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Abstract
Mutations that eliminate DJ-1 expression cause a familial form of Parkinson’s disease (PD). In
sporadic PD, and many other neurodegenerative diseases, reactive astrocytes over-express DJ-1
whereas neurons maintain its expression at non-disease levels. Since DJ-1 has neuroprotective
properties, and since astrocytes are known to support and protect neurons, DJ-1 over-expression in
reactive astrocytes may reflect an attempt by these cells to protect themselves and surrounding
neurons against disease progression. We used neuron-astrocyte contact and non-contact co-cultures
to show that DJ-1 knock-down in astrocytes impaired their neuroprotective capacity, relative to wild-
type astrocytes, against the neurotoxin rotenone. Conversely, DJ-1 over-expression in astrocytes
augmented their neuroprotective capacity. Experiments using astrocyte conditioned media on
neuron-only cultures suggested that astrocyte-released, soluble factors were involved in the DJ-1-
dependent, astrocyte-mediated neuroprotective mechanism. Our findings support the developing
view that astrocytic dysfunction, in addition to neuronal dysfunction, may contribute to the
progression of a variety of neurodegenerative disorders.
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Introduction
PD and parkinsonism/dementia syndromes are characterized by selective and progressive
degeneration of vulnerable neuronal sub-populations within the brainstem, basal ganglia, and
cerebral cortex. The development of effective disease-modifying strategies against these
disorders will require an improved understanding of the central mechanisms underlying their
pathological processes, as well as those through which the brain attempts to protect itself. We
propose that the latter process likely involves astrocytes, and that the therapeutic augmentation
of mechanisms involved in astrocyte-mediated neuroprotection may represent a novel, and
potentially powerful, avenue for the development of new anti-PD/neurodegenerative disease
therapies.
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Although it is likely that multiple pathological processes contribute simultaneously to PD
initiation and progression, oxidative stress is implicated by the abnormal abundance of oxidized
proteins, lipids, and nucleic acids in PD brain tissues, and is supported by observations that
experimental parkinsonism can be produced in animal models using neurotoxins that induce
oxidative stress (Yoritaka et al., 1996; Giasson et al., 2000; Good et al., 1998; Zhang et al.,
1999; Castellani et al., 2002; Dexter et al., 1991; Sian et al., 1994; Sherer et al. 2002; Betarbet
et al., 2000). Thus, it is conceivable that PD is caused, at least in part, by chronic, low-level
exposure to environmental neurotoxins and that the variability seen in PD susceptibility,
presentation, and progression is modulated by complex genetic factors that render individuals
either more or less vulnerable to them. In support of this, epidemiological studies have
associated high pesticide/herbicide exposure rates with a higher risk of developing PD, and
genetic mutations that eliminate the expression of putative neuroprotective proteins (e.g. DJ-1)
are known to cause familial PD (Ascherio et al., 2006; Brown et al., 2006; Bonifati et al.,
2003; Taira et al., 2004; Zhou and Freed, 2005; Xu et al., 2005).

Astrocytes, an abundant group of neuron support cells that survive in PD, are known to harbor
a powerful neuroprotective arsenal that includes neurotrophic factors and anti-oxidative stress
molecules, and astrocyte-derived anti-oxidant molecules can be utilized by surrounding
neurons to reduce their own levels of oxidative stress (Damier et al., 1993; Makar et al.,
1994; Gegg et al., 2003; Wang et al., 2000; Sagara et al., 1996; Sagara et al., 1993; Dringen et
al., 1999). In sporadic PD brain tissues, reactive astrocytes are robustly immunoreactive for
anti-oxidant proteins such as glutathione peroxidase, heme-oxygenase 1, and DJ-1, whereas
non-disease astrocytes (and neurons, disease and non-disease) express these proteins at very
low levels (Rizzu et al., 2004; Damier et al., 1993; Schipper et al., 1998; Bandopadhyay et al.,
2004; Neumann et al., 2004). Taken together, these observations suggest that astrocytes may
attempt to protect themselves and their surrounding neurons against PD progression by over-
expressing DJ-1 and other neuroprotective molecules.

We endeavored to explore the relevance of astrocyte-derived DJ-1 to astrocyte-mediated
neuroprotection against the pesticide/neurotoxin rotenone using neuron-astrocyte co-cultures
in which astrocytic, but not neuronal, DJ-1 expression was experimentally manipulated. We
report here that astrocyte-mediated neuroprotection against rotenone is significantly impaired
when astrocytes under-express DJ-1, that the reverse is true when astrocytes over-express DJ-1,
and that a soluble, astrocyte-released factor appears to be involved in the mechanism.

