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Abstract
In vitro and in vivo models of Parkinson's disease (PD) suggest that increased oxidant production
leads to mitochondrial dysfunction in dopaminergic neurons and subsequent cell death. However,
it remains unclear if cell death in these models is caused by inhibition of mitochondrial function or
oxidant production. The objective of the present study was to determine the relationship between
mitochondrial dysfunction and oxidant production in response to multiple PD neurotoxicant
mimetics. MPP+ caused a dose-dependent decrease in the basal oxygen consumption rate (OCR)
in dopaminergic N27 cells, indicating a loss of mitochondrial function. In parallel, we found that
MPP+ only modestly increased oxidation of hydroethidine as a diagnostic marker of superoxide
production in these cells. Similar results were found using rotenone as a mitochondrial inhibitor,
or 6-hydroxydopamine as a mechanistically distinct PD neurotoxicant, but not with exposure to
paraquat. Additionally, the Extracellular Acidification Rate, used as a marker of glycolysis, was
stimulated to compensate for OCR inhibition after exposure to MPP+, rotenone, or 6-
hydroxydopamine, but not paraquat. Together these data indicate that MPP+, rotenone and 6-
hydroxydopamine dramatically shift bioenergetic function away from the mitochondria and
towards glycolysis in N27 cells.
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Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disorder in the
United States, affecting an estimated 500,000 Americans, and projected to increase in
prevalence (Dorsey et al. 2007). Current therapeutic options for patients with PD are mainly
limited to symptom management (Jenner 2008). Recent research efforts have focused on
mitochondrial dysfunction and overproduction of reactive oxygen and nitrogen species
(ROS/RNS) as potential causal mechanisms (Yacoubian & Standaert 2009). Despite these
proposals, it remains unclear whether increased ROS production in the mitochondria is the
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cause or merely a consequence of disease progression. Several current in vitro and in vivo
models of PD focus on pharmacologic inhibition of mitochondrial electron transport chain
(ETC) proteins (e.g., Complex I) (Cannon et al. 2009). Because these compounds are known
inhibitors of the ETC, and the ETC is both a target and a source of ROS, the relative
contribution of ROS production and ATP synthesis inhibition to eventual cell death has not
been conclusively determined.

The importance of cellular oxidant status in controlling mitochondrial function is clear.
Previous reports by Davey and colleagues demonstrate that elimination of the cellular
antioxidant glutathione removes the threshold of complex I inhibition required to decrease
ATP production (1998). Despite clear evidence that ROS is increased in PD patients, clinical
trials involving the use of antioxidants for PD prevention have been unremarkable thus far
(Yacoubian & Standaert 2009, Snow et al. 2010). One explanation for this discrepancy is
that the antioxidants are applied at insufficient doses, or that the intervention occurs too late
in disease progression. Alternatively, there could exist a disconnect between mitochondrial
dysfunction and oxidative stress in PD progression. To address this, here we determine the
correlation between inhibition of mitochondrial function and induction of superoxide
production.

Over the last three decades, four main PD mimetics have been employed to study the
molecular pathology of PD in cell culture – MPP+, rotenone, 6-hydroxydopamine (6-
OHDA), and paraquat (Sayre 1989, Rodriguez-Pallares et al. 2007). Rotenone is a known
inhibitor of Complex I that blocks electron transfer to one of the 8 iron/sulfur clusters in this
enzyme. MPP+, in contrast, has no clear mechanism of inhibition, though there is evidence
for diminished mitochondrial membrane potential subsequent to Nernstian uptake into the
mitochondria (Sayre 1989, Scotcher et al. 1991). Redox cycling by MPP+ has been
proposed, but is unlikely to occur in physiological systems, owing to its high 1-electron
reduction potential (Klaidman et al. 1993). Separate from both of these compounds, 6-
OHDA is a toxic metabolite of dopamine which is a substrate for the catecholamine
reuptake system, yielding specificity for dopaminergic neurons when administered in vitro
or in vivo (Rodriguez-Pallares et al. 2007, Latchoumycandane et al. 2011). The mechanism
of action is thought to be a combination of oxidant production secondary to metal-catalyzed
6-OHDA autooxidation, inhibition of mitochondrial Complex I, and NADPH oxidase
activation in microglial cells (Gee & Davison 1989, Rodriguez-Pallares et al. 2007).
Paraquat is an herbicide that has been associated with increased PD risk in farmers with high
exposure to the compound (Tanner et al. 2011). Similar to the compounds discussed above,
the proposed mechanism of paraquat toxicity is through the generation of ROS. In contrast
to MPP+, ROS generation by paraquat has been suggested to largely occur due to redox
cycling with mitochondrial NADH dehydrogenase (E.C. 1.6.5.3) (Frank et al. 1987,
Fukushima et al. 1993), and more recently ubiquinol:cytochrome c oxidoreductase (E.C.
1.10.2.2) (Castello et al. 2007, Drechsel & Patel 2009). This suggests that mitochondrial
function may be impaired as in other models of PD (Czerniczyniec et al. 2011).

