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A B S T R A C T

DJ-1, a Parkinson's disease-associated protein, is strongly up-regulated in reactive astrocytes in Parkinson's
disease. This is proposed to represent a neuronal protective response, although the mechanism has not yet been
identified. We have generated a transgenic zebrafish line with increased astroglial DJ-1 expression driven by
regulatory elements from the zebrafish GFAP gene. Larvae from this transgenic line are protected from oxidative
stress-induced injuries as caused by MPP+, a mitochondrial complex I inhibitor shown to induce dopaminergic
cells death. In a global label-free proteomics analysis of wild type and transgenic larvae exposed to MPP+, 3418
proteins were identified, in which 366 proteins were differentially regulated. In particular, we identified en-
zymes belonging to primary metabolism to be among proteins affected by MPP+ in wild type animals, but not
affected in the transgenic line. Moreover, by performing protein profiling on isolated astrocytes we showed that
an increase in astrocytic DJ-1 expression up-regulated a large group of proteins associated with redox regulation,
inflammation and mitochondrial respiration. The majority of these proteins have also been shown to be regu-
lated by Nrf2. These findings provide a mechanistic insight into the protective role of astroglial up-regulation of
DJ-1 and show that our transgenic zebrafish line with astrocytic DJ-1 over-expression can serve as a useful
animal model to understand astrocyte-regulated neuroprotection associated with oxidative stress-related neu-
rodegenerative disease.

1. Introduction

DJ-1 is a multifunctional redox-sensitive protein that mediates
neuroprotection and cell stress protection in general, possibly by reg-
ulating anti-oxidant and anti-apoptotic gene expression [1,2], in addi-
tion to pro-survival signalling pathways [3]. Loss of function mutations
in the PARK7 gene that encodes DJ-1 cause an early onset familial form
of Parkinsonism. DJ-1 is found to be oxidatively modified in both
neurons and astrocytes from post-mortem analysis of tissue from Par-
kinson's disease (PD) patients [4,5]. DJ-1-deficient mice, on the other
hand, do not show neural degeneration [6], but have enhanced sensi-
tivity of dopaminergic neurons to oxidative stress [7]. Both fibroblasts
differentiated into dopaminergic neurons and lymphocytes obtained

from DJ-1 deficient PD patients show altered mitochondrial mor-
phology and function in addition to increased mitochondrial oxidative
stress, which could contribute to the increased sensitivity to oxidative
stress-induced cell death [8,9].

Astroglial function was long considered to be limited to metabolic
and structural support to neurons, but astrocytes, which outnumber
neurons in the brain, are now recognized to have a key role in neuro-
protection including controlling redox homeostasis [10]. Despite neu-
rons being highly dependent on oxidative metabolism they display
limited defense mechanisms against oxidative stress compared to as-
trocytes. The adaptive response of astrocytes to oxidative stress there-
fore seems indispensable in order to maintain redox homeostasis in the
brain [11]. In brain tissue obtained from sporadic PD patients, DJ-1 is
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strongly up-regulated in reactive astrocytes, but not in neurons [12].
Increased astrocytic DJ-1 is also found adjacent to infarcted brain re-
gions after stroke [13]. Moreover, in astrocyte primary cultures DJ-1
regulates inflammatory responses [14], and in neuron-astrocyte co-
cultures astrocytic DJ-1 expression protects neurons from mitochon-
drial complex I-induced oxidative stress [15]. Astrocytic DJ-1 expres-
sion therefore seems to have a major role in protecting neurons from
oxidative damage and may produce neuron-protective factors, although
these agents have not yet been identified [16].

Zebrafish is an increasingly useful model of human neurodegen-
erative diseases including PD [17]. Loss of dopaminergic neurons and
motor deficits, as observed in PD, can be replicated at the larvae stage
of zebrafish exposed to oxidative stressors [18–21]. We have used
zebrafish to generate an in vivo model with increased astroglial DJ-1
expression. Regulatory elements from the zebrafish glial fibrillary
acidic protein (GFAP) gene [22] were used to drive the astrocyte spe-
cific over-expression of DJ-1 in the transgenic line. In this study we
aimed to 1) investigate whether astrocytic over-expression of DJ-1
would protect against MPP+, a neurotoxin causing PD-related symp-
toms and, if so, 2) identify overall proteomic changes induced by MPP+

and protected by increased astrocytic DJ-1 expression and 3) char-
acterize the astrocytic protein profile underlying the neuroprotective
action.

2. Material and methods

2.1. Animal maintenance and exposure to oxidative stressors

Animals were generated, housed and experiments carried out at the
zebrafish facility at the Department of Molecular Biology, University of
Bergen. The facility is run in agreement with European Convention for
Protection of Vertebrate Animals used for Experimental and Other
Scientific Purposes. Adult zebrafish were maintained at 26–28 °C on a
14/10 light/dark cycle and fed twice daily. Embryos were obtained by
natural mating and raised in E3 buffer (5mM NaCl, 0.17mM KCl,
0.33mM MgSO4) at 28 °C.

Hatched or dechorinated embryos were exposed to 500–600 µM 1-
methyl-4-phenylpyridinium iodide (MPP+ iodide) (Sigma-Aldrich:
D048) or vehicle from 24 or 48 h post fertilization (hpf).

