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DNA damage can cause (and result from) oxidative stress and mitochondrial impairment, both of which are im-
plicated in the pathogenesis of Parkinson's disease (PD). We therefore examined the role of mitochondrial DNA
(mtDNA) damage in human postmortem brain tissue and in in vivo and in vitro models of PD, using a newly
adapted histochemical assay for abasic sites and a quantitative polymerase chain reaction (QPCR)-based assay.
We identified the molecular identity of mtDNA damage to be apurinic/apyrimidinic (abasic) sites in substantia
nigra dopamine neurons, but not in cortical neurons from postmortem PD specimens. Tomodel the systemicmi-
tochondrial impairment of PD, rats were exposed to the pesticide rotenone. After rotenone treatment that does
not cause neurodegeneration, abasic sites were visualized in nigral neurons, but not in cortex. Using a QPCR-
based assay, a single rotenone dose induced mtDNA damage in midbrain neurons, but not in cortical neurons;
similar resultswere obtained in vitro in cultured neurons. Importantly, these results indicate thatmtDNA damage
is detectable prior to any signs of degeneration — and is produced selectively in midbrain neurons under condi-
tions of mitochondrial impairment. The selective vulnerability of midbrain neurons to mtDNA damage was not
due to differential effects of rotenone on complex I since rotenone suppressed respiration equally in midbrain
and cortical neurons. However, in response to complex I inhibition, midbrain neurons producedmoremitochon-
drial H2O2 than cortical neurons. We report selective mtDNA damage as a molecular marker of vulnerable nigral
neurons in PD and suggest that this may result from intrinsic differences in how these neurons respond to com-
plex I defects. Further, the persistence of abasic sites suggests an ineffective base excision repair response in PD.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Parkinson's disease (PD) is the most common neurodegenerative
movement disorder. A central pathological hallmark of PD is the loss
of dopamine neurons in the substantia nigra pars compacta. These do-
paminergic neurons are required for proper motor function, and their
loss is associated with tremor, rigidity, bradykinesia and postural insta-
bility. The initial underlying mechanisms that trigger neurodegenera-
tion in PD are complex and not completely understood. To date,
treatments are only symptomatic; they do not alter the inexorable pro-
gression of the disease. Even with expert treatment, PD patients

typically deteriorate over time and endure considerable motor and cog-
nitive disability in the years after diagnosis.

High levels of reactive oxygen species (ROS) are an intrinsic property
of the vulnerable subpopulation of ventralmidbrain (VMB) dopaminer-
gic neurons (Guzman et al., 2010). Despite strong evidence that oxida-
tive damage to proteins and lipids is a contributing factor in PD
pathogenesis (Mariani et al., 2005; Sherer and Greenamyre, 2005;
Cardoso et al., 2005; Jenner, 1998), very little is known about DNAdam-
age in PD (Sanders and Greenamyre, 2013). DNA damage is defined as a
modification that either alters its coding properties or interferes with
normal cell metabolism (Lindahl, 1993; Rao, 1993), and many different
forms of DNA damage can be generated by both normal cellular func-
tions and exogenous stressors (Friedberg et al., 2006). DNA damage is
distinct from DNA mutations, which are changes in the base sequence
of the DNA. Higher levels of mitochondrial mutations have been found
in dopaminergic neurons in the substantia nigra of PD patients relative
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to healthy controls and this has raised speculation for a causal relation-
ship between mutations and neurodegeneration (Elstner et al., 2011;
Kraytsberg et al., 2006; Bender et al., 2006). However, methodological
questions remain about the analysis of variations in mitochondrial
DNA sequence and its functional significance (Vermulst et al., 2009).
The specific role of mitochondrial DNA (mtDNA) damage in PD is un-
clear (Zhang et al., 1999a; Alam et al., 1997a; Hegde et al., 2006).

PD is widely accepted as a multifactorial disease, with both genetic
and environmental contributions. The majority of cases are ‘idiopathic’,
with ~10% of PD cases having a genetic cause. Of these, mutations in
LRRK2 are the most common. We recently reported increased mtDNA
damage in induced pluripotent stem cell (iPSC)-derived neural cells
from patients carrying PD-associated LRRK2 mutations and zinc finger
nuclease-mediated gene editing of the LRRK2 G2019S mutation re-
versed the mtDNA damage phenotype (Sanders et al., 2013a). Whether
mtDNA damage is found in idiopathic forms of PD is unknown.

One of the primary classes of environmental agents associated with
PD is pesticides (Cannon and Greenamyre, 2012). One such pesticide
that inhibits complex I of the mitochondria is rotenone, which is a pro-
totypical example of how an exogenous toxin can mimic clinical and
pathological features of PD in an animal model (Martinez and
Greenamyre, 2012). Recently, in a rigorous, case–control study, rote-
none was revealed as a bona-fide risk factor for PD (Tanner et al.,
2011). We found with rotenone treatment, both in vitro and in vivo,
that mitochondrial dysfunction was associated with robust mtDNA
damage selectively in themidbrain – but not in cortex – and that this oc-
curred well before there was any frank degeneration of the nigrostriatal
system. In addition, we identified the molecular identity of the mtDNA
damage to be apurinic/apyrimidinic sites (in which a segment of DNA
has lost either a purine or a pyrimidine base), which persist specifically
in dopaminergic neurons in rotenone models and in the human PD
brain.