In sum, the common mechanisms proposed for toxicity in all of these pharmacologic models
of PD center around 2 major pathways: inhibition of mitochondrial function, and increased
ROS generation (either direct production from the compound, or secondary to increased
inflammation)(Votyakova & Reynolds 2001). In this study, we seek to understand the
relationship between mitochondrial dysfunction and superoxide production in cells treated
with each of these model compounds. Because exposure to each compound results in
Parkinson's disease-like symptoms in animal models (Dunnett & Lelos 2010, Ghosh et al.
2010, Duty & Jenner 2011), and neuronal death in cell culture models (Collier et al. 2003,
Zhang et al. 2007), similar effects on mitochondrial function and ROS generation should be
expected if they are working through the same mechanism. As a result, both mitochondrial
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dysfunction and oxidative stress are attractive targets for clinical intervention (Schulz &
Beal 1995, Beal 2003, Schapira 2012).

Methods
Cell culture and reagents

Unless otherwise stated, all chemicals used in this study were from Sigma (St. Louis, MO),
and were cell-culture grade or better. The dopaminergic N27 cell line derived from rat
mesencephalon was maintained in RPMI 1640 media from Invitrogen (Carlsbad, CA)
essentially as described (Fukui & Moraes 2008, Jin et al. 2011). Culture media were
supplemented with fetal bovine serum (FBS, 10%), penicillin (100 units/ml), and
streptomycin (100 μg/ml), all from Invitrogen. In experiments utilizing the Seahorse
Bioscience XF24, cells were changed to assay media comprised of RPMI 1640 lacking
sodium bicarbonate with added sodium pyruvate (5 mM), penicillin (100 units/ml), and
streptomycin (100 μg/ml), all from Invitrogen. The pH of this media was adjusted to 7.4
using dilute HCl immediately prior to use. Cells were maintained in a 37°C, humidified
incubator with 5% CO2. For extracellular flux measurements, cells were transferred to a
37°C CO2-free incubator after changing to assay media lacking sodium bicarbonate.

HPLC analysis of hydroethidine oxidation
Oxidation of hydroethidine (HE) to 2-OH-E+ was used as an indicator of superoxide radical
anion (O2

•–) production in intact N27 cells using a previously described method (Zielonka et
al. 2009). Non-specific oxidation to ethidium and dimeric ethidium products was also
monitored as an indicator of formation of oxidants other than superoxide (Zielonka et al.
2012). Briefly, N27 cells were cultured in 100 mm dishes. Cells were treated as indicated for
4 h, and HE was added to a final concentration of 10 μM for the last hour of incubation. The
cells were then washed twice with ice-cold Dulbecco's PBS (DPBS), and scrape-harvested
into 1 ml of DPBS. The samples were centrifuged at 1000 × g for 1 min, and the supernatant
discarded. The pellet was then snap frozen in liquid nitrogen. Pellets were syringe lysed
using 10 strokes through a 28 ga needle in 150 μl 0.1% Triton X-100 in ice-cold PBS. HE
oxidation products were then extracted using 100 μl of 0.2 M HClO4 in methanol. The
samples were incubated on ice for 1 h, and then centrifuged for 30 min at 20,000× g, 4°C.
100 μl of the supernatant was then transferred to a fresh tube, and the pH was adjusted with
1 M phosphate buffer, pH 2.6. This solution was centrifuged for an additional 15 min at
20,000 × g, 4°C. 150 μl of the resulting supernatant was transferred to HPLC vials for
analysis. Using an Agilent 1100 HPLC system, 50 μl of each sample was resolved on a
Kinetex C18 column (Phenomenex, 100 × 4.6 mm, 2.6 μm) equilibrated with 20% CH3CN
[containing 0.1% (v/v) trifluoroacetic acid (TFA)] in 0.1% TFA aqueous solution. The
compounds were eluted during a linear increase in CH3CN fraction from 20% to 60% over 5
min (using a flow rate of 1.5 ml/min). The fraction of CH3CN was increased to 100% over
the next 2 min, and maintained at that level for 1.5 min. For the quantitation of HE oxidation
products, the peak area detected by the absorption detector at 370 nm (HE, HE-HE) and 290
nm (HE-E+, E+-E+) as well as the fluorescence detector (excitation 358 nm, emission 440
nm for HE; excitation 490 nm, emission 567 nm for 2-OH-E+; excitation 490 nm, emission
596 nm for E+) were used.

