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Abstract
Mutations in DJ-1 cause autosomal recessive, early-onset Parkinson's disease (PD). The precise
function and distribution of DJ-1 in the central nervous system remain unclear. In this study, we
performed a comprehensive analysis of DJ-1 expression in human, monkey, and rat brains using
antibodies that recognize distinct, evolutionarily conserved epitopes of DJ-1. We found that DJ-1
displays region-specific neuronal and glial labeling in human and non-human primate brain, sharply
contrasting the primarily neuronal expression pattern observed throughout rat brain. Further
immunohistochemical analysis of DJ-1 expression in human and non-human primate brains showed
that DJ-1 protein is expressed in neurons within the substantia nigra pars compacta and striatum, two
regions critically involved in PD pathogenesis. Moreover, immunoelectron microscopic analysis
revealed a selective enrichment of DJ-1 within primate striatal axons, presynaptic terminals, and
dendritic spines with respect to the DJ-1 expression in prefrontal cortex. Together, these findings
indicate neuronal and synaptic expression of DJ-1 in primate subcortical brain regions and suggest
a physiological role for DJ-1 in the survival and/or function of nigral-striatal neurons.
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Parkinson's disease (PD) is a debilitating neurodegenerative movement disorder characterized
by the relatively selective degeneration of nigral dopaminergic neurons (Lang and Lozano,
1998a; Lang and Lozano, 1998b). Recently, mutations in the gene encoding DJ-1 have been
identified as the genetic defect responsible for the PARK7-associated autosomal recessive,
early-onset form of familial PD (Abou-Sleiman et al., 2004; Bonifati et al., 2003).
Accumulating evidence suggests that loss of DJ-1 function results in neurodegeneration, but
the exact role of DJ-1 in the pathogenesis of PD is unknown (Cookson, 2005; Moore et al.,
2005). Using X-ray crystallography, we and others have shown that DJ-1 is a 189 amino acid
protein that adopts a helix-strand-helix dimeric structure with homology to the bacterial
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protease PH1704 and Escherichia coli chaperone protein Hsp31 (Huai et al., 2003; Lee et al.,
2003; Tao and Tong, 2003). Although the precise physiological function of DJ-1 remains
unclear, DJ-1 has been implicated in several cellular processes including regulation of
transcription, protein quality control, and oxidative stress response (Bonifati et al., 2004;
Cookson, 2005; Moore et al., 2005). In addition, targeted disruption of DJ-1 gene expression
in mice leads to altered dopamine D2 receptor signaling (Chen et al., 2005; Goldberg et al.,
2005) and increased susceptibility to MPTP (1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine)–
induced neurodegeneration (Kim et al., 2005).
The distribution of DJ-1 protein is controversial and remains poorly characterized. We
previously showed that DJ-1 is mainly neuronal in cortical and subcortical regions of rodent
brain (Olzmann et al., 2004), and this has been confirmed by independent studies (Bader et al.,
2005; Kotaria et al., 2005; Zhang et al., 2005). In contrast, DJ-1 has been reported to be present
primarily in glia in human cortex (Bandopadhyay et al., 2004; Meulener et al., 2005; Miller et
al., 2005; Neumann et al., 2004). These studies have prompted speculation that loss of DJ-1
function in humans may cause neuronal cell death through non-cell-autonomous processes,
such as regulation of glial function (Bandopadhyay et al., 2004; Vila and Przedborski, 2004).
However, a limitation of these studies is the focus on DJ-1 expression in the human cortex,
and little is known regarding the subcortical distribution of DJ-1 in humans.
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What is the reason(s) for the apparent differences in DJ-1 expression in human versus rat brain?
Since different DJ-1 antibodies were used in the human and rat studies (Bader et al., 2005;
Bandopadhyay et al., 2004; Kotaria et al., 2005; Meulener et al., 2005; Miller et al., 2005;
Neumann et al., 2004; Olzmann et al., 2004; Zhang et al., 2005), the discrepancies may be due
to differences in the epitopes recognized by distinct DJ-1 antibodies. Another possibility is that
these observations may reflect actual differences in the distribution of DJ-1 in human and rat
brains. Substantial differences between primate and rodent dopaminergic systems have been
reported (Berger et al., 1991; Joel and Weiner, 2000). Knowledge of DJ-1 expression and
distribution in the human brain is critical for understanding the role of DJ-1 in PD pathogenesis.
However, the study of protein expression in human brain is complicated by limited tissue
availability, and variable post-mortem delay and tissue preservation/fixation conditions. To
overcome these problems, we analyzed the distribution of DJ-1 in non-human primate brain
by immunohistochemistry and immunoelectron microscopy. As the closest phylogenetic
relative of humans, non-human primates, such as macaque monkeys, have a very similar central
nervous system (Berger et al., 1991; Ciliax et al., 1999; Hardman et al., 2002; Petrides and
Pandya, 2002; Smiley et al., 1994). To facilitate a comprehensive and comparative analysis of
DJ-1 expression across species, and to avoid inconsistencies associated with differences in
epitope availability, we generated and characterized two distinct anti-DJ-1 antibodies that
recognize evolutionarily conserved epitopes in primate and rodent DJ-1. Here, we report the
results of immunohistochemical and ultrastructural localization studies using these antibodies
to determine the distribution of DJ-1 in non-human primate brain, in addition to rat and human
brains. Our findings reveal clear species differences in DJ-1 distribution in primate versus rat
