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Abstract
Parkinson’s disease (PD) is characterized by selective degeneration of dopaminergic neurons. Although the etiology of PD
remains incompletely understood, oxidative stress has been implicated as an important contributor in the development of PD.
Oxidative stress can lead to oxidation and functional perturbation of proteins critical to neuronal survival. Glutaredoxin 1 (Grx1)
is an evolutionally conserved antioxidant enzyme that repairs protein oxidation by reversing the oxidative modification of
cysteine known as S-glutathionylation. We aimed to explore the regulatory role of Grx1 in PD. We first examined the levels of
Grx1 in postmortemmidbrain samples from PD patients, and observed that Grx1 content is decreased in PD, specifically within
the dopaminergic neurons.We subsequently investigated the potential role of Grx1 deficiency in PD pathogenesis by examining
the consequences of loss of the Caenorhabditis elegans Grx1 homolog in well-established wormmodels of familial PD caused by
overexpression of pathogenic human LRRK2 mutants G2019S or R1441C. We found that loss of the Grx1 homolog led to
significant exacerbation of the neurodegenerative phenotype in C. elegans overexpressing the human LRRK2 mutants.
Re-expression in the dopaminergic neurons of the active, but not a catalytically inactive form of the Grx1 homolog rescued
the exacerbated phenotype. Loss of the Grx1 homolog also exacerbated the neurodegenerative phenotype in other C. elegans
models, including overexpression of human α-synuclein and overexpression of tyrosine hydroxylase (a model of sporadic PD).
Therefore, our results reveal a novel neuroprotective role of glutaredoxin against dopaminergic neurodegeneration inmodels of
familial and sporadic PD.

Introduction
Parkinson’s disease (PD) is the second most common neurode-
generative disease in the world, characterized by selective loss
of dopaminergic neurons in the substantia nigra of the midbrain.
Although the etiology of PD is not completely understood, per-
turbation of redox homeostasis leading to oxidative stress
appears to be an important contributor in the development of
both sporadic and familial forms of the disease (1–5).

Dopaminergic neurons are particularly vulnerable to oxidative
stress due to the propensity of dopamine to auto-oxidize, gener-
ating reactive oxygen species (ROS). The sensitivity of dopamin-
ergic neurons to ROS driven by excessive dopamine turnover has
been used as a model of sporadic PD. Direct injection of dopa-
mine into rat brains striatum resulted in neuronal cell death (6),
and treatment of model dopaminergic neurons (SH-SY5Y cells in
culture) with dopamine resulted in both apoptosis and autop-
hagy (7,8). Studies on human populations have identified several
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gene alterations linked to familial PD. Among these alterations,
missense mutations in leucine-rich repeat kinase 2 (LRRK2) and
multiplication of the α-synuclein gene (SNCA) are autosomal
dominant causes of the disease (9). Overexpression of mutant
LRRK2 protein and wild–type (WT) α-synuclein in cell culture
have been observed to induce oxidative stress (10–13).

Oxidative stress can lead to oxidation and functional perturb-
ation of proteins critical to neuronal survival. S-Glutathionyla-
tion is a prevalent oxidative modification involving mixed
disulfide bond formation between glutathione (GSH) and specific
cysteine residues on proteins (protein-SSG) (14). Glutaredoxin 1
(Grx1) is an evolutionally conserved antioxidant enzyme that re-
pairs protein oxidation by catalyzing the reversal of S-glutathio-
nylation. Reversible protein S-glutathionylation serves two key
functions, homeostatic protection of proteins from irreversible
oxidation and redox signal transduction. Thus, conversion of
protein-SOH to protein-SSG and reversal by Grx1 precludes fur-
ther irreversible oxidation to protein-SO3 (15). Protein-SSG forma-
tion also represents an important intermediate in redox
regulation of signaling pathways, resulting in changes in protein
activity and/or subcellular localization (16). By regulating the dy-
namic status of protein S-glutathionylation, Grx1 has been
shown to play a key role in cell survival in various contexts,
including models of PD.

We previously reported that knockdown of Grx1 via siRNA re-
sulted in increased apoptosis of model dopaminergic neurons
(SHSY-5Y cells) (4). Others have shown that overexpression of
Grx1 in the SK-N-SH dopaminergic cell line attenuates cell
death caused by the oxidative stressors paraquat and 6-hydroxy-
dopamine (6-OHDA) (17). In addition to direct evidence of Grx1-
mediated neuronal protection in cell culture, other studies have
suggested a neuroprotective role of Grx1 in vivo. Knockdown of
Grx1 via antisense RNA in mice revealed that Grx1 provided pro-
tection against inactivation of mitochondrial complex I in the
striatum and frontal cortex when mice were acutely treated
with the toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) (18). However, no data were presented regarding altera-
tions in dopaminergic viability (18). It has also been reported
that female mice express higher levels of Grx1 protein within
the midbrain compared with male mice. Correlatively, female
mice are more resistant to MPTP toxicity compared with their
male counterparts (19). While these reports suggest a potential
neuroprotective role for Grx1, no direct evidence has been pre-
sented definitively showing that Grx1 modulates dopaminergic
survival in vivo.

In the present study, we first examined whether Grx1 levels
were altered in brain tissue from PD patients. Analysis of homo-
genates of postmortem midbrain samples from PD and non-PD
patients showed a diminished level of total Grx1 protein for the
PD samples. Furthermore, analysis of fixed midbrain tissue re-
vealed selective loss of Grx1 in dopaminergic neurons in PD sam-
ples compared with non-PD controls. These analyses provided
initial evidence of Grx1 deficiency in human PD brain tissue. In
order to elucidate the regulatory role of Grx1 in dopaminergic via-
bility under basal and PD-relevant stress conditions in an in vivo
setting, we took advantage of the model organism Caenorhabditis

Figure 1. Grx1 protein is decreased in human PD postmortem brain tissue, and

specifically in dopaminergic neurons. (A) Representative western blot analysis

of midbrain homogenate from PD and control samples stained with anti-Grx1

or anti-actin antibodies, respectively. (B) Quantification of Grx1 protein

expression (normalized to actin) in the midbrain of PD and control samples.

