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Abstract
Mitochondrial dysfunction has long been implicated in the pathogenesis of Parkinson’s disease
(PD). PD brain tissues show evidence for mitochondrial respiratory chain Complex I deficiency.
Pharmacological inhibitors of Complex I, such as rotenone, cause experimental parkinsonism. The
cytoprotective protein DJ-1, whose deletion is sufficient to cause genetic PD, is also known to
have mitochondria-stabilizing properties. We have previously shown that DJ-1 is over-expressed
in PD astrocytes, and that DJ-1 deficiency impairs the capacity of astrocytes to protect co-cultured
neurons against rotenone. Since DJ-1 modulated, astrocyte-mediated neuroprotection against
rotenone may depend upon proper astrocytic mitochondrial functioning, we hypothesized that
DJ-1 deficiency would impair astrocyte mitochondrial motility, fission/fusion dynamics,
membrane potential maintenance, and respiration, both at baseline and as an enhancement of
rotenone-induced mitochondrial dysfunction. In astrocyte-enriched cultures, we observed that
DJ-1 knock-down reduced mitochondrial motility primarily in the cellular processes of both
untreated and rotenone treated cells. In these same cultures, DJ-1 knock-down did not appreciably
affect mitochondrial fission, fusion, or respiration, but did enhance rotenone-induced reductions in
the mitochondrial membrane potential. In neuron–astrocyte co-cultures, astrocytic DJ-1 knock-
down reduced astrocyte process mitochondrial motility in untreated cells, but this effect was not
maintained in the presence of rotenone. In the same co-cultures, astrocytic DJ-1 knock-down
significantly reduced mitochondrial fusion in the astrocyte cell bodies, but not the processes, under
the same conditions of rotenone treatment in which DJ-1 deficiency is known to impair astrocyte-
mediated neuroprotection. Our studies therefore demonstrated the following new findings: (i) DJ-1
deficiency can impair astrocyte mitochondrial physiology at multiple levels, (ii) astrocyte
mitochondrial dynamics vary with sub-cellular region, and (iii) the physical presence of neurons
can affect astrocyte mitochondrial behavior.
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Mitochondrial dysfunction is linked to the pathogenesis of Parkinson’s disease (PD)
(Schapira, 2004; Büeler, 2009; Van Laar and Berman, 2009; Winklhofer and Haass, 2010;
Zhu and Chu, 2010). For example, PD tissues show reduced mitochondrial respiratory chain
Complex I activity in the substantia nigra pars compacta (Schapira et al., 1990), cerebral
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cortex (Parker et al., 2008), skeletal muscles (Blin et al., 1994), and blood platelets (Cooper
et al., 1992; Haas et al., 1995). Cybrid experiments, in which mitochondrial DNA (mtDNA)
from PD patients is introduced into mtDNA-depleted cells, show transferred deficiencies in
mitochondrial Complex I activity and respiratory capacity (Trimmer and Bennett, 2009;
Esteves et al., 2010). In addition, direct molecular links between PD and mitochondrial
dysfunction have been established by the discovery of disease-causing mutations in genes
that encode proteins that modulate mitochondrial function: PINK1 (phosphate and tensin
homolog induced putative kinase 1), parkin, and DJ-1 (Kitada et al., 1998; Bonifati et al.,
2003; Paisén-Ruíz et al, 2004; Knott and Bossy-Wetzel, 2008; Van Laar and Berman, 2009;
Burbulla et al., 2010).

DJ-1 was first linked to PD when deletional mutations in its gene were discovered to cause a
familial, early-onset form of the disease (Bonifati et al., 2003). DJ-1 is a cyto-protective
protein that acts to promote mitochondria-stabilizing anti-oxidant and anti-apoptotic
mechanisms in non-astrocytic primary cells and cell lines (Canet-Avilés et al, 2004; Taira et
al., 2004; Junn et al., 2005; Xu et al., 2005; Zhou and Freed, 2005; Clements et al., 2006;
Aleyasin et al., 2007; Liu et al., 2008; Blackinton et al., 2009). DJ-1 deficiency has been
shown to impair mitochondrial connectivity, fusion rates, membrane potential (ΔΨ m),
respiratory capacity, and reactive oxygen species (ROS) buffering in non-astrocytic cells in
vitro (Ved et al., 2005; Blackinton et al., 2009; Hao et al., 2010; Irrcher et al., 2010;
Krebiehl et al., 2010; Thomas et al., 2011).

We have observed that DJ-1 is over-expressed in reactive astrocytes, but not neurons, in PD
and other neuro-degenerative disorders (Rizzu et al., 2004; Mullett et al., 2009). This
prompted us to consider the possibilities that (i) astrocytic DJ-1 may function to protect
astrocytes and surrounding neurons against the progression of sporadic PD, and that (ii)
DJ-1 deletion in genetic PD may permit neurodegeneration primarily because of absent
astrocytic expression. We tested this latter possibility in neuron–astrocyte co-cultures and
discovered that small interfering RNA (siRNA)-mediated DJ-1 knock-down astrocytes were
significantly impaired in their capacity to protect neurons against rotenone and other
Complex I inhibitors (Mullett and Hinkle, 2009, 2011). This finding may be relevant to PD
because pharmacologic inhibition of Complex I using 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) or pesticides (rotenone) causes mitochondrial dysfunction and
experimental parkinsonism (Langston et al., 1984; Ballard et al., 1985; Betarbet et al., 2000;
Panov et al., 2005; Cannon et al., 2009). In addition, human occupational exposure to
pesticides, including rotenone, is epidemiologically-linked with an increased risk for PD
(Ascherio et al., 2006; Brown et al., 2006; Sherer et al., 2007; Gash et al., 2008; Tanner et
al., 2010). Rotenone has also been shown to reduce mitochondrial motility, ΔΨm, and
respiration, and to alter mitochondrial morphology, sub-cellular distribution, and fission/
fusion balance in non-astrocytic cells (Pham et al., 2004; Barsoum et al., 2006; Benard et al.,
2007; Koopman et al., 2007; Yadava and Nicholls, 2007; Borland et al., 2008; Mortiboys et
al., 2008; Van Laar and Berman, 2009; Arnold et al., 2011).

