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Abstract
Parkinson’s disease (PD) brains show evidence of mitochondrial respiratory Complex I
deficiency, oxidative stress, and neuronal death. Complex I-inhibiting neurotoxins, such as the
pesticide rotenone, cause neuronal death and parkinsonism in animal models. We have previously
shown that DJ-1 over-expression in astrocytes augments their capacity to protect neurons against
rotenone, that DJ-1 knock-down impairs astrocyte-mediated neuroprotection against rotenone, and
that each process involves astrocyte-released factors. To further investigate the mechanism behind
these findings, we developed a high-throughput, plate-based bioassay that can be used to assess
how genetic manipulations in astrocytes affect their ability to protect co-cultured neurons. We
used this bioassay to show that DJ-1 deficiency-induced impairments in astrocyte-mediated
neuroprotection occur solely in the presence of pesticides that inhibit Complex I (rotenone,
pyridaben, fenazaquin, and fenpyroximate); not with agents that inhibit Complexes II-V, that
primarily induce oxidative stress, or that inhibit the proteasome. This is a potentially PD-relevant
finding because pesticide exposure is epidemiologically-linked with an increased risk for PD.
Further investigations into our model suggested that astrocytic glutathione and heme oxygenase-1
anti-oxidant systems are not central to the neuroprotective mechanism.
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Parkinson’s disease (PD) brains show evidence of mitochondrial respiratory chain Complex
I deficiency, oxidative stress, and neurodegeneration (Schapira et al. 1989, Schapira et al.
1990, Yoritaka et al. 1996, Braak et al. 2003). Pharmacologic inhibition of Complex I,
which can be induced by MPTP and some environmental pesticides (e.g. rotenone), causes
oxidative stress and neurodegenerative parkinsonism in animal models (Ballard et al. 1985,
Langston et al. 1984, Nicklas et al. 1987, Betarbet et al. 2000, Cannon et al. 2009, Smith et
al. 1994, Panov et al. 2005). Occupational exposure to environmental pesticides, many of
which inhibit Complex I, is epidemiologically-associated with an increased risk for human
PD (Sherer et al. 2007, Brown et al. 2006, Ascherio et al. 2006, Gash et al. 2008).
Therefore, it is conceivable that environmental toxicant/pesticide-induced Complex I
inhibition is a risk factor for sporadic PD.

DJ-1 was first linked to PD when deletional mutations in its gene (PARK7) were discovered
to cause a genetic form of the disease (Bonifati et al. 2003). Our own work in PD brain
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tissues demonstrated that DJ-1 is abundantly-expressed in reactive astrocytes, but not in
neurons (Rizzu et al. 2004). This was an interesting finding since both astrocytes and DJ-1
can promote neuronal survival. For example, astrocytes support and protect surrounding
neurons in vitro, and often do so by supplying anti-oxidant and bioenergetic molecules
(Damier et al. 1993, Dringen et al. 1999, Makar et al. 1994, Sagara et al. 1996, Sagara et al.
1993, Wang & Cynader 2000, Chen et al. 2009). Further, DJ-1 is a predominantly
cytoprotective protein in vitro, and often acts to promote anti-oxidant and anti-apoptotic
mechanisms (Liu et al. 2008a, Junn et al. 2005, Taira et al. 2004, Xu et al. 2005, Canet-
Aviles et al. 2004, Blackinton et al. 2009, Zhou & Freed 2005, Clements et al. 2006,
Aleyasin et al. 2007).

These collective observations prompted us to form two main hypotheses regarding the
human brain. First, astrocytic DJ-1 over-expression in sporadic PD may represent an attempt
by the brain to protect itself against disease progression. In this scenario, astrocytes may up-
regulate DJ-1 to protect themselves and neighboring neurons against environmental
Complex I-inhibiting toxicants. Second, the absence of astrocytic DJ-1 in genetic PARK7
PD may be more pathologically permissive than the absence of neuronal DJ-1. In this
scenario, the inability of astrocytes to express DJ-1 may render the brain more sensitive to
environmental toxicants.

As an initial in vitro test of these hypotheses, we recently reported that plasmid-mediated
DJ-1 over-expression in astrocytes augmented their capacity to protect co-cultured neurons
against the Complex I-inhibiting pesticide rotenone (Mullett & Hinkle 2009). This model of
sporadic PD astrocytes supported the hypothesized protective role for astrocytic DJ-1 over-
expression. We also demonstrated that small interfering RNA (siRNA)-mediated DJ-1
knock-down impaired astrocyte-mediated neuroprotection against rotenone (Mullett &
Hinkle 2009). This model of genetic PARK7 PD astrocytes supported a pathologically
permissive role for astrocytic DJ-1 deficiency. In each case, astrocyte-released soluble
factors appeared to be central to the protective mechanism.

Our findings suggest that DJ-1 expression is critical for mechanisms of astrocyte-mediated
neuroprotection. To investigate this further, we sought to determine whether the protective
mechanism in our in vitro model was (i) selective for Complex I-mediated neurotoxicity and
(ii) mediated by astrocyte anti-oxidant systems. To approach these questions, we first
developed a 96-well plate-based bioassay in which the effects of astrocytic gene
manipulation on neuronal survival could be studied. We used the new bioassay to
demonstrate here that DJ-1-deficient astrocytes are, in fact, selectively impaired in their
capacity to protect neurons against Complex I-inhibiting pesticides. This is a novel finding
that may be highly PD-relevant. Investigating our model further, we found no evidence to
support significant roles for glutathione (GSH), heme oxygenase-1 (HO-1), or other selected
anti-oxidant systems in the mechanism of astrocyte-mediated neuroprotection.