n = 9 control cases and n = 8 PD cases. P < 0.01. Statistical analysis was

completed using Student’s t-test. (C) Representative immunohistochemical

staining for TH and Grx1. Closed arrows indicate TH-positive/Grx1-positive

neurons and open arrows indicate TH-positive/Grx1-negative neurons. ★ and *

represent landmarks. Scale bar = 100 μm. (D) Bar graph showing the percentage

of TH-positive/Grx1-negative neurons in the midbrain of PD and control

patients. Error bars represent SEM. n = 4 control cases and n = 5 PD cases. P < 0.05

via Student’s t-test.
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elegans. The nematode C. elegans has been used effectively to
study neurodegenerative diseases, because of the conserved
dopaminergic pathway, the ease of genetic manipulation and
short lifespan (20–22). We previously demonstrated that dopa-
minergic expression of familial PD forms of LRRK2 (either
G2019S-LRRK2 or R1441C-LRRK2) in C. elegans results in a PD-
like phenotype characterized by age-dependent impairment of
dopamine-dependent behavior and loss of dopaminergic neu-
rons (23). Also, other models of PD have been characterized in
C. elegans. For example, dopaminergic overexpression of either
human α-synuclein or nematode tyrosine hydroxylase results
in neurodegeneration (24,25). Overexpression of α-synuclein in
C. elegans is amodel of PD that has characteristics of both familial
and sporadic PD. This dual feature is based on the role of α-synu-
clein in Lewy body formation, a characteristic of sporadic PD,
whereas multiplication of the SNCA causes a form of familial
PD (11,26,27). Addition of excess dopamine has been shown to
drive oxidative stress and neuronal cell death (6–8), prominent
features of sporadic PD. Thus tyrosine hydroxylase overexpres-
sion leading to increased dopamine production in the dopamin-
ergic neurons of C. elegans represents an in vivomodel of sporadic
PD. To simulate a deficiency in Grx1 in vivo analogous to the ob-
servationswith human PDbrain samples, we usedC. elegans lack-
ing GLRX-10, the homolog of Grx1. We crossed the glrx-10 null
line with several distinct C. elegans models of PD. We found that
loss of GLRX-10 exacerbated neurodegenerative phenotypes in
three differentmodels of PD namely overexpression of pathogen-
ic LRRK2, α-synuclein or tyrosine hydroxylase. Re-expression of
WT GLRX-10, but not the catalytically dead form of the enzyme,
in the dopaminergic neurons reversed the effect of the glrx-10
knockout. These data suggest that disruption of redox homeosta-
sis in the dopaminergic neurons via loss of glutaredoxin predis-
poses to neurodegeneration, suggesting a neuroprotective role
for glutaredoxin in both sporadic and familial PD.

Results
Grx1 protein levels are diminished in midbrain
dopaminergic neurons of PD

We and others have shown that Grx1 plays an important role in
maintaining cell viability in model dopaminergic neurons in cul-
ture (4,17). However, the relative levels of Grx1 in PD tissue have
not been reported previously. Therefore, we compared Grx1 pro-
tein levels in postmortem brains of PD patients and non-PD sub-
jects (see subject information in Supplementary Material,
Table S1). Representative western blot analysis of midbrain
homogenates from PD and control cases probed with antibodies
against Grx1 and actin (loading control) are shown in Figure 1A
(with corresponding full scans ofwestern blots in Supplementary
Material, Fig. S1A). Relative Grx1 levels (normalized to actin) for
all samples analyzed (n = 9 for control, and n = 8 for PD) are de-
picted graphically in Figure 1B. We observed a significant de-
crease in Grx1 content in the midbrain samples of PD patients
relative to non-PD controls (Fig. 1B). To analyze the Grx1 content
specifically within the dopaminergic neurons, consecutive sec-
tions of paraffin-embedded midbrain tissue from PD and non-
PD controls (see subject information in Supplementary Material,
Table S2) were immunohistochemically labeled with antibodies
against Grx1 and tyrosine hydroxylase (TH, a marker for dopa-
minergic neurons). Owing to the appearance of higher molecular
weight bands observed on the western blot (Supplementary Ma-
terial, Fig. S1A), the suitability of the Grx1 antibody for immuno-
histochemical analysis was examined. Thus, we performed

parallel staining with the Grx1 antibody that was either untreat-
ed or pre-absorbed with recombinant Grx1. Pre-absorption re-
sulted in substantial reduction in staining compared with the
non-absorbed antibody (Supplemental Material, Fig. S1B). These
data indicate a high degree of selectivity of the antibody for Grx1
in immunohistochemical applications. Representative immu-
nostaining from one PD patient and one control subject are
shown in Figure 1C. Cells identified with solid arrows represent
neurons stained for both TH and Grx1, whereas cells identified
with hollow arrows represent neurons that stained for TH, but
not Grx1. We then quantified the number of TH-positive/Grx1-
negative neurons relative to TH-positive/Grx1-positive neurons
for all immunostained cases (n = 4 for control and n = 5 for PD;
Fig. 1D). Our analysis showed that the PD samples had a signifi-
cantly higher fraction of Grx1-deficient dopaminergic (TH-posi-
tive) neurons compared with controls (Fig. 1D). It is conceivable
that a protein other than Grx1 that reacts with the anti-Grx1 anti-
body is selectivity diminished in TH-positive neurons of mid-
brain samples from PD patients. However, it is much more
likely that the diminution in signal corresponds to a diminution
in human Grx1, the antigen that was shown to be selectively re-
active with the Grx1 antibody (Supplemental Material, Fig. S1B).
Hence, we conclude that the data of Figure 1C and D reveal
decreased Grx1 content in the surviving dopaminergic neurons
in human PD samples. These results provide novel evidence of
Grx1 deficiency in human PD.

Lack of Grx1 homolog exacerbates LRRK2-mediated
dopaminergic neurodegeneration in C. elegans

To assess the potential role of Grx1 deficiency in the integrity of
dopaminergic neurons in vivo under basal and PD-relevant condi-
tions, C. elegans was chosen as a model organism. Caenorhabditis
elegans was selected because of the simplicity in dopaminergic
neuron morphology and availability of multiple genetic models
of PD. In addition, C. elegans contains several evolutionally con-
served Grxs homologous to human Grxs (Supplementary Mater-
ial, Table S3). To simulate Grx1 deficiency, we utilized C. elegans
lacking GLRX-10, the worm homolog of Grx1, using an isogenic
strain with a null allele of glrx-10 due to deletion of exon 1 (glrx-
10−/−; Fig. 2A). Genetic crosses were made between the glrx-10−/−

strain and transgenic C. elegans lines that either express GFP
alone (as WT control) or co-express GFP and familial forms of
human LRRK2 (G2019S-LRRK2 or R1441C-LRRK2, hereafter re-
ferred to as G2019S and R1441C, respectively) in the dopamin-
ergic neurons (23) ( Table 1). Confirmation of these crosses was
obtained via PCR genotyping of glrx-10 or LRRK2 and western
blot analysis of GLRX-10 in individual isogenic lines (Fig. 2B and
C). In order to test if loss of GLRX-10 changed LRRK2 expression,
semi-quantitate RT–PCR for LRRK2mRNAwas conducted. Loss of
GLRX-10 had no effect on the relative levels of either R1441C or
G2019S-LRRK2 mRNA (Supplementary Material, Fig. S2).

