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Abstract: Idiopathic Parkinson’s disease (PD) is a complex disease caused by multiple, mainly
unknown, genetic and environmental factors. The Ventral root avulsion 1 (Vra1) locus on rat
chromosome 8 includes the Glutathione S-transferase alpha 4 (Gsta4) gene and has been identified
in crosses between Dark Agouti (DA) and Piebald Virol Glaxo (PVG) rat strains as being associated
to neurodegeneration after nerve and brain injury. The Gsta4 protein clears lipid peroxidation
by-products, a process suggested to being implicated in PD. We therefore investigated whether PVG
alleles in Vra1 are neuroprotective in a toxin-induced model of PD and if this effect is coupled to Gsta4.
We performed unilateral 6-hydroxydopamine (6-OHDA) partial lesions in the striatum and compared
the extent of neurodegeration in parental (DA) and congenic (DA.VRA1) rats. At 8 weeks after
6-OHDA lesion, DA.VRA1 rats displayed a higher density of remaining dopaminergic fibers in the
dorsolateral striatum compared to DA rats (44% vs. 23%, p < 0.01), indicating that Vra1 alleles derived
from the PVG strain protect dopaminergic neurons from 6-OHDA toxicity. Gsta4 gene expression
levels in the striatum and midbrain were higher in DA.VRA1 congenic rats compared to DA at 2 days
post-lesion (p < 0.05). The GSTA4 protein co-localized with astrocytic marker GFAP, but not with
neuronal marker NeuN or microglial marker IBA1, suggesting astrocyte-specific expression. This is
the first report on Vra1 protective effects on dopaminergic neurodegeneration and encourages further
studies on Gsta4 in relation to PD susceptibility.
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1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by the loss of
dopaminergic neurons in the substantia nigra pars compacta (SNpc) and a range of motor and non-motor
symptoms. Around 10% of PD cases are monogenic with a familial inheritance of specific mutations in
genes such as α-synuclein (SNCA) and Leucine-rich repeat kinase 2 (LRRK2) [1]. The remaining 90%
of PD cases are idiopathic, where the etiology is complex with a combination of several genetic and
environmental risk factors. In addition, gene-gene and gene-environment interactions influence the risk
for idiopathic PD, e.g., by affecting susceptibility to toxins [2,3]. Unidentified genetic risk factors were
recently estimated to account for 40% of the variation in PD risk [4]. Despite the identification of 24 risk
loci through meta-analysis of genome-wide association studies (GWAS) [5], there is still a large missing
heritability, i.e., unknown genetic risk factors, in PD [6].

One tool to identify genetic factors behind complex diseases is linkage analysis, an unbiased
method that links specific genetic regions to naturally occurring phenotypic variance across inbred
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rodent strains [7]. Once these genetic regions are identified, functional experimental analyses
can be used to examine the impact of these regions on disease processes. The Vra1 region was
originally identified by linkage analysis in a cross between inbred Dark Agouti (DA) and Piebald Virol
Glaxo (PVG.1AV1) rats as linked to neurodegeneration after ventral root avulsion (VRA) [8]. Rats
carrying PVG.1AV1 alleles in the Vra1 region were back-crossed multiple times to DA to create the
DA.VRA1 congenic strain, carrying PVG.1AV1 alleles in the neuroprotective Vra1 region on a DA strain
background. This strain was used to finely map Vra1, and several candidate genes were discovered [9].
A later study determined Glutathione S-transferase alpha 4 (Gsta4) as the strongest candidate gene
regulating neurodegeneration in response to VRA [10] and traumatic brain injury (TBI) in DA.VRA1
congenic rats [11].

GSTA4 is part of a large family of glutathione S-transferase (GST) isoenzymes, which are important
for cellular detoxification [12]. GSTs are divided in distantly related subgroups (class alpha, mu, pi,
sigma, and theta), and alpha class GSTs are among the most abundant in mammals [13]. GSTA4,
an alpha class GST, is involved in oxidative stress by clearing toxic lipid peroxidation by-products
such as 4-hydroxynonenal (HNE) through their conjugation to glutathione (GSH) [10]. Oxidative
stress mechanisms, including lipid peroxidation, are heavily implicated in several neurodegenerative
diseases, including PD, making GSTA4 an interesting target in relation to PD. In support of this,
HNE has been shown to be significantly elevated in PD brains, while GSH is reduced in the same
context [14–16]. Since GSTs are critical for clearance of HNE and maintenance of GSH, their activity
could be essential in slowing down disease progression.

6-hydroxydopamine (6-OHDA) a hydroxylated analogue of dopamine that is readily taken up
by dopaminergic cells and oxidized in the cytosol leading to oxidative stress mechanisms [17], is
widely used as a neurotoxin in PD research [18–20]. Intraparenchymal injections of 6-OHDA to
the brain specifically target the nigrostriatal pathway, making 6-OHDA a viable tool for studying
neurodegenerative processes, especially those related to PD and oxidative stress. Moreover, 6-OHDA
has been shown to increase the levels of HNE in the striatum of rodents, peaking 1 day after injury
and returning to baseline at 7 days post injury, suggesting a potentially protective role for GSTA4 in
the 6-OHDA PD model [21]. We therefore hypothesized that the Vra1 locus encoding Gsta4 in the
DA.VRA1 strain protects the nigrostriatal pathway after unilateral striatal 6-OHDA injections. To test
this hypothesis, we compared the extent of dopaminergic neurodegeneration in the striatum and SNpc
in DA and DA.VRA1 rats. We also analyzed Gsta4 gene expression levels and determined cell-type
specific GSTA4 protein expression. Our results show that PVG.1AV1 alleles in Vra1 are neuroprotective
in the 6-OHDA PD model, and suggest that this effect is mediated by increased GSTA4 expression
in astrocytes.

2. Materials and Methods

2.1. Experimental Design

All animals were housed 2–3 per cage and given ad libitum access to food and water during a 12 h
light/dark cycle. A cohort of 56 female rats was used in this study (28 DA and 28 DA.VRA1 congenics).
Founders for each strain, both of which are inbred, were bred and kindly provided by Professor Pielh
at the Karolinska Institutet, Stockholm, Sweden. The DA.VRA1 congenic rats were originally bred as
previously described [10]: male rats with PVG alleles in the Vra1 locus on chromosome (chr) 8 were
repeatedly backcrossed to the DA strain in order shorten the Vra1 fragment and reduce the number of
DA alleles outside Vra1 (RNO8; D8Rat24-D8Got132; 82.2–88.6 Mb) to <0.1% of the resulting DA.VRA1
congenic strain genome (Figure 1A). The rats were subjected to 6-OHDA lesion at 13 weeks of age,
corresponding to 200–220 g body weight. 12 DA, and 12 DA.VRA1 rats were sacrificed at 8 weeks
post-surgery for histological analysis, while 16 DA and 16 DA.VRA1 rats were sacrificed at 2 or 7 days
post-surgery for gene expression analysis. All procedures described were approved by the Ethical
Committee for the use of laboratory animals in the Lund/Malmö region.
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2.2. Surgical Procedure

Rats were anaesthetized with isofluorane (Apoteksbolaget, Stockholm, Sweden) and placed in
a stereotaxic frame with a flat-skull position. The top of the head was shaved, followed by a 0.2 mL s.c.
injection of Marcain (Apoteksbolaget, Stockholm, Sweden). After making a fine 5 mm cut down the
midline of the scalp, three small holes were drilled in the skull reaching the dura mater. Unilateral
injections of 6-OHDA (Sigma-Aldrich, Gillingham, UK) (3.5 mg/mL dissolved in a solution of 0.9%
saline with 0.02% ascorbic acid) were made in the dorsal striatum using a 10 µL Hamilton syringe fitted
with a glass capillary (outer diameter of 250 µm). Three injections of 2 µL each adding up to 21 µg
were performed at the following coordinates, given in mm relative to bregma and dural surface [22]:
(i) AP = +1.0, ML = −3.0, DV = −5.0; (ii) AP = −0.1, ML = −3.7; DV = −5.0; (iii) AP = −1.2, ML = −4.5,
DV = −5.0. Surgical clips were used for closing the incisions. After the procedure, 0.15 mL Metacam
(Apoteksbolaget, Stockholm, Sweden) was injected s.c. for post-operative analgesia. All animals were
then placed in clean cages on a heated pad for recovery.