Since DJ-1 is linked to the maintenance of normal mitochondrial physiology in a variety of
cell types, and since its knock-down impairs astrocyte-mediated neuro-protection against
Complex I inhibitors, we hypothesized that DJ-1 deficiency would broadly impair astrocyte
mitochondrial functioning. Although little is known about this concept in this cell type, one
group recently showed that astrocytes cultured from DJ-1 knockout mice exhibited impaired
baseline ΔΨm (Ashley et al., 2009). Therefore, we hypothesized that DJ-1 knock-down
would impair astrocyte mitochondrial motility and fission/fusion dynamics, ΔΨm
maintenance, and respiration under experimental conditions in which DJ-1 modulated,
astrocyte-mediated neuroprotection is known to be weakened.
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EXPERIMENTAL PROCEDURES
Astrocyte cultures, siRNA transfections, and experimental treatments

Primary astrocyte-enriched cultures were produced as we have previously described (Mullett
and Hinkle, 2009, 2011). Briefly, astrocytes were prepared from postnatal day 1 CD1 mouse
cerebral cortex tissues by dissociation into Neurobasal media (Invitrogen, Carlsbad, CA,
USA) containing 10% fetal calf serum (FCS, HyClone, Logan, UT, USA) and 1× antibiotic-
antimycotic (ABAM, Invitrogen). The plating density was 7.3×104 trypan blue-excluding
cells/cm2. The cultures were fed with Dulbecco’s modified Eagle media (DMEM)/F12
(Sigma, St. Louis, MO, USA)/FCS/ ABAM for the first week, then maintained in DMEM/
F12/ABAM containing 10% calf serum (CS, HyClone). Monolayers prepared in this fashion
contained ~97% glial fibrillary acidic protein (GFAP) immunoreactive astrocytes. Neuron–
astrocyte contact co-cultures were prepared exactly as described in our previous publications
(Mullett and Hinkle, 2009, 2011).

DJ-1 knock-down was effected by siRNA transfections over astrocyte days in vitro (DIV) 10
–13 using methods that we have previously described and validated (Mullett and Hinkle,
2009). Briefly, a 21 nucleotide double-stranded anti-mouse DJ-1 siRNA of sequence AGG
CGC GGC TGC AGT CTT TAA (siDJ#2, Invitrogen) was used to suppress DJ-1 protein to
~5% of endogenous levels (DJ-1 knock-down). We have previously established that siDJ#2-
induced DJ-1 knock-down persists throughout the entire experimental period, and that its
levels in astrocytes, and its physiological effects in our co-culture system, are fully
reversible by co-transfection with a non siDJ#2-targeted mouse DJ-1 rescue cDNA (Mullett
and Hinkle, 2009). Since these controls have already been published for the same in vitro
system that is used here, and since they establish DJ-1 levels prior to and regardless of
subsequent toxin treatment and experimentation, we did not repeat them here. A non-
silencing siRNA of sequence AAT TCT CCG AAC GTG TCA CGT (siNS, Invitrogen) was
used as a transfection control (control). The siNS had no sequence matches on Basic Local
Alignment Search Tool (BLAST) analysis, and no effect on DJ-1, α-tubulin, or β-actin
protein levels, as we have previously published (Mullett and Hinkle, 2009, 2011).

At 20 DIV the astrocytes were exposed to rotenone (Sigma) and/or p-trifluoromethoxy
carbonyl cyanide phenyl hydrazone (FCCP, a respiratory uncoupler, Sigma) for up to 72 h.
These agents were dissolved in dimethyl sulfoxide (DMSO) prior to dilution in Neurobasal/
1× B27 antioxidant free (Invitrogen)/1× ABAM and compared to vehicle-only control
medias.

Whole-cell mitochondrial motility
Whole-cell mitochondrial motility was assessed in live astrocytes using mitochondria-
targeted red fluorescent protein (mtDsRed2) to identify and track the organelles using a
modification of our previously described methods (Arnold et al., 2011). Briefly, astrocytes
were transfected with plasmids containing a mitochondrial localization sequence from
cytochrome c oxidase subunit VIII inserted upstream of DsRed2 cDNA (Clontech,
Mountain View, CA, USA). mtDsRed2 plasmid was incubated in a 2 μg DNA:3 μl
Transfectin Lipid Reagent (Bio-Rad, Hercules, CA, USA) ratio to form transfection
complexes, then applied to the astrocyte monolayers in DMEM/F12/CS/ ABAM for 4 h at
37 °C. The cells were then washed with fresh media, allowed to recover for 48 h, then
exposed to rotenone vs. vehicle for 24 h.

Treated cells were imaged live at room temperature for 5 m using an inverted fluorescence
microscope (Olympus IX71) and SPOT Advanced software version 4.6 (Olympus America,
Center Valley, PA, USA). One cell field per treatment per replicate experiment was
randomly identified and excited at 543 nm to visualize the mtDsRed2-labeled mitochondria.
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Images were obtained every 10 s over 5 m. Mitochondrial motility was assessed from the
sequentially collected images using ImageJ self-initializing, two-dimensional particle
tracking analysis software from the National Institutes of Health (Sbalzarini and
Koumoutsakos, 2005). Individual mtDsRed2+ mitochondria (“particles”) were identified
automatically from the initial image when their intensity was detected above a pre-set
background cutoff. A threshold radius was then automatically set around each particle by the
software. A mitochondrial movement, or “trajectory,” was recorded when of any portion of
any mtDsRed2+ particle crossed its threshold radius from the previous image. Data were
collected for all particles as trajectories per particle (movements per mitochondrion) through
the entire series of images. Each individual data point was calculated as the average number
of trajectories per mitochondrion from three different astrocytes from the same culture dish.
This method allowed us to measure the majority of mitochondrial movements that occurred
in the three-dimensional cell. Movements that occurred in line with the microscope objective
could not be detected; however, we estimate that these movements had a negligible impact
on our outcomes.

Regional mitochondrial motility
These assessments were also performed in live astrocytes using a modification of our
previously described methods (Berman et al., 2009). Astrocytes were again transfected with
mtDsRed2 plasmids to identify all mitochondria. However, the astrocytes were also
transfected with a plasmid containing mitochondria-targeted photoactivatable green
fluorescent protein (mtPAGFP) cDNA (provided to S.B. by R. Youle). Confocal
microscopic fields containing astrocytes expressing mtDsRed2 were randomly identified,
and then single whole cells within those fields were randomly selected for study. Within
each cell a 405 nm laser pulse was used to photoactivate the PAGFP to generate a region of
interest (ROI) in one cellular process and at one location within the cell body (both
randomly determined). Laser intensity was set at 1% to prevent phototoxicity and was
maintained throughout the experiments. The ROI was visible as yellow-green mitochondria
when excited at 488 nm. Data collection began immediately following laser photoactivation
by dual-excitation image capture every 10 s for 15 m at 37 °C in buffered Minimal Essential
Media pH 7.4 supplemented with 2% GlutaMAX (Invitrogen), 20 mM HEPES, 33 mM
glucose, and 1 mM sodium pyruvate.