Materials and methods
Cell cultures

Primary astrocyte-enriched and neuron-astrocyte contact co-cultures were produced as
previously described (Mullett & Hinkle 2009). Briefly, astrocyte cultures were prepared
from postnatal day 1 (P1) CD1 mouse cerebral cortex tissues by dissociation into
Neurobasal media (Invitrogen, Carlsbad, CA) containing 10% fetal calf serum (FCS,
Hyclone, Logan, UT) and 1X 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)/FCS/ABAM for
the first week, then maintained in DMEM/F12/ABAM containing 10% calf serum (CS,
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Hyclone). Monolayers prepared in this fashion contained ~97% glial fibrillary acidic protein
immunoreactive (GFAP+) astrocytes and ~0.5% microglia (Iba1+).

Neuronal cultures were prepared from embryonic day 15 (E15) CD1 mouse cortex by
plating the cell suspensions at 4.5 × 104 trypan blue-excluding cells/cm2 in Neurobasal/10%
FCS/ABAM directly onto astrocyte monolayers that were previously transfected to alter
DJ-1 levels. After overnight incubation, the media was replaced with serum-free
Neurobasal/1X B27 (Invitrogen)/0.5 mM GlutaMAX (Invitrogen)/ABAM and the cultures
maintained until treatments commenced (astrocyte day in vitro [DIV] 20/neuron DIV 6).
This procedure consistently produced >97% microtubule associated protein 2
immunoreactive (MAP2+) neurons.

DJ-1 knock-down and over-expression in astrocytes
Transfections with siRNA were used to suppress DJ-1 protein levels (DJ-1 knock-down) in
the astrocytes to ~5% of endogenous levels prior to neuronal plating (detailed methods,
transfection efficiencies, and Western blot characterization data are available in Mullett &
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 effect DJ-1 knock-
down. A non-silencing siRNA of sequence AAT TCT CCG AAC GTG TCA CGT (siNS,
Invitrogen) was used as a transfection control. The siNS had no sequence matches on
BLAST analysis and no effect on DJ-1, α-tubulin, or β-actin protein levels. The astrocyte
cultures were exposed to siRNAs over DIV 10–13. The siRNAs were then removed and the
cells washed and allowed to recover overnight prior to E15 neuronal plating on astrocyte
DIV 14.

Full-length mouse wild-type DJ-1 cDNA (mDJwt, NCBI ID BC002187, American Type
Culture Collection)-containing pCMV-SPORT6 mammalian expression plasmid
transfections were used to over-express DJ-1 protein in the astrocytes by ~2-fold (detailed
methods, transfection efficiencies, and Western blot characterization data are available in
Mullett & Hinkle 2009). Vector plasmid was used as a transfection control and did not affect
DJ-1 or β-actin protein levels. The astrocytes were exposed to the plasmids for 4 h on DIV
10. The plasmids were then removed and the cells washed and allowed to recover prior to
E15 neuronal plating on astrocyte DIV 14. The astrocytes were co-transfected with siRNA
and plasmid to produce wild-type (siNS + vector), DJ-1 knock-down (siDJ#2 + vector), or
DJ-1 over-expressing (siNS + mDJwt) cells when all three conditions were to be directly
compared.

Experimental treatments
Neuron/transfected-astrocyte contact co-cultures were exposed to neurotoxins for 72 h (all
from Sigma). The following Complex I inhibitors were assessed: rotenone [0–80 nM],
pyridaben [0–100 nM], fenazaquin [0–1 μM], and fenpyroximate [0–100 nM]. We also
assessed the mitochondrial Complex II inhibitor 3-nitroproprionic acid [3-NPA, 0–1 mM],
the Complex III inhibitor antimycin A [0–10 μM], the Complex IV inhibitor sodium azide
[0–1 mM], and the Complex V/ATP synthase inhibitor oligomycin [0–1 mM]. Hydrogen
peroxide [0–1 mM], paraquat [0–100 μM], and hemin [0–100 μM] were evaluated as
primarily oxidative stress-inducing neurotoxins. Lactacystin [0–10 μM] was tested at as a
proteasome inhibitor. Glutamic acid was tested as an excitotoxin [0–1 mM]. The toxins were
diluted into Neurobasal/1X B27 antioxidant free (Invitrogen)/1X ABAM and compared to
media-only controls. Rotenone, pyridaben, fenpyroximate, and fenazaquin required initial
dilution into dimethyl sulfoxide (DMSO, Sigma). These toxins were compared to media +
vehicle controls.
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Several agents (all from Sigma) were supplemented to rotenone-containing media to assess
their capacity to restore astrocyte-mediated neuroprotection. The following were assessed as
anti-oxidant molecules: GSH [0–10 mM], membrane-permeable GSH ethyl ester [GSHee,
0–10 mM], N-acetyl-L-cysteine [NAC, 0–10 mM], and (+)-α-tocopherol/vitamin E [VitE,
0–10 mM]. Lactic acid [0–10 mM] was assessed as a potential bioenergetic molecule (e.g.,
the astrocyte-to-neuron “lactate shuttle”). Succinic acid [0–10 mM] and coenzyme Q10 [0–
100 μM] were assessed as possible effectors of Complex I bypass.