2.2. DNA constructs and transgenesis

Complimentary oligonucleotides with sequences for viral 2A [23]
and Flag-tag with BsrGI/MfeI restriction sites were heated to 95 °C and
left to hybridize overnight. Zebrafish DJ-1 [24] was amplified by PCR
using primers which included MfeI/KpnI sites. Sequences for viral 2A,
Flag-tag, and zebrafish DJ-1 were then ligated into the BsrGI/KpnI sites
of pBS-I-Sce1-GFP [25]. The GFAP regulatory elements (intron 1/
exon1) were kindly provided by Pamela A. Raymond [22] and inserted
upstream from GFP, giving the final construct pBS-I-Sce1-gfap:GFP-2A-
Flag-zDJ-1 as shown in Fig. 1A. Restriction digest was prepared on ice:
plasmid (0.6 µg), injection dye (0.5% phenol red, 240mM KCl, 40mM
HEPES pH 7.4) 1 µl, 10× I-Sce1 buffer 0.5 µl, I-SceI (New England
Biolabs: R0694S) 1 µl, ddH2O to total 10 µl. Single cell embryos were
microinjected with 0.5 nl of digestion mix. Embryos expressing GFP
were selected at 48 hpf, raised to adulthood and bred to identify Tg
(gfap:egfp-2A-flag-zDJ-1) (F0 chimeras). Founder fish were outcrossed
with wild type and progeny embryos (F1) collected. Stable Tg(gfap:egfp-
2A-flag-zDJ-1) lines were expanded from single F1 founders. Transgenic
lines established from three different F1 founder fish were used in this
study. GFP expression in transgenic animals was examined using a
fluorescent Zeiss SteREO Lumar microscope.

For FACS sorting Tg(gfap:Gal4FF/UAS-mCherry) was used as a con-
trol. The line was generated by crossing Tg(gfap:Gal4FF) with Tg
(UAS:mCherry). Tg(gfap:Gal4FF) was establish by inserting the GFAP
regulatory elements and Gal4FFpoly into pBS-I-SceI followed by trans-
genesis as explained above. To establish Tg(UAS:mCherry) mCherry was
inserted into pT2–5UASMCS (a gift from Dr. Koichi Kawakami, NIG,
Japan) and the Tol2 method for transgenesis was used as described in
[26].

2.3. Larval motility assay

Spontaneous movement of 5 dpf larvae was recorded for 1 h in 48-
well dishes in E3 medium after removal of exposure media. Five dpf
larvae were used due to optimal recording, as pigmentation of larvae
was required to obtain contrast. Recording was done at 10 fps with a
USB 2.0 uEye LE camera (UI-1240LE, IDS Imaging Development
Systems GmbH, Germany) fitted with a 50mm Nikon lens using the IDS
software suite (http://en.ids-imaging.com/ids-software-suite.html).
Each movie (1024× 1280 pixel frames) was processed post-acquisition
with a custom-written MATLAB tracking software modified from A.
Pérez-Escudero (http://www.multiwelltracker.es/). The software iden-
tifies the centroid of the larva in each frame and computes its position
in the entire movie. Distance travelled by the larval centroid was used
as an index of motility.

2.4. Protein extraction

100–200 deyolked embryos (24–48 hpf) or larvae (72–120 hpf)
were washed twice in PBS and disrupted by sonication (4× 5 s) in
homogenization buffer (10mM K2HPO4, 10mM KH2PO4, 1mM EDTA,
0.6% CHAPS, 0.2mM Na3VO4, 50mM NaF added protease cocktail
(Roche Diagnostics GmbH: 11836153001)). Five µl homogenization
buffer was added per embryo. Samples were pelleted at 16,000 g for
15min and supernatant was either used directly or stored at −80 °C.

2.5. Detection of protein nitrosylation and Western blotting

Protein nitrosylation induced by MPP+ was measured using Pierce
S-Nitrosylation Western blot kit (Thermo Scientific: 90105) using the
supplied protocol. 30–40 larvae were homogenized in HENS buffer
(100mM HEPES, pH 7.8; 1 mM EDTA; 0.1mM Neocuproine; 1% SDS)
and 100 µg protein was used for each condition. Free sulfhydryls were
first blocked with methyl methanethiosulfonate followed by selective
reduction of S-nitrosocysteines with ascorbate and labeling with
iodoTMTzero reagent. Derivatized nitrosylated proteins were detected
using Western blotting and anti-TMT.