We first examined functional integrity of dopaminergic neu-
rons in these C. elegans lines. Worms require dopaminergic neu-
rons to mechanically sense the availability of bacterial food via
the detection of its texture, and subsequently decrease their loco-
motion as a foraging strategy (28). This dopamine-dependent be-
havioral response, termed basal slowing, is a well-established
phenotypic readout of dopaminergic function in C. elegans, and
it is assayed most sensitively in young adults (adult Days 0–2,
post L4 larval stage) (28). In agreement with our previous findings
(23), transgenic expression of pathogenic LRRK2 (either R1441C or
G2019S) in dopaminergic neurons resulted in adult-onset and
age-dependent diminution of the basal slowing response in
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Figure 2. Loss of C. elegans Grx1 homolog GLRX-10 exacerbates LRRK2-mediated impairment of dopamine-dependent behavior and dopaminergic neurodegeneration. (A)
Diagram of the C. elegans glrx-10 gene including PCR primer positions and the region of deleted DNA in glrx-10−/− lines. (B) Representative PCR analysis of LRRK2 and either

WT (∼500 bp, upper band) or mutant (∼300 bp, lower band) glrx-10 DNA in indicated C. elegans lines (see strain designation in Table 1). (C) Representative western blot

analysis of GLRX-10 protein in indicated C. elegans lines. The blot was probed with the polyclonal anti-Grx1 antibody generated against human Grx1 (as described in

Human Molecular Genetics, 2015, Vol. 24, No. 5 | 1325



comparison to the GFP control (Fig. 2D, first, third and fifth sets of
bars). The presence of the glrx-10−/− allele in the GFP control line
caused no change in basal slowing response (Fig. 2D, first and se-
cond set of bars), indicating that lack of GLRX-10 alone does not
compromise overall dopaminergic function under basal condi-
tions. In contrast, the presence of the glrx-10−/− allele in
R1441C- andG2019S-expressing lines led to a significantly greater
loss of basal slowing response (Fig. 2D, third and fourth, and fifth
and sixth sets of bars, respectively). Therefore, lack of GLRX-10
exacerbated dopaminergic dysfunction caused by pathogenic
LRRK2 mutants.

We next examined morphological integrity of dopaminergic
neurons by analysis of neuronal loss in young and aged animals
via visualization of the GFP-labeled dopaminergic neurons (29).
As we reported previously (23), expression of pathogenic LRRK2
mutants G2019S or R1441C resulted in age-dependent and pro-
gressive loss of dopaminergic neurons when compared with
the GFP control (Fig. 2E, first, third and fifth sets of bars). Consist-
ent with the basal slowing assay, the presence of the glrx-10−/−

allele in the GFP control line resulted in essentially no change
in the number of surviving dopaminergic neurons in correspond-
ing age groups (Fig. 2E, first and second set of bars). In contrast,
the presence of the glrx-10−/− allele in LRRK2 mutant-expressing
lines led to increased loss of dopaminergic neurons, starting on
adult Day 0 for the R1441C-expressing and on adult Day 6 for
the G2019S-expressing lines (Fig. 2E, third and fourth, and fifth
and sixth sets of bars, respectively). Therefore, loss of GLRX-10
apparently does not affect the survival of dopaminergic neurons
under non-pathological conditions. The loss of GLRX-10, how-
ever, increased dopaminergic vulnerability to neurodegeneration
mediated by G2019S and R1441C. Taken together, these data pro-
vide evidence that loss of GLRX-10 exacerbates ongoing dopa-
minergic neurodegeneration in vivo, thus implicating GLRX-10
as a neuroprotective protein in C. elegans.

Re-expression of GLRX-10 selectively in dopaminergic
neurons attenuates mutant LRRK2-mediated phenotype

In order to test directlywhether GLRX-10 confers a protective role
in limiting LRRK2mutant-mediated dopaminergic neurotoxicity,
we engineered the R1441C-expressing and glrx-10 null worms
(R1441C; glrx-10−/−) to re-express GLRX-10 exclusively in the
dopaminergic neurons. We directed dopaminergic re-expression
of GLRX-10 in the R1441C; glrx-10−/− worms by placing the glrx-10
cDNA under the control of the promoter of the dopamine trans-
porter dat-1 for germline transformation via DNAmicroinjection,
generating the GLRX-10 re-expression line (Fig. 3A). We also gen-
erated a control re-expression line from mock transformation of
the R1441C; glrx-10−/− worms in the same manner, except that
exogenous glrx-10 cDNA was omitted. To validate the GLRX-10
re-expression strategy, we used PCR to confirm the deletion of
endogenous glrx-10 DNA and the presence of the exogenous
glrx-10 cDNA (Fig. 3B). Using RT–PCR, we documented glrx-10
mRNA expression in the GLRX-10 re-expression worms but not
in the corresponding control line (Fig. 3C).Weanalyzedbasal slow-
ing response and dopaminergic neurodegeneration in three inde-
pendent sets of C. elegans lines with GLRX-10 re-expression and
the corresponding control.

Like its cognate R1441C; glrx-10−/− strain, the mock-trans-
formed control line showed a severely impaired basal slowing re-
sponsewhen compared with the R1441C-expressing worms with
the WT glrx-10 background (Fig. 3D, second versus fourth sets of
bars). Notably, GLRX-10 re-expression in the R1441C; glrx-10−/−

worms markedly improved their basal slowing response in
all age groups (adult Days 0–2; Fig. 3D, third versus fifth sets
of bars). Consistent with the behavioral phenotype, GLRX-10
re-expression in the R1441C; glrx-10−/− worms significantly
enhanced their survival of dopaminergic neurons on adult Days
4, 6 and 8 (Fig. 3E, third versus fifth sets of bars). These data

Materials andMethods), exhibiting effective cross-reactivitywith theC. eleganshomologGLRX-10. Actinwas used as loading control. (D) Basal slowing data demonstrating

that loss of GLRX-10 exacerbates LRRK2-mediated behavioral dysfunction. #P < 0.01, comparing controlwith either R1441Cor G2019S; *P < 0.01, comparing R1441C; glrx-10−/

− to R1441C; $P < 0.01, comparing G2019S; glrx-10−/− to G2019S. Statistical analyses were completed using a two-tailed t-test comparing corresponding days in adulthood

(e.g. Day 0 andDay 0) betweengroups as indicated. Error bars represent SEM for n = 3–4 independent assays forall days,∼10wormsper lineperexperiment. (E) Dopaminergic

neuron analysis demonstrating that loss of GLRX-10 exacerbates LRRK2-mediated dopaminergic degeneration. &P < 0.05, comparing control; glrx-10−/− with control, and

comparing control with R1441C; #P < 0.01, comparing control with either R1441C or G2019S; *P < 0.01, comparing R1441C; glrx-10−/− with R1441C; $ P < 0.01, comparing

G2019S; glrx-10−/− with G2019S. Error bars represent SEM. n = 3–4 independent groups of worms for all days, ∼30 worms per genotype per experiment. Statistical

analyses were completed using a two-tailed t-test comparing corresponding days in adulthood (e.g. Day 2 and Day 2) between groups as indicated.