Immunocytochemistry and neuronal survival bioassay
Assessments of neuronal survival were made by Odyssey infrared imaging (LiCor
Biosciences, Lincoln, Nebraska) using a new, 96-well plate-based bioassay. Surviving
neurons and astrocytes were identified by immunocytochemistry (ICC) for MAP2 and
GFAP, respectively (Mullett & Hinkle 2009). Briefly, the cells were lightly fixed in 4%
paraformaldehyde, blocked, and probed with primary antibody. MAP2 was identified using
a monoclonal anti-rat MAP2 primary antibody (Sigma) at 1:1000. GFAP was identified
using a polyclonal rabbit anti-GFAP primary antibody (Dako, Denmark) at 1:350. MAP2
signal detection/quantification was achieved using a secondary antibody tagged with LiCor
IRdye-800 at 1:1000. GFAP ICC detection/quantification was simultaneously performed to
confirm the presence of astrocytes in the co-cultures using an Alexa 680-conjugated
secondary antibody (Invitrogen) at 1:5000. Infrared signal was quantified in each well of a
96-well plate using an Odyssey imager. Background signal was removed, and the average of
4–8 replicate wells per treatment was used to generate each data point. All assessments were
performed within the linear range of the machine.

Western blots
Protein lysates were prepared from astrocytes using Laemmli-sodium dodecyl sulfate
extraction and subjected to quantitative Western blot analysis using an Odyssey infrared
scanner as previously described (Mullett & Hinkle 2009). The following primary antibodies
were used: rabbit anti-glutathione peroxidase 1 polyclonal (GPx1, Abcam, Cambridge, MA)
at 1:100, anti-HO-1 monoclonal (StressGen, Ann Arbor, MI) at 1:250, and anti-β-actin
monoclonal (Sigma) at 1:2,000. The membranes were then incubated with secondary
antibodies: IRDye 800-conjugated goat anti-mouse (LiCor, for β-actin) and Alexa 680-
conjugated goat anti-rabbit (Invitrogen, for GPx1 and HO-1), each at 1:20,000. GPx1 and
HO-1 band intensities were quantified and normalized to same-lane β-actin bands.

Glutathione measurements
GSH was quantified using a modification of a previously published protocol (Shvedova et
al. 2000, Shvedova et al. 2002). Briefly, 10 μM ThioGlo-1 (Calbiochem, La Jolla, CA) in
PBS was incubated with astrocyte lysate or 3-day astrocyte conditioned media for 5 minutes
and the intensity of the 500 nm emission recorded in experimental samples relative those of
simultaneously-assessed GSH standard curves. This method measured all immediately
available low molecular weight thiols, and this population is composed almost entirely of
GSH.

Statistical Analysis
Independent cultures, transfections, and treatments were used for each experimental
replicate (5–6 in most cases). Paired t-tests were used to assess the effect of a single DJ-1
manipulation relative to wild-type at a single toxin concentration when no time effect was
measured. ANOVA with post-hoc Tukey’s range test comparisons were employed if
multiple DJ-1 manipulations, treatments, and times were to be analyzed within an
experiment. Data were reported as significant when p < 0.05.
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Results
Validation of the plate-based neuronal survival bioassay

Several key points exist regarding the assessments of neuronal survival in the co-culture
experiments. First, the astrocytes were always transfected then washed prior to neuronal
seeding in fresh media. Thus, the neurons were never exposed to the transfection reagents.
Second, we have previously established that siDJ#2-induced DJ-1 knock-down persists
throughout the entire experimental period, and that it is fully reversible by co-transfection
with a non siDJ#2-targeted mouse DJ-1 rescue cDNA (Mullett & Hinkle 2009). Third, we
have also previously established that mDJwt-induced DJ-1 over-expression persists
throughout the experimental period. Since these controls have already been published for
this in vitro system, and since they establish DJ-1 levels prior to and regardless of toxin
treatment, we did not repeat them here.

We originally performed the neuronal viability experiments by blinded manual counting of
surviving neurons (Mullett & Hinkle 2009). Here we present and validate a new 96-well
plate-based neuronal survival bioassay. This assay is capable of simultaneously measuring
levels of MAP2 and GFAP signal that directly correlate with the number of living neurons
and astrocytes, respectively, that remain attached to the plate after experimental treatments
(Fig. 1). We initially established the optimum plating density and linear range of
quantification for the Odyssey scanner. Using these parameters, rotenone dose-response
curves were generated in neuron-astrocyte co-cultures to quantify the levels of MAP2 signal
remaining after treatment (Fig. 1a–b). We were able to replicate the rotenone kill curve in
neurons that we had previously published based on manual counts. In fact, the bioassay
detected an identical linear range and 50% lethal dose (LD50) as the manual counts (Fig 1b).
This indicated that the MAP2+ signal intensity detected by the scanner reflected the number
of surviving neurons, not simply changes in MAP2+ ICC intensity.

The bioassay also replicated our previous manual count findings that DJ-1 knock-down
induces a deficiency in astrocyte-mediated neuroprotection against 72 h treatment with 10
nM and 20 nM rotenone (Fig. 1c, also Fig. 5b–e, Fig. 6, and Fig. 8). Further validation of
this assay is provided in figures throughout the manuscript by detection of (i) consistent
dose-response curves generated by 9 distinct neurotoxins, (ii) DJ-1-induced changes in
astrocyte-mediated neuroprotection against multiple toxins, and (iii) vitamin E induced
neuroprotection. Bioassay GFAP signal intensities (representing surviving astrocyte
numbers) did not vary significantly with transfection conditions or toxin treatments unless
specifically noted (Fig. 1d, data not shown for all toxins tested). Therefore, the changes in
neuronal sensitivity to the toxins were not due to non-specific differences in astrocyte
numbers or monolayer consistency.