Materials and methods
Cell cultures

Enriched astrocyte primary cultures were prepared from postnatal day 1 CD1 mouse cerebral
cortex. Cortex was used due to its broad relevance to human neurodegenerative disease, its
material abundance, and the robustness of the effects seen in our experiments. Brain tissues
were microdissected and mechanically dissociated into Neurobasal media (Invitrogen,
Carlsbad, CA) containing 10% fetal calf serum (FCS, Hyclone, Logan, UT) and 1X antibiotic-
antimycotic (ABAM, Invitrogen), passed through sterile 80 μm and 10 μm filters to remove
debris, and plated at a density of 7.3 x 104 trypan blue-excluding cells/cm2 in 24-well plates.
For contact neuron-astrocyte co-culture experiments, the astrocytes were plated on media pre-
equilibrated 12 mm glass coverslips which were placed in the wells. For non-contact neuron-
astrocyte co-culture and astrocyte conditioned media experiments, the astrocytes were plated
directly on the plastic surface of the wells. The cultures were fed with fresh DMEM/F12
(Sigma, St. Louis, MO)/FCS/ABAM on days in vitro (DIV) 3 and 6, whereas on and after DIV
10 they were maintained in DMEM/F12/ABAM containing 10% calf serum (CS, Invitrogen).
Monolayers prepared in this fashion were typically >97% GFAP+ astrocytes at the time of
experimental treatments (astrocyte DIV 20).
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Enriched neuronal primary cultures were prepared from embryonic day 15 (E15) CD1 mouse
cortex tissues that were microdissected, mechanically dissociated, and plated at 4.5 x 104 trypan
blue-excluding cells/cm2 using Neurobasal/10% FCS/ABAM media. Contact neuron-astrocyte
co-culture experiments utilized neurons plated directly onto astrocyte monolayers that had been
previously established on glass coverslips in 24-well plates. Neuronal cultures for neuron-only,
non-contact neuron-astrocyte co-culture (ie, each cell type was physically separated from the
other but shared the same media), and astrocyte conditioned media experiments were plated
onto polyethyleneimine (PEI)-coated, media pre-equilibrated 12 mm glass coverslips in 24-
well plates and maintained separately from the astrocyte cultures until the time of
experimentation. After an overnight incubation, the media was replaced with serum-free
Neurobasal/1X B27 (Invitrogen)/0.5 mM GlutaMAX (Invitrogen)/ABAM. Two days later the
conditioned neuronal media was removed, mixed 1:1 with fresh Neurobasal/B27/GlutaMax/
ABAM, sterile-filtered, and returned to the cultures to incubate. This procedure consistently
produced cell populations of >97% microtubule associated protein 2 (MAP2)+ neurons and
<1% GFAP+ astrocytes at the time of experimental treatments. MAP2+ neuronal processes
were extended, branched, and expressed synaptophysin distally at the time of experimental
treatments, suggesting that synapse formation was occurring between neurons as a sign of early
cellular maturity (data not shown).

For the contact co-cultures, E15 cortex preps were seeded directly onto established 14 DIV
astrocyte monolayers in Neurobasal/FCS/ABAM, and experiments were performed at
astrocyte DIV 20/neuron DIV 6. For the non-contact co-cultures, E15 cortex preps were seeded
onto paraffin beaded, PEI-coated coverslips that did not contain astrocytes, incubated in the
same fashion as above to allow the neurons to develop, then incubated with astrocyte
monolayers for treatments in a manner that did not allow physical contact between the two cell
types. Non-contact co-cultures were also used for experiments at astrocyte DIV 20/neuron DIV
6. The beading procedure was not injurious to the cultures, and the co-culture populations were
similar in cellular makeup to each other and to the individual enriched cultures at the time of
experimentation.

Institutional approval was obtained for all of the animal procedures used here, and adequate
measures were taken to minimize animal pain or discomfort.

Immunocytochemistry of cultured mouse cells
Cells were grown on glass coverslips and identified using fluorescence immunocytochemistry
(ICC): astrocytes by GFAP and morphology, neurons by MAP2 and morphology, and total
cells by DAPI nuclear staining. The cells were lightly fixed using 4% paraformaldehyde in
phosphate buffered saline (PBS), permeabilized using 0.2% Triton X-100 in PBS, blocked
using 50% normal serum/0.01% Triton X-100 in PBS, and probed with the appropriate primary
antibodies in 5% normal serum/0.01% Triton X-100 in PBS. GFAP was identified using a
polyclonal rabbit anti-GFAP primary antibody (Dako) at 1:200, MAP2 using a monoclonal
anti-rat MAP2 primary antibody (Sigma) at 1:1000, and DJ-1 using an affinity purified
polyclonal rabbit anti-human DJ-1 primary antibody (Neuromics, Edina, MN) at 1:100.
Appropriately-targeted secondary antibodies, tagged with either Alexa 488 (Molecular Probes/
Invitrogen, green) at 1:125 or Cy3 (Jackson Immunoresearch, red) at 1:400, were used for
fluorescence detection. The coverslips were mounted using Vectashield with DAPI (Vector).
Cell visualization and manual counts were performed using an inverted microscope fitted with
an ocular grid and a fluorescent light source.

Western blot analysis
Protein lysates were prepared from cultured cells using a modified Laemmli-sodium dodecyl
sulfate (SDS) extraction protocol (Laemmli, 1970). Equal amounts of protein per lane were
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electrophoretically separated on an SDS-polyacrylamide gel. The separated proteins were then
transferred to Immobilon-FL (LiCor, Lincoln, NE) membranes using a Protean 3 transfer
apparatus (BioRad, Hercules, CA), the membranes blocked with Odyssey Blocking Buffer
(LiCor), and primary antibodies applied in Odyssey Blocking Buffer/0.1% Tween-20. The
following primary antibodies were used: rabbit anti-DJ-1 polyclonal (Neuromics) at 1:5,000,
anti-DJ-1 monoclonal (StressGen, for human-specific DJ-1 detection) at 1:2,000, and anti-β-
actin monoclonal (Sigma) at 1:2,000. The membranes were then washed and incubated with
the following secondary antibodies: IRDye 800-conjugated goat anti-mouse (LiCor, green, for
β-actin and human-specific DJ-1 detection) and Alexa 680-conjugated goat anti-rabbit
(Molecular Probes/Invitrogen, red, for DJ-1 detection), each at 1:20,000 in the same buffer
used for the primary antibodies. Direct-to-scanner detection, band visualization, and
quantitation were performed using a LiCor Odyssey scanner.