brain and suggest a cell-autonomous role for DJ-1 in the function and survival of primate nigral
neurons.
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MATERIALS AND METHODS
Antibodies
Two distinct rabbit polyclonal anti-DJ-1 antibodies, P7F and P7C, were generated against
purified full-length recombinant human DJ-1 protein and a synthetic human DJ-1 carboxylterminal peptide (amino acids 171−189), respectively (Olzmann et al., 2004). These anti-DJ-1
antibodies recognize a single 20-kDa band in rat (Olzmann et al., 2004) and human (Choi et
al., 2006). Mouse anti-DJ-1 monoclonal antibody (KAM-SA100, Stressgen) was produced
J Comp Neurol. Author manuscript; available in PMC 2008 December 8.
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against GST-tagged full-length human DJ-1 and recognizes a single 20-kDa band in human
(Miller et al., 2005). The epitope for this antibody has recently been mapped to amino acids
56−78 of human DJ-1 (Miller et al., 2005). Further characterization of these three anti-DJ-1
antibodies is described in the Results section (Fig. 1). Mouse anti-α-synuclein monoclonal
antibody (#610787, BD Transduction Laboratories) was generated against amino acids 15−123
of rat synuclein-1 and recognizes a 19-kDa band in mouse, rat, and human (Manufacturers
technical information). Mouse anti-tyrosine hydroxylase monoclonal antibody (MAB318,
Chemicon) was produced against tyrosine hydroxylase purified from PC12 cells, recognizes a
protein of approximately 60-kDa by Western blot, and reacts with human, rat, monkey, frog,
and vole (Manufacturers technical information). Mouse anti-NeuN monoclonal antibody
(MAB377, Chemicon) was produced against nuclei purified from mouse brain and recognizes
a band of approximately 47-kDa in human, primate, rat, mouse, avian, and chicken
(Manufacturers technical information). As described (Mullen et al., 1992), this antibody
specifically reacts with the DNA-binding, neuronal-specific protein NeuN and has been used
extensively as a marker of neurons. Mouse anti-GFAP monoclonal antibody (MAB360,
Chemicon) was generated against GFAP protein purified from porcine spinal cord and
recognizes a single 51-kDa band in human, bovine, porcine, rabbit, rat, and mouse
(Manufacturers technical information). As described (Debus et al., 1983), GFAP is the primary
component of intermediate filaments in astrocytes and this antibody has been used extensively
as a marker of astrocytes. All secondary antibodies were obtained from Jackson
ImmunoResearch Laboratories.
Human and Monkey Brain Samples
Human brain tissues were obtained from the Emory Center for Neurodegenerative Disease
Brain Bank. Frontal cortex from five normal individuals was used for the biochemical studies
(Table I). Cingulate cortex from four normal individuals and substantia nigra and striatum from
one normal individual were used for the immunohistochemical studies (Table I).
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Rhesus macaque brain tissues were obtained from the Yerkes National Primate Research
Center at Emory University. Brain tissues from four animals were used for the biochemical
studies and the immunohistochemical studies (Table I). The tissues from rhesus macaque
monkeys were obtained and prepared as described previously (Bordelon et al., 2005;Muly et
al., 2004a;Muly et al., 2003). The care of the animals and all anesthesia and sacrifice procedures
in this study were performed according to the National Institutes for Health Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee of Emory University. The animals were sacrificed with an overdose of
pentobarbital (100 mg / kg). For the biochemical studies, brains were removed and blocks of
various brain regions were immediately frozen in liquid nitrogen. For the
immunohistochemical studies, the animals were perfused with a flush of Tyrode's or Ringer's
solution in which 95% O2 / 5% CO2 was bubbled continuously. The flush was followed by 3
to 4 liters of fixative solution of 4% paraformaldehyde / 0.2% glutaraldehyde / 0−0.2% picric
acid in phosphate buffer (0.1 M, pH 7.4; PB). The brain was blocked and post-fixed in 4%
paraformaldehyde for 2−24 hours. Coronal, 50 μm thick vibratome sections were cut and stored
frozen in 15% sucrose until immunohistochemical experiments were performed.
DJ-1 knockout mice
DJ-1 knockout (KO) mice were generated by Dr. Charles R. Gerfen at the National Institute
of Mental Health. Targeted disruption of the DJ-1 gene was carried out in embryonic mouse
stem cell line XE726 (BayGenomics) using a gene trap approach that inserted the beta-geo
gene (a fusion of the beta-galactosidase and neomycin resistance genes) into the region between
exons 6 and 7 of the murine DJ-1 gene. A breeding colony of DJ-1 knockout mice was
established from breeding pairs obtained from the National Institute for Neurological Disease
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and Stroke/University of California Los Angeles Repository for Parkinson's disease Mouse
Models using standard mouse husbandry procedures as described previously (Chin et al.,
1995). The genotype of the offspring was determined by PCR and the elimination of the DJ-1
protein was confirmed by Western blot analysis.
Western blot analysis
For Western blot analysis, human cingulate cortex, macaque prefrontal cortex, and whole brain
from rat, homozygous DJ-1 KO mouse, and wild-type mouse were homogenized in 1% SDS
and subjected to SDS-PAGE as described previously (Chin et al., 2002; Li et al., 2001). The
proteins were transferred to nitrocellulose membranes and immunoblotted with the appropriate
primary and secondary antibodies, followed by visualization using the enhanced
chemiluminescence system.
Immunohistochemistry
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Rat whole brains and human cingulate cortex, substantia nigra, and striatum were fixed in 4%
paraformaldehyde, and processed for immunohistochemistry as described previously (Choi et