2.3. Tissue Preparation and Histology

Animals for histological analysis were sacrificed 8 weeks post-surgery. Rats were sedated
by i.p. injection of 0.7 mL sodium pentobarbital (Apoteksbolaget, Stockholm, Sweden), before
being perfused through the ascending aorta with 100 mL saline (0.9% NaCl) at room temperature,
followed by 250 mL ice-cold paraformaldehyde (4% in pH 7.4 phosphate-buffered saline (PBS)).
Brains were removed and post-fixed in 4% paraformaldehyde (PFA) overnight, cryoprotected in
30% sucrose (in PBS, with 0.01% sodium azide), then sectioned coronally on a freezing microtome
(Microm HM 450, Thermo Scientific, Waltham, MA, USA) at 40 µm. Immunohistochemical stainings
were performed on free-floating sections at room temperature using a mouse anti-tyrosine hydroxylase
(TH) primary antibody (1:1000 Immunostar, Hudson, WI, USA). The SNpc sections were given an
initial antigen-retrieval incubation in Tris/EDTA (pH 9.0) at 80 ◦C for 45 min, washed in PBS before and
after. All sections were quenched with 3% H2O2/10% MetOH for 30 min, and then placed in a blocking
solution with 5% Normal Horse Serum (NHS) and 0.3% Triton-X-100 in PBS (PBS-T) for 1 h before
overnight primary antibody incubation. Following three washes in PBS-T, sections were incubated
with biotinylated secondary antibody (horse anti-mouse 1:200, Vector Laboratories, Burlingame,
CA, USA) for 1 h. This was followed by three PBS-T washes and a 30 min incubation with an
avidin-biotin peroxidase solution (ABC Elite, Vector Laboratories, Burlingame, CA, USA). After three
PBS washes, the antigen was visualized using 3,3′-diaminobenzidine-tetrahydrochloride-dihydrate
(DabSafe, Saveen Werner, Sweden) as a chromogen and washed three times in PBS. Stained sections
were mounted on glass slides, dehydrated with increasing concentrations of ethanol and pure xylene,
and finally coverslipped using DPX mounting medium (Sigma-Aldrich, Gillingham, UK).

Double immunofluorescence stainings were performed as described above without the
antigen retrieval and quenching steps. Blocking and primary antibody incubations were
performed with 10% normal donkey serum (NDS) in PBS-T. The primary antibodies used
were rabbit anti-GSTA4 (1:100 Antibodies-online GmbH, Aachen, Germany), mouse anti-GFAP
(1:1000 Santa Cruz, Santa Cruz, CA, USA), and anti-IBA1 (1:500 Synaptic Systems, Göttingen,
Germany), (NeuN 1:1000 Millipore, Billerica, MA, USA) and were incubated together at 4 ◦C, then
Cy-3 and Alexa 488-conjugated secondary antibodies (1:500 Jackson Immunoresearch, Suffolk, UK)
were incubated simultaneously for 1.5 h at room temperature. A short 10-min incubation in DAPI
(1:1000 Sigma-Aldrich, Gillingham, UK) was added as a last step. After mounting the sections
on glass slides and waiting 15–20 min for the sections to dry, the slides were coverslipped with
PVA-DABCO (Sigma-Aldrich, Gillingham, UK).
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2.4. Quantification of Dopaminergic Fiber Loss in the Striatum

Striatal TH+ fiber optical density (O.D.) was measured by image densitometry at three coronal
levels (+1.60, +0.70, −0.30 mm from bregma) of the dorsolateral (DL) striatum (striatum division
between DL and dorsomedial (DM) is shown in Figure 1B) using the ImageJ software (https:
//imagej.nih.gov NIH, USA). Each image was analyzed using the O.D. values obtained from the
Rodbard calibration curve after being transformed into 8-bit images (gray-scale). The software then
calculated the mean gray value based on the strength of the TH+ staining. The corpus callosum
O.D. values were used to correct for non-specific background staining. Pictures of the striatum
were taken at 2× magnification using a bright field microscope (Olympus BX53, Tokyo, Japan)
linked to a high-resolution camera (Olympus DP73, Tokyo, Japan) and cellSens Dimension software
(Olympus, Tokyo, Japan). The data is presented relative to the corresponding area from the intact side.
Of 24 animals, 4 were excluded from the analysis due to complications during surgery or with tissue
processing, leaving 11 DA, and 9 DA.VRA1 for quantification.

2.5. Quantification of Dopaminergic Cell Loss in SNpc

Dopaminergic neurons in the SNpc were quantified by stereology of TH+ cells according to the
optical fractionator principle as described previously [23]. Every fourth section (section sampling
fraction, ssf = 4) covering the full extent of the SNpc (−4.04 to −7.56 from bregma) was sampled for
analysis, yielding 10–12 sections per animal. The average mounted section thickness (h) was 24.1 µm
(±2.3) and no guard zones were used (thickness sampling fraction (tsf) = 1). Section thickness was
measured at every fourth site while counting, and the area-sampling fraction (asf) was on average 0.112.
Dissector volume (h*Aframe) was 86,400 mm3 on average, and the average number of dopaminergic
neurons counted in each individual was 210 (±41). A maximal Gundersen coefficient of error (CE) [24]
of 0.08 was accepted. For cells to be counted, we relied on the following criteria: the cell body had
to be clearly defined by the TH+ marker with a visible lighter-stained nucleus; if cells were too dark
and the nucleus was not clearly visible, they were still counted if the projections were distinctly
visible as being part of their respective cell bodies. Of 24 animals, 6 were excluded from the analysis
due to complications during surgery or with tissue processing, leaving 10 DA, and 8 DA.VRA1 for
quantification. When correlating stereological cell counts with fiber O.D., 10 DA and 7 DA.VRA1
animals were included.