Table 1. Caenorhabditis elegans strains used in this study.

Designation Genotype Strain Reference

N2 WT N2 CGC
glrx-10−/− glrx-10(tm4634)I tm4634 NBP
Control (GFP) lin-15(n765ts)X; cwrIs730[Pdat-1::GFP, lin-15(+)] SGC730 (23)
R1441C lin-15(n765ts)X; cwrIs851[Pdat-1::GFP, Pdat-1::LRRK2(R1441C), lin-15(+)] SGC851 (23)
G2019S lin-15(n765ts)X; cwrIs856[Pdat-1::GFP, Pdat-1::LRRK2(G2019S), lin-15(+)] SGC856 (23)
Control; glrx-10−/− glrx-10(tm4634)I; cwrIs730 SGC301 This study
R1441C; glrx-10−/− glrx-10(tm4634)I; cwrIs851 SGC302 This study
G2019S; glrx-10−/− glrx-10(tm4634)I; cwrIs856 SGC303 This study
R1441C; glrx-10−/−; Vector glrx-10(tm4634)I; cwrIs851; Ex[Punc-54::GFP] SGC310 This study
R1441C; glrx-10−/−; GLRX-10 glrx-10(tm4634)I; cwrIs851; Ex[Punc-54::GFP, Pdat-1 ::GLRX-10] SGC320 This study
R1441C; glrx-10−/−; C22S glrx-10(tm4634)I; cwrIs851; Ex[Punc-54::GFP, Pdat-1 ::GLRX-10(C22S)] SGC330 This study
α-Syn BaIn11[Pdat-1::GFP, Pdat-1::a-synuclein] UA44 (24)
α-Syn; glrx-10−/− glrx-10(tm4634)I; BaIn11 SGC401 This study
CAT-2 BaIs4[Pdat-1::GFP, Pdat-1::CAT-2] UA57 (23, 24)
CAT-2; glrx-10−/− glrx-10(tm4634)I; BaIs4 SGC402 This study

CGC, Caenorhabditis Genetics Center (USA); NBP, National Bioresource Project (Japan).
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Figure 3. Re-expression of GLRX-10 selectively in dopaminergic neurons rescues exacerbation of the LRRK2-mediated PD phenotypes in the glrx-10−/− background. (A)
Diagram of glrx-10 allele and re-expression construct indicating primer positions used for PCR amplification. (B) Representative PCR analysis of WT glrx-10 (∼1100 bp),

re-expressed glrx-10 (∼300 bp) and LRRK2 DNA. (C) Representative RT–PCR analysis of glrx-10 and gapdh (loading control) RNA. (D) Basal slowing data demonstrating

that re-expression of WT GLRX-10 in dopaminergic neurons rescues the exacerbated LRRK2-mediated behavioral dysfunction in the glrx-10−/− background. *P < 0.01,

Human Molecular Genetics, 2015, Vol. 24, No. 5 | 1327



indicate that selective re-expression of GLRX-10 in the dopamin-
ergic neurons attenuates the exacerbated neurotoxicity induced
by mutant LRRK2 expression in worms lacking GLRX-10.

Catalytic function of GLRX-10 is necessary for
neuroprotection

The CPYC sequence motif (amino acids 22–25) represents the
catalytic site of human Grx1. Alignment of amino acid sequences
of Grx1 homologs from humans to worms shows complete con-
servation of the four-residue motif (Fig. 4A). In particular, cyst-
eine 22 is the catalytic nucleophile required for Grx1 activity
(30). To determine whether its catalytic activity is necessary for
GLRX-10-mediated neuroprotection, we generated a C22S mu-
tant representing an enzymatically dead version of GLRX-10 for
re-expression in the dopaminergic neurons of the R1441C; glrx-
10−/− worms, using the same strategy as described above. Using
PCR, we confirmed the presence of exogenous cDNA for glrx-10
and LRRK2 in the C. elegans lines in which C22S GLRX-10 was ex-
pressed (Fig. 4B). Moreover, using RT–PCR we confirmed mRNA
expression for C22S GLRX-10 (Fig. 4C). We then assessed dopa-
minergic function in the C. elegans lines in which C22S GLRX-10
was expressed and the corresponding mock-transformed con-
trols, using the basal slowing assay. Unlike the rescuing effects
of WT GLRX-10 (Fig. 3D), re-expression instead of the C22S mu-
tant did not attenuate dopaminergic dysfunction of the R1441C;
glrx-10−/− worms (Fig. 4D, second versus fourth sets of bars). In
addition, re-expression of the C22S mutant failed to rescue the
enhanced dopaminergic degeneration in the R1441C; glrx10−/−

lines (Fig. 4E, second versus fourth set of bars). These data indi-
cate that GLRX-10 catalytic activity is necessary for neuroprotec-
tion in vivo.

Lack of GLRX-10 exacerbates dopaminergic dysfunction
in multiple models of PD in C. elegans

Considering the important role of Grx1 in regulating redox
homeostasis, we sought to investigate whether deficiency of
the Grx1 homolog would exacerbate phenotypes in other models
of PD previously linked to redox imbalance. Accordingly, we
crossed the glrx-10−/− null worms with two additional C. elegans
models of PD, characterized by overexpression of TH homolog
CAT-2 and human α-synuclein, respectively (Table 1). Like
LRRK2, both TH and α-synuclein have been shown to be involved
in increased generation of ROS, which is understood to play a key
role in PD. Within dopaminergic neurons TH catalyzes the rate-
limiting step in dopamine synthesis by converting tyrosine to
-DOPA, an immediate precursor of dopamine. Redox cycling of
-DOPA and dopamine, and metabolism of dopamine by mono-
amine oxidase B, all result in generation of ROS (31). Likewise,
overexpression of α-synuclein in cell culture results in increased
ROS generation, although the underlying mechanism is unclear
(32). All three PD models in C. elegans, namely overexpression of
pathogenic LRRK2, nematode CAT-2/TH or human α-synuclein,
have been shown to result in age-dependent dopaminergic neu-
rodegeneration, respectively (23–25).