al., 2004; Olzmann et al., 2004). Briefly, tissue was cryoprotected in sucrose and serial sections
(50 μm) were cut on a cryostat. Sections were treated with 3% H2O2 to eliminate endogenous
peroxidase activity and blocked with a solution containing 8% goat serum, 10 μg/ml avidin,
0.1% Triton X-100, 0.9% NaCl, and 50 mM Tris-HCl (pH 7.2). Sections were then incubated
overnight at 4 °C with anti-DJ-1 (P7C or P7F, 1:8,000) followed by incubation with
biotinylated secondary antibody (1:200). Bound antibodies were detected using a standard
avidin-biotinylated peroxidase complex (ABC) method (Vectastain Elite ABC kit, Vector
Laboratories). Sections were observed using a Leica DC500 microscope, and images were
captured with a C4742−95 Hamamatsu digital camera.
Immunofluorescence confocal microscopy
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Rat whole brains were fixed in 4% paraformaldehyde, processed, and double-labeling
performed as described previously (Offe et al., 2006; Zhang et al., 2002). Briefly, sections were
blocked and then co-incubated with anti-DJ-1 antibody (P7C, 1:8,000) and either anti-NeuN
(1:50), anti-GFAP (1:1,500), or anti-tyrosine hydroxylase (1:100) antibodies overnight.
Labeled DJ-1 was detected by a biotinylated-secondary antibody (1:200), followed by avidbiotinylated peroxidase complex (Vectastain Elite ABC kit, Vector Laboratories) and a
tyramide-conjugated tertiary antibody (PerkinElmer). NeuN, GFAP, and tyrosine hydroxylase
were detected using secondary antibodies directly conjugated to fluoroscein. After extensive
washing, sections were mounted using Vectashield mounting medium (Vector Laboratories).
Control samples incubated with a single primary antibody or no antibody exhibited no
significant background staining. Images of immunostained sections were captured using a
Zeiss LSM 510 confocal microscope using independent channels for excitation at 488 and 543.
Immunoelectron microscopy
Immunoperoxidase staining was performed using rabbit anti-DJ-1 antibodies as described
previously (Muly et al., 1998). Briefly, sections were treated with a blocking solution
containing 3% normal goat serum, 1% bovine serum albumin, 0.1% glycine, 0.1% lysine in
0.01 M PBS (pH 7.4) and then incubated with anti-DJ-1 antibody (P7C, 1:8000) for 36 hours
at 4°C followed by incubation with biotinylated secondary antibody (1:200). Bound antibodies
were detected using a standard avidin-biotinylated peroxidase complex (Vectastain Elite ABC
kit) method with 3,3′-diaminobenzidine (DAB) as the chromagen. Sections were then postfixed in osmium tetroxide, stained en bloc with uranyl acetate, dehydrated, and embedded in
Durcupan resin (Electron Microscopy Sciences, Fort Washington, PA). Blocks of tissue from
layer III of cortical area 9 and the caudate nucleus (Walker, 1940) were made and ultrathin
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sections collected onto piloform-coated slot grids and counterstained with lead citrate. The
DAB-labeled tissue sections were examined using a Zeiss EM10C electron microscope.
Control sections processed as above except for the omission of the primary antibody did not
contain DAB label upon electron microscopic examination.
Data analysis
The ultrastructural analysis of the DJ-1 immunostained macaque tissue sections was carried
out as previously described (Bordelon et al., 2005; Muly et al., 2004a; Muly et al., 2004b).
Regions of the grids containing neuropil were selected based on the presence of DAB label
and adequate ultrastructural preservation. Fields of immunoreactive elements in the neuropil
were randomly selected, and images were collected at a magnification of 31,500 using a
Dualvision cooled CCD camera (1300 × 1030 pixels) and Digital Micrograph software (version
3.7.4, Gatan, Inc., Pleasanton, CA). On each micrograph, DAB-labeled profiles were identified
and classified as spines, dendrites, terminals, axons, glia or unknown based on the established
ultrastructural criteria (Bordelon et al., 2005; Peters et al., 1991). The number of
immunoreactive profiles was tabulated and the data, which represents the distribution of
randomly imaged labeled profiles observed in the neuropil (excluding the unknown profiles)
were compared with a post-hoc Chi-square analysis as described previously (Bordelon et al.,
2005; Muly et al., 2004a; Muly et al., 2004b; Pickel et al., 2006). This analysis was performed
in multiple animals, and we have not observed significant inter-animal variability for DJ-1.
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RESULTS
Generation and characterization of antibodies that specifically recognize evolutionally
conserved epitopes in DJ-1
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In order to compare the distribution of DJ-1 protein across species, we generated two anti-DJ-1
antibodies, P7C and P7F, against a conserved C-terminal peptide and the purified full-length
recombinant protein of human DJ-1, respectively (Olzmann et al., 2004). To investigate the
specificity and species cross-reactivity of our anti-DJ-1 antibodies and commercially available
anti-DJ-1 antibody (KAM-SA100, Stressgen), immunoblot analysis was performed using
extracts prepared from human, macaque, rat, wild type and DJ-1 knockout mouse brain tissues
(Fig. 1A). All three antibodies recognized recombinant HA-tagged human DJ-1 as well as a
single 20-kDa band, which corresponds well to the predicted molecular weight of endogenous
DJ-1, in human and macaque brain extracts. As expected, the recombinant HA-tagged DJ-1
ran at a slightly higher molecular weight due to the additional 10 amino acids present in the
HA-tag. Further characterization of these antibodies by immunohistochemistry demonstrated
that all three DJ-1 antibodies showed similar staining patterns and primarily labeled astrocytes
in human cingulate cortex (Fig. 1C). No immunoreactivity was observed when primary or