Measurement of mitochondrial oxygen consumption and extracellular flux
To monitor the consumption of oxygen and extracellular acidification in intact, adherent
N27 cells, a Seahorse Bioscience XF24 Extracellular Flux Analyzer was used (Seahorse
Bioscience, North Billerica, MA). For these experiments, N27 cells were seeded to 4 × 104

cells/well in Seahorse Bioscience V7 polystyrene microplates. OCR was measured using
mix/wait/measure times of 2 min/2 min/3 min. All data was obtained using the AKOS
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algorithm in software version 1.7.0.78 (Gerencser et al. 2009). In some experiments, specific
indices of mitochondrial function were assessed using a previously described mitochondrial
function assay (Jekabsons & Nicholls 2004, Hill et al. 2009, Dranka et al. 2010). In these
experiments, oligomycin (1 μg/ml), FCCP (3 μM), and antimycin A (10 μM) were injected
to the indicated final concentration using the included ports on the XF24 cartridges. Further
analysis of these experiments was performed using Microsoft Excel 2010 to calculate ATP-
linked OCR, proton leak OCR, and the reserve capacity as described (Dranka et al. 2010).

ATP quantification
Intracellular ATP levels were quantified using a luminescence kit from Sigma (St. Louis,
MO) essentially according to the manufacturer's instructions. Briefly, cells seeded into 96-
well plates were washed twice with PBS, lysed, and samples were added to the ATP
measurement reagent. Luminescence was monitored using a Beckman-Coulter DTX880
plate reader. An ATP standard curve was used to determine ATP levels in the cells.

Statistical analysis
All data were analyzed and plotted using Microsoft Excel 2010 or Origin 8.5 (OriginLab;
Northampton, MA). Unless otherwise indicated, all data are the mean ± sem for an
individual experiment, and representative of at least three independent experiments.
Statistical significance was calculated using unpaired two-tailed t-tests. Data were
considered statistically significant when p≤0.05.

Results
Superoxide production in the presence of PD mimetics is low

Superoxide production was quantified by monitoring the oxidation of HE to 2-OH-E+ and
expressed as the amount of 2-OH-E+ formed during 1 hr normalized to the amount of
cellular protein in cell lysates. N27 cells were seeded in 10 cm dishes. When confluent, the
cells were exposed to 150 μM MPP+, 1 μM rotenone, 100 μM 6-OHDA, 1 mM paraquat, or
20 μM menadione. As shown in Figure 1A, MPP+, rotenone, and paraquat all stimulated a
slight but significant increase in the 2-OH-E+ HPLC signal. This indicates that these
compounds stimulate an approximate 2-fold increase in O2

•– level. Surprisingly, 6-OHDA
elicited no increase in this parameter. Menadione (20 μM) was used as a positive control for
production of O2

•–, causing a 3.7-fold increase in 2-OH-E+, the specific marker of HE
oxidation by O2

•–. Notably, both MPP+ and rotenone stimulated a large increase in E+, E+-
E+ dimer, and HE-E+ heterodimer. These reaction products are not specific to the reaction of
HE with O2

•– (Zhao et al. 2003, Zielonka et al. 2009). Peak area from the representative
HPLC traces shown in Figure 1A were quantified using standards for 2-OH-E+, HE, E+,
and E+-E+. Levels of HE-E+ and HE-HE dimers are expressed as the peak area per mg
protein as standards for these compounds are not available. Quantification of the HPLC data
is shown in Figure 1B.