Motility was assessed as mitochondrial “egress” events and “mobile proportions” using the
same image series. Egress events were manually counted in a treatment-blinded fashion
through the sequential images. One egress event was scored when any mitochondrion was
observed to cross an ROI boundary. Egress events involving an ROI were normalized to the
total number of photoactivated mitochondria counted within that ROI (as identified by
ImageJ particle detection software). Mobile proportions were calculated by normalizing the
number of photoactivated mitochondria within an ROI that changed position at least once
between any two sequential images to the total number of photoactivated mitochondria
within that ROI. For this assessment, once a mitochondrion moved it was no longer
considered in subsequent images. Each data point was calculated as the average number of
egress events/mitochondrion or mobile proportions from three different astrocytes in the
same culture dish. This single-plane method did not allow us to account for the three-
dimensional nature of the cell. However, it was necessary to assess sub-cellular regions in a
manner that limited phototoxicity as the time-lapse images were collected.

Regional mitochondrial fission and fusion
Mitochondrial fission and fusion were manually assessed in a treatment-blinded fashion
from the same images generated in the previous section. A fission event was counted when a
single photoactivated mitochondrion was observed to split into two or more fragments over
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sequential images. Fission events were counted within or outside of the ROI, and thus were
not dependent on mitochondrial motility. Fission events were normalized to the total number
of mitochondria within the adjacent ROI, and each data point was calculated as the average
number of fission events/mitochondrion from three different astrocytes in the same culture
dish.

A fusion event was counted when a photoactivated mitochondrion (green fluorescent) from
within a source ROI was observed to share its PAGFP contents with a non-photoactivated
mitochondrion (red fluorescent) to form a single, yellow-fluorescent mitochondrion. Fusion
events were counted within or outside of the ROI, but were dependent upon motility (i.e.
green fluorescent mitochondria needed to move out of the ROI to fuse with red fluorescent
mitochondria, or vice versa). Therefore, the number of fusion events was normalized to
egress events within the source ROI. Each data point was calculated as the average number
of fusion events/egress event from three different astrocytes from the same culture dish.

Mitochondrial membrane depolarization
The ΔΨm was assessed in live astrocytes using 5,5′,6,6′-tetra-chloro-1,1′,3,3′-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1; Invitrogen, Carlsbad, CA, USA). JC-1
is a cationic, dual-emission fluorescent dye that accumulates as red fluorescent J-aggregates
within polarized, internal negative mitochondria. Depolarization of the ΔΨm results in J-
aggregate release as green fluorescent monomers. Thus, a fluorescence shift from red to
green, or a decrease in the red/green fluorescence ratio, is indicative of ΔΨm depolarization
(Reers et al., 1991, 1995; Smiley et al., 1991; White and Reynolds, 1996).

Astrocytes were incubated with 1 μM JC-1 dye for 30 m at 37 °C to produce maximal dye
absorption with minimal background. The cells were then rinsed with media and placed in a
non-CO2 incubation chamber at 37 °C for live imaging using a confocal microscope
(Olympus IX81) with Fluoview FV10-ASW 2.0 software (Olympus). One cell field per
treatment per replicate experiment was randomly identified and excited at 488 nm. The
whole-field fluorescence intensities for both aggregate (590 nm, red) and monomeric (527
nm, green) JC-1 were equalized at time 0 to establish a baseline. Treatments were then
initiated and images were acquired every 30 s for 2 h to calculate red/green fluorescence
intensity ratios.

Mitochondrial respiration and glycolytic flux
Real-time mitochondrial respiration and glycolytic flux were simultaneously assessed in live
astrocytes using a Seahorse Bioscience XF-24 Analyzer (Seahorse Bioscience, Billerica,
MA, USA) (Ferrick et al., 2008; Gerencser et al., 2009). Oxygen consumption rates (OCR)
were calculated as a measure of aerobic respiration, and extracellular acidification rates
(ECAR) were calculated as a measure of lactic acid production in anaerobic glycolysis. To
do this, astrocytes were cultured in Seahorse 24-well plates, transfected to manipulate DJ-1
as described above, then incubated in unbuffered DMEM pH 7.4 at 37 °C in a non-CO2
incubator for 30 min. Experimental agents were loaded into the Seahorse injection ports and
the probes for detection were calibrated by the XF24 analyzer. The astrocyte-containing
culture plates were then loaded into the instrument and baseline OCR and ECAR
measurements were collected. The experimental agents (rotenone alone or rotenone
followed by FCCP) were then injected and OCR and ECAR measurements were collected
every 8 m from 0 to 1 h, 6 to 7 h, and 24 to 25 h.

The OCR and ECAR measurements from each well were then normalized in two ways.
First, the metabolic measurements from each well were normalized to the number of
astrocytes in the same well. To do this, quantitative GFAP in-cell Western blots were
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employed using the Odyssey imager, as we have described and validated (Mullett and
Hinkle, 2011). Briefly, the astrocytes were lightly fixed with 4% paraformaldehyde,
blocked, and probed with a rabbit anti-GFAP primary polyclonal antibody (Dako, Glostrup,
Denmark) at 1:5000. An Alexa 680-conjugated anti-rabbit secondary antibody (Invitrogen)
was then applied at 1:5000. Infrared signal, which correlated with the amount of GFAP
(number of astrocytes) in that well, was then quantified. Background signal was removed
and the average of three to four wells per treatment was used to generate each single data
point. Second, each average OCR/GFAP and ECAR/GFAP value was normalized to vehicle
control at each time point to account for minor reductions in basal rates that occurred as time
progressed through the experiments. All assessments were performed within the linear
ranges of the Seahorse and Odyssey machines.

Statistics
Independent cultures, transfections, and treatments were used for each replicate experiment.
Since the effect of DJ-1 deficiency was always sought as the primary outcome, statistical
comparisons were made between same-treatment/same-time control and DJ-1 knock-down
groups in five to six replicate experiments using paired t-tests. Statistical significance was
set at P<0.05.

RESULTS
DJ-1-knock-down impaired astrocyte mitochondrial motility

We hypothesized that DJ-1 knock-down would impair astrocyte mitochondrial motility at
baseline, and as an enhancement of rotenone-induced impairment. We first approached this
hypothesis by assessing mitochondrial movements in whole, live-imaged control, and DJ-1
knockdown astrocytes. In untreated cells, DJ-1 knock-down reduced mitochondrial motility
relative to control (Fig. 1A). In control astrocytes, rotenone treatment reduced mitochondrial
motility to a similar degree. However, there was no evidence for additive or synergistic
effects for combined DJ-1 knock-down and rotenone treatment.