Materials and methods

PD patient samples

Paraffin-embedded midbrain and cortex sections from 6 PD and 5
control subjects, 50–80 yrs of age, were obtained from the University
of Pittsburgh Brain Bank for the detection of abasic sites by the histo-
chemical approach. All banked specimens have undergone standardized
premortem neurological and postmortem neuropathological assess-
ments, including tau and α-synuclein immunohistochemistry. One PD
case was excluded due to the presence of an acute midbrain infarct.
Braak AD and PD staging andMcKeith scoreswere performed according
to Chu et al. (2000) and Alafuzoff et al. (2009). Midbrain and cortex sec-
tions from5 PDand 5 control subjects,matched for age and postmortem
intervals, were used for analysis (Supplemental Table I).

Histochemical assay for detection of abasic sites in situ in tissue sections

For the detection of abasic sites in human midbrain and cortex
samples, sections were deparaffinized and then endogenous biotin
was blocked using the Avidin/Biotin blocking kit according to
manufacturer's instructions (Vector Laboratories). Heat mediated anti-
gen retrieval was performed for 20 min at 100 °C (10 mM sodium cit-
rate, 0.05% tween-20, pH 6.0). Slides were allowed to cool for 5 min at
room temperature (RT) and then washed in H2O for 3 min. Sections
were incubated with 10 mM aldehyde reactive probe (ARP)
(Invitrogen) for 1 h at 37 °C, followed by streptavidin-conjugated
Alexa 488 (Invitrogen) for 1 h at 37 °C. ARP reacts with a ring-opened
sugar moiety resulting from the loss of a base in the DNA (abasic
sites). Sections were blocked for 1 h in 10% normal donkey serum con-
taining 0.3% Triton X-100. Midbrain sections were incubated in primary
antibodies for TH and TOM20 overnight without shaking at 4 °C
(1:1000; mouse anti-tyrosine hydroxylase; Millipore MAB318, 1:500;

rabbit anti-TOM20; Santa Cruz sc-11415). Cortex sectionswere incubat-
ed with primary antibodies for MAP2 and TOM20 (1:1000; mouse anti-
MAP2; Millipore MAB378, 1:500; rabbit anti-TOM20; Santa Cruz sc-
11415). Primary antibodies were re-applied for 2 h at RT without
agitation. Sections were then washed three times in PBS for 10 min, in-
cubated for 1 h in donkey anti-mouse Cy3 secondary antibody (1:500;
Jackson ImmunoResearch) and donkey anti-rabbit 647 secondary anti-
body (1:500, Jackson ImmunoResearch). Sections were then washed
three times in PBS for 10 min and mounted onto slides using gelvatol
mounting media. To quantify midbrain and cortex sections for neurons
that were ARP positive, in sections from PD and control subjects either
the total number of TH or MAP2 positive neurons were scored for ARP
signal. The number of neurons that had detectable ARP signalwas divid-
ed by the total number of neurons counted for each case to determine
the percentage that were overall ARP positive. Staining and quantifica-
tion were performed blinded and then results were categorized by
disease status after unblinding.

For the detection of abasic sites in the rat substantia nigra, sections
were washed six times in 1× PBS for 10 min, incubated in either
50 mM Tris–HCl, DNase I (Invitrogen), or 5 μg/uL RNAse A (Fischer Sci-
entific) for 1 h at 37 °C. Sectionswere washed three times in 1× PBS for
5 min, and then endogenous biotin blocked using the Avidin/Biotin
blocking kit according to manufacturer's instructions (Vector Laborato-
ries). Sections were then incubated with 10 mM ARP (Invitrogen) for
1 h at 37 °C, followed by streptavidin-conjugated Alexa 488 (Invitrogen)
for 1 h at 37 °C. Sections were blocked for 1 h in 10% normal donkey
serum containing 0.3% Triton X-100, then incubated in primary anti-
body for TH and TOM20 for 48 h at 4 °C (1:2000; sheep anti-tyrosine
hydroxylase; Millipore AB1542, 1:1000; rabbit anti-TOM20; Santa
Cruz sc-11415). Sectionswerewashed three times in PBS for 10min, in-
cubated for 2 h in donkey anti-sheep Cy3 secondary antibody (1:500;
Jackson ImmunoResearch) and donkey anti-rabbit 647 secondary anti-
body (1:500, Jackson ImmunoResearch). Sections were then washed
three times in PBS for 10 min and mounted onto slides using gelvatol
mounting media. The pretreatment of tissue sections with DNase I
abolished the signal, but RNase A had no effect, confirming the ARP sig-
nal derives from DNA (Supplemental Fig. 2).

ELISA quantitative measurements of abasic sites in total DNA

DNA was isolated as described below (see DNA isolation and
quantification section) from ventral midbrain (n = 6 for vehicle and
n = 7 for rotenone injected). Quantitative measurements of abasic
sites were performed using the colorimetric assay according to
manufacturer's instructions (Dojindo Molecular Technologies). ARP as-
says from DNA from each animal were performed in technical triplicate
and themean calculated. Data is expressed as the number of abasic sites
per 106 nucleotides, which was calculated based on the linear
calibration curve generated for each experiment using the ARP-DNA
standard solutions.