DJ-1 knock-down in astrocytes using siRNA transfections
Anti-mouse DJ-1 siRNA transfections were used to suppress DJ-1 protein levels (DJ-1
knockdown) in cultured mouse astrocytes to ~5% of control levels throughout the entire
experimental treatment period. The following non-overlapping, 21 nucleotide, double-stranded
Qiagen (Valencia, CA) siRNAs were used: Mm_Park7_1_HP (siDJ#1, ACC GCT TGT TCT
CAA AGA CTA, targets 3’ end of open reading frame [ORF]), Mm_Park7_2_HP (siDJ#2,
AGG CGC GGC TGC AGT CTT TAA, targets 5’ end of ORF), and Mm_Park7_5_HP (siDJ#5,
CTG AAC CTT GCT AGT AGA ATA, targets 3’ end of ORF). A non-silencing Qiagen control
siRNA (siNS, AAT TCT CCG AAC GTG TCA CGT), which has no sequence matches based
on BLAST analysis, was used as a transfection control. siRNAs were incubated with Hi-Perfect
transfection reagent (Qiagen) to form transfection complexes that were added to astrocyte DIV
10 monolayers in DMEM/F12/CS/ABAM media and incubated for 72 hours. Each preparation
was used at a ratio of 50 ng siRNA: 3 μl transfection reagent in 0.5 ml total media/well in a
24-well plate. The siRNA transfection media was then completely removed (astrocyte DIV
13), the monolayers washed once with serum-free media, and then fresh DMEM/F12/CS/
ABAM media was used for an overnight incubation. The siRNA transfection efficiency was
~80%, as estimated by using a fluorescein-coupled siNS. For the contact co-culture
experiments, E15 preparations were seeded directly onto the post-transfected astrocyte
monolayers the following day (astrocyte DIV 14). Thus, under all culture conditions, the
neurons were never in contact with the transfection reagents or the siRNAs.

DJ-1 over-expression in astrocytes using plasmid transfections
Full-length human (wild type) and mouse (wild-type or non siDJ#2-targeted rescue) DJ-1
cDNA-containing pCMV-SPORT6 mammalian expression plasmid transfections were used
to over-express DJ-1 protein in cultured mouse astrocytes using a CMV promoter. This
technique resulted in a 2–3 fold elevation in total intracellular astrocytic DJ-1 protein (human
exogenous + mouse endogenous or mouse exogenous + mouse endogenous), compared to
baseline mouse levels, after transfections with each cDNA for the full duration of the
experimental treatment period. Two full-length, sequence-verified DJ-1 cDNA inserts were
used in our studies: human wild-type (hDJwt, NCBI ID BC008188, purchased from American
Type Culture Collection [ATCC], Manassas, VA) and mouse wild-type (mDJwt, NCBI ID
BC002187, ATCC). A mouse siDJ#2 rescue plasmid (mDJres) was prepared by inserting two
silent base mutations (…AGG CGG GGC TGC AGC CTT TAA…, compare with siDJ#2
sequence above) that eliminate targeting by this siRNA but do not change the primary amino
acid sequence of the resultant DJ-1 protein. DJ-1 cDNA-containing plasmids, or pCMV-
SPORT6 vector-only control plasmids, were incubated with Transfectin Lipid Reagent
(BioRad) in a 500 ng DNA: 0.75 μl reagent ratio to form transfection complexes. This solution
was then added to astrocyte DIV 10 monolayers in DMEM/F12/CS/ABAM media (500 ng
DNA/0/75 μl reagent in 0.5 ml/well in a 24-well plate) and allowed to incubate for 4 hours,
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after which it was removed, the cells washed once with serum-free media, and the monolayers
fed with fresh DMEM/F12/CS/ABAM. The DJ-1-transfected astrocytes were then allowed to
incubate for three days prior to feeding with fresh DMEM/F12/CS/ABAM on astrocyte DIV
13. The transfection efficiency was ~85%, as estimating by using a green fluorescent protein-
expressing cDNA insert in our base vector. For contact co-culture experiments, E15 (neuron)
preparation seeding occurred on astrocyte DIV 14, and the same feeding schedule was used as
described above up until the time of experimentation. For the siRNA rescue plasmid
experiments, astrocytes were first transfected with the mDJres plasmid for 4 hours, then the
complexes were removed, the cells washed once, and the monolayers transfected with the
siDJ#2 siRNA for 72 hours (each as described above, and both on astrocyte DIV 10). In the
rescue experiments only, all combinations of vector plasmid or mDJ1res plasmid plus siNS
siRNA or siDJ#2 siRNA were used to control for non-specific astrocytic toxicity induced by
the same-day, sequential transfections. As with the siRNA transfections, the neurons were
never exposed to the transfection reagents or the plasmids.