Defining the bioenergetic profile of N27 dopaminergic neuronal cells
Before proceeding with other analyses of the effects of MPP+ on cellular bioenergetic
function, optimal conditions for using N27 cells in the Seahorse Bioscience XF24
Extracellular Flux Analyzer were established. First, an optimal seeding density for these
cells was determined. As shown in Supplemental Figure 2A, OCR and ECAR increased
linearly with respect to cell density. Based on these data, 40,000 cells/well were chosen for
further experiments. Second, the role of pyruvate in OCR measurements was determined.
Previous reports indicate that pyruvate supplementation is critical for accurate measurement
of OCR in neuron-derived cell cultures (Jekabsons & Nicholls 2004). N27 cells were seeded
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as described, and bioenergetic function was measured in assay media containing 0, 1, 5, or
10 mM sodium pyruvate. OCR was found to increase at all concentrations of pyruvate, with
≥1 mM yielding the highest stimulation of basal OCR (Supplemental Figure 2B) and
apparent reserve capacity (Supplemental Figure 2C).

Inhibition of oxygen consumption by MPP+ results in stimulation of glycolytic function in
adherent N27 cells

To determine the effect of acute MPP+ treatment on cellular bioenergetic function in intact
dopaminergic N27 cells, changes in the rates of oxygen consumption as well as extracellular
acidification were monitored. As shown in Figure 2A, injection of MPP+ caused a dose- and
time-dependent decrease in oxygen consumption. At 300 μM concentration, OCR was
inhibited by 80% within 3 h. Concomitant with the inhibition of OCR, MPP+ stimulated the
Extracellular Acidification Rate (ECAR), which is used as a measure of glycolysis (Wu et
al. 2007). Stimulation of ECAR was also found to be dose- and time-dependent with 300
μM MPP+ causing a 30% increase over baseline (Figure 2B). As these measurements can
be considered to be representative of whole cell bioenergetic function, plotting the response
of OCR against ECAR over time shows that cells treated with 300 μM MPP+ shift towards
glycolysis (Figure 2C).

Rotenone inhibits mitochondrial function more rapidly than MPP+

Rotenone exhibits known inhibitory effects on Complex I of the mitochondrial ETC, so we
next tested the kinetics of rotenone's action on mitochondrial oxygen consumption. As
shown in Figure 3A and S3A, rotenone at concentrations as low as 100 nM caused a near
maximal inhibition of cellular oxygen consumption within 30 min of injection into the cell
culture. Similar to the effects of MPP+, ECAR was also stimulated in the presence of
rotenone, consistent with increased glycolytic demand due to inhibition of mitochondrial
ATP production (Figure 3B, S3B). These data thus represent a rapid switch to glycolytic
metabolism as shown in Figure 3C, typified by decreased OCR and increased ECAR.

Paraquat stimulates oxygen consumption
Similar to experiment described above, the effect of paraquat on N27 cell bioenergetic
function was assessed. As shown in Figure 4A, paraquat induced a small concentration-
dependent stimulation of OCR over 4 h. Interestingly, the concomitantly measured ECAR
shown in Figure 4B indicates that concentration-dependent inhibition of glycolysis is rapid
and sustained for the entirety of the 4 h treatment. As expected, these data represent a fast
inhibition of glycolysis and a slow stimulation of mitochondrial oxygen consumption as
shown in Figure 4C.

Inhibition of mitochondrial oxygen consumption by PD mimetics is at the expense of ATP-
Linked OCR

To determine the mechanism of inhibition of OCR shown in Figures 2, 3, and 4, specific
indices of mitochondrial function were assessed. In the first series of experiments, N27 cells
were treated with MPP+ at a final concentration of 50, 150, or 300 μM for 4 h. The cells
were then washed free of the MPP+, and mitochondrial function was assessed as described
(Dranka et al. 2010). Sequential additions of oligomycin (1 μg/ml), FCCP (3 μM), and
antimycin A (10 μM) were used to define a mitochondrial function profile (Supplemental
Figure 4A). This profile designates the proportion of the basal OCR that is linked to ATP
production. It also allows calculation of the reserve capacity based on the measured maximal
OCR in the presence of FCCP (Dranka et al. 2010). As shown in Figure 5A and
Supplemental Figure 4B, MPP+ inhibits basal OCR after 4 h, consistent with the data
shown in Figure 2. This was found to be due to a loss of ATP-linked OCR (i.e., the fraction
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of total oxygen consumption coupled to the production of ATP at mitochondrial Complex
V). Additionally, maximal OCR as stimulated by FCCP was also found to be decreased by
nearly 50% relative to control untreated cells (Figure 5A). Apparent reserve capacity
increased after treatment with MPP+, despite a loss in maximal OCR. This seeming paradox
will be discussed further below.