Caenorhabditis elegans lines overexpressing either CAT-2/TH or
human α-synuclein specifically in the dopaminergic neurons in
the glrx-10−/− background were confirmed via PCR analysis of
glrx-10 genotype and western blot analysis of GLRX-10 protein
(Fig. 5A and B). We assessed dopaminergic function in the glrx-
10−/− crossed lines and their corresponding controls using the
basal slowing assay. The CAT-2 and α-synuclein expressing
lines manifested age-dependent loss of basal slowing response
for all age groups assessed (Fig. 5C, first, second and forth sets
of bars). Notably, overexpression of α-synuclein resulted in a
more severe phenotype compared with overexpression of CAT-
2. Lack of GLRX-10 significantly exacerbated loss of basal slowing
response caused by CAT-2 overexpression for all ages assessed
(Fig. 5C, second versus third sets of bars). Absence of GLRX-10
in the α-synuclein overexpressing worms led to an analogous
pattern of increased loss of basal slowing response relative to
the WT glrx-10 background (Fig. 5C, fourth versus fifth sets of
bars), although the difference was statistically significant only
on adult Day 0. Loss of GLRX-10 had no effect on the relative le-
vels of CAT-2 mRNA but increased the relative levels of α-synu-
clein mRNA (Supplementary Material, Fig. S2). Taken together,
these data indicate that lack of GLRX-10 exacerbates dopamin-
ergic neurodegeneration inmultiple C. elegansmodels of PD, sug-
gesting that glutaredoxin may act as a global neuroprotective
factor against inducers of both familial and sporadic PD.

Discussion
Themolecularmechanisms that link sporadic and familial PD are
incompletely understood, representing a significant gap in the
PD field. Sporadic PD has long been associated with perturbed
redox homeostasis, including elevated levels of ROS and reduced
levels of antioxidants within the brain (33,34). Many of the pro-
teins associatedwith familial and/or sporadic PD, including α-sy-
nuclein and LRRK2, have been implicated in disruption of redox
homeostasis in vitro (12,13). Our findings indicate a decreased
level of the redox regulatory enzyme Grx1 in the dopaminergic
neurons of PD patients, and PD-like phenotypes in several C. ele-
gans models of familial and/or sporadic PD were exacerbated by
the absence of the Grx1 homolog. These data suggest that dysre-
gulation of cellular redox homeostasis through loss of glutare-
doxin represents a common mechanism linking sporadic and
familial PD.

Perturbations in key regulators of redox systems have been
shown to increase susceptibility to chemical agents that are
used to simulate PD in animal and cellular models, including
MPP+ (the active metabolite of MPTP) and 6-OHDA (3,35). These
inducers of dopaminergic neuron degeneration are used in part
to increase levels of ROS, which is associated with PD in humans.
Increased ROS has been shown to drive protein glutathionylation
and concomitant changes in protein function/subcellular loca-
tion, leading to cell toxicity (34). Grx1 is a critical regulator of
cell viability, regulating redox homeostasis via deglutathionyla-
tion of proteins, thereby restoring them to their steady-state
functions. As alluded to above, we have previously shown that

comparing R1441C; glrx-10−/− with R1441C; glrx-10−/−; GLRX-10 re-expression. n = 3–4 independent experiments per bar, ∼10 worms per genotype per experiment, except

for the data for the GLRX-10 re-expression lines where the mean represents pooled data from three independently generated lines. Error bars represent SEM. Statistical

analyseswere completed using anANOVA followed by the Tukey’s post hoc test for significance. (E) Dopaminergic neuron analysis demonstrating that re-expression ofWT

GLRX-10 rescues the exacerbated LRRK2-mediated dopaminergic degeneration in the glrx-10−/− background. *P < 0.01, comparing R1441C; glrx-10−/− with R1441C; glrx-10−/

−; GLRX-10 re-expression lines. n = 3–4 independent experiments per bar, ∼30 worms per genotype per experiment, except for the GLRX-10 re-expression lines where the

mean represents pooled data from three independently generated lines. Error bars represent SEM. Statistical analyses were completed using an ANOVA followed by the

Tukey’s post hoc test for significance.
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Figure 4. Catalytic activity is necessary for GLRX-10-mediated protection from LRRK2-induced neurotoxicity. (A) Sequence alignment of Grx1 and its homologs ranging

from human to C. elegans. Bolded region represents the conserved Grx1 catalytic motif, asterisk indicates nucleophilic cysteine 22. (B) Representative PCR analysis of WT

glrx-10 allele (∼1100 bp), C22S glrx-10 cDNA (∼300 bp), and LRRK2 cDNA. Primer scheme is equivalent to that shown in Figure 3A. (C) Representative RT–PCR analysis of glrx-

10 and gapdh RNA, respectively. (D) Basal slowing data demonstrating that expression of C22S GLRX-10 (C22S) in the dopaminergic neurons fails to rescue the exacerbated
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knock down of Grx1 results in cell death of human model dopa-
minergic neurons (4), and overexpression of Grx1 has been re-
ported to protect model dopaminergic neurons against
paraquat and 6-OHDA-induced toxicity (17). Grx1 has also been
reported to regulate expression of specific familial PD proteins.
For example, shRNA-mediated knockdown of Grx1 in mouse
model dopaminergic neurons led to decreased protein content
of DJ-1 (36). These observations prompted us to investigate the
status of Grx1 inmidbrain samples fromhuman PD cases relative
to non-PD controls. We have documented a deficiency of Grx1
within the dopaminergic neurons in postmortem PD brains com-
pared with controls (Fig. 1). Despite the small sample size, this is
the first report suggesting that Grx1 may be decreased in dopa-
minergic neurons in PD.

