striatal samples were sent to CMN/KC Neurochemistry Core Lab (Van-
derbilt University, USA) for HPLC analysis. The homogenate was centri-
fuged and the supernatant analysed for biogenic amines using an Antec
Decade II electrochemical detector operated at 33 °C and a C18HPLC col-
umn (100 × 4.60 mm). Biogenic amines were eluted with a mobile



Table 1
Antibodies used for immunohistochemistry and Western blot. KEY: IH: immunohisto-
chemistry, WB: Western blot.

Antibody Source Dilution

Acetyl-lysine (mouse) Cell signaling (9441S) 1:1000
β-Actin (mouse) Sigma Aldrich (A5441) 1:5000 (WB)
myc (mouse) Cell signaling (2276S) 1:2000 (IH)

1:1000 (WB)
myc (chick) Life technologies (A-21281) 1:2500 (IH)
NeuN (mouse) Millipore (MAB377) 1:1000 (IH)
NeuN (rabbit) Chemicon (ABN78) 1:1000 (IH)
SIRT3 (rabbit) Cell signaling (2627S) 1:1000 (WB)
α-Synuclein (mouse) Invitrogen (32-8100) 1:500 (IH)
TOM20 (rabbit) Santa Cruz (Sc-11415) 1:5000 (IH)

1:500 (WB)
Tyrosine hydroxylase (mouse) Immunostar (22941) 1:1000
Tyrosine hydroxylase (rabbit) Millipore (AB152) 1:2000 (IH)

1:1000 (WB)
Goat anti-rabbit biotinylated Vector (BA-1000) 1:400 (IH)
Goat anti-mouse biotinylated Vector (BA-9200) 1:400 (IH)
Alexafluor 488 (goat anti-chick) Jackson (111-585-144) 1:500 (IH)
Alexafluor 647 (goat anti-mouse) Jackson (115-605-146) 1:500 (IH)
Alexafluor 594 (goat anti-rabbit) Jackson (115-545-003) 1:500 (IH)
Alkaline phosphatase (goat anti-rabbit) Vector Labs (111-055-003) 1:250 (IH)
Alkaline phosphatase (goat anti-mouse) Jackson (115-055-166) 1:250 (IH)
Goat anti-rabbit HRP BioRad (A6154) 1:5000 (WB)
Goat anti-rabbit HRP Jackson (111-035-144) 1:5000 (WB)
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phase (89.5% 0.1M TCA, 0.01M sodiumacetate, 0.0001 EDTA, and 10.5%
methanol, pH 3.8).

2.8. Isolation of mitochondria

Mitochondria from the right SN of each animal were isolated using a
protocol adapted from Chinopoulos et al. (2011). Brain tissue of the
right SN was homogenised in 1 mL of MGSEGTA-BSA (225 mM manni-
tol, 75 mM sucrose, 5 mM HEPES (pH 7.4), 1 mM EGTA, dissolved in
water) with a 1 mL hand-held homogenizer for 35 strokes. The homog-
enate was then transferred into two 1.5mL tubes, whichwas topped up
with MSEGTA-BSA to the inner groove to yield ~1.5 mL of total volume,
then mixed by inversion. The tubes were then centrifuged at ~500g for
5 min, after which the supernatant was transferred into clean 1.5 mL
tubes and centrifuged (14,000g × 10 min). The supernatant was
discarded, and the pellet resuspended in 0.2mL of 12% Percoll-MSEGTA
(100% Percoll™-MSEGTA buffer: 225 mM mannitol, 75 mM sucrose,
5 mM HEPES (pH 7.4), 1 mM EGTA, dissolved in 100% Percoll™ and di-
luted to 12% using MSEGTA: 225 mMmannitol, 75 mM sucrose, 5 mM
HEPES (pH 7.4), 1 mM EGTA, dissolved in H2O). This combined fraction
was layered over 1 mL of 24% Percoll-MSEGTA in a clean 1.5 mL tube
and centrifuged (18,000g × 15min). The top 0.5 mL portion of the sam-
ple was aspirated and saved as the cytosolic fraction, 1 mL of MSEGTA
was added, mixed by inversion, and centrifuged (18,000g × 5 min).
The pellet was resuspended in buffer, and 1.3 mL of MSEGTA added
andmixedby inversionbefore centrifugation (14,000g×5min). The su-
pernatantwas then discarded, and the pelletwas resuspended in 0.1mL
of MSEGTA to yield the final solution containing the purified
mitochondria.

2.9. SDS-PAGE and Western blot analysis

Samples were prepared in 11.25 μL of 4× Laemmli Sample Buffer
(BIO-RAD) and the appropriate volume of 1× Tris Buffered Saline
(TBS) was added to yield 30 μg of protein in a total volume of 45 μL.
The samples were loaded into a 10% acrylamide gel along with 5 μL of
BLUeye Prestained Protein Ladder. The gels were run at 65 V through
the stacking layer, then 125 V through the separating layer. Following
transfer and blocking, primary antibodies were incubated overnight at
4 °C. See Table 1 for a detailed description of the antibodies used for
this study. Images of blots were taken using Image Lab (BIO-RAD) soft-
ware and analysed using ImageJ.