DJ-1 deficient astrocytes were impaired in their capacity to protect neurons against
multiple mitochondrial respiratory chain Complex I inhibitors

We sought to determine whether the results obtained in co-culture were specific to rotenone
or more globally-related to mitochondrial Complex I inhibition. To do this, we compared the
neuroprotective capacity of DJ-1 knock-down astrocytes with that of wild-type astrocytes
against three other Complex I inhibitors: pyridaben, fenazaquin, and fenpyroximate (Fig. 2).

The neuron/transfected astrocyte co-cultures were exposed to each toxin for 72 h over a
period in which astrocytic DJ-1 levels were maximally-suppressed. Visual assessments
showed that DJ-1 knock-down and wild-type astrocytes were equally dense and
morphologically healthy under all transfection and toxic conditions (Fig. 2a–h). The neurons
were healthy and equally numerous when co-cultured with each type of astrocyte (Fig. 2a
and e). However, DJ-1 knockdown astrocytes were significantly less protective of neuronal
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survival against all three Complex I inhibitors when compared to the wild-type astrocytes.
This was true by both visual (Fig. 2f–h) and quantitative bioassay (Fig. 2i–k) assessments.
For pyridaben, the LD50 for wild-type astrocyte co-cultured neurons was ~20 nM, whereas
with DJ-1 knock-down astrocytes it shifted to ~1 nM (Fig. 2i). A significant deficiency in
astrocyte-mediated neuroprotection was seen from 0.8 to 25 nM. For fenazaquin, the LD50
for wild-type astrocyte co-cultured neurons was ~200 nM, compared to ~12 nM with DJ-1
knock-down astrocytes (Fig. 2j). A significant deficiency of astrocyte-mediated
neuroprotection was seen from 15.6 to 250 nM. For fenpyroximate, the LD50 for wild-type
astrocyte co-cultured neurons was ~8 nM, whereas with DJ-1 knock-down astrocytes it was
~2 nM (Fig. 2k). A significant deficiency was seen from 1.6 to 12.5 nM.

DJ-1 over-expressing astrocytes were also compared with wild-type astrocytes against
pyridaben and fenpyroximate using the bioassay. Although the effects were less robust, a
significant neuroprotective effect was produced by astrocytic DJ-1 over-expression
(Supplementary Fig. 1). This is similar to our previous results with rotenone.

DJ-1 deficient astrocytes were not impaired in their capacity to protect neurons against
mitochondrial respiratory chain Complex II, III, or IV inhibitors

The finding that four distinct Complex I inhibitors produced the same result in the co-culture
experiments prompted us to consider whether these effects were specific to this Complex
within the mitochondrial respiratory chain. To assess this we repeated the bioassay
experiments using pharmacological inhibitors of Complex II (3-NPA), Complex III
(antimycin A), Complex IV (sodium azide), and Complex V/ATP synthase (oligomycin).
Each of these toxins produced dose-responsive neuronal kill curves after 72 h treatments.
However, there was no difference in the neurotoxicity produced by Complex II, III, or IV
inhibition when wild-type and DJ-1 knockdown astrocytes were compared (Fig. 3).
Therefore, astrocytic DJ-1 deficiency did not render the neurons more susceptible to these
agents under the same conditions in which they were more susceptible to all four Complex I
inhibitors. Astrocyte-mediated neuroprotection could not be assessed for oligomycin
because it was toxic to the astrocytes over the neurotoxic range.

Astrocytic DJ-1-deficiency did not augment the neurotoxicity of primarily oxidative stress-
inducing or proteasome-inhibiting neurotoxins

We next assessed our co-culture bioassay system for the capacity of more directly oxidative
stress-inducing neurotoxins to produce the same results as the Complex I inhibitors. To do
this, we repeated the experiments using paraquat (a strong inducer of oxidative stress, but
relatively weak inhibitor of Complex I) and hydrogen peroxide. Paraquat produced a dose-
responsive neuronal kill curve, but no differences were seen in neurotoxicity between the
wild-type and DJ-1 knock-down astrocyte co-cultures (Fig. 4a). Hydrogen peroxide was
toxic to astrocytes over the neurotoxic concentration range, therefore, astrocyte-mediated
neuroprotection could not be assessed. The same was true for glutamic acid, an excitotoxin.
We also evaluated lactacystin as a model of proteasome dysfunction, which occurs with
oxidative stress, but again found no difference in the level of neuroprotection provided by
the two types of astrocytes (Fig. 4b).

The glutathione anti-oxidant system did not appear to be central to the mechanism of
DJ-1-deficiency induced impairments in astrocyte-mediated neuroprotection

Astrocytic DJ-1 may protect surrounding neurons against Complex I inhibitor-induced
oxidative toxicity via stabilization of astrocytic nuclear factor (erythroid-derived 2)-like 2
(Nrf2) (Clements et al. 2006). In non-astrocytic cells, this stabilization can result in up-
regulation of γ-glutamyl cysteine ligase (the rate-limiting enzyme for GSH production),
GPx1 (oxidizes GSH to GSSG, promoting removal of hydrogen peroxide), and/or HO-1
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(Malhotra et al. 2008). We therefore hypothesized that DJ-1 knock-down would reduce
astrocytic GSH-related enzyme levels, GSH release, and HO-1 levels. We employed several
methods to test these possibilities.