To test the in vivo effects of Grx1 deficiency on dopaminergic
neuron viability,we used C. elegans as amodel system.Within the
context of the non-stressed organism, Grx1 appears to be

dispensable for dopaminergic neuron survival since loss of the
Grx1 homolog GLRX-10 alone did not result in neurodegenerative
phenotypes (Fig. 2). Several well-known C. elegans models of PD
were crossed with the glrx-10-null worms to investigate the role
of GLRX-10 in mediating neuronal survival. These previously
characterized models included overexpression of pathogenic
LRRK2 mutants in the dopaminergic neurons, representing fa-
milial PD; overexpression of the worm homolog of TH in the
dopaminergic neurons, representing sporadic PD, and overex-
pression of α-synuclein within the dopaminergic neurons, repre-
senting both sporadic and familial PD since α-synuclein has been
shown to playa role in both sporadic and familial PD (26,27). In all
of these cases concomitant lack of GLRX-10 exacerbated the PD-
like phenotypes (Figs 2 and 5). Notably, impairment of dopamine-
dependent movement appeared prior to/and more robustly than
the loss of dopaminergic neurons. This is explained by the fact
that dopamine-dependent movement is a functional assay

LRRK2-mediated behavioral phenotype in the glrx-10−/− background. n.s., no statistical difference, comparing R1441C; glrx-10−/−; C22S re-expressionwith R1441C; glrx-10−/

−. n = 3–4 independent experiments, ∼10 worms per line per experiment except for C22S re-expression containing pooled data from three independently generated lines.

Error bars represent SEM. Statistical analyseswere completed using anANOVA. (E) Dopaminergic neuron analysis demonstrating that re-expression of C22S GLRX-10 does

not rescue the exacerbated neurodegeneration driven by loss of GLRX-10 in the R1441C background. n.s, no statistical difference compared with R1441C; glrx10−/− via

ANOVA. Error bars represent SEM. n = 3 independent groups of worms for all days, ∼30 worms per genotype per experiment.

Figure 5. Loss of GLRX-10 exacerbates dopaminergic dysfunction mediated by α-synuclein and CAT-2 overexpression. (A) Representative PCR analysis of either WT

(∼500 bp) or mutant (∼300 bp) glrx-10 DNA in indicated C. elegans lines. (B) Representative western blot analysis of GLRX-10 protein in indicated C. elegans lines; actin

was used as loading control. (C) Basal slowing data indicating that loss of GLRX-10 exacerbates dopaminergic behavioral dysfunction caused by overexpression of

CAT-2 or α-synuclein. *P < 0.05, comparing CAT-2; glrx-10−/− with CAT-2. #P < 0.05, comparing α-synuclein; glrx-10−/− to α-synuclein. Statistical analyses were completed

using a two-tailed t-test comparing corresponding days in adulthood (e.g. Day 0 and Day 0) between two groups as indicated. Error bars represent SEM for n = 3–4

independent experiments for all days; ∼10 worms per genotype per experiment.
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based on the physiological role of dopamine, whereas dopamin-
ergic degeneration is a morphological assay based on the dis-
appearance of dopaminergic neurons. Indeed, we have
previously reported that in C. elegans models of PD, the timeline
for loss of dopamine-dependent movement is a more sensitive
measure and precedes obvious loss of neuron structure (23). Re-
expression of WT, but not catalytically dead GLRX-10, selectively
in the dopaminergic neurons of R1441C-LRRK2; glrx-10-null
worms reversed the exacerbated behavioral and neurodegenera-
tive phenotypes (Figs 3 and 4), suggesting that GLRX-10, via its
catalytic activity, plays a key role in meditating neuronal protec-
tion against the adverse effects of mutant LRRK2 in vivo. In add-
ition, overexpression of GLRX-10 in R1441C-expressing worms in
the WT background did not prevent LRRK2-mediated toxicity
(data not shown), indicating that endogenous levels of GLRX-10
are sufficient for dopaminergic protection. These data further
suggest that mutant LRRK2-mediated dopaminergic toxicity is
likely driven through several mechanisms, at least one of
which is disruption of redox homeostasis regulated by glutare-
doxin. Taken together, our present study implicates a critical
role for glutaredoxin in mediating dopaminergic protection dur-
ing PD pathogenesis. Building on this foundation, future studies
are necessary to validate the protective role of Grx1 in mamma-
lian animal models.

Our in vivo data indicate that depletion of Grx1 in the face of
increased ROS results in increased dopaminergic cell death.
Grx1 is one of several key enzymes that regulate redox homeosta-
sis within cells. Manipulation of other key redox regulating pro-
teins has demonstrated the importance of redox homeostasis
in cell viabilitywithin the context of PD. For example, knockdown
of peroxiredoxin-3 has been shown to exacerbatemutant LRRK2-
mediated toxicity inmodel dopaminergic cells, and expression of
human peroxiredoxin-3 blunts mutant LRRK2-mediated dopa-
minergic neuron death in Drosophila (37). Overexpression of
thioredoxin-1 in mice was found to diminish the toxic effect on
TH-positive dopaminergic neurons due to acute treatment with
MPTP (38). Collectively, these results highlight the importance
of redox homeostasis in dopaminergic cell viability in models
of sporadic or familial PD. Our current data which identifies a de-
ficiency of Grx1 in dopaminergic neurons of PD patients along
with showing exacerbation of PD-like phenotypes in vivo due to
loss of Grx1 homolog advance the concept that dysregulation of
redox homeostasis likely represents a commonmechanism con-
necting sporadic and familial PD. Thus, an important aspect of
redox homeostasis that may be altered in familial and sporadic
PD is oxidative protein modification, resulting in functional
changes in key regulatory proteins in survival/death pathways
in DA neurons. To our knowledge, this is the first study to link
dysregulation of a redox factor (Grx1) to exacerbation of both
sporadic and familial PD using in vivo models. In future studies,
these novel C. elegans lines can be used to characterize critical
oxidative protein modifications.

Pharmacological treatment of PD has not changed substan-
tially since the introduction of levodopa (-DOPA) into clinical
practice. While -Dopa alleviates PD symptoms temporarily,
progressive decline of the remaining dopaminergic neurons
continues (39). Currently, there are no PD treatments that slow
the progressive dopaminergic cell death. In recent years, efforts
have focused on bolstering antioxidant defenses and increasing
activity of protective redox systems (40,41). Treatment aimed at
increasing antioxidant defense has been sufficiently promising
so that a Phase 2 clinical trial was conducted using N-acetylcys-
teine as a GSH precursor, even though the results of this study
have not yet been published. Therapeutic intervention restoring

redox homeostasis would potentially allow for treatment of
both sporadic and familial PD. It is important to proceed with
caution, however, as such a treatment would affect the redox
status of non-neuronal cells also, potentially leading to some
unintended side effects. Our study supports the concept that
enhancement of proteins regulating redox homeostasis, includ-
ing Grx1, represents a promising approach for therapeutic inter-
vention for PD.