2.10. Generation of primary neuronal cultures

Cultureswere prepared according to a previously described protocol
(Fasano et al., 2008), withminor variations. Dissociated neurons,micro-
dissected from the SN of postnatal day 0–2 (P0–P2) C57BL6 mice were
seeded on a monolayer of corresponding cortical astrocytes, grown on
collagen/poly-L-lysine-coated glass coverslips. The total seeded neuron
density was 250,000 cells/mL. All cultures were incubated at 37 °C in
5% CO2 and maintained in 2/3 of Neurobasal™-A medium enriched
with 1%penicillin/streptomycin, 1%Glutamax™-1, 2%B-27 supplement,
and 5% fetal bovine serum (Life Sciences) plus 1/3 ofminimumessential
medium (MEM) enriched with 1% penicillin/streptomycin, 1%
GlutamaxTM-1, 20 mM Glucose, 1 mM sodium pyruvate, and 100 μL
MITO+ serum-extender.

2.11. Metabolic flux experiments in primary cultured neurons

The rate of oxygen consumption deriving from mitochondrial
OXPHOS was assessed using an extracellular flux analyzer (Seahorse
Biosciences), as previously described (Pacelli et al., 2015). Cells were
plated on XF24 tissue culture plates, infected with AAV1 expressing
human SIRT3-myc (1 μL/mL) and maintained in culture for 10 days. Be-
fore experiments, cells were incubated for 1 h at 37 °C in a CO2-free in-
cubator in bicarbonate-free DMEM (Sigma) supplemented with
200 mM GlutaMax™-1 (Life Sciences), 100 mM sodium pyruvate
(Sigma), 25 mM D-glucose (Sigma), 63.3 mM NaCl (Sigma) and phenol
red (Sigma), with pH adjusted to 7.4 with NaOH. Oxygen consumption
was sequentially measured under basal conditions in the presence of
the mitochondrial uncoupler CCCP (0.5 μM) to assess the maximal oxi-
dative capacity, and in the presence of the mitochondrial inhibitors ro-
tenone (1 μM) and antimycin A (1 μM) to assess non-mitochondrial
oxygen consumption. After the assays, the cells were immediately
fixed for immunofluorescence. Since neurons were cultured together
with astrocytes, parallel measurements were also performed from
pure astrocyte cultures and the OCR values subtracted from those of
mixed cultures.

2.12. Mitochondrial function measurement in SH-SY5Y cells

Human neuroblastoma catecholaminergic, undifferentiated SH-
SY5Y cells (CRL-2266, ATCC, USA) were stably transfected with pLKO-
myc or pLKO-SIRT3-myc using Lipofectamine 2000 (Invitrogen). Cells
were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Wi-
sent, Canada) containing 4.5 g/L glucose, L-glutamine, and sodiumpyru-
vate with 10% bovine serum albumin (BSA) (Wisent, Canada) and 5 μM
Blasticidin S (Enzo Life Sciences).

2.12.1. Cell viability and cell death assays
Cell viability and cell death was assessed using Alamar Blue and

propidium iodide (PI) (both from Life Sciences) respectively. SH-
SY5Y-myc and SH-SY5Y-SIRT3-myc cells were plated at 1 × 105 cell/mL.
To measure viability, cells were exposed to approximate [IC50] of rote-
none (30 nM), dopamine hydrochloride (65 μM), naphthazarin (5,8-di-
hydroxy-1,4-napthoquinone) (300 nM), (all from Sigma) or PSI (Z-Ile-
Glu(Obut)-Ala-Leu-H) (Biolynx, USA) (30 nM) with Alamar Blue (10%
of final volume) for 24 h. Fluorescence was measured at 530 nm excita-
tion and 590 nm emission. Tomeasure cell death, cells were exposed to
the toxins listed above. Following a 24-hour incubation, cells were incu-
batedwith 2 μMof PI for 1 h prior to quantification byfluorescencemea-
surement (excitation 535 nm, emission 617 nm).



137J.A. Gleave et al. / Neurobiology of Disease 106 (2017) 133–146
2.12.2. Reactive oxygen species measurement
ROS was measured using CM-H2DCFA (2′7′-

dichlorodihydrofluorescein diacetate) according to the manufacturer's
instructions (Invitrogen). Briefly, SH-SY5Y-myc and SH-SY5Y-SIRT3-
myc cells were plated at 2.5 × 105 cell/mL. Cells were exposed to rote-
none, dopamine hydrochloride, naphthazarin, or PSI for 24 h and subse-
quently washed with DMEMwithout phenol red and treated with CM-
H2DCFDA (10 μM) for 30 mins in the dark. Following this, cells were
washed with DMEMwithout phenol red and ROS was measured using
flow cytometry (BD LSRFortessa).

2.12.3. Quantification of ATP levels
ATP was quantified using the ViaLight™ HS kit (Lonza) according to

the manufacturer's instructions. Briefly, SH-SY5Y-myc and SH-SY5Y-
SIRT3-myc cells were plated at 1 × 105 cell/mL. Cells were exposed to
rotenone, dopamine, napthazarin, or PSI for 24 h. 100 μL of nucleotide
releasing reagent was added to each well and incubated for 5 min. Sub-
sequently, 20 μL of ATP monitoring reagent was added and lumines-
cence readings were obtained.

2.13. Statistical analysis

One-wayANOVAwith Tukey post hocwas used for AAV optimisation
and behavioural studies, stereological and non-stereological cell
counting, andHPLC. For isolatedmitochondria studies, aMann-Whitney
U test was used to analyse the Western blots, and the Spearman corre-
lation nonparametric test was used to determine correlation between
limbuse, SIRT3-myc expression and acetylation levels (Fig. 6). A student
two-tailed t-test was used for mitochondrial bioenergetics studies in
cultured dopaminergic neurons. For SH-SY5Y studies, ANOVA, using
vector expressed and treatment as the two variables, with Tukey post
hoc was used. For behavioural, HPLC, and stereology studies in Figs. 3
and 4, outliers were identified using a Grubbs test (alpha = 0.05). For
Western blot analysis in Fig. 6, outlierswere identified usingmedian ab-
solute deviation (Leys et al., 2013). Statistical analysis was performed
using GraphPad Prism 6.0.