Experimental treatments with rotenone
Rotenone treatments were initiated in all experiments at astrocyte DIV 20/neuron DIV 6, and
the duration of all experiments was 72 hours based on the results of time-course experiments.
Fresh rotenone powder (Sigma, R-8875) was diluted first in dimethyl sulfoxide (DMSO) and
then in Neurobasal/1X B27 antioxidant free (Invitrogen)/1X ABAM media for each
experimental replicate. Anti-oxidant free B27 (rather than anti-oxidant replete B27) was used
in our experiments in an effort to enhance the toxicity of rotenone (an oxidative neurotoxin)
and to potentially allow better delineation of the neuroprotective role of astrocyte-expressed
DJ-1 (a putative anti-oxidant protein/regulator of anti-oxidant defense mechanisms). The final
rotenone concentrations used in each experiment are shown in the figures, and equal
concentrations of DMSO vehicle was used as a control in all non-rotenone treated samples.
Contact and non-contact co-cultures were treated exactly the same regarding the toxin
treatment conditions, that is, in each case both neurons and astrocytes were present
simultaneously over the full 72 hour course of the experiment. These conditions could not be
fully replicated for the conditioned media studies, however, due to experimental timing
constraints. Therefore, DIV 10 transfected astrocytes were fed with fresh Neurobasal/1X B27
antioxidant free/1X ABAM media at DIV 17, and this media was subsequently collected as a
3-day conditioned media (equal to astrocyte DIV 20) and used for rotenone treatments on
neuron-only DIV 6 cultures over the following 72 hours.

Data acquisition and analysis
Neuronal survival was assessed by treatment-blinded manual cell counting of the number of
MAP2+ neurons present in 10 randomly-selected high power (200X) fields per coverslip, and
averaged to arrive at a single number for each treatment group for each replicate experiment.
These numbers were then used to determine the mean and standard error for each treatment
across 3–6 replicate experiments. MAP2+ neuronal counts correlated with phase neuronal
counts under all conditions of treatment, therefore, differences in MAP2+ counts reflected
differences in surviving neuron numbers and not simply changes in the intensity of neuronal
MAP2+ signal. Independent cultures, transfections, and rotenone treatments were used for each
replicate experiment. Statistical comparisons were made between experimental groups by t-
tests, and statistical significance for treatment effect was set at p < 0.05.

Results
Astrocyte presence alone is neuroprotective against rotenone

Neuron-only cultures were sensitive to rotenone toxicity with a 50% lethal dose (LD50) of ~2
nM after 72 hour treatment (Figure 1). When neurons were co-cultured in contact with wild-
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type (WT) astrocytes, and treated for the same amount of time, the rotenone LD50 shifted to
~12 nM and a window of astrocyte-mediated neuroprotection appeared at doses of 5–20 nM.
Under these conditions, co-cultured astrocytes were not able to overcome rotenone
neurotoxicity at doses above 40 nM, and doses of 1 nM and lower were not significantly
neurotoxic (some data not shown).

DJ-1 deficient astrocytes are impaired in their neuroprotective capacity against rotenone
DJ-1 knock-down was used to test the hypothesis that DJ-1 deficient astrocytes would be
impaired in their neuroprotective capacity against rotenone relative to DJ-1 replete, wild-type
(WT) astrocytes. Three separate anti-mouse DJ-1 siRNAs were tested (siDJ#1, #2, and #5, see
Materials and methods), and each suppressed astrocytic DJ-1 protein levels to ~5% of baseline
for at least 4 weeks post-transfection (siDJ#2 data shown in Figure 2A–B). These results were
used to determine the timing of the co-culture preparation and rotenone treatments, the latter
of which corresponded to days 10–13 post-astrocyte transfection. Thus, all co-culture
experiments were performed during a period of minimal DJ-1 expression in the astrocytes.
None of the anti-DJ-1 siRNAs affected β-actin or α-tubulin levels, and the non-silencing control
siRNA (siNS) did not affect DJ-1 or β-actin levels (Figure 2A–B, some data not shown).
Furthermore, based on GFAP+ cell counts and cellular morphology, we determined that the
transfection reagents/siRNAs were not significantly toxic to the astrocytes, either in the
presence or absence of neurotoxic concentrations of rotenone, over the period of our
experiments (Figure 2C–I shows the siDJ#2 data, which was similar to that seen for siDJ#1
and siDJ#5). Rotenone treatment did not significantly alter astrocytic DJ-1 protein levels by
western blots or enzyme-linked immunosorbent assays, and did not become visibly toxic to
the astrocytes until it reached levels >100 nM (data not shown).

We next performed dose-response and time-course experiments in contact neuron-astrocyte
co-cultures to determine the extent of neurotoxicity allowed by WT (siNS-transfected) vs. DJ-1
knockdown (siDJ#2-transfected) astrocytes over a range of 0–40 nM rotenone (at 72 hours)
and 0–96 hours treatment (with 20 nM rotenone), respectively (Figure 2D–K). Visual
assessments of these experiments confirmed that DJ-1 knock-down astrocytes were
significantly less protective of neurons against rotenone than were DJ-1-replete, WT astrocytes
(Figure 2D–I). Quantitative assessments using three distinct anti-DJ-1 siRNAs (siDJ#1, #2,
and #5) in separate experiments confirmed these findings, as all three types of DJ-1 knock-
down astrocytes were clearly impaired in their neuroprotective capacity against 10 and 20 nM
rotenone after 72 hours treatment when compared to siNS-transfected WT astrocytes (Figure
2J and Supplementary Figure 1). In support of these findings, the extent of 20 nM rotenone
neurotoxicity was time-dependent, as DJ-1 knock-down astrocytes were less neuroprotective
than WT astrocytes at 24, 48, and 72 hours treatment (Figure 2K). By 96 hours, no neuronal
cells survived under either co-culture condition, and under all conditions of culture the starting
number of neurons were identical.