Technological advances with the C. elegans model have
recently made high-throughput drug screening possible. Using
C. elegans, 364 000 compoundswere screened for potential inhibi-
tors of the transcription factor SKN-1 (42). Ultimately, 128 com-
pounds were found to inhibit the GFP-reporter expression in
vivo at concentrations <10 μ (42). We have previously reported
that small molecule inhibitors of LRRK2 can be used in C. elegans
to attenuate mutant LRRK2-induced dopaminergic toxicity (43),
demonstrating the utility of C. elegans for discovering potential
PD therapeutics. The new models of dysregulated redox homeo-
stasis characterized in the present study simulate pathological
conditions occurring in PD. These new C. elegans lines represent
useful tools for in vivo screenings for agents that would restore
redox homeostasis in dopaminergic neurons. Discovering such
agents may facilitate development of PD treatments to mitigate
the progressive loss of dopaminergic neurons.

In summary, perturbations in redox homeostasis have been
demonstrated to drive toxicity in models of PD, and are thought
to play a role in PD pathogenesis. Our data indicate that the redox
regulator Grx1 is decreased in the dopaminergic neurons in
human PD and that loss of the Grx1 homolog in vivo exacerbates
toxicity in three distinctmodels of PD, reversible by re-expression
of catalytically active form of glutaredoxin. Together, these find-
ings indicate that dysregulation of redox homeostasis through
loss of glutaredoxin exacerbates both sporadic and familial mod-
els of PD in vivo. These new models are expected to serve as an
effective in vivo platform for drug discovery, leading to novel
therapeutic strategies for PD, a debilitating disease that affects
millions of people worldwide.

Materials and Methods
Western blot analysis of human tissue

Postmortem brain tissue samples from histopathologically diag-
nosed PD and non-PD cases (see Supplementary Material,
Table S1) were used for this study according to approved IRB pro-
tocols. Specifically, frozen tissues of brainstem or pons were ob-
tained from the NICHD Brain and Tissue Bank for Developmental
Disorders at the University of Maryland (Baltimore, MD, USA),
and from the CaseWestern Reserve University/University Hospi-
tals of Cleveland Brain Bank (Cleveland, OH, USA). Areas of the
frozen brainstem samples containing the substantia nigra were
carefully dissected and were homogenized with 1× cell lysis buf-
fer (Cell Signaling) plus 1 mM phenylmethanesulfonylfluoride
(Sigma) and Protease Inhibitor Cocktail (Sigma). Equal amounts
of total protein extract (10 μg) were resolved by SDS–PAGE and
transferred to Immobilon-P (Millipore). Following blocking with
10%non-fat drymilk, primary and secondary antibodieswere ap-
plied as previously described (44), and the blots were developed
with Immobilon Western Chemiluminescent HRP Substrate
(Millipore). Primary antibodies used included anti-actin (Sigma)
and anti-Grx1. Rabbit polyclonal anti-Grx1 was generated by
Genscript against recombinant human Grx1 produced in Escher-
ichia coli (45). Band densities were quantified using QuantityOne
software (Bio-Rad).
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Immunohistochemistry

Formalin fixed brainstem samples (4 control cases and 5 neuro-
pathologically confirmed PD cases; Supplementary Material,
Table S2) were obtained from Case Western Reserve University/
University Hospitals of Cleveland Brain Bank, according to ap-
proved IRB protocols. Formalin fixed brain samples were embed-
ded in paraffinand 6 μmsectionswere cut using amicrotome and
placed on coated slides. Immunohistochemistry was performed
using the peroxidase anti-peroxidase (PAP)method as previously
described (44). Briefly, sections were deparaffinized in two
changes of xylene, dehydrated through descending series of
ethanol immersions, and finally transferred into Tris-buffered
saline (TBS: 50 m Tris, 150 mNaCl, pH = 7.6). Endogenous per-
oxidase was quenched with 30 min incubation in 3% H2O2. Anti-
gen retrieval was performed using citrate buffer and pressure
cooking (Biocare). After blocking for 30 min in 10% normal goat
serum (NGS), primary antibodies were applied and incubated
overnight at 4°C. After rinsing with 1% NGS and blocking for
10 min in 10% NGS, secondary goat anti-rabbit antibodies were
applied for 30 min. After rinsing again, rabbit PAP complexes
were applied for 1 h. After washing with three changes of TBS
buffer, the staining was developed with DAB (Dako) and slides
were rinsed in TBS, dehydrated and affixed with Permount and
coverslips. Polyclonal antibodies to tyrosine hydroxylase (TH,
Abcam) and Grx1 (as described above) were used to stain
adjacent serial sections. Following tissue landmarks on the
adjacent serial sections, images were obtained of identical fields
of the substantia nigra stained for either TH or Grx1 using a Zeiss
Axiocam. All TH-positive neurons were noted and the staining
intensity measuring the level of Grx1 was determined in each
of those cells using Axiovision image analysis software. Neurons
from three fields were measured (n = 14–22 neurons per case).

Caenorhabditis elegans strains and maintenance

A list of C. elegans strains with their designation, corresponding
genotype and strain nomenclature is shown in Table 1. C. elegans
strains were maintained on nematode growth medium (NGM)
plateswith E. coliOP50 as a bacterial food, as previously described
(23).

Single worm PCR

Individual worms were placed in PCR tubes containing 1× PFU
Turbo Master Mix buffer (Agilent), 0.5 mg/ml proteinase K
(Sigma) and were frozen on dry ice for 15 min. Worms were
then lysed by incubation at 65°C for 90 min followed by 95°C for
30 min and frozen at −80°C until PCR reactions were performed.
PCR amplifications were performed using OneTaq polymerase
following manufacturer’s instructions (New England BioLabs).
Identification of WT and mutant glrx-10 DNAwas accomplished
using the primers F1: 5′-CTCGCCACTCTCTCATTTCCC-3′ and R1:
5′-CAGAACCCCGTGACAGATTT-3′.

Caenorhabditis elegans western blot analysis

Protein samples used for western blotting experiments were
obtained from two 10 cm petri dishes of worms. Bacteria were
removed by washing the worms three times in M9 buffer.
Wormswere then placed in 1.5 ml ice-cold lysis buffer containing
1% Triton X-100, 137 m NaCl, 2.7 m KCl and protease inhibi-
tors (Roche). Worms were homogenized using mini-Beadbeater
and 0.7 mmZirconia beads (BioSpec Products) at a setting of 4800
oscillations/min for 60 s per cycle, for a total of three cycles with

cooling on ice between the cycles. Lysates were spun down at
10 000g for 30 min at 4°C and supernatantswere collected. Protein
concentration was determined using a micro BCA kit following
manufacturer’s instructions (Pierce). Samples containing 12.5 μg
of proteinwere run on a 15% SDS–PAGE gel, transferred at 15 V for
45 min onto PVDF membrane (Millipore) using a semi-dry trans-
fer system (Bio-Rad). Blots were blocked in 5% non-fat milk made
in TBS containing 0.1% Tween 20 (TBST) for 1 h prior to antibody
addition. To reduce non-specific binding and for detection of C.
elegans GLRX-10, the Grx1 antibody was pre-absorbed with the
lysate from the glrx-10 null strain at a ratio of 1 : 4 (v/v) at 4°C
for 2 h, followed by dilution to 1 : 1000 with 5% non-fat milk in
TBST. Blots were incubated with pre-absorbed anti-Grx1 or
anti-actin (Sigma, 1 : 5000 dilution) primary antibodies overnight.
Blots were then washed three times in TBST for 15 min each and
incubated in 5% non-fat milk in TBST with HRP conjugated sec-
ondary antibodies for 1 h. Following the washes with TBST, pro-
tein bands were visualized using ECL (Millipore).