3. Results

3.1. Optimisation of SIRT3-myc AAV infection in vivo

To reduce the chance of a false-negative result, we first optimised
the delivery of myc-tagged SIRT3 AAV1. The optimal titre was defined
as that which caused no change in neuronal number, dopaminergic
phenotype or endogenous SIRT3 levels, whilst increasing SIRT3-myc N
2-fold above endogenous levels of SIRT3, with no SIRT3-myc expression
on the contralateral (uninjected) hemisphere. Titres (3.37, 5.18, 6.74
and 22.50 × 108 GC) of rAAV SIRT3-myc were infused into the SN. Four-
teen days later, brains were removed and analysed using SDS-PAGE
with Western blot or immunohistochemistry. Following infection with
rAAV SIRT3-myc, SIRT3-myc was highly expressed in the SN ipsilateral
to the injection site at all titres tested, showing around 150% above load-
ing control for 3.37, 5.18, 6.74 and22.50× 108 GC of rAAV SIRT3-myc re-
spectively, with little expression in the contralateral hemisphere (Fig. 2
Ai). SIRT3-myc had no significant effect on endogenous SIRT3 levels,
with optical density (OD) rangingbetween 30 and 46AUof loading con-
trol, which was comparable to endogenous SIRT3 in naïve animals
(45 AU) (Fig. 2 Aii). All titres of rAAV SIRT3 caused SIRT3-myc levels
to be at least 3-fold higher than endogenous SIRT3 (Fig. 2 Aiii). At the
concentration range tested, rAAV SIRT3-myc had no significant effect
on the number of NeuN-positive cells in the SN (Fig. 2B). Following in-
fection in the SN, SIRT3-myc expression was also observed throughout
the striatum (Fig. 2C). A final concentration of 5.18 × 108 GC was cho-
sen, as it met all our criteria for optimal titre. This titre is comparable
to previous studies using AAV1 in the rat SN (McFarland et al., 2009).
This titre infected approximately 90% of all cells within the SN.
Next we determined whether SIRT3-myc transduction was stable
over time. Three days following rAAV infusion, SIRT3-myc was highly
expressed in the SN, and remained stable for 84 days (Fig. 3A). There
was no loss of dopaminergic phenotype over this time period (Fig.
3B), confirming that 5.18 × 108 GC is an appropriate concentration for
our studies.

3.2. SIRT3-myc overexpression is neuroprotective in themutant A53T synu-
clein rat

The overall design of the studies involving A53T rats is shown in Fig.
1. For the neuroprotection armof the study, 7 days prior to unilateral in-
jection of A53T in the SN, AAV SIRT3-myc or empty vector (EV) was in-
fused at the identical injection site. Six weeks following Α53Τ infusion
(A53T + EV), there was 33.41 ± 6.83% asymmetry in forelimb use be-
tween the parkinsonian and unaffected limb, compared to 1.92 ±
5.33% in the EV + EV group (Fig. 4A), which is comparable to the per-
centage asymmetry observed previously in this model (Koprich et al.,
2010; Koprich et al., 2011). Six weeks following A53T transduction,
there was also a 46% decrease in TH-positive cell number in the SN,
compared to the EV + EV group (Fig. 4B). Also, there was a 135.2%
and 143.8% increase in HVA/DA and DOPAC/DA ratios respectively com-
pared to the uninjected hemisphere (Fig. 4D,E), suggesting increased
DA turnover. When SIRT3 was infused 7 days prior to A53T, A53T-in-
duced parkinsonian symptoms and pathology was prevented, such
that there was no limb-use asymmetry (Fig. 4A), no loss of dopaminer-
gic neurons (Fig. 4B), and no change in striatal dopamine metabolism
(Fig. 4C–E).

3.3. SIRT3-myc has restorative effects in the mutant A53T synuclein rat

Nextwe addressedwhether SIRT3-myc could rescue neuronsunder-
going stress in A53T transduced rats, by administering SIRT3-myc
18 days followingA53T infusion. Sixweeks followingA53T transduction
(A53T+ EV group), forelimb asymmetry (35.58± 5.62%) (Fig. 5A), loss
in TH-positive cell number (41%) (Fig. 5B), and changes in striatal dopa-
minemetabolism (Fig. 5C–E) were comparable to those observed in the
neuroprotection study. Transduction of SIRT3-myc on day 18 reversed
motor deficits, such that limb-use was comparable to control (EV
+ EV: 9.72 ± 4.83% asymmetry compared to A53T + SIRT3-myc:
11.75 ± 4.64% asymmetry) (Fig. 5A). SIRT3-myc also prevented loss of
TH-positive cells (EV + EV: 3820 ± 306 cells compared to A53T +
SIRT3-myc: 5684±578 cells) (Fig. 5B). Finally, SIRT3-myc also reversed
A53T-induced changes in striatal DA turnover, restoring striatal DAme-
tabolism to control (EV + EV) levels (Fig. 5C–E). In A53T animals, the
deacetylase inactive SIRT3 AAV (AAV SIRT3H248Y-myc) had no effect
on limb use or nigral dopamine cell number compared to control-treat-
ed, parkinsonian (A53T+ EV) animals (A53T + SIRT3H248Y-myc: 39.99
± 9.23% asymmetry; 2987 ± 309.3 cells) (Fig. 5A,B). However, there
was a significant difference between loss of TH cell number in the
A53T + SIRT3H248Y-myc group compared to the A53T + SIRT3 group
(Fig. 5B). Whilst there was no significant difference in limb-use asym-
metry between the SIRT3-myc and SIRT3H248Y-myc groups, the p
value from post-hoc analysis was close to significant (p = 0.06).