Samples for S-nitrosylation detection and Western blotting were
separated by SDS-PAGE and transferred to PVDF membranes using 14 V
over night at 4 °C. The membranes were blocked in 1% BSA for 1 h at
room temperature. Membranes were incubated with primary anti-
bodies; anti-Flag (Sigma-Alderich: F3165), anti-TMT (Thermo
Scientific: 90105), anti-iNOS (BD Transduction Laboratories: 610431),
anti-DJ-1(Novous Biologicals: NB 300-270), anti-Tyrosine hydroxylase
(Millipore: MAB318) anti-Glutathione S-transferase m (Developmental
Studies Hybridoma Bank (DSHB):CPTC-GSTMu1-1), or anti-Malate de-
hydrogenase (Sigma-Aldrich: AV48286) followed by the appropriate
secondary antibody, both for 1 h at room temperature. Washed mem-
branes were developed using Super Signal West Pico Plus chemilumi-
nescent substrate (Thermo scientific: 34577) and BioRad GelDoc XRS
+. Blots were quantitated using Image Lab version 5.1 (BioRad).
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2.6. Protein profiling of zebrafish larvae

Larvae from 10 individual pairs of wild type or Tg(gfap:egfp-2A-flag-
zDJ-1) were combined and further processed for proteome profiling.
Proteins from larvae, 4 days post fertilization (dpf), were extracted as
explained previously (see protein extraction). An aliquot was taken for
Western blotting and the remaining lysate were snap frozen for later LC-
MS/MS analysis.

Sample reduction, alkylation and tryptic digestion for mass spec-
trometry analysis were performed according to Martens et al. [27].
50 µl of each sample, corresponding to 50 µg of protein, was washed
with in RapiGest at 0.05% (w/v) (Waters Corporation, USA) in 50mM
ammonium bicarbonate in order to hydrolyze the proteins present. The
samples were reduced using 100mM dithitreitol at 60 °C for 15min and
alkylated for 45min at 25 °C in the presence of 200mM iodoacetamide.
Proteolytic digestion proceeded at a 1:50 (w/w) ratio with an over
night incubation at 37 °C by the addition of sequencing grade trypsin
(Promega, USA). Following this TFA was added to the samples to hy-
drolyze the RapiGest and the solutions incubated at 37 °C for 20min
before being vortexed and centrifuged. To be able to estimate the
protein amount during analysis the samples were diluted 1:1 with
10 fmol/µl of a tryptic digest standard of yeast alcohol dehydrogenase
(Waters Corporation, USA) before analysis.

Peptides were separated by a nanoACQUITY UPLC system (Waters
Corporation, USA) equipped with a 25 cm × 75 µm analytical RP
column (Waters Corporation, USA) and a trap column (Symmetry C18
5 µm, 2 cm × 180, Waters Corporation, USA). A reversed phase gra-
dient was employed to separate peptides using 5–40% acetonitrile over
90min, at a flow rate of 300 nL/min and a constant temperature at
35 °C. Mobile phases A and B were water containing 0.1% (v/v) formic
acid and acetonitrile containing 0.1% (v/v) formic acid respectively.

The peptides were eluted directly into a SYNAPT G2-S HDMS mass
spectrometer (Waters, Manchester, UK), operated in data independent
manner coupled with ion mobility (HDMSE) [28]. The mass spectro-
meter was operated in positive ESI resolution mode with resolution
of> 25,000 FWHM. The mass spectrometer was programmed to step
between low energy (4 eV) and elevated (14–40 eV) collision energies
on the Triwave collision cell, using a scan time of 0.9 s per function over
50–2000m/z. All samples were analyzed in triplicate.

Protein identification and quantification information were obtained
using ProteinLynxGlobal Server v2.5.3 (PLGS) and Progenesis QI by
searching the combined UniProKB Zebrafish database (downloaded
June 9th, 2017). The matching process required more than three
fragment ions per peptide, three fragments per protein, and more than
one peptide per protein. Peptides with a mass error greater than 10 ppm
were disguarded. One missed trypsin cleavages was accepted, and
carbamidomethylation of cysteins and oxidation of methionine were
used as fixed and variable modifications respectively. The maximum
protein false discovery rate was set to 4% (corresponding to a peptide
FDR less than 1%). Only proteins with two or more unique peptides
were used for quantitation. The significant threshold was p≤ 0.05, and
only proteins with a max fold value ≥ 2 were regarded as regulated.

2.7. Dissociation of larvae and sorting of astrocytes

Larvae were put on ice and washed twice in Ca2+-free Ringer buffer
before incubated in 10ml 0.25% Trypsin-EDTA (Gibco 15400-054) in
PBS for 30min at 30 °C. Samples were triturated by pipetting until cells
were dissociated before added 2ml fetal calf serum and 2ml 20mM
CaCl2. Samples were then filtered (40 µm VWR, cat. No 734-0002)
before pelleting the cells at 300 g for 30min at 4 °C. Pellet was washed

in PBS and resuspended in 1ml PBS. Cell sorting was performed using a
BD FACS Aria SORP paired with PC-based FACSDiVa analysis software.
Both loaded and collected samples were kept at 4̊C during the sorting
procedure. Viable cells were gated using Forward Scattered (FSC) and
Side Scattered (SSC) light. Further gating for singlets was achieved by
correlating FSC signal width and area. Fluorescent cell populations
were gated by using either a sample culture from WT larvae or a culture
from a line not expressing the sorting-based fluorophore.

2.8. Sample preparation and mass spectrometry of isolated astrocytes

FACS sorted cells (approx. 600,000 sampled from three independent
experiments per condition) were disrupted in homogenization buffer
and proteins were precipitated in acetone and resuspended in 20 µl
homogenization buffer. SDS was added to a final concentration of 4%
and heated at 95 °C for 7min. The SDS was further diluted to 0.5% with
the Filter Aided sample preparation (FASP)-urea buffer (8M urea in
0.1 M Tris-HCl pH8.5). The protein extract were digested using the
FASP method [29] followed by reduction, alkylation and peptide up-
concentration as described in Frøyset et al. [30].