secondary antibodies were omitted (data not shown).
As shown in Figure 1A, both P7C and P7F anti-DJ-1 antibodies, but not KAM-SA100 antiDJ-1 antibody, also recognized a single 20-kDa band in rat and mouse brains. This 20-kDa
band was absent in the extracts prepared from DJ-1 knockout mouse brain (Fig. 1B). Preabsorption with purified recombinant human DJ-1 protein completely abolished the
immunoreactivity of P7C, P7F, and KAM-SA100 (Fig. 1B), further confirming the specificity
of these antibodies. Preabsorption with a carboxyl-terminal DJ-1 peptide (amino acids 171
−189) abolished the immunoreactivity of the P7C antibody, but not P7F or KAM-SA100,
indicating that P7C recognizes an epitope distinct from that recognized by P7F and KAMSA100. Together, these results indicate that P7C and P7F antibodies recognize different DJ-1
epitopes that are evolutionarily conserved in primate and rodent forms of DJ-1 protein. In
contrast, the epitope recognized by the KAM-SA100 anti-DJ-1 antibody is only present in
human and macaque DJ-1, but not in rodent DJ-1. Therefore, P7C and P7F antibodies are useful
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tools for direct comparison of DJ-1 expression patterns between different species and were
used in this study.
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Species differences in the distribution of DJ-1 protein in human versus rat brain
Immunohistochemical analysis of DJ-1 expression in human cingulate cortex with P7C, P7F,
or KAM-SA100 anti-DJ-1 antibodies resulted in similar staining patterns (Fig. 1, Fig. 2A-D,
and additional data not shown). Diffuse DJ-1 immunostaining was observed across all cortical
layers in human cingulate cortex (Fig. 2A). At higher magnification, DJ-1 staining was
primarily localized in glial cells, in both gray matter (Fig. 2B) and white matter (Fig. 2C). DJ-1
label extended throughout the cell, including the cytoplasm, processes, and occasionally the
nucleus. In addition, rare pyramidal neurons displayed weak DJ-1 immunoreactivity (Fig. 2D)
and staining of cortical neuropil was also evident.
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In contrast to the distribution of DJ-1 in human cortex, P7C or P7F anti-DJ-1 antibodies
predominantly labeled neurons in rat brain (Fig. 2E-N). In the rat frontal cortex, the strongest
immunoreactivity was observed within layer V pyramidal neurons (Fig. 2E-G) and moderate
staining was present in neurons within layers II-III (Fig. 2E). A similar laminar distribution
was seen in other areas of rat cortex including parietal, temporal, and retrosplenial (data not
shown). In addition to the prominent staining of neurons, rare DJ-1-immunoreactive cells that
appeared to be cortical glia were also observed (Fig. 2H). DJ-1 immunostaining was also found
in rat striatum and substantia nigra. In the striatum, strong DJ-1 immunoreactivity was detected
in large interneurons and moderate immunoreactivity was seen in medium spiny neurons (Fig.
2I-K). In addition, there was robust immunostaining of the neuropil. In the substantia nigra
pars compacta and pars reticulata, neuronal perikarya and processes were enriched with DJ-1
immunoreactivity (Fig. 2L-M). The different patterns of DJ-1 immunostaining observed in
human and rat with the same anti-DJ-1 antibodies strongly suggest that there are species
differences in DJ-1 distribution in human versus rat brain.
To further confirm the specificity and cellular identity of the DJ-1 immunostaining, we
performed dual immunofluorescence confocal microscopy in rat brain. DJ-1 distribution
displayed substantial overlap with that of the neuronal marker NeuN in the regions examined,
including the cortex, substantia nigra, and striatum (Fig. 3A). We also observed that many
NeuN-immunoreactive neurons were not stained by DJ-1 antibodies, suggesting that the
observed DJ-1 neuronal staining is specific. We found that DJ-1 is expressed in tyrosine
hydroxylase-positive neurons in the substantia nigra pars compacta (Fig. 3B). In contrast, DJ-1
immunoreactivity showed very little overlap with the glial marker GFAP, although occasional
DJ-1 immunoreactive astrocytes were observed in the white matter (Fig. 4).
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Unfortunately, despite repeated attempts, double immunofluorescence labeling in human and
macaque brains was unsuccessful due to high levels of autofluorescence and other technical
difficulties. However, the morphologies of neurons and glia have been extensively described
(Fairen et al., 1977; Jones, 1975; Lund, 1973; Lund and Boothe, 1975; Peters and Jones,
1984a; Peters and Jones, 1984b; Takato and Goldring, 1979). These studies have established
criteria that allow for discrimination between several cell types, based on their unique
morphologies (e.g. size and shape of the cell body and radiating processes). As described above,
in human cortex, DJ-1 label was primarily observed in cells that exhibited characteristics of
astrocytes, such as a small, centrally located ovoid cell body that tapered into radiating
processes extending out into the neuropil (Fig. 2A and B). These were distinguishable from
the occasionally observed, weakly immunostained cells that displayed characteristics of
pyramidal neurons, including a conal, vertically elongated cell body with the hallmark largeapical dendrite extending towards the pial surface (Fig. 2C). The morphological analysis of
the immunohistochemical staining in human and rat brains, combined with the dual
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immunofluorescence labeling in rat brain, support species variation in the DJ-1 expression in
human versus rat brain.
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Differential DJ-1 expression in primate cortex versus substantia nigra and striatum
In an attempt to exclude the possibility that the observed differences between DJ-1 localization