3.4. SIRT3-myc is a mitochondrial protein deacetylase

To address whether myc-tagged SIRT3 functioned in the same way
as endogenous SIRT3 in vivo, we addressedwhether SIRT3-myc targeted
the mitochondria and regulated mitochondrial acetyl-lysine levels. Fol-
lowing nigral injection of A35T and SIRT3-myc/EV, brains were re-
moved and immunohistochemistry performed. SIRT3-myc co-localised
with the mitochondrial protein TOM20 in both dopaminergic and
non-dopaminergic cells of the SN (Fig. 6A).

Endogenous SIRT3 is synthesised in the nucleus in its long form,
which is a 44 kDa protein with a mitochondrial targeting sequence



Fig. 2. Optimisation of titre for viral over-expression of SIRT3-myc in the substantia nigra. Rats were intra-nigrally infused with rAAV expressing SIRT3-myc at concentrations 3.37, 5.18,
6.74 and22.5×108GC for 2weeks. Nigral levels of SIRT3-myc, endogenous SIRT3 andNeuNwerequantifiedusing SDS-PAGE andWestern blot or immunohistochemistry. Ai. Expression of
SIRT3-myc and endogenous SIRT3. Blots show SIRT3-myc (32 kDa) and endogenous SIRT3 (29 kDa) expression in operated (lanes 1, 3, 5, 7, 8) and unoperated (lanes 2, 4, 6) hemispheres.
Graph showsmean SIRT3-myc expression as a percentage of loading control (β-actin) ± SEM (n=5). Aii. Effect of SIRT3-myc over-expression on endogenous SIRT3 levels. Graph shows
mean endogenous SIRT3 optical density (OD) as a percentage of loading control (β-actin)± SEM from theblots infigure 2Ai (n=5). The dotted line represents levels of endogenous SIRT3
in naïve animals. Aiii. Expression of SIRT3-myc compared to endogenous SIRT3. Data are expressed asmean± SEMpercentage SIRT3-mycOD compared endogenous SIRT3 OD. B. Effect of
SIRT3-myc on NeuN counts. To assess the number of viable cells, sections were immunostained for NeuN. NeuN was counted at two different levels in the SN and is expressed as a
percentage of NeuN in the unoperated SN. Values are presented as mean ± SEM (n = 5). C. SIRT3-myc expression in the striatum. Immunohistochemistry was performed on striatal
sections ipsilateral to SIRT3-myc AAV infusion using antibodies against myc (green) to label SIRT3-myc expression and tyrosine hydroxylase (TH) to label dopaminergic fibres (blue).
Scale bar = 100 μm.
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(MTS). It is then transported to the mitochondria, where the MTS is
cleaved, producing the short (28 kDa), active form to serve as a mito-
chondrial deacetylase (Shulyakova et al., 2014; Scher et al., 2007; Shi
et al., 2005).We assessedwhether SIRT3-myc showed the same charac-
teristics in parkinsonian rats. Following in vivo administration of Α53Τ
and SIRT3-myc, the nigrawas dissected,mitochondrial fraction isolated,
then SIRT3 and acetyl-lysine levels quantified using Western blot.
TOM20 was expressed exclusively in the mitochondrial fraction with
no expression in the cytosolic fraction indicating that the mitochondria
had been successfully isolated (Fig. 6 Bi). We found that in the mito-
chondrial fraction, the short form of endogenous SIRT3 was expressed
equally in the control (A53T+ EV) and SIRT3 expressing groups, show-
ing that over-expression of SIRT3-myc did not alter the expression of
endogenous SIRT3, as was observed in whole tissue homogenates in
Fig. 2. In the SIRT3-myc expressing group, there were two bands, with
molecular weights 47 kDa and 31 kDa (Fig. 6 Bii). Since the myc tag



Fig. 3. Characterisation of the effect of chronic transduction of SIRT3-myc in the substantia nigra. On Day 0, rats were intra-nigrally infused with rAAV expressing SIRT3-myc or empty
vector (EV) at a final titre of 5.0 × 108 GC. A. On days 3, 5, 7, 10, 14, 28, 42, and 84, nigral SIRT3 expression was measured by SDS-PAGE and Western blot (n = 4–6). (i). Blots to show
endogenous SIRT3, SIRT3-myc, and the loading control β-actin expression. (ii) Graph to show mean ± SEM OD from the blots in 3Ai as a percentage of loading control (β-actin). (n =
4–6). B. Effect of SIRT3-myc over-expression on TH-positive cell counts in the SN. On days 28, 42, and 84, sections were immunostained for TH. The number of TH-positive neurons in
the SN was determined using unbiased stereology and is expressed as a percentage compared to the number of neurons in naïve SN. Values are mean ± SEM (n = 5).
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has a molecular weight of approximately 3 kDa, these bands likely rep-
resent the long and short form of SIRT3-myc respectively. Next we
assessed levels of acetyl-lysine in the control (A53T + EV) and SIRT3-
myc (A35T + SIRT3-myc) expressing groups using a pan acetyl-lysine
antibody.Western blot showed five acetyl-lysine-positive bands atmo-
lecular weights ranging between 42 and 71 kDa (Supplementary
Fig. 1A). Densiometric analysis of the bands showed that only two
of these bands (57 kDa and 71 kDa) were significantly different in
the SIRT3-myc expressing group compared to EV (Supplementary
Fig. 1B). Thus, subsequent analysis focussed on the 57 and 71 kDa
bands. In the control group (A53T + EV), levels of acetyl-lysine
were almost 3-fold higher than in the SIRT3-myc group, suggesting
that SIRT3-myc deacetylates lysine residues of mitochondrial pro-
teins in vivo (Fig. 6 Biii).