In vivo rotenone treatment and tissue isolation

All experiments utilizing animals were approved by the Institutional
Animal Care and Use Committee of the University of Pittsburgh. Male
Lewis rats (7–9 months old, Hilltop Lab Animals, Inc., Scottsdale, PA,
USA) were injected intraperitoneally with vehicle or 3.0 mg/kg/day ro-
tenone (Sigma-Aldrich) either a single time or for five daily injections
and then euthanized as described (Cannon et al., 2009). Three separate
cohorts of animals (for a total of 9 vehicle- and 9 rotenone-treated),
were analyzed for each in vivo experiment. Brains were dissected to ob-
tain the ventral midbrain (VMB) and frontal cortex for DNA isolation.
Tissues were resuspended in Isolation Buffer I (Sucrose 80 mM, EDTA
1 mM, HEPES-K-Salt 10 mM, pH 7.4) and then incubated on ice for
10 min. Equal volume of Isolation Buffer II (Sucrose 300 mM, EDTA
1 mM, HEPES-K-Salt 10 mM, pH 7.4) was added and tissue was
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homogenized using a glass pestle. The homogenate was centrifuged
at 10,000 ×g for 20 min at 4 °C. The pellet was either stored at
−20 °C or immediately processed further as described below.

Rat primary neuronal enriched cultures

Primary neuronal cultures were prepared from rat as described
(Ghosh and Greenberg, 1995). Briefly, the primary ventral midbrain
(VMB) and cortical tissues from embryonic day 17 Sprague–Dawley rats
were dissected in L-15 medium: Leibovitz's 1× medium (Invitrogen),
and penicillin–streptomycin (200 units/200 μg/mL respectively, Cellgro).
The tissues were then placed in 1× trypsin–ethylenediaminetetraacetic
acid (EDTA) at 37 °C for 20 min. The cells were mechanically dissociated
with a Pasteur pipette in completemedium that includes neurobasal me-
dium (Invitrogen), B-27 supplement 1× (Invitrogen), Glutamax 1×
(Invitrogen), penicillin–streptomycin (50 units/50 μg/mL respectively,
Invitrogen), and Albumax 0.5 mg/mL (Invitrogen). Cell viabilitywas eval-
uated using trypan blue dye exclusion and a hemocytometer. Cells were
seeded to 6-well (1.0 × 106/well) culture plate pre-coated with poly-D-
lysine (PDL, 0.1 mg/mL, Sigma). The maintenance of the cultures took
place at 37 °C with 5% CO2/95% air. One half of the medium was
replenished twice a week. At 7 days after plating, cells were treated
with vehicle (DMSO) or rotenone (10 nM) for 24 h.

DNA isolation and quantification

DNA isolation was performed using a highmolecular weight genomic
DNA purification kit according to the manufacturer's protocol (QIAGEN
Genomic tip). DNAwas quantified using the Picogreen dsDNA quantifica-
tion assay as suggested by themanufacturer (Molecular Probes). Thefluo-
rescence from the Picogreen was measured with a 485 nm excitation
filter and a 530 nm emission filter using amicroplate reader (SpectraMax
Gemini EM). Lambda DNA was used to construct a standard curve in
order to determine the concentration of unknown samples. The quality
of the DNA prior to QPCR analysis was verified by running the DNA on a
0.6% ethidium bromide-stained agarose gel. Only DNA of intact high mo-
lecular weight, which showed negligible evidence of degradation, was
used in the DNA damage assays. DNA samples were aliquoted and stored
at−20 °C. Samples were thawed only once prior to downstream assays.

Quantifying mtDNA damage using the quantitative polymerase chain
reaction (QPCR)

Tomeasure levels ofmtDNA damage, we adapted a quantitative poly-
merase chain reaction (QPCR)-based assay to various neuronal systems
(Ayala-Torres et al., 2000). Thismethod is based on the principle that var-
ious forms of DNA damage have the propensity to slow down or block
DNA polymerase progression (Santos et al., 2006). Thus, if equal amounts
of mtDNA from experimental and control specimens are amplified under
identical conditions, the mtDNA sample with the least mtDNA damage
will produce the greatest amount of PCR product (Santos et al., 2006).
The PCR product used here amplifies almost the entire mitochondrial ge-
nome, excluding the D-loop to avoid bias from this mutation hotspot
(Sanchez-Cespedes et al., 2001). In addition to mtDNA damage, the
QPCR-based assay measures certain mtDNA mutations, such as the com-
mon 4.9 kb and other large deletions (based on a size change of the prod-
uct), as well as smaller deletions or rearrangements that compromise
primer complementarity. In contrast, typical sequencing strategies only
detect mutations and not mtDNA damage.

To confirm that QPCR assays were performed in the linear range,
optimal number of cycles for each template was conducted to show
that 50% reduction in the amount of template resulted in about 50%
reduction in amplification. QPCR products that demonstrated 40–60%
in the amplification of the target sequence when using 50% of the orig-
inal templatewere considered acceptable. The PCR amplification profile
for a 13.4 kb rat mitochondrial fragment was as follows: hot start for

10 min at 75 °C when the DNA polymerase was added, an initial
denaturation step for 1 min at 94 °C, followed by 18 cycles of denatur-
ation for 15 s at 94 °C, and then annealing/extension at 66 °C for
14 min. To complete the profile a final extension for 10 min at 72 °C
was performed. Primers 10633 and 13559 were used for the amplifica-
tion of the rat mitochondrial fragment and the primer nucleotide
sequences were described previously (Ayala-Torres et al., 2000). The
final concentration of magnesium in the PCR was 1.1 mM. All QPCR-
based experiments were performed in technical triplicate for each
biological replicate.