To be sure that the differences between DJ-1 knock-down and WT astrocyte-mediated
neuroprotection against rotenone were due to astrocytic DJ-1 deficiency, and not to non-
specific astrocytic toxicity produced by the transfection reagents and/or the siRNAs, we
employed a number of control experiments. First, we showed that exposure of the astrocytes
to media only, transfection reagent alone, transfection reagent + siNS, or transfection reagent
+ siDJ#2 (DJ-1 knock-down) did not change the number of contact co-cultured neurons present
under control (no rotenone) conditions, and that only siDJ#2-mediated DJ-1 knock-down
astrocytes were deficient in their capacity to protect neurons against rotenone relative to the
other three types of DJ-1-replete astrocytes (Figure 3A). Second, we showed that the reduction
in astrocyte-mediated neuroprotection produced by siDJ#2-mediated DJ-1 knock-down in
astrocytes was completely reversed, or “rescued,” by co-transfection of the same cells with a
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non-siDJ#2 targeted mouse DJ-1 cDNA (mDJres) expression plasmid in contact co-cultures
(Figure 3B). In this graph only, astrocyte double-transfections were used to justify direct
comparisons: siNS/vector plasmid (WT), siNS/mDJres plasmid (DJ-1 over-expression),
siDJ#2/vector plasmid (DJ-1 knock-down), and siDJ#2/mDJres plasmid (DJ-1 rescue). Again,
and to the same extent as the single-transfection experiments shown in Figure 3A, DJ-1 knock-
down astrocytes were significantly less neuroprotective against rotenone than were WT
astrocytes. The double-transfected DJ-1 over-expressing astrocytes were slightly more
protective of neurons than were the double-transfected WT astrocytes, but not significantly so
by statistical analysis, and the modest protection seen in these experiments was not nearly as
robust as it was in experiments performed using only single plasmid transfections (Figure 5,
discussed below).

Astrocyte-released, soluble factors are involved in the mechanism of the impaired
neuroprotective capacity seen in DJ-1 deficient astrocytes

As with the contact co-culture experiments, in which neurons and astrocytes interacted by
direct physical contact as well as through shared media, DJ-1 deficient astrocytes (siDJ#1-,
siDJ#2-, and siDJ#5-transfected) were less protective of non-contact co-cultured neurons
against rotenone than were siNS-transfected, WT astrocytes (Figure 4 top graph, and
Supplementary Figure 1). Since physical contact between the two cell types was prevented in
these experiments, soluble factors in the media must be involved in the mechanism of altered
astrocyte-mediated neuroprotection. Since the source of these factors could be either neuronal
or astrocytic, or both, we also evaluated WT vs. DJ-1 knock-down astrocyte conditioned media
(Figure 4 bottom graph, and Supplementary Figure 1). As with the contact and non-contact co-
culture experiments, the conditioned media from all three types of DJ-1 knock-down astrocytes
was less protective of neurons against rotenone than was the conditioned media from WT
astrocytes. Since the conditioned media was derived only from astrocytes, astrocyte-released
soluble factors must be involved in the mechanism of altered astrocyte-mediated
neuroprotection.

We noted that the number of surviving neurons was lower in the conditioned media experiments
than in the co-culture experiments under the same conditions of rotenone treatment, despite
the fact that equal numbers of neurons were present at the start of each type of experiment. We
suspect that this is related to two issues: astrocyte presence/contact is likely more trophic to
neurons than astrocyte conditioned media alone, and the conditioned media was already 3 days
old at the time of rotenone treatments (whereas contact and non-contact co-culture media was
always fresh).

We were unable to detect soluble, released DJ-1 in the 3-day astrocyte conditioned media (in
either unconcentrated or concentrated preparations), suggesting that other astrocyte-released
soluble factors are involved in astrocyte-mediated neuroprotection in our system. Further,
neuronal DJ-1 protein levels did not change under any conditions of non-contact co-culture
with astrocytes, either relative to each other or to neuron-only cultures, supporting the
astrocyte-specificity of our culture and transfection methods (data not shown).

DJ-1 over-expressing astrocytes exhibit augmented neuroprotective capacity against
rotenone, and astrocyte-released soluble factors appear to be involved in the mechanism

DJ-1 protein over-expression was produced in astrocytes prior to seeding neurons using three
separate DJ-1 cDNAs (mDJwt, mDJres, and hDJwt, see Materials and methods) that were
incorporated into a mammalian expression plasmid. After transfection, and encompassing the
entire period of our co-cultures and rotenone treatments, the extent of DJ-1 protein over-
expression in astrocytes was ~2–3 times that of baseline levels (Figure 5A–B). Vector-only
plasmid transfections did not cause hDJ-1 to be expressed in mouse astrocytes, nor did it
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stimulate elevated expression of mDJ-1. Plasmid transfections and rotenone treatments again
did not alter astrocyte morphology or cell counts over the period of our co-culture experiments
(Figure 5C–D).