2.9. Label-free mass spectrometry analysis of isolated astrocytes

Tryptic peptides were dissolved in 2% ACN/ 0.1% TFA to a final
concentration of 0.8 µg/µl. In total 3 µg as tryptic peptides were ana-
lyzed on a Q-Exactive HF (Thermo Scientific) connected to a Dionex
Ultimate NCR-3500RS LC system. The sample was trapped on the pre-
column (Dionex, Acclaim PepMap 100, 2 cm × 75 µm i.d, 3 µm C18
beads) in loading buffer (0.1% TFA) at a flowrate of 5 µl/min for 5min
before separation by revers phase chromatography (PepMap RSLC,
50 cm × 75 µm i.d. EASY-spray column, packed with 2 µm C18 beads)
at a flow of 200 nL/min. Solvent A and B were 0.1% FA (vol/vol) in
water and 100% ACN respectively. The gradient composition was 5% B
during trapping (5min) followed by 5–8% B over 0.5min, 8–24% B for
the next 109.5 min, 24–35% B over 25min, and 35–90% B over 15min.
Elution of very hydrophobic peptides and conditioning of the column
were performed during 15min isocratic elution with 90% B and 20min
isocratic conditioning with 5% B. The total length of the LC run was
190min.

MS spectra were acquired as described in Frøyset et al. [30] except
that threshold intensity for eluting peptides was increased to 5e4. Three
technical repeats were performed.

The raw files were searched in MaxQuant (version 1.5.3.28) against
Danio rerio, a combined UniProtKB database (downloaded May 13th,
2016, 58,693 entries). The search parameters used for MaxQuant and
criteria used for further analyzing the data in Perseus (1.5.2.6) are
described in Frøyset et al. [30]. Three or more valid values and two or
more unique peptides were required for further analysis.

3. Results

3.1. Generation of zebrafish with astroglial over-expression of DJ-1

A glial fibrillary acidic protein (GFAP) regulatory element was used
to generate a transgenic line with astrocyte-specific expression of Flag-
tagged zebrafish DJ-1 (Fig. 1A) [22]. Flag-DJ-1 was separated from GFP
by viral 2A peptide sequence [23], which allows stoichiometric trans-
lation of unfused protein products (Fig. 1A and B).

Flag-tagged DJ-1 expression was visualized by Western blotting
(Fig. 1B) and GFP expression by fluorescent microscopy from 48 hpf
(Fig. 1C). GFAP was primarily expressed in astroglia of the central
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nervous system (Fig. 1Cc1) and distinct from dopaminergic neuronal
cells (Fig. 1Cc2–4).

3.2. Astroglial over-expression of DJ-1 protects from PD-related features as
induced by MPP+

The mitochondrial complex I inhibitor MPP+ is highly toxic to
dopaminergic cells and frequently used as a model to replicate features
of Parkinson's disease (PD) including: mitochondria dysfunction, oxi-
dative damage, inflammatory response, degeneration of dopaminergic
neurons and motor abnormalities [31,32]. It should be noted that
MPP+ also enters astrocytes even though they seem more resistant to
the toxicant [32,33]. Moreover, the pro-inflammatory neurotoxic
mediator inducible nitric oxide (iNOS) has been shown to increase in
the substantia nigra of PD patients and in MPP+-exposed mouse and
zebrafish models [34–36].

To evaluate the effect of astroglial DJ-1 over-expression in an MPP+

model, we exposed wild type (WT) and Tg(gfap:egfp-2A-flag-zDJ-1)
(TgDJ-1) larvae to 600 μM MPP+ over 1–4 dpf and analyzed iNOS ex-
pression (Fig. 2A and B) and protein nitrosylation (Fig. 2C) in total
extracts from the larvae. Expression of iNOS increased significantly in
WT larvae exposed to MPP+, whilst increased astroglial DJ-1 prevented
iNOS increase in the transgenic larvae. Increased iNOS activity would
lead to increased levels of reactive nitric oxide that can modify cysteine
residues by S-nitrosylation. As can be seen in Fig. 2C astroglial DJ-1
over-expression also reflected in the prevention of protein S-nitrosyla-
tion in total protein extracts from the larvae (Fig. 2C).

Several studies have shown that MPP+ induces dopaminergic cell

loss leading to motility disorder in zebrafish [18,20,21,37]. We ana-
lyzed the expression of Tyrosine hydroxylase using Western blotting in
order to determine the effect of MPP+ exposure on dopaminergic cells.
MPP+ caused a significant reduction in Tyrosine hydroxylase expres-
sion (Fig. 3A and B). In MPP+-treated TgDJ-1 on the other hand, no
significant effect of MPP+ on Tyrosine hydroxylase expression could be
observed (Fig. 3A and B).