To ensure quality and specificity, all QPCRproductswere resolved on
a 0.6% agarose gel and UV light used to visualize ethidium bromide-
stained gels. The relative fluorescence of QPCR products was quantified
using Picogreen. Assuming a random distribution, the Poisson equation
was used to calculate the number of DNA lesions. Based on this equa-
tion, the amplification is directly proportional to the fraction of undam-
aged DNA templates. As such, the average lesion frequency per strand is
calculated as— lnAD / AO, where AD is the amplification of the damaged
or experimental template, while AO is the amplification of the undam-
aged or control template. Therefore, the results are shown as the num-
ber of lesions per strand normalized to 10 kb. DNA damage can then be
expressed mathematically as the number of DNA lesions per kilobase
(Furda et al., 2012). By normalizing this way, direct comparisons of dif-
ferent tissues or different chemical exposures are facilitated.

QPCR of a small mtDNA fragment

To ensure that the amplification of the large mtDNA fragment was
not due to possible changes in mtDNA steady state levels, we amplified
a rat (235-bp) small mtDNA fragment, since the amplification of this
small fragment should be independent of damage. The profile for this
PCR amplification was as follows: hot start for 10 min at 75 °C when
the DNA polymerase was added, an initial denaturation step for 1 min
at 94 °C, followed by 18 cycles of denaturation for 1 min at 94 °C and
then annealing at 60 °C for 45 s and extension at 72 °C for 45 s. To com-
plete the profile, a final extension for 10 min at 72 °C was performed.
The primer nucleotide sequences were 14678 and 14885 (Santos
et al., 2006). The PCR product was resolved on a 1.5% agarose gel and
UV light was used to visualize ethidium bromide-stained gels. The rela-
tive fluorescence of PCR products was quantified using Picogreen.

Measurement of cellular oxygen consumption rate (OCR)

Cellular oxygen consumption rate (OCR)wasmeasured using an ex-
tracellular flux analyzer (Seahorse Bioscience XF24) as described (Diers
et al., n.d.) with minor modifications. Intact primary VMB and cortical
neurons were grown in XF24 plates seeded at 80,000 cells/well for
1 week in growth medium. Neuronal cultures were then treated with
either vehicle (DMSO) or rotenone (10 nM) for 24 h. Plates were then
incubated in Calibrant medium (Seahorse Bioscience) for at least
30 min. Media containing final concentrations of 10 μM oligomycin,
300 nM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) and 1 μM rotenone were pre-loaded into the drug delivery sys-
tem. Once the basal OCRwasmeasured, the compoundswere added se-
quentially and the effects on OCR measured every 8 min.

Mitochondrial specific hydrogen peroxide production

Primary neurons were plated at 1.0 × 106 on 35 mm glass bottom
culture PDL coated dishes (MatTek). OnDIV7, neuronswere transfected
with CellLight mitochondria GFP (Invitrogen) for 16–18 h. On DIV 8,
neurons were incubated with 5 μM MitoPY1 (Dickinson and Chang,
2008; Dickinson et al., 2013; Dickinson and Chang, 2011) for 40 min
in 1× HBSS medium (136.9 mM NaCl, 5 mM KCl, 20 nM HEPES,
5.5 mM glucose, 0.59 mM KH2PO4, 0.56 mM Na2HPO4, 0.9 mM MgSO4

and 1.4 mM CaCl2) at 37 °C. Either vehicle (DMSO) or 10 nM rotenone
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was added at time zero; the signal was allowed to stabilize for
~100,000ms, afterwhich, the datawere normalized to this baseline. Re-
gions of interest (ROI) with only CellLight positive mitochondria were
analyzed. Fluorescence intensities (excitation 555 nm and emission
625 nm) and images were captured with a 60× lens using an Olympus
Fluoview FV1000 inverted confocal microscope.

Statistical analysis

The statistical software package GraphPad Prismwas used for statis-
tical computation. Data were analyzed by Student's t-tests and p b 0.05
was deemed significant. For all graphs, the error bars representmean±
standard error of the mean (SEM). For ELISA quantitative abasic site
measurements the 95% confidence intervalwas used to assess statistical
significance.

Results

MtDNA abasic sites accumulate selectively in nigral dopamine neurons in
PD

Currently there are no tools with which to examine specific kinds of
mtDNA damage in an intact cell-specificmanner (Maynard et al., 2010).
Therefore, we developed a new histochemical approach to detect
apurinic/apyrimidinic (abasic or AP) sites in situ in tissue sections.
Abasic sites are a type of DNA damage, often arising from oxidative

stress, in which there is loss of a purine or a pyrimidine base. Given
that polymorphisms in DNA repair genes, including a protein involved
in the repair of abasic sites (Alafuzoff et al., 2009), were recently report-
ed to be risk factors for developing PD,we investigated the role of abasic
sites in human PD brain postmortem tissue.

Coded midbrain and cortex brain sections from control and PD
cases were obtained for abasic site detection, and only after analysis
were samples unblinded (Supplemental Table 1). Aldehyde reactive
probe (ARP) reacts with a ‘ring-opened’ sugar moiety that results
from the loss of a base in DNA (i.e., abasic sites). A robust ARP
fluorescence signal was detected in nigral tyrosine hydroxylase
(TH)-positive dopamine neurons in PD cases (Fig. 1a), which co-
localized with TOM20 staining (Fig. 1a) and not DAPI (not shown),
indicating that the accumulated abasic sites were in mtDNA, not nu-
clear DNA. As noted below, control experiments in rat tissue showed
that the ARP signal was abolished by pretreatment of tissue with
DNase I. In PD cases, the majority of remaining nigral dopamine
neurons (55.1%) demonstrated ARP fluorescence; in contrast, less
than 8% of TH neurons were positive for ARP in controls (Fig. 1b).
To investigate a brain region affected by PD – but not subject to
apparent degeneration – postmortem cortical samples from the
same PD and control subjects were assayed for abasic sites. ARP
staining was rarely detectable in cortical neurons from either control
subjects or PD patients (Supplemental Fig. 1). Therefore, significant
abasic site accumulation was observed only in nigral dopaminergic
neurons from PD patients.