First, we used quantitative Western blots to measure astrocytic Nrf2 levels. Although Nrf2
was easily detectable in our cultured neurons, it was undetectable in our astrocytes. We
similarly assessed for γ-glutamyl cysteine ligase. Although this enzyme was detectable in
our astrocytes, the levels were too low to permit quantification. GPx1 was detectable and
quantifiable in our astrocytes. However, we identified no effect of rotenone treatment, DJ-1
knock-down, or DJ-1 over-expression on its levels after 6 h or 24 h (Supplementary Fig. 2).

We also found no significant effect of rotenone treatment, DJ-1 knock-down, or DJ-1 over-
expression on the levels of GSH released into astrocyte conditioned media after 6, 24, 48, or
72 h of treatment (Fig. 5a). Maximum released GSH levels reached ~1 mM after 72 h
accumulation into the conditioned media, and trended lower for both the DJ-1 knock-down
and the DJ-1 over-expressing astrocytes compared to wild-type. Intracellular GSH levels
were not found to be different between the wild-type (68 ng GSH/μg total protein), DJ-1
knock-down (69 ng/μg), and DJ-1 over-expressing (71 ng/μg) astrocytes.

We also repeated the bioassay co-culture experiments with 10 or 20 nM rotenone in the
additional presence of up to 10 mM GSH or GSHee (a membrane-permeable version of
GSH). Neither of these anti-oxidants replaced the DJ-1 knock-down induced deficiency in
astrocyte-mediated neuroprotection, and neither was generally neuroprotective (Fig. 5b-e).
Similar bioassay experiments were performed using up to 10 mM of supplemental NAC or
vitamin E. Again, neither of these anti-oxidants replaced the DJ-1 knock-down induced
deficiency in astrocyte-mediated neuroprotection against rotenone (Fig. 6). However, unlike
the other anti-oxidants tested, vitamin E was generally neuroprotective at higher levels.
Despite this protective effect, the neuroprotective gap between wild-type and DJ-1 knock-
down astrocytes was maintained (Fig. 6c–d).

The HO-1 anti-oxidant system did not appear to be central to the mechanism of DJ-1-
deficiency induced impairments in astrocyte-mediated neuroprotection

We employed quantitative Western blots to assess the potential role of HO-1 in our system,
but found no significant effects of rotenone treatment or DJ-1 knock-down on astrocytic
HO-1 levels (Fig. 7). However, we were surprised to discover that DJ-1 over-expression
significantly reduced astrocytic HO-1 levels. To verify this result, we treated the astrocytes
with hemin, a strong inducer of HO-1 (Supplementary Fig. 3). We replicated the predicted
effect of hemin-induced HO-1 stimulation in the wild-type astrocytes. We also found strong
stimulation in the DJ-1 knock-down cells. However, as was seen with rotenone, hemin
exposure was not able to overcome the strong suppression of HO-1 induced by DJ-1 over-
expression.

Bioenergetic/Complex I bypass molecule supplementations did not replace the DJ-1-
deficiency induced impairments in astrocyte-mediated neuroprotection

Our data suggest a mechanistically-important class effect of the Complex I-inhibiting
neurotoxins that is not rescued by anti-oxidants. Thus, we attempted further rescue
experiments in neuron/DJ-1 knock-down astrocyte co-cultures by supplementing the 10 nM
and 20 nM rotenone-containing media with agents that may bypass the effects of inhibited
Complex I. We tested lactic acid as an energy supplement (via the astrocyte-to-neuron
“lactate shuttle”), succinic acid as a direct Complex II substrate, and coenzyme Q10 as a
facilitator of downstream electron transport. Each agent was assessed over a wide
concentration range, but none acted to replace the DJ-1 knock-down induced deficiency in
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astrocyte-mediated neuroprotection (Fig. 8). In addition, none were generally
neuroprotective.

Discussion
We have here introduced a new, high-throughput bioassay that can be used to assess how
genetic manipulations in astrocytes affect their capacity to protect co-cultured neurons
against toxic insults. Using this bioassay we have demonstrated that DJ-1deficiency-induced
impairments in astrocyte-mediated neuroprotection apply selectively to neurotoxicity
induced by Complex I inhibiting pesticides. This may be a highly relevant finding to human
disease because (i) genetic DJ-1 deficiency causes familial PD, (ii) sporadic PD reactive
astrocytes over-express DJ-1, (iii) pesticide exposures are linked to elevated PD risk, and
(iv) PD brain tissues exhibit reduced Complex I activity (Schapira et al. 1990, Rizzu et al.
2004, Bonifati et al. 2003, Ascherio et al. 2006, Brown et al. 2006, Gatto et al. 2009,
Richardson et al. 2009, Wilk et al. 2006). Thus, it is conceivable that DJ-1 deficient PARK7
PD astrocytes are not able to protect surrounding neurons against Complex I deficiency
induced by environmental toxicants. Conversely, DJ-1 over-expression in sporadic PD
astrocytes may represent an attempt by the brain to protect itself against the same process.

The new data presented here support our previous rotenone findings (Mullett & Hinkle
2009) in several important manners. First, a novel plate-based bioassay was employed to
replicate the original manual count data in our neuron/transfected astrocyte co-culture
system. Second, independent bioassay assessments of multiple Complex I-inhibiting
pesticide neurotoxins (rotenone, pyridaben, fenazaquin, and fenpyroximate) each produced
the same result: DJ-1 deficient astrocytes were less neuroprotective than wild-type
astrocytes. Third, bioassay experiments with pyridaben and fenpyroximate detected modest,
but significant, augmentation of astrocyte-mediated neuroprotection induced by astrocytic
DJ-1 over-expression. This pattern of more robust effects with DJ-1 knock-down than DJ-1
over-expression is similar to our findings with rotenone. It likely reflects the high
endogenous DJ-1 levels in the cultured astrocytes, where a significant loss of DJ-1
expression (to ~5%) appears to be more physiologically active than a moderate gain (to ~2-
fold).