To determine whether there was a correlation between SIRT3-myc
expression and percentage limb-use asymmetry or acetyl-lysine levels
in the mitochondria, the Spearman correlation nonparametric test was
used. There was no correlation between SIRT3-myc levels, limb-use or
acetylation levels.
3.5. In cultured dopaminergic neurons, SIRT3-myc enhances mitochondrial
bioenergetics

Mitochondrial OXPHOSwas assessed in primary cultures of dopami-
nergic neurons of mouse SN by measuring basal and maximal
(uncoupled with CCCP) oxygen consumption rate (OCR) as described
by Pacelli et al. (2015). We found that both basal and maximal OCR
was reduced in nigral neurons expressing SIRT3 by approximately 40%
and 70% respectively (Fig. 7A,B). This was accompanied in SIRT3-ex-
pressing cells by a small increase in the respiratory control ratio (RCR)
(Fig. 7C), which is the ratio between basal andmaximal OCR, suggesting
the existence of an increased ability to produce ATP in response to cel-
lular stress. Together these data suggest that SIRT3 causes an increase
in mitochondrial efficiency in dopaminergic neurons, leading to in-
creased resilience to stress. Finally, no change in glycolysis was ob-
served in cells expressing SIRT3 compared to control (data not
shown), indicating that decreased respiration rate in SIRT3-myc ex-
pressing cells was not due to a transfer of ATP producing pathways to
anaerobic mechanisms.



Fig. 4. SIRT3 is neuroprotective in the virally over-expressingmutant (A53T)α-synuclein ratmodel of parkinsonism. Seven days prior to administration of A53T AAV (defined as dayminus 7),
rats were intra-nigrally infusedwith rAAV SIRT3 or vehicle (EV). On day 0, rats were intra-nigrally infusedwith rAAV-A53T or vehicle (EV). A. Forelimb asymmetry. Six weeks following A53T
injection, motor function was assessed using the cylinder test. Data are expressed as mean percentage forelimb limb asymmetry ± SEM. ANOVA: F2,25 = 8.797; p= 0.001, n= 8, 10, 8^. B.
Stereological quantification of TH–positive neurons in the SNc. Data are expressed as mean TH-positive cell number in the SN ± SEM. The dotted line represents the number of TH-positive
cells in the SN of a naïve animal. ANOVA: F2,24 = 4.52; p b 0.022, n = 8, 10, 4^. C–E. Assessment of dopamine (DA) turnover in the striatum using HPLC (n = 7–10). Levels of striatal DA,
and DA metabolites (HVA and DOPAC) were measured in the hemisphere ipsilateral and contralateral to A53T AAV injections using HPLC. Data are expressed as mean percentage of the
uninjected hemisphere ± SEM. C. Striatal dopamine. ANOVA: F = 2.179; p2,23 = 0.136, D. striatal HVA/DA. ANOVA: F2,23 = 5.719; p= 0.010; E. striatal DOPAC/DA. ANOVA: F2,23 = 8.641;
p= 0.002. KEY: Tukey post-hoc *p b 0.05, **p b 0.01; ^number of replicates for groups EV + EV, A53T + EV, and A53T + SIRT3 respectively.
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To further explore the potential mechanisms underlying the
stabilising effect of SIRT3 on mitochondria bioenergetics, we used the
catecholaminergic cell line, SH-SY5Y stably overexpressing SIRT3-myc
or myc (control). Cells were exposed to toxins that mimic cell death
processes linked with PD (Yong-Kee et al., 2011): rotenone (mitochon-
drial complex I inhibitor), dopamine (induces oxidative stress),
naphthazarin (lysosome inhibitor), and PSI (ubiquitin-proteasome sys-
tem inhibitor). Furthermore, these toxins causemitochondrial dysfunc-
tion early in the cell death pathway in SH-SY5Y cells (Yong-Kee et al.,
2012a; Yong-Kee et al., 2011). SIRT3-myc overexpression prevented
toxin-induced decreases in cell viability and increases in cell death,
demonstrating that SIRT3-myc is cytoprotective against a variety of
PD-like insults in SH-SY5Y cells (Fig. 8A,B). We also assessed ROS levels
using the dye CM-H2DCFA. In control cells all toxins significantly in-
creased ROS levels. SIRT3-myc overexpression reduced ROS by approx-
imately 40% in basal conditions, and also inhibited toxin-induced
increases in ROS (Fig. 8C). Finally, ATP levels were measured. In control
(myc) cells, all toxins caused a significant decrease (approximately 45%)
in ATP levels compared to vehicle (Fig. 8D). In vehicle-treated SIRT3-
myc cells, ATP levels were significantly reduced compared to vehicle-
treated myc cells. In SIRT3-myc cells, following exposure to toxins,
there was no significant difference in ATP levels compared to myc
cells, and also compared to the SIRT3-myc expressing, vehicle-treated
group (Fig. 8D).