N27 cells were also treated according to the same experimental design with rotenone (0.1-10
μM), 6-hydroxydopamine (6-OHDA; 50-200 μM), or paraquat (50-1000 μM).
Supplemental Figures 4C, D, and E show the time resolved measurement of mitochondrial
function as described above for cells treated with rotenone, 6-OHDA, or paraquat,
respectively. As with MPP+ treatment, both rotenone and 6-OHDA decreased basal OCR
due largely to the loss of ATP-linked OCR. This occurred in a concentration-dependent
manner in both rotenone and 6-OHDA treated cells. Consistent with data shown in Figure 4,
paraquat only modestly increased the basal OCR. Interestingly, a concentration-dependent
increase in the non-mitochondrial OCR was the only parameter significantly altered in
response to paraquat. This will be discussed in greater detail below.

The bioenergetic shift induced by MPP+ but not rotenone is reversible
To determine if the inhibition of OCR and stimulation of ECAR by MPP+ is transient or
permanent, cells were treated with 300 μM MPP+ for 4 h, the media was removed and
replaced with assay media, and the cells were monitored for an additional 8 h. After the cells
were changed to assay media, they were incubated in a non-CO2 incubator for 1 h prior to
beginning the bioenergetics measurements as described in the methods. As shown in Figure
6A, OCR recovers to baseline levels after approximately 4 h. ECAR stimulation also returns
to baseline concomitantly (Figure 6B). The normalization of ECAR at concentrations lower
than 300 μM appears to happen within the 1 h media washout period as no significant
stimulation of ECAR was apparent at the beginning of the assay. Interestingly, exposure to
rotenone according to the same treatment scheme caused irreversible OCR inhibition as no
recovery was observed within 8 h of compound washout (Figure 6C, S3C). Similarly,
ECAR did return to control levels within 6 h following removal of rotenone at all
concentrations tested (Figure 6D).

MPP+ decreases mitochondrial production of ATP
Despite the stimulation of ECAR in response to MPP+, ATP levels declined in a dose-
dependent manner in the presence of MPP+ (Figure 7), though this effect was modest. To
determine if glycolytic ATP supports the total cellular ATP level in the presence of MPP+,
N27 cells were treated with MPP+ (0-300 μM) in the presence of oligomycin (1μg/ml, to
inhibit mitochondrial ATP synthesis) or 2-deoxy-D-glucose (2-DG, 10 mM, to inhibit
glycolysis). As shown in Figure 7, the addition of oligomycin had no effect on ATP levels
in the presence of MPP+, but 2-DG synergized with MPP+ to cause a further decrease in
cellular ATP levels.

Discussion
One major area of interest in Parkinson's disease pathogenesis is whether increased oxidant
production is a cause or merely a consequence of mitochondrial inhibition. While both of
these events are well documented to occur in PD patients, the exact impact of each on the
other remains unclear. The major mechanism proposed to lead to cell death in response to
MPP+ is increased ROS production following inhibition of Complex I (Johannessen et al.
1986, Adams et al. 2001). Recent techniques to examine superoxide (O2

•–) by HPLC
analysis of HE reaction products allow for a more clear determination of the cause of HE
oxidation (Zielonka et al. 2009, Zielonka & Kalyanaraman 2010). In the first series of
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experiments, we examined whether O2
•– production was increased following treatment with

common PD mimetic compounds. As shown in Figure 1, these data reveal that 2-OH-E+

generation is significantly lower in all treatment groups as compared to 20 μM menadione,
which is used here as a positive control for O2

•– production. Both 150 μM MPP+ and 1 mM
paraquat caused a greater than 2-fold increase in 2-OH-E+; however, this increase was found
to be significantly lower than that produced following treatment with menadione. In
contrast, MPP+ and rotenone both elicit a significant increase in ethidium (E+), E+-E+

homodimer, HE-HE homodimer, and HE-E+ mixed dimer. This indicates an increase in non-
specific oxidation of HE (e.g., occurring due to reaction with heme/H2O2, perferyl iron,
or •OH). Previous publications provide evidence for increased O2

•– production following
treatment with each of the PD mimetic compounds used here, but have used either electron
spin resonance (Klaidman et al. 1993), or fluorescence microscopy measurements of HE
oxidation (Kalivendi et al. 2003). Fluorescence experiments likely detected the large
increase in E+ following treatment with MPP+ or rotenone, attributing this fluorescence to
O2

•–. As demonstrated in Table 1, the fluorescence emission characteristics of E+ and 2-
OH-E+ are extremely similar, and are not likely to be resolved with conventional wide-field
microscopy. It is likely that other O2

•–-independent HE oxidation pathways are involved in
the production of E+, and these are a topic of active investigation.