Contact neuron-astrocyte co-cultures were used to determine whether DJ-1 over-expressing
astrocytes produced using each of the three cDNAs listed above, in separate experiments, were
more neuroprotective against rotenone than vector-transfected WT astrocytes. In each case,
there was no baseline difference in the number of neurons surviving in the absence of rotenone,
and for all three cDNAs the resultant DJ-1 over-expressing astrocytes were more
neuroprotective than the WT astrocytes at rotenone concentrations of 10 nM and 20 nM (Figure
5E–F, mDJres not shown but gave similar results). Note that the same window of rotenone
sensitivity was seen here as was seen in the siRNA co-culture experiments. In addition, non-
contact neuron-astrocyte co-culture and astrocyte conditioned media experiments also showed
that DJ-1 over-expressing astrocytes were more neuroprotective than WT astrocytes against
rotenone at 20 nM (Figure 6).

Discussion
This study is the first to show that the experimental under- and over-expression of a PD-causing
gene (DJ-1) in astrocytes renders them less or more neuroprotective, respectively, against a
potentially PD-relevant environmental neurotoxin (the pesticide rotenone) that is known to
cause experimental parkinsonism in rodents and non-human primates.

Mutations that eliminate human DJ-1 expression are sufficient to cause an early-onset form of
familial PD, and sporadic PD tissues show immunohistochemical evidence of robust DJ-1
expression in reactive astrocytes that is out of proportion to that seen in neurons (Bonifati et
al., 2003; Rizzu et al., 2004). Reactive astrocytes from many brain regions are also intensely
DJ-1 immunoreactive in a variety of parkinsonism/dementia syndromes and in human infarcts,
whereas non-disease astrocytes and neurons (both non-disease and disease) are only weakly
stained (Rizzu et al., 2004; Bandopadhyay et al., 2004; Neumann et al., 2004; Mullett et al.,
2008). Thus, although DJ-1 is clearly expressed in both human neurons and human astrocytes,
its expression in the latter cell type appears to be much more vigorously augmented in both
acute and chronic forms of neurodegenerative disease. Since DJ-1 has anti-oxidative stress,
anti-apoptotic, and other potential neuroprotective properties, is robustly expressed in reactive
astrocytes, and since astrocytes may be the major source of anti-oxidant and other trophic
support in the brain, DJ-1 may be over-expressed in astrocytes across a broad spectrum of
neurodegenerative diseases in an attempt to protect themselves, and their surrounding neurons,
against disease progression (Xu et al., 2005; Junn et al., 2005; Inden et al., 2006; Shinbo et al.,
2006; Meulener et al., 2006; Clements et al., 2006; Gorner et al., 2007; Andres-Mateos et al.,
2007; Aleyasin et al., 2007; Fan et al., 2008). Neuronal selective vulnerability in PD and other
degenerative disorders may therefore reflect not only altered neuronal mechanisms, but also
altered astrocytic and neuron-astrocyte interaction mechanisms (Rizzu et al, 2004; Damier et
al., 1993; Vila et al., 2001).

For these reasons, we hypothesized that DJ-1 deficient astrocytes would exhibit impaired
neuroprotective capacity relative to DJ-1 replete WT astrocytes, and that DJ-1 over-expressing
astrocytes would be more neuroprotective. To test this, we assayed siRNA-mediated DJ-1
knockdown astrocytes and plasmid-mediated DJ-1 over-expressing astrocytes for their ability
to protect neurons against rotenone. We found that WT astrocyte presence alone significantly
reduced rotenone toxicity on contact co-cultured neurons, that DJ-1 knock-down in astrocytes
impaired their neuroprotective capacity against rotenone under these same conditions, and that
DJ-1 over-expression in astrocytes enhanced their neuroprotective capacity. Since the
astrocytes remained healthy under all conditions of treatment, the DJ-1 gene was specifically
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targeted using multiple siRNAs and cDNAs, and since the neurons were never exposed to the
transfection complexes, the effects of manipulation of astrocytic DJ-1 expression on rotenone
neurotoxicity can be interpreted to reflect primary/initial changes in astrocyte physiology, and
thus to be DJ-1-dependent and astrocyte-mediated.

Although single-transfected DJ-1 over-expressing astrocytes were clearly more
neuroprotective than WT astrocytes in the contact co-cultures (as well as the non-contact and
astrocyte conditioned media experiments), we noted that double-transfected DJ-1 over-
expressing astrocytes were only slightly more neuroprotective than their double vector-
transfected WT counterparts. This likely represented an increased level of non-specific
astrocytic toxicity induced by the double-transfections, which may have rendered the astrocytes
less able to mount an enhanced neuroprotective response. It was also clear that the
augmentation of astrocyte-mediated neuroprotection produced by DJ-1 over-expressing
astrocytes was less robust than the impairment seen in our DJ-1 knock-down astrocyte
experiments. This suggests that the high baseline DJ-1 levels seen in WT astrocytes may be
sufficient to deliver nearly-optimum astrocyte-mediated neuroprotection, in which case further
DJ-1 over-expression may only be able to augment this process slightly, and DJ-1 knock-down
would be expected to be much more robust. We did not find any evidence that rotenone, itself,
enhanced DJ-1 expression in astrocytes, suggesting that endogenous DJ-1 levels are sufficient
for the maintenance of normal astrocytic functioning during exposure to this toxin under our
experimental conditions.