Basal slowing assay

The basal slowing assay was performed as previously described
(23). Briefly, NGM assay plates were seeded with a ring of E. coli
OP50 bacteria the night before the assay. Well-fed, age-synchro-
nized worms were transferred to a non-seeded NGM plate and
washed twice in S basal buffer (100 m NaCl, 10 μg/ml choles-
terol, 50 m potassium phosphate, pH 6.0) to remove bacteria.
Worms were then transferred to either seeded or non-seeded
assay plates, allowed to recover for 5 min, and their body bends
were recorded in 20-s intervals.

Dopaminergic neuron counting

Approximately 30 age-synchronized adult worms were placed
into 15 μl of 10 m tetramizole (Sigma) on agar-seeded micro-
scope slides. GFP neurons were visualized with a Nikon micro-
scope at ×20 zoom. Dopaminergic CEP and ADE head neurons
were assessed for degeneration in a blinded fashion, according
to published protocols (23,29). Neurons with detectable GFP sig-
nal were counted as positive, neurons lacking cell body GFP sig-
nal were counted as negative.

Generation of Pdat-1::GLRX-10 plasmid

glrx-10 cDNA (clone Y34D9A.K) was obtained from Open Biosys-
tems. glrx-10 with additional BamH1 (5′) and EcoR1 (3′) sites was
amplified via PCR using the following primers F2: 5′-CGATCA
GAATTCATGTCAAAAGCCTTTGTCGACG -3′ and R2: 5′-TCGTCAG
GATCCCTATAGAGCTCCGGTTTCCTTG-3′. glrx-10 cDNA and the
Pdat-1::GFP vector (23) were digested for 1 h at 37°C using
BamH1 and EcoR1 (Invitrogen). Digested DNA was run on a 1%
agarose gel and eluted using the QIAquick gel extraction kit
following manufacturer’s instructions (Qiagen). Constructs
were ligated overnight at 16°C with T4 ligase following manufac-
turer’s instructions (Invitrogen). Cloning was confirmed via DNA
sequencing (Biotic Solutions).

Site-directed mutagenesis of GLRX-10

Guanine 65 was mutated to cytosine 65 (resulting in a cysteine to
serine (C22S) mutation in GLRX-10) in the Pdat-1::GLRX-10 using
theQuikChange II XL site-directedmutagenesis kit followingman-
ufactures instructions (Agilent). Primers used in the mutagenesis
were F3: 5-TCGTATTCAGCAAATCGTACTCCCCGTACTGCC-3′ and
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R3: 5′-GGCAGTACGGGGAGTACGATTTGCTGAATACGA-3′. C22S
mutation was confirmed via DNA sequencing (Biotic Solutions).

Generation of GLRX-10 re-expressing transgenic lines

Transgenic C. elegans were generated by directly injecting
R1441C-LRRK2; glrx-10−/− worms with a mixture of Pdat-1::
GLRX-10 (either WT or C22S), Punc-54::GFP, or pBluescript empty
vector as previously described (23). Transgenic animals expres-
sing muscle GFP were isolated and allowed to self-fertilize. glrx-
10 cDNA (Figs 3B and 4B) was confirmed via PCR as described
above using primers F4: 5′-CGATCAGAATTCATGTCAAAAGCC
TTTGTCGACG-3′ and R4: 5′-TCGTCAGGATCCCTATAGAGCTC
CGGTTTCCTTG. Independent lines of WT GLRX-10 re-expression
(3 lines), C22S GLRX-10 re-expression (4 lines) and control (1 line)
were generated.

Analysis of mRNA expression using RT–PCR (reverse
transcription polymerase chain reaction)

Caenorhabditis elegans RNA was extracted using Trizol following
manufacturer’s instructions (Life Technologies). Briefly, bacteria
were removed by washing the worms three times in M9 buffer.
One milliliter of Trizol was added to ∼100 μl of settled worms
and incubated at room temperature for 5 min. Then 200 μl of
chloroform (Fisher) was added to the mixture, vigorously shaken
for 15 s and incubated at room temperature for 5 min. Samples
were spun at 12 000g for 15 min at 4°C. The upper aqueous
phase was transferred to a tube containing 0.5 ml isopropanol
(Fisher), shaken by hand for 30 s and incubated at room tempera-
ture for 10 min. Following centrifugation at 12 000g for 15 min at
4°C, the supernatant was removed. The pellet waswashed in 75%
RNase-free ethanol (Fisher) and centrifuged at 7500g for 5 min at
4°C. The ethanol was removed from the tube and the pellet was
air dried for 10 min on ice. The pellet containing extracted RNA
was then resuspended in 100 μl DEPC-treated water. cDNA syn-
thesis was completed using SuperScript II reverse transcriptase
with 1 μg of RNA as template following manufacturer’s instruc-
tions (Life Technologies). PCR amplifications of glrx-10 cDNA
and gapdh cDNA were accomplished using an aliquot of synthe-
sized cDNA as template and exon-spanning primers F5: 5′-
GTCGACGGACTTCTCCAATC-3′, R5: 5′-CTCCGGTTAGAGAGCCAA
GA-3′ and F6: 5′-GAAACTGCTTCAACGCATCA-3′, R6: 5′CCTTGG
CGACAAGAAGGTAG-3′ for glrx-10 and gapdh, respectively.

Statistical analysis

Statistics for the human data was performed using a two-tailed
Student’s t-test comparing Grx1 levels in brain homogenate
and a one-tailed Student’s t-test comparing the number of TH-
positive and Grx1-negative neurons between PD and non-PD
groups. Statistics for C. elegans data was performed using either
ANOVA followed by Tukey’s post hoc test or a Student’s t-test as
noted in the figure legends. All statistical analyses were run
using the Microsoft Excel program or GraphPad Prism.

Supplementary Material
Supplementary Material is available at HMG online.
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