Visual analysis of sequential images collected from the whole-cell experiments suggested
that mitochondrial motility may be affected in a region-selective manner. Therefore, we
proceeded to separately evaluate astrocyte cellular processes and cell bodies for
mitochondrial motility in confocal microscope images by treatment-blinded manual counts
of mitochondrial ROI egress events (Fig. 2A, B; Suppl. Fig. 1) and mobile proportions (Fig.
2C, D). We found that mitochondrial ROI egress in DJ-1 knock-down astrocyte processes
was significantly reduced compared to control processes in both untreated and 20 nM
rotenone treated cells (Fig. 2A; Suppl. Figs. 2 and 3). High-dose (40 nM) rotenone treatment
produced a slowing trend in control process mitochondrial egress that approached the level
seen with DJ-1 knock-down. In the cell body, untreated and 20 nM rotenone treated control
and DJ-1 knock-down astrocytes exhibited similar levels of mitochondrial ROI egress (Fig.
2B). However, in the presence of 40 nM rotenone, mitochondrial ROI egress in the DJ-1
knockdown astrocyte cell body was significantly reduced compared to controls.

The mitochondrial ROI mobile proportion assessments produced similar findings to the
egress analysis. In the astrocyte processes, DJ-1 knock-down significantly reduced the
mitochondrial mobile proportion relative to controls under all treatment conditions (Fig.
2C). However, in the astrocyte cell body, DJ-1 knock-down only reduced the mobile
fraction in the presence of 40 nM rotenone (Fig. 2D).
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DJ-1 knock-down reduced mitochondrial fission in high-dose rotenone treated astrocyte
processes, but did not affect mitochondrial fusion

Since DJ-1 knock-down impaired astrocyte mitochondrial motility, we proceeded to assess
mitochondrial fission and fusion. We hypothesized that DJ-1 knock-down would stimulate
the mitochondrial fission/fragmentation rate and reduce the fusion rate.

Our assessments of fission were based on visualized splitting/fragmentation of any PAGFP+
or DsRed2+ mitochondrion over sequential confocal images (Suppl. Fig. 4). There was a
trend towards reduced mitochondrial fission in the DJ-1 knock-down astrocytes in both sub-
cellular regions (Fig. 3). However, this difference only became significant in the cellular
processes of astrocytes treated with 40 nM rotenone.

Our assessments of fusion were based on visualized mixing of mitochondrial PAGFP (from
within the laser-photoactivated ROIs) and DsRed2 from a non-photoactivated
mitochondrion (from outside of the ROIs) over sequential confocal images (Suppl. Fig. 5).
We did not attempt to identify PAGFP-PAGFP or DsRed2-DsRed2 mitochondrial fusion
events. We did not see significant differences in mitochondrial fusion between the DJ-1
knock-down and control astrocytes at baseline or after treatment with rotenone in either sub-
cellular region (Fig. 4).

The presence of contact co-cultured neurons altered the effects of astrocytic DJ-1 knock-
down and rotenone treatment on astrocyte mitochondrial dynamics

Astrocytic DJ-1 knock-down impairs the capacity of astrocytes to support contact co-
cultured neurons against 20 – 40 nM rotenone-induced death (Mullett and Hinkle, 2009,
2011). Given the above results in astrocyte-enriched cultures, and the capacity of our
confocal/manual counting methods to easily distinguish astrocytic from neuronal
mitochondria, we studied the same astrocyte mitochondrial dynamics parameters in the
presence of contact co-cultured neurons.

In the co-cultures, there was a trend towards reduced astrocyte mitochondrial ROI egress in
untreated DJ-1 knock-down processes and cell bodies, relative to controls, but the effect of
DJ-1 knock-down did not reach statistical significance under any condition of treatment
(Fig. 5A, B). In the same co-cultures, the astrocyte mitochondrial mobile proportion was
significantly reduced only in untreated DJ-1 knock-down processes relative to controls (Fig.
5C, D). Further, astrocytic DJ-1 knock-down did not affect mitochondrial fission under any
conditions of treatment (Fig. 5E, F). However, astrocytic DJ-1 knock-down did significantly
reduce mitochondrial fusion in 20 nM rotenone treated astrocyte cell bodies, relative to
controls, an effect that was obscured at 40 nM rotenone by a similar reduction in fusion
induced by the toxin alone (Fig. 5G, H).

DJ-1 knock-down enhanced rotenone-induced astrocyte ΔΨm depolarization
We hypothesized that DJ-1 knock-down would destabilize astrocyte ΔΨm under both basal
and rotenone-stressed conditions. A subtle depolarization of the ΔΨm was observed in
untreated DJ-1 knock-down and control astrocytes over a monitoring period of 2 h, but no
significant differences were seen between the two DJ-1 conditions (Fig. 6, “No FCCP”
curves). The ΔΨm destabilizing agent FCCP was then used to produce maximal ΔΨm
depolarization, but again no differences were seen between the DJ-1 knock-down and
control astrocytes (Fig. 6, “500 nM FCCP” curves).

Astrocytes were next exposed to 20 nM and 40 nM rotenone over a period of 2 h to assess
for ΔΨm changes (Fig. 7). As expected, rotenone stimulated ΔΨm depolarization in the
control astrocytes. As hypothesized, DJ-1 knock-down significantly accelerated and
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enhanced the magnitude of ΔΨm depolarization beyond control levels at each rotenone
dose. These assessments were performed solely in the astrocyte-enriched cultures because
our methods were not capable of distinguishing neuronal ΔΨm effects from astrocyte ΔΨm
effects in the contact co-cultures.

DJ-1 knock-down did not impair astrocyte mitochondrial respiration
We hypothesized that astrocytic DJ-1 knock-down would (i) impair baseline mitochondrial
respiration, (ii) augment rotenone-induced respiratory impairment, and (iii) limit FCCP-
enhanced uncoupled respiration, relative to control astrocytes. We also hypothesized that
DJ-1 knock-down-induced impairments in respiration would stimulate a shift to glycolysis.

We measured the OCR in live astrocytes as an indicator of mitochondrial respiration. There
were no significant basal differences in OCR observed between the DJ-1 knock-down and
control astrocytes (Fig. 8). As expected, the addition of rotenone reduced OCR (40 nM > 20
nM) by the first time point tested (8 m, Fig. 8A). This reduction was maintained over 24 h of
treatment (Fig. 8B). However, the rotenone-induced OCR reduction was not enhanced by
DJ-1 knock-down. To further test the effects of DJ-1 knock-down, we maximized the OCR
by exposing the astrocytes to FCCP (500 nM), a mitochondrial respiratory chain uncoupler
(Fig. 8A). As expected, the addition of FCCP increased the OCR by the first time point
tested (24 m) under all rotenone treatment conditions, and rotenone limited this stimulation
in a dose-dependent fashion. However, there were again no significant differences in OCR
observed between the DJ-1 knock-down and control astrocytes.