4. Discussion

The aim of this study was to validate the disease-modifying capacity
of virally introduced SIRT3 in a rodentmodel of parkinsonism. Our opti-
misation studies showed that SIRT3-myc was highly expressed in the
SN unilateral to the AAV injection, with no expression in the SN contra-
lateral to the injection. Also, there was SIRT3-myc expression in the



Fig. 5. SIRT3 is neurorestorative in the virally over-expressingmutant (A53T)α-synuclein ratmodel of parkinsonism. Onday 0, rats received intra-nigral injections of rAAV-A53T or empty
vector (EV). Eighteen days later, rats received intra-nigral injections of rAAV SIRT3-myc or EV. Six weeks following A53T injection and 24 days after SIRT3 injection, motor function was
assessed using the cylinder test. Data are expressed as mean percentage forelimb limb asymmetry ± SEM. ANOVA: F3,49 = 5.157, p = 0.0035; n = 12, 20, 10, 13^. (B) Stereological
quantification of TH–positive neurons in the SNc. Data are expressed as mean ± SEM. ANOVA: F3,39 = 8.97; n = 12, 10, 10, 12^. (C–E) Assessment of dopamine (DA) turnover in the
striatum using HPLC (n = 6, 14, 5^). Levels of striatal DA and DA metabolites (HVA and DOPAC) were measured in the hemisphere ipsilateral and contralateral to the A53T injection
using HPLC. Data are expressed as mean ± SEM percentage of the uninjected hemisphere (C) striatal dopamine levels. ANOVA: F2,23 = 3.32, p = 0.036, (D) striatal HVA/DA. ANOVA:
F2,24 = 3.832; p = 0.012, (E) striatal DOPAC/DA. ANOVA: F2,24 = 5.42; p = 0.114. KEY: Tukey post-hoc *p b 0.05, ***p b 0.001; ^number of replicates for groups EV + EV, A53T + EV,
A53T + SIRT3, and A53T + SIRT3HY248-myc respectively.
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striatum, indicating that AAV SIRT3-myc is anterogradely transported
along the nigrostriatal pathway, however, striatal SIRT3-myc expression
wasnot quantified. Followingoptimisation and characterisation of AAV-
SIRT3-myc transduction in the SNc, we assessed the effect of this vector,
both before and after induction of parkinsonism. As a model of parkin-
sonism, we used the AAV over-expressing mutant (A53T) α-synuclein
rat, which shows the progressive appearance of rodent equivalents of
classic markers of PD observed in patients. Three weeks' post-transduc-
tion of A53T, α-synuclein-positive aggregates are evident, and there is
marked forelimb asymmetry. After six weeks, there is significant loss
of dopaminergic cells in SNc, and loss of TH-positive fibres in the stria-
tum (Koprich et al., 2010; Koprich et al., 2011). Thus, this is an excellent
model for testing potential disease-modifying agents. A tagged form of
SIRT3, SIRT3-myc, was delivered using AAV1, which has a high trans-
duction efficiency in dopaminergic neurons of the rat SNc (McFarland
et al., 2009), and has also proved to be well tolerated and efficacious
for gene delivery in clinical trials (Greenberg et al., 2016; Mendell et
al., 2015). SIRT3-myc was protective, whether given to healthy cells
prior to induction of parkinsonism, or after induction of parkinsonism,
when there is evidence of cellular stress. In parkinsonian rats, SIRT3-
myc corrected forelimb asymmetry, reversed changes in striatal dopa-
mine metabolism, and prevented degeneration of dopaminergic neu-
rons in the substantia nigra pars compacta (SNc). These effects seem
to be dependent on the deacetylase abilities of SIRT3, since the
deacetylase-deficient mutant construct had no effect on limb use asym-
metry or dopamine cell number. We also show that ectopically-intro-
duced SIRT3, targets mitochondria of nigral cells, where it has positive
effects on bioenergetics. These effects are likely to reduce the suscepti-
bility of this vulnerable population of neurons, thus alleviating mito-
chondrial stress to prevent neurodegeneration.



Fig. 6. SIRT3-myc expression inmitochondria of mutant (A53T)α-synuclein infected rats. On day 0, rats received intra-nigral injections of rAAV-A53T or EV. Eighteen days later, the same
rats were administered rAAV SIRT3-myc or EV at the identical injection site. Six weeks following A53T injection, brains were processed to assess the subcellular localisation of SIRT3-myc
and acetyl-lysine levels of mitochondria. A. Subcellular localisation of SIRT3-myc. Nigral sections of rat brain were exposed to antibodies against myc, TH and the mitochondrial protein,
TOM20. Arrows indicatemitochondrial expression of SIRT3-myc. Scale bar=20 μm.B. SIRT3 andacetyl-lysine levels in themitochondria of the SN.Mitochondriawere isolated fromthe SN
of the AAV – injected hemisphere, then SDS-PAGE and Western Blotting performed. (i) Blots showing TOM20 (molecular weight 16 kDa) expression in mitochondrial and cytosolic
fractions. Each lane represents one animal. The graph shows mean ± SEM OD of TOM20 in each fraction. (ii) Expression of endogenous SIRT3 and SIRT-myc in the mitochondria. The
blots show the uncleaved and cleaved forms of SIRT3-myc (47 kDa and 31 kDa respectively) as well as the cleaved form of endogenous SIRT3 (28 kDa). The graph shows the mean ±
SEM optical density of mitochondrial SIRT3 expression relative to TOM20 in parkinsonian (A53T + EV) and parkinsonian with SIRT3 (A53T + SIRT3-myc) rats (n = 4–5). (iii) Effect of
SIRT3-myc on acetyl-lysine levels in the mitochondria. Representative blot and graph showing the mean ± SEM mitochondrial acetyl-lysine levels relative to TOM20 in A53T + EV
and A53T + SIRT3-myc expressing rats (n = 4–5). For the graphs in panels 5B, lane 8 was removed from the analysis as the protein sample for this lane was taken from the same
animal as lane 9. Also, lane 6 was removed from the study as it was a statistical outlier (median absolute deviation (Leys et al., 2013)) *p b 0.05 (Mann-Whitney U test).