Recent publications demonstrate a clear mitochondrial involvement in the pathogenesis of
Parkinson's disease (Keeney et al. 2009, Trimmer & Bennett 2009, Schapira & Jenner
2011). Because increased ROS is proposed to impact mitochondrial function, we next
measured total cellular bioenergetic function in N27 cells exposed to PD neurotoxicants. We
chose the dopaminergic N27 cell line in which to perform this analysis, as they express
tyrosine hydroxylase and the dopamine transporter, but are not differentiated (Adams et al.
1996). This is important because many growth factors (e.g., BDNF, α-tocopherol) used to
differentiate neuronal cells have known protective effects against the PD mimetic
compounds examined here. Furthermore, differentiated neuroblastoma cells (SH-SY5Y
cells) have decreased glycolytic function as compared to undifferentiated cells (Schneider et
al. 2011). Importantly, glycolysis is expected to contribute less to the total ATP production
in intact neurons than oxidative phosphorylation because glucose is oxidized completely to
CO2 and H2O, and ATP production from oxidative phosphorylation is much higher
[reviewed in (Clarke & Sokoloff 1999)]. Thus, the non-differentiated N27 cells used here
may represent a different metabolic set point than that which is present in the intact brain.

To investigate the relationship between O2
•– production and mitochondrial function, N27

cells were treated with MPP+ (Figure 2), rotenone (Figure 3), or paraquat (Figure 4). In
these experiments, both MPP+ and rotenone inhibited mitochondrial function as expected,
based on previous reports in the literature. Here we show the time-dependence of this
inhibition in intact cells for the first time. The effect of paraquat on mitochondrial function
is in sharp contrast to the effects of MPP+ and rotenone. Paraquat, a well-established redox
cycling agent, caused a mild, but significant increase in OCR (Figure 4A). This most likely
represents 1-electron reduction of O2 to O2

•–, as the stimulation is not reversed by addition
of mitochondrial inhibitors. Similar observations have been reported using the redox cycling
compound 2,3-dimethoxy-1,4-napthoquinone (Dranka et al. 2010). Together, these data
suggest that the link between superoxide production and mitochondrial dysfunction is not
universally correlated in pharmacologic models of Parkinson's disease.

Glycolytic function was also measured in parallel with mitochondrial function following
addition of MPP+ and rotenone. As shown in Figures 2B and 3B, both MPP+ and rotenone
elicited a stimulation in ECAR. This is believed to occur as compensation for inhibition of
mitochondrial oxygen consumption – akin to the Warburg effect described in cancer cells
(Wu et al. 2007, Vander Heiden et al. 2009). Stated otherwise: as OCR decreases, ECAR
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increases. In both cases, the net effect is a shift from oxidative phosphorylation towards
glycolytic metabolism, as indicated in Figures 2C and 3C. In these figures, OCR and ECAR
are plotted against each other as a function of the time of the assay. In this way, the shift
towards glycolytic metabolism can be seen as an increase in ECAR with the concomitant
decrease in OCR – a shift towards the bottom right quadrant of each graph. MPP+ and
rotenone also differ in terms of reversibility of inhibition (Figure 6). This reversibility
indicates that the underlying mechanism of mitochondrial inhibition differs between these
compounds. Notably, this difference in reversibility occurs despite similar levels of O2

•–

production (Figure 1).

Specific parameters of mitochondrial function were next analyzed according to a previously
established protocol using specific mitochondrial inhibitors (Figure 5) (Jekabsons &
Nicholls 2004, Dranka et al. 2011). In addition to MPP+ and rotenone, we assessed the
effects of the toxic metabolite of dopamine, 6-OHDA and paraquat. In this series of
experiments, cells were treated with the indicated concentrations of MPP+, rotenone, 6-
OHDA, or paraquat for 4 h, the media was removed, and after washout of the compounds,
mitochondrial function was tested. ATP-Linked OCR decreased in response to MPP+,
rotenone, and 6-OHDA, but not paraquat. In addition, MPP+, rotenone and 6-OHDA
decreased the FCCP-stimulated oxygen consumption, here termed maximal OCR. Notably,
both rotenone and 6-OHDA caused a decrease in reserve capacity OCR, defined as the
difference between the baseline OCR and the FCCP-stimulated rate. In contrast, MPP+