We next evaluated if motor dysfunction caused by MPP+ was pre-
vented in TgDJ-1 (Fig. 3C). By 5 dpf larval size and pigmentation in-
crease the reliability of automated motion tracking, and larval motility
is significantly increased and less variable compared with earlier time
points [21] so that the signal:noise ratio for spontaneous movement is
higher. Consequently, in order to optimize the assay for detection of
MPP+-induced phenotypes, we exposed larvae to 500 μM MPP+ from
48 hpf and carried out motor assays at 5 dpf. In the absence of MPP+,
the spontaneous motility of TgDJ-1 larvae at 5 dpf was indistinguish-
able from controls (Fig. 3C). WT larvae exposed to MPP+ showed a
significantly reduction in spontaneous motility so their swimming dis-
tance was reduced by approximately 50%. In contrast, the motor deficit
caused by MPP+ exposure was partially rescued in TgDJ-1 larvae, so
that swimming distance was reduced by only 15% following MPP+

exposure.
Together, these data indicate that increased astroglial DJ-1 expres-

sion prevented iNOS induction, protein nitrosylation, loss of Tyrosine
hydroxylase expression and motor deficits in zebrafish exposed to the
PD-relevant toxicant MPP+.

3.3. Global proteome analysis of larvae exposed to MPP+ and the effect of
increased astroglial DJ-1 expression

We next asked whether the protective effect of increased astrocytic
DJ-1 expression was reflected in the regulation of other proteins or
cellular pathways. In particular, to determine changes that might pre-
cede PD-related features. We therefore reduced the MPP+ exposed of
larvae to 500 μM over 2–4 dpf before performing a label-free quanti-
tative global proteomics analysis of wild type and TgDJ-1 larvae ex-
posed to MPP+ or vehicle. From triplicate nanoLC-HDMSE analyses of
transgenic and WT larvae a total of 3418 proteins were identified on the
basis of two or more peptides with a mass accuracy ≤ 10 ppm and
peptide score ≥ 4. For quantitative analysis a minimum of two unique
peptides were required for further statistical analysis. Thereafter we
restricted for proteins which showed a 2-fold or above regulation when
comparing untreated and treated wild type and transgenic larvae
leaving 366 proteins (Supplementary material Table 1). To identify
proteins affected by the DJ-1 astrocytic protective response we search
for proteins either showing a significantly U-shaped (WT> WT
MPP+<TgDJ-1 MPP+) (Table 1) or N-shaped (WT< WT
MPP+>TgDJ-1 MPP+) profile (Table 2). Table 1 thus shows proteins
which were down-regulated in WT larvae exposed to MPP+ exposure,
but not in TgDJ-1 exposed larvae. Table 2 shows proteins up-regulated
in MPP+ exposed WT, but not in TgDJ-1 exposed animals.

It should be noted that as the zebrafish proteome has not yet been
comprehensively annotated with gene ontology (GO) terms our data
interpretation mostly relies on the knowledge of their mammalian or-
thologs.

The most pronounced effect of increased astrocytic DJ-1 expression
was its inhibitory effect on metabolic stress induced by MPP+ (Table 1).
Mitochondrial proteins with rate limiting roles in the tricarboxylic acid
(TCA) cycle (Succinate-CoA, Malate dehydrogenase, Succinyl-CoA) af-
fected by MPP+ in WT were shown to be normalized in MPP+ exposed
transgenic larvae. The most prominent regulation was observed for
Sarcosine dehydrogenase, a mitochondrial enzyme converting sarcosine
to glycine, which is linked to both the respiratory chain and the TCA
cycle. Glutathione S-transferase M and CNDP dipetidase 2, both known
to be up-regulated by cellular stress [38,39], were up-regulated in the
TgDJ-1 larvae, but in MPP+-exposed TgDJ-1 the expression level of

Fig. 1. Generation of zebrafish with astroglial over-expression of DJ-1. A, Transgenic
zebrafish expressing Flag-tagged DJ-1, Tg(gfap:egfp-2A-flag-zDJ-1), were generated using
ISce1-transgenesis. Flag-tagged DJ-1 expression in astrocytes was controlled by Glial
Fibrillary Acidic Protein (GFAP) promotor elements. A viral 2A peptide allows expression
of GFP and Flag-DJ1 as uncoupled proteins from the same transgene. B, Western blot
shows expression of Flag-DJ1 from total protein extracts of larvae 24–120 hpf. Ponceau S
staining is used as loading control. C, GFP expression localized astroglia, neural retina and
spinal cord was observed from 48 hpf. c1–3, Immunoblots of brain sections (4 dpf)
showing astroglial GFP and neuronal tyrosine hydroxylase expression. Tyrosine hydro-
xylase was used as a marker for dopaminergic cells.
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these proteins were close to WT controls. The mass spectrometry based
observed regulation of Malate dehydrogenase and Glutathione S-
transferase M were verified by Western blotting (Fig. 4). Proteins with a
U-shaped profile also included proteins with function in small GTPase
mediated signal transduction, nucleic acid binding and regulation, cy-
toskeleton organization and transport (Table 1).

Additionally, the B12 vitamin carrier transcobalamin II showed
MPP+-regulated change, which was reduced by astrocytic DJ-1 over-
expression, likewise for the stress response associated proteins GCN1
eIF2 alpha kinase activator homologe and G1 to S phase transition 1.
The latter, is a recently proposed regulator of astrogliosis [40].