2.6. Gene Expression Analysis

Animals were sedated and sacrificed as described above at 2 days or 7 days post-surgery.
Only 100 mL ice-cold saline was used for the perfusion step. Brains were quickly extracted and
placed with the ventral side up in a rat brain slice matrix on ice. Five coronal cuts separating the
forebrain and the midbrain from other brain areas were made with fine razor blades (3 cuts to extract
the striatum, 2 for the midbrain). Corresponding brain slices were placed on a glass plate on ice where
20–30 mg pieces of right and left striatum and ventral midbrain were dissected from the surrounding
tissue and placed in separate lysing matrix beaded tubes (MP Biomedicals, Burlingame, CA, USA).
The tubes were transferred to dry ice and subsequently stored at−80 ◦C. RNA isolation was performed
using the RNeasy Mini kit (Qiagen, Hilden, Germany), following the supplier’s protocol from steps 4
to 7. The first three steps were substituted by adding 600 µL Trizol (Life Technologies, Warrington,
UK) to each sample before a 20 s homogenization step with a FastPrep homogenizer (MP Biomedicals,
Burlingame, CA, USA). The samples were then transferred to a clean Eppendorf tube and resuspended
in 0.2 mL chloroform/mL Trizol, shaking vigorously, and centrifuged for 15 min at 12,000 g (4 ◦C).
RNA concentration was determined using NanoDrop (Thermo Scientific, Waltham, MA, USA).
Reverse Transcription was performed using the SuperScript® III First-Strand Synthesis System
(Invitrogen, Waltham, MA, USA) according to the manufacturer’s protocol. Quantitative Polymerase
Chain Reaction (qPCR) was conducted using the SSo Advanced Universal SYBR green Supermix
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(BioRad, Hercules, CA, USA) according to this protocol: 5 µL Supermix + 1 µL nuclease-free
H2O + 0.5 µL of each primer + 3 µL cDNA for each sample. Amplification was performed with
a 40 cycle, 3-step PCR protocol (1. 30 s at 95 ◦C; 2. 60 s at 64 ◦C; 3. 5 min at 68 ◦C) with the
following primers: Gsta4 (fw: GACCGTCCTGAAGTTCTAGTGA ,rev: TGCCTCTGGAATGCTCTGT),
gapdh (fw: CAACTCCCTCAAGATTGTCAGCAA, rev: GGCATGGACTGTGGTCATGA), and β-actin
(fw: AAGTCCCTCACCCTCCCAAAAG, rev: AAGCAATGCTGTCACCTTCCC).

2.7. Statistical Analysis

Statistical tests were performed using the GraphPad Prism software (version 6, La Jolla, CA, USA).
Stereology and densitometry differences between groups were analyzed using unpaired t-test;
statistical significance was set at p-value < 0.05 and values are expressed as mean ± standard
deviation (SD). Correlation analysis was performed using the Pearson correlation coefficient (r),
statistical significance was set at p-value < 0.05, and a 95% confidence interval was used. A one-way
analysis of variance (ANOVA) test was used to calculate gene expression differences between groups
at each time point. A two-way ANOVA was used to calculate gene expression differences between
two time-points within groups. Both ANOVAs were followed by post-hoc Bonferroni’s multiple
comparisons test.

3. Results

3.1. 6-OHDA Induces Less Dopaminergic Fiber Loss in DA.VRA1 Congenic Rats

We used the three-site unilateral striatal 6-OHDA model as previously described by
Kirik et al. [25]. This model was chosen since it has been shown to distribute the toxin throughout the
striatum and produce partial and progressive degeneration of dopaminergic fibers in the striatum
and cell bodies in the SNpc at 8 weeks after injections. Staining of the TH+ fibers in the striatum
showed that mainly the DL area was affected. The striatum was therefore subdivided into DL, the
area mainly innervated by the neurons of the SNpc sensory-motor innervation, and dorsomedial
(DM), which is mainly innervated by the ventral tegmental area (VTA) [26,27] (Figure 1B). Optical
densitometry measuring the remaining TH+ fibers of the ipsilateral (IL) compared to the contralateral
(CL) striatum showed a higher proportion of remaining TH+ fiber density in the IL DL striatum of
DA.VRA1 compared to DA rats. ({mean (SD)} 44 (18)% vs. 23 (13)%, p < 0.01, Figure 1C). PVG.1AV1
alleles in the Vra1 locus thus protected DA.VRA1 congenic rats from 6-OHDA induced loss of striatal
dopaminergic fibers.

3.2. Striatal Dopaminergic Fiber Loss Correlates to Cell Loss in SNpc

Stereological cell counts of TH+ neurons of the SNpc 8 weeks post 6-OHDA lesion showed
a reduction in dopaminergic cells in the SNpc IL to the striatal 6-OHDA lesion in both strains
(Figure 2A,B). There was no significant difference in cell loss between the strains, but a trend reflecting
the densitometry results was observed with DA.VRA1 animals displaying a milder lesion compared
to DA (49 (16)% vs. 39 (9)% TH+ cell survival, p = 0.052, Figure 2B). In individual rats, there was a
strong positive correlation between IL DL striatal TH+ fiber density and remaining dopaminergic
cells in the SNpc (p < 0.0001; r = 0.88, Figure 2C). Loss of dopaminergic fibers in the striatum thus
reflects the extent of dopaminergic neurodegeneration in both the DA and DA.VRA1 strain.
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Figure 1. The Vra1 locus confers protection of striatal dopaminergic fibers after 6-OHDA lesion.
(A) Breeding schematic for the DA.VRA1 congenic strain: PVG.1AV1 was back-crossed to DA 10 times
with selection on the Vra1 region; an intercross generated the homozygous DA.VRA1 congenic strain,
with >99.9% DA genome outside of the congenic fragment. (B) Representative pictures showing coronal
sections of the striatum from each strain stained for Tyrosine Hydroxylase (TH). Scale bar = 500 µm
The lesioned striatum is divided in two parts: DL, the region receiving most afferent projections from
the cells of the substantia nigra pars compacta, and DM. (C) Optical density (O.D.) quantification of
TH+ fibers in the lesioned DL relative to the intact DL striatum at 8 weeks post-surgery. DA.VRA1
rats display a higher density of TH+ fibers in the lesioned relative to intact DL striatum, suggesting
increased dopaminergic fiber survival compared to DA. Mean ± SD, ** p < 0.01 after an unpaired t-test.
(DA = Dark Agouti; DA.VRA1 = Vra1 congenic; DL = Dorsolateral; DM = Dorsomedial)
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Figure 2. Loss of dopaminergic cells in the SNpc 8 weeks after striatal 6-OHDA lesion. (A) Representative
images showing the loss of TH+ cells in SNpc of DA and DA.VRA1 rats. Delineated areas outline the
SN IL to the lesion. Scale bar = 500 µm. (B) Stereological quantification of TH+ neurons in the SNpc at
8 weeks post 6-OHDA lesion. Individual data points and mean ± SD are shown after unpaired t-test
(p = 0.052). (C) The Pearson correlation coefficient (r) shows that the percentage of remaining TH+ cells in
the SNpc strongly correlates with the density of TH+ fibers in the DL striatum on the IL side. (DA = Dark
Agouti; DA.VRA1 = Vra1 congenic; CL = Controlateral; IL = Ipsilateral)
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3.3. Gsta4 Expression is Increased in DA.VRA1 Rats 2 Days after 6-OHDA Lesion