inhibited maximal OCR, but not to the same degree as rotenone and 6-OHDA. We
tentatively assign this observation to the effect of FCCP on the retention of MPP+ in the
mitochondrial matrix due to its positive charge. One suggested mechanism contributing to
inhibition of mitochondrial function by MPP+ is the partial dissipation of the mitochondrial
membrane potential (ΔΨm) (Sayre 1989). This is likely to happen due to the Nernstian
uptake of the positively charged MPP+ into the inwardly negative mitochondrial matrix.
Despite the initial dissipation of ΔΨm, the remaining potential would serve to retain MPP+

in the mitochondrial matrix. Treatment with FCCP would then release this MPP+, alleviating
the inhibition of mitochondrial oxygen consumption. In contrast to these results, treatment
with paraquat stimulated the baseline OCR, which we found to be due to increased non-
mitochondrial OCR (Figure 5D).

The stimulation of glycolysis which occurs after treatment with MPP+ or rotenone is thought
to compensate for the decreased mitochondrial oxygen consumption that occurs
concomitantly. If true, ATP levels should be maintained. In fact, MPP+ alone has little effect
on ATP levels (Figure 7). However, the addition of 2-DG to inhibit glycolysis causes a 50%
decrease in ATP levels, which is then exacerbated in the presence of MPP+. Combined with
the lack of ATP depletion in the presence of the ATP-synthase inhibitor oligomycin, these
data indicate that N27 cells are typically reliant on glycolysis for ATP production. This
finding fits well with previous reports suggesting a protective effect of glucose against
MPP+ toxicity (Mazzio et al. 2004). However, here we show for the first time that the
compensation of glycolysis for inhibition of OCR happens in parallel following MPP+

treatment.

While it is clear that oxidative stress and mitochondrial dysfunction are both occurring
during PD progression, the lack of a mechanistic connection between these events is also
increasingly being recognized (Fukui & Moraes 2008, Surmeier et al. 2010). Typically, the
progression of Parkinson's disease is thought to occur in a linear (or perhaps circular)
fashion. In this model, mitochondrial dysfunction would lead to ROS production, or vice
versa. We tested this hypothesis using compounds known to either inhibit mitochondrial
Complex I (e.g. rotenone), or redox cycle to produce ROS (e.g. paraquat). Our data suggest
that there is not a direct correlation between mitochondrial dysfunction and superoxide
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generation. Future studies are required to determine the contribution of the myriad cell types
implicated in PD progression. It is clear that some ROS production by glial cells is
responsible for loss of dopaminergic neurons (Brown 2007). However, inhibition of ROS is
also protective in the absence of the glial cells (Anantharam et al. 2007). Conversely, it is
unclear why ethyl pyruvate, which should both work as an antioxidant and support
mitochondrial function, is only protective against MPP+ if the glial cells are intact (Huh et
al. 2011). These and other studies highlight the importance of determining the interrelation
of mitochondrial dysfunction and ROS in response to PD neurotoxicant compounds.
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Figure 1. Superoxide production is relatively low following MPP+, rotenone, or 6-OHDA
treatment
N27 cells were grown in 100 mm dishes to 80% confluence. Cells were then treated with
MPP+ (150 μM), rotenone (1 μM), 6-OHDA (100 μM), paraquat (1 mM) or menadione (20
μM) for 4 h. Hydroethidine was added to a final concentration of 10 μM for the final hour
of treatment. Cells were washed, and HE oxidation was monitored by HPLC. Panel A:
Representative HPLC traces of the oxidation products of HE. Peaks detected by the
fluorescence detector are represented on the left, and those detected by absorbance on the
right. Panel B: Peak area was quantified and the concentration of HE, 2-OH-E+, E+, and E+-
E+ were determined based on known standards. HE-E+, and HE-HE amounts are expressed
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as measured peak area per mg protein. Data shown are the mean ± sd. n=3 per treatment
group.