Among the proteins that increased in WT during oxidative stress,
but did not show similar increase in MPP+-exposed TgDJ-1 larvae (N-
shaped regulation, Table 2), the largest group of proteins belonged to
the cytoskeleton and cytoskeleton organizing proteins. Proteins in-
volved in hemostasis (F5 protein and Von Willebrand factor) regulation
were also regulated similarly. Additionally, the cell death and oxidative
stress related Poly(ADP-ribose) polymerase (PARP) and the GMP re-
ductase were also found to be N-shaped regulated. The latter may link
purine metabolism and mitochondrial redox defense [41].

3.4. Protein profiling of astrocytes

To explore the direct cell specific effect of increased astroglial DJ-1
expression we isolated astrocytes from TgDJ-1 and control larvae using
FACS-based sorting of 4 dpf larvae. Cells were selected based on the
fluorescent tags driven by the inserted gfap promotor elements in TgDJ-
1 and Tg(gfap:mCherry). From triplicate technical runs 835 proteins
were identified and 407 of these met the criteria for further analysis
(See Materials and Methods and Supplementary material Table 2). Of

these 315 proteins were only found in astrocytes from TgDJ-1. Pre-
sumably,these proteins were below detectable levels in control larvae.
Table 3 shows the LFQ intensity (log2 values) of GFP and mCherry
detected in TgDJ-1 and Tg(gfap:mCherry), respectively. Astroglial DJ-1
expression was found to be more than 10-fold increased in TgDJ-1
compared to control (Table 3). Increased astrocytic DJ-1 expression
induced up-regulation of a number of proteins, of which ten proteins
were more than 50-fold up-regulated compared to control (Table 4).

The majority of proteins up-regulated or detected only in TgDJ-1
astrocytes were antioxidants (Peroxiredoxin 2, Thioredoxin, and
Superoxide dismutase 1) and proteins proposed to be involved in redox
regulation (Prothymosin α, Nucleolin, Protein arginine methyl-
transferase 1, Brain-type fatty acid binding protein 7, High mobility
groups box 1/3a, and Peptidyl-propyl cis-trans isomerase) [42–46].

Proteins involved mitochondrial respiration, and autophagy were
identified in the astrocytes from TgDJ-1, but not in astrocytic control
cells. The phosphatase inhibitor and transcription regulator Anp32a
was found to be highly up-regulated in TgDJ-1 astrocytes compared to
control cells. Interestingly, up-regulation of Anp32a is also found in
Alzheimer disease [47].

Only three proteins were shown to be down-regulated TgDJ-1 as-
trocytes (Supplementary material Table 2). One of these was Transitional
endoplasmic reticulum ATPase, a protein proposed to regulate cross-talk
between autophagy and apoptotic cell death in neuronal cells [48].

4. Discussion

Reactive astroglia show an increased expression level of DJ-1 in
Parkinson's disease (PD) and other neurodegenerative diseases [12,49].
This may be a way not only to protect themselves, but also their

Fig. 2. Astroglial DJ-1 over-expression inhibits MPP+-induced iNOS up-regulation and protein S-nitrosylation Larvae from wild type or Tg(gfap:egfp-2A-flag-zDJ-1) were exposed to
600 µM MPP (1–4 dpf) or left untreated. At 4 dpf total protein extracts from the larvae were subjected to Western blotting and nitric oxide synthase detection or derivatization and S-
nitrosylation determination using anti-TMT. A, Expression of nitric oxide synthase isozymes (nNOS, eNOS, and iNOS). Arrow points at iNOS. B, iNOS abundance. Data are expressed as the
means of five-six individual experiments +/-SEM, **p < 0.01. Data were analyzed using Student t-test. C, Representative Western blot showing S-nitrosylation in total extracts. Ponceau-
S was used as a loading control.
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neighboring neurons. Thus, studies in primary co-cultures of astrocytes-
neurons show that knock-down of astrocytic DJ-1 renders the neurons
more susceptible to neurotoxin-induced oxidative stress [15,50]. Ad-
ditionally, it has been shown that conditioned media from astrocytic
cultures of wild type mice can protect neuronal cells from oxidative
insult, whereas media derived from DJ-1 knock-out mice does not [51].

Here, we describe a new transgenic zebrafish model, Tg
(gfap:egfp‐2A‐flag‐zDJ‐1 (TgDJ-1)(Fig. 1), which mirrors the increased
DJ-1 expression levels found both in PD and its animal and cell culture
based models. The transgenic line, TgDJ-1 has an approximately 10-
fold increase in astrocyte DJ-1 expression at 4 dpf compared to control
(Table 3). To evaluate the neuroprotective effect of increased astrocyte
DJ-1 expression we exposed zebrafish embryos and larvae to MPP+.
MPP+ and its precursor MPTP are used to induce PD pathology in cell
culture and animal models, including zebrafish [18,31,34]. These tox-
icants induce neuroinflammation and dopaminergic cell loss mediated
by iNOS [35], an inducible form of nitric oxide synthase shown to be
regulated by DJ-1 [52,53]. We observed an increased in iNOS in MPP+-
exposed wild type (WT) larvae (Fig. 2A and B) as also observed pre-
viously by others [34]. We also demonstrated an MPP+-induced gen-
eral S-nitrosylation of proteins (Fig. 2C). In the presence of increased
astrocytic DJ-1 expression, both iNOS induction and protein S-ni-
trosylation were inhibited (Fig. 2). To explore the protective effect of
astrocytic DJ-1 up-regulation on dopaminergic cells, we examined the
level of Tyrosine hydroxylase in MPP+-exposed larvae. TgDJ-1 larvae
showed a small increase in Tyrosine hydroxylase expression compared
to WT, but exposure to MPP+ did not have any significant effect on the
Tyrosine hydroxylase levels in these transgenes (Fig. 3A and B). On the
contrary, MPP+-exposed WTs had a significant decrease in Tyrosine
hydroxylase compared to untreated WT. In line with this, MPP+ had a
significantly less reductive effect on larvae motility, as monitored by
swim distance, in TgDJ-1 compared to WT (Fig. 3C). Our results de-
monstrate that protection from known PD-related features as induced
by MPP+ can be obtained by solely increasing astrocyte DJ-1 expres-
sion.