To begin to delineate the mechanism of the astrocyte-mediated neuroprotection discovered in
our system, we employed non-contact neuron-astrocyte co-cultures to determine whether
soluble factors were involved, and astrocyte conditioned media experiments to determine
whether these factors were astrocyte-derived. Under each set of transfection conditions (ie,
astrocytic DJ-1 under- and over-expression), all three sets of culture systems (ie, contact, non-
contact, and astrocyte conditioned media) produced the same results with respect to DJ-1-
related alterations in astrocyte-mediated neuroprotection. That is, all three sets of culture
conditions showed reduced neuroprotection delivered by DJ-1 deficient astrocytes, and
augmented neuroprotection delivered by DJ-1 over-expressing astrocytes. Thus, the separate
culture systems served as internal controls for one another, and, when considered together, the
experiments using DJ-1 knock-down astrocytes and DJ-1 over-expressing astrocytes proved
that in each case a soluble, astrocyte-derived factor (or set of factors) must be involved in the
mechanism of astrocyte-mediated neuroprotection.

In aggregate, then, the astrocytic DJ-1 knock-down and over-expression experiments
complimented and solidified each other’s findings, even down to the same dose window of
rotenone neurotoxicity, and provided strong support for our conclusions that astrocyte-
expressed DJ-1 and astrocyte-released soluble factors are central to the mechanism of
astrocyte-mediated neuroprotection discovered in our system. Since we were unable to identify
DJ-1 itself in the astrocyte conditioned media, either in unconcentrated or concentrated form,
or under any condition of treatment, it appears that molecules downstream of DJ-1 are involved
in this mechanism. DJ-1 knock-down astrocytes may therefore become less neuroprotective
through reduced release of protective substances (such as peptide neurotrophic factors or anti-
oxidant molecules), increased release of toxic substances (such as excitotoxins or selected
cytokines), or by some combination of these or other processes (such as pH or ionic component
management). Likewise, DJ-1 over-expressing astrocytes may become more neuroprotective
by the reverse of these processes. Studies are ongoing in the laboratory to further delineate
these potentially complex mechanisms.

In summary, we have shown that DJ-1 knock-down in astrocytes (which models aspects of
PARK7 mutation hereditary PD) impairs astrocyte-mediated neuroprotection against rotenone,
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that DJ-1 over-expression in astrocytes (which models aspects of sporadic PD and other
neurodegenerative diseases) augments astrocyte-mediated neuroprotection, and that this
process likely involves astrocyte-released, soluble factors. It does not appear that DJ-1 itself
is released from astrocytes, but rather that intracellular DJ-1 acts as a mediator of other critical
downstream mechanisms. These latter effectors may include astrocyte-released anti-oxidant
molecules, neurotrophic factors, and cytokines, and/or astrocytic modulation of the ionic, pH,
and excitotoxic microenvironment. Our findings here, combined with published human data,
suggest that DJ-1 may play a role in the endogenous neuroprotective arsenal employed by
astrocytes in PD and other neurodegenerative diseases, and that PARK7 mutation PD may
develop because of both neuronal and astrocytic dysfunction. Thus astrocytes, which
abundantly survive in most neurodegenerative conditions, may be ideal targets for novel
disease-modifying therapies that augment their neuroprotective arsenal, and this may include
DJ-1 regulated mechanisms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Astrocyte presence alone protects neurons against rotenone toxicity. Cultures were exposed to
rotenone at the concentrations shown for 72 hours, immunostained for MAP2 to identify
surviving neurons, and the neurons counted in 10 random high power fields (hpf) per treatment.
The closed circles (●) represent the average number of surviving neurons in neuron-only
cultures, whereas the open circles (○) represent the average number of surviving neurons in
neuron-astrocyte contact co-cultures. The mean ± standard error (S.E.) is shown for 5 replicate
experiments, and asterisks (*) denote p < 0.01.