Gsta4 is a transcript that has been reported as being strongly cis-regulated i.e., encoded and
transcriptionally regulated by Vra1 [10]. Gsta4 has been identified as the gene in the Vra1 locus
regulating the susceptibility to VRA and TBI [10,11]. We assessed the gene expression of Gsta4 in
the midbrain and striatum at 2 and 7 days after striatal 6-OHDA lesion. The two time points were
chosen based on previous studies showing that a glial response to 6-OHDA is evident 2 days after
lesion, while significant dopaminergic fiber loss is evident from 6 to 7 days after lesion [18,28,29].
The selected time points thus reflect a sub-acute and an early phase of the degenerative process in the
SNpc. At 2 days, we found a significantly higher expression of Gsta4 in both the IL and CL sides of
the striatum (Figure 3B) and midbrain (Figure 3B) of DA.VRA1 compared to DA rats (p < 0.05). There
were no differences in Gsta4 expression between the strains at 7 days (Figure S1a,b). Gsta4 expression
levels were higher at 2 days in both strains, and decreased at 7 days in the striatum (DA CL p < 0.01,
DA.VRA1 IL and CL p < 0.0001, Figure 3C) and midbrain (DA IL and CL p < 0.01, DA.VRA1 IL p <
0.01; CL p < 0.0001, Figure 3D).
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Figure 3. Gsta4 gene expression in the striatum and midbrain after striatal 6-OHDA lesion. At 2 days
post lesion, Gsta4 expression is significantly higher in DA.VRA1 compared to DA for both the ipsilateral
and the contralateral sides of the striatum (A) and midbrain (B). Gsta4 expression levels in the striatum
(C) and midbrain (D) are higher at 2 days compared to 7 days post lesion in both strains. p values
relate to the comparisons between 2 and 7 days for each specific strain and side. Gene expression
levels are related to the mean value for DA at the IL side. * p < 0.05 for (A) and (B) based on a one-way
ANOVA, mean± SD are shown. ** p < 0.01, **** p < 0.0001 for (C) and (D) based on a two-way ANOVA.
(DA = Dark Agouti; DA.VRA1 = Vra1 congenic; CL = Controlateral; IL = Ipsilateral)
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3.4. GSTA4 is Expressed by Astrocytes after 6-OHDA Lesion

To assess which cell type in the midbrain expresses GSTA4 protein after the 6-OHDA lesion,
we performed double fluorescence immunostaining with astrocytic (GFAP), microglial (IBA1), and
neuronal (NeuN) markers 8 weeks after 6-OHDA lesion (Figure 4).

In the IL midbrain, GSTA4 co-localized with GFAP (Figure 4A’) but not IBA1 (Figure 4B’) or
NeuN (Figure 4C’), reflecting astrocytic expression. The GSTA4 staining was predominantly seen in
the astrocytic cell soma (Figure 4A’). Similar results were seen for the CL midbrain and in the striatum
(Figure S2).

4. Discussion

Idiopathic PD is a complex disease, which means that both environmental and genetic factors
determine disease susceptibility. Environmental factors, such as exposure to pesticides or other toxins,
have been clearly identified as contributors to increasing the risk of developing PD [30,31]. Moreover,
differential responses to environmental factors are influenced by the interactions of multiple genes,
making risk factors more challenging to pinpoint [32]. Identification of genetic risk factors for complex
disorders like idiopathic PD can be hypothesis-driven, such as association studies of candidate genes
in clinical case-control materials or studies of transgenic animals. However, in order to perform an
unbiased search for disease-associated genes, GWAS or whole-genome linkage analyses are required.
In GWAS, millions of single-nucleotide polymorphisms (SNPs) are analyzed in large groups of patients
and controls. By meta-analysis of GWAS in PD, 24 loci including SNCA and LRRK2, which are also
involved in monogenic forms of PD, have been identified as genetic risk factors for idiopathic PD [5].

Linkage analysis is based on the co-segregation of specific genetic markers with a disease
phenotype, and identifies quantitative trait loci (QTLs) for a specific phenotype [7]. Linkage analysis
in mouse PD models have identified several QTLs linked to midbrain neurodegeneration [23,33,34]:
we recently performed linkage analysis in an F2 intercross between C57Bl/6N and Swiss-OF1-En1+/−
mice, identifying multiple QTLs linked to susceptibility of mice to midbrain neurodegeneration and
striatal fiber dysfunction [23]. Two previous studies of susceptibility to toxin-induced dopaminergic
neurodegeneration performed linkage analysis in N2 generations obtained from intercrossing and
subsequent back-crossing of C57Bl/6J to Swiss-Webster mice. The first study identified Mptp1, a locus
on chr 1 containing 66 known genes including presenilin 2 (Psen2) as conferring strain sensitivity
to the MPTP neurotoxin [33]. The second identified two QTLs, one on chromosome 5 and one on
chromosome 14 as linked to susceptibility to paraquat, a herbicide highly associated with PD risk [34].
One of the genes in the chromosome 5 QTL is the Gstm1 pseudogene, a member of the GST superfamily.

No QTL thus far has been identified in rat PD models, but susceptibility to neurodegeneration
has been studied in rats after the nerve injury VRA [9]. The QTL Vra1 on rat chromosome 8 was
identified as being linked to neuroprotection after VRA [9] and also shown to confer protection to
TBI [11]. In Vra1, Gsta4 was found to be the main candidate gene for conferring neuroprotection
through a cis-effect on gene expression, likely caused by polymorphisms within or near Gsta4 affecting
gene transcription [9–11]. GSTA4 regulates lipid peroxidation, and since there is evidence that lipid
peroxidation, and oxidative stress in general, are involved in PD [15,35–37], we hypothesized that
Vra1 would have a neuroprotective effect in PD. To test this hypothesis, we studied the response
to 6-OHDA-induced partial lesion of the rat nigrostriatal pathway in DA and DA.VRA1 congenic
rats [38].
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Figure 4. Expression of GSTA4 in midbrain astrocytes 8 weeks after striatal 6-OHDA lesion.
Immunofluorescent staining of GSTA4 combined with cell-specific markers for (A) astrocytes; GFAP,
(B) microglia; IBA1 and (C) neurons; NeuN. GSTA4 staining co-localized with GFAP (A’) but not IBA1
(B’) or NeuN (C’), suggesting astrocytic expression. (A–C) Pictures taken at 20×; scale bar = 20 µm.
(A’) Zoomed in 60× image showing co-localization, with GSTA4 mainly expressed in the soma. Scale
bar = 100 µm. (B’, C’) Pictures taken at 60×, scale bar = 100 µm. All markers were combined with
nuclear marker DAPI (blue).
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The 6-OHDA rat model has been extensively studied to mimic one of the main pathological
processes of PD: the loss of dopaminergic neurons and fibers in the nigrostriatal pathway.
The degenerative process is thought to be due to the accumulation of reactive oxygen species (ROS)
within the cells [18]. This model has two main variants depending on the target of injection of
the toxin: medial forebrain bundle (MFB), or caudate-putamen (CPu). The unilateral MFB lesion
has been the most targeted in pre-clinical research due to its strong efficacy in almost completely
destroying the nigrostriatal pathway. This type of lesion creates phenotypes that mirror very late
stages of PD in patients [28]. Both cognitive and motor behaviors can be readily studied thanks
to the complete impairment of the IL nigrostriatal pathway, but due to the extent of degeneration,
studying neuroprotective agents or alleles becomes close to impossible [25]. To study mild to moderate
parkinsonian phenotypes (early stage parkinsonism) and the effect of neuroprotective agents or alleles,
lesion of the dorsal striatum, which leads to a progressive degeneration of the nigrostriatal pathway,
is preferable [28]. Kirik et al. have established parameters for a stable unilateral 6-OHDA lesion of
the DL striatum with partial degeneration of the nigrostriatal pathway that leaves room for studying
the differences between strains at a histological level. The distribution of 21 µg 6-OHDA over three
sites in the CPu produced 60–65% dopaminergic fiber loss and about 50% dopaminergic cell loss in
the SNpc at 8 weeks post injection in adult Sprague Dawley rats [25]. This is similar to our results
from the DA.VRA1 strain (56% fiber loss and 51% cell loss), while we found an increased susceptibility
to 6-OHDA lesion in the DA strain (77% fiber loss and 61% cell loss). Whether the DA.VRA1 and
Sprague Dawley rat strains both express higher levels of GSTA4 compared to DA, or if other factors
underlie the difference between Sprague Dawley and DA rats remain to be answered. It should be
pointed out that Kirik et al. found similar levels of dopaminergic degeneration already at 3 weeks
post injection with this protocol, but the extent of degeneration was shown to be close to 10% higher
at 8 weeks, indicating that loss of nigral neurons is still progressing within that time. Another point
in favor of the 8-week time point comes from results obtained by Sauer and Oertel [39]. They found
no significant differences in nigral TH immunoreactivity at 8 weeks compared to 4 weeks, but they
did see differences at those time points when marking nigral neurons with Fluorogold retrograde
tracer, which they argue is more indicative of the accurate nigral cell number. Since a study of this
type has never been done on DA rats, and given the results from studies just mentioned, we opted for
the longer post-injection period to detect possible neuroprotective effects in the DA.VRA1 rats.