The most important finding from our studies is that astrocytic DJ-1 knock-down induced a
selective deficiency in astrocyte-mediated neuroprotection against Complex I inhibition.
Specifically, DJ-1 deficient astrocytes were significantly less neuroprotective than wild-type
astrocytes against four distinct Complex I inhibitors. This disparity in astrocyte-mediated
neuroprotection did not exist against Complex II-IV inhibitors, direct inducers of oxidative
stress, or proteasome inhibitors. Astrocyte viability was stable under all of these conditions.
However, the Complex V inhibitor oligomycin, the oxidative toxin hydrogen peroxide, and
the excitotoxin glutamic acid were all toxic to the astrocytes over the neurotoxic range.
Therefore, astrocyte-mediated neuroprotection could not be assessed for these agents.

These results suggest that DJ-1-deficient astrocytes are specifically impaired in their
capacity to support neurons against death induced by the PD-relevant process of Complex I
inhibition. Several potential mechanisms exist for this finding, and we approached our
investigations with the assumption that astrocyte-released, soluble factors were involved.
This is based on our previous discovery that both DJ-1 modulated augmentation and
impairment of astrocyte-mediated neuroprotection persist when astrocyte conditioned media
is used on separate neuron-enriched cultures (Mullett & Hinkle 2009). Thus, it is
conceivable that DJ-1 deficient astrocytes lose their capacity to release soluble
neuroprotective molecules that are required by surrounding neurons to stabilize themselves
against Complex I inhibition. Soluble factor candidates based on known astrocyte
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physiology include anti-oxidant molecules, bioenergetic molecules, cytokines, and peptide
neurotrophic factors (Benvenisti-Zarom & Regan 2007, Calabrese et al. 2005, Chen et al.
2009, Damier et al. 1993, Dringen et al. 1999, Makar et al. 1994, Matz et al. 1996, Nakaso
et al. 2000, Sagara et al. 1996, Sagara et al. 1993, Wang & Cynader 2000). Soluble factor
candidates based on known DJ-1 mechanisms in non-astrocytic cells include DJ-1 itself and
anti-oxidant molecules (Tsuboi et al. 2008, Andres-Mateos et al. 2007, Clements et al. 2006,
Kim et al. 2005, Liu et al. 2008a, Meulener et al. 2005, Taira et al. 2004, Zhou & Freed
2005). Soluble factor candidates based on known/suspected mechanisms of rotenone/
Complex I inhibitor induced neurotoxicity include those that protect against oxidative stress,
energy failure, altered mitochondrial function, altered proteasome activity, excitotoxicity,
apoptosis, cytoskeletal instability, and neuroinflammation (Betarbet et al. 2006, Feng 2006,
Klintworth et al. 2007, Panov et al. 2005, Ramachandiran et al. 2007, Sanchez et al. 2008,
Shamoto-Nagai et al. 2003, Sherer et al. 2003, Sherer et al. 2007, Wang et al. 2006).

Our approach was to initially focus on the mechanism that appeared to be most relevant to
DJ-1, astrocytes, and rotenone: astrocytic production/release of anti-oxidant molecules. We
first hypothesized that DJ-1 itself might be released into astrocyte conditioned media. This
did not turn out to be true (Mullett & Hinkle 2009). We next hypothesized that primarily
oxidative stress-inducing neurotoxins should reproduce the Complex I inhibitor results,
particularly if oxidative stress was a critical mechanism in our system. The agents that we
tested were each neurotoxic in a dose-dependent manner, but either did not reproduce the
Complex I inhibitor results (paraquat) or were toxic to both cell types (hydrogen peroxide).
The results for paraquat were particularly interesting because this toxin is a powerful inducer
of oxidative stress that, relative to rotenone, only weakly inhibits Complex I and often acts
through distinct mechanisms (Ved et al. 2005, Richardson et al. 2005, Ramachandiran et al.
2007, Klintworth et al. 2007, Wang et al. 2006). Thus, the inability of paraquat to reproduce
the Complex I inhibitor co-culture findings strengthened the centrality of this mechanism to
our system, and weakened the apparent importance of general oxidative stress.

We also investigated whether the DJ-1 modulated protective response involved astrocytic
Nrf2-related anti-oxidant mechanisms. The rationale was that (i) DJ-1 can stimulate Nrf2-
dependent GSH and HO-1 production in non-astrocytic cells and (ii) Nrf2, GSH, and HO-1
can respond to, and promote astrocyte-mediated neuroprotection against, oxidative stress in
other models (Zhou & Freed 2005, Clements et al. 2006, Liu et al. 2008b, Wang & Cynader
2000, Chen et al. 2009, Dringen et al. 1999, Makar et al. 1994, Sagara et al. 1993, Nakaso et
al. 2000, Matz et al. 1996, Benvenisti-Zarom & Regan 2007, Calabrese et al. 2005). Our
hypothesis was therefore that astrocytic DJ-1 knock-down would reduce the protective
influence of these anti-oxidant systems. We were not able to detect the “gateway” Nrf2
protein in our astrocytes, despite being able to do so in cultured neurons. This did not
eliminate the possibility that GSH and/or HO-1 were active in our system, however.