We simultaneously measured the ECAR, which varies directly with lactate production as an
indicator of glycolytic flux. We observed no significant basal differences in ECAR between
the DJ-1 knock-down and control astrocytes (Fig. 9). As expected, the addition of both
rotenone (20 nM = 40 nM) and FCCP (500 nM) increased the ECAR. However, there was
again no significant difference in ECAR between the DJ-1 knock-down and control
astrocytes under any conditions of treatment. The OCR and ECAR assessments were
performed solely in the astrocyte-enriched cultures because our methods were not capable of
distinguishing neuron effects from astrocyte effects in the contact co-cultures.

DISCUSSION
We have recently shown that DJ-1 deficient astrocytes are physiologically impaired based
on their reduced capacity to protect co-cultured neurons against rotenone (Mullett and
Hinkle, 2009, 2011). The mechanism(s) involved in this phenomenon, however, remain
unknown. Since there are published links between normal DJ-1 expression and preserved
mitochondrial function in other cell types, we hypothesized that astrocytic DJ-1 knock-down
would adversely affect multiple aspects of astrocyte mitochondrial physiology: motility,
fission, fusion, ΔΨm stability, and respiration. We discovered that DJ-1 knock-down
reduced astrocytic mitochondrial motility and ΔΨm. However, the most relevant finding to
our model was that DJ-1 knock-down reduced mitochondrial fusion under the same
conditions of neuron–astrocyte co-culture and rotenone treatment in which astrocyte-
mediated neuroprotection is known to be impaired.

We first addressed the effects of DJ-1 knock-down on mitochondrial motility in astrocyte-
enriched cultures. Mitochondria move along cytoskeletal networks to maintain their
distribution throughout the cell (Heggeness et al., 1978). In neurons, mitochondria are
transported in antero-grade and retrograde fashion along axon and dendrite cytoskeletal
elements to promote synaptic function (Hollenbeck and Saxton, 2005; Okamoto and Shaw,
2005; Berman et al., 2009). In fact, the neurotoxic mechanism of rotenone may involve
cytoskeletal disruption (Feng, 2006; Sanchez et al., 2008), and both acute and chronic
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treatments with rotenone can reduce mitochondrial motility in vitro (Pham et al., 2004;
Koopman et al., 2007; Borland et al., 2008). To date, mitochondrial motility has not been
formally studied in astrocytes, or in relationship to DJ-1 expression. Therefore, because
DJ-1 deficiency adversely affects astrocyte physiology, particularly in the presence of
rotenone, we hypothesized that DJ-1 knock-down would reduce astrocyte mitochondrial
motility in untreated cells and as an augmentation of the rotenone effect.

We initially approached this question using whole-cell assessments of mitochondrial
motility in live astrocytes. We found that astrocytic DJ-1 deficiency modestly, but
significantly, reduced mitochondrial motility in untreated cells. Rotenone treatment also
reduced motility to a similar degree in control astrocytes, but there was no evidence for an
additive or synergistic effect with DJ-1 knock-down. Visual analysis of the source images
suggested that the changes in mitochondrial motility varied with sub-cellular region.
Therefore, we addressed this question using a second type of analysis: we counted
mitochondrial ROI egress events and mobility proportions in cellular processes and cell
bodies using sequential confocal microscope images. Analysis of these data confirmed our
suspicions: DJ-1 knock-down was the principal driving force behind the impairment in
mitochondrial motility, and this impairment occurred primarily in the astrocyte processes.
Interestingly, although there were similarities of pattern between the two sub-cellular
regions, the reduction of cell body mitochondrial motility in response to DJ-1 knockdown
was not significant until the cells were treated with high-dose rotenone. These findings
suggest that mitochondrial trafficking in the astrocyte cell body is not as sensitive to DJ-1
knock-down as it is in the cellular processes, and that further stress (i.e. rotenone) is required
to bring about significant motility changes in that sub-cellular region.

We next assessed the enriched astrocyte cultures for changes in mitochondrial fission and
fusion under the same experimental conditions, since maintaining a balance between these
processes also contributes to the preservation of normal cellular function (Westermann,
2002; Li et al., 2004; Knott and Bossy-Wetzel, 2008; Büeler, 2009; Van Laar and Berman,
2009; Burbulla et al., 2010). Mitochondrial fission, which results in the splitting of a single
organelle into one or more new mitochondria, prevents abnormal elongation (and related
senescence), enhances proliferation and distribution, and, potentially, allows for the isolation
and removal of abnormally functioning portions of the organelle. Mitochondrial fusion,
which results when two separate organelles fuse their matrix contents, allows for the transfer
of metabolic contents, the recombination and maintenance of mitochondrial DNA, and the
preservation of biochemical and electrical connectivity between organelles. Both DJ-1 and
rotenone have been reported to modulate each of these processes in non-astrocytic cells. For
example, DJ-1 deficiency has been shown to enhance mitochondrial fragmentation and to
reduce mitochondrial fusion in vitro, probably by a pathway that is parallel to PINK1/parkin
(Blackinton et al., 2009; Irrcher et al., 2010; Kamp et al., 2010; Thomas et al., 2011). In
addition, rotenone has been shown to promote mitochondrial fragmentation in vitro
(Barsoum et al., 2006; Mortiboys et al., 2008) and to simultaneously alter the rates of fission
and fusion in neuronal processes (Arnold et al., 2011).

We therefore hypothesized that DJ-1 knock-down and rotenone treatment would each
independently stimulate fission and reduce fusion in the astrocyte mitochondria, and that
DJ-1 knock-down would amplify the rotenone effect when the two conditions were studied
simultaneously. Our assessments in astrocyte-enriched cultures showed a trend towards
reduced fission in both the cellular processes and cell bodies of DJ-1 knock-down
astrocytes, but this effect was only significant in the processes when highly neurotoxic doses
of rotenone (40 nM, based on our co-culture studies) were used. Rotenone treatment alone
had no significant effect on fission in either sub-cellular region, and mitochondrial fusion
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was not significantly affected by either DJ-1 knock-down or rotenone treatment in either
sub-cellular region.