Our results thus show that compared to DA, PVG alleles in the Vra1 locus protect DA.VRA1
congenic rats from loss of dopaminergic fibers in the striatum after unilateral striatal 6-OHDA injections.
The DA.VRA1 strain displayed an almost 2-fold higher striatal dopaminergic fiber density compared
to the DA strain at 8 weeks after 6-OHDA lesion. A similar trend of neuroprotection in the DA.VRA1
congenic strain was found for stereological cell counts of TH+ neurons in the SNpc, with a higher
proportion of surviving cells in the congenic strain. Although there was a strong correlation between
striatal fiber density and dopaminergic cell numbers in the SNpc, there were only significant differences
between the two strains in striatal fiber density and not for nigral cell counts. This could be due to
GSTA4 affecting an ongoing degenerative process that starts at dopaminergic projections in the
striatum, and has a delayed, retrograde effect on cell somas in the SNpc. Studying strain differences in
nigral dopaminergic cell counts at additional, and later, time point would be required to confirm this.

To further investigate the neuroprotective effects seen on striatal dopaminergic fibers in the
DA.VRA1 congenic strain, we analyzed mRNA expression of Gsta4, the candidate gene from the
Vra1 locus shown to confer neuroprotection after VRA and TBI. Gsta4 plays an important role in
GSH metabolism, which is heavily involved in clearing of oxidative stress and lipid peroxidation
products [40]. One of the lipid peroxidation by-products, HNE, has been found to be elevated in PD
patients [16]. Ström et al. found the highest levels of Gsta4 expression between 1 and 5 days after
nerve injury in DA and PVG.1AV1 rats [10]. To investigate the role of Gsta4 in the 6-OHDA model,
we analyzed gene expression at 2 and 7 days post lesion. Our results show that Gsta4 expression is
higher in both IL and CL striatum and midbrain of DA.VRA1 compared to DA rats at 2 days post
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6-OHDA lesion. However, the difference in gene expression of Gsta4 between DA.VRA1 and DA rats
is smaller (1.3–1.5 fold at 2 days) compared to that seen after nerve injury (3 fold at 5 days). We did not
observe any strain differences in Gsta4 expression levels at 7 days after 6-OHDA lesion, suggesting that
GSTA4 exerts its neuroprotective effects within the first days after 6-OHDA lesion. This is supported
by previous studies, showing high levels of striatal free radical species already at 25 min post lesion,
which drop to control levels 7 days after 6-OHDA lesion [38], and increased HNE levels at 1 day post
6-OHDA injection [21].

The Vra1 locus in the DA.VRA1 congenic strain used here is flanked by the two genomic markers
D8Rat26 (79.35 Mb) and D8Rat75 (89.56 Mb). Expression-QTL analysis showed that Gsta4 expression
displayed by far the strongest linkage to both markers [10]. A few additional cis-regulated transcripts
were identified as mapping to one of the two markers at p < 0.01, but are located outside the Vra1
fragment. This means they have the same alleles in the DA and DA.VRA1 strains and are therefore
discarded as possible candidates for the observed neuroprotective phenotype in VRA, TBI and 6-OHDA
lesion. The expression-QTL analysis also revealed several transcripts trans-regulated by both markers,
including urocortin (Ucn), dual oxidase 1 (Duox1), copine 6 (Cpne6), and chemokine ligand 2 (Ccl2) [10].
Of these, Duox1 and Ccl2 are the most relevant for studying susceptibility to neurodegeneration; Duox1,
encodes the enzyme Dual oxidase 1, which is involved in the production of ROS, and thus belongs
to the same pathway as 4-HNE [10]; Ccl2 plays a crucial role in the activation of monocytes and
microglia, and has been found to be upregulated in an MPTP PD model [41]. Some significant (p < 0.01
cutoff) transcripts were found as being trans-regulated by only one of the markers: Kif11, Tap2, Hoxc11,
RGD1560859 (Asprv1), and LOC100360609 (Olfr1055). Kif11 (known as Eg5 in humans) is a member of
the kinesin family involved in mitotic spindle formation; a recent study has shown that Eg5 expression
levels are regulated by Parkin, which is an E3 ubiquitin ligase heavily involved in PD [42]. Therefore,
several other genes may be involved in determining the neuroprotective effects conferred by Vra1 and
should thus be taken into consideration for future PD susceptibility studies. The Gsta4-null mouse,
generated by Engel et al. [43], has been used by several studies to better understand the role of Gsta4
in oxidative stress mechanisms [43–46]. In one of these studies in particular, McElhanon et al. [44]
found that the Gsta4-null mouse embryonic fibroblasts (MEF) are more sensitive to the PD-associated
toxin paraquat.

There are some conflicting reports on the cellular localization of GSTA4 in the CNS. A study in
Alzheimer’s disease patient tissue found GSTA4 expressed in neurons and in blood vessels [47]. In rats,
GSTA4 has been found in motorneurons of the ventral horn of the spinal cord after VRA [10] and in
astrocytes in the cerebellum and neocortex [12]. We found GSTA4 expression in astrocytes both in the
striatum and in the SNpc, but not in microglia or neurons at 8 weeks post 6-OHDA lesions. Astrocytes
play a pivotal role in the clearing of oxidative stress products and therefore neuroprotection [48].
Astrocytes also have a very high activity of GSH, which uses GSTA4 to degrade HNE [49,50]. One
mechanism by which astrocytes might be neuroprotective is through the release of GSH by astrocytes
to neurons, which has been seen after nitric oxide (NO) exposure to astrocytes in vitro [50]. A question
remaining to be answered is whether the strain differences in Gsta4 expression observed here affect
the metabolism of the 6-OHDA toxin or have later, neuroprotective actions. However, since oxidative
stress, toxins, and pesticide exposure all have been shown to be involved in the pathogenesis of PD,
GSTA4 and associated proteins are interesting candidates for both genetic analyses and as therapeutic
targets. We chose to perform quantitative analyses on gene expression within the first week after lesion
due to reports on increased Gsta4 expression within days after injury [10], while cellular localization of
GSTA4 was performed at time point chosen for histological analysis, 8 weeks post lesion. This leaves
room for discussion on whether Gsta4 gene expression and GSTA4 protein localization are altered
between early and late time points after the 6-OHDA lesion. In a future perspective involving clinical
applications of these findings, the later, 8-week time point, which reflects a loss of dopamingeric
neurons comparable to that of newly diagnosed to moderately affected PD patients, is of prime interest.
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Thus, future studies on the effects of astrocytic Gsta4 expression on moderate to advanced stages of the
neurodegenerative process could lead to new neuroprotective strategies.