Regarding the astrocyte GSH anti-oxidant system, γ-glutamyl cysteine ligase levels were too
low to quantify and GPx1 was quantifiable but did not change significantly with rotenone
treatments or DJ-1 manipulation. We further assayed for intracellular and released GSH, but
again found no evidence for regulation by rotenone or DJ-1 in our astrocytes. Attempts to
replace the DJ-1 knock-down induced deficiency in astrocyte-mediated neuroprotection by
supplementing physiological levels of GSH and GSHee were unsuccessful. Experiments
using supplemental NAC and vitamin E produced similar results, except that vitamin E had
a global neuroprotective effect. Interestingly, the neuroprotective disparity between DJ-1
knock-down and wild-type astrocytes remained. This further strengthened our developing
conclusion that astrocyte anti-oxidant systems were not significantly involved in the
neuroprotective mechanism.
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Regarding the HO-1 anti-oxidant system, neither rotenone treatment nor DJ-1 knock-down
significantly affected HO-1 levels in the astrocytes. However, DJ-1 over-expression
strongly, and consistently, suppressed HO-1 levels. This was true even in the presence of the
powerful HO-1 inducer hemin. This finding ran counter to our hypothesis, and was difficult
to interpret mechanistically, but supported the conclusion that DJ-1 over-expression does not
augment astrocyte-mediated neuroprotection by inducing HO-1.

We next hypothesized that astrocyte-released, bioenergetic/Complex I-bypassing molecules
might be involved in the mechanism. To test this possibility we supplemented rotenone-
treated neuron/DJ-1 knock-down astrocyte co-culture media with lactic acid, succinic acid,
or coenzyme Q10. None of these agents was able to replace the deficiency in astrocyte-
mediated neuroprotective induced by DJ-1 knock-down, and none was generally
neuroprotective. Therefore, we could draw no firm conclusions regarding their importance
as astrocyte-released neuroprotective factors.

Thus, the investigated anti-oxidant, bioenergetic, and Complex I-bypassing mechanisms are
not likely to be critical to astrocyte-mediated neuroprotection in our model system. We are
therefore left with evidence that astrocytes release unknown, DJ-1 modulated factors that are
protective against Complex I-selective mechanisms of neurodegeneration. We found no
evidence that proteasome inhibition replicated the pesticide effects, and experiments with
excitotoxins were inconclusive due to astrocytic toxicity. Neuronal mitochondrial
functioning, particularly as it relates to apoptotic pathways, may be targeted by the DJ-1
modulated, astrocyte-released factors. Neuroinflammation is another potential avenue of
inquiry. For example, microglia can contribute to rotenone neurotoxicity and DJ-1 knock-
out astrocytes are impaired in their neuroprotective capacity against lipopolysaccharide (Gao
et al. 2002, Gao et al. 2003, Waak et al. 2009). Neuronal cytoskeletal stability may also be
targeted by both Complex I inhibition and the remediating factors (Feng 2006). These
remaining possibilities are wide in scope and have not yet been tested formally.

In summary, we have shown that the deficient expression of a PD-relevant gene (DJ-1) in
cells that robustly express it in PD (astrocytes) causes a selective impairment in
neuroprotection against a highly PD-relevant neurotoxic mechanism (Complex I inhibition).
This impairment was not reversed by supplemental anti-oxidant or bioenergetic molecules,
and DJ-1 did not modulate astrocytic GSH or HO-1. More extensive assessments of the
astrocyte conditioned media will therefore be needed to identify the specific astrocyte-
released factors that are active in our model. We believe that pursuing this in future studies
will be important to the identification and development of astrocyte-based, disease-
modifying therapies against environmental toxicant exposures and PD.
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DIV days in vitro