The neuroprotective trait observed by increasing astroglial DJ-1
expression (Figs. 2 and 3) seemed to be reflected in a DJ-1-induced
altered astrocytic protein profile (Table 4 and Supplementary material
Table 2). From mass spectrometry analysis of isolated astrocytes we
could observe a prominent increased expression of proteins associated
with the Kelch-like ECH-associating protein 1 (Keap1)-nuclear factor-
E2-related factor2 (Nrf2) pathways in TgDJ-1. This included both pro-
teins regulated by Nrf2 (Periredoxin 2, Thioredoxin, Superoxide dis-
mutase [Cu-Zn], High-mobility group box 1), but interestingly, also
proteins proposed to regulate Nrf2 activity (Prothymosin α, and Protein
arginine methyltransferase 1) [42,54].

The transcription factor Nrf2 induces up-regulation of a large
number of antioxidant proteins in response to oxidative stress [55].
Nrf2 activity is regulated by Keap1, which under normal conditions
degrades Nrf2. DJ-1 stabilizes Nrf2 by inhibiting its association to
Keap1 [56] and over-expression of DJ-1 increases Nrf2 levels in neu-
roblastoma cells [57]. Additionally, it has been shown that astrocytic
Nrf2 over-expression introduced into Nrf2 deficient mice protects
against MPTP-induced Tyrosine hydroxylase-loss and gliosis [58]. This
is in line with our results and suggests that astrocytic DJ-1 in TgDJ-1
may act up-stream of Nrf2 in order to protect the surrounding neurons.
It would also explain why neuroprotective effects of Nrf2 activators are
independent of DJ-1 [59].

Astrocytic neuroprotection by Keap1/Nrf2 pathways is proposed to
be mediated by increased astrocytic glutathione release to be available
for uptake by neurons [60]. The endogenous antioxidant glutathione is
important in limiting damaging nitric oxide action, as S-nitrosylation of
proteins, in the brain [61]. Astrocyte DJ-1 mediated neuroprotection
through the Keap1/Nrf2 pathways (Table 4) may therefore inhibit
MPP+-induced iNOS expression and protein nitrosylation (Figs. 2 and
3) by strengthening the glutathione buffer capacity. Increased astrocyte
DJ-1 expression also regulated the global expression of Glutathione S-
transferase M (GSTm) and CNDP2 dipeptidase 2 (Table 1) (Fig. 4), both
are involved in glutathione metabolism [61,62] and associated with
oxidative stress response [38,63]. The untreated TgDJ-1 showed a
three-fold increase in both GSTm and CNDP2 compared to untreated
WT. This possibly reflects an astrocytic DJ-1 regulated preparation for

Fig. 3. Astroglial over-expression of DJ-1 protects larvae from MPP+-induced down-
regulation of Tyrosine hydroxylase expression and motility dysfunction. A-B, Tyrosine
hydroxylase (TH) expression in wild type and Tg(gfap:egfp-2A-flag-zDJ-1) larvae exposed
to 600 µM MPP (1–4 dpf) or vehicle. At 4 dpf total protein extracts from the larvae were
subjected to Western blotting. Ponceau-S staining was used as loading control. A, A re-
presentative Western blot of Tyrosine hydroxylase expression. B, Tyrosine hydroxylase
expression values as mean +/-SEM from five individual experiments. C, Scatter plot of
larval motility over one hour recording. Tg(gfap:egfp-2A-flag-zDJ-1) and wild type larvae
were treated with 500 µM MPP+ or vehicle for 48 h starting at 3 dpf. Graph shows
swimming distance (mm/h) at 5 dpf. Plot shows the values and median from three se-
parate experiments. Data were analyzed using Student t-test * p < 0.05, **p < 0.01.
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oxidative stress. Thus, both GSTm and CNDP2 were down-regulated by
MPP+, but in exposed TgDJ-1 the expression remained above WT levels
(Table 1).