Dranka et al. Page 14

J Neurochem. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. MPP+ inhibits mitochondrial function and stimulates a shift towards glycolytic
metabolism
N27 cells were seeded to 4×104 cells/well in Seahorse Bioscience V7 tissue culture plates.
After 24 h, cells were changed to assay media. Five baseline measurements of OCR and
ECAR were recorded and then MPP+ was injected to the final concentrations indicated.
Effects on OCR (Panel A) and ECAR (Panel B) were monitored for 4 h. Data in Panels A
and B for control and cells treated with 150 μM MPP+ were used to generate the graph in
Panel C. OCR and ECAR are plotted against each other for the duration of the experiment.
Arrowheads indicate the progression in time, with each arrow point representing a specific
data point. Increased ECAR and decreased OCR indicates a shift from oxidative
phosphorylation to glycolytic metabolism. For clarity, the first 4 baseline measurements and
statistical significance is omitted from data in Panel C. Data shown are the mean ± sem. n=5
per treatment group.
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Figure 3. Rotenone rapidly induces a shift towards glycolytic metabolism
N27 cells were seeded and treated as described in Figure 2. The indicated concentration of
rotenone was injected after 5 baseline OCR and ECAR measurements, and OCR (Panel A)
and ECAR (Panel B) were monitored for an additional 4 h. As in Figure 1, data in Panel C
are taken from the cells treated with 1 μM rotenone or left untreated. Arrowheads indicate
the progression in time. For clarity, the first 4 baseline measurements and statistical
significance is omitted from data in Panel C. Data shown are the mean ± sem. n=5 per
treatment group.
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Figure 4. Paraquat has a mild stimulatory effect on oxygen consumption
N27 cells were seeded as described in Figure 2. After baseline OCR and ECAR
measurements, paraquat was injected to the final concentrations indicated. OCR (Panel A)
and ECAR (Panel B) were monitored for an additional 4 h. As in Figure 2, data in Panel C
are taken from the cells treated with 500 μM paraquat or left untreated. Arrowheads indicate
the progression in time. For clarity, the first 4 baseline measurements and statistical
significance is omitted from data in Panel C. Data shown are the mean ± sem. n=5 per
treatment group.
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Figure 5. Inhibition of mitochondrial oxygen consumption is at the expense of ATP-linked OCR
N27 cells were seeded to 4×104 cells/well in Seahorse Bioscience V7 Tissue Culture plates.
After 20 h, cells were treated with MPP+ (Panel A), rotenone (Panel B), 6-OHDA (Panel C),
or paraquat (Panel D) to the final concentrations indicated. The cells were allowed to
incubate for 4 h before washing with assay media and analyzing mitochondrial function as
described. At least three baseline measurements of OCR were made before injection of
oligomycin (1 μg/ml), FCCP (3 μM), and antimycin A (10 μM) in series. Data from these
experiments was analyzed as described in the methods to determine the effects on basal
OCR, ATP-Linked OCR, Maximal OCR and Non-Mitochondrial OCR (labeled Base, ATP,
Max, and Non-Mito respectively). Data shown are the mean ± sem. n=5 per treatment group.
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Figure 6. Inhibition of oxygen consumption and stimulation of glycolysis is reversible following
MPP+, but not rotenone treatment
N27 cells were seeded to 4×104 cells/well in Seahorse Bioscience V7 Tissue Culture plates.
After 20 h, cells were treated with MPP+ (Panels B and C) or rotenone (Panels D and E) to
the final concentrations indicated. The cells were then washed twice with assay media and
allowed to incubate in a non-CO2 incubator for 1 h. The cells were then loaded into the
XF24 Analyzer and OCR and ECAR were monitored for 8 h (Shown schematically in Panel
A). Data were normalized to the average untreated control value at t=0 for each parameter
measured. Data shown are the mean ± sem. n=5 per treatment group. For data in Panels B
and C, every other data point was omitted from the graph to increase clarity.
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Figure 7. MPP+ decreases ATP levels
N27 cells were seeded to 4×104 cells/well in 96 well microplates. After 20 h, cells were
cotreated with oligomycin (1 μg/ml), 2-DG (10 mM), or both of these compounds along
with the indicated concentration of MPP+. After 4 h, cells were washed and ATP was
quantified as described in the methods. Data shown are the mean ± sem. n=4 per treatment
group. *, p≤0.05 as compared to 2-DG alone. #, p≤0.05 as compared to PBS-only treated
cells. Significance was determined using 2-tailed unpaired t-test.
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Table 1

Fluorescence properties of Hydroethidine and its oxidation products.

Probe or Product Fluorescence excitation λmax Fluorescence emission λmax

HE 265,348 400

2-OH-E+ 369,470 581

E+ 487 601
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