in rat and human brains might be due to artifact resulting from fixation and/or post-mortem
interval, we performed immunostaining of the macaque brains. We found that the pattern of
DJ-1 expression in macaque cortex was very similar to that of human cortex (Fig. 5A). DJ-1
immunoreactivity was prevalent in glial cells in both gray matter (Fig. 5B) and white matter
(Fig. 5C). DJ-1 staining was also observed in neuropil and occasionally in some pyramidal
neurons (Fig. 5D).
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In contrast to the predominant glial expression of DJ-1 in macaque cortex, DJ-1
immunostaining was primarily neuronal in the macaque substantia nigra (Fig. 5H) and striatum
(Fig. 5E). We observed DJ-1-immunoreactive large interneurons (Fig. 5E) interspersed among
moderately stained medium spiny neurons in the striatum, (Fig. 5E and F). DJ-1 staining was
also present in striatal neuropil and infrequently found in glia (Fig. 5G). Moderate DJ-1
immunolabeling was also observed in neurons in the substantia nigra pars compacta (Fig. 4H)
and ventral tegmental area (Fig. 4I). Immunoreactivity was enriched in the neuronal perikarya
and the neuronal processes descending into the substantia nigra pars reticulata. In addition to
the nigral-striatal system, DJ-1 staining was also observed in neurons in other subcortical
regions, including the hippocampus, amygdala, and thalamus (data not shown).
The DJ-1 immunostaining in macaque brain reveals differential expression of DJ-1 protein in
the cortical versus subcortical regions. To determine if similar regional differences occur in
human brain, we performed immunohistochemical analysis of human striatum and substantia
nigra. In agreement with the DJ-1 distribution observed in the macaque (Fig. 5), DJ-1
immunoreactivity was primarily neuronal in the human subcortical regions examined (Fig. 6).
DJ-1 labeling was seen in neuromelanin-positive as well as neuromelanin-negative neurons in
the substantia nigra pars compacta (Fig. 6A and B) and reticulata (Fig. 6A and C). This finding
suggests that as in rat nigra (Fig. 2 and 3), DJ-1 is expressed in human dopaminergic neurons.
Similar to other PD-associated proteins, DJ-1 expression is not restricted to these dopaminergic
neurons (D'Agata et al., 2002;Gandhi et al., 2006;Hsu et al., 1998;Mori et al., 2002;Stichel et
al., 2000;Taymans et al., 2006). In addition, moderate DJ-1 immunoreactivity was seen within
the medium spiny neurons in the striatum (Fig. 6D). Together, these results reveal regional
differences in the distribution of DJ-1 protein in both human and macaque brains, and are the
first to show neuronal expression in the primate substantia nigra and striatum.
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DJ-1 is selectively enriched in primate striatal axons and synaptic compartments
Next, we used immunoelectron microscopy to determine the ultrastructural localization of DJ-1
in macaque brain. The striatum and prefrontal cortex were chosen for the ultrastructural
analysis because both regions receive extensive dopaminergic input (Ciliax et al., 1999).
Interestingly, nigrostriatal projections undergo selective degeneration in PD, whereas the
mesocortical projections are relatively unaffected. Immunoelectron microscopic analysis
revealed that in prefrontal cortex, DJ-1 immunoreactivity was predominantly found in glial
cells (Fig. 7A and B), which is consistent with the immunohistochemical results obtained at
the light microscopic level (Fig. 5A-C). DJ-1 immunoreactive glial processes were often
wrapped around asymmetric synaptic contacts between axon terminals and dendritic spines
(Fig. 7B). DJ-1 immunostaining was also commonly observed in neuronal dendrites (Fig. 7C
and D) and very rarely in axons, presynaptic terminals, and dendrites (Data not shown). In the
striatum, we most commonly observed DJ-1 label within axons (Fig. 8A and C). In addition,
DJ-1 label was also seen to a lesser extent in other neuronal profiles, including dendrites (Fig.
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8B and C), presynaptic terminals (Fig. 8D), dendritic spines (Fig. 8E), and glia (Fig. 8F).
Similar staining patterns were observed with both the P7C and P7F DJ-1 antibodies and no
immunoreactivity was observed in control sections processed in parallel when the primary
antibody was omitted, confirming the specificity of our observations (data not shown).
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To determine regional differences in the expression pattern of DJ-1, the relative distribution
of DJ-1 immunoreactive profiles (Fig. 9) was determined and compared using a chi-square
post-hoc analysis as described previously (Bordelon et al., 2005;Muly et al., 2004a;Muly et
al., 2004b;Pickel et al., 2006). In layer III of the prefrontal cortex, we imaged 545 profiles in
229 micrographs representing 1,397 μm2 and in the striatum we examined 657 profiles in 271
micrographs representing 1,654 μm2. The relative distribution of DJ-1 in the neuropil differed
significantly between the two regions (χ2 = 194.303; p < 0.0001). Post hoc testing revealed
that all five neuropil elements (axon, presynaptic terminal, dendrite, dendritic spine, and glia)
differed significantly between the striatum and prefrontal cortex, confirming our qualitative
observations. In the cortex relative to the striatum, DJ-1 was found more often in dendrites
(45.7% vs. 30.0%) and glia (38.9% vs. 15.7%). Conversely, in the striatum, DJ-1 was found
more frequently in spines (6.3% vs. 2.8%), presynaptic terminals (5.8% vs. 2.8%) and axons
(42.2% vs. 11.2%). These data reveal a profound difference between the neuropil distribution
of DJ-1 in the prefrontal cortex and striatum. Furthermore, the selective enrichment of DJ-1
protein in striatal axons, presynaptic terminals, and dendritic spines implies an important
physiological role for DJ-1 in striatal axonal and synaptic compartments.