MPP+ accumulates in the dopaminergic neurons via uptake by the
dopamine transporter [64] rendering the nigral dopaminergic neurons,
which depend on oxidative phosphorylation, highly sensitive to this
mitochondrial complex I inhibitor. Even though MPP+ also enters as-
trocytes and induces oxidative stress, these cells seem less vulnerable to
MPP+ compared to neurons, presumable due to a faster antioxidant
response [32]. Astrocytes from TgDJ-1 seem to have already obtained
an antioxidative and inflammatory regulating trait before any oxidative
stress had been applied (Table 4). TgDJ-1 astrocytes from untreated
larvae also showed up-regulation of proteins involved in mitochondrial
respiration possibly rendering these cells even more resistant to MPP+.
This effect on mitochondrial respiration may be associated to Nrf2-re-
lated signalling since Nrf2 also has a role in controlling mitochondrial
bioenergetics [65]. By adding MPP+ this pre-established protective
condition may also be further regulated by oxidative modification of
the astrocyte DJ-1 [66]. Thus, DJ-1 acts as sensor for oxidative stress
involving oxidation of its reactive cysteine residues, in particular C106.
From being predominately cytosolic a small fraction oxidatively mod-
ified DJ-1 may translocate to the mitochondrial matrix and regulate
energy metabolism under stress conditions [67]. On the other hand, DJ-
1 may also elicit its function through Nrf2 dependent signalling in-
dependently of C106 oxidation [68]. The possibility of astrocytic DJ-1
involvement in both cysteine oxidation dependent and independent
MPP+ protective pathways may be reflected in its effect on metabolic
enzymes of the TCA cycle in zebrafish larvae (Table 1) (Fig. 4). MPP+-
induced a down-regulation of metabolic enzymes of the TCA cycle in
WT, presumably as a consequence of complex I inhibition and shift to
glycolysis [69]. A similar metabolic shift in central metabolism was alsoTa
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Fig. 4. Verification of mass spectrometry data. Glutathione S-transferase M (GSTm) and
Malate dehydroxylase were selected to verify mass spectrometry observed protein
changes. Protein extracts from 4 dpf larvae exposed to 500mM MPP+ or vehicle for 48 h
starting at 3 dpf were subjected to Western blotting. Figure shows representative blots of
GSTm and Malate dehydroxylase and the respective Ponceau-S staining used as loading
control.

Table 3
DJ-1 and selectable marker protein abundance in FACS-sorted cells.

LFQ intensity (log2 values)

Tg(gfap:mCherry) Tg(gfap:egfp-2A-flag-zDJ-1)

mCherry (X5DSL3) 20,92±0,14 n.d
eGFP (P42212) n.d 21,83± 0,05
DJ-1 (Q5XJ36) 19,6 23,66± 0,71
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observed in unexposed TgDJ-1, however, when exposed to MPP+ the
TCA cycle key enzymes seemed unaffected. Possibly, this astrocytic DJ-
1 compensatory action requires an oxidative stress-induced change of
DJ-1 function through oxidation of its oxidative sensitive cysteines
[66,70].

In addition to proteins associated to redox regulation the TgDJ-1
astrocyte proteome showed an up-regulation of proteins involved in
inflammatory response (Table 4). PD and MPP+ models show an up-
regulation of reactive astrocytes [35,49]. Reactive astrocytes respond to
stress and injury by releasing inflammatory factors. These factors can be
pro-inflammatory and neurotoxic, but more recently their anti-in-
flammatory and pro-survival function have become more evident [71].
Interestingly, both High-mobility group box 1 (HMGB1) and Peptidyl-
prolyl cis-trans isomerase (Cyclophilin A), which were up-regulated in
TgDJ-1 astrocytes have both pro- and anti-inflammatory roles. HMGB1
is a pro-inflammatory protein and high serum levels are associated with
PD [45]. The release of HMGB1 is proposed to be regulated both by p38
MAPK and Nrf2 signalling pathways [72]. Even though it is stated as a
pro-inflammatory mediator, oxidation of HMGB1 attenuates its pro-
inflammatory action [73]. Peptidyl-prolyl cis-trans isomerase (Cyclo-
philin A) was another DJ-1 regulated protein with a double-edged
function being an oxidative stress protector intracellularly and pro-in-
flammatory extracellularly [74,75].

Our global and astrocyte specific proteomics analysis of our zebra-
fish model also provided further insight into the relationship between
astrocytic DJ-1 function and previously observed changes PD and its
MPP+ disease model. Firstly, we found that MPP+ down-regulated both
Rab1a and 6a in WT, but not in TgDJ-1 (Table 1). An underlying pa-
thogenesis of PD is proposed to be defects in vesicle trafficking, with
Rab GTPases as the core regulators [76]. Secondly, astrocytic DJ-1
over-expression inhibited PARP increase (Table 2) which has been
shown to occur in MPP+-induced Parkinsonism [77]. Thirdly, amongst
proteins highly up-regulated in TgDJ-1 astrocytes we found Far up-
stream element (FUSE) binding protein 1 and Brain-type fatty acid
binding protein 7 (Table 4), both of which have been observed to be
increased in PD brains and serum, respectively [78,79].

In conclusion, our results show that selective over-expression of
astrocyte DJ-1 in zebrafish larvae protects them from insults induced by
the PD-relevant neurotoxin MPP+. The acquired protective trait is re-
flected in altered global expression of proteins, in particular proteins
associated with the central metabolism and glutathione metabolism. An
astrocyte specific proteome analysis suggests that the astroglial pro-
tective effect is accomplished by an up-regulation of redox and in-
flammatory regulating proteins, possibly involving Nrf2 activation.
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