Mullett and Hinkle Page 13

Neurobiol Dis. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
DJ-1 knock-down in astrocytes impairs astrocyte-mediated neuroprotection of contact co-
cultured neurons against rotenone. (A) Western blot showing the time-course (in days post-
siDJ#2 transfection) of astrocytic DJ-1 knock-down. The same pattern was seen for siDJ#1
and siDJ#5 (data not shown), and non-silencing siNS (NS) did not affect DJ-1 protein levels
(7 days post-transfection shown). All rotenone experiments were performed between days 10
and 13 post-siRNA transfection, when astrocytic DJ-1 protein levels were nearly undetectable.
(B) Western blot showing the levels of DJ-1 protein in untransfected (U) astrocytes and in
siNS-transfected (NS) control or siDJ#2 DJ-1 knock-down (KD) astrocytes at times
corresponding to the start (Day 0) or the end (Day 3) of all rotenone experiments. The size
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markers (M) show that the ~21 kDa DJ-1 bands fall between the 20 kDa and 25 kDa marker
bands. (C) Treatment with rotenone for 72 hours at 10 or 20 nM did not affect GFAP+ astrocyte
numbers when these cells were transfected with siNS or with siDJ#2. The data represent the
mean ± S.E. in 3 replicate experiments (similar results were found for siDJ#1 and siDJ#5
transfections, data not shown). (D-I) Astrocytes were transfected with either siNS (WT) or
siDJ#2 (DJ-1 knock-down) and then seeded with neurons to produce contact co-cultures. By
GFAP immunocytochemistry (green), DJ-1 knock-down astrocytes did not differ in density or
morphology from WT astrocytes after 72 hour treatment with rotenone, but clearly did not
support neuron (MAP2+, red cells) survival as well as WT astrocytes at a dose of 20 nM
rotenone. (J) Dose-response curve showing that siDJ#2-transfected DJ-1 knock-down
astrocytes are less protective of contact co-cultured neurons against 10, 20, and 40 nM rotenone
after 72 hour treatments than are siNS-transfected WT astrocytes. The data represent the mean
± S.E. in 6 replicate experiments, and asterisks (*) denote p<0.05. (J) Time-course showing
that siDJ#2-transfected DJ-1 knock-down astrocytes are less protective of contact co-cultured
neurons against 20 nM rotenone after 24, 48, and 72 hour treatments than are siNS-transfected
WT astrocytes. The data represent the mean ± S.E. in 4 replicate experiments, and asterisks
(*) denote p<0.05.
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Figure 3.
DJ-1 knock-down in astrocytes impairs astrocyte-mediated protection of contact co-cultured
neurons against rotenone in a DJ-1 dependent manner. (A) Neurons survive 72 hour rotenone
treatments (concentrations listed at bottom of graphs) equally well when they are co-cultured
with astrocytes that were previously exposed to media only, the transfection reagent alone, or
the transfection reagent + non-silencing siNS. Astrocyte exposure to transfection reagent +
siDJ#2 (DJ-1 knock-down) renders the DJ-1-deficient astrocytes less neuroprotective against
rotenone than the three forms of DJ-1 replete astrocytes. (B) The impairment of astrocyte-
mediated neuroprotection caused by siDJ#2 DJ-1 knock-down was rescued by co-transfection
with a non-siDJ#2 targeted DJ-1 rescue plasmid (mDJres). DJ-1 knock-down astrocytes, here
transfected with siDJ#2 + vector plasmid, are again less neuroprotective than the DJ-1 replete
astrocytes. This effect is rescued to the baseline neuroprotection level of each treatment by co-
transfection of siDJ#2 DJ-1 knock-down astrocytes with DJ-1 rescue plasmid (mDJres). The
data in each graph represents the mean ± S.E. from 6 replicate experiments, and asterisks (*)
denote p<0.05.
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Figure 4.
DJ-1 knock-down in astrocytes impairs astrocyte-mediated protection of neurons against
rotenone by altering soluble, astrocyte-released factors. In the non-contact neuron-astrocyte
co-culture experiments (upper graph), DJ-1 deficient astrocytes (siDJ#2-transfected, gray bar)
were less protective of co-cultured neurons against 72 hour treatment with 20 nM rotenone
than were DJ-1 replete astrocytes (siNS-transfected, black bar). In the conditioned media
experiments (lower graph), conditioned media from DJ-1 deficient astrocytes (gray bar) was
less protective of neurons against rotenone than was conditioned media from DJ-1 replete
astrocytes (black bar). The data in each graph represents the mean ± S.E. from 5 (non-contact)
or 3 (conditioned media) replicate experiments, and asterisks (*) denote p<0.05.
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Figure 5.
DJ-1 over-expression in astrocytes augments astrocyte-mediated protection of contact co-
cultured neurons against rotenone. (A) Western blot showing the time course (in days post-
plasmid transfection) of human DJ-1 protein expression in mouse astrocytes after transfection
with wild-type human DJ-1 cDNA (hDJwt). Vector plasmid (no DJ-1 insert, V) transfection
did not result in hDJ-1 expression (shown here at 7 days post-transfection). All rotenone
experiments were performed between days 10–13 post-transfection, when DJ-1 over-
expression levels were maximal. (B) Western blot showing wild-type mouse DJ-1 (mDJwt)
over-expression in astrocytes at day 10 post-transfection relative to same-time vector-
transfected levels. This time point corresponds to the start time of all rotenone experiments.
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(C) Treatment with rotenone for 72 hours at 10 or 20 nM did not affect GFAP+ astrocyte
numbers compared to controls (0 nM) when these cells were transfected with vector, mDJwt,
or hDJwt plasmids. The data represent the mean ± S.E. in 3 replicate experiments. (D) GFAP
immunocytochemistry demonstrated that mDJwt-transfected astrocytes treated for 72 hours
with 20 nM rotenone retained a normal, healthy-appearing morphology and cellular density
(similar results were seen with hDJwt and mDJres transfections, data not shown). (E)
Astrocytes that over-expressed mouse DJ-1 (mDJwt-transfected, gray bars) were more
neuroprotective against rotenone than were WT astrocytes (vector-transfected, black bars). (F)
Astrocytes that over-expressed human DJ-1 (hDJwt-transfected, gray bars) were more
neuroprotective against rotenone than were WT astrocytes (vector-transfected, black bars). In
both E and F, rotenone was used at the concentrations shown for 72 hours, the graphs represent
the means ± S.E. from 5 replicate experiments, and asterisks (*) denote p<0.05. The results of
experiments performed with mDJres were similar (data not shown).
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Figure 6.
DJ-1 over-expression in astrocytes augments astrocyte-mediated protection of neurons against
rotenone by altering soluble, astrocyte-released factors. In the non-contact neuron-astrocyte
co-culture experiments (upper graph), DJ-1 over-expressing astrocytes (mDJwt-transfected,
gray bar) were more protective of co-cultured neurons against 72 hour treatment with 20 nM
rotenone than were WT astrocytes (vector-transfected, black bar). In the conditioned media
experiments (lower graph), conditioned media from DJ-1 over-expressing astrocytes (gray bar)
was more protective of neurons against rotenone than was conditioned media from WT
astrocytes (black bar). The data in each graph represent the mean ± S.E. from 5 (non-contact)
or 3 (conditioned media) replicate experiments, and asterisks (*) denote p<0.05.

Mullett and Hinkle Page 20

Neurobiol Dis. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