The more prominent reductions in mitochondrial motility and fission within the astrocyte
processes were very interesting to us because these are the cellular regions that interact with
neurons and blood vessels to modulate synaptic signaling and neurovascular coupling in
vivo (Volterra and Meldolesi, 2005; Oberheim et al., 2006, 2009). We therefore assessed the
same mitochondrial dynamics parameters in astrocyte processes and cell bodies in neuron–
astrocyte contact co-cultures. Relative to the astrocyte-enriched cultures, the presence of co-
cultured neurons blunted the baseline astrocyte mitochondrial egress rates, but not the
mobile proportions, in both sub-cellular regions. In the co-cultures, astrocytic DJ-1 knock-
down again significantly reduced mitochondrial motility in the untreated astrocyte
processes. However, this effect was lost when the co-cultures were treated with rotenone,
which itself more robustly impaired astrocyte mitochondrial motility here than in the
astrocyte-enriched cultures. We therefore concluded that astrocyte mitochondrial motility is
not relevant to the mechanism of DJ-1 modulated, astrocyte-mediated neuroprotection
against rotenone in our in vitro system.

The astrocyte mitochondrial fusion analysis, however, was quite remarkable in the neuron–
astrocyte co-cultures. Similar to the astrocyte-enriched cultures, no significant findings were
made in the astrocyte processes. However, unlike the astrocyte-enriched cultures, in the co-
cultures astrocytic DJ-1 knock-down induced a large and significant reduction in astrocyte
cell body mitochondrial fusion in the presence of 20 nM rotenone. This effect was not
present in untreated cultures, where fusion rates were baseline and equal for each type of
astrocyte, and was obscured in cultures treated with 40 nM rotenone by a suppressive effect
of the toxin itself. This was a particularly interesting set of findings because it exactly
paralleled the pattern that we have repeatedly seen regarding DJ-1 modulated, astrocyte-
mediated neuroprotection in the same co-culture system: (i) baseline and equal numbers of
untreated surviving neurons cultured in contact with control and DJ-1 knock-down
astrocytes, (ii) maximal separation between the survival of neurons co-cultured with control
astrocytes (near-baseline) and DJ-1 knock-down astrocytes (low survival) after treatment
with 20 nM rotenone, and (iii) low-level neuronal survival with a modest benefit provided
by control relative to DJ-1 knock-down astrocytes after treatment with 40 nM rotenone
(Mullett and Hinkle, 2009, 2011). We do yet know if these finding are mechanistically
relevant to astrocyte-mediated neuroprotection in our in vitro system, or how DJ-1 knock-
down and rotenone treatment may combine to reduce astrocyte mitochondrial fusion, but the
parallels with our previous work are intriguing and worth further investigation.

The mitochondrial fission analysis demonstrated that rotenone appeared to be the main
driving force for reduced astrocyte process and cell body fission rates in the neuron–
astrocyte co-cultures, whereas astrocytic DJ-1 knockdown had no apparent effect. This was
very different from the astrocyte-enriched cultures, in which rotenone had essentially no
effect. We therefore concluded that DJ-1 knock-down either had no significant effect on
fission, or only a small effect that was obscured by the more robust action of the rotenone. In
either case, the lack of a distinguishable DJ-1 knock-down effect in the co-cultures also
eliminated astrocyte mitochondrial fission as a viable mechanistic consideration for
astrocyte-mediated neuro-protection in our system.

We also studied the astrocyte ΔΨm with the hypothesis that DJ-1 knock-down would
enhance rotenone-induced depolarization. As a mitochondrial respiratory chain Complex I
inhibitor, rotenone depolarizes the ΔΨm by blocking electron flow and reducing proton
gradient formation across the inner mitochondrial membrane (Radad et al., 2006; Kim et al.,
2007). DJ-1 deficiency has also been shown to depolarize the baseline ΔΨm in astrocytes
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and fibroblasts cultured from DJ-1 knockout mice, and small hairpin RNA-mediated DJ-1
knock-down has produced similar results in non-astrocytic cell lines (Ashley et al., 2009;
Krebiehl et al., 2010; Thomas et al., 2011). Since the combination of DJ-1 knock-down and
rotenone treatment has never been assessed in astrocytes, we did so in astrocyte-enriched
cultures under our previously-established experimental conditions (Mullett and Hinkle,
2009, 2011). We found that DJ-1 knock-down significantly enhanced rotenone-induced
ΔΨm depolarization, both in terms of rate of development and magnitude. However, we
found no evidence for baseline or FCCP-induced differences in ΔΨm between control and
DJ-1 knock-down astrocytes. We suspect that the disparity between the effects of rotenone
and FCCP was due to the capacity of FCCP to maximally reduce ΔΨm. Thus, we concluded
that DJ-1 knock-down may impair ΔΨm under conditions in which astrocyte-mediated
neuroprotection is weakened (Mullett and Hinkle, 2009). However, we recognize that this
conclusion is limited by the facts that we could not perform these assessments in neuron–
astrocyte contact co-cultures (for technical reasons) and that similar experimental conditions
did not produce changes in mitochondrial respiration (discussed below).

Our findings that DJ-1 deficiency induced abnormalities in mitochondrial dynamics and
ΔΨm also prompted us to study astrocyte mitochondrial respiration. Both rotenone
treatment (Panov et al., 2005; Radad et al., 2006; Sherer et al., 2007; Yadava and Nicholls,
2007) and DJ-1 deficiency (Hao et al., 2010; Irrcher et al., 2010; Krebiehl et al., 2010) have
been shown to reduce mitochondrial respiration, but the combination has never been tested
in astrocytes. We hypothesized that DJ-1 knock-down would impair astrocyte respiration (i)
at baseline, (ii) as an enhancement of rotenone-induced respiratory impairment, and (iii) as a
limiting factor to maximal FCCP-uncoupled respiratory stimulation. We also hypothesized
that a DJ-1 knock-down-induced respiratory impairment would force a shift to glycolysis, a
process that is well-described in astrocytes (Ouyang and Giffard, 2004; Radad et al., 2006).
We found that rotenone (40 nM > 20 nM) reduced, and FCCP stimulated, astrocyte
respiration. Likewise, both rotenone and FCCP stimulated a glycolytic shift. Each of these
results was expected. However, there was no effect of DJ-1 knock-down on any of these
parameters. Therefore, we concluded that DJ-1 knockdown did not alter mitochondrial
respiration under conditions that are relevant to astrocyte-mediated neuroprotection against
rotenone. Whether or not these findings obviate our ΔΨm results is unclear, since others
have reported similar disconnections between rotenone-induced ΔΨm changes and
respiratory suppression (Yadava and Nicholls, 2007).