In conclusion, our results identify Gsta4 as an important factor regulating dopaminergic
susceptibility to striatal 6-OHDA lesion. This makes GSTA4 highly relevant to study further in
regards to the etiology and pathophysiology of PD.

Supplementary Materials: The following are available online at www.mdpi.com/link/2076-3425/7/7/73/s1,
Figure S1: Gsta4 gene expression in the striatum and midbrain 7 days after striatal 6-OHDA lesion, Figure S2:
Expression of GSTA4 in striatal astrocytes 8 weeks after 6-OHDA lesion.

Acknowledgments: The study was supported by the following foundations: Crafoordska Stiftelsen, Kungliga Fysiografiska
Sällskapet Nilsson-Ehle fonderna, Greta och Johan Kocks Stiftelser, Stiftelsen Lars Hiertas Minne, Magnus Bergvalls Stiftelse,
Segerfalk's stiftelse, Thelma Zoégas stiftelse, Tore Nilsons Stiftelse, and Tesdorpf’s Stiftelse.

Author Contributions: M.J. and M.S. conceived and designed the experiments; M.J. and I.J.-F. performed the
experiments; M.J. analyzed the data; M.J. and M.S. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Klein, C.; Westenberger, A. Genetics of parkinson’s disease. Cold Spring Harb. Perspect. Med. 2012, 2.
[CrossRef] [PubMed]

2. Sveinbjornsdottir, S. The clinical symptoms of parkinson’s disease. J. Neurochem. 2016, 139, 318–324.
[CrossRef] [PubMed]

3. Ryan, S.D.; Dolatabadi, N.; Chan, S.F.; Zhang, X.; Akhtar, M.W.; Parker, J.; Soldner, F.; Sunico, C.R.; Nagar, S.;
Talantova, M.; et al. Isogenic human ipsc parkinson’s model shows nitrosative stress-induced dysfunction in
mef2-pgc1alpha transcription. Cell 2013, 155, 1351–1364. [CrossRef] [PubMed]

4. Hamza, T.H.; Payami, H. The heritability of risk and age at onset of parkinson’s disease after accounting for
known genetic risk factors. J. Hum. Genet. 2010, 55, 241–243. [CrossRef] [PubMed]

5. Nalls, M.A.; Pankratz, N.; Lill, C.M.; Do, C.B.; Hernandez, D.G.; Saad, M.; DeStefano, A.L.; Kara, E.; Bras, J.;
Sharma, M.; et al. Large-scale meta-analysis of genome-wide association data identifies six new risk loci for
parkinson’s disease. Nat. Genet. 2014, 46, 989–993. [CrossRef] [PubMed]

6. Keller, M.F.; Saad, M.; Bras, J.; Bettella, F.; Nicolaou, N.; Simon-Sanchez, J.; Mittag, F.; Buchel, F.; Sharma, M.;
Gibbs, J.R.; et al. Using genome-wide complex trait analysis to quantify ‘missing heritability’ in parkinson’s
disease. Hum. Mol. Genet. 2012, 21, 4996–5009. [CrossRef] [PubMed]

7. Wayne, M.; Miles, C. Quantitative trai locus (qtl) analysis. Nat. Educ. 2008, 1, 208.
8. Lidman, O.; Swanberg, M.; Horvath, L.; Broman, K.W.; Olsson, T.; Piehl, F. Discrete gene loci regulate

neurodegeneration, lymphocyte infiltration, and major histocompatibility complex class ii expression in the
cns. J. Neurosci. Off. J. Soc. Neurosci. 2003, 23, 9817–9823.

9. Swanberg, M.; Harnesk, K.; Strom, M.; Diez, M.; Lidman, O.; Piehl, F. Fine mapping of gene regions
regulating neurodegeneration. PLoS ONE 2009, 4, e5906. [CrossRef] [PubMed]

10. Strom, M.; Al Nimer, F.; Lindblom, R.; Nyengaard, J.R.; Piehl, F. Naturally occurring genetic variability in
expression of gsta4 is associated with differential survival of axotomized rat motoneurons. Neuromol. Med.
2012, 14, 15–29. [CrossRef] [PubMed]

11. Al Nimer, F.; Strom, M.; Lindblom, R.; Aeinehband, S.; Bellander, B.M.; Nyengaard, J.R.; Lidman, O.; Piehl, F.
Naturally occurring variation in the glutathione-s-transferase 4 gene determines neurodegeneration after
traumatic brain injury. Antioxid. Redox Signal. 2013, 18, 784–794. [CrossRef] [PubMed]

12. Martinez-Lara, E.; Siles, E.; Hernandez, R.; Canuelo, A.R.; Luisa del Moral, M.; Jimenez, A.; Blanco, S.;
Lopez-Ramos, J.C.; Esteban, F.J.; Pedrosa, J.A.; et al. Glutathione s-transferase isoenzymatic response to
aging in rat cerebral cortex and cerebellum. Neurobiol. Aging 2003, 24, 501–509. [CrossRef]

13. Hayes, J.D.; Pulford, D.J. The glutathione s-transferase supergene family: Regulation of gst and the
contribution of the isoenzymes to cancer chemoprotection and drug resistance. Crit. Rev. Biochem. Mol. Biol.
1995, 30, 445–600. [CrossRef] [PubMed]

www.mdpi.com/link/2076-3425/7/7/73/s1
http://dx.doi.org/10.1101/cshperspect.a008888
http://www.ncbi.nlm.nih.gov/pubmed/22315721
http://dx.doi.org/10.1111/jnc.13691
http://www.ncbi.nlm.nih.gov/pubmed/27401947
http://dx.doi.org/10.1016/j.cell.2013.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24290359
http://dx.doi.org/10.1038/jhg.2010.13
http://www.ncbi.nlm.nih.gov/pubmed/20203693
http://dx.doi.org/10.1038/ng.3043
http://www.ncbi.nlm.nih.gov/pubmed/25064009
http://dx.doi.org/10.1093/hmg/dds335
http://www.ncbi.nlm.nih.gov/pubmed/22892372
http://dx.doi.org/10.1371/journal.pone.0005906
http://www.ncbi.nlm.nih.gov/pubmed/19526058
http://dx.doi.org/10.1007/s12017-011-8164-8
http://www.ncbi.nlm.nih.gov/pubmed/22160604
http://dx.doi.org/10.1089/ars.2011.4440
http://www.ncbi.nlm.nih.gov/pubmed/22881716
http://dx.doi.org/10.1016/S0197-4580(02)00139-2
http://dx.doi.org/10.3109/10409239509083491
http://www.ncbi.nlm.nih.gov/pubmed/8770536


Brain Sci. 2017, 7, 73 13 of 14

14. Yoritaka, A.; Hattori, N.; Uchida, K.; Tanaka, M.; Stadtman, E.R.; Mizuno, Y. Immunohistochemical detection
of 4-hydroxynonenal protein adducts in parkinson disease. Proc. Natl. Acad. Sci. USA 1996, 93, 2696–2701.
[CrossRef] [PubMed]