Fig. 1.Mitochondrial abasic sites in substantia nigra dopamine neurons in human PD. (a) Representative fluorescence images of the SN from a healthy control and PD patient. Tissue was
incubated with antibodies against TH (blue), a mitochondrial marker TOM20 (red), and probed with aldehyde-reactive probe (ARP, green). (b) Quantification of the proportion of TH
neurons that were ARP positive. In contrast to controls, the majority of TH neurons from PD patients accumulated abasic sites (black bar, *p b 0.05, Student's t-test). Data are presented
as mean ± SEM from five controls and five PD midbrain sections.

217L.H. Sanders et al. / Neurobiology of Disease 70 (2014) 214–223



Rotenone induces mitochondrial abasic sites selectively in nigral
dopaminergic neurons

To model the systemic mitochondrial impairment in PD, we exposed
rats to the pesticide rotenone, which has been linked epidemiologically
to PD (Tanner et al., 2011). Following rotenone treatment in rats (five
daily injections), ARP fluorescence was detected in TH neurons (Fig. 2a,
Supplemental Fig. 2). Themajority of THneurons demonstratedARP fluo-
rescence, which largely co-localized with TOM20 staining, indicating that
the accumulated abasic sites were in mitochondria (Fig. 2a). In addition,
ARP fluorescence did not co-localizewith DAPI (not shown). The ARP sig-
nal was abolished by the pre-treatment of tissue with DNase I, but not
RNase A (Supplemental Fig. 3), further confirming that this non-nuclear
signal is derived frommtDNA. ARP fluorescence was generally undetect-
able in vehicle-treated animals (Fig. 2a) and was likewise absent in corti-
cal neurons from rotenone-treated or control animals (Supplemental
Fig. 4). An increase in ventral midbrain total abasic sites following
rotenone administration was further confirmed using a conventional
quantitative ELISA-based method (Fig. 2b).

To examine whether abasic sites are induced with rotenone expo-
sure in vitro, rat primary neurons from the ventral midbrain (VMB)
were treated with vehicle or 10 nM rotenone, which does not cause
cell death (Fig. 4b). Abasic sites were increased within 2 h of rotenone
exposure relative to vehicle-treated VMB neurons (Fig. 2c). Together,
these results indicate that mtDNA abasic sites are detectable prior to

any signs of degeneration— and are produced selectively in nigral dopa-
minergic neurons under conditions of mitochondrial impairment.

Regionally selective mtDNA damage prior to nigrostriatal degeneration

Consistentwith theARP results described above,we recently observed
increased mtDNA damage associated with LRRK2 mutations in human
iPSC-derived neural cells (Sanders et al., 2013b). Oxidative damage,
which is thought to be important in PD pathogenesis, results in a spec-
trum of DNA lesions, such as strand breaks, abasic sites and base damage.
Although our new ARP assay detects an increase in a specific form of
mtDNA damage – abasic sites – in human PD and with experimental mi-
tochondrial impairment, it is important to evaluatemtDNA damagemore
broadly. For this purpose, we used a quantitative polymerase chain reac-
tion (QPCR)-based assay, which was applied after rotenone-induced mi-
tochondrial impairment in vivo and in vitro. By primer design, this assay
involves the amplification of a fragment specific for the mitochondrial
(13.4 kb) genome. The largemtDNA amplicon constitutes ~77% of the ge-
nome, excluding the D-loop to avoid bias from this mutation hotspot
(Sanchez-Cespedes et al., 2001). Many of the DNA lesions associated
with oxidative stress interfere with the ability of the polymerase to repli-
cate template DNA. Therefore, this assay simultaneously assesses a wide
variety of DNA damage and DNA repair intermediates that have the pro-
pensity to slowdownor blockDNApolymerase progression (Santos et al.,
2006). Thus, if equal amounts of DNA from experimental and control

Fig. 2.Mitochondrial abasic sites in substantia nigra dopamine neurons of rotenone treated rats. (a) Representative fluorescence images of the SN from rats either treated with vehicle or
rotenone (fivedaily injections). Tissuewas incubatedwith antibodies against TH (blue), amitochondrialmarker TOM20 (red), andprobedwith aldehyde-reactive probe (ARP, green). Few
neurons showed ARP fluorescence in vehicle treated animals. Bright ARP fluorescence that co-localized with TOM20 was observed in rats treated with rotenone. (b) Quantitative ELISA
measurements using DNA from VMB extracts (black bar, *p b 0.05, Student's t-test) demonstrated increased levels of total abasic sites in rats injectedwith rotenone compared to vehicle.
(c) Abasic sites form quickly with rotenone exposure in vitro. Rotenone treatment (10 nM) for 2 h increased the number of abasic sites in rat primary VMB neurons relative to vehicle by
ELISA measurement (black bar, *p b 0.05, Student's t-test). Data are presented as mean ± SEM.
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specimens are amplified under identical conditions, the DNA samplewith
the least DNA damage will produce the greatest amount of PCR product
(Santos et al., 2006). Thus, the final amplified PCR product is inversely
proportional to the number of DNA lesions.