CONCLUSIONS
In summary, our experiments in astrocyte-enriched cultures showed that DJ-1 knock-down
significantly reduced mitochondrial motility in cellular processes, but had minimal effects
on mitochondrial fission or fusion. However, the astrocyte mitochondrial dynamics findings
were quite different in neuron–astrocyte contact co-cultures. Here, the astrocyte process
motility results were less robust, whereas the astrocyte cell body mitochondrial fusion rates
were (i) baseline and equal in both the untreated DJ-1 knock-down and control astrocytes,
(ii) significantly reduced in DJ-1 knock-down versus control astrocytes after treatment with
20 nM rotenone, and (iii) suppressed and equal in both the DJ-1 knock-down and control
astrocytes after treatment with 40 nM rotenone. Because these results closely parallel our
previous neuronal viability data in the same co-culture system, it is possible that they are
relevant to the mechanism of DJ-1 modulated, astrocyte-mediated neuroprotection against
rotenone. These data, combined with our finding that DJ-1 knock-down enhanced rotenone-
induced suppression of the astrocyte ΔΨm, support the conclusion that DJ-1 deficiency
impairs astrocyte mitochondrial physiology on multiple levels. Our studies also show that
astrocyte mitochondrial behavior differs between sub-cellular regions and that it can be
affected by the physical presence of neurons.
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Abbreviations

ABAM antibiotic-antimycotic

CS calf serum

DIV days in vitro

DMEM Dulbecco’s modified Eagle media

DMSO dimethyl sulfoxide

ECAR extracellular acidification rate

FCCP p-trifluoromethoxy carbonyl cyanide phenyl hydrazone

FCS fetal calf serum

GFAP glial fibrillary acidic protein

HEPES 4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid

JC-1 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimida-zolyl-carbocyanine
iodide