15. Castellani, R.J.; Perry, G.; Siedlak, S.L.; Nunomura, A.; Shimohama, S.; Zhang, J.; Montine, T.; Sayre, L.M.;
Smith, M.A. Hydroxynonenal adducts indicate a role for lipid peroxidation in neocortical and brainstem
lewy bodies in humans. Neurosci. Lett. 2002, 319, 25–28. [CrossRef]

16. Selley, M.L. (e)-4-hydroxy-2-nonenal may be involved in the pathogenesis of parkinson’s disease. Free Radic.
Biol. Med. 1998, 25, 169–174. [CrossRef]

17. Tieu, K. A guide to neurotoxic animal models of parkinson’s disease. Cold Spring Harb. Perspect. Med. 2011,
1, a009316. [CrossRef] [PubMed]

18. Glinka, Y.; Gassen, M.; Youdim, M.B. Mechanism of 6-hydroxydopamine neurotoxicity. J. Neural Transm. Suppl.
1997, 50, 55–66. [PubMed]

19. Lee, C.S.; Sauer, H.; Bjorklund, A. Dopaminergic neuronal degeneration and motor impairments following
axon terminal lesion by instrastriatal 6-hydroxydopamine in the rat. Neuroscience 1996, 72, 641–653.
[CrossRef]

20. Cannon, J.R.; Greenamyre, J.T. Neurotoxic in vivo models of parkinson’s disease recent advances.
Prog. Brain Res. 2010, 184, 17–33. [PubMed]

21. Smith, M.P.; Cass, W.A. Oxidative stress and dopamine depletion in an intrastriatal 6-hydroxydopamine
model of parkinson’s disease. Neuroscience 2007, 144, 1057–1066. [CrossRef] [PubMed]

22. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 6th ed.; Academic Press: Cambridge, MA,
USA, 2007.

23. Kurowska, Z.; Jewett, M.; Brattas, P.L.; Jimenez-Ferrer, I.; Kenez, X.; Bjorklund, T.; Nordstrom, U.; Brundin, P.;
Swanberg, M. Identification of multiple qtls linked to neuropathology in the engrailed-1 heterozygous mouse
model of parkinson’s disease. Sci. Rep. 2016, 6, 31701. [CrossRef] [PubMed]

24. Gundersen, H.J.; Jensen, E.B.; Kieu, K.; Nielsen, J. The efficiency of systematic sampling in stereology—
Reconsidered. J. Microsc. 1999, 193, 199–211. [CrossRef] [PubMed]

25. Kirik, D.; Rosenblad, C.; Bjorklund, A. Characterization of behavioral and neurodegenerative changes
following partial lesions of the nigrostriatal dopamine system induced by intrastriatal 6-hydroxydopamine
in the rat. Exp. Neurol. 1998, 152, 259–277. [CrossRef] [PubMed]

26. Bjorklund, A.; Dunnett, S.B. Dopamine neuron systems in the brain: An update. Trends Neurosci. 2007, 30,
194–202. [CrossRef] [PubMed]

27. Voorn, P.; Vanderschuren, L.J.; Groenewegen, H.J.; Robbins, T.W.; Pennartz, C.M. Putting a spin on the
dorsal-ventral divide of the striatum. Trends Neurosci. 2004, 27, 468–474. [CrossRef] [PubMed]

28. Deumens, R.; Blokland, A.; Prickaerts, J. Modeling parkinson’s disease in rats: An evaluation of 6-ohda
lesions of the nigrostriatal pathway. Exp. Neurol. 2002, 175, 303–317. [CrossRef] [PubMed]

29. Rodriguez-Pallares, J.; Parga, J.A.; Munoz, A.; Rey, P.; Guerra, M.J.; Labandeira-Garcia, J.L. Mechanism
of 6-hydroxydopamine neurotoxicity: The role of nadph oxidase and microglial activation in
6-hydroxydopamine-induced degeneration of dopaminergic neurons. J. Neurochem. 2007, 103, 145–156.
[CrossRef] [PubMed]

30. Kieburtz, K.; Wunderle, K.B. Parkinson’s disease: Evidence for environmental risk factors. Mov. Disord. Off.
J. Mov. Disord. Soc. 2013, 28, 8–13. [CrossRef] [PubMed]

31. Warner, T.T.; Schapira, A.H. Genetic and environmental factors in the cause of parkinson’s disease.
Ann. Neurol. 2003, 53, S16–S23. [CrossRef] [PubMed]

32. Plomin, R.; Owen, M.J.; McGuffin, P. The genetic basis of complex human behaviors. Science 1994, 264,
1733–1739. [CrossRef] [PubMed]

33. Cook, R.; Lu, L.; Gu, J.; Williams, R.W.; Smeyne, R.J. Identification of a single qtl, mptp1, for susceptibility
to mptp-induced substantia nigra pars compacta neuron loss in mice. Brain Res. Mol. Brain Res. 2003, 110,
279–288. [CrossRef]

34. Jiao, Y.; Lu, L.; Williams, R.W.; Smeyne, R.J. Genetic dissection of strain dependent paraquat-induced
neurodegeneration in the substantia nigra pars compacta. PLoS ONE 2012, 7, e29447. [CrossRef] [PubMed]

35. Zarkovic, K. 4-hydroxynonenal and neurodegenerative diseases. Mol. Asp. Med. 2003, 24, 293–303. [CrossRef]

http://dx.doi.org/10.1073/pnas.93.7.2696
http://www.ncbi.nlm.nih.gov/pubmed/8610103
http://dx.doi.org/10.1016/S0304-3940(01)02514-9
http://dx.doi.org/10.1016/S0891-5849(98)00021-5
http://dx.doi.org/10.1101/cshperspect.a009316
http://www.ncbi.nlm.nih.gov/pubmed/22229125
http://www.ncbi.nlm.nih.gov/pubmed/9120425
http://dx.doi.org/10.1016/0306-4522(95)00571-4
http://www.ncbi.nlm.nih.gov/pubmed/20887868
http://dx.doi.org/10.1016/j.neuroscience.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17110046
http://dx.doi.org/10.1038/srep31701
http://www.ncbi.nlm.nih.gov/pubmed/27550741
http://dx.doi.org/10.1046/j.1365-2818.1999.00457.x
http://www.ncbi.nlm.nih.gov/pubmed/10348656
http://dx.doi.org/10.1006/exnr.1998.6848
http://www.ncbi.nlm.nih.gov/pubmed/9710526
http://dx.doi.org/10.1016/j.tins.2007.03.006
http://www.ncbi.nlm.nih.gov/pubmed/17408759
http://dx.doi.org/10.1016/j.tins.2004.06.006
http://www.ncbi.nlm.nih.gov/pubmed/15271494
http://dx.doi.org/10.1006/exnr.2002.7891
http://www.ncbi.nlm.nih.gov/pubmed/12061862
http://dx.doi.org/10.1111/j.1471-4159.2007.04699.x
http://www.ncbi.nlm.nih.gov/pubmed/17573824
http://dx.doi.org/10.1002/mds.25150
http://www.ncbi.nlm.nih.gov/pubmed/23097348
http://dx.doi.org/10.1002/ana.10487
http://www.ncbi.nlm.nih.gov/pubmed/12666095
http://dx.doi.org/10.1126/science.8209254
http://www.ncbi.nlm.nih.gov/pubmed/8209254
http://dx.doi.org/10.1016/S0169-328X(02)00659-9
http://dx.doi.org/10.1371/journal.pone.0029447
http://www.ncbi.nlm.nih.gov/pubmed/22291891
http://dx.doi.org/10.1016/S0098-2997(03)00024-4