Despite rapid and uniform distribution of rotenone throughout the
body, chronic exposure to rotenone is selectively toxic to the
nigrostriatal dopamine system in experimental animals and it causes a
pattern of cell-type specific degeneration similar to PD (Betarbet et al.,
2000). However, a single rotenone injection causes neither behavioral
symptoms nor detectable neuropathology (Cannon et al., 2009). Rats
were injected with a single dose of rotenone (3 mg/kg) or vehicle,
and 24 h later the ventral midbrain (VMB) was dissected, DNA was pu-
rified and the QPCR-based assay performed.We found that rotenone in-
ducedmtDNA damage (lesions) in rat VMB even after a single injection
(Fig. 3a; 0.31 ± 0.06 lesions/10 kb; p b 0.001). To determine if
rotenone-induced mtDNA damage is brain region specific, we assessed
mtDNA damage in the cerebral cortex. In contrast to VMB, cortex
showed fewer mtDNA lesions after rotenone compared to vehicle
(Fig. 3a;−0.10 ± 0.06 lesions/10 kb, p b 0.05). To control for a poten-
tial loss of mtDNA in response to cellular stress that could influence our
interpretation of mtDNA damage, we amplified a short mtDNA frag-
ment (235 bp) that due to its small size is less likely to contain a lesion,
and this was used to assay for mitochondrial copy DNA number. Mito-
chondrial DNA copy number was comparable in rotenone and vehicle
injected rats in both the VMB and cortex (Fig. 3b). DNA damage in the
rat VMB was specific to the mitochondria, since fewer nuclear DNA
lesions were detectable after a single rotenone injection relative to ve-
hicle (Supplemental Fig. 5).

To examinewhethermtDNAdamage occurs prior to cell type specif-
ic degeneration in vitro, rat primary neurons from the VMB or cortex
were treated with rotenone (10 nM) or vehicle. After 24 h of rotenone

treatment, DNA was purified and the QPCR-based assay performed.
Similar to our in vivo data, mtDNA damage was increased in VMB neu-
rons after exposure to rotenone relative to vehicle-treated neurons
(Fig. 4a; 0.45 ± 0.15 lesions/10 kb; p b 0.05). Also similar to the
in vivo results, primary cortical neurons exhibited fewermtDNA lesions
after rotenone exposure than after vehicle treatment (Fig. 4a;−0.07 ±
0.02 lesions/10 kb; p b 0.01). Neither VMB nor cortical neuronal viabil-
itywas affected by this low concentration of rotenone (Fig. 4b). Further-
more, the differences in mtDNA damage in VMB vs. cortical neurons in
response to rotenone were not attributable to changes in steady state
mtDNA levels (Fig. 4c). Together, the results from the QPCR-based
assay indicate that rotenone-induced mtDNA damage is brain region-
selective and occurs well before nigrostriatal neurodegeneration.

Rotenone increasesmitochondrial H2O2 in ventral midbrain but not cortical
neurons despite similar inhibition of oxygen consumption rate

Since mtDNA abasic sites were detected selectively in nigral dopa-
mine neurons (but not cortical neurons) in human PD – and similar re-
sults were seen in rats exposed to rotenone – it raises the question of

Fig. 3. A single subclinical dose of rotenone induced mtDNA damage in rat VMB but not
cortex in vivo. (a) 24 h following a single injection of rotenone, mtDNA lesions were in-
duced in the VMB (*p b 0.001, Student's t-test). In contrast, rotenone reduced mtDNA le-
sions in the cortex (*p b 0.05, Student's t-test). (b) Sublethal rotenone exposure did not
alter mtDNA copy number in VMB or cortex relative to vehicle with a single rotenone in-
jection. Data are presented asmean±SEM. TheQPCR-based assaywas performed in tech-
nical triplicate for each biological replicate (n= 8 vehicle, n= 9 rotenone for VMB; n= 6
vehicle, n = 6 rotenone for cortex).

Fig. 4. Sublethal rotenone induced mtDNA damage in rat primary VMB but not cortical
neurons in vitro. (a) 24 h of exposure to 10 nM rotenone increased mtDNA lesions in rat
primary VMB neurons (*p b 0.05, Student's t-test). In contrast, rotenone reduced
mtDNA lesions in rat primary cortical neurons (*p b 0.01, Student's t-test). (b) In these
cultures, rotenone exposure did not changeVMB or cortical neuron viability relative to ve-
hicle. (c) Rotenone exposure did not altermtDNA copynumber in rat primary VMB or cor-
tical neurons relative to vehicle. Data are presented as mean ± SEM. The QPCR-based
assay was performed in technical triplicate for each biological replicate (n = 3 DMSO,
n = 3 rotenone treated cultures).
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whether the differences in mtDNA damage between nigral and cortical
neuronsmight simply reflect differences in the degree of mitochondrial
impairment between these cell types. To examine this issue, VMB and
cortical neurons were both exposed to the same concentration of rote-
none, and mitochondrial respiration was assessed in the intact neurons
bymeasuring oxygen consumption rates (OCRs) (Qian and VanHouten,
2010). Treatment with 10 nM rotenone for 24 h (which does not affect
neuronal viability ormtDNA copy number; Figs. 4b,c) reduced the base-
line OCR in VMB and cortical neuronal cultures to a similar extent
(Fig. 5a). Furthermore, detailed analysis mitochondrial respiration
after sequential treatments with oligomycin, FCCP and 1 μM rotenone
showed that VMB and cortical neurons behaved identically (Figs. 5b,
c). Thus, although dopamine neurons selectively accumulate mtDNA

damage in PD and after exposure to rotenone, this does not necessarily
indicate that mitochondrial respiration is more impaired in the dopa-
mine neurons. Instead, other factors must be involved.