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydro-pyridine

mtDNA mitochondrial deoxyribonucleic acid

mtDsRed2 mitochondria-targeted red fluorescent protein

mtPAGFP mitochondria-targeted photoactivatable green fluorescent protein

OCR oxygen consumption rate

PINK1 phosphate and tensin homolog [PTEN] induced putative kinase 1

PD Parkinson’s disease

ROI region of interest

ROS reactive oxygen species

siDJ#2 anti-mouse DJ-1 siRNA

siNS non-silencing siRNA

siRNA small interfering ribonucleic acid

ΔΨm mitochondrial membrane potential
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Fig. 1.
Whole-cell mitochondrial motility was impaired by DJ-1 knockdown in astrocyte-enriched
cultures. Control (black bars) and DJ-1 knock-down (gray bars) astrocytes were transfected
with mtDsRed2 to identify and track live mitochondria, and then treated for 24 h with 0, 20,
or 40 nM rotenone. (A) Untreated DJ-1 knock-down astrocytes exhibited reduced
mitochondrial motility (trajectories beyond a radius threshold/mitochondrion) relative to
control astrocytes, but rotenone treatments did not augment this effect. Asterisks (*)
represent P<0.05 for same-treatment comparisons between control and DJ-1 knockdown
astrocytes by paired t-tests. Mean±SE shown, n=6. (B) Sequential photomicrograph frames
of a mobile mtDsRed2+ mitochondrion moving beyond a simulated radius threshold. For
interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.
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Fig. 2.
DJ-1 knock-down reduced mitochondrial motility predominantly at cellular processes in
astrocyte-enriched cultures. Control (black bars) and DJ-1 knock-down (gray bars)
astrocytes were co-transfected with mtDsRed2 and mtPAGFP, and then treated for 24 h with
0, 20, or 40 nM rotenone. Mitochondrial egress events (mitochondrial movements across an
ROI boundary, (A–B)) and mobile mitochondria (within an ROI, (C–D)) were counted and
then normalized to the total number of mitochondria within the same ROI. Asterisks (*)
represent P<0.05 for same-treatment comparisons between control and DJ-1 knock-down
astrocytes by paired t-tests. Mean±SE shown, n=6. (A) In astrocyte processes, DJ-1 knock-
down reduced mitochondrial egress in untreated and 20 nM rotenone treated cells. (B) In
astrocyte cell bodies, DJ-1 knock-down caused a trend towards reduced mitochondrial
egress that was not significant until the cells were treated with 40 nM rotenone. (C) In
astrocyte processes, DJ-1 knock-down reduced the mitochondrial mobile proportion under
all conditions of treatment. (D) In astrocyte cell bodies, DJ-1 knock-down caused a trend
towards reduced mitochondrial mobile proportion that was not significant until the cells
were treated with 40 nM rotenone. (E) Sequential photomicrograph frames of a mobile
photoactivated mtPAGFP+ (green fluorescent) mitochondrion that leaves a simulated laser-
photoactivated ROI. For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.
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Fig. 3.
DJ-1 knock-down reduced mitochondrial fission in cellular processes only in the presence of
high-dose rotenone in astrocyte-enriched cultures. Control (black bars) and DJ-1 knock-
down (gray bars) astrocytes were co-transfected with mtDsRed2 and mtPAGFP, and then
treated for 24 h with 0, 20, or 40 nM rotenone. Mitochondrial fission events (fragmentation
of mtPAGFP+ mitochondria into separate organelles) were counted and normalized to the
total number of mitochondria within the ROI. Asterisks (*) represent P<0.05 for same-
treatment comparisons between control and DJ-1 knock-down astrocytes by paired t-tests.
Mean±SE shown, n=6. (A) In astrocyte processes, DJ-1 knock-down caused a trend towards
reduced mitochondrial fission that was only significant after treatment with 40 nM rotenone.
(B) In astrocyte cell bodies, DJ-1 knock-down did not alter mitochondrial fission. (C)
Sequential photomicrograph frames of an mtPAGFP+ (green fluorescent) mitochondrion
that underwent two fission events within the laser-photoactivated ROI. For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this
article.
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Fig. 4.
DJ-1 knock-down did not alter mitochondrial fusion in astrocyte-enriched cultures. Control
(black bars) and DJ-1 knock-down (gray bars) astrocytes were co-transfected with
mtDsRed2 and mtPAGFP, and then treated for 24 h with 0, 20, or 40 nM rotenone.
Mitochondrial fusion events (mixing of adjacent organelle mtPAGFP+ and mtDsRed2+
mitochondrial contents) were counted and normalized to the total number of mitochondrial
egress events from that ROI. Same-treatment comparisons were made between control and
DJ-1 knock-down astrocytes by paired t-tests. Mean±SE shown, n=6. (A) In astrocyte
processes, neither DJ-1 knock-down nor rotenone treatment altered mitochondrial fusion.
(B) The same was true in astrocyte cell bodies. (C) Sequential photomicrograph frames
showing a fusion event between an mtPAGFP+ (green) mitochondrion and an mtDsRed2+
(red) mitochondrion. For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.
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Fig. 5.
In the presence of contact co-cultured neurons, astrocytic DJ-1 knock-down reduced
mitochondrial motility in untreated astrocyte processes and mitochondrial fusion in
rotenone-treated astrocyte cell bodies. Control (black bars) and DJ-1 knock-down (gray
bars) astrocytes were co-transfected with mtDsRed2 and mtPAGFP, and then treated for 24
h with 0, 20, or 40 nM rotenone. Astrocyte mitochondrial egress events (A–B), mobile
proportions (C–D), fission events (E–F), and fusion events (G–H) were calculated in cellular
processes (A, C, E, G) and cell bodies (B, D, F, H). Asterisks (*) represent P<0.05 for same-
treatment comparisons made between control and DJ-1 knock-down astrocytes by paired t-
tests. Mean±SE shown, n=6. (A) In astrocyte processes, DJ-1 knock-down caused a trend
towards reduced mitochondrial egress only in untreated cells. (B) In astrocyte cell bodies, a
similar pattern was seen. (C) In astrocyte processes, DJ-1 knock-down reduced the
mitochondrial mobile proportion only in untreated cells. (D–G) DJ-1 knock-down did not
affect the mitochondrial mobile proportion in astrocyte cell bodies (D), mitochondrial
fission in astrocyte processes (E) or cell bodies (F), or mitochondrial fusion in astrocyte
processes (G). (H) In astrocyte cell bodies, DJ-1 knock-down reduced mitochondrial fusion
in cells treated with 20 nM rotenone, but the effect at 40 nM was obscured by a similar
reduction in fusion induced by rotenone.
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Fig. 6.
DJ-1 knock-down did not alter the baseline ΔΨm or enhance FCCP-induced ΔΨm
depolarization in astrocyte-enriched cultures. Astrocytes in the field of view were imaged
every 30 s over 2 h to determine the JC-1 red:green emission ratio (times are shown in
minutes on the x-axis). A red-to-green shift, or reduced ratio, represented depolarized ΔΨm
(see photomicrograph insert). Untreated astrocytes displayed a small reduction in red:green
fluorescence as a function of time, but there was no significant difference between control
(solid lines) and DJ-1 knock-down (dashed lines) cells. 500 nM FCCP reduced the red:green
ratio more robustly, but there was again no significant difference in ΔΨm between the
control and DJ-1 knockdown astrocytes. Maximal ΔΨm depolarization occurred by ~90 m
(the 60% asymptote line). For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.
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Fig. 7.
DJ-1 knock-down enhanced rotenone-induced ΔΨm depolarization in astrocyte-enriched
cultures. Control (solid lines) and DJ-1 knock-down (dashed lines) astrocytes were treated
with 20 or 40 nM rotenone and imaged every 30 s for 2 h using a confocal microscope to
determine the JC-1 dye red:green emission ratio (times are shown in minutes on the x-axis).
An emission shift from red to green (reduced ratio) represented a depolarization in ΔΨm.
Asterisks (*) represent P<0.05 for same-time/treatment comparisons between control and
DJ-1 knock-down astrocytes by paired t-tests. Mean±SE shown, n=6. (A) DJ-1 knock-down
significantly enhanced the 20 nM rotenone-induced reduction in red:green emission at 30
and 60 m. A similar trend persisted at 90 and 120 m. (B) DJ-1 knock-down significantly
enhanced the 40 nM rotenone-induced reduction in red:green emission at all time points
after toxin administration.
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Fig. 8.
DJ-1 knock-down did not reduce oxygen consumption rates (OCR) in astrocyte-enriched
cultures. Mitochondrial respiration was analyzed by measuring OCR in living astrocytes
using a Seahorse XF24 analyzer. The OCR values were then normalized to total astrocyte
numbers, as assessed by GFAP in-cell Western analysis, on the same plates. Control (solid
lines) and DJ-1 knock-down (dashed lines) astrocytes were compared at baseline, after
treatments with 0, 20, or 40 nM rotenone (A, B), and then after the addition of 500 nM
FCCP (A). In each graph, same-time/treatment comparisons were made between control and
DJ-1 knock-down astrocytes by paired t-tests. Mean±SE shown, n=5. (A) There was no
difference between the OCR of control and DJ-1 knock-down astrocytes under any
treatment condition over a 1 h period. However, as expected, rotenone treatment reduced the
OCR, FCCP stimulated the OCR, and rotenone reduced the FCCP-induced stimulation. The
data in this graph are expressed as percent control relative to OCR/GFAP values from same-
time no rotenone/no FCCP control wells on the same plates. (B) Extended assessments over
24 h did not show any significant differences between the OCR of control and DJ-1 knock-
down astrocytes, but did show the expected rotenone-induced reduction in OCR. The data in
this graph are expressed as percent control relative to OCR/GFAP values from same-time no
rotenone control wells on the same plates. For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.
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Fig. 9.
DJ-1 knock-down did not enhance extracellular acidification rates (ECAR) in astrocyte-
enriched cultures. Mitochondrial glycolytic flux was analyzed by measuring ECAR in living
astrocytes using a Seahorse XF24 analyzer. The ECAR values were then normalized to total
astrocyte numbers, as assessed by GFAP in-cell Western analysis, on the same plates.
Control (solid lines) and DJ-1 knock-down (dashed lines) astrocytes were compared at
baseline, after treatments with 0, 20, or 40 nM rotenone (A, B), and then after the addition of
500 nM FCCP (A). In each graph, same-time/treatment comparisons were made between
control and DJ-1 knock-down astrocytes by paired t-tests. Mean±SE shown, n=5. (A) There
was no difference between the ECAR of control and DJ-1 knock-down astrocytes under any
treatment condition over a 1 h period. However, as expected, FCCP (and, to a lesser extent,
rotenone) stimulated the ECAR. The data in this graph are expressed as percent control
relative to ECAR/GFAP values from same-time no rotenone/no FCCP control wells on the
same plates. (B) Extended assessments over 24 h did not show any significant differences
between the ECAR of control and DJ-1 knock-down astrocytes, but did show the expected
rotenone-induced stimulation. The data in this graph are expressed as percent control
relative to OCR/GFAP values from same-time no rotenone control wells on the same plates.
For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.

LARSEN et al. Page 25

Neuroscience. Author manuscript; available in PMC 2012 November 06.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