Brain Sci. 2017, 7, 73 14 of 14

36. Mosley, R.L.; Benner, E.J.; Kadiu, I.; Thomas, M.; Boska, M.D.; Hasan, K.; Laurie, C.; Gendelman, H.E.
Neuroinflammation, oxidative stress and the pathogenesis of parkinson’s disease. Clin. Neurosci. Res. 2006,
6, 261–281. [CrossRef] [PubMed]

37. Blesa, J.; Trigo-Damas, I.; Quiroga-Varela, A.; Jackson-Lewis, V.R. Oxidative stress and parkinson’s disease.
Front. Neuroanat. 2015, 9, 91. [CrossRef] [PubMed]

38. Henze, C.; Earl, C.; Sautter, J.; Schmidt, N.; Themann, C.; Hartmann, A.; Oertel, W.H. Reactive oxidative and
nitrogen species in the nigrostriatal system following striatal 6-hydroxydopamine lesion in rats. Brain Res.
2005, 1052, 97–104. [CrossRef] [PubMed]

39. Sauer, H.; Oertel, W.H. Progressive degeneration of nigrostriatal dopamine neurons following intrastriatal
terminal lesions with 6-hydroxydopamine: A combined retrograde tracing and immunocytochemical study
in the rat. Neuroscience 1994, 59, 401–415. [CrossRef]

40. Schulz, J.B.; Lindenau, J.; Seyfried, J.; Dichgans, J. Glutathione, oxidative stress and neurodegeneration.
Eur. J. Biochem. 2000, 267, 4904–4911. [CrossRef] [PubMed]

41. Kalkonde, Y.V.; Morgan, W.W.; Sigala, J.; Maffi, S.K.; Condello, C.; Kuziel, W.; Ahuja, S.S.; Ahuja, S.K.
Chemokines in the mptp model of parkinson’s disease: Absence of ccl2 and its receptor ccr2 does not protect
against striatal neurodegeneration. Brain Res. 2007, 1128, 1–11. [CrossRef] [PubMed]

42. Liu, M.; Aneja, R.; Sun, X.; Xie, S.; Wang, H.; Wu, X.; Dong, J.T.; Li, M.; Joshi, H.C.; Zhou, J. Parkin regulates
eg5 expression by hsp70 ubiquitination-dependent inactivation of c-jun nh2-terminal kinase. J. Biol. Chem.
2008, 283, 35783–35788. [CrossRef] [PubMed]

43. Engle, M.R.; Singh, S.P.; Czernik, P.J.; Gaddy, D.; Montague, D.C.; Ceci, J.D.; Yang, Y.; Awasthi, S.;
Awasthi, Y.C.; Zimniak, P. Physiological role of mgsta4-4, a glutathione s-transferase metabolizing
4-hydroxynonenal: Generation and analysis of mgsta4 null mouse. Toxicol. Appl. Pharmacol. 2004, 194,
296–308. [CrossRef] [PubMed]

44. McElhanon, K.E.; Bose, C.; Sharma, R.; Wu, L.; Awasthi, Y.C.; Singh, S.P. Gsta4 null mouse embryonic
fibroblasts exhibit enhanced sensitivity to oxidants: Role of 4-hydroxynonenal in oxidant toxicity.
Open J. Apoptosis. 2013, 2. [CrossRef] [PubMed]

45. Boerma, M.; Singh, P.; Sridharan, V.; Tripathi, P.; Sharma, S.; Singh, S.P. Effects of local heart irradiation in a
glutathione s-transferase alpha 4-null mouse model. Radiat. Res. 2015, 183, 610–619. [CrossRef] [PubMed]

46. Singh, S.P.; Niemczyk, M.; Saini, D.; Sadovov, V.; Zimniak, L.; Zimniak, P. Disruption of the mgsta4 gene
increases life span of c57bl mice. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2010, 65, 14–23. [CrossRef] [PubMed]

47. Desmots, F.; Rissel, M.; Loyer, P.; Turlin, B.; Guillouzo, A. Immunohistological analysis of glutathione
transferase a4 distribution in several human tissues using a specific polyclonal antibody. J. Histochem.
Cytochem. Off. J. Histochem. Soc. 2001, 49, 1573–1580. [CrossRef] [PubMed]

48. Wilson, J.X. Antioxidant defense of the brain: A role for astrocytes. Can. J. Physiol. Pharmacol. 1997, 75,
1149–1163. [CrossRef] [PubMed]

49. Sagara, J.I.; Miura, K.; Bannai, S. Maintenance of neuronal glutathione by glial cells. J. Neurochem. 1993, 61,
1672–1676. [CrossRef] [PubMed]

50. Heales, S.J.; Lam, A.A.; Duncan, A.J.; Land, J.M. Neurodegeneration or neuroprotection: The pivotal role of
astrocytes. Neurochem. Res. 2004, 29, 513–519. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cnr.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/18060039
http://dx.doi.org/10.3389/fnana.2015.00091
http://www.ncbi.nlm.nih.gov/pubmed/26217195
http://dx.doi.org/10.1016/j.brainres.2005.06.020
http://www.ncbi.nlm.nih.gov/pubmed/16005444
http://dx.doi.org/10.1016/0306-4522(94)90605-X
http://dx.doi.org/10.1046/j.1432-1327.2000.01595.x
http://www.ncbi.nlm.nih.gov/pubmed/10931172
http://dx.doi.org/10.1016/j.brainres.2006.08.041
http://www.ncbi.nlm.nih.gov/pubmed/17126305
http://dx.doi.org/10.1074/jbc.M806860200
http://www.ncbi.nlm.nih.gov/pubmed/18845538
http://dx.doi.org/10.1016/j.taap.2003.10.001
http://www.ncbi.nlm.nih.gov/pubmed/14761685
http://dx.doi.org/10.4236/ojapo.2013.21001
http://www.ncbi.nlm.nih.gov/pubmed/24353929
http://dx.doi.org/10.1667/RR13979.1
http://www.ncbi.nlm.nih.gov/pubmed/26010708
http://dx.doi.org/10.1093/gerona/glp165
http://www.ncbi.nlm.nih.gov/pubmed/19880816
http://dx.doi.org/10.1177/002215540104901211
http://www.ncbi.nlm.nih.gov/pubmed/11724905
http://dx.doi.org/10.1139/y97-146
http://www.ncbi.nlm.nih.gov/pubmed/9431439
http://dx.doi.org/10.1111/j.1471-4159.1993.tb09802.x
http://www.ncbi.nlm.nih.gov/pubmed/8228986
http://dx.doi.org/10.1023/B:NERE.0000014822.69384.0f
http://www.ncbi.nlm.nih.gov/pubmed/15038599
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Design 
	Surgical Procedure 
	Tissue Preparation and Histology 
	Quantification of Dopaminergic Fiber Loss in the Striatum 
	Quantification of Dopaminergic Cell Loss in SNpc 
	Gene Expression Analysis 
	Statistical Analysis 

	Results 
	6-OHDA Induces Less Dopaminergic Fiber Loss in DA.VRA1 Congenic Rats 
	Striatal Dopaminergic Fiber Loss Correlates to Cell Loss in SNpc 
	Gsta4 Expression is Increased in DA.VRA1 Rats 2 Days after 6-OHDA Lesion 
	GSTA4 is Expressed by Astrocytes after 6-OHDA Lesion 

	Discussion 