DISCUSSION
Although inherited forms of PD are rare, studies of the familial PD gene products continue to
provide valuable insights into the pathogenic mechanisms underlying the idiopathic form of
PD. This is the first report of a direct comparison of the expression of familial PD-associated
protein DJ-1 in the human, macaque, and rat brains, and the first study to use electron
microscopy to explore the neuropil distribution of DJ-1. Our results have important
implications for understanding the role of DJ-1 in normal physiology and in PD pathogenesis.
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By using highly specific DJ-1 antibodies that recognize evolutionarily conserved epitopes, we
found that, in contrast to the strong neuronal expression in the rat cortex, DJ-1 is primarily
present in glia in human cortex, consistent with previous reports (Bandopadhyay et al., 2004;
Meulener et al., 2005; Miller et al., 2005; Neumann et al., 2004). One possibility that might
account for the observed differences between the DJ-1 expression in rat and human brains is
artifact resulting from fixation and/or post-mortem interval. However, the fact that similar
staining patterns were observed in both human and macaque brains strongly argues against this
possibility and supports species variation in the expression patterns of DJ-1. A second
possibility is that the DJ-1 distribution could be altered in aged human brain due to decreased
proteasomal function. Although we cannot rule out an indirect effect, previous studies from
our group and several others have found that wild-type DJ-1 does not undergo degradation by
the proteasome (Miller et al., 2003; Moore et al., 2003; Olzmann et al., 2004). In addition,
similar staining patterns were observed in all human (including a young case, age 34) and
macaque brains, which included both young and aged brains, arguing against proteasomal
deficit-induced accumulation of DJ-1. Unfortunately, additional young human cases were
unavailable for a more quantitative biochemical and immunohistochemical analysis of DJ-1
protein levels. Finally, the use of two distinct anti-DJ-1 antibodies (P7C and P7F) that recognize
both primate and rodent forms of DJ-1 protein provides strong support that the observed
differential expression in primate versus rat brain does not result from differences in epitopes,
but instead represents actual species differences in DJ-1 expression. This finding is interesting
given the reported differences between the primate and rodent dopaminergic systems (Berger
et al., 1991; Joel and Weiner, 2000).
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The molecular mechanism by which loss-of-function mutations in DJ-1 induces dopaminergic
neuronal degeneration is unclear. Our finding that in DJ-1 is expressed in neurons in subcortical
regions of human and non-human primate brain suggests that DJ-1 has the potential to act
directly within these susceptible neurons, instead of indirectly through regulation of
surrounding glia. Several studies have demonstrated the involvement of DJ-1 in the cellular
defense against oxidative stress (Kinumi et al., 2004; Martinat et al., 2004; Taira et al., 2004;
Yokota et al., 2003; Zhou and Freed, 2005) and there is substantial evidence implicating
oxidative stress in PD pathogenesis (Jenner, 2003). DJ-1 has also been shown to confer
protection against a myriad of oxidative insults, including hydrogen peroxide and 1-methyl-4phenylpyridinium (MPP+) (Canet-Aviles et al., 2004; Taira et al., 2004; Yokota et al., 2003).
Our results suggest that DJ-1 may be a key anti-oxidant in neurons.
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One of the most intriguing aspects of PD pathology is the selective vulnerability of nigrostriatal
dopaminergic neurons with respect to other dopaminergic nuclei. Although both the prefrontal
cortex and the striatum receive dopaminergic innervation, the striatum receives a far denser
projection and the input is from the substantia nigra pars compacta, which undergoes selective
and extensive neurodegeneration in PD (Moore, 2003; Seamans and Yang, 2004). In addition,
evidence suggests that dopaminergic neurodegeneration may begin with loss of striatal nerve
terminals and a ‘dying back’ process (Dauer and Przedborski, 2003). Our quantitative electron
microscopy study reveals a selective enrichment of DJ-1 protein in primate striatal axons,
presynaptic terminals, and dendritic spines compared with the prefrontal cortex. Recently,
Zhang et al. used qualitative post-embedding immunogold labeling and electron microscopy
to show DJ-1 label in the mitochondrial matrix (Zhang et al., 2005). Immunogold labeling has
the advantage of spatial resolution, but is less sensitive and is associated with increased noise
when compared to the immunoperoxidase labeling used in the present study (Muly et al.,
2004b). The experiments described in this paper are designed to identify the types of elements
that contain DJ-1, but not the precise localization of DJ-1 within those elements. Consequently,
the data presented here cannot speak to mitochondrial localization of DJ-1 in any significant
way, although we have observed DJ-1 labeled mitochondria in our immunostained primate
brain sections. The findings from our analysis of the neuropil distribution of DJ-1 support a
selective role for DJ-1 within primate striatum, possibly in the maintenance of presynaptic
axon integrity through reduction of cellular oxidative stress levels or through regulation of
dopaminergic signaling.
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In conclusion, our comprehensive analysis has revealed unexpected species as well as regional
differences in the distribution of DJ-1 protein in human, macaque, and rat brains. Our finding
that DJ-1 is selectively concentrated in striatal axons and presynaptic terminals suggests a role
for DJ-1 in dopaminergic neurotransmission or a neuroprotective function of DJ-1 at the striatal
terminals.
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Characterization of anti-DJ-1 antibodies by Western blot and immunohistochemical analysis.
(A) Equal amounts of homogenates (50 μg protein per lane) from wild-type (WT) mouse brain,
DJ-1 knockout (KO) mouse brain, rat brain, macaque cortex, and human cortex were separated
by SDS-PAGE and analyzed by immunoblotting (IB) with anti-DJ-1 antibodies P7C, P7F, or
SA100 (KAM-SA100, Stressgen) and anti-α-synuclein antibodies as indicated.
Immunoprecipitated HA-tagged human DJ-1 protein was used as a positive control. (B)
Homogenates of macaque cortex (50 μg protein per lane) were resolved by SDS-PAGE and
analyzed by immunoblotting. Anti-DJ-1 antibodies were preabsorbed for 2 h with 50 μg of
synthetic human DJ-1 carboxyl-terminal peptide (DJ-1 C-Peptide, amino acids 171−189) or
purified recombinant human DJ-1 (DJ-1 protein) as indicated, prior to immunoblotting. (C)
Immunohistochemical analysis of DJ-1 protein distribution in human cortical tissues using
P7C, P7F, or SA100 demonstrates similar labeling of astrocytes. Scale bar = 50 μm.
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Fig. 2.