Oxidative stress has been implicated in PD, and rotenone is known to
increase reactive oxygen species. We therefore measured real time
levels of mitochondrial hydrogen peroxide (H2O2) in VMB and cortical
neurons in response to a sublethal concentration of rotenone (10 nM)
using the MitoPY1 probe (Dickinson and Chang, 2008; Dickinson et al.,
2013; Dickinson and Chang, 2011). Increased fluorescence of MitoPY1
indicates proportionally higher levels ofmitochondrial H2O2. Using con-
focal microscopy, low levels of MitoPY1 H2O2-associated fluorescence
co-localized with mitochondria in primary VMB neurons that were ex-
posed to vehicle (Figs. 6a,b). After acute exposure to 10 nM rotenone,
VMB neurons had a rapid and pronounced increase in the MitoPY1 mi-
tochondrial (H2O2) fluorescence. Within 5 min of rotenone exposure,
MitoPY1 fluorescence in VMB mitochondria was greater than vehicle
— and it increased progressively for the duration of measurement
(Fig. 6b). In contrast, in cortical neurons treated with either vehicle or
10 nM rotenone, MitoPY1 fluorescence was generally undetectable
(Fig. 6a). Thus, despite equivalent inhibition of respiration (Fig. 5),
VMB neurons respond to complex I inhibition with a rapid increase in
H2O2 levels and cortical neurons do not. These results suggest that for
a given level of complex I inhibition (with rotenone or in PD), dopamine
neurons experience more oxidative stress— and this is associated with
early, selective accumulation of mtDNA damage.

Discussion

There is an urgent need to define early events in PD pathogenesis for
both diagnostic and therapeutic purposes.While both genetic and envi-
ronmental factors contribute to an individual's risk for developing PD,
mitochondrial dysfunction has been proposed as a central mechanism
shared by sporadic and familial forms of PD. Nevertheless, the mecha-
nisms by which mitochondrial dysfunction results in PD are unclear.
Here we showed that mtDNA damage (i) occurs quickly (within 2 h)
after modest complex I impairment; (ii) accumulates selectively in ni-
gral dopamine neurons; and (iii) is enduring (i.e., not repaired effective-
ly), as it is found in the majority of nigral dopamine neurons in
postmortem specimens from PD cases. Mitochondrial DNA damage
may cause compromised bioenergetic function, genetic and protein in-
stability, increased ROS and it may trigger cell death. The accumulation
of DNA damage is particularly deleterious to post-mitotic, differentiated
tissues, including neurons, which generally cannot rely on self-renewal
through cell proliferation (Van Houten et al., 2006). However, to the
best of our knowledge, mtDNA damage has not been specifically exam-
ined in idiopathic PD.

Although there have been previous reports of general DNA damage
in late-stage PD,mtDNAhas not been examined specifically or rigorous-
ly, and cellular specificity has not been reported (Hegde et al., 2006;
Zhang et al., 1999b; Alam et al., 1997b). Applying a newly developed
histochemical assay for abasic sites in DNA in postmortem specimens
fromPD cases and the rotenonemodel, we have shown that dopaminer-
gic neurons – but not cortical neurons – accumulate mtDNA damage.
This is the first report of mtDNA abasic sites in human PD. Abasic sites,
whether generated through spontaneous base loss or caused by ROS,
are potentially cytotoxic or genotoxic as they can block the polymerase
during replication and transcription. While abasic site-induced toxicity
in the nuclear genome poses a threat, this type of lesion is particularly
detrimental for mitochondria because themitochondrial DNA polymer-
ase, polymerase-gamma, stalls in the presence of abasic sites causing
replication blockage (Pinz et al., 1995). The inability to effectively repair
abasic sites can compromise mitochondrial function and contribute to
neurodegeneration (Boiteux and Guillet, 2004; Lauritzen et al., n.d.).
While mtDNA damage is an integrated function of ongoing damage,
repair mechanisms, mtDNA replication and other cytoprotective mech-
anisms, includingmitophagy (Zhu et al., 2013), our finding of persistent

Fig. 5. Sublethal rotenone impaired mitochondrial respiration equivalently in rat primary
VMB and cortical neurons in vitro. (a) Treatment with 10 nM rotenone for 24 h decreased
the basal oxygen consumption rate (OCR) of rat primary VMB and cortical neurons (black
andwhite bars, *p b 0.01, Student's t test). (b) TheOCRs of VMB (black circles) and cortical
neurons (white circles) pre-exposed to vehicle for 24 h and then to oligomycin, FCCP and
rotenone were similar to each other. (c) The OCRs of VMB and cortical neurons pre-
exposed to 10 nM rotenone for 24 h and then to oligomycin, FCCP and rotenone were
also similar to each other. Data are presented as mean ± SEM.
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abasic sites in PD suggests ongoing base excision repair defects (Friedberg
et al., 2006). These results complement reports that the components of
the base excision repair pathway are up-regulated in the substantia
nigra of PD patients (Shimura-Miura et al., 1999; Arai et al., 2006; Fukae
et al., 2005).