142 J.A. Gleave et al. / Neurobiology of Disease 106 (2017) 133–146
This is the first demonstration that overexpression of SIRT3 is neuro-
protective in vivo in a model of neurodegenerative disease, although
other studies have shown that induction of SIRT3 is neuroprotective in
cell models of Huntington's disease and ischemia, as well as in neuronal
models of oxidative stress (Dai et al., 2017; Fu et al., 2012; Weir et al.,
2012; Shulyakova et al., 2014; Song et al., 2013). Furthermore, in parkin-
sonism, absence of SIRT3 renders neuronsmore susceptible to cell death
induced by the mitochondrial neurotoxin, MPTP in vivo (Liu et al.,
2015). Also, in dopaminergic-cultured cells from DJ-1 knockout mice,
lack of SIRT3 leaves neuronsmore sensitive to cell death, through the in-
activation of the MnSOD pathway (Shi et al., 2017). However, despite
the indirect evidence to suggest that ectopic introduction of SIRT3 has
beneficial effects, some studies have shown the opposite, in that dele-
tion of SIRT3 is neuroprotective (Novgorodov et al., 2016). In this later
study, Nogorodov and colleagues compared a model of ischemia/reper-
fusion injury in SIRT3 knockout mice to wild-type mice, and showed
that in ischemia, SIRT3 deacetylates the ceramide synthase, which is
toxic to neurons (Novgorodov et al., 2016). Given this contradictory ev-
idence that lack of SIRT3 is neuroprotective, combinedwith the absence
of in vivo evidence for the neuroprotective effect of SIRT3, it was impor-
tant to test the effect of ectopically introduced SIRT3, in a valid animal
model of neurodegenerative disease. Our in vivo studies show that
SIRT3 is protective when given prior to induction of parkinsonism,
when neurons are healthy. Furthermore, our studies also show that,
even if given at a time when cells are already undergoing cell stress,
SIRT3 reverses cellular abnormalities to correct behavioural abnormali-
ties, and prevents neurodegeneration. Given that patients with PD have
lost approximately 50% of the dopaminergic nigro-striatal pathway



Fig. 7. Effect of SIRT3-myc on mitochondrial respiration in primary cultured neurons.
Oxygen consumption rate (OCR) in mouse primary cultured dopaminergic neurons. (A)
Basal respiration, (B) maximal respiration, (C) relative consumption rate (RCR). Values
represented as mean ± SEM, n = 10–30 wells from at least 3 different cultures ****p b

0.0001 (Student two-tailed t-test).
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whendiagnosed, our findings suggest that SIRT3may be able to not only
protect the remaining population of nigro-striatal neurons, but also res-
cue the population of cells that are likely undergoing stress. Thus, SIRT3
has the potential to halt the progression of PD, preventing patients from
reaching the more disabling, advanced stages of the disease.

Our studies show that in A53T rats, SIRT3-myc was solely expressed
in themitochondria, where it served as a protein deacetylase.We found
no correlation between SIRT3-myc expression and percentage forelimb
asymmetry, or protein acetylation levels. This may be due to the low
sample size (n = 4) in our study on isolated mitochondria. An alterna-
tive explanation is that SIRT3-myc transduction is sufficiently high to
cause an effect in all the animals following injection of this vector.

A recent study demonstrated that in the SNc, dopaminergic neurons
have elevatedmitochondrial bioenergetics demands compared to dopa-
minergic neurons in the ventral tegmental area and olfactory bulb,
which makes them particularly vulnerable to oxidative stress (Pacelli
et al., 2015). Thus, we determined how SIRT3-myc impactedmitochon-
drial function in primary dopaminergic neuronal cultures. Overexpres-
sion of SIRT3-myc decreased both basal and maximal OCR, which was
associated with a small increase in the RCR, indicating that SIRT3 is
able to give neurons a larger reserve of energy in order tomeet changing
demands, which would increase their resilience to stress. Our findings
are in accordancewith Pacelli and colleagueswho showed that reducing
the basal bioenergetics demands of nigral dopaminergic neurons by re-
ducing s the development of their axonal arborisation leads to increased
cell survival (Pacelli et al., 2015).