DMEM Dulbecco’s modified Eagle media

FCS fetal calf serum

FPX fenpyroximate

FZQ fenazaquin

GFAP glial fibrillary acidic protein

GPx1 glutathione peroxidase 1

GSH glutathione

GSHee glutathione ethyl ester

HO-1 heme oxygenase-1

ICC immunocytochemistry

LAC lactic acid

LC lactacystin

MAP2 microtubule associated protein 2

mDJwt mouse wild-type DJ-1 cDNA

NAC N-acetyl-L-cysteine

3-NPA 3-nitroproprionic acid

Nrf2 nuclear factor (erythroid-derived 2)-like 2

PD Parkinson’s disease

PQ paraquat

PYR pyridaben

Rot rotenone

siRNA small interfering RNA

siDJ#2 anti-mouse DJ-1 siRNA

siNS non-silencing siRNA

SUC succinic acid

VitE vitamin E
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Fig. 1.
Neuronal survival bioassay. (a) Portion of sample 96-well plate showing neuron-astrocyte
co-cultures with Odyssey infrared scanner-visualized MAP2+ (neuronal) signal over a
rotenone dose-response curve from 0–80 nM. (b) MAP2+ signal from the bioassay (open
circles, Odyssey-generated intensity units) plotted with MAP2+ manual count data from the
same wells (filled circles, neurons per high-power field [hpf]). The dotted line represents the
background level for Odyssey detection and the zero cell level for manual counts. Mean ±
SE shown, n = 4. (c) Pre-treatment neurons survived and developed equally well when co-
cultured on wild-type (siNS-transfected, black bars) or DJ-1 knock-down (siDJ#2-
transfected, gray bars) astrocytes. Neurons co-cultured with wild-type astrocytes survived
significantly better than those co-cultured with DJ-1 knock-down astrocytes after 72 h
treatment with 20 nM rotenone. The asterisk (*) represents p < 0.05 vs. wild-type by paired
t-test. Mean ± SE shown, n = 5. (d) Neither DJ-1 manipulation nor 72 h treatment with 20
nM rotenone affected Odyssey-detected GFAP+ signal (astrocyte viability) in the co-
cultures. Mean ± SE shown, n=5.
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Fig. 2.
DJ-1 deficient astrocytes were impaired in their capacity to protect neurons against multiple
Complex I inhibitors. (a-d) Photomicrographs of MAP2+ neurons (red) and co-cultured
wild-type (siNS-transfected) GFAP+ astrocytes (green) remaining after 72 h treatment with
no toxin (Control, a), pyridaben (PYR, b), fenazaquin (FZQ, c), or fenpyroximate (FPX, d).
(e-h) Photomicrographs of MAP2+ neurons and co-cultured DJ-1 knock-down (siDJ#2-
transfected) GFAP+ astrocytes remaining after treatment with no toxin (Control, e),
pyridaben (PYR, f), fenazaquin (FZQ, g), or fenpyroximate (FPX, h). Bioassay-quantified
dose-response of neuronal survival after 72 h treatment with pyridaben (i), fenazaquin (j), or
fenpyroximate (k), at the doses shown, in co-culture with either wild-type (black bars) or
DJ-1 knock-down (gray bars) astrocytes. Asterisks (*) represent p < 0.05 vs. same-dose
wild-type by paired t-test. Mean ± SE shown, n = 5.
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Fig. 3.
DJ-1 deficient astrocytes were not impaired in their capacity to protect neurons against
mitochondrial Complex II, III, or IV inhibitors. Dose-response of neuronal survival after 72
h treatment with 3-nitroproprionic acid (3-NPA, a Complex II inhibitor), antimycin A (a
Complex III inhibitor), or sodium azide (a Complex IV inhibitor), at the doses shown, in co-
culture with either wild-type (siNS-transfected, black bars) or DJ-1 knock-down (siDJ#2-
transfected, gray bars) astrocytes. Mean ± SEM bioassay data is shown, n = 4 for each toxin.
No significant differences were detected by paired t-tests comparing wild-type with DJ-1
knock-down.
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Fig. 4.
DJ-1 deficient astrocytes were not impaired in their capacity to protect neurons against
paraquat or lactacystin. MAP2+ (neuronal) bioassay data is shown as mean ± SEM (n = 5)
after 72 h of treatment with paraquat (PQ, a) or lactacystin (LC, b), at the doses shown, in
co-culture with either wild-type (siNS-transfected, black bars) or DJ-1 knock-down (siDJ#2-
transfected, gray bars) astrocytes. No significant differences were detected by paired t-tests
comparing wild-type with DJ-1 knock-down.
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Fig. 5.
The astrocyte glutathione (GSH) system did not appear to be significantly active in DJ-1
modulated, astrocyte-mediated neuroprotection against rotenone. (a) Released GSH levels
(μM) are shown in conditioned media collected from wild-type (siNS/vector-transfected,
black bars), DJ-1 knock-down (siDJ#2/vector-transfected, gray bars), and DJ-1 over-
expressing (siNS/mDJwt-transfected, white bars) astrocytes after rotenone treatment at the
doses and durations shown. No significant differences were seen by ANOVA. Mean ± SE
shown, n=6. (b-e) MAP2+ (neuronal) signal from bioassay is shown as mean ± SEM (n = 5)
after 72 h of treatment with rotenone (Rot, 10 nM in b and d, 20 nM in c and e) ± GSH (b
and c) or ± membrane permeable GSH ethyl ester (GSHee, d and e) at the doses shown.
Asterisks (*) represent p < 0.05 vs. same-dose wild-type by paired t-tests.
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Fig. 6.
Neither N-acetyl-L-cysteine (NAC) nor vitamin E (VitE) replaced the DJ-1 knock-down-
induced deficiency in neuroprotection against rotenone to wild-type levels. MAP2+
(neuronal) signal from bioassay is shown as mean ± SEM (n = 5) after 72 h of treatment
with rotenone (Rot, 10 nM in a and c, 20 nM in b and d) ± NAC (a and b) or ± VitE (c and
d) at the doses shown. Asterisks (*) represent p < 0.05 vs. same-dose wild-type by paired t-
tests.
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Fig. 7.
Astrocyte heme oxygenase-1 (HO-1) was not significantly affected by rotenone treatment or
DJ-1 knock-down, but was suppressed by DJ-1 over-expression. (a-c) Dose- and time-
response for quantitative Western blots showing HO-1 signal normalized to same-lane β-
actin signal, in arbitrary units, after treatment of wild-type (siNS/vector-transfected, black
bars), DJ-1 knock-down (siDJ#2/vector-transfected, gray bars), and DJ-1 over-expressing
(siNS/mDJwt-transfected, white bars) astrocytes with rotenone (Rot) at the doses shown for
6 (a), 24 (b), or 48 (c) hours. Asterisks (*) represent p < 0.05 versus same-treatment wild-
type by ANOVA. Mean ± SE shown, n=5.
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Fig. 8.
Neither lactic acid (LAC), succinic acid (SUC), nor coenzyme Q10 (CoQ) replaced the DJ-1
knock-down-induced deficiency in neuroprotection against rotenone to wild-type levels. (a-
f) MAP2+ (neuronal) signal from bioassay is shown as mean ± SEM (n = 5) after 72 h of
treatment with rotenone (Rot, 10 nM in a-c, 20 nM in d-f) ± LAC (a and d), ± SUC (b and
e), or ± CoQ (c and f) at the doses shown. Asterisks (*) represent p < 0.05 vs. same-dose
wild-type by paired t-tests.
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