Immunohistochemical analysis reveals species differences in the distribution of DJ-1 protein
in human versus rat brain. In the human brain (A-D), DJ-1 immunostaining was relatively
evenly distributed across all cortical layers (A). At higher magnification, DJ-1
immunoreactivity was observed in glia in human cortical gray matter (B) and white matter (C).
Very few neurons were labeled, but occasionally weak DJ-1 label was seen in human cortical
neurons (D). In the rat brain (E-N), intense DJ-1 immunostaining was observed in neurons
throughout the frontal cortex (E), with particularly strong label occurring in layer V. Neurons
were also strongly labeled in layer II (F). The hallmark apical dendrite of some pyramidal
neurons was visibly stained (G, arrowheads), and DJ-1 was also infrequently seen in cortical
J Comp Neurol. Author manuscript; available in PMC 2008 December 8.

OLZMANN et al.

Page 16

NIH-PA Author Manuscript

glia (H). DJ-1 immunoreactivity was present in neurons throughout the rat striatum (I-K) and
substantia nigra (L-N). At higher magnification, DJ-1 label was observed in the nucleus,
cytoplasm, and processes of neurons with layer V of the frontal cortex (G, arrowheads), the
striatum (J and K, arrowheads), substantia nigra pars compacta (M, arrowheads), and
substantia nigra pars reticulata (N, arrowheads). SNpc, substantia nigra pars compacta; SNpr,
substantia nigra pars reticulata. Scale bar = 20 μm in B-D, G, H, J, K, M, and N; 50 μm in F;
100 μm in A, E, I, and L.
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Fig. 3.