We further explored the effect of SIRT3 in mitochondria of human
catecholaminergic neuroblastoma cells (SH-SY5Y) exposed to toxins
which mimic several mechanisms linked with cell death processes in-
volved in PD (Yong-Kee et al., 2012a; Yong-Kee et al., 2011; Yong-Kee
et al., 2012b). Whilst these toxins are not directly linked to mutant sy-
nuclein-induced toxic mechanisms, they do cause mitochondrial dys-
function early in the cell death process (Yong-Kee et al., 2012a;
Yong-Kee et al., 2011; Yong-Kee et al., 2012b), and so SIRT3may protect
mitochondria through similar mechanisms in neuroblastoma cells.
Whilst cell models have many limitations, one being that they are far
less representative of neurodegenerative disease in patients, these stud-
ies would be difficult to perform in vivo. SIRT3 prevented toxin – in-
duced cell death, ROS production, and loss of ATP. These effects could
be through the direct or indirect modulation of deacetylates SOD2 and
catalase (Tseng et al., 2013; Sundaresan et al., 2009; Cheng et al.,
2016; Kops et al., 2002) or isocitrate dehydrogenase 2 (Yu et al.,
2012), all of which are SIRT3 substrates, to generate NADPH, which is
a critical component of the mitochondrial antioxidant pathway (Yu et
al., 2012). SIRT3-mediated inhibition of the mitochondrial permeability
transition pore (mPTP) could also contribute to its neuroprotective ef-
fect, as mitochondrial calcium overload would be prevented, thus
inhibiting induction of apoptosis (Dai et al., 2014; Hafner et al., 2010;
Wu et al., 2013). Interestingly, we found that overexpression of SIRT3
caused a significant reduction in ATP levels compared to myc-express-
ing cells treated with vehicle. Possible mechanisms underlying the ef-
fect of SIRT3 on ATP include activation of uncoupling proteins (UCPs),
or closure of the mPTP, as both are modulated directly and indirectly
by SIRT3 (Hafner et al., 2010; Tseng et al., 2013; Cheng et al., 2016;
Hafner et al., 2010; Correia et al., 2010; Ho et al., 2010). UCPs dissipate
the proton motive force by actively leaking protons into the mitochon-
drial matrix, thereby decreasing Ψm. Through this mechanism, UCPs
balance the generation of ATP whilst decreasing oxidative stress
(Cornelius et al., 2013; Ramsden et al., 2012). Given that the deacetylase
activity of SIRT3 is NAD+-dependent, an alternative explanation for the
decrease in ATP in SIRT3-expressing SH-SY5Y cells, and also for the de-
crease in OCD observed in primary cultured dopaminergic neurons cells
could be reduced availability of NAD+. If this were the case, rather than
respiration being activated, as it would by UCP or mPTP activating pro-
ton dissipation at the inner mitochondrial membrane, basal respiration
would be reduced, as we saw in primary dopaminergic neurons. The re-
lationship between levels of NAD+ and SIRT3-myc was not examined
in the present study, so this possibility cannot be excluded. However,
it is known that the mitochondria, particularly in neuronal cells have
numerous mechanisms in place to prevent NAD depletion (Stein and
Imai, 2012).

In conclusion, our studies show for thefirst time that overexpression
of SIRT3 is neuroprotective and also prevents neurodegeneration by re-
versing neuronal stress in a rodent model of parkinsonism, which has
previously been validated as appropriate for assessing potential dis-
ease-modifying agents. Our studies suggest that these effects are
deacetylation-dependent, and are likely to be mediated by an increased
efficiency of mitochondria, in a particularly energetically and
homeostatically vulnerable population of dopaminergic neurons. It is
likely that our observations are caused by the deacetylation of many
SIRT3 substrates, which culminates to decrease metabolic rate through
the stabilisation of respiration at the electron transport level, and reduc-
tion of oxidative stress. Similar energy-dissipating mechanisms have
been established as cytoprotective in neurodegenerative diseases, in-
cluding AD and ischemia (Cornelius et al., 2013; Mayanagi et al., 2007;
Dirnagl and Meisel, 2008; Morris et al., 2011), and are also well



Fig. 8. Effect of SIRT3-myc on toxin exposure andmitochondrial function in SH-SY5Y cells. SH-SY5Y cells stably over-expressing SIRT3-myc or control (myc)were exposed to the following
toxins: rotenone (30 nM), dopamine hydrochloride (65 μM), naphthazarin (300nM), and PSI (30 nM). A. Cell viabilitymeasurements using Alamar blue. B. Cell deathmeasurements using
propidium iodide. C. Quantification of reactive oxygen species (ROS) using CM-H2DCFA.D.ATP levels quantified using the Vialight kit. For all graphs, values are presented asmean± SEM
(n=4). KEY: *p b 0.05, **p b 0.01, ***p b 0.001, ****p b 0.0001 - comparison between vehicle-treated and toxin-treatedmyc cells; +p b 0.05, ++p b 0.01, +++p b 0.001, ++++p b 0.0001 -
comparison between myc and SIRT3-myc cells, same treatment group (ANOVA with Tukey post-hoc).
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known therapies for obesity, where caloric restriction (CR), or therapies
that mimic CR protect cells from stress through similar mechanisms
(Weindruch et al., 1988; Liu et al., 2008; Guarente and Picard, 2005).
Further supporting this explanation, SIRT3 activity is elevated following
CR, which has been linked with the cytoprotective and longevity en-
hancing effects of CR (Dai et al., 2014; Wu et al., 2013; Morris et al.,
2011; Guarente and Picard, 2005; Howitz et al., 2003).

Activation of SIRT3 is an excellent candidate for a disease-modifying
therapeutic strategy in PD, as well as other neurodegenerative diseases
which impact mitochondrial function, including AD, Huntington's dis-
ease and glaucoma. Furthermore, the serotype of AAVwe used for over-
expression of SIRT3, AAV1, has already been used in clinical trials, thus it
is not unrealistic to suggest that targeted AAV-induced overexpression
of SIRT3 in patients with PD could be used as a therapy (Greenberg et
al., 2016; Mendell et al., 2015). Current studies are underway to further
assess the value of SIRT3-myc AAV1 as a therapeutic agent in PD and
other neurodegenerative diseases.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2017.06.009.
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