Occupational exposure to pesticides is a well-characterized environ-
mental risk factor for PD (Cannon andGreenamyre, 2011). Such epidemi-
ological studies suggest the importance of multiple low concentration
occupational exposures in causing cumulative neural damage. In this re-
gard, occupational exposure to rotenone is an independent risk factor

for PD (Tanner et al., 2011). Experimentally, the chronic administration
of rotenone causes selective nigrostriatal neurodegeneration despite the
systemic inhibition of complex I (Betarbet et al., 2000). To model in rats
the systemic mitochondrial impairment and environmental component
associated with PD (Henchcliffe and Beal, 2008), rats were exposed to
the pesticide rotenone.We found that mitochondrial dysfunctionwas as-
sociated with robust mtDNA damage selectively in substantia nigra – but
not in cortex – and that this occurred well before there was any frank
degeneration of the nigrostriatal system. While we had previously
shown in the MPTP model of PD that mtDNA damage is associated with
extant neurodegeneration (Mandavilli et al., 2000), the current study
demonstrates that mtDNA damage in the nigrostriatal system occurs be-
fore the onset of neurodegeneration. Further support for the idea that in-
creased DNA damage contributes to neurodegeneration comes from
murine knockouts of the DNA repair enzymes MTH1, an oxidized purine
nucleoside triphosphatase, and OGG1 (8-oxoguanine DNA glycosylase),
which showed age-related degeneration of the nigrostriatal system and/
or increased sensitivity to dopaminergic toxins (Cardozo-Pelaez et al.,
n.d.; Yamaguchi et al., 2006). Lastly, genetic murine models that lead to
mtDNA depletion either by a mitochondrially targeted endonuclease or
by disruption in transcription factor Amitochondrial (TFAM), recapitulate
many of the key features of PD (Pickrell et al., n.d.).

The basis for the relatively selective loss of dopamine neurons in
PD is uncertain, but the high levels of ROS are an intrinsic property of
the vulnerable subpopulation of dopaminergic neurons in the
substantia nigra (Guzman et al., 2010), and this may render dopami-
nergic neurons particularly prone to DNA damage. Just as in PD, we
found that exposure to rotenone selectively produces mtDNA dam-
age in nigral dopamine neurons, but not cortical neurons. To rule
out the possibility that rotenone simply inhibits complex I more ef-
fectively in VMB neurons than in cortical neurons in our model sys-
tem, we measured mitochondrial respiration in both types of
neurons before and after the application of rotenone. This experi-
ment showed that rotenone impairs mitochondrial respiration
equally effectively in both cell types. Since, like rotenone, at least
some forms of PD (e.g., PINK1 and Parkin mutations) are associated
with systemic mitochondrial defects, this result raises the possibility
that VMB neurons and cortical neurons respond differently to mito-
chondrial impairment. For example, in response to a complex I de-
fect, mitochondria in VMB neurons might produce more ROS — or
buffer them less effectively. To test this possibility, we used a probe
for mitochondrial H2O2, MitoPY1, and found a robust rotenone-
induced H2O2 signal in VMB neurons but not cortical neurons.
Whether this reflects differences in production or degradation of
ROS remains to be determined, but these results are consistent
with other recent works showing that VMB neurons handle ROS dif-
ferently than cortical neurons (Horowitz et al., 2011). In fact,
rotenone-exposed cortical neurons compared with vehicle showed
less mtDNA damage both in vitro and in vivo. Similarly, it has been
shown that after a brief exposure to hydrogen peroxide, mtDNA ac-
tually amplifies better than control (Santos et al., 2003). In addition,
a previous study in mice showed that the cortex has lower basal
levels of DNA damage and higher levels of DNA repair relative to
other brain regions (Cardozo-Pelaez et al., 2000). In this context, re-
duced mtDNA lesions in cortical neurons suggest (i) an enhanced
mtDNA repair response, (ii) a less oxidizing cellular environment,
and/or (iii) a more efficient ROS scavenging system (Chen et al.,
1998).

In conclusion, the present study provides the first demonstration
that abasic sites are readily detected in nigral dopaminergic, but not cor-
tical neurons, in PD and a model thereof. Abasic sites accumulate very
quickly after even modest complex I inhibition and apparently persist
to the final stages of the disease. As such, mitochondrial abasic sites
may represent a new ‘molecular signature’ of vulnerable nigral neurons
in PD. Although relatively little is currently known about DNA repair in
neurons, future work will elucidate the critical mtDNA repair pathways

Fig. 6. Increased levels of mitochondrial H2O2 in rat primary VMB but not cortical neurons
after rotenone treatment in vitro. (a) Representative fluorescence images of mitochondria
(red) and the mitochondrial H2O2 indicator, MitoPY1 (green), in live primary VMB and
cortical neurons. Administration of 10 nM rotenone to VMB neurons generated bright
MitoPY1 fluorescence that co-localized with mitochondria. Few cortical neurons showed
bright MitoPY1 fluorescence after rotenone administration. Similarly, few VMB or cortical
neurons contained bright MitoPY1 fluorescence after vehicle administration. (b) Kinetic
studies of mitochondrial H2O2 accumulation in VMB neurons showed increased MitoPY1
fluorescence within 5 min of rotenone administration (black circles) relative to vehicle
(white circles). MitoPY1 fluorescence continued to increase for at least 27 min after
10 nM rotenone exposure. Data are presented as mean ± SEM.
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involved in the accumulation of mtDNA damage in PD andmay point to
new therapeutic strategies.
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