DJ-1 expression in dopaminergic neurons as well as in other neurons in rat brain. Rat brain
sections were double stained with anti-DJ-1 antibody and antibodies against NeuN or tyrosine
hydroxylase (TH) as indicated. DJ-1 label was observed in NeuN-immunoreactive neurons in
the cortex, striatum, and substantia nigra (A, arrowheads). In addition, DJ-1 antibodies stained
nigral, tyrosine hydroxylase-immunoreactive neurons (B, arrowheads). There are also many
NeuN-immunoreactive neurons that were not labeled by DJ-1 antibodies (A, open
arrowheads). DJ-1 immunostaining was occasionally observed in white matter glia, which
were unstained by NeuN antibodies (A, arrows). Superimposed images (overlay) demonstrate
the overlap in the expression patterns of DJ-1 with NeuN or TH. Scale bar = 50 μm.
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Fig 4.

Comparison of DJ-1 and GFAP immunostaining in rat brain by dual immunofluorescence
confocal microscopy. Rat brain sections were double stained with anti-DJ-1 and anti-GFAP
antibodies. DJ-1-immunoreactive cells in the cortex, striatum, and substantia nigra were not
labeled by GFAP antibodies (arrows). DJ-1 immunostaining was absent from most GFAPimmunoreactive astrocytes (open arrows), except occasional astrocytes in the white matter
(arrowheads). Superimposed images (overlay) show the distributions of these two proteins
and their overlap. Scale bar = 50 μm.
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Fig. 5.

DJ-1 is expressed in macaque nigral and striatal neurons. DJ-1 immunostaining was distributed
across all cortical layers within macaque frontal cortex (A). At higher magnification, DJ-1
immunoreactivity was found in glial cells in the cortical gray matter (B) and white matter (C),
as well as in some pyramidal neurons (D). The macaque striatum (E) displays intense DJ-1
immunostaining, with immunoreactivity in medium spiny neurons (F), large interneurons (E,
arrow), and some glial cells (G). DJ-1 immunostaining is also found in neurons in the substantia
nigra pars compacta and their processes (H) as well as in neuronal perikarya in the ventral
tegmental area (I). Scale bar = 20 μm in B-D, F, and G; 50 μm in E, H, and I; 100 μm in A.
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Fig. 6.

Immunohistochemical analysis reveals DJ-1 expression in human nigral and striatal neurons.
DJ-1 protein is expressed in neurons throughout the human substantia nigra (A). In the
substantia nigra pars compacta (B) and parts reticulata (C) DJ-1 immunostaining was observed
in the perikarya and neurites. At higher magnification, DJ-1 immunoreactivity can be seen in
neuromelanin-positive (D, arrowhead) as well as in neuromelanin-negative neurons (D). In
human striatum (E and F), DJ-1 protein appears to be moderately expressed in most medium
spiny neurons. Scale bar = 25 μm in D and F; 50 μm in E; 100 μm in B and C; 250 μm in A.
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Fig. 7.

Electron micrographs illustrating the localization of DJ-1 in the neuropil of macaque monkey
prefrontal cortex. DJ-1 label was primarily observed in glia (A and B, arrowheads) and
dendrites (C and D, arrows). Glial profiles were irregularly shaped and often wrapped around
asymmetric synaptic contacts. Some labeled dendritic profiles received asymmetric synaptic
contacts (D, arrowheads). Scale bar = 0.5 μm.
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Fig. 8.

Electron micrographs illustrating the localization of DJ-1 in the neuropil of macaque monkey
striatum. DJ-1 label was observed in all types of neuronal profiles, including axons (A and C,
arrowheads), dendrites (B and C, arrows), presynaptic terminals (D, arrowhead), dendritic
spines (E, arrowhead), and glia (F, arrowheads). Glial profiles were irregularly shaped and
often observed in close proximity to synapses. Scale bar = 0.5 μm.
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Fig. 9.

Quantitative analysis reveals a selective enrichment of DJ-1 protein in striatal axons,
presynaptic terminals, and dendritic spines compared to the cortical DJ-1 distribution.
Histograms show the relative distribution of DJ-1-immunreactive elements in the striatum (a
total of 615 DJ-1-labeled profiles collected from three monkeys) and in the prefrontal cortex
(a total of 584 labeled profiles collected from three monkeys). Chi-square analysis revealed a
significant difference between the distribution of DJ-1 in the striatum and prefrontal cortex.
Asterisk indicates statistically significant (p < 0.0001) difference in the number of DJ-1
immunoreactive profiles in the striatum versus that in the prefrontal cortex.
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Table I

Summary of human and monkey tissue used in this study
Sample No.

NIH-PA Author Manuscript

Human
Biochemical analyses
1
2
3
4
5
Immunohistochemical analyses
6
7
8
9
10
Monkey
Biochemical analyses
1
2
3
4
Immunohistochemical analyses
5
6
7
8

Age (yr)

Sex

PMIa(h)

74
68
65
75
87

Female
Female
Female
Female
Male

3
11
6
6
20.5

34
51
68
75
52

Female
Male
Female
Female
Female

22.5
22.5
11
6
3

3
1
1
1.3

Male
Male
Female
Male

0
0
0
0

2
2.1
6.6
14.8

Male
Female
Male
Female

0
0
0
0

NIH-PA Author Manuscript

a

PMI, post-mortem interval.
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